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The ETTO principle as ETTOing  

– or Occam’s Razor redux 

Erik Hollnagel 

University of Southern Denmark & Region of Southern Denmark 

Denmark 

  Abstract 

The Efficiency-Thoroughness Trade-Off (ETTO) principle is a convenient way to 

characterise the adjustments that are an essential part of everyday performance in 

complex socio-technical systems. This trade-off between efficiency and 

thoroughness, however, applies not only to how people cope with the complexity at 

work (and at leisure), but also to what scientists do when they try to understand 

other people’s behaviour. As such, the ETTO Principle can be seen as an instance of 

Occam’s Razor. The talk will discuss how the ETTO principle can be applied to 

analysis and meta-analysis alike. 

“Principles taken upon trust, consequences lamely deduced from them, want 

of coherence in the parts, and of evidence in the whole, these are every where 

to be met with in the systems of the most eminent philosophers, and seem to 

have drawn disgrace upon philosophy itself.”  

David Hume (1711–1776). A Treatise of Human Nature (Introduction) 

  What is the ETTO principle? 

It is a fundamental characteristic of human performance, whether individual or 

collective, that the resources needed to do something often – if not always – are 

insufficient. In today’s hectic workplace the most frequent shortcoming is probably 

a lack of time, but other resources – such as information, manpower, materials, and 

energy – may equally well be in short supply. People nevertheless in most cases 

manage to do what they should by adjusting how they do it to meet the current 

conditions. In practical terms they manage to establish – and maintain – a 

continuous balance between demands and resources. The ability to adjust 

performance to match the conditions can be described as if it involved a trade-off 

between efficiency and thoroughness – or briefly as if it used an Efficiency-

Thoroughness Trade-Off (ETTO) principle (Hollnagel, 2009).  

The ETTO principle refers to the fact that people (and organisations) as part of what 

they do frequently – it not always – must make a trade-off between the resources 

(primarily time and effort) they spend on preparing and monitoring an activity and 

the resources (again primarily time and effort) they spend on doing it. If safety and 

quality are the dominant concerns, the trade-off may favour thoroughness over 

efficiency. Conversely, if throughput and output are the dominant concerns, the 
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trade-off may favour efficiency over thoroughness. It is a basic assumption of the 

ETTO principle that it is impossible to maximize efficiency and thoroughness at the 

same time. On the other hand, an activity cannot expect to succeed, if there is not a 

minimum of either. 

The term efficiency, as it is used by the ETTO principle, means that the resources 

used or needed to achieve a stated goal or objective are kept as low as possible. The 

resources may be expressed in terms of time (to completion), materials, money, 

psychological effort (workload), physical effort (fatigue), manpower (number of 

people), etc. The appropriate level or amount is determined either by a subjective 

evaluation of what is sufficient to achieve the goal, i.e., good enough to be 

acceptable by whatever criterion is used, or by external (company or authority) 

requirements and demands. For individuals, the decision about how much effort to 

spend is usually not explicit but rather a result of perceived demands, habits, social 

norms, and established practice. For organisations, the decision is more likely to be 

the result of an open consideration – although making this choice is subject to the 

ETTO principle as well.  

The term thoroughness, as it is used by the ETTO principle, means that an activity 

only is carried out if the individual – or the organisation – has verified that the 

necessary and sufficient conditions are in place, so that the activity will achieve its 

objective without creating unwanted side-effects. More formally, thoroughness 

means that the pre-conditions for an activity are in place, that the execution 

conditions (resources, tools, and competence) can be ensured, and that performance 

is monitored and controlled so that the outcome(s) will be the intended one(s). 

  Individual, collective, and organisational ETTO rules 

The ubiquity of making such efficiency-thoroughness trade-offs, colloquially known 

as ETTOing, can be illustrated by listing a number of ETTO rules. The rules 

represent the reasoning or justifications we use when we make a trade-off – although 

this rarely is made clear unless we are required to provide an explanation for one 

reason or the other. The rules listed below apply to the way people work 

individually. They can easily be found in the general human factors literature, in 

studies of work, etc., although the list makes no claim to being exhaustive. 

 ‘It looks fine’ – so there is no need to do anything, meaning that an action or an 

effort can safely be skipped. 

 ‘It is normally OK, there is no need to check’ – it may look suspicious, but do 

not worry, it always works out in the end. A variation of that is ‘I/we have done 

this millions of times before’ – so trust me/us to do the right thing.  

 ‘It is good enough for now (or for this kind of work)’ – meaning that it passes 

someone’s minimal requirements. 

 ‘It will be checked, or done, by someone else later’ – so we can skip this test or 

action now and save some time. 

 ‘It has been checked, or done, by someone else before’ – so we can skip this 

test or action now and save some time. A combination of this rule and the 
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preceding is clearly unhealthy, since it opens a path to failure. It happens every 

now and then, usually because different people are involved at different times. 

 ‘(Doing it) this way is much quicker’ – or more resource efficient – even 

though it does not follow the procedures in every detail. 

Since work always takes place in a social context, some of the ETTO rules apply to 

work as a social or collective rather than as an individual activity. The following are 

some examples: 

 ‘We always do it in this way here’ – so follow the norm and do not worry if the 

procedures say something else. 

 ‘We must get this done’ (before someone else beats us to it or before time or 

resources run out) – therefore we cannot afford to follow the procedures (or 

rules and regulations) in every detail. 

 ‘It must be ready in time’ – so let’s get on with it. (The need to meet a deadline 

may be imposed by the company, the bosses, or by the group itself).  

 ‘If you don’t say anything, I won’t either’ – in this situation one person has 

typically ‘bent the rules’ in order to make life easier for another person or to 

offer some kind of service.   

Just as there are social ETTO rules, there are also organisational ETTO rules. Some 

of the more common ones are: 

 ‘The negative reporting rule’, which means that only deviations or things that 

go wrong should be reported. In consequence of that, the absence of a report is 

interpreted as meaning that everything is well. The rule clearly improves 

efficiency, but may have consequences for safety. 

 ‘The visibility-effectiveness problem.’ Many organisations realize that it is 

important for managers to be visible in the organisation, which means that they 

should spend time to find out what is going on and become known among the 

people they manage. On the other hand, managers are often under considerable 

pressure to be effective and to perform their administrative duties promptly, 

even when deadlines are short. They are therefore required to be both efficient 

in how they accomplish their administrative duties, and thorough in the sense 

that they behave like good managers.  

 ‘Report and be good.’ In the relation between an organisation and a 

subcontractor or a supplier, the safety ethos prioritizes openness and reporting 

of even minor mishaps. Subcontractors and suppliers are thus often under 

pressure to meet the organisation’s standards for openness and reporting. But at 

the same time they may suspect that they will suffer if they have too many 

things to report, while a competitor that reports less may be rewarded. In ETTO 

terms it is thorough to report everything and efficient to report enough to sound 

credible but not so much that one loses the contract. 

  People who ETTO 

Examples of people making an ETTO are easy to find. The following is one of 

several cases described in one of the classic works in industrial safety (Heinrich, 

1931). 
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“A mill employee slipped and fell on a wet floor and fractured his kneecap. For 

more than six years it had been the practice to wet down too great an area of 

floor space at one time and to delay unnecessarily the process of wiping up. 

Slipping on the part of one or more employees was a daily occurrence. The 

ratio of no-injury slips to the injury was 1,800 to 1.” (Op cit, p. 94) 

The ETTOing in this example is partly by the company – or by the people who clean 

the floor – where getting the cleaning done quickly (too great an area and no wiping 

up) was more important than doing it thoroughly, and partly by the employee who 

perhaps walked a little too quickly or carelessly. In cases like this, it is a safe bet that 

no one did this for the first time when things went wrong. It was rather a case of a 

practice that had been established over six years, and which everyone had become 

accustomed to. 

Here is another example (NTSB, 2001).  

On March 28, 2000, about 6:40 a.m. a freight train traveling 51 mph struck the 

passenger side of a school bus at a railroad/highway grade crossing near 

Conasauga, Tennessee. The accident occurred as the school bus was crossing 

the tracks at a speed of approximately 15 mph. During the accident sequence, 

the driver and three children were ejected. Two ejected passengers received 

serious injuries and one was fatally injured. The driver, who had been wearing 

a lap/shoulder belt that broke during the crash sequence, received minor 

injuries. Of the four passengers who remained inside the bus, two were fatally 

injured, one sustained serious injuries, and one, who was restrained by a lap 

belt, received minor injuries.  

According to the required procedure at the grade crossing, the driver should have 

stopped at least 15 feet from the nearest rail, turned off her radio, and opened the 

door and window, in order to listen and look for an approaching train. But the driver 

did not do that. Considering that it was early in the morning, that she was doing a 

routine job, and that she had a timetable to meet, it is hardly surprising that she made 

a trade-off between efficiency (getting the children to school on time) and 

thoroughness (stopping, turning of the radio, etc.). The NTSB report indeed noted 

that she had crossed the tracks without stopping at least eight other times before the 

accident. They also noted trade-offs by the school district, the Federal Railroad 

Administration, and the Federal Motor Vehicle Standards. In other words, ETTOing 

all around. 

  ETTO versus ‘human error’ 

Accident investigation and risk assessment have since the 1950s increasingly 

focused on the human factor, and with even greater intensity since March 28, 1979. 

Countless books and papers have been written, and countless presentations given 

about how to identify, classify, eliminate, prevent and compensate for ‘human error.’ 

The bias of practically all approaches to risk and safety is that failures and successes 

have different origins. There is therefore little to be gained from studying the latter. 

Instead, all efforts should be focused on understanding why things go wrong and 

why humans make ‘errors.’  
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To invoke the notion of ‘human error’ is unquestionably the most common ETTO in 

safety management. It is efficient because it provides a single and simple 

explanation; but it lacks thoroughness because the explanation is insufficient, if not 

outright wrong. That it is insufficient can be seen from the many proposals for 

detailed classifications or taxonomies of ‘human error’ – from the simple distinction 

between ‘errors of omission’ and ‘errors of commission’ to detailed lists of ‘internal 

error modes’ and ‘psychological error mechanisms.’ That it is wrong should 

hopefully be clear even from the few examples given here (if not, see  Hollnagel & 

Amalberti, 2001). Humans try to balance efficiency and thoroughness in everything 

they do; indeed, they are usually expected to do so. It is only in hindsight, when the 

outcome is wrong, that the choice of efficiency over thoroughness conveniently is 

labelled ‘human error.’ 

The ETTO principle describes the common trait of people at work, that they adjust 

what they do to match the conditions – to what has happened, to what happens, and 

to what may happen. It proposes that this efficiency-thoroughness trade-off is both 

useful and ubiquitous. While the adjustments in some cases may lead to adverse 

outcomes, these are not due to errors and malfunctions, but to the very same 

processes that lead to successes. The ETTO Principle thus removes the need for 

specialised theories and models of failure and ‘human error’, and offers a viable 

basis for effective and just approaches to both reactive and proactive safety 

management.  

There are several practical benefits from studying ETTOing in practice. Most 

importantly, by paying attention to what people actually do (‘work-as-done’), 

instead of to what they should do (‘work-as-imagined’), it becomes possible to 

detect the problems that people face in their everyday work and to recognise the 

clever solutions they find. Because these solutions overcome the problems, neither 

problems nor solutions can be found in the traditional event reports or work 

analyses. But recognising the trade-offs that people make can be used to identify 

potential flaws in the system, as well as to develop more efficient ways of working. 

Another benefit is that it becomes unnecessary to look for someone to blame when 

things go wrong. This will not only be a benefit to learning from experience, but 

also create a better safety climate in the company. Finally, it helps us to avoid the 

ETTO fallacy, i.e., to require that people are both efficient and thorough at the same 

time – or rather that they are thorough when with hindsight it was wrong to be 

efficient! 

  ETTO as generalised human factors theory 

The recognition that the human is not a calculus ratiocinator, or an information 

processing system, and that human performance therefore is characterised by various 

forms of trade-offs is by no means not new. There are, indeed, several psychological 

or human factors theories that describe just that.  

An obvious place to start is the well-known speed-accuracy trade-off, also known as 

Fitts’ Law (Fitts, 1954). This law predicts that the time required for a rapid, aimed 

movement of, say, a lever or a computer mouse, from a starting position to a final 

target area, is a function of the distance to the target and the size of the target. Fitts’ 
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law has been applied to user interface design, to predict the performance of 

operators using complex systems, and to predict movement time for assembly line 

work.  

Moving from physical movements to decision making, and to cognitive functioning 

in general, an early recognition of the trade-offs that people made is the notion of 

“muddling through” (Lindblom, 1959). The idea in “muddling through” is that 

people make decisions by going through the following stages: (1) define the 

principal objective; (2) outline a few, obvious alternatives; (3) select an alternative 

that is a reasonable compromise between means and values; and finally (4) repeat 

the procedure if the result is unsatisfactory or if the situation changes too much. 

Decisions are, in other words, not made by following the principles of the homo 

economicus – the rational decision maker. A slightly different formulation is given 

by Herbert Simon’s description of bounded rationality or satisficing. This refers to 

the tendency to select the first option that meets a given need or select the option 

that seems to address most needs rather than the “optimal” solution (March & 

Simon, 1958; Simon, 1947).  

There is, however, an interesting difference in the explanation of satisficing and 

“muddling through”. In the case of the former, Simon argued that human beings lack 

the cognitive resources to optimize; satisficing is therefore due to the limitations of 

the human information processing system – a theoretical stance that has largely been 

discredited. In the case of “muddling through”, Lindblom argued that the reason was 

to be found in the external conditions of decision making. Although he accepted that 

the intellectual capacities of people might be insufficient, he also noted that rational 

decision making was: 

“... absurd as an approach to policy when the time and money that can be 

allocated to a policy problem is limited, as is always the case. Of particular 

importance to public administrators is the fact that public agencies are in effect 

usually instructed not to practice (rationality). That is to say, their prescribed 

functions and constraints – the politically or legally possible – restrict their 

attention to relatively few values and relatively few alternative policies among 

the countless alternatives that might be imagined.” (Simon, 1947, p. 80) 

In other words, the conditions of work forces decision-makers to make a trade-off 

thoroughness for efficiency. Another, and more recent, example of that is provided 

by the theory of naturalistic decision making (Klein, 1993).  

  ETTOing in science 

If people in general make trade-offs between efficiency and thoroughness, it stands 

to reason that scientists and researchers also do, both in going about their daily lives, 

and in thinking about how others go about their daily lives. In other words, the 

scientific theories and models that we use generally represent an efficiency-

thoroughness trade-off, where efficiency is more important than thoroughness – 

although the opposite ought to be the case. (It may be a small comfort, that the same 

tendency can be found in all sciences, with economics probably being the most 

conspicuous example.) 
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When looking for explanations expressed as scientific theories or hypotheses, people 

have a strong preference for simple and single explanations, meaning theories that 

rely on a single principle but that nevertheless are used to explain – or give sense to 

– rather complicated phenomena. Since there are so many examples of that in the 

behavioural (and social) sciences, the selection that follows is limited to what 

broadly may be called human factors. 

  The inverted U-curve between arousal and performance 

The Yerkes–Dodson law is an empirical relationship between arousal and 

performance, more precisely that performance increases with physiological or 

mental arousal. However, when levels of arousal become too high, performance 

decreases. The process is often illustrated graphically as a curvilinear, inverted U-

shaped curve which increases and then decreases with that purports to explain why 

people take certain actions to either decrease or increase levels of arousal.  

The idea that the relationship between arousal and performance can be described in 

terms of an inverted U-shape curve is attractive. It is simple to understand and can 

apparently explain a number of different phenomena. It is, however, also seriously 

oversimplified, hence not very thorough. One problem is that neither arousal nor 

performance are easy to define. In fact, the original experiments were neither about 

performance nor about arousal (Yerkes & Dodson, 1908). Yerkes and Dodson 

examined “the relation between stimulus strength and habit formation” in laboratory 

mice, by giving the mice electrical shocks to see how quickly they learned to take 

one path rather than another in a maze. The conclusion was that habits are formed 

most rapidly at medium level shocks. Expressing that as an inverted U-curve for 

arousal and performance requires a leap of imagination. (To their credit, Yerkes & 

Dodson did not make or even suggest this leap. In fact, their paper ends as follows: 

“Naturally we do not propose to rest the conclusions which have just been 

formulated upon our study of the mouse alone. We shall now repeat our 

experiments, in the light of the experience which has been gained, with other 

animals”.) 

  Workload 

Another simple but powerful idea is that excessive workload affects performance 

negatively. (The similarity to arousal and performance is probably not a 

coincidence.) Ever since Miller published his ‘magical number seven’ paper (Miller, 

1956), it has been taken for granted that humans have limited capability for 

processing information – Neisser (1982) notwithstanding. Excess workload can of 

course lead to reduced human performance in terms of slower task performance and 

lower accuracy (often expressed as an increasing number ‘errors’). But the term is 

used far more widely, to provide convenient explanations of a multitude of 

phenomena.  

The problem with workload – and several other concepts in human factors as well as 

other sciences – is that it is intuitively meaningful to most people. We therefore 

rarely bother to ask for a precise definition. Yet despite decades of research and 

thousands of papers and book, there is no agreed definition of workload. Neither is 
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there one agreed method of assessing or modelling it, although not for the lack of 

trying. In that sense workload suffers the same fate as its cousin fatigue. In 1921 

Bernard Muscio produced a penetrating analysis of fatigue and recommended, 

among other things, that “the term fatigue be absolutely banished from precise 

scientific discussion, and consequently that attempts to obtain a fatigue test be 

abandoned” (Muscio, 1921, p. 46). His reasoning can equally well be applied to 

workload, but the impact would probably be the same. The convenience of using 

simple terms (efficiency) by far overrules the lack of meaning (thoroughness). 

  Situation awareness 

One cannot mention the inverted U-curve and workload without also mentioning 

situation awareness. Much has been said about it, both pro and con. The many 

debates are by themselves evidence that using a construct – a hypothetical 

intervening variable – such as situation awareness, is seen as an efficiency-

thoroughness trade-off by many. This comment from Charles Billings puts it neatly: 

‘‘The most serious shortcoming of the situation awareness construct as we 

have thought about it to date, however, is that it’s too neat, too holistic and 

too seductive. We heard here that deficient SA was a causal factor in many 

airline accidents associated with human error. We must avoid this trap: 

deficient situation awareness doesn’t ‘cause’ anything. Faulty spatial 

perception, diverted attention, inability to acquire data in the time available, 

deficient decision-making, perhaps, but not a deficient abstraction!’’ (Billings 

1996). 

Yet despite the obvious lack of thoroughness of situation awareness, the efficiency – 

or perhaps the facileness – of using it as an explanation ensures that it will continue 

to be used for some time to come. 

  SRK 

While the temptation of single-factor theories seems to be in no danger of waning, 

some things clearly require a little more detail or thoroughness. A good example of 

that is the so-called skill-based, rule-based, knowledge-based description of human 

cognition, commonly referred to as the SRK framework (Rasmussen, 1979). The 

SRK framework introduces a distinction between three characteristic ways of human 

information processing, in order to explain characteristic differences in how people 

accomplish their tasks.  

 Skill-based behaviour requires very little or no conscious control to perform or 

execute an action once an intention is formed; it is thus akin to sensorimotor 

behaviour. Skill-based performance, such a riding a bicycle, is smooth, 

automated, and consists of highly integrated patterns of behaviour control. 

Skill-based behaviour is efficient but not very thorough. 

 Rule-based behaviour depends on the use of rules and procedures to select a 

course of action in a familiar work situation. The work can be reasonably 

effective, because the pre-compiled thoroughness of the rules allow attention to 

be focused on the work to be done.  
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 Knowledge-based behaviour is used for situations that are novel and 

unexpected. These require considerable attention and reasoning before 

something can be done. One output of that may be a procedure for the activity, 

which means that it becomes rule-based. Since most, if not all, of the time is 

spent trying to comprehend the situation and thinking about what to do, 

efficiency is low – but thoroughness hopefully correspondingly high. And 

cognitive workload (sic!) will be greater than for using skill- or rule-based 

behaviours. 

The SRK framework has been widely used and has even been the basis for a specific 

theory of ‘human error’ (Reason, 1987) and a design principle (Rasmussen & 

Vicente, 1989). Yet it is clearly a simplification, and furthermore rests on another 

simplification – namely the notion that the human (mind) can be described as if it 

was an information processing system. 

The examples, as well as great many other, illustrate the common characteristics of 

trading off thoroughness for efficiency in scientific analyses. One is that 

explanations are relying on substitution, meaning that the explanation is expressed in 

terms of concepts (and theories) that themselves are simplifications and in need of 

articulation. A second is that the explanations rely on overgeneralisations, meaning 

that they are applied very broadly and with insufficient discrimination. Finally, the 

explanations are immune against falsification, both because they are so vague that 

they can be interpreted almost at will, and because they do not readily allow 

predictions (e.g., Dekker & Hollnagel, 2004). They are nevertheless effective 

because they provide the illusion of an explanation, and because they are easy to 

communicate to others. 

  Occam’s razor redux 

Simplifying scientific explanation is, however, generally considered a strength rather 

than a weakness. This tradition goes back at least to the middle ages and is often 

ascribed to the Oxford theologian and logician William of Ockham (c. 1285–1349). 

It is commonly referred to as Ockham’s razor or the Law of Parsimony and 

expressed thus: “other things being equal, a simpler explanation is better than a more 

complex one.” (The common Latin version is: entia non sunt multiplicanda praeter 

necessitatem.) In other words, simpler explanations should be preferred (efficiency) 

until they lead to loss of explanatory power (thoroughness).  

In William of Ockham’s own work, the ‘razor’ was applied to the type of knowledge 

he called abstraction, but not to the two others (intuition and faith). His concern was 

an analysis of rational knowledge, and the ‘razor’ was applied in an attempt to 

eliminate concepts and ideas that were unnecessary. The aim was, however, not to 

find the simplest possible explanation if this meant that understanding and precision 

– explanatory power – suffered. In other words, efficiency should not be allowed to 

outweigh thoroughness, but an appropriate balance should be struck.  

The Law of Parsimony is good advice indeed, but as the examples above have 

shown, the  simplification can be taken so far that thoroughness is irrevocably lost. 

There may be several explanations for these – each of which, of course, may fall 
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prey to the very effect they aim to explain. In consequence of that we should 

acknowledge that it is unlikely that a single explanation that will suffice, but that 

multiple factors and conditions need to be considered together. Yet it is no 

oversimplification to note that the conditions of scientific or intellectual work have 

changed dramatically from the days of William of Ockham to the present. In the 

days of Scholasticism the emphasis was on clear and convincing arguments, while 

today the emphasis is on finding solutions and on communicating them to others 

before somebody else does. 

  Conclusion: ETTOing is unavoidable 

Jonathan Swift once made the observation that ‘the only true map of Ireland is 

Ireland’ - meaning that a model is always a simplification. In relation to human 

factors, it means that the only true representation a phenomenon is the phenomenon 

itself or – less demandingly – that the description / explanation of something must 

be proportional in detail to the phenomenon being described.  

There is general agreement that the world around us, and more specifically the work 

environment, is getting increasingly complicated and intractable. The irony is that 

this apparently leaves less time and allows less effort to develop explanations. 

Researchers and practitioners are expected to be more efficient, in the sense of being 

able to explain events and phenomena in a way that is easy to understand, easy to 

communicate, and easy to turn into tangible – if not always practical – action.  

While such trade-offs always have been present – since it is a pervasive trait of 

human performance – they were less conspicuous until a few decades ago. Today 

the accelerating demands to performance and the increasing complicatedness of 

working environments make the trade-offs both more frequent and easier to spot. 

The bottom line is that we cannot avoid making these trade-offs – simply because of 

limitations in time and resources – but that we should realise and accept that it 

happens, and acknowledge the unavoidable limitations on what we can accomplish. 

The ETTO principle may help us to do that, but the ETTO principle also applies to 

itself. It is a simple explanation, which is good enough, rather than a more 

complicated (but not necessarily complex) explanation, which would be far more 

thorough.  
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Abstract 

Collision-free teleoperation of robotic arms is a critical requirement on the 

International Space Station (ISS). Astronauts manually navigate robotic arms using 

video views and are hindered by factors such as limited fields of view, display-

control misalignments and poor depth perception. Augmented reality (AR) 

interfaces can be useful in mitigating many of these issues. An AR technique that 

synthesizes computer-generated end-effector trajectories in multiple exocentric 

camera views of the remote robot in the form of colour-coded 3D visual aids is 

presented. Using these visual-aids, the user manipulates the end-effector through a 

series of rotations and translations from start to goal. An experiment to determine 

manual end-effector performance under three conditions was conducted: with AR 

(AR), with the same aids presented in a stand-alone 3D VR display (VR), and 

finally, a combination of the two (AR-VR). The AR and AR-VR constrained the 

robotic arm to well-defined safe regions while VR alone led to significant 

deviations. The results of the experiment are presented along with a discussion on 

the benefits and limitations of automation-supported operator aiding during robotic 

tele-operations.  

Introduction 

In low earth orbit missions, manual tele-operation of robotic assets on the 

International Space Station (ISS) has remained the modus operandi for the past 30 

years, despite dramatic advances in robotics and automation in Earth applications 

and in planetary exploration missions. There are a number of contributing factors 

that have led decision makers to sustain manual operations on the ISS. Many of the 

key challenges arise due to a gamut of human factors issues including the integration 

of automation into existing operational procedures. It is well known that increased 

automation can substantially augment human-robot interaction and recent reports 

bolster this need (Billman, et al., 2011). Before exploring these details, it is 

worthwhile to first revisit the challenges faced by robotic operators on the ISS and 

to review methods to mitigate these challenges. 

ISS robotic arms such as the Canadarm2 are guided by manual hand-controller 

inputs and camera feedback. Within this closed loop system, two factors impact 

operator performance. The first is the spatial relationship between the robotic arm 

and the cameras. The second is the control technique employed to manipulate the 
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multi-degree of freedom (and large) arm (Chintamani, 2010). A technique called 

resolved control is used to manipulate the arm using the end-effector’s coordinate 

system (Cartesian) as the reference. This inverse kinematics solver provides six 

degree-of-freedom control (three axis rotation and translation) of the end-effector 

while ensuring that geometric constraints due to the arm mechanics are accounted 

for. 

When the end-effector is rotated or translated, the arm configuration (angles) 

changes in order to achieve the required end-effector pose. This can lead to contact 

with objects in the workspace if the operator is not careful, Figure 1. Exacerbating 

this issue are camera limitations such as, depth perception and field of view. 

Constantly changing lighting conditions in orbit further complicate the problem. 

Human performance is understandably impaired by these factors. 

The authors’ previous work on this topic has aimed at mitigating these difficulties. 

An analysis of manual control performance and identifying limitations in camera-

based teleoperation was presented in Chintamani et al. (2006). The main finding was 

that even simple navigation tasks challenged proficient users. End-effector 

navigation in an empty workspace was characterized by non-smooth trajectories 

resulting from the separation of control inputs onto unique rotation and translation 

hand-controllers. Among other contributing factors for these characteristic 

trajectories are display-control misalignments, which arise due to the mismatch 

between the viewed end-effector reference frame (on the display) and the hand 

controller reference frame (Chintamani et al., 2011). The hypothesis was that 

augmented reality (AR) techniques could reduce a number of difficulties in 

teleoperation and could also see use in more advanced human-robot interaction. 

The first AR display developed by the authors was a simple graphic reference frame 

rendered in 3D and overlaid on the end-effector in the camera view (i.e. using AR). 

The same AR frame could be viewed simultaneously in perspective from multiple 

camera views. Each axis on this AR frame was colour-coded and mapped to the 

hand-controller axes using similar colour coding. User studies demonstrated 

significant reductions in navigation errors and travel distance (Chintamani et al., 

2010). Analysis of the results demonstrated that this AR technique resulted in 

smoother trajectories. To further corroborate these results, a follow-up study to 

measure operator cognitive load when exposed to conditions of display-control 

misalignments was conducted (Chintamani et al., 2011). Response accuracy and 

reaction times were measured with and without the AR frames. The AR frames 

dramatically reduced response time to misaligned orientations of the end-effector. 

These results led to the conclusion that operator-aiding AR teleoperation displays 

were beneficial for free-space navigation but left a question open: can similar 

displays support advanced human-robot interaction, for example: path planning and 

obstacle navigation? 

End-effector navigation in close proximity to other space infrastructure and through 

narrow passages is generally avoided during missions. Limited depth perception 

from the camera views makes proximity to obstacles difficult to estimate while the 

robot’s kinematics (singularities and mechanical limits) makes it at times impossible 

to reach a desired position or orientation. These factors can increase operator 
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workload and compromise safety. One mitigation technique is to increase robot 

autonomy. Space agencies agree that an increase in robotic autonomy is needed to 

enhance current and future space missions. Supervisory control has for long been a 

desired aim in telerobotics (Sheridan, 1986) however, operator “out-of-the-loop”, 

vigilance issues and reduced situational awareness have excluded its use (Billman et 

al., 2011; Kaber et al., 2000). This implies that task allocation between autonomous 

robots and humans along with modalities for interaction must be understood. The 

issues of reliability and trust must be reviewed as well. To bridge this gap in the 

safety-critical domain of human spaceflight, methods are needed to facilitate human-

automation interaction and autonomy can be incorporated so that it serves only as an 

information-generating agent: instead of guiding the robot, automation is used for 

the sole purpose of operator guidance. 

 

 

Figure 1 Robotic arm tele-operation is affected by limited field of views and cluttered 

environments. Human performance challenges increase in cluttered environments. 

We present a telerobotic system based on this principle. Upon user request, a 

planning agent generates a collision-free end-effector trajectory or plan. The plan is 

an alternating sequence of translation and rotation operations required to move the 

end-effector from start location to a goal location. Each translation-rotation pair 

forms a waypoint in the plan. Our system uses AR to present this plan in a simple 

manner using concepts validated in earlier studies, primarily the colour-coded AR 

reference frames (Chintamani et al., 2010).  



 Chintamani & Pandya 20 

In this article, we present a first step towards the interaction between autonomous 

planners and human operators in robotic arm teleoperation using AR displays. In a 

previous work, a similar AR display was presented where the plan was described as 

a simple sequence of collision-free points (Chintamani et al., 2009). Many of the 

shortcomings of that system are addressed here. The aim is to identify if automation 

support can increase teleoperation safety. In addition, virtual reality (VR) as an 

alternative to AR is studied. 

Methods 

Participants 

Eighteen participants volunteered for the study with age ranging between 20 to 50 

years and were not compensated for their time. This study was approved by the 

Wayne State University Human Investigation Committee under HIC protocol 

082105B3E (R).  

Experiment Task 

The aim of the task was to navigate the end-effector of an RT100 robot arm from 

two fixed start locations to a goal location in a cluttered environment. An obstacle 

course was assembled in the robots worksite ensuring that end-effector navigation 

task was challenging. Two cameras were placed in this environment, Figure 2. A 

location between the obstacles was selected as the goal location.  Participants were 

asked to navigate the end-effector to this location using the AR and VR displays 

described below. 

 

Figure 2 Camera views and obstacle environment selected for the experiment (green: start 

locations, red: goal location) 

The camera views were separately displayed on LCD monitors (1280 x 800 pixels) 

and a third monitor was used to view path information using a VR display. AR 

views were generated over the live camera views on the two monitors. Participants 

used two colour-coded joysticks to control the rotation and translation of the end-

effector. 

Generation of Navigation Plans: Two collision-free navigation plans from the two 

start locations to the goal location were generated by a software planning agent 

(using probabilistic search techniques). Implementation details on the planning 

agent are available in Chintamani (2010). The AR navigation display loaded these 
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plans and rendered the corresponding 3D graphics. A similar approach was taken for 

the VR display.  

AR Navigation Display: The system begins with the end-effector positioned at the 

start location. The first target orientation is rendered as 3D colour-coded torii 

(Figure 3a). Collision-free line segments (translation cues) are presented as a 

cylinder that changes colour as the end-effector translates over it. The user’s task is 

to rotate the end-effector attached AR reference frame into alignment with the torii. 

For example, in Figure 3b, the user first brings the green axis into alignment and 

then the red axis (Figure 3c). 

 

Figure 1 Manual method of use using the AR navigation display 

This operation automatically points the yellow axis towards the goal location (in the 

direction of the blue line). The user then translates the end-effector along the yellow 

axis. In this simple example, a single waypoint is presented for clarity and plans can 

include one or more waypoints. When the end-effector traverses 75% of the segment 

length, the next pair of orientation and translation cues is automatically displayed.  

Each waypoint can contain one or more orientations that can be reached at a 

particular location. The planning agent includes this information (if available) in the 

plan. The system is “smart” in the sense that it detects user difficulties in reaching 

an orientation and updates the orientation cue (if another orientation is available). 

More details on this system are described in K. Chintamani (2010). 

VR Navigation Display: This display presented the same information as the AR 

navigation display, that is, 3D models of the robot, obstacles and the plan in a virtual 
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environment. This user interface was displayed on the third monitor with interactive 

features such as pan, tilt, rotation and zoom to obtain different perspectives of scene. 

Experiment design  

A between-groups design was used (group x plan x trial). Participants were 

randomly distributed into three groups; AR, VR and AR-VR. The AR group 

navigated the robot using the AR navigation display. The VR group was trained to 

teleoperate using camera views (no AR) and the VR display. The third group, AR-

VR presented path information in both AR and VR. Plan consisted of two pre-

generated navigation plans titled plan 1 and plan 2. Three trials were administered 

for repeated measures. A time limit of 7 minutes was imposed on each trial. End-

effector deviation from the prescribed trajectory (mm) and end-effector distance 

were the dependent variables. Participants were trained until confident with the 

system controls. Obstacle geometries and the plans used for training were different 

from those used in the experiment to prevent learning effects.  

Data Treatment 

The data for these variables were found to be non-homogeneous with regard to 

variance. Levene’s test for equality of error variances: end-effector deviation, 

F(5,102)=14.43, p < 0.05 and distance, F(5,102)=7.56, p < 0.05, were obtained. Given the 

non-homogeneous data, the data cells corresponding to the experimental conditions, 

groups x plan (3x2) were labelled from 1 through 6 under the fixed factor, 

condition. The Kruskal-Wallis test was run with condition as the independent 

variable and rank of end-effector deviation and distance as the dependent variables. 

Effects were tested post-hoc using Tukey’s HSD test. 

Results 

The effect of condition on deviation was significant, F(5,107)  = 30.76, p < 0.05. Mean 

deviation for the VR group was significantly higher (p<0.05) that the AR and AR-

VR groups. Comparisons of each factor showed that the plans had no influence on 

deviation for AR and AR-VR, Figure 4. 

Condition also had an effect on distance, F(5,107)=34.09, p < 0.05. It should be noted 

that the two plans were of different lengths. Correspondingly, a significant 

difference between plans was observed (p<0.05), Figure 5. 

For plan 1, mean distance for the VR group was significantly higher than both AR 

and AR-VR (p<0.05). No differences were seen between AR and AR-VR in terms 

of distance. For plan 2, no statistically significant mean differences in distance were 

observed between the three groups. 

No collisions with the obstacles were recorded with the AR and AR-VR groups. 

Several trials in the VR group however, resulted in collisions with the obstacles.  
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Figure 4 End-effector deviations for the AR and AR-VR groups were very low in comparison 

to the VR group. 

 

Figure 5 Overall travel distances were closer to the distance prescribed by the planning 

agent in AR and AR-VR in comparison to VR alone.    

Discussion 

The results demonstrate that the AR navigation display performed better than the 

VR display, with mean end-effector deviations ranging between 4.7 mm and 5.9 mm 

for the AR and AR-VR groups. In fact, the improved graphic aids reduced 

deviations to values lower than those obtained in the previous version of this system 

where deviations ranged between 9 and 12 mm (Chintamani et al., 2009). Deviation 

was not influenced by plan demonstrating that these low values could be achieved 

irrespective of the plan generated or viewing conditions. 

Although the end-effector trajectories in the VR group were similar to those 

recommended by the plans, the deviations were much higher. Deviations as high as 

84 mm for plan 1 and 34 mm for plan 2 were observed for the VR group. These 
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trajectories are presented in Figure 6. These results have implications for space 

operations. Navigating within a recommended “safe” zone can be beneficial and any 

aids that restrict the end-effector to this zone are advantageous. Furthermore, the AR 

and AR-VR groups produced trajectories that were hardly distinguishable across 

trials. 

The AR display also enabled lower travel distance compared to the VR group; that 

is, the navigation plan’s length and the distance travelled were nearly the same. The 

VR group completed the task with more distance travelled by the end-effector. In 

the experiment, the plans computed by the agent neared the minimum distance 

between start and goal (considering robot-obstacle clearance). However, the 

planning agent was not designed to minimize the change in orientation when 

moving between plan segments. Overall performance would have been better if this 

process was optimized. Despite these limitations, minimizing the effort needed to 

navigate a robot is a significant advantage in energy-, time- and safety-critical space 

operations. 

 

Figure 6 Agent generated plans and trajectories generated by the VR, AR and AR-VR groups 

Conclusion 

In this study, a planning agent autonomously generated motion plans for a robotic 

arm and delivered this plan via an AR display to the user for manual execution. Our 

main hypotheses, that is, an improvement in navigation performance was 

quantitatively validated. There are however, a number of improvements and 

questions that can be raised on the principles of the system. 

First, if the robot’s environment is known and the planning agent can create a plan 

autonomously then why not just automate the robot? This was Roseborough’s 
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dilemma (Roseborough, 1988) and a perplexity that frequently occurs in many 

complex systems including autonomous transportation systems, air traffic control 

and robotics. 

Second, there is the issue of operator trust in the plans presented in the AR 

navigation display. Does the user assume that the plan is valid and error-free? 

Participants in the AR-VR group for example, seemed to trust the AR display 

blindly rarely verified the robot’s status in the VR model
1
. In the same study and not 

presented here, operator situational awareness using a 3D environment and 

trajectory reconstruction test was evaluated where it was found that most users could 

not reproduce the trajectories in a scaled 3D model of the robot’s environment
2
 post-

trial, Figure 7. 

 

Figure 7 Environment and trajectory reconstruction test used to evaluate user situational 

awareness 

Both Roseborough’s dilemma and trust in automation are crucial for such AR 

navigation displays. Indeed, if sufficient automation is available to achieve a task, 

human involvement is unnecessary. In addition, the need for increased automation in 

space robotics and the need for a change from manual operations to supervisory 

control have been recognized in recent agency publications. Billman et al mention 

the need for efficient task allocation between human and automation in (Billman et 

al., 2011) while Ambrose et al state the need (TA4.4) for autonomous manipulation 

systems along with interfaces that “enable a human to rapidly understand the state of 

the system under control and effectively direct its actions towards a new desired 

state” (Ambrose et al., 2012).  

In this regard, the AR navigation display although restricted in here to the manual 

navigation of robotic arms, could be of dual use: 1) to augment manual control, that 

is, providing the best trajectories to take, safety or “no-fly” zones and optimal 

orientations that minimize energy consumption or speed up the overall task; 2) It 

could be used as a display that, as specified by Ambrose et al, enhances the 

operator’s situational awareness of an automated robot’s internal state, goals and 

expected state(s). In fact, this is exactly what is needed to enhance operator trust in 

the autonomous system’s goals and expected states. One way of increasing trust in 

                                                 
1 Evidence based on an observation of participant behavior during experiments.  
2 These results are described in greater detail in Chintamani (2010). 
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the autonomy could involve the use of AR-based simulations that allow the user to 

browse through the various states of the automation, for e.g. navigating a virtual AR 

robot in the same camera view that shows the remote robot (see examples in 

Chintamani, 2010, Chapter 5). 

Today, no standards or guidelines exist to adequately define such displays and as an 

emerging technology, AR is a viable candidate. The ability to display automation 

processes within the same display space in a shared frame of reference (a unified 

display) as the robotic system being controlled is perfect for a range of space 

mission robotic scenarios such as human-robot cooperative tasks (close proximity) 

and remote robot monitoring. 
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  Abstract 

Security software protects computers against undesired programs, informing users 

about potential danger. Maximum protection should be achieved with high security 

levels, which, however, have the disadvantage of generating a high number of 

unnecessary warnings. A frequent interruption of workflow is perceived as annoying 

and may even decrease compliance with the security software. The objective of this 

study was to examine this trade-off between security and usability. While 

performing a computer game, participants were randomly attacked by a virus. 

Security software informed them about potential damage. The control group was 

forced to use a very high security level. The experimental group who was given the 

opportunity to select a security level chose for medium-high levels. Performance, 

behavioural and subjective data was collected. The analysis revealed significant 

differences between the two groups. The experimental group complied more with 

the system which led to a better performance due to less damage. Furthermore, their 

acceptance of and trust in the system were higher while their perceived workload 

was lower. These findings indicate that a reduction of security level might increase 

overall protection as users are more willing to follow advices given by the security 

software. 

  Introduction 

The use of web-enabled computers and mobile devices entails the risk of receiving 

malicious programs, e.g. viruses, Trojans, or worms. To minimise the potential 

damage resulting from the intrusion of undesired software, security systems such as 

anti-virus software or firewalls have been developed. They are implemented to warn 

users against possible hazards. However, the use of security systems does not always 

result in an increase of safety. Several users do not know how to use protection 

mechanisms correctly or simply ignore the security system (Sasse & Flechais, 

2005). This behaviour is problematical since security systems can only work 

optimally if users comply with protection mechanisms as intended (Ben-Asher, 

Meyer, Moeller, & Englert, 2009). 

One possible reason for the disuse of such systems may be their lack of 

appropriateness regarding the trade-off between security and usability. The 
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protection mechanisms should be proportional to the severity of the possible threat 

enabling users to accept the additional time and effort of coping with the security 

system (Ben-Asher et al., 2009). Therefore it is important to take the context of use 

into consideration when designing security systems. When entering websites of 

unauthorized content or installing new software that claims access to other 

programs, the security system informs users about a potential threat. Usually a pop-

up window appears asking whether to continue, to get more information or to stop 

the current process. Users are thus interrupted in their ongoing activity. When this 

happens too often it is perceived as poor usability. This impression amplifies, when 

users realise that a considerable high number of the warnings are false alarms. 

However, generating a lot of unnecessary warnings is one characteristic of most 

warning and alarm systems. As security systems are not perfectly reliable, designers 

have to choose between two types of erroneous function: either missing a potential 

threat or the false indication of idem. In order to avoid missing virus attacks, usually 

a very liberal (i.e. low) threshold is set, especially in safety-critical environments 

such as control rooms or cockpits. As a result, a high number of unnecessary 

warnings are generated indicating danger in harmless situations. Unfortunately the 

high number of unnecessary warnings may cause undesired side effects, as it can 

lead to unsafe or unproductive user behaviour (Lee & See, 2004).  

False alarms can lead to the perception of low system reliability, which may in turn 

reduce the users’ compliance with warnings (Meyer, 2004). Users have been found 

to respond more slowly to warnings (Getty, Swets, Pickett, & Gonthier, 1995) or to 

completely ignore them (Bliss, Gilson, & Deaton, 1995). Since these findings 

indicate the disuse of warning systems, this phenomenon is referred to as the cry 

wolf effect (Breznitz, 1984). Once users ignore security system’s warnings, the risk 

of virus attacks increases. The liberal threshold setting is also known as engineering 

fail-safe approach (Swets, 1992). 

One possible reason for the reduction of compliance is a lack of trust in the security 

system. As research has shown a high number of false alarms can lead to a decrease 

in users’ trust (Madhavan, Wiegmann & Lacson, 2006). The amount of trust on its 

part has been found to predict the use of security systems (Lee & Lees, 2007). Most 

trust theories assume that trust is a multidimensional construct (cf. Lee & See, 

2004). It develops based on system characteristics such as reliability, intention, 

utility or transparency (e.g. Lee & Moray, 1992; Muir, 1994; Wiczorek 2011). The 

perceived low reliability due to many unnecessary warnings may reduce trust. The 

same is true for the lack of system transparency when users do not understand why 

the system generates so many false alarms. As a consequence, users may doubt the 

utility of the system as well. 

Even though the problem of reduced trust and decreased compliance as a 

consequence of many false alarms resulting from a low threshold setting is well 

known, it is difficult to find alternatives. This is especially true for high-risk 

environments. However, less safety-critical situations such as private computer use 

offer more possibilities for designers to find practicable solutions. Thus, designers of 

such systems should try to establish an acceptable level and type of protection 

mechanisms in order to mitigate the trade-off between usability and security with the 
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aim of raising up users’ trust and compliance. One strategy may be to leave the 

decision of the warning system’s threshold to the users and let them determine 

deliberately the ratio of misses and false alarms. Prior research by Moeller, Ben-

Asher, Engelbrecht, Englert & Meyer (2011) investigated users’ strategies in 

relation to threshold changes. However, it is not clear whether users agree with the 

designers’ liberal threshold setting or whether they prefer more conservative 

thresholds despite the increase of misses. Furthermore, research has not addressed 

the relation of deliberately chosen alarm thresholds and peoples trust in and 

compliance with security systems. More importantly, it is unknown whether an 

individually chosen threshold may raise safety or even worsens it. The current study 

tries to answer these questions. 

  Current Study 

The aim of the current study was to explore one possible solution for the trade-off 

between usability and security. Therefore participants had to play a computer game 

with an integrated security system which informed them about potential virus 

attacks.  One group was instructed to use the most liberal of seven possible warning 

thresholds of the security system, whereas the experimental group could test 

different thresholds and then deliberately chose a security level. Due to the cry-wolf 

phenomenon subjects were expected to select more conservative (higher) thresholds 

in order to receive a tolerable amount of warnings. It was investigated how that 

influences subjective ratings of trust in and acceptance of the system, participants’ 

perceived workload, their compliance, as well as their performance in the computer 

game.  

First, it was hypothesised that the experimental group would experience higher trust 

in the security system. Being able to choose between different warning thresholds, 

the experimental group becomes more familiar with the trade-off between misses 

and false alarms which should result in a better transparency of the system’s 

function. Furthermore, a reduction of unnecessary warnings was expected to lead to 

a higher perception of system reliability. Additionally, if the participants in the 

experimental condition are interrupted less often by the security system they are 

expected to rate system acceptance higher. With a more conservative threshold, the 

amount of overall warnings decreases. Thus, participants switch less frequently 

between the two tasks: playing the computer game and coping with the security 

system. As a consequence, they have to reallocate their attention less often. 

According to Wickens’ model of multiple resources (1992) the general, task-

independent mental resource that is responsible for attention allocation is demanded 

less, which is assumed to result in a lower perceived workload for the experimental 

group. 

The second hypothesis relates to participants’ compliance with the security system. 

Since research has shown that liberal thresholds result in a decrease of compliance 

with the warning system (Bliss et al., 1995; Getty et al., 1995) the experimental 

group is expected to follow the security system’s advice to a greater extent than the 

control group. 
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The third hypothesis regards the performance in the computer game. Since the 

experimental group is expected to follow the warning system more efficiently 

whereas the control group tends to ignore the security advices, participants in the 

experimental condition should be attacked less often by a virus. This should result in 

less damage, i.e. performance, costs in the computer game. Thus, the experimental 

group is assumed to have a better overall performance. 

  Method 

  Participants 

40 students (19 females, 21 males) were randomly assigned and equally distributed 

to one of the two conditions. Their age ranged from 21 to 30 years (M = 25.35;  

SD = 2.71). Participants were paid a basic of €8 and received a performance-related 

maximum bonus of €7. They received €11.74 on average. 

  Task Environment 

The PC-based Tetris micro world developed by Ben-Asher et al. (2009) served as 

task environment (see Figure 1). Participants played a modified version of the Tetris 

game positioning the falling bricks in such a way that full rows were built at the 

bottom of the screen. The aim of the game was to collect as many complete rows as 

possible since participants earned ten points per row and were paid according to 

their performance. 

   
Figure 1. Screenshot of the Tetris microworld by Ben-Asher et al. (2009). On the left: area of current 
game, in the centre: display of next brick and time, on the right: display of earnings, number of unsaved 

rows and current security level; buttons for saving rows and changing security level. 

In contrast to the original game, completed rows did not disappear automatically but 

had to be cleared by the participants using the “Clear Rows” button. Pressing this 

button started a saving process that took 20 seconds impeding the user from 

continuing to play. This time loss operationalises the poor usability of saving actions 

similar to those implemented in common anti-virus programs. If the panel filled 
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completely, it was cleared automatically causing a penalty loss of 50 points in order 

to prevent participants to use this as a strategy to get rid of incomplete rows.  

Random virus attacks during the game caused the deletion of several bricks. Rows 

that had been completed up to this point were damaged and thus could not be 

cleared. An integrated security system informed participants about a potential 

upcoming attack via a pop-up window. In order to manage the security of the game, 

participants had to continuously decide when to clear rows due to a possible virus 

attack. Thus, participants were supposed to trade the collection of further rows 

against the time loss for saving already completed rows. 

Design and dependent measures 

Participants were divided in two groups. The control group was assigned to use a 

very liberal warning threshold whereas the experimental could deliberately select 

one of seven possible thresholds. The dependent measures were trust in and 

acceptance of the security system as well as compliance with the warnings and 

performance in the Tetris game. 

Subjective data were collected via questionnaires. Trust in the security system was 

measured by means of a multidimensional trust questionnaire (FMV; Fragebogen 

zur mehrdimensionalen Erfassung von Vertrauen; Wiczorek, 2011). Participants 

rated trust on four subscales: (1) perceived reliability, (2) utility, (3) intention, and 

(4) transparency of the warning system. System acceptance was measured using 

items such as “If I played the game again, I would not use the security system” or “If 

I played the game again, I would choose another security level”. Subjects specified 

their agreement to the statements on a four-point Likert scale stating if they did not 

agree, did rather not agree, did rather agree or did agree. To measure perceived 

workload participants filled in the NASA-TLX (National Aeronautics and Space 

Administration Task Load Index; Hart & Staveland, 1988). 

Behavioural and performance data were collected from the log file of the Tetris 

micro world software. Compliance was operationalised as the storing-rate, i.e. the 

percentage of storing actions after a warning when completed rows were available. 

The absolute number of warnings differed between participants in dependence of the 

security level. A storing action was considered as indicating compliance when it 

occurred within 21 seconds after a warning appeared which was the fixed period of 

time between a warning and a virus attack. 

Three indicators were calculated to measure performance. First, the number of 

stored rows was regarded. Second, the amount of full panel events was considered. 

The achieved points were calculated as a third variable by summing up the points 

per collected row and subtracting the penalties due to full panels from this value. So 

poor performance which might be caused by a higher amount of virus attacks, was 

regarded as well.  
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  Procedure 

On arrival, participants were briefly instructed about the course of the experiment 

and filled in a demographic questionnaire. Participants read all instructions on the 

computer screen of their desks. Paper-and-pencil versions of questionnaires were 

used. 

The experiment was comprised of three sessions (see Figure 2).  

  
Figure 2. Procedure.  

During the first session, participants were introduced to the modified version of the 

Tetris game without the security system. They played for 10 minutes. During the 

second session, participants became acquainted with the security system. While the 

control group was asked to use the highest security level and adverted to the 

possibility of receiving false warnings, the experimental group was introduced to the 

possible seven thresholds and their influence on the ratio of false alarms and misses. 

Participants in the experimental condition were then asked to start with the highest 

level and subsequently try different levels in order to find out which one they prefer. 

The control group used the most liberal threshold all along. They played for 20 

minutes. During the third session, participants in the experimental group were asked 

to choose one security level of their preference and keep it throughout the whole 20-

minute-period. The control group, on the other hand, was given the highest security 

level. Participants were informed to be paid according to their performance in this 

last game. Subsequently, they filled in the NASA-TLX, FMV and the questionnaire 

of system acceptance.  
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  Results 

In a first step the choice of security level and the resulting number of warnings were 

analyzed in a descriptive way. Afterwards the influence of different security levels 

on subjective ratings, behaviour and performance was compared between the 

experimental and the control group using one-tailed t-tests for independent groups. 

Choice of security level 

Participants in the control group could decide on systems configuration choosing 

one out of seven security levels with one being the most conservative and seven 

being the most liberal threshold. In contrast the control group had the directive to 

use security level seven, which generated the highest number of warnings. Choices 

of the experimental group ranged from security levels of 3 to 6 (M=4.4, SD=1.14) 

and can be seen in Figure 3. On average, users of the experimental group 

experienced 25.3 warnings, 16.2 of them were unnecessary because no virus attack 

occurred. The security system used by all the participants of the control group 

generated an average of 54.6 warnings, whereof 42.35 were unnecessary.  

 

Figure 3. Range of warning thresholds chosen by the experimental group. 

The range of thresholds used in the experimental group was quite large. However, as 

expected users preferred more conservative thresholds and none of them chose the 

most liberal. These results provide the basis for a comparison of the two groups with 

regard to their subjective evaluation of the security system, their responses to the 

warnings and their performance in the task. 

Subjective data 
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Trust. The experimental group trusted the security system more than the control 

group. The comparison of the two groups revealed significant results for overall trust 

ratings, t(38)=3.93, p<.001 (see Figure 4). The same pattern was found for the 

subscales transparency, t(38)=3.95, p<.001, reliability, t(38)=2.69, p<.05, and utility, 

t(38)=2.38, p<.05. Regarding the subscale intention the difference between groups 

was marginally significant in favour of the experimental group, t(38)=1.74, p=.09. 

When users were not forced to work with the most liberal threshold they 

experienced greater trust towards the security system as they perceived it to be more 

transparent, reliable, and useful as well as to have a more positive intention 

intention. 

 
Figure 4. Group comparison of overall trust and trust subscales. 

System acceptance. Participants of the experimental group accepted the system 

better compared to the control group, as their reluctance regarding anticipated future 

use of the security system was significantly lower, t(38)=-2.85, p<.01. Furthermore, 

they were significantly less dissatisfied with the security level they had used 

compared to the control group, t(38)=-3.71, p<.01. Users who were forced to work 

with a system with an extremely liberal threshold were less willing to use the 

security system again and if they had to, they would choose a different security level 

whereas the experimental group was more content with the one they have had (see 

Figure 5). 
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Figure 5. Group comparison of system acceptance. 

Workload. The experimental group experienced less workload than the control 

group, which was reflected in a significant lower overall score of the NASA-TLX, 

t(38)=-2.28, p<.05 (see Figure 6).  

 
Figure 6. Group comparison of workload. 

The difference between groups can be explained by the diverse perceptions of effort, 

t(38)=-2,36, p<.05, and frustration, t(38)=-3.29, p<.01, which were lower for the 

experimental group. Significant differences could neither be found regarding the 

mental, t(38)=.12, n.s., physical, t(38)=-1.57, n.s., and time related, t(38)=-.56, n.s., 

components of workload nor for the performance estimation, t(38)=-1,17, n.s. Users 

who had worked with more conservative thresholds experienced less frustration and 

less effort when dealing with the task of attention allocation between the Tetris game 

and the use of the security system. 

Compliance 

Participants of the experimental group complied more with the security system than 

participants of the control group. The comparison revealed a marginal significance, 
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t(38)=-1,87, p=.07. Participants, who had chosen their security level, responded to 

80% of the given warnings by clearing their collected rows, whereas the control 

group only responded to 70% of the warnings (see Figure 7). 

 
Figure 7. Group comparison of compliance. 

Performance 

The two groups also differed in regard to performance (see Figure 8). The 

experimental group had a marginally significant higher number of stored rows, 

t(38)=1.77, p=.085, and a significantly higher number of points, i.e. overall 

performance, t(38)=2.11, p<.05, than the control group. Differences regarding the 

number of “panel full” events did not become significant, t(38)=-.533; n.s.  

 

Figure 8. Group comparison of performance in the Tetris game. 

However, the fewer number of events of the experimental group led to an advantage 

with regard to the number of achieved points which contributed to the overall 

performance. The use of the most liberal warning threshold led to a decrease in 

performance as users cleared fewer rows before damage. There was an even larger 

difference in favour of the experimental group in overall performance as for this 

measure the penalties for filling up the game panel were taken into account as well. 

  Discussion 

The current study was conducted in order to investigate a potential solution for the 

trade-off between security and usability. If the negative consequences of misses are 
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less harmful - as it is the case in the context of private computers being exposed to 

virus attacks - there might be alternative solutions to the engineer fail-safe 

approach. It was assumed that users, given the possibility to choose, would prefer 

more conservative thresholds leading to fewer unnecessary warnings.  

Furthermore, a different threshold, i.e. a reduced number of warnings, was expected 

to influence users’ subjective evaluation of the system as well as their behaviour and 

their performance. It was hypothesised that fewer unnecessary warnings would lead 

to a higher amount of trust as users perceive the system to be more reliable. Their 

acceptance of the system should be greater and their perceived workload should be 

reduced due to less frequent interruptions of their ongoing task. Furthermore, users 

of the experimental group were expected to show a greater compliance with the 

security system, whereas the control group should ignore the warnings to a greater 

extent. As a consequence of the ignorance of warnings, the control group was 

assumed to suffer a greater loss in performance due to missed virus attacks. 

 

In order to explore these assumptions, two groups of participants had to perform a 

computer game which could be attacked by a virus causing performance losses. Both 

groups were assisted by a security system generating warnings in order to give the 

users the opportunity to take precaution. The security system used by the control 

group had a classical liberal threshold setting leading to a high number of warnings, 

including a high number of unnecessary warnings. The experimental group in 

contrast was free to choose their preferred threshold after having experienced 

different threshold settings.  

Participants of the experimental group chose medium to high security levels. On 

average, they experienced 25.3 warnings, whereas, the security system of the control 

group produced more than double, i.e. 54.6 warnings over a time span of 20 

minutes. This experimental manipulation led to differences in regard to subjective, 

behavioural, and performance data. As hypothesised, the experimental group trusted 

the system significantly more. This can be ascribed to their higher perceptions of 

system transparency, system reliability, utility and intention. Higher trust might be 

the reason why participants of the experimental group ignored fewer warnings than 

participants of the control group. When users had one or more completed rows and 

received a warning, the experimental group cleared their rows in 80% of the cases 

accepting the interruption of 20 seconds. The control group was less compliant as 

they ignored 30% of the warnings regardless the possible damage of bricks. 

The frequent experience of false warnings did not only reduce participants’ 

willingness to follow the systems’ advices but also led to a higher perception of 

workload. Due to the numerous interruptions, participants of the control group were 

more frustrated and experienced switching between the Tetris game and the security 

system as more effortful than the experimental group. Even though the control group 

experienced more workload they did not achieve better performance. Their reduced 

compliance put them at greater risk to lose bricks due to a virus attack. As a 

consequence, the control group achieved fewer points than participants in the 

experimental condition. Since their completed rows were destroyed more often, they 
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failed to collect as many rows as the experimental group. Even though the difference 

in penalties for filling up the game panel did not reveal significance, the fewer loss 

of the experimental group contributed to the overall performance difference as well. 

Considering their lower performance and their higher workload, it is not surprising 

that participants of the control group accepted the security system less than the 

experimental group. Whereas participants of the latter group reported the intention 

to use the security system in the future, control group participants would rather not. 

Furthermore, the control group participants indicated that they would change the 

security level of the system, whereas users of the experimental group were contented 

with the one they chose before.  

Several conclusions can be drawn from this experiment although it raises some 

questions. First, users of security systems for private use have been found to prefer 

conservative thresholds as they reduce the number of unnecessary warnings. Even 

though this result seems less surprising, it is essential for the design of security 

systems to realize that users’ weighting of the different types of errors differs from 

the classical design perspective. Second, it has been shown that the more 

conservative threshold raises compliance with the security system indeed, reducing 

the number of ignored warnings. The third and most important result of this study is 

the fact that an alternative threshold setting does not necessarily lead to a decrease in 

safety. On the very contrary, the current study showed that higher compliance can 

minimize the potential damage as users take better precaution. These results can be 

used for a more appropriate design of future security systems.  

However, the two groups of this experiment did not only differ in regard to the 

threshold itself. The system used by the experimental group can be seen as an 

adaptive system offering the possibility to be adjusted according to users’ individual 

requirements. That might have had an impact on users’ subjective evaluation and 

even on their interaction with the system. In fact it is not clear if differences in 

compliance and subjective ratings are due to the security level itself or rather a 

consequence of the possibility to choose the threshold individually.  

Furthermore, there were found great differences in regard to the preferred security 

levels within the experimental group. It is not clear whether the choice of the 

threshold was due to individual differences with regard to the acceptable amount of 

risk users would take. For an optimal system design, it is essential to investigate the 

reasons for users’ decision, the potential effects of the decision itself as well as the 

most suitable threshold setting with regard to users’ compliance and the resulting 

safety more thoroughly.  
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  Abstract 

The paper presents a new Level of Automation Taxonomy developed within the 

SESAR programme to classify and compare different kinds of automation support in 

Air Traffic Management (ATM). The taxonomy is grounded on the seminal works 

of Sheridan and Verplanck (1978) acknowledging that automation is not ‘all or 

nothing’ and on the framework by Parasuraman, Sheridan, and Wickens (2000) that 

identifies four generic functions to be supported in a human-machine system 

(information acquisition, information analysis, decision and action selection, action 

implementation). Based on other studies, the paper shows how these models are 

useful to understand the variable nature of automation support, but encounter 

limitations when identifying distinctive levels to analyse and compare concrete 

automation examples. Therefore existing automation levels are modified and 

adapted to the peculiarity of the four functions being confronted with current 

automation examples in support of both the flight crews’ and air traffic controllers’ 

activity. The paper details how the proposed operational criteria can be used to 

classify existing implementations and derive lessons to improve automation design. 

Successful experiences of automation in defined operational contexts can be 

compared with less successful examples, providing insight on how to prevent human 

performance issues and take full benefit of available technical solutions. 

  Introduction 

With technological evolution, the possibilities for automating tasks of human 

operators have become more sophisticated as well as the possibilities to improve 

human-machine performance in complex systems. As postulated in research by 

Sheridan & Verplanck (1978), automation is not ‘all or nothing’, that is, automation  

is not only a matter of either automating a task entirely or not, but to decide on the 

extent of automating it. Hence, taxonomies of levels of automation for psychomotor 

and cognitive tasks have been developed throughout the last decades to clarify the 

range of options between ‘automation’ and ‘no automation’. Other authors 

(Hollnagel, 1999) have clarified that the decision on what to automate cannot be 

based simply on a ‘Function allocation by substitution’. This approach was applied 

in the past also by means of the so-called MABA-MABA lists (Men are better at - 

Machines are better at) (Fitts, 1951). Such lists rely on the idea that, given a set of 
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pre-existing tasks, one should decide which ones are worth automating, considering 

the strengths and weaknesses of respectively humans and machines.  Although this 

approach is now deemed outdated, there is still limited awareness of the fact that 

introducing automation brings qualitative shifts in the way people practice, rather 

than mere substitutions of pre-existing human tasks (Dekker & Woods, 2002). The 

taxonomy proposed in this paper addresses the problem of classifying different 

levels of automation, also taking into account qualitative shifts and recognizing 

different ways in which the human performance can be supported by automation. 

  Background 

An initial scale of levels of automation was proposed by Sheridan & Verplanck 

(1978) representing a continuum of levels between low automation, in which the 

human performs the task manually, and full automation in which the computer is 

fully autonomous (cf. Table 1). 

Table 1. Levels of automation of Decision and Action Selection (Sheridan & 

Verplanck, 1978) 

Low 1 The computer offers no assistance, human must take all decisions and 

actions  

 2 The computer offers a complete set of decision/action alternatives, or 

 3 Narrows the selection down to a few, or 

 4 Suggests one alternative, and 

 5 Executes that suggestion if the human approves, or  

 6 Allows the human a restricted veto time before automatic execution 

 7 Executes automatically, then necessarily informs the human, and 

 8 Informs the human only if asked, or 

 9 Informs the human only if it, the computer, decides to 

High 10 The computer decides everything, acts autonomously, ignores the 

human 

 

A second decisive step was made by Parasuraman, Sheridan, and Wickens (2000) 

who acknowledged the Sheridan-Verplanck 10-point scale and introduced the idea 

of associating levels of automation to functions. These functions are based on a four-

stage model of human information processing and can be translated into equivalent 

system functions: (1) information acquisition, (2) information analysis, (3) decision 

and action selection and (4) action implementation. The four functions can provide 

an initial categorisation for types of tasks in which automation can support the 

human. 
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Figure 1. A model for Types and Levels of Automation proposed by Parasuraman, 

Sheridan and Wickens (2000)  

In the same years Endsley & Kaber (1999) formulated a 10-level taxonomy 

applicable to a wide variety of domains and task types. Their taxonomy covers four 

generic functions comparable to Parasuraman, Sheridan and Wicken’s system 

functions with each level assigning a function or a combination of functions to either 

the human or the computer. The list of levels is summarized in table 2. 

Table 2. Levels of automation by Endsley and Kaber (1999) with the corresponding 

role played by the human and/or computer in each of the four functions 

 

  Limitations of current models in practical use  

The Model for Types and Levels of Automation proposed by Parasuraman and 

colleagues (2000) succeeds in acknowledging the different nature of automation 

support, as each of the function can be automated to a different level. They also 

suggest that the scale proposed by Sheridan & Verplanck (1978) is essentially 

focused on decision and action selection but can be applied, with some 

modifications, to the information acquisition, information analysis and action 

implementation as well, although the number of levels will differ between the stages 

(Parasuraman, Sheridan, and Wickens 2000, p. 288). However, after this very 

promising insight, specific levels for each of the function have not been defined. 

This has limited the potential use of the model when it comes to providing human 

factors recommendations in automation design activities. In another study the same 
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authors (Wickens, Mavor, Parasuraman, McGee, 1998) also identified specific 

categories for the automation of information acquisition, but did not go beyond the 

idea of elaborating different scales for different functions. This provides limited 

insight on how to manage information analysis and how to distinguish decision and 

action selection from action implementation. 

As a matter of fact when analysing the Sheridan-Verplanck scale (c.f. table 1), one 

can easily derive that decision and action selection and action implementation are 

covered jointly, with the latter appearing only on the fifth level (‘Executes that 

suggestion if the human approves’) up to the tenth level (‘The computer decides 

everything and acts autonomously’). From a practical point of view, this 

categorization sounds reasonable, i.e. a tool replacing the human in implementing an 

action corresponds to a higher level of automation compared to a tool replacing the 

human only in making decisions. Nevertheless, the scale seems to limit the range of 

possibilities that can be covered by different automation solutions. For example, if 

we consider the Traffic Collision Avoidance System (TCAS) currently used onboard 

aircraft (namely the TCAS II version 7.0) we know that we are dealing with a tool 

providing a high level of support of decision and action selection. In case of 

imminent risk of mid-air collision, the TCAS triggers an RA (Resolution Advisory), 

consisting of a specific vertical manoeuvre instructed to the pilot, without leaving 

room to other options, unless the pilot decides to deliberately override it. The RA 

provides guidance for the execution of the manoeuvre by visual and aural 

indications, but does not play a role in implementing the manoeuvre itself that 

remains up to the flight crew. In this example a high level of automation of decision 

and action selection is associated to a relatively low level of support to action 

implementation. Such combination is difficult to classify according to Sheridan’s 

scale: level 4 ‘Suggests one alternative’ would be considered limitative for the 

existing TCAS. While level 5 ‘Suggests one alternative and executes that suggestion 

if the human approves’ would be considered too high, since TCAS does not execute 

the manoeuvre at all. 

Similar problems are faced when dealing with the functions information acquisition 

and information analysis. It appears even more difficult to apply the Sheridan-

Verplanck scale. As Parasuraman et al. (2000) clarify the scale does not directly 

apply to functions different from decision and action selection and action 

implementation. Therefore any attempt to classify automation for information 

acquisition and analysis can easily result in illogical or unclear categories.  

Different considerations can be made for the scale elaborated by Endsley and Kaber 

(1999) (cf. previous Figure 2). The main advantage is that all the four functions 

considered above are covered, named in a slightly different way: Monitoring, 

Generating, Selecting, Implementing. Hence, from a qualitative point of view, the 

levels of automations are differentiated considering whether the functions are 

performed respectively by (a) the human, (b) the computer or (c) a combination of 

the two. In this way the cooperation between human and machine is duly considered, 

going well beyond the ‘all-or-nothing’ vision. Nonetheless, when it comes to 

analysing the automation of each function, there is no way to characterize this 

cooperation differently. The only alternative is a function accomplished in isolation 
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by either the human or computer, which is too limitative when considering different 

types of automated solutions. If we take as an example the level 2 in the scale 

(Action Support), we can see that it is characterized by a Monitoring function 

accomplished by human-computer cooperation. There is no way to distinguish 

different situations. For example, is the computer visualizing a process that the 

human cannot see from the distance and the human focusing on the elements of the 

process that s/he considers more important? Or is the computer also selecting the 

most relevant elements to visualize and the human just paying attention when these 

elements are displayed? 

  Proposal of a new taxonomy 

With the attempt to overcome the limitations, a new Level of Automation Taxonomy 

(LOAT) has been formulated. The taxonomy is organized according to the generic 

functions defined by Parasuraman et al. (2000) and Endsley & Kaber (1999). For 

each function a specific set of automation levels was developed. Research work 

from the fields of activity theory and distributed cognition (Nardi, 1996; Hutchins & 

Klausen, 1996) provided major inspirations to characterize the different levels. The 

taxonomy was also developed by analysing 26 examples of automated systems 

(either R&D or operational) and the way they support the performance of either air 

traffic controllers or pilots. 

Table 3 below presents LOAT organised as a matrix with the four functions 

(information acquisition, information analysis, decision and action selection, and 

action implementation) in horizontal direction. Vertically, each cognitive function 

groups a number of automation levels (between 5 and 8). All automation levels start 

with a default level ‘0’ corresponding to manual task accomplishment and increase 

to full automation. Automation level 1 is based on the principle that the human is 

accomplishing a task with ‘primitive’ external support, which is not automation as 

such. Any means that support the human mind, e.g. using flight strips to compare 

parameters of different aircraft and pre-plan future traffic, could correspond to this 

intermediate level. From level 2 on upwards, ‘real’ automation is involved. 



48 Save & Feuerberg 

Table 3. The Level of Automation Taxonomy (LOAT) 

 

A 
INFORMATION 
ACQUISITION 

B 
INFORMATION 

ANALYSIS 

C 
DECISION AND 

ACTION SELECTION 

D 
ACTION 

IMPLEMENTATION 

A0 
Manual Info 
Acquisition 

B0 

Working Memory 
Based Info Analysis 

C0 

Human Decision 
 Making 

D0 

Manual Action and 
Control 

The human acquires 
relevant information on 
the process s/he is 
following without using 
any tool. 
 

The human compares, 
combines and analyses 
different information 
items regarding the 
status of the process 
s/he is following by way 
of mental elaborations. 
S/he does not use any tool 
or support external to 
her/his working memory. 

The human generates 
decision options, selects 
the appropriate ones 
and decides all actions 
to be performed. 

The human executes 
and controls all actions 
manually. 

A1 

Artefact-Supported 
Info Acquisition 

B1 

Artefact-Supported 
Info Analysis 

C1 

Artefact-Supported 
Decision Making 

D1 

Artefact-Supported 
Action Implementation 

The human acquires 
relevant information on 
the process s/he is 
following with the 
support of low-tech non-
digital artefacts. 
 

Ex. 1) Identification of 
aircraft positions on an 
aerodrome/airport 
according to Procedural Air 
Traffic Control rules and 
without use of radar 

support. 

The human compares, 
combines, and analyses 
different information 
items regarding the 
status of the process 
s/he is following utilising 
paper or other non-
digital artefacts. 
 

Ex. 1) Use of flight strips to 
compare altitudes/levels/pl. 
times of different aircraft 
and to pre-plan future 
traffic. 

The human generates 
decision options, selects 
the appropriate ones 
and decides all actions 
to be performed utilising 
paper or other non-
digital artefacts. 

The human executes 
and controls actions 
with the help of 
mechanical non-
software based tools. 
 

Ex. 1) Use of a hammer or 
leverage to increase the 
kinetic energy of human 
gesture.  

Ex. 2) Use of a mechanical 
or hydraulic rudder to 
achieve a change in 
direction.  

A2 

Low-Level Automation 
Support of Info 

Acquisition 

B2 

Low-Level Automation 
Support of Info 

Analysis 

C2 

Automated Decision 
Support 

D2 

Step-by-step Action 
Support: 

The system supports 
the human in acquiring 
information on the 
process s/he is 
following. Filtering 
and/or highlighting of 
the most relevant 
information are up to the 
human. 
 

Ex. 1) Identification of 
aircraft positions in the 
airspace by way of Primary 
Radar working positions.  

 

Based on user’s 
request, the system 
helps the human in 
comparing, combining 
and analysing different 
information items 
regarding the status of 
the process being 
followed. 
 

Ex. 1) Activation by ATCOs 
of Speed Vectors for 
specific tracks on the CWP, 
in order to anticipate 
potential conflicts in a 
defined time frame. 

The system proposes 
one or more decision 
alternatives to the 
human, leaving freedom 
to the human to 
generate alternative 
options. The human can 
select one of the 
alternatives proposed by 
the system or her/his 
own one. 
 

Ex.1) AMAN visualization of 
the proposed sequence of 
aircraft. 

The system assists the 
operator in performing 
actions by executing 
part of the action and/or 
by providing guidance 
for its execution. 
However, each action is 
executed based on 
human initiative and the 
human keeps full control 
of its execution.  
 

Ex. 1) The aural and visual 
component of TCAS RA in 
current TCAS II version 7.0 
(also LOA C5) 
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A3 

Medium-Level 
Automation Support of 

Info Acquisition 

B3 

Medium-Level 
Automation Support of 

Info Analysis 

C3 

Rigid Automated 
Decision Support 

D3 

Low-Level Support of 
Action Sequence 

Execution 

The system supports the 
human in acquiring 
information on the 
process s/he is 
following. It helps the 
human in integrating 
data coming from 
different sources and in 
filtering and/or 
highlighting the most 
relevant information 
items, based on user’s 
settings. 
 

Ex. 1) CWP allowing 
ATCOs to set flight level 
filters to display only certain 
traffic on the screen. 

Based on user’s 
request, the system 
helps the human in 
comparing, combining 
and analysing different 
information items 
regarding the status of 
the process being 
followed. The system 
triggers visual and/or 
aural alerts if the 
analysis produces 
results requiring 
attention by the user. 
 

Ex. 1) ERATO Filtering and 
What-if function. 

Ex 2). VERA Tool to display 
the closest point of 

approach between two 
aircrafts. 

The system proposes 
one or more decision 
alternatives to the 
human. The human can 
only select one of the 
alternatives or ask the 
system to generate new 
options. 

The system performs 
automatically a 
sequence of actions 
after activation by the 
human. The human 
maintains full control of 
the sequence and can 
modify or interrupt the 
sequence during its 
execution.  
 

Ex. 1) Explicit initiation of an 
electronic coordination with 
adjacent sector via digital 
input (replacing use of 
telephone). 

 

A4 

High-Level Automation 
Support of Info 

Acquisition 

B4 

High-Level Automation 
Support of Info 

Analysis 

C4 

Low-Level Automatic 
Decision Making 

D4 

High-Level Support of 
Action Sequence 

Execution 

The system supports the 
human in acquiring 
information on the 
process s/he is 
following. The system 
integrates data coming 
from different sources 
and filters and/or 
highlights the 
information items which 
are considered relevant 
for the user. The criteria 
for integrating, filtering 
and highlighting the 
relevant information are 
predefined at design 
level but visible to the 
user. 
 

Ex.1) D-TAXI tool (including 
graphical route information) 

 

 

 

 

 

 

 

The system helps the 
human in comparing, 
combining and 
analysing different 
information items 
regarding the status of 
the process being 
followed, based on 
parameters pre-defined 
by the user. The system 
triggers visual and/or 
aural alerts if the 
analysis produces 
results requiring 
attention by the user. 
 

Ex. 1) MTCD visual alerts 
(allowing some tuning of 
parameters by the user)   

The system generates 
options and decides 
autonomously on the 
actions to be performed. 
The human is informed 
of its decision. 
 

Ex.1) Aural and visual 
component of TCAS RA 
in current TCAS II 
version 7.0 (also LOA 
D2) 

The system performs 
automatically a 
sequence of actions 
after activation by the 
human. The human can 
monitor all the sequence 
and can interrupt it 
during its execution. 
 

Ex.1) Acknowledgment by 
pilot of a clearance received 
trough CPDLC (data-link) 
and automatically sent to 
FMS and autopilot. 

Ex. 2) Autopilot following 
the FMS trajectory.   
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A5 

Full Automation 
Support of Info 

Acquisition 

B5 

Full Automation 
Support of Info 

Analysis 

C5 

High-Level Automatic 
Decision Making 

D5 

Low-Level Automation 
of Action Sequence 

Execution 

The system supports 
the human in acquiring 
info on the process s/he 
is following. The system 
integrates data coming 
from different sources 
and filters and/or 
highlights the 
information items 
considered relevant for 
the user. The criteria for 

integrating, filtering and 
highlighting are predefined 
at design level and not 
visible to the user  

The system performs 
comparisons and 
analyses of data 
available on the status 
of the process being 
followed based on 
parameters defined at 
design level. The 
system triggers visual 
and/or aural alerts if the 
analysis produces 
results requiring 
attention by the user. 

Ex. 1) STCA visual and 
aural alerts. 

The system generates 
options and decides 
autonomously on the 
action to be performed. 
The human is informed 
of its decision only on 
request. 
(Always connected to to 
an Action 
Implementation level not 
lower than D5.) 

The system initiates and 
executes automatically 
a sequence of actions. 
The human can monitor 
all the sequence and 
can modify or interrupt it 
during its execution. 
 

Ex. 1) Implicit initiation of an 
electronic co-ordination with 
adjacent sector as agreed 
exit conditions (according to 
Letter of Agreement) cannot 
be met anymore after 
changes to the a/c 
trajectory has been made. 

  C6 

Full Automatic 
Decision Making 

D6 

Medium-Level 
Automation of Action 
Sequence Execution 

  The system generates 
options and decides 
autonomously on the 
action to be performed 
without informing the 
human. (Always 
connected to an Action 
Implementation level not 
lower than D5.) 

The system initiates and 
executes automatically 
a sequence of actions. 
The human can monitor 
all the sequence and 
can interrupt it during its 
execution. 
 

Ex.1) TCAS AP/FD during a 
corrective TCAS RA. 

   D7 

High-Level 
Automation of Action 
Sequence Execution 

   The system initiates and 
executes a sequence of 
actions. The human can 
only monitor part of it 
and has limited 
opportunities to interrupt 
it. 

   D8 

Full Automation of 
Action Sequence 

Execution 

   The system initiates and 
executes a sequence of 
actions. The human 
cannot monitor nor 
interrupt it until the 
sequence is not 
terminated. 
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  Principles 

The way LOAT is designed demonstrates the following principles:  

 An automated system cannot have one ‘overall’ level of automation as such. In 

other words, a statement about a level of automation for a system always refers 

to a specific function being supported; 

 One automated system can support more than one function, each having a 

different level of automation; 

 The description of each automation level follows the reasoning that automation 

is addressed in relation to human performance, i.e. the automation being 

analysed is not just a technical improvement but has an impact on how the 

human is supported in his/her task accomplishment. 

It should be kept in mind that these generic functions are a simplification of the 

many components of human information processing. The functions are not meant to 

be understood as a strict sequence, but they may temporally overlap in their 

processing. From a practical point of view, the human may be performing a task that 

involves one or several functions. However it is useful to differentiate the subtleties 

between the functions when one wants to identify how a specific automated system 

supports the human. 

Classifying concrete automation examples with LOAT 

In an initial validation, LOAT was applied to classify the level of automation of 26 

airborne and ground automated systems supporting respectively pilots’ and air 

traffic controllers’ activities. The first automation examples were used to assess the 

identified automation levels and to refine the taxonomy. Also, these concrete 

implementations provided examples for specific automation levels. The full set of 

examples on Human Performance Automation support was used to perform this 

preliminary validation (cf. SESAR Joint Undertaking, 2012). 

  Airborne automation example: TCAS 

We analysed the Airbus Auto Pilot/Flight Director (AP/FD) TCAS mode as an 

onboard example to classify the level of automation. The AP/FD TCAS mode 

enhances the existing TCAS functionality by implementing a TCAS vertical 

guidance feature into the Auto Flight computer. Since this innovation represents an 

increase in the level of automation, it is interesting to compare it with the traditional 

TCAS functionality in the light of LOAT. 

As mentioned earlier, in case of imminent risk of collision, the existing TCAS 

functionality triggers visual and aural indications to the flight crew to perform an 

avoiding vertical manoeuvre. The execution of the manoeuvre itself is up to the 

flight crew. In LOAT terms this corresponds to a level C4 (Low-Level Automatic 

Decision Making), because the system selects one action and informs the human of 

its decision. In terms of action implementation, the system only assists the crew in 

performing the manoeuvre by constantly updating the visual and aural indications 

until the manoeuvre is completed. And what about the new AP/FD TCAS mode? 
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The new functionality makes the same kind of decision-making but supports action 

implementation in a different way. Under the assumption that the Auto Pilot is 

engaged, the system initiates and executes a sequence of actions to fly the avoidance 

manoeuvre until the aircraft is clear of conflict. Such automation support 

corresponds to automation level D6 (Medium-Level Automation of Action 

Execution). The crew can monitor the sequence of actions by the indications on the 

Primary Flight Display - and notably the vertical speed indicator - but cannot modify 

the ongoing action execution. It can be concluded that the adjacent automation level 

D5 is not applicable. However, the flight crew has the possibility to interrupt the 

action execution as such and to fly the required avoidance manoeuvre by the 

conventional procedure, i.e. they can disconnect the Auto Pilot and Flight Director. 

A further reason that qualifies automation level D6 is that the human can follow the 

entire action execution on the displays. In turn, this excludes automation level D7 

referring to an automation in which the human can only monitor part of the action 

execution with limited opportunities to interrupt it. In conclusion the analysis reveals 

that a support in decision and action selection C4 is involved in both cases. However 

passing from the traditional TCAS to the AP/FD TCAS mode implies a change in 

action implementation support from level D2 to D6. 

  Ground automation example: ERATO 

An example of ground automation is the ERATO Filtering Function. ERATO stands 

for En Route Air Traffic Organizer and represents a toolset aimed at supporting the 

controller in ensuring separation among aircraft in a concerned airspace sector. More 

specifically the ERATO Filtering Function helps the controller in identifying all the 

potential intruders of a given flight in the medium-short term (i.e. up to 20 minutes 

to the predicted conflict). This function is activated on controller’s initiative after 

mouse click on the radar track and allows a quick analysis of an aircraft in its traffic 

context. In practice, all the track labels of the aircraft that are not in conflict with the 

aircraft under analysis appear in light grey, while the labels of tracks potentially in 

conflict convert to a brighter colour. It is worth noting that the system continuously 

scans potential conflicts but the filtering referring to a specific aircraft and 

highlighted on the radar screen is only made visible when requested by the 

controller. In LOAT terms, this qualifies the function as an Information Analysis 

tool at an automation level B3 (Medium-Level Automation Support of Information 

Analysis), because the triggering of a visual alert is implicated, but only after the 

controller requested the filtering. It is interesting to compare this automated system 

with other tools playing a similar role in controller’s activity. For example other 

tools in ATM such as the MTCD (Medium Term Conflict Detection Tool) or the 

TCT (Tactical Controller Tool) are based on a similar logic but can trigger visual 

alerts advising a risk of conflict independently from any check requested by the 

controller. Differently from ERATO, these tools represent an automation level B4 

(High-Level Automation Support of Information Analysis) because they trigger alerts 

automatically. However, they do not reach level B5 (Full Automation Support of 

Information Analysis) because they allow the user to tune the parameters 

determining if and when a conflict will be displayed. This is not allowed, for 

example, in the case of other safety-critical tools in ATM, named safety nets. These 

tools trigger visual and/or aural alerts of imminent conflicts based on design 
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parameters which cannot be manipulated by the controller. It is also worth noting 

that all the mentioned ground tools represent different levels of support to 

information analysis, however none of them is implicated in Decision and Action 

Selection. In all cases the decision on how to solve the conflict remains completely 

up to the controller. 

  The case-by case trade-off to decide for a level of automation 

The analysis of human-automation interaction in real situations shows that even 

automated tools with high technical capabilities may not provide the desired benefit 

or may be even rejected. It could be the case that the level of automation is either 

inappropriate or not fit for the specific operational context.  

The case of the described controller tools is an example of automation providing real 

benefits in terms of support to early conflict detection but also disturbances that may 

jeopardize the controller’s performance. The so-called nuisance alerts (i.e. alerts not 

corresponding to a real safety threat) are a common problem of these tools. When 

they exceed a certain threshold, it is likely that the controller will decide to ignore or 

even switch-off the automation. This may become necessary to avoid spending too 

much effort on checking for the validity of each single alert, at the expense of the 

usual controlling activity. The nuisance alert can only be minimized when these 

tools can rely on a sufficiently accurate trajectory prediction. However the quality of 

trajectory prediction is influenced by various factors that are not exclusively 

technical. For example airspaces with dense traffic and a lot of ascending and 

descending aircraft (frequently the case in terminal areas in the vicinity of big 

airports) are too complex to make the traffic sufficiently predictable. Hence 

controllers are obliged to provide frequent corrective instructions to aircraft that may 

not be completely tracked by the automation. In these cases the automation itself 

makes predictions based on outdated traffic information and may consequently 

generate nuisance alerts.  

Coming back to the ERATO Filtering Function example, such tool may reduce the 

negative effect of an inaccurate trajectory prediction in a complex airspace, because 

it leaves the initiative to check traffic conflicts to the controller, offering support 

only when required. On the other hand tools with a higher level of automation like 

the MTCD or the TCT may generate an excessive number of nuisance alerts, due to 

their automatic activation. In the medium and long-term this can cause mistrust in 

the tools and a tendency to switch them off, which offsets the initial benefit. 

Nevertheless these tools may offer more protection to the controller in operational 

situations in which traffic flows are more predictable, ensuring that all conflicts are 

spotted in a timely manner, also in case of distraction or excessive workload. 
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Conclusion 

This paper presents a level of automation taxonomy which was specifically 

developed in the ATM context in a SESAR perspective. However, the underlying 

principles and the description of the LOAT categories are not only applicable in the 

field of aviation but transferable to other domains in which automation takes place.  

The choice of the ‘optimal’ level of automation in a specific task context is about 

matching the automation capabilities to a number of operational situations, while 

increasing the overall performance in efficient human-machine cooperation. 

Taxonomies of levels of automation have an added value if they become an 

applicable tool in human-automation design. Such tool should support at least two 

purposes: (1) support design choices from early design phases on and (2) help to 

classify already developed automation examples to produce specific human factors 

recommendations. A prerequisite is that the automation levels are distinctive and 

that they enable to classify a wide range of concrete automation examples from 

different domains. LOAT provides specific levels for the different task contexts by 

addressing four functions. The specific set of automation levels clarifies the 

‘nuances’ of automation enlightening the possibilities in design. The choice of a 

targeted level of automation can be made explicitly also based on the choice by 

exclusion, i.e. reflecting on the appropriateness of adjacent automation levels. In the 

context of evaluating automated systems already in service, one can imagine that a 

concrete automation is not used as intended or does not fully support the specific 

operational context. If a potential cause of the problem lies in the underlying 

automation level, LOAT provides potential alternatives for designing the human-

machine interaction by taking full benefit of the technical solution. Cases in which 

the human may simply switch off or reject automation can be anticipated and 

mitigated. 
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  Abstract 

Mental workload is a key factor influencing the occurrence of human error; 

specifically in remotely-operated vehicle operations. Both low and high mental 

workload has been found to disrupt performance in a nonlinear fashion at a given 

task; however, research that has attempted to predict individual mental workload has 

met with little success. The objective of the present study is to investigate the 

potential of the dual-task paradigm and prefrontal cortex oxygenation as online 

measures of mental workload. Subjects performed a computerized object tracking 

task in which they had to follow a dynamic target with their aircraft. Task difficulty 

was manipulated in terms of processing load and difficulty of control: two critical 

sources of workload associated with remotely operating a vehicle. Mental workload 

was assessed by a secondary concurrent time production task and a functional near 

infrared spectrometer. Results show that the effects of task difficulty differ across 

measures of mental workload. This pattern of behavioural and neurophysiologic 

results suggests that the empirically-based selection of an appropriate secondary 

task for the measure of mental workload is critical as its sensitivity may vary 

considerably depending on task factors. 

Introduction 

Remotely operated vehicles (ROVs) operations are becoming increasingly prevalent 

in a wide variety of contexts such as border security, intelligence and military 

operations. Undeniably, the use of ROVs in military has increased tremendously 

over the last decade. According to The New York Times, the U.S. Military has now 

over 7,000 aerial drones as compared to only about 50 a decade ago. Civilian use of 

ROVs is also becoming increasingly frequent as the technology is more affordable, 

safe, and relatively reliable. 

As noted by Cooke (2006), the term “unmanned” that frequently qualifies such 

systems can be misleading. Indeed, these systems involve a strong human-in-the-

loop component for which the capacity could – and should (Parasuraman & Riley, 

1997) – be improved above and beyond the capacity of fully automated systems. 
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There is a critical need to improve human-machine interaction within ROV systems 

given that Human Factors issues are responsible for a large proportion of ROV 

accidents. For instance, a document prepared for the Office of Aerospace Medicine 

in the United States reports that Human Factors-related deficiencies are responsible 

for 21% to 67% of ROV accidents in the US Army, Navy and Air Force (Williams, 

2004).  

Mishaps may be attributed to the high mental demands placed on operators and the 

degraded environmental conditions in which ROV operations take place. Indeed, 

ROV operators must often deal with degraded information that decreases the quality 

of their situation awareness (see Chen et al., 2007, for a review). Together with these 

constraints, ROV operators are required to perform cognitively demanding tasks 

such as monitoring, target identification, and manual control. Critically, these tasks 

require high levels of motor control for piloting the ROV under harsh environmental 

conditions, which in turn, imposes high levels of cognitive processing when 

conducting simultaneous sub-tasks. Moreover, in an effort to reduce costs and 

increase efficiency, a great deal of research is concerned with increasing the 

ROV/operator ratio. This trend has led Cummings and Mitchell (2008) to state:  

“Because of the increased number of sensors, the volume of information, and 

the operational demands that will naturally occur in a multiple-vehicle control 

environment, excessive cognitive demands will likely be placed on operators. As 

a result, efficiently allocating attention between a set of dynamic tasks will be 

critical to both human and system performance.” - p. 451  

One could argue that adequate distribution of the operator’s mental resources is 

important – and will become even more essential – to achieve sufficient levels of 

performance in the execution of ROV missions. Operators in this context must 

perform several tasks simultaneously, each with different priorities. It is well known, 

however, that humans are cognitively bounded, insofar as human mental capacities 

are fundamentally limited. Consequently, allocating more resources to a task will 

inevitably limit the amount of resources available for other tasks. Moreover, as these 

environments are highly dynamic, priorities across tasks will be expected to change 

as the mission develops. It is therefore important for the operator to reallocate 

mental resources dynamically according to changes in task priorities (Dehais 

Causse, Vachon, & Tremblay, 2011). This, however, is a dire challenge to human 

cognitive control and its limitations. Mental overload can lead to the phenomenon of 

cognitive tunneling that can be defined as the inability of the operator to reallocate 

his/her attention from one task to another. Cognitive tunneling occurs when attention 

is focused on specific information or areas of display while information presented 

outside of these areas is neglected (Thomas & Wickens, 2001). 

Approaches such as adaptive automation (Sheridan, 2011) and cognitive counter-

measures (Dehais, Causse, & Tremblay, 2011) attempt to solve the problem of 

attention allocation; however, challenges in their implementation still remain. In 

particular, a critical aspect of adaptive aiding system is to provide help in a timely 

and accurate matter (Visser & Parasuraman, 2011). Adaptive automation based on 

an on-line prediction of the operators’ mental workload represents a promising 
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solution to this challenge. This study investigates how mental workload can be 

predicted in this context. 

  Prediction of Mental Workload 

Typically, mental workload is measured using subjective scales, psycho-

physiological measures, or performance at a secondary concurrent task. Assessing 

mental workload with subjective scales consists of asking participants to rate their 

perceived workload. For instance, NASA-TLX is a multi-dimensional scale that was 

developed to measure the workload of operators either during or directly after task 

performance (Hart, 2006). Although this technique is reliable, it has several 

limitations as it offers only a limited number of data points and represents the 

perceived, not the actual workload of the operator. From a practical standpoint, the 

use of such scales during task performance is not recommended as they are invasive 

and create an additional source of operator workload. However, if they are used post 

hoc the data collected are only an aggregation of the level of workload perceived 

across the testing session. 

An alternative and promising avenue is to adopt a Neuroergonomics approach to 

derive operators’ mental workload from brain imaging techniques and psycho-

physiological measurements (Parasuraman & Wilson, 2008). In the search for non-

invasive and periodic measures of mental workload, recent studies investigated 

neurophysiological measures. For instance, functional near infrared spectrometer is 

an optical brain monitoring device that measures cerebral hemodynamic response 

within the prefrontal cortex. Using such a device, it is possible to measure mental 

workload across various processing load conditions. Ayaz et al. (2011) were able to 

associate different hemodynamic responses with a subset of task difficulty (i.e. 

levels of processing load) on a well-established task: the N-Back task. Although this 

approach yields promising results, it assumes that high task difficulty is associated 

with high workload. Unfortunately, workload cannot be estimated precisely with the 

sole properties of the task because individual factors, such as expertise, or 

environmental factors, such as the time of the day, impact on mental resources 

deployed to perform a given task. In other words, task difficulty is relatively 

independent from mental workload. Consequently, mental workload should be 

defined considering both the task and the individual performing it. 

One way to assess the interaction between mental workload, the task, and the 

individual performing the task is the dual-task paradigm. The rationale behind the 

dual-task paradigm is rooted in the limited attentional capacity theory. This 

paradigm consists of presenting two concurrent tasks to the subjects, who are 

required to prioritize their cognitive resources to the primary task and perform the 

secondary task with the remaining resources. As the amount of cognitive resources 

dedicated to the execution of the primary task increases, resources available for 

completing the secondary task will decrease proportionally. The decrease in 

cognitive resources to complete the secondary task will lead to a decreased 

performance at the secondary task, which can then be used to infer the relative 

amount of resources necessary to complete the primary task. Prospective time 

production represents a good candidate for a secondary task as it is assumed to 

demand the same attentional resources that nontemporal processing requires. Indeed, 
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as nontemporal processing demands increase, subjectively experienced duration 

decreases; resulting in longer time intervals when individuals must produce a 

previously learnt criterion (Block et al., 2010). However, from a practical point of 

view, this approach is limited because the addition of a secondary task is invasive. 

Within this context, the objective of the present study is to investigate the potential 

of the dual-task paradigm and prefrontal cortex oxygenation as online measures of 

mental workload. This will be achieved by testing if performance at a secondary task 

and hemodynamic of prefrontal cortex are affected by two subsets of task difficulty 

in the context of ROV operations – namely control difficulty and processing load.  

  Method 

Sixteen volunteers participated in the study (mean age = 25; SD = 4.78; 13 males). 

Thirteen were right-handed and six had piloting experience. Data of four participants 

were removed from the analyses due to problems with data collection. All subjects 

reported normal or corrected vision. They were all native French speakers recruited 

among students from ISAE campus in Toulouse, France. Subjects had two different 

tasks to perform concurrently: a low-fidelity flight simulator task and a time interval 

production task.  

  Primary Task: Low-Fidelity Flight Simulator 

The purpose of this simulation was to solicit similar cognitive functions as to those 

required during a real ROV flight or drone control/supervision task. This approach 

allows the reproduction of key features of the real-world task while keeping a high 

degree of experimental control. The computerized simulation involved the control of 

an aircraft in bird’s-eye view with a joystick (see Figure 1).  

 

Figure 1. Low-fidelity flight simulator interface. 
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The subjects were instructed to minimize distance between own aircraft and a target 

aircraft. Own aircraft was located at about 60% from the left side of the screen. 

Potential target aircraft were located on the left (approximately 5% to 10% from left 

side). The target aircraft was specified to the subject by a visual cue presented at the 

right hand-side of the screen (approximately 95% from left side). A new cue was 

presented for 1.6 seconds every 8.6 seconds.  

Task difficulty was varied in two ways: difficulty of control and processing load. 

There were two levels of difficulty of control (easy and hard) manipulated by 

varying the strength of the crosswind. The processing load was varied with an N-

Back-like sub-task. Processing load can be varied by manipulating the number of 

items to be maintained and manipulated in working memory (N). Subjects had to 

target the aircraft corresponding to the last cue presented (N; low load condition) or 

the cue before (N-1; high load condition). The combination of the two factors 

yielded a 2 × 2 repeated-measures design with four conditions: i) low load/easy 

control; ii) low load/hard control; iii) high load/easy control; and iv) high load/hard 

control. 

  Secondary Task: Time-Production Task 

The secondary task was a prospective time-production task. The task involved a 

sound presented through loudspeakers at various times during the experimental 

session. The subjects had to start estimating time as soon as they heard the sound. 

Subjects then had to press a button on the joystick whenever they felt that the length 

of the sound was equal to the length of the criterion to be estimated (i.e. a previously 

learnt criterion of 2 s).  

  Procedure 

Subjects were first trained at the primary and secondary tasks independently. The 

primary task training consisted of 10 object-tracking phases for each processing load 

level, and was performed at the easy level of control. Secondary task training 

involved a total of 130 trials. The first 110 trials provided visual feedback about the 

precision of time estimation. The feedback showed subjects whether their production 

was correct (i.e. within a 10% window around the target), too short (below the same 

time window) or too long (above the same time window). During the last 20 trials, 

subjects were not provided with any feedback. Training was necessary so that the 

subjects formed a good representation of the target interval to be produced during 

the experiment (i.e. 2 s).  

After the training session, subjects achieved the four experimental sessions 

consecutively, each session lasting approximately six minutes. The sequence of the 

sessions was counterbalanced across subjects. The experimental session involved 

completing the primary and secondary task concurrently.  

Measures 

Hemodynamic of the frontal cortex was recorded with a functional near infrared 

spectrometer (i.e. Biopac fNIR100) with 16 channels. Each channel, or voxel, 
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records hemodynamic in terms of oxygenation level variations in comparison to a 

baseline. Production times at the secondary task were also recorded. Subjects 

received no feedback about the precision of their time estimation. Subjects filled out 

the NASA-TLX after each session. 

Two potential online measures of mental workload were derived: performance at the 

secondary task and prefrontal cortex oxygenation. Performance at the secondary task 

was determined by the lengthening duration of the time production in comparison to 

the criterion. Greater production times are associated with greater levels of mental 

workload. Prefrontal cortex oxygenation was obtained by averaging oxygenation 

levels of the 16 voxels into a single measure. The overall score of the NASA-TLX 

was also used as an offline validation of the various levels of difficulty of the task. 

 Results 

Repeated-measures 2 × 2 ANOVAs were carried out to test whether the effects of 

control difficulty and processing load were statistically significant on the three 

measures of workload, namely NASA-TLX, performance at the secondary task, and 

oxygenation level of prefrontal cortex. 

Subjective Workload 

Figure 2 shows mean subjective workload scores (i.e. overall NASA-TLX) in each 

experimental condition. The ANOVA carried out of these data revealed significant 

main effects of processing load, F(1, 11) = 25.01, p < .001, and difficulty of control, 

F(1, 11) = 4.70, p = .053 (trend significance), indicating higher perceived workload 

with high processing load and hard control. However, the two-way interaction was 

not significant, F(1, 11) < 1. 

 

 
Figure 2. Mean NASA-TLX scores (+SE) by experimental conditions. 
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Performance on the Secondary Task 

Greater production times are associated with greater levels of mental workload. 

Figure 3 shows mean production time in each experimental condition. The target 

time was 2,000 ms. The ANOVA carried out of these data revealed significant main 

effects of processing load, F(1, 11) = 48.46, p < .001, indicating greater production 

times in high processing load. However, both the effect of difficulty of control, F(1, 

11) < 1 and the two-way interaction F(1, 11) = 2.94, p = .09 were not significant. 

 
Figure 3. Mean production times in ms (+SE) by experimental conditions. 

 

 Hemodynamics of Prefrontal Cortex 

Average oxygenation levels of the 16 voxels were averaged into a single prefrontal 

oxygenation level (Takeushi, 2000). Figure 4 shows mean oxygenation level in each 

experimental condition. The ANOVA carried out of these data revealed significant 

main effects of processing load, F(1, 11) = 9.22, p < .05, difficulty of control, F(1, 

11) = 11.25, p < .01 (i.e. the mean oxygenation level increased with both processing 

load and control difficulty), and two-way interaction, F(1, 11) = 47.55, p < .001. 

Oxygenation level increases from easy to hard control difficulty in the low 

processing load conditions, and it decreases in the high processing load conditions. 
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Figure 4. Mean oxygenation (+SE) by experimental conditions (normalized data). 

 

  Discussion 

Subjective workload was relatively high and varied across experimental conditions, 

showing that the variations were significant from the perspective of the operators 

performing the task. This result is an indication that the task was engaging to the 

subjects. 

The secondary task performance was not affected by difficulty of control. This may 

be explained by the low sensitivity of the secondary time-production task at 

detecting workload associated with motor control. This finding is in line with 

previous research, showing that motor control may involve different resources than 

the ones required in timing (Robertson et al., 1999). Conversely, processing load 

affected secondary task performance. This result suggests that the sensitivity of this 

measure is adequate for detecting increased processing load during the execution of 

a task; a finding consistent with previous research (see Block et al., 2010). These 

findings do not invalidate the use of the dual-task paradigm for online measurement 

of workload; however, they imply that the selection of the appropriate secondary 

task for assessing mental workload is critical as it might not be sensitive to a wide 

variety of task demands. The measure of workload based on the performance at a 

secondary task would benefit from a characterization of the demands for which the 

latter is sensitive. This characterization would specify the conditions under which 

the measure could operate. 

Mental workload as measured by oxygenation levels of the prefrontal cortex varied 

as a function of both processing load and control difficulty. Although this result is 

similar to previous findings (Ayaz et al., 2011; Takeuchi, 2000), it also shows that 

interactions exist between subsets of task difficulty (in this case, control difficulty 

and processing load). This must be taken into account in the development of a 

neurophysiological model of mental workload; such a model cannot be calibrated 

solely on the basis of processing load, for instance, as its effect on oxygenation level 

is modulated by difficulty of control. 
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From a practical standpoint, our results suggest that neurophysiological measures 

may exhibit complex patterns that cannot be directly associated with mental 

workload. Future work should further investigate how the latter issue could be 

resolved. For instance, one option would be to calibrate a neurophysiological model 

of mental workload with performance at a secondary task in a simulated ROV 

environment. Such a calibration could be performed by machine learning algorithms 

in order to best capture potential non-linear relations. If successful, this model could 

later be used to predict mental workload in a real ROV situation. 

Overall, these findings suggest that: (1) the task used in the current study seems to 

be engaging for subjects; (2) the dual-task paradigm has the potential to capture 

some aspects of mental workload; and (3) the effect on oxygenation level is 

modulated by various sources of task difficulty.  
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  Abstract 

Driving is a complex activity requiring good management of attentional resources, 

efficient cognitive control and decision-making. Numerous studies have sought to 

understand dual task interference, and in particular whether drivers have enough 

spare capacity to take on an additional task or whether the mental effort that 

demands results in driving task alteration. This study aims to analyse the 

relationship between mental effort and driving performance and to identify mental 

effort indicators from three different measurements recorded on a car simulator: 

cardiac activity, driving performance, and subjective data (DALI, Driving Activity 

Load Index). Three conditions have been designed to vary the driver’s mental effort: 

driving as the sole task (control situation), driving while solving two different 

cognitive tasks, resolution of verbal or visuo-spatial enigmas. Preliminary results 

show that although heart rate variability does not seem sensitive enough to reflect 

the mental effort in car simulator studies the HF/LF ratio could be used as an 

indicator of the participant’s investment in the task. In addition, the DALI seems 

useful for identifying the mental effort variation between the verbal and the visuo-

spatial added tasks. Finally, the detection of mental effort from lane position 

variability seems encouraging. 

  Introduction 

Driving is a complex activity carried out under time constraints and requiring 

dynamic adjustment of cognitive control to the driving context. Given that human 

behavior is active and adaptive, drivers seek to keep an acceptable level of 

performance at a comfortable level of effort (or energetical state) and achieve such 

an adaptation by means of a cognitive compromise to maintain an acceptable task 

load level (Hoc & Amalberti, 2007). As they drive, the task demand fluctuates 

according to the situations they encounter (e.g. monotonous driving vs. merging into 

a flow of traffic). Basically, the task load level is low when processes are automatic 

and high when processes are controlled and/or when several controlled tasks 

interfere. As pointed out by De Rivecourt et al. (2008), the mental workload concept 

is often used to indicate to what extent task demand affects a driver’s information 

processing capacity. It is important to avoid confusing three notions – mental or 

cognitive resources, cognitive capacity and cognitive workload. According to 
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Barrouillet (1996), cognitive resources correspond to the maximum energy 

available, cognitive capacities to the maximum resources available at a given time 

and cognitive workload to the resources required. Unlike the other two notions, 

cognitive workload is not an individual property, depending instead on the 

characteristics of the task to be performed. The consequence of this for the driver is 

that his/her mental effort varies according to the difference between the information 

processing system resources available and required for performing a given task. 

Both overload and underload can have an impact on drivers’ performance. When the 

resources required exceed those available, human error can occur, but performance 

may also go down when the resources available exceed those required (e.g. even in 

complex situations drivers can act in an unconscious mode of activity, investing 

minimal resources in the present, by virtue of past and future actions, or, more 

frequently, in private objects that have nothing to do with the driving activity, see 

Hoc & Amalberti 2007 for a review). To guarantee optimum performance, the 

resources required should match the resources available to the driver. For example, 

it was demonstrated recently that mind wandering while driving may jeopardize the 

driver’s ability to take account of information from the environment, thereby 

threatening road safety (Galéra et al, 2012). Intense mind wandering was associated 

in the study with being responsible for a crash: 17% [responsible] vs. 9% [not 

responsible], adjusted OR [95% CI]=2.12 [1.37-3.28]. As well as on-board safety 

monitoring systems dedicated to avoiding driver distraction caused by multi-tasking 

at the wheel, research to develop systems that can detect periods of driving 

vulnerability as a result of inattention due to mind-wandering or mental effort should 

be supported owing to the potential it offers for further improving safety. 

Experimental research can be really helpful in this context. Different types of data 

(subjective, driving performance, and physiological data) can be collected to 

evaluate drivers’ mental effort. The difficulty with subjective measures is that it is 

hard to distinguish the task demands from the invested effort, and so the use of 

complementary physiological measures is a good alternative. Several physiological 

measures (like heart rate and heart rate variability in two frequency bands) have 

been shown to be sensitive to mental effort (Boutcher & Boutcher 2006; Causse et 

al. 2011; Jorna, 1992; Wilson & Eggemeier, 1991). Low frequency bands (LF) are 

most consistently related to mental effort (Mulder, 1985), but high frequency bands 

(HF) have also proved to be sensitive to mental effort (Wilson, 1993). In general, 

Heart Rate (HR) increases and overall Heart Rate Variability (HRV) decreases when 

mental effort increases. This could be the result of orthosympathetic dominance over 

parasympathetic (Backs, 1995; Bernston et al. 2007; Task Force, 1996). Even 

though spectral measures appear to be sensitive to task-rest differences but less so to 

difficulty levels within the same type of task, the use of physiological measures is 

promising for capturing mental workload and especially for simulator driving 

studies (Brookhuis & de Waard, 2010). For laboratory studies involving short tasks 

(between 30 s to 300 s) requiring demanding mental operations in working memory, 

the general cardiac response pattern in mental effort studies is similar. With these 

variables, it now seems possible to explore some important questions with the help 
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of spectral analysis of heart rate measures collected while driving a simulator. Is it 

possible to measure mental effort variation while driving? What are the 

methodological problems to be solved? Does the measure of mental effort vary 

according to the type of cognitive tasks performed by drivers? What are the best 

indicators of cognitive load variation? 

Using empirical research, this study seeks to understand how drivers manage their 

mental effort while driving a simulator. Drivers’ mental effort measurement is 

investigated by manipulating road type and the performance of two extra tasks 

(using a dual-task paradigm, i.e. where drivers have to solve verbal and visuo-spatial 

enigmas). Mental effort in this case is used as an indirect measure of operator 

capacity. As pointed out by Veltman (2002), it is possible that participants’ 

motivation when performing the added task differs, with some participants willing to 

make an effort when performing the task and others not). To gain a better 

understanding of how drivers regulate their mental effort, an in-depth activity 

analysis will be conducted for each driving scenario. 

It is expected that an increase in mental effort as a result of participants performing 

an additional task will be reflected by both subjective and objective measures. HRV 

is an objective index of mental effort that should be sensitive even if used during 

driving. A lower HRV is expected when mental effort is higher. In addition, the 

cognitive load should be higher for the visuo-spatial task because similar visuo-

spatial abilities are required so it shares the same cognitive resources as driving. In 

our experiment, indicators of drivers’ mental effort will also be investigated with a 

specific driving index (lane position). 

  Materials and method 

  Participants 

Twenty-one individuals were included in this experiment. All of them had their 

driving licence for at least 5 years, had normal or corrected-to-normal vision and 

were naive to the purpose of the experiment. They were recruited via a newspaper 

advertisement. Participants were asked to avoid energy drinks for 3 days prior to the 

experiment (and drink less than 2 coffees per day); smokers of more than 5 

cigarettes a day were excluded. The CPP Sud-Est Lyon II Ethics Committee 

approved the experiment, and all procedures were carried out in accordance with the 

relevant laws and ethical guidelines. All participants were required to read and sign 

an informed consent form.  In return for taking part in the experiment, participants 

received 45 euros. 4 participants yielded data that could not be used (due to bad 

cardiac signal, failure of sensors or experimental errors). The mean age of the 

remaining 17 participants (12 men, 5 women) was 33 years (± 3,5). 

  Material 

The study was carried out in an instrumented full-cab fixed-base simulator 

developed at IFSTTAR. The simulator is also equipped with virtual reality-based 
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visual and audio systems, a computer program for vehicle motion simulation, and a 

host computer system for simulating the driving environment. Driving performance 

data were captured at 60 Hz from the original equipment manufacturer brake, 

accelerator and steering wheel. A front projection screen provided an approximate 

180° horizontal and 40° vertical view of the virtual environment. Force feedback 

was provided through the steering wheel, and auditory feedback was delivered in the 

form of engine noise. Audio tasks and instructions were also communicated via the 

vehicle sound system. A microphone located inside the cab recorded participants’ 

responses to the additional tasks. 

Cardiac activity was recorded on lead II according to Einthoven’s triangle, with 

three disposable electrodes (Ag-Cl). This signal was sent to a MP150 unit via a 

Bionomadix wireless device. AcqKnowledge 4.1 (running on a PC computer) was 

used for 1000 Hz acquisition with a 0.05 – 35 Hz band pass filter. 

  Procedure 

After a training session with the driving simulator, participants had to respect the 

Highway Code. They drove on both motorways and secondary roads (with the same 

driving tasks in each scenario: direction following, speed regulation, overtaking). 

The experimental plan required them to drive with and without two types of 

additional cognitive task (verbal or visuo-spatial). Heart rate data were recorded 

during each experimental session. 

- In the verbal task condition (VT), three words were communicated, and the 

driver had to find a 4th word associated with the other three (e.g.: “Sugar”; “Bees”; 

”Moon” plus “Honey” as a possible 4
th

 word). After 30 s, if a participant did not find 

a solution, the three words were repeated once. After a further 30 s, a new enigma 

was communicated. 

- In the visuo-spatial task condition (VST), before driving participants had to learn 

a 3x3 object grid containing nine different objects. Then, while driving, they were 

told to listen to a displacement instruction (up, down, left or right) and given 30 s to 

find and remember the name of the object in the target case. Every four instructions, 

they had to name the object aloud. 

These tasks require only the utterance of a single word, interfering moderately with 

the HRV indices. The two additional cognitive tasks both required participants to 

remain focused on the enigmas throughout the driving scenarios. Each driving 

scenario lasted 7 to 10 minutes. All the conditions were counterbalanced between 

participants. After each driving scenario, participants used the Driving Activity Load 

Index (DALI) to assess their (subjective) mental effort. 
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  Measures and analysis 

  Cardiac data 

Before analysis, the cardiac signal was cleaned with digital filtering and/or template 

correlation and/or manual corrections until a clean tachogram was obtained. HRV 

was then calculated from a 5-minute recording in the LF (0.04 to 0.15 Hz) and HF 

(0.15 to 0.40 Hz) bands via FFT transformation and Power spectral density 

computation (expressed in sec
2
.Hz

-1
). LF and HF HRV as well as the LF/HF ratio in 

HRV were retained. All these computations were performed with AcqKnowledge 

4.1. Five variables were used to describe cardiac activity: mean heart rate (HR), total 

heart rate variability (HRV), LF HRV, HF HRV and the LF/HF ratio in HRV. 

  Subjective data 

Participants filled out the Driving Activity Load Index (DALI), a revised version of 

the NASA-TLX questionnaire adapted to the driving task (Pauzié et al. 2008). It 

assesses various dimensions including effort of attention, temporal demand, 

situational stress, and interference. Participants have to answer each question using a 

6 point scale (0 = low, 5 = high). The total score is the sum of the four dimensions. 

  Driving data 

In the search for a real-time indicator of drivers’ low attentional status, we also 

analysed driving performance by studying lateral control during nominal driving. 

Lane position (the distance between the middle of the road and the vehicle’s center 

of gravity) was analyzed with wavelet transforms. We extracted the wavelet 

coefficients at 10 Hz (best frequency defined after data visualisation). An individual 

baseline was set at the 70th percentile of the wavelet coefficients (arbitrary 

expertise-based value). Lane position variability was defined as the wavelet 

percentage below the baseline. 

  Regulation strategies 

To gain a better understanding of how each driver coped with the mental effort, we 

analysed video data to obtain an in-depth activity analysis for each driving scenario. 

It was decided to assign penalty points whenever a driver was not able to perform 

the driving task or cognitive task in a manner deemed efficient. A penalty point was 

assigned every time a participant asked the experimenter for help, with the same 

procedure used for both driving errors and secondary task errors. An extra penalty 

point was given whenever the experimenter observed any signs of stress (breathing, 

mimics, scratching). It was thereby possible to define a workload regulation score: a 

low value indicated that the driver used the best regulation strategy (i.e. driving 

performance remained at a high level), and a high value indicated a worsening of 

driving performance in the two secondary task conditions. The penalty scores are 

shown in Figure 1 (min = 0 to max = 16.5). With a score of 0 to 8 points the 

workload regulation strategy was considered focused (9 participants were in the 

focused group; they were motivated by the driving task). With a score of 9 to 16.5 it 

was considered distracted (8 participants were in the distracted group; it was also 

noticed that they were often stressed by the experimental settings). 



72 Gabaude, Baracat , Jallais, Bonniaud, & Fort 

 

Figure 1: Workload regulation scores for all participants 

  Statistical analysis 

Cardiac and subjective data were tested with a univariate repeated measures analysis 

of variance. Two independent variables were used: road type (motorway vs 

secondary road) and task type (driving alone, driving while solving verbal enigmas, 

driving while solving visuo-spatial enigmas). Standard post-hoc tests were used to 

compare all driving conditions. 

In addition, as two mental load regulation strategies were identified (more focused 

on the driving task vs distracted by the additional task), a between-subject factor was 

added (group type). To analyse the effects of participants’ workload regulation 

strategies on the cardiac data, an exploratory analysis was conducted including type 

of road and type of task as within-subject variable and group type as between-

subject variable. This group analysis was performed on the HF power and LF/HF 

power ratio in order to test for differences in subjects’ investment in the tasks. 

Finally, correlation coefficients were calculated between workload regulation scores 

and lane position variability. 

  Results 

  Subjective data for the mental effort measurement 

For technical reasons, five participants failed to fill in the DALI questionnaire 

properly and were excluded from the analyses. No main effect of road type was 

found, but a main effect was observed for the driving task condition (F(2,22)=5.24, 

p=0.029, η²=0.32). The subjective mental efforts as measured with the DALI differ, 

with post-hoc comparisons indicating that scores were lower in the control condition 

than in the other two conditions (verbal task and visuo-spatial task) (Figure 2). No 

significant interaction was observed between road type and driving task condition. 

The total score for the Driving Activity Load Index incorporating four dimensions 

(effort of attention, temporal demand, situational stress and interference) would 

appear to be sensitive to our experimental manipulation. 
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Figure 2: Total DALI scores for the three driving conditions 

  Objective data for the mental effort measurement 

A unique significant effect was observed with the ANOVAS conducted on the five 

cardiac variables (HR, HRV, LF HRV, HF HRV, LF:HF ratio in HRV). A main 

effect was observed for the driving task condition for the HRV (F(2,32)=3.99, 

p=0.033, η²=0.20). As illustrated in Figure 3 and confirmed by post-hoc analysis, 

HRV is higher in the verbal task condition than in the two other conditions (control 

and visuo-spatial). No significant interaction was observed between road type and 

driving task conditions. 

 

Figure 3: Total heart rate variability for the three driving conditions 

The traditional correlation between HR and HRV is observed for the VST condition 

(r=-0.702, p=0.002), with HR increasing as HRV decreases. 

  Exploratory analysis according to the workload regulation strategies 

These preliminary results must be interpreted with caution because of the small 

number of participants in each group. Many more participants will be included in the 

coming months to improve the statistical power of the results. 

To understand the workload regulation strategies of the two participant groups, the 

LF/HF ratios in HRV (Figures 4 and 6) were analyzed in parallel to the HF HRV 

values (Figures 5 and 7).  Based on these preliminary results, a significant 
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interaction effect is expected between road type and group type for the LH/HF ratio 

and the HF HRV values (F(1,15)=3.78, p=0.07, η²=0.20 and F(1,15)=4.26, p=0.06, 

η²=0.22 respectively) as more participants will be included. As the HF HRV values 

for the distracted group did not change according to road type (Figure 5), it would 

seem participants still invest in completing the secondary task, even on secondary 

roads in the case of greater driving task complexity (the cognitive load in this 

situation also increases slightly as the LF/HF ratio increases, cf. Figure 4. For the 

focused group the HF HRV value is higher on secondary roads. Participants seem to 

invest less in the additional tasks on secondary roads; it would appear that they retire 

from the secondary task more easily. 

As shown in Figures 6 & 7, presented by task type, the two groups adopt different 

workload regulation strategies, especially for the verbal task. An interaction effect 

between task type and group type reaches significance for the LF/HF ratio and 

marginal significance for HF variability (respectively, F(2,30)=3.43, p=0.05, 

η²=0.19 and F(2,30)=3.02, p=0.07, η²=0.17). The only significant effect at this stage 

is a shift in the LF/HF ratio for the focused group in the VT task (see Fig 6) 
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  Correlations between lateral control and workload regulation scores 

To explore the influence of an extra task on driving performance, we studied lateral 

control during nominal driving by analysing lane position in the driving simulator.  

With reference to an individual baseline performance, we observed that, for both 

additional tasks, the workload regulation score was correlated with lane position 

variability at 10 Hz (VST: r = 0.66, p = 0.005; VT: r = 0.75, p = 0.001): the higher 

the penalty score, the higher the lane position variability. When a mental effort is 

made, lane position at this specific frequency seems amplified. 

  Discussion 

Through an experimental approach using a dual-task paradigm, subjective, 

cardiovascular, task performance and driving indices were measured in a driving 

simulator in order to analyse the relationship between mental effort and driving 

performance and in an attempt to identify mental effort indicators. The subjective 

and objective data results indicate that the drivers made an extra mental effort to 

solve a number of enigmas. Consequently, at the subjective level, the mental effort 

measured in the DALI is higher for the two additional tasks than for the control 

situation. 

Regarding the cardiac data, the results were less clear-cut. As overall HRV was 

lower for the control and VST conditions, the mental effort measured with the 

cardiac data seemed higher for these two conditions. What is surprising is that HRV 

was also low for this control situation, whereas it was supposed to be the lowest in 

mental workload. It seems that even when the participants were driving without an 

additional cognitive task the mental effort invested by them was higher when they 

were only driving the simulator than when they were driving while solving the 

verbal enigmas. Further analysis will be conducted in an attempt to explain the low 

HRV obtained in the control condition.  Contrary to our expectations, cardiac 

activity as measured through the overall HRV index is not the right one for 

discriminating the control condition (only driving) from the other two conditions 

(driving while performing an additional cognitive task). 

For the Verbal condition, it was expected that HRV would be lower than for the 

control task, but, surprisingly, it was higher. This result can be discussed in terms of 

the mental effort invested in carrying out the extra task. It is assumed that an 

increase in task demands is linked to an increase in mental effort (Cnossen et al. 

2004; Vicente et al., 1987).  Accordingly, we hypothesized that a more demanding 

task would require greater mental effort in order for it to be adequately completed. 

We noticed, however, that the complexity of the verbal task was not constant 

throughout the period studied, insofar as the difficulty to find a solution varied 

depending the different three-word sets. For some sets, the solution was sometimes 

obvious (found fairly automatically without any mental effort required). For the 

more difficult enigmas, it is possible some of the participants failed to spend the 
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entire minute with their attention focused on finding the solution, withdrawing 

instead from solving the task. Because of their successive failures, the motivation for 

these participants to complete this task may also have been lower and their mental 

effort not constant (Veltman, 2002). Further experiments are currently being 

conducted on this specific issue (Baracat et al., 2012) in order to test this hypothesis. 

For the Visuo-Spatial condition, the traditional correlation was observed between 

HR and HRV (e.g. Mulder, 1992; Jorna, 1992), in other words HR increases as HRV 

goes down. In this particular condition, the mental effort seemed greater than in the 

verbal condition. This result can be interpreted as strong investment on the part of 

the participants for the whole 5-minute period. The difference observed between the 

two additional tasks is also consistent with our hypothesis that the visuo-spatial task 

should be more disruptive than the verbal one as it shares some visuo-spatial 

characteristics in common with the driving activity. 

The general cardiac response pattern in mental effort studies is characterized by an 

increase in heart rate and a decrease in heart rate variability (HRV) when mental 

effort increases, and vice versa. The same pattern of results is also found in field 

studies and simulator studies (Brookhuis & De Waard, 2010; Jorna, 1993; Mulder, 

1992), such that cardiac activity and especially HRV has long been used to gauge 

mental effort (i.e. Boutcher & Boutcher 2006; Causse et al. 2011; Jorna, 1992; 

Wilson & Eggemeier, 1991). However, this pattern of variations could be obtained 

in different ways at the autonomic level. Generally a rehearsal in sympathetic 

activity is observed, coupled with a reduction in parasympathetic activity. 

Nevertheless, this is not systematically the case, and the same kind of variations in 

HR and HRV could be obtained with a different mode of autonomic regulation 

(Berntson et al., 1991; Berntson et al., 1993). An interesting issue here is the 

evaluation of a subject’s investment in the tasks as attested by a shift in 

orthosympathetic activity, independently of parasympathetic variations. The LF/HF 

ratio can be analysed in this context, but, unfortunately, at the autonomic level there 

is only one unambiguous measure namely the power in the HF band which is related 

solely to the parasympathetic activity. For its part, the power in the LF band is a 

mixture of parasympathetic and orthosympathetic influences. Consequently, an 

orthosympathetic shift can be asserted only when the LF/HF ratio changes without 

any change in HF. Thanks to the workload regulation strategies approach, the group 

comparison to be conducted in future with more participants in each group could 

provide a possible explanation regarding dual task management or investment in 

carrying out additional tasks. 

It is possible that this study has a methodological limitation relating to the width of 

one frequency band chosen. As recommended by the Task Force (1996), HRV was 

calculated in the 0.04 to 0.15 Hz Low Frequency band. As mentioned in De 

Rivecourt et al. (2008), the HRV in the 0.02 to 0.06 Hz band is mostly to do with the 

regulation of body temperature and gradual change in task characteristics. As 

changes in temperature regulation functions often arise with simulator sickness 

(Casali et al., 1988), this may have had an influence on the mental effort 
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measurement conducted in this experiment. We shall be studying the HRV in the 

two different bands (0.04 to 0.07 Hz and 0.07 to 0.14 Hz) to clarify this issue. 

A major restriction to the use of ECG-based measures is the effect speech has on 

blood pressure, and therefore on the 0.10 Hz component of heart rate variability 

(Mulder, 1988; Sirevaag et al., 1993). In our experiment, verbalization was not a 

predominant aspect of operator performance. The answers to the enigmas were 

really short and infrequent (about one word per minute). As Porges & Byrne (1992) 

recommend no corrective action in cases where the verbalization duration is short 

(less than 10 s) or if speech is relatively infrequent (one to five times per minute), 

we thought we could use ECG-based measures to evaluate drivers' mental effort 

with these two cognitive tasks. 

Other methodological approaches regarding mental effort assessment could be 

envisaged. For example, the development of short-erm analysis techniques seems 

promising. First, the possibility to analyse Evoked Cardiac Response (ECR) 

associated or not with galvanic skin response (GSR) is being examined (Baracat et 

al, 2012). Another study also indicated that a short-segment averaging approach is 

well suited for obtaining spectral power estimates of short data segments even with 

varying length (de Rivecourt et al. 2008). Finally, realtime detection of workload 

changes with heart rate variability using sub-Gaussian fitting could be used (Hoover 

et al, 2012). 

Moreover, to take this type of studies furthers, an in-depth analysis of driving 

behaviour is also necessary. In a road safety perspective, it is important to increase 

our knowledge about attentional failures during driving. With this kind of 

experimental procedure associated with a driving activity analysis, a classification of 

attentional failures could be considered and could allow us to gain a better 

understanding of how driving performance is impaired (for example, distraction 

errors leading to a failure of routines could be dissociated from failures in motor 

control or interruption errors and discrimination errors). 

This study aimed to explore the influence of cognitive task completion on driving 

activity taking into account the cardiac signal. In the near future, the 

complementarity between this technique and electrophysiological techniques already 

used in driving simulator studies (Bueno et al, 2012; Fort et al, 2010; Fort et al., 

2013) will be investigated. Better understanding of drivers’ cognitive workload 

regulation should be sought in order to identify avenues worth exploring regarding 

awareness campaigns and the design of driving assistance. To that end, driver 

monitoring with the help of computational techniques have the capability to 

determine optimal sensor fusion and automated data analysis for the recognition of 

mental effort and stress manifestation. In this regard, the result regarding lateral 

control of the vehicle, identifying a possible indicator of the impairment of driving 

performance when the driving activity is monotonous (nominal driving) is 

encouraging. 
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The experimental approach developed in this study with physiological, behavioural 

and subjective data, combined with the methodological development suggested is a 

promising approach towards better identification of driving performance 

degradation, a necessary step to improving road safety. 
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  Abstract 

Unstabilized approach has been identified to be a major causal factor of approach-

and-landing accidents (e.g. off-runway touchdowns, tail-strikes etc.). In the D3CoS 

project, we conducted experiments in order to analyze pilots’ workload during 

approaches. Therefore 15 type-rated, commercial pilots flew 4 different approaches 

each in a B737 full flight simulator. Geometry characteristics, winds and weather 

conditions were manipulated in order to induce unstabilized approaches. The pilot 

flying‘s eye gaze, heart rate and subjective data (NASA-TLX) were collected. Flight 

data were also recorded and aggregated with an algorithm to provide a stabilization 

performance indicator. Flight data analysis suggests that the scenarios were able to 

induce unstabilized approaches. Moreover, our results showed that only half of the 

unstabilized approaches were subjectively perceived as critical by the participants. 

Interestingly enough, a scenario at Dalaman airport was very efficient to induce 

unstabilized approach and elicited higher physiological responses, as well as higher 

Nasa TLX scores. The next step is to implement an Approach Stabilization Advisory 

System (AStA) that monitors aircraft performance/configuration and pilot’s 

behavior/cognitive state. When AStA detects a potential occurrence of an 

unstabilized approach, it suggests corrective actions to re-stabilize the approach or to 

go-around. AStA will be tested in the next experimental campaign of D3CoS.   

  Introduction 

Unstabilized approaches have been identified to be a major causal factor of 

approach-and-landing accidents (e.g. runway overruns, tail-strikes etc.). Poor pilot 

performance in aircraft handling, system control or crew resource management 

during approach and landing reveal that, from the years 2001 to 2010, 49% of all 

fatal accidents worldwide occurred during the initial approach, final approach, or in 

the landing phase (Boeing, 2010). To approach and land safely, pilots are required to 

follow approach profiles fulfilling predetermined stabilization criteria based on 
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flight parameters defined by the authorities, such as vertical speed, airspeed, or 

landing configuration in relation to the height above ground (ICAO, 2006; Airbus, 

2006, 2009). If the criteria for stabilized approach are not met at the stabilization 

height (e.g. 1000ft), a go-around is mandatory. However, continuation of an 

unstabilized approach has been found to be a causal factor in 40% of all approach-

and-landing accidents and in 75% of runway excursions or overruns (Flight Safety 

Foundation, 2009). This covers 19 percent of all aviation accidents since 1988! 

Combined with a system philosophy based on a master (human)-slave (machine) 

relation, today’s flight deck automation has a significant, negative impact on this 

demanding flight phase. Mode confusion, or improper system state awareness, 

significantly contribute to approach destabilization (Sarter & Woods, 1995). The 

aerodynamic characteristics of modern aircraft wings aggravate the competing 

physical interplay of altitude loss, deceleration, (vertical) speed restrictions and 

airplane configuration. This always puts some sacrificing factors into the pilot’s 

decision-making process and lead to high workload situation. A way to avoid this 

drawback is to develop an assistant system to enhance situation awareness and to 

facilitate decision-making during approach and landing. However, the design of 

such systems is critical (Ayaz et al., 2011) so as to provide assistance only when 

necessary (Scerbo, 1996; Hancock & Verwey, 1997). Therefore as key issue is to 

develop a reliable method to derive the operator's mental workload (Parasuraman, 

2003). 

In an attempt to implement an assisting tool to facilitate landing, a first step is to 

conduct experiments to analyse pilot’s behaviour and especially pilot’s workload 

during both stabilized and unstabilized approach (Rister et al., 2012). In aeronautics, 

the impact of workload on flight performance is a well-known issue (Roscoe, 1978; 

Sloan & Cooper, 1986; Stokes & Kite, 1994, Causse, Dehais, Faaland & Cauchard, 

2012). Various subjective methods are commonly used to assess this concept from a 

subjective point of view such as NASA TLX (Hart & Staveland, 1998). Moreover, 

numerous studies with psychophysiological measurements have been conducted to 

derive level of stress and workload from measurements of the autonomic nervous 

system (ANS) activity. Indeed, Veltman & Gaillard (1996) showed that heart rate 

(HR) and blood pressure were both affected by the levels of task difficulty of 

segments during a simulated flight scenario. Lee and Liu (2003) showed that HR 

variability (∆HR) evolved significantly according to the flight phase in a Boeing 

747–400 flight simulator. In their study, the ∆HR was greatest during landing (18.8 

bpm), followed by take-off (14.2 bpm), approach (10.6 bpm), and cruise (7.1 bpm) 

phase. In addition, Lee and Liu found that the ∆HR was significantly related to 

mental workload (as assessed by NASA TLX). Similarly, De Rivecourt et al. (2008) 

and Wilson (2002) showed that HR increased in response to the evolution of the 

mental demand.  

In this study we aimed at analysing psychophysiological, behavioural and subjective 

reponses when pilots faced unstabilized approaches. All these measurements were 

compared to normative (procedural) data that have been modelled with a formal 

procedure editor (Rister et al., 2012). This first of three experimental cycles took 15 

pilots into approaches of 4 different airports on a Boeing 737 full flight simulator of 

Lufthansa Flight Training.  
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Material and method 

Participants 

Fifteen healthy pilots (all men; mean age = 46.9 years, SD = 17.7; flight experience: 

12868 hours, range = 9814 hours). 

Flight simulator 

The experiments were conducted on a Lufthansa Boeing 737-300 full-flight-

simulator of the CAE 600 series. It has a hydrostatic motion system with six degrees 

of freedom (6DOF), a Rockwell Suprawide Vision System and is certified as Level 

D/Zero Flight Time – this means, that the simulator reflects the aircraft so realistic, 

that operator training can be accomplished without the necessity to do further 

training on the real aircraft before the trainee pilot is allowed to fly with passengers 

on board.  

Scenario description 

Scenarios of the experiments include ILS straight-in approaches as well as 

circling/visual offset approaches at 4 different airports, namely Frankfurt (FRA), 

Hannover (HAJ), Amsterdam (AMS) and Dalaman (DME). FRA was used for 

collecting baseline data and for getting the subject accustomed to the experimental 

situation. It was flown once by each subject. The other 3 airports were expected to 

induce unstabilized approaches, due to their approach geometry characteristics, 

induced tailwinds and other weather conditions.  

Procedure 

A subject pilot arrived at Lufthansa one hour ahead of the dedicated simulator time 

slot. Before entering the simulator, the experimenter introduced the eye tracker and 

the ECG sensors to the subject. The instructor pilot then briefed the subject on what 

is flown (airfields, approach-types) and finally, the subject filled in a demographics 

questionnaire and performed a computer-based test (to account for contributing 

human factors, e.g. time of day, biorhythm, rest period, cognitive aging). The subject 

then received NASA-TLX Workload Scale Instructions from the experimenter.   

After entering the simulator, the experimenter mounted the ECG sensors and eye 

tracker. The subject was asked to adopt a relaxed position and close his/her eyes 

while a 5-minute ECG baseline was collected. Then the eye tracker was calibrated 

using a few IR-labels located on the cockpit panels. It was planned for each subject 

to fly 7 scenarios in sequence. Before each flight, the subject received all required 

documents (approach chart, clearances, weather info etc.) and completed all 

necessary preparations (set-ups, briefs etc.). After each scenario, the subject rated 

his/her task load via the NASA-TLX. At the end of the experiment, subject was 

asked to complete a debriefing questionnaire. The duration of one experiment was 

about three hours. 
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Psychophysiological measurement 

An electrocardiogram (ProComp Infinity system, Thought Technology) was used to 

collect (sampling rate = 2048 Hz) the participants’ cardiac activity during the 

entirety of each flight. Three electrodes connected to an extender cable were applied 

to the participant’s chest using a Uni-Gel to enhance the quality of the signal. The 

BioGraph Infiniti© software was used to export and filter the heart rate (HR) 

derived from the inter-beat interval. Due to a commonly observed difference in HR 

baseline values among participants, HR values were then standardized to allow a 

between-participant comparison. The mean HR of the working period (whole flight 

duration or a given flight phase) was divided by the mean HR calculated during rest. 

This data reduction provided the mean HR response during flying periods. Mean HR 

was computed for each flight phase and for the whole flight duration. 

  Results 

 

Statistical Analysis 

All behavioural data were analyzed with Statistica 7.1 (© StatSoft). The 

Kolmogorov-Smirnov goodness-of-fit test showed that data distribution was normal, 

therefore, parametric repeated-measures ANOVA and Fisher's LSD (Least 

Significant Difference) were used to examine the effects of the landing scenario type 

on HR and Nasa TLX scores.  

Behavioural results 

Altogether, 15 subject pilots flew 94 approaches within 32 simulator hours. 

According to the debriefing questionnaires, the subjects stated that they were not 

always stabilized in 10 out of the 94 approaches. We pre-analyzed 87 flight 

parameters that were recorded from the simulations, out of which 58 were used as 

indicators for the detection of unstabilized approaches. According to the data viewed 

to date, 26 of the 94 approaches were not stabilized at all stages, or stabilized very 

late (close to the runway), or even stayed unstabilized until touchdown or go-around 

initiation. Six approaches out of the 26 remained unstabilized past the 1000ft gate 

with 3 or more parameters exceeding limits. Only two pilots subsequently performed 

a go-around. The 4 remaining pilots landed unstabilized with high descent rates, low 

power settings and high landing speeds.  

Subjective measurements: self reports and Nasa TLX score 

Thirteen approaches were reported to be unstabilized by the participants during the 

debriefing: 10 occurred during the Dalaman landing, and one for each of the three 

other scenarios. 

Mean Nasa TLX score is plotted in Figure 1 as a function of scenario type. The 

ANOVA on Nasa TLX mean score revealed a main effect of scenario type (p < 

.0001). Post-hoc pairwised comparisons showed that Dalaman scenario lead to 

significatively higher mean Nasa TLX score than all the other scenarios: Amsterdam 

(p< .003), Frankfurt (p< .001), and Hannover (p< .0001).  
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Figure 1. Mean Nasa TLX scores for each scenario. Bars represent standard errors. 

Physiology 

Mean HR response is plotted in Figure 2 as a function of scenario type. The 

ANOVA on HR showed a main effect of scenario type (p < .001). Post-hoc pair 

wised comparisons showed that Dalaman scenario elicited statistically higher HR 

than the other scenarios: Amsterdam (p< .004), Frankfurt (p< .05), Hannover (p< 

.037). 

 

Figure 2. Mean HR for each scenario. Bars represent standard errors. 

Discussion 

The objective of this study was to collect behavioural, subjective and physiological 

data during unstabilized approach. In this perspective, different experimental scenarios 

were designed to induce such critical landings. Taken together our results suggest that 

this problem is an important issue for flight safety. First, the analysis of the flight 

parameters revealed that 27,6% of the approaches were objectively categorized as 

unstabilized. Interestingly enough, 10 of these approaches lead the pilots to hazardous 

behaviour such as perseveration (Dehais, Causse, Vachon & Tremblay, 2012) or 

violation (Reason, 95). Secondly, it is worth noticing that pilots sometimes failed to 
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perceive the degradation of their flight profile.. This was particularly true during the 

Dalaman scenario. Indeed, this latter scenario was particularly difficult to handle as 

it was a non-standard approach geometry with a high/steep descent gradient and 

especially involving time-constraint decision-making (i.e. a choice between a 

straight-in or circle approach): when visual with the runway (breaking clouds), the 

pilot needs to decide whether (s)he is in a position to safely land straight-in, or rather 

join the visual traffic pattern to increase track mileage to touchdown and get a better 

stabilization subsequently. This subjective feedback is consistent with the Nasa TLX 

scores and the physiological measurements. Indeed, our measurments showed that 

the Dalaman scenario elicited statistically higher mean Nasa TLX score and mean 

HR responses than all the other scenarios. These results suggest that this scenario, 

and by extension unstabilized approaches, may lead to higher workload, 

psychological stress and the mobilization of mental energy to deal with the situation 

(Causse, Sénard, Démonet, & Pastor, 2010).  

Perspectives 

These experiments delivered precious data to support our hypotheses that approach 

destabilization can be made predictable and that machine agents have the potential to 

counteract unstabilized approach in impending phases. During these experiments, the 

participants were also equipped with an eye tracker. These data are currently processed 

as shown in Figure 3. We therefore intend to correlate these psycho-physiological 

deteriorations (e.g slow scan/too rapid scan) to the pilot-machine interactions and 

detect deviations from normative activities. 

 

Figure 3. Amsterdam landing: heatmap. Note that the pilots is mostly focused on the speed 

indicator, neglecting critical parameters such as altitude, visual cues, autopilot mode 

indicator… 

The next step is to implement an Approach Stabilization Advisory System (AStA) that 

monitors aircraft performance/configuration and pilot’s behaviour/cognitive state. 

When AStA detects the potential occurrence of an unstabilized approach, it suggests 

corrective actions to re-stabilize the approach or to go-around. AStA will be tested in 
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the next experimental campaign. In this currently ongoing campain, entire flight 

profiles are planned to be flown by the same subjects, and a first version of AStA 

demonstrator is being connected to a 737NG flight simulator at Lufthansa. A formal 

task model, specified with a tool called PED, is used to simulate and predict workload, 

allowing to fine tune the workload of the scenarios for the campaign. Also, workload 

peaks will, in conjunction with cycle two findings, allow for cooperative system 

design, e.g. testing task-reallocation functions and shared authority amongst human 

and machine agents during the third round of experiments in 2013. 
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  Abstract 

The analysis of airplane accidents reveals that pilots sometimes purely fail to notice 

yet critical auditory alerts. This inability of an auditory stimulus to reach 

consciousness has been recently coined under the term of inattentional deafness. 

Recent data from literature tend to show that tasks involving high perceptual load 

consume most of attentional capacity, leaving little for processing any task-

irrelevant information. In addition, there is a growing body of evidence for a shared 

attentional capacity between vision and hearing. In this context, the numerous 

displays in cockpits are likely to produce inattentional deafness. A simplified 

piloting task was conceived, in which participants were required to make decisions 

based on complex visual indicators while continuous electroencephalographic 

(EEG) measurements were performed. During the task, a tone was played, either 

standard, which participants were told to ignore, or deviant (“the alarm”, probability 

= 0.10) which participants were told to report. Preliminary behavioural results 

showed that up to 30% of deviant sounds were not detected. The analysis of EEG 

showed that a drastic diminution of the auditory P300 amplitude was concomitant 

with the occurrence of the inattentional deafness phenomenon. Applications concern 

integrative online prevention of alarms omission, mental workload measurements 

and enhanced warning designs. 

  Introduction 

In aeronautics, the use of auditory alarms is widespread. Although one cannot 

question their efficacy (Wheale, 1981), they seem to come with some limitations 

(Edworthy et al., 1991). Many accidents are indeed due to pilots failing to react to 

the triggering of an auditory alarm (Bliss, 2003). An explanation is to consider the 

role of the sustained perceptual and attentional processes engaged in the cockpit. 

There is evidence that tasks involving high perceptual load consume most of 

attentional capacity, leaving little or none remaining for processing any additional 

information (see Lavie, 1995). Consequently, high-load contexts tend to prevent the 

perceptual processing of task-irrelevant information and facilitate various forms of 

inattentional blindness (Mack & Rock, 1998). This propensity to remain unaware of 

unexpected though fully perceptible stimuli is not limited to vision, however. 

Indeed, there is evidence that unexpected salient sounds can remain unnoticed under 

attention-demanding settings (e.g., Spence & Read, 2003; Fuchs et al., 2010; 



90 Giraudet, St-Louis, & Causse 

Hughes et al., 2012; Wood & Cowan, 1995). Although less well-known than its 

visual counterpart, this inattentional deafness phenomenon (Koreimann et al., 2009) 

is likely to have important consequences for safety-critical situations such as 

military or commercial flights as pilots are often overloaded with visual information. 

Yet the classical view of shared attention hypothesizes is that each sensorial 

modality owns a separate pools of resources. Hence, two tasks from different 

modalities (e.g. auditory and visual) should not interfere with each other (Wickens, 

2002). However, this view could be partially unfounded as a growing body of 

literature provides evidence of attentional abilities shared between visual and 

auditory modalities (Brand-D'Abrescia & Lavie, 2008; Santangelo et al., 2007; 

Sinnett et al., 2006). 

Interestingly, Macdonald and Lavie (2011) demonstrated that participants involved 

in a visual discrimination task were subject to inattentional deafness. Occurrences of 

inattentional deafness were even greater when the visual task involved a high level 

of perceptual load compared to low perceptual load. Under the assumption that 

attentional resources are shared between vision and hearing, it appeared that 

engaging in a task under high visual load may lead to a decline in the probability of 

processing an auditory stimulus. Therefore, a parallel can be drawn with aeronautics, 

where cockpit displays obviously generate a high perceptual and mental load. 

Lavie’s load theory (1995) would henceforth predict that the primary task, i.e. 

piloting, would engage most of attentional resources. Few resources would 

consequently be available for processing additional information such as an 

unexpected auditory alarm, facilitating the inattentional deafness phenomenon. 

Uncovering the neural correlates of inattentional deafness 

The brain activity involved in processing auditory information has been particularly 

studied using Electroencephalography (EEG) techniques to measure Event-Related 

Potentials (ERPs). P300, one of the most commonly studied ERPs, is known to be 

induced by oddball paradigms that consists in the detection of an attended and 

unpredictable target stimulus (Polich, 2007). It reflects cognitive and attentional 

processes between 300 and 500 ms post-stimulus (see Hansenne, 2000, for a detailed 

review). When attentional focus deviates from the target, the P300 amplitude 

significantly decreases (Singhal et al., 2002). Therefore, P300 seems an excellent 

candidate to determine whether an auditory stimulus has broken through 

the attentional barrier. While several studies have revealed that auditory P300 

amplitude may be lowered in audio-visual dual-tasks compared to auditory task 

alone (Armstrong & Singhal, 2011; Ramirez et al., 2005; Singhal & Fowler, 2004; 

Wester et al., 2008), the association between the inattentional deafness phenomenon 

and P300 has never been investigated. 

Objective and hypotheses 

Two main objectives were set during this work. Firstly, contrary to Macdonald and 

Lavie study (2011) in which only one occurrence of the inattentional deafness 

phenomenon was successfully reproduced (in their experiment, further attempt 

failed due to the impact of the pre-exposure to the sound), we aimed at designing an 

experimental paradigm allowing a sufficient number of occurrences of the 
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inattentional deafness phenomenon within each participant to perform ERPs. 

Secondly, we intended to measure the inattentional deafness rate considering several 

visual/mental load conditions and to examine the possible concomitance between 

inattentional deafness and P300 modulations. For this purpose, we performed EEG 

measurements during a simplified but plausible aviation decision-making task in 

which participants were asked to take into account both visual and auditory signals. 

Auditory signals were based on the oddball paradigm to enhance the P300.  

Our hypothesis was that an increase in visual/mental load should provoke a decrease 

in the alarm detection rate (deviant sounds) and a concomitant reduction of the P300 

amplitude, suggesting that increased visual/mental load directly affects the cerebral 

response to an auditory stimulus, providing physiological explanation regarding the 

inability of pilots to perceive auditory warnings in the cockpit during critical flight 

phases. 

  Method 

Participants 

Sixteen male right handed healthy volunteers (mean age = 20.9 years, SD = 1.22) 

were recruited at ISAE Supaéro for this study. All participants were French 

undergraduate students, none of them had a history of neurological disease, 

psychiatric disturbance or substance abuse, or was under psychoactive medications. 

They were given full information about the experiment protocol and all gave their 

informed consent. Of these, one was excluded because his error rate in the control 

trials was above 15%. The 16 participants went through the same procedure, which 

began with a fatigue assessment using Pichot’s fatigue scale. Participants having a 

score over 22 would have been excluded, considered excessively tired. Then they 

performed the Paced Auditory Serial Addition Test (PASAT) to assess their working 

memory. No participant obtained a prohibitive score during this test (below 35% for 

the PASAT 3’’ or below 23 for the PASAT 2’’). Finally they completed a laterality 

test to confirm they were right handed. 

EEG recordings and pre-processing 

EEG data were recorded continuously with a Biopac EEG system. Before the 

experiment, a 19-electrodes cap (CAP100C) was placed on the participants’ head. 7 

electrodes were analysed, distributed throughout the brain volume: Fz (frontal), Cz 

(central), Pz (parietal), T4 and T7 (temporal), O5 and O18 (occipital). The Biopac 

was connected by parallel cable to the experimental computer in order to mark trial 

onsets on EEG data. Three electro-oculographic electrodes (EOG) were placed on 

the left, on the right and above the eyes to record the muscular eyes activity. 

Artefacts created by eyes movements were removed online from the cerebral signal 

with Acqknowledge 4.0 EOG artefacts removal function. 

Tasks 

Two different tasks were presented: a decision-making task, called the landing task, 

and a classical oddball task. The oddball task was performed according to three 
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experimental conditions: 1) during a low-load landing task (visual load = 1), 

participants simultaneously performed the oddball task and the landing task at a low 

load level; 2) during a high-load landing task (visual load = 2); 3) in the baseline 

oddball session were no parallel task was performed (load = 0), as in the classical 

oddball paradigm. Differently from Macdonald’s design, participants were asked to 

report it each time they heared the tone was a alarm. This way, the phenomenon of 

inattentional deafness could occur more than once on the same participant. First, 

participants went through the dual task session, performing both the landing task and 

the oddball task at the same time. Low and high load trials of the landing task were 

interspersed throughout the session. Then they completed the baseline oddball 

session, performing only the oddball task to give us their nominal response to the 

auditory stimuli.  

The baseline oddball session. Participants performed the oddball task, consisting in 

a set of 200 trials in which 200 tones were played. Each trial presented a first time 

window lasting 2 to 4.5 second during which the tone was played, followed by a 2 

seconds response time window, during which participants had to make their 

response if they noticed a deviant tone. Continuously during the session, a white 

noise at 50dB was played. During each trial, a 30dB tone was randomly played 

(between 500 milliseconds after the beginning and 500 milliseconds before the end 

of the first time window) during 150 milliseconds. This tone was either standard 

(frequency = 1900Hz, p = 0.8) or deviant (frequency = 1950Hz, p = 0.2), according 

to the oddball paradigm. To report their awareness of a deviant tone, participants 

pressed the central button of a three buttons response box. No response was to be 

given when the standard tone was played. The 2 seconds response window elapsed 

regardless of whether a response was made. Percentage of reported deviant tones 

was the dependant variable. 

The dual task session. Participants were submitted to a set of 400 trials, during 

which they simultaneously performed both the oddball task and the landing task. In 

each trial, a 2 to 4.5 seconds video was displayed, followed by a 2 seconds response 

time window, during which participants had to make their response. During the 

videos (see figure 1), various indicators appeared on a screen: heading, magnetic 

declination, wind and score, which were fixed during the video, and the two ILS 

(Instrument Landing System) moving cursors, one vertical and the other horizontal. 

This video was followed by a 2 seconds response window, as during the baseline 

oddball session. During this response window, all indicators were frozen and still 

displayed on the screen. To answer correctly to the landing task, participants had to 

decide whether the landing was possible or not, according to rules shown in figure 2, 

based on the final values of the indicators at the end of the video, by pressing a 

button on a response box. Two buttons on the response box were dedicated to the 

response to the landing task: the right one to authorize landing, the left one to abort 

it. For each correct response, the score increased of 1 point. When participant missed 

a response, or made an incorrect response, this score did not increase. The score 

system was introduced to motivate the participants to perform the landing task. Two 

levels of visual/mental load were manipulated and equally likely to occur (see figure 

1). For the low load condition, indicators appeared in green and no mental arithmetic 

had to be performed to deduce the rule to apply to the cursors positions. 
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Figure 1. screenshots of a low load landing task video (on the left) and a high load landing task video 

(one the right). On the upper left corner is the heading to be added to the magnetic declination below. On 
the right is the wind. On the upper right corner is the current score to the landing task. 

Indicators values Condition on cursors to authorize landing 

Nominal (= green, low load conditions) Both cursors ∈ [-2; 2]² 

wind and heading distant of less than 5 from their 
nominal values 

Both cursors ∈ [-2; 2]² 

wind or heading distant of more than 5 from their 

nominal values 
One cursor ∈ [-1; 1], the other [-2; 2]  

wind and heading distant of more than 5 from their 

nominal values 
Both cursors ∈ [-1; 1] 

Figure 2. Table of the rules for the landing task to analyse the cursors positions. 

In high load conditions, the indicators appeared in red, the cursors were moving 

faster and mental arithmetic had to be performed to deduce the rule to apply to the 

cursors positions. To further increase the visual load involved by this task, a 

coloured circle was displayed during 150 milliseconds during each video, at a 

random time. This circled was either red (probability = 0.9) or green (probability = 

0.1) and equally likely to be displayed on the right or on the left of the screen. A red 

circle was considered to be a visual alarm and had to be reported during the response 

window by pressing the central button on the response box. The circle was at least 

500ms apart from the time the tone was played. The red circle could not be 

displayed when a deviant tone was played in the same trial, so that only one alarm 

top had to be reported per trial. For the oddball task they had to perform in addition 

to the landing task, during the 2 seconds response window, participants had also to 

press the central button of the response box if they heard a deviant tone. It reflected 

their ability to detect the auditory alarms (deviant tones) while performing a primary 

task. Percentage of correct response to the landing task and percentage of reported 

deviant tones were the dependant variables. The landing task was also displayed 

during the baseline oddball session, but participants only had to perform the oddball 

task. Participants were instructed that they should not pay attention to the landing 

task, reporting only the deviant tones.  
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Procedure 

The whole procedure lasted 150 minutes, including 30 minutes to install and test the 

equipment and 60 minutes of EEG recording. After the behavioural tests, 

participants were all trained for the three experimental conditions during two sets of 

20 trials for each, which contained all the possible situations they would encounter 

in the real experimentation. During this training, participants had to attest to the 

notification of both visual and auditory alarms, responding correctly to the alarm 

detection task at least once for each type of alarm. Then the EEG electrode cap, 

EOG and GSR electrodes were placed, prepared and tested. Participants seated then 

in a comfortable reclining armchair, placed in a dimly lit, sound-damped room. They 

were instructed to keep their forearms lying on the chair’s arms, with their two 

hands resting on the response pad. The 400 experimental trials lasted 40 minutes. 

Participants then answered the NASA Task Load Index (NASA TLX) to give a 

detailed evaluation of their performance to the landing task and to the alarm 

detection task. Finally, participants had to go through the 200 baseline oddball trials 

(20 minutes). 

Results 

All statistical analyses were performed using IBM SPSS 20. Results were 

considered statistically significant when p < .05.  

Performance measures 

A t-test for paired samples indicated that the detection rate in the baseline oddball 

session did not differ in the low load condition (M = 96.67%, SD = 5.88%) and in 

the high load condition (M = 97.33, SD = 4.17%), t(14) = .619, p = .546. Therefore, 

both conditions were merged into one “control condition” for subsequent analyses. 

Correct response rate to the landing task was assessed by a 2 x 2 ANOVA with 

within-subjects factors “load” (low or high) and “type of tone” (standard or deviant) 

in order to investigate the differences between conditions. The main goal of this 

analysis was to make sure there was truly a difference between the low load and the 

high load conditions and that participants followed instructions and accomplished 

the landing task as the primary task. If those assumptions were met, the performance 

would be higher in the low load condition than in the high load condition, and the 

type of tone would not affect performance. Results corroborated those two 

hypotheses. Correct response rate to the landing task in the low load condition (M = 

96.7%, SE = 0.6%) was superior to the correct response rate in the high load 

condition (M = 90.2%, SE = 0.7%), F(1, 14) = 91.596, p < .001. There was no 

difference between trials with the standard tone (M = 93.2%, SD = 0.9%) and trials 

with the deviant tone (M = 93.8%, SD = 0.5%), F(1, 14) = .385, p = .545, and no 

interaction, F(1,14) = .002, p = .968. 

Detection rate for the oddball task was examined. A t-test for paired samples showed 

that deviant tones were more detected in the low load condition (M = 80.17%, SD = 

21.54%) than in the high load condition (M = 71.52%, SD = 26.67%), t(14) = 2.385, 

p = .032, as shown in figure 3. 
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Figure 3: Detection rate of deviant tones depending on the perceptual and cognitive load of the 

primary task. “Control”represents the baseline oddball session. 

 

ERPs measures 

The P300 component was examined through a 3 x 3 x 2 ANOVA with within-

subjects factors “electrode” (Fz, Cz or Pz), “load” (control, low or high), and “type 

of tone” (standard or deviant). Significant main effects were found for the electrode, 

F(2, 28) = 17.068, p < .001, the load F(2, 28) = 17.810, p < .001, and the type of 

tone, F(1, 14) = 8.948, p = .01. There were significant interactions between 

electrode and load, F(4, 56) = 3.525, p = .012, and between electrode and type of 

tone, F(2, 28) = 16.261, p < .001, but no other interaction was observed. 

Simple main effects and multiple comparisons were further analysed using the LSD 

test. P300 were larger at the Pz (M = 5 μV, SE = .25 μV) than at the Fz (M = -1.1 

μV, SE = .35 μV), p < .001, and the Cz (M = -.8 μV, SE = .35 μV), p < .001, 

recording sites, whilst Fz and Cz showed no difference, p = .276. The largest ERP 

was observed with the control condition (M = 1.55 μV, SE = .5 μV), followed by the 

low load condition (M = -.25 μV, SE = .55 μV), p = .027, and the high load 

condition (M = -2.7 μV, SE = .45 μV), p < .001, which also differed significantly, p 

= .001 (see figure 4). Finally, the deviant tone (M = .1 μV, SE = .4 μV) showed a 

higher P300 than the standard tone (M = -1.05 μV, SE = .25 μV), p = .01. 

More specifically, for the three electrodes, the high load condition generated a lower 

P300 than the low load and the control conditions when the tone was standard, all p 

< .01, but there was no significant difference between the control condition and the 

low load condition on any of the recording sites. For the trials featuring a deviant 

tone, the pattern of results was the same, with the smallest P300 in the high load 

condition compared to both the low load and the control conditions, all p < .01. The 

Fz and Cz electrodes also showed no difference between the control and the low 

load conditions, but this difference appeared to be significant for the Pz electrode, 

the baseline oddball condition producing the highest P300, p = .038. 

Again for the three recording sites, the difference between the standard and the 

deviant tones did not prove significant in both the low load and the high load 

conditions. In contrast, in the baseline oddball condition, the deviant tone generated 

a stronger P300 than the standard tone for the Cz and the Pz electrodes, respectively 
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p < .05 and p < .001, whilst this difference did not appeared with the Fz electrode, p 

= .122. 

 

  
Figure 4: P300 mean amplitude and standard deviation in µVolts depending on the perceptual and 

cognitive load of the primary task, for target tones on Pz electrode. “Control”represents the baseline 

oddball session. 
 

 

  Discussion 

Our study aimed at creating an experimental paradigm in which the inattentional 

deafness phenomenon could occur numerous times with each participant. We 

designed a simplified landing task with two levels of visual/mental load. While 

participants were subject to this task, an oddball paradigm was administered 

simultaneously to assess their ability to detect an alarm (i.e. the deviant sound in the 

oddball paradigm). We hypothesized that variations in visual/mental load will 

modify the ability of our participants to detect the alarm, generating inattentional 

deafness. In addition, we assumed that the diminution of the auditory P300 

amplitude should be concomitant with the occurrence of inattentional deafness, and 

that this diminution of amplitude should be related to the visual/mental load level. 

The behavioural results showed that our task was successful in reproducing 

inattentional deafness. Whereas only 5% of alarms were missed during the baseline 

oddball session (oddball task only), 20% of alarms were missed when the oddball 

task was processed simultaneously with the landing task under low load condition, 

and this number increased to 30% under the high load condition. This is consistent 

with the results obtained by Macdonald and Lavie (2011) in which increased visual 

load was more likely to provoke inattentional deafness. 

The effect of the introduction of visual/mental load on the ability to detect an alarm 

was significant in both behavioural results (number of sounds omitted) and 

electrophysiological measures, as showed by the variation in amplitude of the P300 

component. Auditory P300 diminished in the landing task with low-load condition 

in comparison to the oddball baseline and further diminished with an increase of the 

load (high load vs. low load). These results confirmed that the primary task left few 
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resources to treat auditory alarm in the low-load condition and even fewer in the 

high-load condition. It supports the hypothesis of a common pool of resources 

shared between visual and auditory modalities (Macdonald & Lavie, 2011). 

Variations in P300 amplitude also raise the question of short term memory effects 

on inattentional deafness occurrences and ERPS measurements. A difference due to 

memory (Dm) has been observed in ERPs measurements with memory paradigms 

(Friedman & Trott, 2000), in which participants study a list of materials and trials 

are sorted as a function of whether they go on to be remembered or not in a 

subsequent test phase. Such paradigms being very demanding on the short term 

memory, involving lists of several items to be remembered, and the test phase taking 

place separately and significantly after the study phase (several seconds to several 

minutes), we tried to avoid Dm effects by minimizing the amount of information to 

keep in mind in each trial and by reducing the duration during which information 

had to be remembered: no information had to be remembered for more than 4 

seconds. Furthermore, the amount of information to manage was the same in each 

trial. Under such conditions, we prevented the most participants from simply 

forgetting they heard the alarm before having to report it, and short term memory 

was equally solicited in every trial so that no defference due to memory could affect 

participant’s performance or measurements. We then assumed Dm was not 

significant in this experiment. 

The major contribution of this study lies in the co-occurrence of inattentional 

deafness and ERP measurements. While inattentional deafness was studied through 

behavioural questionnaires following a single trial (Koreimann et al., 2009, 

Macdonald & Lavie, 2011), we developed a paradigm inducing multiple occurrences 

of inattentional deafness in a participant, rather than a single irreproducible 

occurrence in behavioural studies conducted so far (Macdonald, 2011). Another 

specific contribution of this work is the development of measurements of brain 

activity to electro-physiologically characterize the state of an operator suffering 

from inattentional deafness. EEG analysis showed that a drastic diminution of the 

auditory P300 amplitude was concomitant with the increased occurrence of 

inattentional deafness.  

Conclusion 

This study provides new behavioural and electrophysiological insights to explain the 

trend of pilots to ignore critical auditory information. We notably demonstrated that 

mental and perceptual workload interferes with concurrent appraisal of rare and 

unpredictable auditory alarms. P300 modulations supported this result and provide a 

more complete characterisation of the internal attentional mechanism responsible for 

observable behaviour. These results encourage the use of a neuroergonomic 

approach to study pilots’ performance. This multidisciplinary approach, combining 

methods from neurosciences and human factors, is part of a commitment to improve 

aviation safety. Additional experiments with more participants and an EEG cap with 

128 electrodes will be conducted to enable ERPs source localization and clarify the 

correlation between ERPs characteristics and the attentional state of a pilot in 

situations likely to provoke inattentional deafness. Further studies are also scheduled 

to establish the relevance of this approach to study new auditory alarm designs 
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preventing inattentional deafness and to detect and predict in real time the 

deficiencies of pilots' attention. This study also opens the way to new paradigms 

using electrophysiological measurements on real pilots and co-pilots in a motion 

flight simulator. 

  References 

Armstrong, G.A., & Singhal, A. (2011). Neural markers of automatic and controlled 

attention during immediate and delayed action. Experimental Brain Research, 

213, 35-48.  

Bliss, J.P. (2003). Investigation of alarm-related accidents and incidents in aviation. 

The International Journal of Aviation Psychology, 5, 257–276. 

Brand-D’Abrescia, M., & Lavie, N. (2008). Task Coordination between and within 

sensory modalities: Effects on distraction. Perception & Psychophysics, 70, 

508–515. 

Edworthy, J., Loxley, S., & Dennis, I. (1991). Improving auditory warning design: 

Relationship between warning sound parameters and perceived urgency. 

Human Factors, 33, 205-231. 

Friedman, D., & Trott, C. (2000). An event-related potential study of encoding in 

young and older adults. Neuropsychologia, 38, 542–557. 

Fuchs, P.A., Plack, C.J., Rees, A., & Palmer, A.R. (2010). The Oxford Handbook of 

Auditory Science: Hearing (Vol. 3). Oxford University Press, USA. 

Hansenne, M. (2000). Le potentiel évoqué cognitif P300 (I): aspects théorique et 

psychobiologique - The P300 event-related potential (I) : Theoretical and 

psychobiological perspectives. Neurophysiologie Clinique/Clinical 

Neurophysiology, 30, 191-210. 

Hughes, R.W., Hurlstone, M.J., Marsh, J.E., Vachon, F., & Jones, D.M. (2012). 

Cognitive Control of Auditory Distraction: Impact of Task Difficulty, 

Foreknowledge, and Working Memory Capacity Supports Duplex-Mechanism 

Account. Journal of Experimental Psychology: Human Perception and 

Performance 

Koreimann, S., Strauß, S., & Vitouch, O. (2009). Inattentional deafness under 

dynamic musical conditions. In J. Louhivuori, T. Eerola, S. Saarikallio, T. 

Himberg, and P.-S. Eerola (Eds.), Proceedings of the 7th Triennial Conference 

of European Society for the Cognitive Sciences of Music, (pp. 246-249). 

Jyväskylä: Finland. 

Lavie, N., & Tsal, Y. (1994) Perceptual load as a major determinant of the locus of 

selection in visual attention. Perception & Psychophysics, 56, 183–197. 

Lavie, N. (1995). Perceptual load as a necessary condition for selective attention. 

Journal of Experimental Psychology: Human Perception and Performance, 21, 

451-468. 

Macdonald, J.S.P., & Lavie, N. (2011). Visual perceptual load induces inattentional 

deafness. Attention, perception & psychophysics, (May), 1780-1789. 

Mack, A., Rock, I. (1998). Inattentional blindness. Cambridge : The MIT Press. 

Polich, J. (2007). Updating P300: An integrative theory of P3a and P3b. Clinical 

Neurophysiology, 118, 2128-2148. 



 electrophysiological correlates of inattentional deafness 99 

Ramirez, J., Bomba, M., Singhal, A., & Fowler, B. (2005). Influence of a visual 

spatial attention task on auditory early and late Nd and P300. Biological 

Psychology, 68, 121-134.  

Santangelo, V., Belardinelli, M., & O., Spence, C., (2007). The suppression of 

reflexive visual and auditory orienting when attention is otherwise engaged. 

Journal of Experimental Psychology: Human Perception and Performance, 33, 

137–148. 

Singhal, A., Doerfling, P., & Fowler, B. (2002). Effects of a dual task on the N100-

P200 complex and the early and late Nd attention waveforms. 

Psychophysiology, 39, 236. 

Singhal, A., & Fowler, B. (2004). The differential effects of Sternberg short- and 

long-term memory scanning on the late Nd and P300 in a dual-task paradigm. 

Journal of Cognitive Brain Research, 21, 124-132. 

Sinnett, S., Costa, A., & Soto-Faraco, S., (2006). Manipulating inattentional 

blindness within and across sensory modalities. Quarterly Journal of 

Experimental Psychology, 59, 1425–1442. 

Spence, C., & Read, L. (2003). Speech shadowing while driving: on the difficulty of 

splitting attention between eye and ear. Psychological science, 14, 251. 

Wester, A.E., Bocker, K.B., Volkerts, E.R., Verster, J.C., & Kenemans, J.L. (2008). 

Event-related potentials and secondary task performance during simulated 

driving. Accident Analysis and Prevention, 40, 1-7. 

Wheale, J.L. (1981). The speed of response to synthesized voice messages. British 

Journal of Audiology, 15, 205-212. 

Wickens, C. D. (2002). Multiple resources and performance prediction. Theoretical 

Issues in Ergonomics Science, 3, 159–177. 

Wood,N.L., & Cowan, N. (1995). The cocktail party phenomenon revisited: 

Attention and memory in the classic selective listening procedure of Cherry 

(1953). Journal of Experimental Psychology: Learning, Memory, & Cognition, 

21, 255-260. 

  



100 Giraudet, St-Louis, & Causse 

 
 



In D. de Waard, K. Brookhuis, F. Dehais, C. Weikert, S. Röttger, D. Manzey, S. Biede, F. Reuzeau, and 

P. Terrier (Eds.) (2012). Human Factors: a view from an integrative perspective. Proceedings HFES 

Europe Chapter Conference Toulouse. ISBN 978-0-945289-44-9. Available from http://hfes-europe.org 

Effect generated by the use of a new all-electronic Air 

Traffic Control position on the level of mental workload 

Caroline Martin
1 
& Julien Cegarra

2
 

1
DSNA/DGAC/DTI R&D, PII (Performance et Innovation des IHM) 

Toulouse 
2
CLLE-LTC, Université de Toulouse 

 France 

  Abstract 

Currently, Air Traffic Control system is facing a period of transition justified by the 

context which surrounds it (Cegarra, Dehais, Causse & Martin, 2010). Indeed, the 

level of air traffic is predicted to increase significantly in the next twenty years 

(Eurocontrol, 2007). The need of technical and organizational solutions definition is 

therefore drawn to avoid the saturation of the existing air traffic control system. One 

of them would consist to propose a new working position including a new way of 

interaction with the air traffic control interface. The study described in this article 

aims to evaluate this modification in terms of processing capacity of the air traffic 

control system. More precisely, the level of mental workload felt by operators was 

assessed for two comparative situations, through a technique of eye-tracking. 

Analysis of eye gaze fixations and pupil diameter value shows that attention and 

cognitive resources continue to be allocated on the same way, despite the use of an 

all-electronic interface. It also highlights that a significant part of operators’ 

resources are dedicated to the information and the consultation of the interface. 

Introduction 

Technological advances, as significant changes in an activity sector, can generate or 

at least push for change. The change mentioned here has for objective to guarantee 

consistently high level of performance, despite a complexity increase in terms of task 

requirements. In this case, change can take many forms and may equally cover the 

procedures and rules respected by operators, the tools they use, the support systems 

available, or as well the entire working position… 

Currently, this is occuring in the field of Air Traffic Control (ATC). As a brief 

description, the ATC system has three principal missions to undertake: a security 

mission, which principally consists in avoiding collisions between aircraft, a mission 

concerning respect for the environment and aims to limit the kerosene consumption, 

and finally an information mission provided to the aircraft’s pilots. The operators in 

charge of these missions are the Air Traffic Controllers (ATCo).  

In practice, the operators are, during each work cycle, responsible of a portion of 

airspace called air traffic sector. They have to guide aircraft through the airspace 
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under a set of rules and procedures in order to reach their mission’s objectives. To 

make possible interactions with the aircraft of their sector, ATCo communicate with 

aircraft’s pilots thanks to a radio telephony system. 

The actual context of ATC requires change to increase the ATC system’s capacity. 

This study aims to analyze one of the most important changes to anticipate 

concerning the air traffic control situation and which concerns the working position. 

In detail, we propose to evaluate mental workload felt by ATCo during the use of 

two working positions in order to anticipate what would be the consequences on the 

operators when the ATC working position will change. 

  The air traffic control situation from today to tomorrow 

The elaboration of the tomorrow’s ATC system is currently studied through the 

SESAR (Single European Sky Air traffic management Research) program. Many 

axes of evolution are being explored; one of them is focused on tools used by 

controllers during the control task execution.  

As a starting point of this research focus, previous applied researches have 

demonstrated that the task of conflict resolution is the most expensive part of control 

task for the controllers (Laudeman et al., 1998; Hilburn, 2004). Limiting the number 

of conflicts to be resolved by ATCo has therefore been defined as a way to increase 

the capacity of treatment, in terms of aircraft number. In detail, the integration of a 

conflict solver, able to resolve automatically conflicts by low speed adjustments, is 

expected to decrease task cost. This solution would have as a major consequence the 

decrease of the conflict number to be resolved by ATCo and is hence expected to 

limit the mental workload felt.  

Actually, a problem arises. The actual ATC working position, functioning with an 

old level of technology, makes the integration of this type of tools impossible. This 

implies that a new generation of ATC working position is expected to consider the 

integration of a conflict solver for controllers. 

 

Figure 1. Picture of an air traffic control working position in a French En-route ATC centre 
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  The study issues 

This study is carried out before the evaluation phase of an automated system, such as 

conflict solver. It is a preliminary work, which aims to assess the impact generated 

by the introduction of a new working position on controllers. More precisely, the 

new working position tested is an all-electronic position including a computerized 

system to which the operator has to give information (principally the Air Traffic 

Control clearances given). To provide responses to the main study questions, three 

assumptions have been made:  

 Despite the use of a new working position, controllers’ attention repartition 

between aircraft’s categories is not altered. 

 Computerized system of an all-electronic requires significant part of the 

controllers’ attention, as important level of mental workload. 

 The use of an all-electronic position, without significant training, generates a 

higher level of mental workload. 

In order to evaluate hypotheses, an experimentation composed of two experimental 

conditions has been designed. 

  Method 

  The experiment objective 

The principal objective of the experiment is to compare mental workload felt by air 

traffic controllers according to the type of air traffic control working position they 

use during the same tasks. To make possible this comparison an experiment 

composed of two conditions was designed. 

To reach the experimental objective, it was essential to limit differences between the 

situations compared, that is why the only distinction between the two conditions 

concerns the experimental position. The experimental task, the procedure and the 

mental workload evaluation were identical. 

  The experimental task 

The experimental task aims to reproduce a real air traffic control task. The principle 

consisted in asking qualified Air Traffic Controllers to manage an air traffic 

sequence as they would do in real life. In practice, participants had to communicate 

with aircraft on their sector (messages “hello” and “goodbye”), to detect, define a 

solution and resolve conflicts between sector aircraft (by initial trajectories change 

through heading, flight level or speed adjustment).  

Before the beginning of the experiment, participants were briefed about the working 

position and the tools available to achieve the experimental task. This phase was 

more important for the second experimental conditions because participants were not 

familiar to the ATC platform before the experiment. 
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  Participants 

Thirty-seven persons participated in the first experimental condition and thirteen in 

the second experimental condition. The first group of participants were between 26 

and 56 years, and 24% of them were female and 76% male. The second group of 

participants were between 25 and 51 years, and 23% were female and 77% male. 

All participants were selected from a pool of air traffic controllers from a French air 

traffic control centre (CRNA S/O) and were voluntary and unpaid. The participants 

have the same level of basic training, because they all graduated as Engineers of the 

air navigation control. Moreover, they all have the qualification to work on the air 

traffic sector used during the experimentation. Nevertheless, there is one principal 

difference distinguishing the participants from each other: the level of experience in 

air traffic control room ranging from 0.5 to 26 years for the population of the two 

experiments.   

Air Traffic scenario 

During the two experimental conditions, air traffic controllers were invited to 

manage, as they do usually, the same sequence of air traffic. The scenario took place 

on the air traffic sector called sector T, for which all participants have the ability to 

control the air traffic. The air traffic sequence of the experimentation lasted forty-

five minutes, and had been built from real air traffic recorded sequences. This air 

traffic may be defined as ecologically valid according to the air traffic management 

point of view because it respects all operational rules and procedures, which have to 

be applied. 

In the scenario, the number of aircraft instantaneously present on the radar picture 

was relatively constant (around 14 aircraft). However, the presence of conflict 

situations, defined as an indicator of air traffic complexity (Averty et al., 2004), was 

varying. This defines three kinds of aircraft status: out of sector aircraft, on sector 

and non-conflict aircraft, on sector and conflict aircraft. 

Experimental positions 

The principal difference of the two experimental conditions was the experimental 

position used, which were Air Traffic Control simulators. Indeed, this variable aimed 

to illustrate the transition of the air control situation expected. Therefore, the Air 

Traffic Control simulator used during the first experiment reflected the actual air 

traffic control position (present in the French air traffic control centres); whereas that 

of the second experiment represented one perspective of what could be the 

tomorrow’s air traffic control position. 

The Air Traffic Control simulator used during the first experimental condition was 

composed of four main parts, each supposed to represent a tool used by the air traffic 

controller during his daily working activity: 

 A radar screen corresponding to a 30” LCD screen and where the air traffic 

scenario was graphically represented. 

 A mouse to interact with the “radar screen”. 
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 A set of “paper strips” and a paper strips’ board. For each aircraft of the 

simulation, one paper strip was printed before its entry in the air traffic sector 

managed by the participant. 

 A radio telephony system which allowed the experiment’s participant (playing 

the role of the air traffic controller) to communicate with the pilots of the 

simulated aircraft (managed in a pseudo-pilot position). In order to improve the 

realistic aspect of the experiment, a system of voice transformation was 

integrated to the experimental position. With this system, the pseudo-pilot’s 

voice varied during the experiment. For each aircraft, a different voice 

(characterizing by a tune of voice) was associated.  

During the second experiment, the Air Traffic Control simulator used was composed 

of two main parts: 

 The radar screen composing the upper part of the simulator. That 30’’ screen 

displayed the radar picture and the scenario of the experiment. In this graphical 

representation of the air traffic situation, four main types of information were 

displayed: the clock, the list of flights, aircraft illustrated by a radar plot 

associated to a label, menus and functions (displayed on demand). 

 The lower part of the platform, a cintiq interactive pen display, was the 

interaction interface. It was composed of two areas: The first was the input zone 

to act on the objects of the radar picture (move the pointer, make a data entry) 

through the stylus. The second area gathered the rest of the platform’s lower part 

providing the access to the settings of the radar picture (zoom in, zoom out, 

change of the sector position, display of the radar beacons). It permitted as well 

to display additional information (velocity vectors, information on flights…).  

During the second experimental condition, the same system of radio telephony was 

used. 

                                  

Figure 2. Air traffic control simulators used during the two conditions of the experiment. 
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To resume we can say that three principal differences distinguished the two air traffic 

control simulators used during the experiment of the study: 

 The first deals with the way to interact. Indeed, the first simulator used a mouse 

whereas the second used a stylus. 

 The second difference is focused on the working method implemented during 

the air traffic control task. During the second experimental condition, air traffic 

controllers had to provide information to a computerized system, while they 

annotated the same information on the paper strips during the first condition. 

 The last principal difference between the two ATC simulators concerns the 

duration of the use that the participants had with each platform at the time of the 

experiment. The first simulator reflects the actual air traffic control working 

position that the participants use since the start of their career. Concerning the 

second simulator the participants had only a brief training session which not 

exceeded 30 minutes. 

Mental workload evaluation 

The impact generated by the use of a new interface is studied through the assessment 

of mental workload felt by operators. The mental workload evaluation carried out in 

this study aims to obtain an operator’s feedback without a subjective approach. One 

complementary objective is focused on the scope of the analysis. The method of 

mental workload evaluation used has to make possible a time assessment in order to 

take into account dynamic aspects of the air traffic situation managed by the 

participants (Niessen et al., 1998). 

The method of mental workload assessment chosen for the study is the eye-tracking 

technique. More precisely, eye gaze fixations and pupil diameter value have been the 

objects of the analysis carried out. To record eye movements and characteristics, a 

deported and binocular eye-tracker (the Tobii X-120 model) was integrated to the 

two experimental working positions.  

This apparatus was placed under the radar screen and at approximately 70 

centimetres from the participant’s face in order to optimize data quality. The eye-

tracker has been used with a frequency of 60 Hz, which corresponds to one record 

every 16.7 milliseconds. Before each experiment, a calibration phase was carried 

out. This phase consists in recording for nine points of the screen the value of eye 

gazes. The eye-tracker uses theses values to fix benchmarking for the recording. This 

phase has consisted for the participant to fix a blue target and to keep watching it 

during movements. 

Ocular data analysis 

Before thinking of ocular data analysis, a work of pre-analysis of raw data was 

necessary to filter incorrect data. In a first time an eye fixations data sorting has been 

carried to in order to delete, all the non-significant fixations defined by duration 

value less than 150 milliseconds (Sereno & Rayner, 2003). Once this first sorting out 

done, the ocular data were linked to the air traffic scenario data. Thus, the number of 

eye fixations for each AOI, Area Of Interest, was determined (as the aircraft on the 

radar screen, parts of the interface…).  
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Moreover, fixations have been divided between the three aircraft categories 

distinguished (out of sector aircraft, on sector and non-conflict aircraft, on sector and 

conflict aircraft). 

The analysis carried out is focused on two ocular parameters: the eye fixations and 

the pupil diameter value. This is justified by the fact that eye fixation is defined as an 

indicator of attention repartition (Recarte & Nunes, 2003) and the pupil diameter as 

a reflector of mental workload felt (Beatty, 1982; Klingner, 2002). Eye fixations 

have been analysed in two ways: in terms of number and of duration, while pupil 

diameter has been studied through the maximum value reached during eye fixations. 

In order to avoid effects of individual differences, the pupil diameter data analysed 

are baseline-corrected value. 

Results  

The study of eye fixations 

The analysis of the repartition of eye fixations according to Areas of Interest shows 

two principal results (see figure 2 and 3). Despite the use of a new all-electronic 

interface, the same repartition between aircraft categories is observed with a 

significant lower number of eye fixations on “out of sector” aircraft, while the 

highest number of eye fixations is on “on sector and conflict” aircraft. In condition 2, 

there are more eye fixations for each Areas Of Interest category. 

As a complementary result, it has to be pointed out that Interface (Condition 2) 

requires a number of eye fixations significantly higher than “out of sector” aircraft 

but lower than “on sector and non-conflict” aircraft. 

 

 
Figure 2. Average number of eye fixations allocated between the different Areas Of Interest. 

The study of the cumulative duration of eye fixations confirms previous results with 

the same hierarchy between AOI. Moreover, in condition 2, it can be observed that 

eye fixations cumulative duration on interface and on “on sector and conflict” 

aircraft are in the same order of eye fixations duration. 
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Figure 3. Cumulative duration of eye fixations allocated between the different Areas Of 

Interest.  

To resume about controllers’ attention, it is shown that attention repartition does not 

seem to be altered by the use of an all-electronic interface, which confirms the first 

assumption initially defined. Results illustrate that conflict aircraft need more 

attention from controllers. Finally, as expected, all-electronic interface seems to 

require a significant level of attention which is almost equivalent to attention 

required by “on sector and conflict” aircraft. 

The pupil diameter analysis 

To analyse pupil diameter data, the maximum values reached during each significant 

eye fixations has been filtered out. The choice of analysis of pupil diameter through 

the maximum reached during eye fixations is justified by two pupil characteristics: 

pupil is constantly varying and reaching extreme value which makes irrelevant the 

study of average (Martin et al., 2011). Significant increase in pupil diameter is 

defined as a sign of mental workload rise (Beatty, 1982). 

Results obtained show that, in each experimental condition, a higher value of pupil 

diameter maximum for “on sector” aircraft is observed than “out of sector” aircraft 

(see figure 4). Furthermore, the value of pupil diameter is the highest for the 

“conflict” aircraft. 

It is also noticeable that the pupil diameter values recorded during the condition 2 

are lower than condition 1 data. Here, it has to be recalled that the sample of 

participants was different during the two experimental conditions, which induces 

physiological differences. Therefore pupil diameter values between experimental 

conditions are not comparable. 

As was the case in the eye fixations results, the value of pupil diameter for the 

interface (condition 2) is shown as almost equivalent to the value recorded for “on 

sector and non-conflict” aircraft and significantly higher than “out of sector” aircraft. 
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Figure 4. Maximum of pupil diameter during eye fixations on different categories of Areas Of 

Interest 

The analysis of the maximum of pupil diameter reached during eye fixations 

identifies two principal results concerning mental workload felt by participants. The 

hierarchy between aircraft categories in terms of mental workload dedicated is not 

altered by the use of a new all-electronic interface. Indeed, “out of sector” aircraft 

are defined as significantly less costly from a cognitive point of view than “on 

sector” aircraft, while “conflict aircraft” as the costliest. 

The second principal result deduced from the maximum of pupil diameter analysis 

deals with the interface. In fact, the information of interface requires a significant 

level of mental workload as confirmed by the almost equal of pupil diameter 

maximum recorded between the eye fixations on “on sector” aircraft and on the 

interface. 

Conclusion  

The experiment carried out in this study shows that the use of a new all-electronic 

interface without a significant preliminary training does not alter the repartition of 

cognitive resources of controllers during a realistic ATC task achieving.  Indeed, the 

repartition of eye fixations and pupil diameter value (reflecting attention allocation 

and mental workload felt) between the several aircraft categories, composing air 

traffic to be managed by the controllers, does not change. However, the level of 

visual attention in this situation is observed to be higher which is illustrated by a 

larger number of longer eye fixations recorded. The difference between the 

participants of the two experimental conditions makes impossible comparison of 

pupil diameter data recorded and therefore of mental workload felt by operators. 

The analysis of cognitive resources allocated to the interface is shown to be 

significant. This observation may partially be linked to the fact that controllers have 

to inform interface, while he has to inform paper strips in the actual ATC working 

position. Nevertheless, the part of attention required by the all-electronic interface is 

expected to decrease with a sustained training dedicated to the use of that new tool. 
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As a conclusion, the analysis of eye parameters appears to be a very promising 

approach in the evaluating of a new tool as a graphical interface. In the context of the 

SESAR project, such an approach could present a way to analyse operators’ 

feedback concerning the use of new tools after a sustained and sufficient training. 

This observation draws the perspective of this work, which will consist to compare, 

for the same ATCo sample, the level of mental workload felt according to several 

levels of automation. 
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  Abstract 

Aim The aim of this paper is to demonstrate that the 3-step principle of heuristic 

decision making (Gigerenzer et al., 1999) can be used to analyze how the design of a 

decision support system can influence operators’ decision making behavior. The 3-

step principle distinguishes an information search (1st step), terminating the 

information search (2nd step), and finally making a decision (3rd step), based on the 

acquired information. Background Ground traffic controllers manage the ground 

movements of departing and arriving traffic. Therefore they must pursue multiple 

goals in parallel, such as releasing aircraft to depart on time, minimizing the number 

of stops to save fuel, handling arrivals, and providing high throughput at the airport. 

Decision support systems are developed to support controllers to manage these tasks 

efficiently. Method A petri net model was developed for a ground controller at 

Dallas Fort-Worth Airport to simulate different controller heuristics. In addition, two 

design variants of ground control decision support system were realized in a 

medium-fidelity simulation and tested in HITL simulations. Results The application 

of the 3-step principle, within the airport-controller petri net model, is able to 

describe how the design variants of a decision support system can strongly guide 

participants’ information search and therefore their decision making behavior. 

Discussion The application of the 3-step principle for the design of assistance 

systems is discussed. 

  Introduction 

Airports are complex environments where many movements must be coordinated to 

assure an optimal workflow. Therefore ground traffic controllers need to be aware of 

the current traffic, the scheduled departure and arrival times as well as the required 

taxi-times depending on the individual stand of the aircraft.  

For a ground controller the complexity usually leads to a conflict regarding the 

attainability of concurrent goals. Possible goals to optimize ground movements are: 

 Minimizing taxi delay: move aircraft from their stand to the runway without 

stops and standing in line for a long time. 
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 Minimizing departure delay: release outbound aircraft so that they depart close 

to their scheduled take of time. 

 Handle arrivals: Fit incoming aircraft in the sequence without interference of 

the movements. 

 Provide for a high throughput: Allow for optimal times between a departing 

aircraft and another. 

While the controller wants to enhance the throughput for example, he/she may create 

lines on the taxiway in front of the runway, disregarding the waste of fuel by greater 

taxi delays.  

Due to the amount and complexity of the information about all parameters 

combined, the controller cannot acquire the entire situation as humans’ cognitive 

capacity is limited (Simon, 1990). Also a lack of time can favor a quick decision. 

Under those conditions it is reasonable to use only sparse information and decide by 

simple rules of thumb instead of taking all given information into account 

(Gigerenzer & Goldstein, 1996). By deploying such simple rules, so called 

heuristics, cognitive effort is reduced to remain capable of handling the traffic 

effectively. Well elaborated decisions may be ideal but decision making on the basis 

of sparse information may be a satisficing strategy that can be even more efficient 

because decisions can be made quickly (Simon, 1955). 

Gigerenzer et al. (1999) characterize heuristics by three rules which must be applied 

step by step to come to a decision: In the first step the information necessary to 

come to a decision is sought. Secondly the search is stopped due to a given time 

constraint or when sufficient information is acquired. The last step is the decision 

making itself and results from the two former steps. 

In order to support the controller to search for and interpret information more easily, 

assistance systems are developed that focus on certain aspects of the world. 

Information is gathered and combined so the controller can read the concentrated 

information and thereby pursue one specific goal very easily (Endsley, 2001). In one 

study by Riddle et al., 2012 two different assisting systems - represented in a display 

- were developed and tested to support the ground controller’s task: Temporal 

Constraint Visualisation Aid (TCV) and the Optimal Release Timeline Visualisation 

Aid (ORT) (see figure 1). 

The Temporal Constraint Visualisation Aid system provided the controller with a 

spatial representation of temporal distances between aircraft, visualizing the 

constraints for the required take-off separation of 72 seconds. Therefore bars of 

different colors were displayed along the taxiway to indicate the ideal position and 

moment to release an aircraft. 

A different assistance system was the Optimal Release Timeline Visualisation Aid. 

It drew lines at the flight strips of departing aircraft indicating the ideal points in 

time to release the aircraft from the gates. The lines moved with time and allowed a 

scheduling of the next movements. The Optimal Release Time provided information 

for an optimized trade-off between little taxi delay and a high throughput. 
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Figure 1: Assistance functions on the display. The orange arrow marks the TCV-

Aid, the green arrow the ORT-Aid. 

Performance data of that study (Riddle et al. 2012) revealed that participants in the 

TCV-Aid condition were more focused in minimizing taxi-delay, while participants 

within the ORT-condition, followed a trade-off between little taxi delay and high 

throughput. Also these data indicate that information which is easy to access is 

preferably employed. Thereby it can be inferred that a ground traffic controller 

would also rather pursue the goal which is easy to access from the assistance system, 

applying heuristic decision making.  

The search for information on a display can be measured via eye tracking. Therefore 

the areas at the controller’s working position which contain the relevant information 

of the airport processes can be defined as areas of interest (AOIs) where the 

frequency of attending can be observed for each of them. By the frequency the 

relevance of the different sources of information can be derived.  

Computer models for visual attention have been developed which can explain 

participants’ visual attention over time. The SEEV model (Wickens & McCarley, 

2008), which postulates salience, effort, expectancy and value as the four main 

factors of the visual attention, has been proven suitable for explaining participants’ 

visual attention (Gore, Hooey, Wickens & Scott-Nash, 2009). However, it has not 

been addressed in what way decision making heuristics can determine the visual 

search for information. 

Like in former studies by (Moehlenbrink, 2011; Werther 2006), in this paper a petri 

net human-machine-model was developed to simulate an airport and also to simulate 

the controller, using CPN-tools (Jensen & Kristensen, 2009). Thereby the 

controller’s search and decision making behavior by means of different heuristics 

are implemented with respect to the information provided by the different assistance 

systems.  

In this paper, it is addressed how the 3-step principle of heuristic decision making 

can be applied for explaining participants’ visual attention over time. So it is 

claimed here, that participants’ information depends on the heuristics applied. 

Different design variants of an assistance system influences controllers’ attention on 

certain information to come to a decision. In this paper it should be demonstrated, 

that an implemenation of the 3-step principle of heuristic decision making offers a 

valuable basis to predict particpants’ visual attention while completing a complex 

task. Thereby the definition of the first step (information search heuristic), defining 

which information a controller takes into consideration includes important 
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assumptions about his/her visual search. This paper gives attention to the question 

how the formalization of controllers’ heuristic decision making can explain their 

information search behavior as the first step of the decision process. It is illustrated 

how an understanding of heuristic decision making behavior can be derived from 

assumptions about attendance to specific information. An implementation of these 

assumptions into a human-machine-model allows a comparison of model data to 

empirical gaze data from human-in-the loop simulations. 

  Method 

In this paper eye-data files of three male pilots are analysed, demonstrating the 

major idea for modelling and predicting participants’ information search, based on a 

heuristic decision making petri net model. All three commercial airline pilots, 

considered as a convenient sample to complete the ground traffic control task, sat in 

front of a ground traffic display. In addition there was a 150° projection of an 

artificial outside view behind this screen. During the task a remote eye tracking 

system recorded the participants’ gaze data. The screen and the projection showed a 

simulation of Dallas Fort-Worth Airport. 

The task was to release aircraft efficiently. To do so an easy control panel was 

realized on the display. To reduce the difficulty of the simulation only the ground 

movement of the in- and outbound traffic needed to be coordinated by the 

participants, which implied only the clearances to taxi to the gate or towards the 

runway. 

The study was conducted with three assistance conditions and varied between 

subjects. So for demonstrating the idea, we look at three case studies: In case one, a 

pilot was assisted by the TCV-Aid which was displayed on the screen, in case two a 

second pilot used the ORT-Aid, while in case three, a third pilot had no additional 

assistance on the ground traffic display. At the same time gaze data was recorded to 

analyze the distribution of visual attention at the areas of interest (AOIs; see figure 

2). Those AOIs were geared to the correspondent areas on the display. So they were 

distinguished in space but also regarding their relevance to the tasks (Wickens & 

McCarley, 2008) to deliver a clearance for inbound traffic for example the arrival 

section of the display would be expected more important than the departure list. Not 

shown in the figure but also considered as an essential source of information was the 

outside view on the projection in front. 

Besides the study a petri net based human-machine-model was developed. The 

model contained the layout of the simulated airport as well as a rudimental 

simulation of a human decider. That decider was realized in different ways 

corresponding to the assistance systems and designed to come to a heuristic decision 

by means of sparse information. Figure 3 illustrates the principle of the decision 

making process in the petri net model. When an aircraft requested taxiing it was put 

into a loop of waiting aircraft. One after another then was checked and due to the 

heuristic rule either released or postponed to the loop to be re-evaluated later. The 

mentioned checking was in accordance with the 3-step principle. 
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Figure 2: Airport layout with an AOI-overlay. 

The heuristic assumed for the pilot in the TCV aid that he followed the information 

about empty and blocked spaces on the taxiway, whereas the model related to the 

ORT aid released aircraft at the recommendation of the calculated optimal time. For 

the control condition there is no strong indicator for heuristic decision making. In 

the model it is assumed that the pilot of the control condition looked for the 

scheduled take off times, distances between aircraft on the taxiway and estimated 

taxi times, how long it takes to get to the runway, in order to decide when to release 

an aircraft. 

 

Figure 3: Schematic depiction of the controller’s decision making implemented in 

the human-machine-model. 
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Table 1: Principle of counting the values in the decision making process (example of 

a request for departure from terminal E). 

 

The controller-airport-petri net model was run independently in a simulation. For 

every step of the decision making process, values were counted within the model 

related to the AOIs, which had been defined relevant for the particular tasks. For 

example, if an aircraft was checked whether it could effectively be released, the 
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model counted plus one to the value of the departure list AOI during the information 

search. 

This value lasted till the decision - whether to release or not - was made and then 

subtracted again. In the output a value for every AOI and second was extracted and 

later summed up. The increase and decrease of the AOIs’ values were not set to 

match the data but based on simple considerations about which information would 

be necessary to assess and where to find it. The approach is associated to the 

implementation of the SEEV model by Gore, Hooey, Wickens and Scott-Nash 

(2009) for instance. However, within the approach introduced here, different values 

are defined for different heuristics. For the values (relevance*importance), only the 

relevance of the values is considered, as a first simplified version. Table 1 shows an 

exemplary counting of the values for the consecutive subtasks to release an 

outbound aircraft on terminal E. 

The implementation of the 3-step principle for the determination of visual attention 

corresponds to the implementation of the decision making itself; the longer it took to 

search for the appropriate information the higher the value counted in total. 

  Results 

The data for every AOI derived from the human-machine-model as well as the 

actual gaze data from the case studies are compared for two different traffic 

scenarios. Figure 4 and 5 show the comparison between model and empirical data.  

 

Figure 4: Comparison of the empirical percentage dwell time data to the determined 

probabilities of attending derived from the model in the condition without aiding 

system (upper left), the TCV-Aid condition (upper right) and theORT condition. 
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Figure 5: Comparison of the empirical percentage dwell time data to the determined 

probabilities of attending derived from the model in the condition without aiding 

system (upper left), the TCV-Aid condition (upper right) and the ORT condition. 

The gaze data was measured by the percentage dwell time, the model data was 

similarly calculated as the probability of attending in two different scenarios. The 

two curves apparently differ from each other. However, in the TCV-Aid condition 

the lines match quite accurately and even better in the ORT condition. 

Table 2: Correlation between empirical and model data. 

 

To get an indication of how well the determined values fit the empirical data, the 

correlations were calculated. In the TCV condition the compared data correlated at r 

= .720 for scenario 2 and r = .706 for the third scenario. The determined values by 

the model in the ORT condition resembled the empirical data by r = .894 and r = 

.887 as can be read in table 2. In contrast the condition without an assistance system 
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did not show any correspondence between the model values and the actual gaze data 

(r = .135 and r = .154). 

  Discussion 

This paper demonstrated that an implementation of the 3-step principle into a 

human-machine-model can be a valuable approach to explain actual gaze data. 

During implementation of the 3-step principle of decision making the focus was on 

the information search rule.  

It was shown how the search and decision rule can be implemented in an airport-

controller petri net model. Further it was analysed that the probability of attending 

can be well explained on the basis of heuristic decision making. Simulation data 

generated by the human-machine model were compared to empirical eye data from 

three case studies. 

As the correlations indicate an adequate match between the modeled values and the 

actual gaze data can be obtained. This finding suggests that the assumption of 

heuristic decision making can provide important information to explain actual gaze 

data. Nevertheless, if the heuristic rule the controller uses cannot obviously be 

identified, the visual attention cannot be predicted. 

The implementation of the search rule to determine the probability of visual 

attending turned out well as the value was counted every second. So the longer the 

search the higher was the value. 

The calculations in the model were based on very simple considerations and also 

calculated as overall values. Nevertheless the results point to a good approximation 

to real gaze data as heuristic strategies can be inferred from the experimental setting. 

The more we know how a controller makes a decision the better we understand 

where his/her attention is allocated. 

  Conclusion and outlook 

It is possible to determine the controllers’ probability of attending by a model based 

on heuristic decision making. Due to controller’s goal different aspects need to be 

considered and thus information is gathered from different areas. The search for 

information guides the eyes to the relevant areas while irrelevant information is 

neglected. This search is guided top down by the pursued goal so the probability of 

attending can be derived as the applied heuristic of information search is identified. 

The better the understanding of the controllers’ decision making strategy the more 

accurate the assumptions about the distribution of visual attention can be 

implemented in a human-machine-model. 

Thus the advantage of considering the decision making process within the field of 

visual attention would be an enhanced accuracy in predicting the probability of 

attending. 
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As it is based on heuristic decision making processes the developed petri net model 

meets the requirement to be simple. In the complex controller’s working position the 

considerations about the probability of attending could be much more precise 

concerning the numerous different tasks and the related complex visual scanning 

patterns. In future the SEEV-approach by Wickens and McCarley (2008) could 

therefore be applied with all its components for a more accurate and adequate 

prediction of the visual attention.  

Also further research could aim to a time related comparison within the human-in-

the-loop simulation. Although the data was collected every second and could easily 

be matched to real gaze data afterwards, the model was not designed to react exactly 

like a human controller so it could not be applied to a simulation working hand in 

hand with a real controller without greater restrictions. 

  References 

Endsley, M.R. (2001). Designing for situation awareness in complex systems. In 

Proceedings of the second international workshop on symbiosis of humans, 

artifacts and environment, Kyoto, Japan. 

Gigerenzer, G., & Goldstein, D.G. (1996). Reasoning the Fast and Frugal Way: 

Models of Bounded Rationality. Psychological Review, 103, 650-669. 

Gigerenzer, G., P. Todd., & ABC Research Group. (1999). Simple heuristics that 

make us smart. Oxford: Oxford University Press. 

Gore, B.F., Hooey, B.L., Wickens, C.D., & Scott-Nash, S. (2009). A computational 

implementation of a human attention guiding mechanism in MIDAS v5. In. 

V.G. Duffy (Ed.). Digital Human Modeling, HCII (pp. 237– 246). Heidelberg: 

Springer-Verlag.  

Jensen, K., & Kristensen, L. M. (2009). Coloured Petri Nets Modelling and 

Validation of Concurrent Systems. Berlin: Springer. 

Möhlenbrink, C. (2011). Modellierung und Analyse von menschlichen 

Entscheidungsheuristiken mit farbigen Petrinetzen. Dissertation. Technische 

Universität Braunschweig, Forschungsbericht 2011-08. Köln: Deutsches 

Zentrum für Luft- und Raumfahrt e.V. 

Riddle, K., Kirlik, A., Talleur, D., Carbonari, R., Holbrook, J., Byrne, M., Bauer, D. 

& Beard, B. (2012) A Comparison of Visualisation and Command-Based 

Decision Aiding in a Simulated Aircraft Departure Sequencing Task. 

Proceedings of the Human Factors and Ergonomincs Society 56
th

 Annual 

Meeting, Boston, Massachusetts USA.  

Simon, H. A. (1955). A behavioral model of rational choice. Quarterly Journal of 

Economics, 69, 99-118. 

Simon, H. A. (1990). Invariants of human behavior. Annual Review of Psychology, 

41, 1–19. 

Werther, B. (2006). Colored Petri Net Based Modeling of Airport Control Processes. 

Paper presented at the International Conference on Computational Intelligence 

for Modelling, Control and Automation. Sydney, Australia. 

Wickens, C.D., & McCarley, J. (2008). Applied attention theory. Boca-Raton, FL: 

Taylor & Francis. 



In D. de Waard, K. Brookhuis, F. Dehais, C. Weikert, S. Röttger, D. Manzey, S. Biede, F. Reuzeau, and 
P. Terrier (Eds.) (2012). Human Factors: a view from an integrative perspective. Proceedings HFES 

 Europe Chapter Conference Toulouse. ISBN 978-0-945289-44-9. Available from http://hfes-europe.org

Ocular metrics for detecting attentional tunnelling 

Nicolas Regis
1
, Frédéric Dehais

1
, Catherine Tessier

2
, Jean-François Gagnon

3
 

1
ISAE, Toulouse, France  

2
ONERA, Toulouse,F rance  

3
Université Laval, Québec, Canada 

 

  Abstract 

This paper focuses on ocular measurement to detect the human operator’s particular 

state of “attentional tunnelling” during a robot supervisory task. After a survey of 

the existing ocular metrics, an innovative fixation detection algorithm is proposed. 

Then the metrics derived from the ocular parameters calculated by the algorithm are 

tested in a human-robot experiment. Among the metrics calculated, 3 of them appear 

to be able to statisticaly discrimintate the operators who faced attentional tunnelling. 

  Introduction 

Despite the constant efforts aimed at improving the operator-system interface, there 

is still an important share of accidents caused by the inability of the human operators 

to detect unexpected changes in the environment (e.g. alarms). This issue is a major 

concern in aeronautics (Thomas & Wickens, 2004) or automotive (Crundall & 

Underwood, 2011). An explanation of the phenomenon is proposed by Wickens 

(2005) under the name of “attentional tunnelling” which he defines as “the 

allocation of attention to a particular channel of information, diagnostic hypothesis 

or task goal, for a duration that is longer than optimal, given the expected costs of 

neglecting events on other channels, failing to consider other hypotheses, or failing 

to perform other tasks”. The design and implementation of tools to detect operators’ 

attentional impairments is a critical issue from a human factor point of view. Such 

tools would allow cognitive countermeasures
1
 to be triggered to re-orientate the 

operator’s attention. Since there is no model of attentional tunnelling, relevant 

metrics have to be defined to characterize the occurrence of this state in the operator. 

One particularly promising avenue for attentional state prediction is ocular metrics 

computed from eye-tracking measurements (Tsai & al., 2007; Cowen, Ball, & Delin, 

2002; Thomas & Wickens, 2004). In the literature, such an attentional focus of the 

human operator has been associated with a decreased saccadic activity and long 

concentrated eye fixations (Tsai & al., 2007; Cowen, Ball, & Delin, 2002). 

Consequently fewer areas of interests (AOIs) are scanned by the operator on the 

                                                           

1 A cognitive countermeasure is a means to mitigate a cognitive bias. It relies on removing 

temporarily the pieces of information on which the human operator is focused and their 

replacement by the relevant ones (Dehais, Tessier, & Chaudron 2003; Dehais, Causse, & 

Tremblay, 2011) 

 



122 Regis, Dehais, Tessier, & Gagnon 

interface (Thomas & Wickens, 2004).This paper this work in the context of robot 

supervision further, an environment that is prone to attentional tunnelling due to its 

high mental demands (Chen, Haas, & Barnes, 2007). Three interface based ocular 

metrics have been tested during an Unmanned Ground Vehicule (UGV)
 
 supervisory 

and control task (Pizziol, Dehais, & Tessier, 2011). One potential concern with these 

metrics results from the analysis of the operator's gaze related to the AOIs on the 

interface, which requires the expert knowledge of the interface. Consequently, we 

would like to provide generic metrics that would be interface-independent and thus 

could be extended to other domains. This work focuses on the analysis of the 

ballistic behaviour of the eye and on finding relationships between the eye behaviour 

and the operator’s attentionnal state. Analysis methods of the eye motion will be 

discussed and an innovative Eye State Identification Algorithm (ESIA) will be 

presented. Then metrics derived from the ocular parameters calculated by the ESIA 

will be tested on the UGV supervisory and control task cited before. 

  Measuring the ocular activity: The eye state vector (ESV) concept 

The aim of the ESIA is to associate a state to the eye for each sample measured by 

the eye tracker. The sequence of the eye states computed from the sequence of eye 

positions is called the ESV. 

  Preliminary definitions of the ocular states 

The eye movement is mainly saccadic; it consists in a sequence of fixations 

interrupted by saccades changing the locus of the point of gaze (Robinson, 1964). 

These movements are closely linked with attention even though restrictions have 

been elicited (Posner, 1980). The phenomena considered in this study are fixations, 

saccades, blinks and smooth pursuit: 

- Fixations are defined as relatively stable positions of the eye allowing 

information encoding. Fixation length and frequency are relevant indicators 

of the complexity or the importance of a piece of information and allow the 

efficiency of a user interface to be assessed (Goldberg & Kotval, 1999); 

- Saccades are rapid ballistic movements of the eye between two fixations 

with high velocity in the 400-600°/s range (Liang, Reyes, & Lee 2007). 

Metrics derived from saccades qualify information search (Goldberg & 

Kotval, 1999). 

- Blinks occur when the eyelids cover the eye globes. Different metrics are 

derived from the blinks frequency as an indicator of workload (Bonner & 

Wilson, 2002), visual load (Veltman & Gaillard, 1996) or fatigue (Bruneau, 

Sasse, & McCarthy, 2002); 

- Smooth pursuit is another eye movement based on continuous adaptation of 

the eye position in order to keep the eye pointing at a defined target 

(Robinson, 1965). Smooth pursuit is associated with speeds between 1 and 

30°/s (Liang, Reyes, & Lee, 2007). 
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  Temporal criteria for fixation classification 

According to (Marshall, 2000), we consider that a fixation is a stable position of the 

eye for at least 100ms. A classification of the types of fixations is proposed by (Graf 

& Krueger, 1989) depending on their duration: 

 Involuntary fixation: fixation length < 240ms; this fixation is too short to 

have a high level processing of the information at the locus of the fixation; 

only fast search of information is possible. 

 Voluntary fixation: fixation length > 320ms; this fixation corresponds to 

information extraction at the locus of the fixation. 

 Undetermined fixation: fixation length between 240ms and 320ms; it is a 

“safety net” against threshold effects. 

These temporal parameters have been taken into account as temporal criteria in the 

ESIA as they should give interesting information on visual stimulus processing. 

  Content of the ESV 

Marshall (2000) underlines that “at any instant, the eye of an awaken individual is in 

one of three states: blinking, moving, or fixating.” If we try to identify separately the 

eye states from the eye position sequence, there is a risk of identifying an eye 

position as belonging to two states at the same time. Therefore, we compute the ESV 

where only one eye state can be associated with an eye position. There are five 

possible states in the ESV: 

- Blink : the eye lid covers the eye; 

- Involuntary fixation : fixation length < 240ms 

- Undetermined fixations: fixation length between 240ms and 320ms 

- Voluntary fixation: fixation length > 320ms 

- Saccade: fixation length < 100ms or speed > 30°/s out of the last fixation area. 

 

  Eye-tracker data and ocular parameters identification 

Eye tracking systems are commonly used to analyze the ocular behaviour. They 

produce a sequence of angular eye positions at various rates (from 25Hz to more 

than 1kHz) with an average precision of 0.25°, but also blinks, pupillary dilation 

and/or vergence depending on the kind of device. In our case, each frame analyzed 

by the eye-tracker takes the shape of a line vector containing all the parameters 

computed by the eye-tracker. The eye-tracking log of an experiment is therefore a 

time-stamped matrix where each line corresponds to one eye position. The data 

within the line vector are the following: 

 Horizontal eye angular position : X° 

 Vertical eye angular position : Y° 

 Eye detection tags 

This position sequence is generally turned into a fixation-saccade sequence allowing 

further analyses on the operator’s visual processing. Even though eye-trackers come 

with their own fixation identification algorithm, many different approaches have 

been developed to fit with more specific needs. In order to set a basis on which the 
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algorithms could be compared, Salvucci & Goldberg (2000) have proposed a 

taxonomy for classifying the various fixation identification algorithms. Three classes 

of algorithms are isolated: AOI-based, Velocity-based, Dispersion based. Since 

AOIs are specific areas defined on the interface (generally delimiting the different 

sources of information), AOI-based algorithms are necessarily interface-dependant. 

To compute the ESV with the ESIA, we will only focus on the last two algorithms, 

which are interface-independent.  

  Velocity-based and Dispersion-based algorithms 

  Velocity-based identification  

The velocity of the eye is computed from the consecutive frames of the eye tracker 

log. Velocity-threshold identification is based on the comparison between the 

current eye velocity and a fixed velocity threshold. If the current eye velocity is 

under that threshold then the eye is considered as doing a fixation. If the velocity is 

above that threshold it is considered that the eye is doing a saccade. This method is 

straightforward, very fast, but is exposed to threshold issues as the transition 

between both states is binary. Furthermore, the velocity values associated with the 

state of fixation are still in debate in the literature and differ from one author to the 

other: 

 Under 100°/s (Salvucci & Goldberg, 2000) 

 In the 15-100°/s area (Jacob & Karn, 2003) 

 Under 1°/s (Liang, Reyes, & Lee, 2007) 

We have chosen to use the velocity-threshold algorithm with a 30°/s threshold. 

Because the eye velocity during a smooth pursuit movement is under that threshold 

(see Preliminary definitions of the ocular states), smooth pursuit will be considered 

as a fixation (i.e. the information is processed at the locus of fixation eventhough the 

target is moving slowly). 

 

  Dispersion-based identification 

The dispersion-threshold algorithm is equivalent to consider that a fixation is a 

group of positions included within a fixed shape area of a predefined surface. 

Different shapes can be found in literature: 

 Circular shape: with a radius of 0.5° (Hoffman & Subramaniam, 1995) or 

around 1° (Liang, Reyes, & Lee, 2007). 

 Square shape: 1° by 1° (Marshall, 2000). 

As soon as the eye gaze moves away from this area, the current fixation is 

considered as ended. 

Contrary to the Minimum Spanning Tree identification (Salvucci & Goldberg, 

2000), the dispersion-based identification is a linear time algorithm which is 

therefore suitable for real time analysis. This method has been chosen as the basis of 

the ESIA also because the spatial criterion is simple to control and the robustness of 

fixation identification is easily improved by adding the temporal criteria presented 

before (Salvucci & Goldberg, 2000) on top on the velocity-threshold condition. 
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  ESIA scheme 

The algorithm reads the time stamped matrix produced by the eye tracker line after 

line in chronological order. The blink analysis is possible thanks to the eye detection 

tag (see Eye-tracker data and ocular parameters identification). The detection tag 

switches from 1 to 0 when the eyelid masks the eye. Each frame vector with a zero 

detection tag is labelled as blink. Therefore blinks interrupt a saccade or a fixation at 

any point in the detection and the next frame is analyzed.  

If the vector is labelled with a 1 detection tag, then the X° and Y° parameters are 

analyzed: a block of consecutive eye positions is opened. At the beginning the block 

is composed of only one eye position. It will grow if the next eye position verifies 

the following conditions:  

- First, a dispersion-based condition is evaluated: successive positions have to be 

less than 1° away from the first position (horizontally and vertically, square 

shape) which allows some noise around the first fixation point with no 

velocity restriction.  

- If the point-of-gaze moves out of the fixation area then the velocity-based 

condition is evaluated: the speed should not exceed 30°/s (smooth pursuit is 

considered as a fixation). In that case, the center of the square in which the 

eye is considered as fixating is moved at the current point-of-gaze. 

- When none of these two conditions is validated the block is closed.  

The length of the block is evaluated and compared to the temporal criteria presented 

before (see Temporal criteria for fixation classification) in order to be classified. All 

the frames belonging to this block are then labeled with the fixation type. The 

sequence of the eye states is stored in the ESV. The position, the type, and the length 

of the blocks are also saved in a log for statistical post-hoc analysis. Consequently 

the ESIA computes the ESV and a log associated to it. 

  Derived metrics 

Many metrics can be derived from the ESV. In this study, we evaluated how the 5 

ocular states are distributed in time. The ratio of time spent in each state was 

computed thanks to a moving average window that runs through the ESV. The state 

distribution was then used to compute the fixation/saccade ratio which highlights the 

balance between research (saccades) and information extraction (all types of 

fixations) (Goldberg & Kotval, 1999). The eye velocity was also computed directly 

from the eye position sequence.These metrics have been tested to detect attentional 

tunnelling in the context of an experimental task involving a human operating a 

UGV. 

  Experiment 

  Experimental setup 

An experiment was conducted at ISAE with a UGV and a scenario was completed 

by 23 participants (for more details see Dehais, Causse, & Tremblay, 2011). The 
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participants used an interface to remotely control the UGV without any direct visual 

contact (see figure 1). At the beginning of the mission, the UGV autonomously 

navigated in supervised mode to reach the search area (segment 1). Upon arrival, it 

started autonomous scanning for detecting the target (segment 2). When the robot 

was in the vicinity of the target, a message was sent to the human operator to take 

over and control the rover in manual mode for a discrimination task associated with 

the target (segment 3). While the human operator was involved in the discrimination 

task, a “low battery event” was sent by a wizard of Oz (start segment 4). In turn, this 

event triggered a safety procedure that made the robot return to base in supervised 

mode. As this event happened at a critical moment of the mission, it was expected 

that the human operator would not notice the alerts dedicated to warn him of the low 

battery event.  

 

Figure 1: Interface used for supervising the robot.  

The participants were split in two groups depending on how the low battery event 

was presented. The control group (N=12) experienced a “classical” presentation of 

the event via three alarms: the battery icon (area 1) switched from green to orange, 

the display (area 2) showed "Back to base" in green, and the piloting mode (area 3) 

blinked twice from "manual" to "supervised". 

The countermeasure group (N=11) experienced the disappearance of the panoramic 

video screen for 1s (area 4). Then the reason for the robot’s behaviour was shown 

for 3s in place of the panoramic video. After a 3s transition during which the 

panoramic video appeared behind the explanatory text, the interface got back to the 

“nominal” layout.  

In the control group 8 participants out of 12 experienced attentional tunnelling and 

faced a conflict between their goal (achieve the target identification task) and the 

goal of the UGV (go back to base). All of the 11 participants from the 

countermeasure group noticed the battery failure and understood the behaviour of 
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the robot. Therefore the discrimination between the two groups should be found over 

segment 4 (battery failure) as the control group experienced attentionnal tunnelling 

and the countermeasure group did not. 

  ESV state distribution during the UGV mission  

The 23 participants were equipped with a Pertech head-mounted eye tracker 

recording eye position data at a frequency of 25 Hz. The eye state distribution is 

computed from the ESV as explained in paragraph ESIA scheme. An example of the 

state distribution during the UGV mission for a participant from the countermeasure 

group is presented in Figure 2. 

 

Figure 2: Eye state ratio of a subject from the countermeasure group. Red vertical lines 

represent separation between segments.  

On figure 2, segments S1 and S2, which correspond to autonomous phases, are 

homogeneous. During segment S3, the voluntary fixations (in pink) increase, 

corresponding to the manual identification task whereas the saccadic activity (in 

black) decreases to zero. After the operator received the countermeasure (start of 

segment S4), saccades, which are an indicator of ocular research on the interface, 

increase suddenly aiming at restoring the right situation awareness. The peak at the 

end of segment S4 is not explained at this stage. The end of the record corresponds 

to the arrival of the robot at the base. 
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Figure 3: Eye state ratio of a subject from the control group. Red vertical lines represent 

separation between segments.  

On figure 3, Segments S1 and S2, which correspond to autonomous guidance 

phases, are also homogeneous with a similar distribution of the state ratios for the 

two subjects. During segment S3, a major change in ocular activity is observed with 

a high saccadic activity. The subject was surprised by the authority switch. He spent 

some time scanning the different information sources before starting to manoeuver 

the robot. Then the voluntary fixations increased as the identification task actually 

started. There was no significant change as the alarm was triggered, the saccadic 

activity remained low and the ratio of voluntary fixations remained high. The 

operator persevered on the identification task till the end of the record when the 

robot had run out of battery. 

  Statistical results 

In this section, the ability of the metrics derived from the ESIA to isolate 

attentionnal tunnelling using two-way repeated measure ANOVAs is evaluated. Due 

to data collection issues, only 11 out of the 12 participants from the control group 

are considered and all the 11 participants from countermeasure group. 

Ocular metrics presented above are compared across groups. We will focus first on 

the involuntary fixations. Involuntary fixations significantly vary across Segment x 
Group interaction F(3,60) = 8.39, p < 0.01. Specifically, involuntary fixations are 

different over segment S4 (p < 0.01) but not over the other segments. Results are 

grouped in Table 2 for the other metrics. 
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Table 2 – GroupxSegment interaction 

 F P 

Voluntary fixations 3.20 0.03 

Eye velocity 7.27 < 0.01 

Saccades 1.80 0.16 

Fixations/saccades ratio 2.27 0.09 

Undetermined 

Fixations 
5.45 < 0.01 

 

We can see that the SegmentxGroup interaction on time spent on voluntary fixations 

is not statistically significant. The eye velocity is significantly lower over segment 4 

for the control group than for the countermeasure group (p < 0.01). Saccades are not 

significantly different over segment 4 which is surprising as saccades are tightly 

linked with eye velocity. The fixation/saccade ratio defined by (Goldberg & Kotval 

1999) is not significant. It has to be noticed that undetermined fixations show 

significant SegmentxGroup interaction with significant differences over segment 4. 

This observation needs further work to be analyzed.  

  Conclusion 

In this paper we have shown how interface-independent eye metrics are able to 

discriminate individuals in the state of attentionnal tunnelling from the individuals in 

nominal state: indeed eye speed, undetermined fixations and involuntary fixations 

are potential interface-independent candidates for attentionnal tunnelling prediction. 

In this work, we have used the fixation classification presented in (Graf & Krueger 

1989). It seems that this classification has not been validated nor criticized by other 

works. Our results using this classification elicit the fact that undetermined fixations 

seem to react significantly to attentionnal tunnelling. This suggests that the 

thresholds defined by Graf and Krueger do not apply here as some information 

appear to be lost when not associating any role to the undetermined fixations. The 

correlations between the eye states are currently under investigation and seem to 

indicate that it is possible to extract some information from undetermined fixations. 

Furthermore, it is reasonable to think that if the eye velocity is a discriminating 

indicator of attentionnal tunnelling, saccades should also react significantly as 

saccades are high-velocity eye movements. The ESIA detects saccades if the 

velocity exceeds 30°/s. But the eye velocity during a saccade may be way higher 

than 30°/s as explained in the Preliminary definitions of the ocular states section. It 

means that saccades are detected without taking the saccade velocity into account. 

Therefore the eye speed metric and the saccade metric can evolve separately. Over 
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segment 4, the eye speed is significantly higher for the countermeasure group than 

for the control group. It means that saccades are of greater magnitude for the 

countermeasure group than for the control group. 

The on-going work takes advantage of this analysis. The eye speed is used to 

compute a new ocular metrics that appears to be highly correlated with the switching 

rate. This would provide another interface-independent metric that could elicit 

attentional tunnelling, as the switching rate does (Pizziol, Dehais, & Tessier 2011). 
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  Abstract 

The increasing amount of automation in aviation systems requires that the operators 

monitor those systems appropriately. "Operators monitoring appropriately" (OMA) 

have been defined as those who monitor in a way that enables them to detect 

automation failures and resume control if automation fails. Identifying OMA 

reliably is a current objective for the selection of future aviation personnel. Eye-

tracking data have been utilised to provide real-time measurements of visual and 

cognitive information processing. This raised the question of which eye-tracking 

parameters are important for differentiating between high performance and poor 

performance among operators. Previous studies had revealed time-sensitive eye-

tracking parameters that help identify OMA who are prepared to resume control. 

This study dealt with finding eye-tracking parameters that help identify OMA who 

are able to detect automation failures. An experiment was conducted with 33 

candidates for the DFS (Deutsche Flugsicherung GmbH). A simulation tool called 

“MonT” (Monitoring Test) was developed, which required test subjects to monitor 

an automatic process and register automation failures while eye movements were 

recorded. Results have revealed suitable eye tracking parameters that help 

differentiate between the participants' performance level in detecting failures. In the 

long term, MonT will be further developed with the aim of meeting the criteria for 

future selection tests. 

  Introduction 

According to research on the future of aviation, such as the Single European Sky 

ATM Research Program (SESAR), operators will have to work with highly 

automated systems. Wickens, Mavor, Parasuraman and McGee (1998) concluded 

that automation might affect system performance due to the new skills that may be 

required, and that human operators might not have been adequately selected and 

trained to prepare for these changes. 

In order to gather expectations about future tasks and roles, workshops were 

conducted with experienced pilots and air traffic controllers (Bruder, Jörn, & 

Eißfeldt, 2008). Findings from the workshop debriefings suggest that there is a 
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crucial new requirement for humans operating in man-machine settings: "operational 

monitoring." Operational monitoring includes using one’s senses to follow 

meaningful information from various sources (e.g. an automated system) 

responsibly, even when there is no direct need for action. It involves being prepared 

to fully take over control of a system at any time, for example in the case of 

malfunction (Eißfeldt et al. 2009). Thus, the increase in automation requires 

operators monitoring appropriately (OMA). OMA are assumed to monitor in such a 

way as to enable them to detect system errors in time, and to take control if 

automation fails.  

As the DLR's Department of Aviation and Space Psychology is responsible for the 

selection of pilots and air traffic controllers, one of its goals is to find criteria for 

identifying which candidates are suitable to become future operators. 

Defining adequate monitoring performance: Devising a normative model 

Niessen and Eyferth (2001) developed a model for an experienced air traffic 

controller’s mental representation of a traffic situation. According to the model, 

adequate monitoring involves going through a monitoring cycle consisting of 

specific monitoring phases: orientation, anticipation, detection and recheck (ebd.). 

Based on this background, a theoretical model can be devised which describes the 

monitoring behaviour of OMA (figure 1). Thus, operators monitoring appropriately 

(OMA) are expected to orient themselves to automated system operations as well as 

to anticipate, detect and recheck them in time.  

Recent research has tested the normative model with airline pilots and air traffic 

controllers. The monitoring behaviour of these experts supported the relations 

beween monitoring phases and performance data which were predicted by the model 

(Bruder, Grasshoff & Hasse, in press).  

Recheck phase: 

controlling system 

performance 

afterwards 

Orientation phase:  

orienting towards an 

approaching situation

Anticipating phase:

anticipating system 

operations in time

Detection phase: 

detecting relevant 

system operations in 

time

Manual control 

performance

Failure detection 

performance

Figure 1: Normative model of phase specific monitoring behaviour 



 eye-tracking parameters and automation failures 135 

 

  Measuring adequate monitoring performance: Eye tracking 

Although the criteria for effective monitoring behaviour have been derived, until 

now there has not been a suitable way of measuring monitoring performance.  

A variety of psychophysiological and imaging studies support the idea that eye 

movements offer an appropriate means for measuring the efficient and timely 

acquisition of visual information. For example, shifts in attention are usually 

reflected in the fixations (Findlay & Gilchrist, 2003). The fixation count can be used 

as a measure of a person's expectations and assumptions (Rötting, 2001). The 

fixation duration reflects the duration of information processing (Inhoff & Radach, 

1998). Finally, the total gaze duration per AOI (area of interest) is a measure of the 

difficulty of recording the information viewed (Rötting, 2001).  

When using eye tracking as a measurement of monitoring behaviour, this implies the 

following. First of all, OMA direct their gaze towards potentially relevant system 

operations at the right time, thus reflecting that they orientate themselves toward 

upcoming events. Furthermore, they anticipate the events directly before they 

happen, detect them when they happen, and recheck them afterwards. This raises the 

question of how OMA typically guide their eye movements. In particular, which 

scanning profile enables the operator to detect automation failures and assume 

control when necessary?  

The aim is to identify suitable eye-tracking parameters which record the monitoring 

process and, at the same time, are related to the detection of automation failures. 

Validating adequate monitoring performance: Performance measurements 

Based on this line of thinking, eye tracking parameters that predict the ability to 

resume control were identified (Hasse, Bruder, Grasshoff & Eißfeldt, 2009b). 

Results indicate that the suitability of each parameter depends on the specific phase 

of the monitoring process. Gaze durations allow for differentiation between high and 

low performing subjects during orientation phases. In contrast, relative fixation 

counts are suitable for predicting monitoring performance during detection phases 

(Hasse, Grasshoff & Bruder, 2012).  

So far, criteria for effective monitoring behaviour in relation to manual control have 

been identified, however, their relation to the ability to detect automation failures 

remains unclear. Thus, the question arises: which monitoring criteria are most 

important for identifying OMA who also have the ability to detect automation 

failures? In order to learn more about this relationship, the following hypotheses 

have been tested: 

Hypothesis 1: While monitoring automated processes, adequate attention allocation 

during the orientation, anticipation, detection and recheck phases is related to the 

detection of automation failures. 



136 Hasse, Grasshoff, & Bruder 

Hypothesis 2: In terms of detecting automation failures, high performing operators 

differ from poorer performing operators in that they show adequate attention 

allocation during the orientation, anticipation, detection and recheck phases. 

The hypotheses imply that the performance in detecting automation failures serves 

as a criterion for evaluating the quality of individual monitoring behaviour. 

Similarly, it is assumed that one's ability to monitor automation is indicative of one's 

performance in the detection of automation failures.  

  Method 

An empirical study was undertaken with candidates for a professional training 

program at DFS (Deutsche Flugsicherung GmbH). Its purpose was to test the 

theoretical model of monitoring behaviour, i.e. its postulated monitoring phases and 

their relationships to the detection of automation failures. A simulation tool was 

developed providing both the assessment of monitoring performance and success at 

detecting automation failures. Diverse eye movement parameters were recorded to 

measure monitoring behaviour. 

  Simulation equipment/Simulation tool 

A simulation tool called the “Monitoring Test” was developed to enable the 

assessment of monitoring behaviour and detection of automation failures. Since the 

tool is a simplified and abstract simulation of traffic flow, the test subjects need no 

prior experience as a pilot or air traffic controller. The traffic flow simulation can be 

controlled either automatically or manually by using input devices. The task of both 

the automated system and the human operator is to bring all current values into 

agreement with target values (for further information, see Hasse, Bruder, Grasshoff 

& Eißfeldt, 2009a). Objects (the arrows in figure 1) move at four second intervals. 

24 scenarios were presented in the present study; in half of them, a single 

automation failure occurred (twelve malfunctioning scenarios). In the other twelve 

scenarios, the automatic system worked accurately (twelve distractor scenarios).  
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Figure 1: Air traffic flow display of the MonT simulation (screenshot). 

  Eye tracking equipment 

Eye movements were recorded by the Eyegaze Analysis System, manufactured by 

L.C.T.. The system was combined with the simulation tool MonT to ensure that both 

systems use the same timestamp. The raw data was processed using NYAN 

software, developed by Interactive Minds. Subjects were seated in front of a 19-inch 

LCD computer display at a distance of approximately 60 cm.  

  Test subjects 

The experiment was conducted with a sample of 33 applicants for air traffic control 

training at DFS (Deutsche Flugsicherung GmbH). They were 18 to 25 years old 

(M=19.48, SD=2.02), 61% were male. 60% claimed to have experience with 

strategy games. Experiments were conducted in conjunction with the regular 

selection process at the German Aerospace Center without influencing the selection 

outcome. Participants received 20 €.  

  Procedure 

The experiment started with detailed instructions and four exercises. Participants 

were informed that they would be working on an automated traffic-flow simulation. 

The task was to monitor the automated system and detect false input devices in the 

system. Subjects were told to indicate the false input devices by locating them on the 

screen as soon as possible and clicking on them. After the briefing, participants had 

to monitor 24 traffic scenarios, each of which lasted two to three minutes. During 

the scenarios, the traffic moved dynamically. Every scenario began with an 

orientation phase, where the display was frozen. The orientation phase was meant to 

enable the participant to form a mental image of the simulation before the traffic 
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would start flowing dynamically. The duration of the orientation was variable, 

allowing the subject to take as long as necessary to orient himself. Finally, 

participants were asked about their impressions of the experiment. 

  Measurements 

Eye tracking data and failure detection performance data were used as dependent 

variables.  

Two groups of eye-tracking data were used to measure monitoring performance. The 

first group of data consisted of the total and relative fixation counts (rgd), meaning 

the ratio between the number of visual fixations on defined areas of interest (AOIs) 

and all fixations within a given time frame. Secondly, the total and relative relative 

gaze durations (rgd) on predefined AOIs were recorded.  

AOIs directly represent system operations executed by the automatic system. Thus, 

perceiving these AOIs at the right time should indicate ideal monitoring behaviour. 

We distinguished between AOIs where the automation failure occurs (relevant 

AOIs), and AOIs representing events that could potentially encounter an automation 

failure (all AOIs). As orientation, anticipation, detection and recheck are only 

possible within certain time frames within a scenario, every scenario was divided 

into sections. Each time frame represents a monitoring phase and is characterised by 

AOIs that are necessary for monitoring adequately during this phase.  

Regarding failure-detection performance, frequency and response time of failure 

detection were used, as well as the number of false alarms. Subjects indicated that 

they had detected a system failure by clicking  on the input device where the failure 

occurred. 

Additionally, the perceived effort and the individual duration of the orientation 

phase were recorded. After every scenario, perceived effort was measured by SEA 

scale (Eilers, Nachreiner, Hänecke & Schütte, 1986) from zero (no effort) to 220 

(very high effort). During the orientation phase, when the display was frozen, 

participants could orient themselves for as long as they wanted. The duration of the 

orientation phase was analysed as an indicator of the difficulty to visualise the 

scenarios.  

Results 

All twelve malfunctioning scenarios were analysed. First analyses indicated that six 

of them differentiate sufficiently between participants. Therefore, further analysis 

focused on these six scenarios. The relationship between eye gaze data and 

performance data was examined. In addition, data groups with distinctly positive or 

negative results in failure-detection performance were identified and compared in 

terms of their to eye movement parameters. 
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  Performance data 

At 93% (SD=23), the failure detection rate was high for all 6 scenarios. However, 

the failure detection rate for individual the individual scenarios ranged from 50% to 

100%, thus showing that some scenarios differered better between “detectors” and 

“non-detectors” than others. Automation failures were detected with a response rate 

of 2.43 seconds (SD=.15). False alarms happened in 26% of the scenarios (SD=3.0). 

On average, the subjective effort was rated at 44.35 (SD=4.62). On average, 

participants needed 16.27 seconds (SD=1.9) to orient themselves during the 

orientation phase. 

Relationship between monitoring behaviour and failure detection performance 

In order to examine the relationship between eye tracking data and performance 

data, scenarios were analysed both together and separately. In both instances, AOI-

specific fixation counts and gaze durations during monitoring phases correlated with 

failure-detection parameters, such as failure detection frequency, false alarms and 

response time. Eye tracking parameters were analysed with respect to certain AOI 

groups (relevant AOIs and potentially relevant AOIs). This paper focuses 

specifically on eye tracking parameters that significantly correlate with failure-

detection frequency. 

Taking all 6 scenarios together, relative fixations counts (rfc) on potentially relevant 

AOIs during anticipation phases correlate significantly with failure detection 

frequency (r=.39; p<.05). The greater the proportion of fixations that fall on all 

potentially relevant AOIs during anticipation phases, the higher the failure-detection 

frequency. In addition, a significant negative correlation with relative gaze duration 

(rgd) on potentially relevant AOIs during anticipation phases was found (r=.41; 

p<.05). The longer the gaze remains on potentially relevant areas of interest during 

anticipation phases, the higher the frequency of failure detection. During detection 

phase, total fixations counts (tfc) on relevant AOIs correlated significantly with 

failure detection frequency (r=.42; p<.05). The greater the fixation count on relevant 

areas during detection phases, the higher the failure-detection frequency (figure 2).  

In addition, orientation duration significantly correlates with the failure-detection 

frequency (r=-.37; p<.05). That is, the longer that subjects orient themselves towards 

upcoming events, the poorer they are at detecting automation failures afterwards. 
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Orientation phase
Fixation count, gaze duration on 

AOIs (relevant, potentially relevant) 

Anticipation phase
Fixation count, gaze duration on 

all potentially relevant AOIs

Detection phase
Fixation count on

 relevant AOIs

Recheck phase
Fixation count, gaze duration on 

AOIs (relevant, potentially relevant)

Detection of 

automation failure

Frequency 

n.s. 

r (rfc, freq) = .39*
r (rgd, freq) = .41* 

r (tfc; freq) = .42*

n.s. 

Figure 2: Correlations between fixation count (rfc=relative fixation count, tfc=total 

fixation count) or gaze duration (rgd=relative gaze duration, tgd=total gaze 

duration) and failure detection frequency (n=33, * p<.05, ** p<.01). 

  Group comparisons 

In order to get a better understanding of the link between monitoring and manual 

performance, participants were divided into two groups according to their failure-

detection frequency using a median split (high performers and low performers). 

Unpaired T-tests were used to compare groups with regard to several eye tracking 

parameters. The focus was on finding the eye tracking parameters that best account 

for individual differences in failure-detection frequency. 

During anticipation phases, high performers demonstrate significantly higher 

fixation counts (rfc) on all potentially relevant AOIs than low performers do 

[t(31)=2.22; p < .05)]. In addition, high performers demonstrate significantly longer 

gaze durations (rgd, tgd) on all potentially relevant AOIs than low performers during 

the anticipation phase [t(31)=2.30; p < .05)] [t(31)=2.65; p < .05)]. That is, 

participants with a higher failure-detection rate gazed significantly more frequently 

and longer at all potentially relevant areas than poorly performing participants. 

During detection phases, high performers demonstrate significantly higher fixation 

counts (tfc) on relevant AOIs than low performers [t(31)=2,34; p < .05)]. That is, 

participants with a higher failure-detection rate looked significantly more frequently 

at relevant areas than poorly performing participants (figure 3).  

 



 eye-tracking parameters and automation failures 141 

Figure 3: Distribution of fixations as scan paths during detection phase within a 

scenario. Left: Participant with good failure detection performance and adequate 

attention allocation: Fixations fallon relevant AOIs (light grey shades areas). Right: 

Participant with poor failure detection performance and inadequate attention 

allocation: Fixations miss relevant AOIs. 

Since the orientation period varied between the candidates, fixation duration and 

frequency were confounded with the duration of the orientation period. Because of 

this, eye-tracking parameters were standardised according to orientation duration. 

The group comparison between subjects who performed well and those who 

performed poorly showed a significant effect on the standardized number of 

fixations on relevant AOIs [t(31)=2.09; p < .05)]. That is, during the orientation 

phase, participants with a high failure-detection rate show adequate attention 

allocation on relevant AOIs, whereas poorly performing participants failed to focus 

on upcoming relevant events.  

  Discussion 

The present study focused on validating a theoretical model of adequate monitoring 

behaviour with candidates for selection of air traffic controller trainees. It was 

assumed that accuracy in monitoring, as defined by a theoretical model, is directly 

linked to one's competence in detecting automation failures.  

The following conclusions can be made: Monitoring adequately (i.e. according to 

the model) enables operators to detect automation failures. However, some 

monitoring phases seem to be more important than others with respect to the ability 

to detect automation failures. Regarding the measurement of monitoring behaviour, 

appropriate eye tracking parameters were able to be identified, i.e. parameters that 

are associated with failure-detection performance. However, once again it depends 

on the monitoring phase which eye-tracking data best account for individual 

differences in failure-detection accuracy. 

Operators monitoring in accordance with the normative model detect automation 

failures.  

Generally, candidates with adequate monitoring behaviour detect automation failure 

more frequently. Thus, results are comparable to findings by Hasse, Bruder, 
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Grasshoff and Eißfeldt (2009a; 2009b) where manual control served as the criterion 

for evaluating the quality of monitoring, instead of failure detection.  

However, some monitoring phases were more important for failure-detection 

performance than others. Participants who adequately distributed their attention 

during anticipation and detection phases showed better failure-detection 

performance than participants with random attention allocation. On the other hand, 

during recheck phases, this effect disappeared. Consequently, monitoring adequately 

during anticipation and detection phases seem to be more important for failure 

detection than monitoring adequately during recheck phases.  

Similar to findings by Hasse, Bruder, Grasshoff and Eißfeldt (2009a; 2009b) the 

data from this study proved that the detection phase is highly important. Viewing the 

results of both studies, one can say that fixations on relevant AOIs in the phase 

where critical events take place lead to a higher probability of detecting failures and 

to a higher probability of resuming control successfully.  

Contrary to the theory, both studies indicate that recheck seems to be less important 

than predicted by the theoretical model. In contrast to real air traffic control, no 

critical events happened during the recheck phases in the experiment. Candidates 

may have learned from this and reduced their monitoring during recheck phases. 

In contrast to the former study (ebd.), attention allocation during the anticipation 

phase significantly correlated with failure detection, whereas it did not correlate with 

resuming control. An additional difference to the previous study was that attention 

allocation during the orientation phase had been shown to correlate significantly 

with resuming control, whereas in this study it did not correlate with failure 

detection. Thus, anticipating automatic events might be more important for the 

detection of automation failures than it is for the ability to successfully resume 

control when automation fails. This would mean that the criterion (failure detection 

vs. taking over manual control) influences which monitoring behaviour works well 

and which phase is particularly important. 

However, this kind of conclusion could not be made for the orientation phase, since 

both experiments operated with different designs for the orientation phase. Whereas 

in this study participants had to decide how long they oriented themselves, the 

orientation phase in the former study was fixed. Giving every subject enough time to 

grasp upcoming events might have reduced the selectivity of the orientation phase in 

this experiment. In order to avoid this, further experiments should use a fixed 

duration for orientation.  

It depends on the monitoring phase which eye-tracking data best account for 

individual differences in failure-detection accuracy. 

Another result was that the phases influence which kind of AOI is important for 

failure detection. During anticipation phases, fixations that fall on potentially 

relevant AOIs are significantly linked to failure-detection frequency. In contrast, 

during detection phases, the gaze has to be directed towards relevant AOIs in order 

to correlate significanty with failure-detection performance. This could mean that in 
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order to anticipate automatic events and failures adequately, all potentially relevant 

areas should be taken into account. However, in order to detect automation failures 

at the time that they occur, clearly it is only important to focus on the relevant areas, 

i.e. where the failure occurs.  

In summary, testing monitoring behaviour using dynamic simulations based on eye 

movements is an innovative approach that enables the development of new methods 

of personnel selection. We identified time sensitive eye-tracking parameters to serve 

as basis for identifying OMA in future selection processes. In this regard, we have 

shown that eye tracking parameters are predictive of failure-detection performance. 

Thus, the monitoring test (MonT) can be introduced as an effective tool for 

investigating human performance in future ATM scenarios.  

Current research is focused on optimizing scenario difficulty. Scenarios with 

medium difficulty might generate stronger relations between eye tracking 

parameters and failure-detection performance. In addition, results from this sample 

are being compared to results from a sample of experts consisting of experienced 

pilots and air traffic controllers. That project investigates how air traffic controllers 

and pilots can be distinguished from job candidates in terms of their ability to 

monitor dynamic traffic situations. Further research will focus on team monitoring 

behaviour by assessing the monitoring and failure-detection behaviour of two 

participants who monitor traffic situations together. In this context, a team version of 

MonT will be developed in order to enable the assessment of team monitoring 

performance.  
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Integration of a helmet-mounted display for helicopter 

operations in degraded visual environment: a human 

factors perspective 
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DLR, Germany 

  Abstract 

Helicopter operations in degraded visual environment (DVE), especially 

brownout/whiteout landings often result in severe incidents and accidents in the civil 

and military field. In fact, landing in desert environment is the most dangerous 

aspect of flying in combat helicopters according to the USAF. The integration of a 

helmet-mounted display (HMD) can help the pilot to maintain situation awareness, 

avoid spatial disorientation and reduce workload. Nevertheless, if not integrated 

properly, drawbacks (e.g. clutter, field-of-view, display latency, symbology 

legibility etc.) may lead to perceptual problems, attentional tunnelling and wearing 

discomfort. In a simulator study, DLR compared three different brownout 

symbology sets and three display formats (HMD monocular, HMD binocular, head-

down) during a DVE approach and a whiteout landing. Flight performance, situation 

awareness and pilot workload were assessed. Furthermore, a detailed debriefing 

covered visual, perceptual and somatic aspects of helmet-mounted display use and 

an evaluation of the symbology sets. The paper will first discuss general human 

factors aspects associated with helmet-mounted displays in helicopter operations, 

provide an overview on symbology design considerations and finally present 

selected results of the conducted study. 

  Introduction 

Helicopter operations are challenging. They may commence at short notice, have to 

be performed under time pressure, close to the ground and obstacles and may also 

require landing on unprepared landing sites. Furthermore, they need to be 

independent from time of day, precipitation and surface property. Especially during 

landing, pilots are usually trained to rely on outside visual cues in order to maintain 

the helicopter in a safe and stable state. When operating in adverse weather (fog, 

snow etc.) the impaired outside visibility makes the task particularly challenging. 

Visual cues that provide important information about attitude, height, descent rate or 

drift as well as terrain features, obstacles and hazards on the ground are missing. 

However, not only adverse weather may lead to a loss of outside visual references. 

Especially when landing in desert areas, sand is being stirred up by the rotor 

downwash blocking the outside visibility. This event is referred to as brownout and 

can also occur during landing in snow (whiteout) or over water. According to the 
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NATO Rotary Wing Brownout Mitigation Report (2012), three major pilot 

misperceptions may arise during a brownout landing. First, pilots are unaware of 

lateral drifts leading to unrecognized spatial disorientation. Secondly, visually 

induced sensation of self motion (vection) due to the movement of the sand particles 

can give the pilot the erroneous sensation of turning or banking. Finally, the 

brownout contributes to the somatogravic illusion, giving the pilot the false 

impression of the helicopter pitching down when decelerating. As a consequence, 

impaired situational awareness may lead to rollover, hard landings and collision with 

surface hazards or even other helicopters. In any case, rotary wing brownout is a 

major problem especially in the military field. NATO (2012) reports brownout to be 

responsible for 75% of all helicopter incidents within NATO and the largest cause of 

airframe loss in the US services. Therefore new display and symbology concepts are 

being developed to provide the pilot with additional information when flying in 

DVE. Current design solutions mostly comprise 2D or more recent conformal 3D 

symbology sets displayed on a panel-mounted display or a HMD.  

  Theoretical background 

In general three different types of HMD are distinguished. Monocular displays 

depict the symbology only to one eye, while biocular and binocular displays present 

the image to both eyes. (Velger, 1998) In biocular displays, exactly the same image 

is depicted to each eye while in binocular displays two visual images from two 

sensors are presented (Rash, 1999). Within the past years, several advantages of 

HMD have been stressed out. First, similar to head-up displays (HUD) scanning 

time between the instrument information and the outside scene is decreased due to 

superimposing the symbology in the forward field of view (McCann & Foyle, 1994). 

Further, visual reaccommodation is reduced because symbology is collimated 

(Fadden et al., 2001). Unlike in a HUD no stable head position is required to view 

the symbology which provides a higher freedom in movement. Finally, HMD allow 

for the presentation of 3D conformal, world-referenced information (Yeh et al., 

1998). One major advantage of conformal symbology is that it facilitates the mental 

integration of information in the outside scene and the symbology presented 

(Wickens, 2003). This was found to provide benefits regarding guidance and 

navigation as well as reduction of attentional capture (McCann & Foyle, 1995). The 

authors further point out the importance of scene-linking for nap-of-the-earth 

helicopter operations and low visibility approaches. Pilots also report higher 

situation awareness with a HMD compared to a HUD (Arthur et al., 2009). 

Nevertheless, several costs are associated with HMD as well. Clutter within the 

forward field of view may hinder the pilot to detect targets in the outside scene (Yeh 

et al., 1999). Moreover, visual problems have been found including reading 

problems due to luminance and contrast in bright light and problems in adapting to 

changing light levels (Korn et al., 2009). Schmerwitz et al. (2006) report bad 

legibility and watery eyes as well as reduced peripheral vision due to the framing of 

the combiner with monocular HMDs. Perceptual and attentional problems also 

comprise binocular rivalry and attentional tunneling. Patterson et al. (2006) provide 

a great review on visual perception issues and binocular rivalry in HMD (2007). 

Patterson (2007) further discusses perceptual and human factors issues in 3D 

displays. The authors also report somatic issues such as eye strain, headache and 
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simulator sickness with the use of HMD, leading to wearing discomfort. Simulator 

sickness was found to be increased particularly as exposure duration increases (Moss 

& Muth, 2011).  

The present study focuses primarily on the evaluation of the visual, perceptual and 

somatic aspects associated with a HMD, a comparison of the brownout symbology 

sets and the effects of display type (head-down vs. helmet-mounted) on 

performance.  

Method 

Participants 

Twelve male helicopter pilots participated in the study. The mean age was 43 years 

(SD=8), flight experience averaged 1738 flight hours on the helicopter currently 

operated (SD=1789) and 3925 flight hours in total (SD=3078). Within the last 

twelve months, they flew 191 hours (SD=145) and 26 hours in the simulator 

(SD=30) on average. Seven were civil and five were military pilots. Eight pilots held 

a VFR+IFR rating while four were solely rated in VFR. Ten pilots had already 

experienced a brownout in real flight before and four had trained it in the simulator. 

None of the experienced brownout situations have had consequences such as an 

incident or accident. Only one participant had prior experience with the use of a 

HMD, although all pilots averaged 275 hours (SD=292) experience with night vision 

goggles. All pilots had normal or corrected to normal eyesight. Four of them wore 

glasses during the flights, nobody wore contact lenses. Six pilots had right eye 

dominance and six pilots left eye dominance. Participants were not paid for their 

contribution. 

 

Simulation Environment 

The experiment was conducted in the Generic Cockpit simulator (GECO), a fixed 

based simulator with a field-of-view of 180 by 40 degree and a collimated vision 

system (figure 1). Three projection channels (each with 1280 x 1024 pixels, 

projected as 60 x 40 degree image) are rendered by the software ALICE which was 

developed by DLR. X-Plane was applied as flight simulation kernel. A center stick 

and a collective stick were integrated as helicopter control elements. The helicopter 

model simulated was a Sea King S61. The head down display was a state-of-the-art 

panel mounted color multifunction display (MFD). The helmet system used was the 

JEDEYE Helmet System prototype purchased from Elbit Systems, Israel (figure 2). 

It features a monochrome green binocular HMD with 1920x1200 pixels for each eye 

and a field of view of 80x40 degree. The helmet is further equipped with a high 

precision magnetic head tracker with a < 0.05 degree resolution and a < 0.25 degree 

accuracy.  

 

 

 

 

 

 

 



148 Knabl, Döhler, Schmerwitz, & Biella 

 

 

Symbology concepts 

Three different symbology sets were evaluated. A standard PFD was used for the 

control condition. The symbology sets are originally not designed as a precision 

approach system but to assist the pilot in landing during a loss of the outside visual 

reference in VFR flight. Figure 3 gives a detailed description about the common 

concept of the symbology sets based on the BOSS display. The description also 

applies to the DEVILA and JEDEYE symbology since they are very similar to 

BOSS. The displays contain elements of a primary flight display (PFD) and 

navigation display (ND) and combine a forward and a top view (figure 4). 

BOSS 

The Brownout Symbology System (BOSS) was developed by the US Army 

Aviation and Missile Research Development and Engineering Center (AMRDEC). It 

can be used either as a head-down or a HMD. When used as a head-down display, 

terrain imagery can additionally be presented in the background. In this experiment 

however, no terrain imagery was depicted. Regularly, the BOSS display features an 

enroute page and a hover-approach-take-off page (HAT), yet only the HAT was 

used in the study. A detailed report on the BOSS symbology, its development and 

evaluation can be found in the NATO Brownout Report (2012). 

 

DEVILA 

The DEVILA symbology was developed by Cassidian Germany and consists of a 

modified BOSS symbology set to be applied for the German army CH53 helicopter. 

It contains less information than the BOSS display, lacking target speed, engine 

torque, flight path marker and the roll angle scale. Further, the radar altitude with the 

rising deck and the vertical speed scale are depicted on the left side of the display.  

JEDEYE 

The JEDEYE symbology was developed in 2011 by Elbit Systems, Israel and the 

DLR Institute of Flight Guidance with consultancy from the German Armed Forces. 

It is predominantly based on the BOSS symbology but provides less clutter within 

Figure 2. JEDEYE helmet system Figure 1. Generic Cockpit Simulator (GECO) 
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the field of view. Also, radar altitude and vertical speed are presented on the left side 

like in the DEVILA symbology due to stimulus-response compatibility reasons. 

Further specifications on the JEDEYE symbology are found in Döhler et al. (2012).  

 

 

 

Figure 3. BOSS symbology 

Procedure 

Pilots first completed a biographical questionnaire and were briefed about the HMD, 

the simulator and the symbology sets. An eye-dominance test was then conducted to 

determine in front of which eye the monocular symbology had to be presented. 

Subsequently they started the training session in the simulator. A fifteen minutes 

free training was conducted to familiarise with the simulator and its handling 

qualities. Afterwards the approach scenarios’ visual cues, heading, speed and 

altitude changes were memorized and rehearsed. Finally, pilots trained the 

symbology sets and the helmet use to become accustomed to the symbology in the 

forward field-of-view. The total briefing and training time was about three hours. 

Breaks were scheduled according to the pilots’ preference. Moreover pilots were 

briefed about the questionnaires used in the experiment. Afterwards the test flights 

started. The pilot was seated on the right side and the experimenter was seated on 

the left. The experimenter supervised the test flight and handed the questionnaires to 

the pilot after each scenario but did not actively participate in the flight as a copilot. 

At the end pilots filled out a debriefing questionnaire which assessed ratings on 

overall helmet comfort, visual, perceptual and somatic aspects as well as an 

evaluation of the symbology sets. 

Waypoint name
Heading scale

Speed 75 kt, pitch 30 deg

Waypoint distance

Bearing to landing zone

Engine torque, left, right

Landing zone symbol (doghouse)

Speed 25 kt, pitch 10 deg

Horizon lineSpeed vector

Ground speed

Flight path marker

Pitch -10 degree

Roll angle scale

Side slip indicator

Speed -75kt, pitch 

-30 degree

Radar altitude

Vertical speed

Rising deck

Acceleration cue

Target speed
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a)                 b) 

 
c)                 d) 

Figure 4. Symbology sets used in the experiment: a) BOSS, b) DEVILA, c) JEDEYE, d) PFD 

as control condition 

Experimental Design and Task 

Experimental variations consisted of type of symbology, type of presentation, type 

of approach route and wind condition. Every pilot flew a total of 24 scenarios, 

respectively a block of six scenarios with each symbology set. Symbology type, 

approach route and wind condition were counterbalanced. The PFD and the BOSS 

conditions were flown head-down. On the contrary, pilots flew the DEVILA 

symbology monocularly and the JEDEYE symbology binocularly on the HMD. The 

PFD was covered with a board when flying with the symbology to ensure that pilots 

actually oriented themselves on the symbol set and not on the PFD. The scenarios 

consisted of two different approach routes that were flown alternately. Approach 

route MIKE started in the west of Brunswick (EDVE) airport and approach route 

NOVEMBER started in the north. Pilots were briefed to navigate based on 

landmarks and instructed to change heading, speed and altitude at defined positions 
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(figure 5). All scenarios started at an altitude of 800ft and with an airspeed of 90 

knots. The helicopter was the only aircraft in the control zone. There was no VHF 

communication between the pilot and the ground controller. The final descent was 

identical for both approach routes. It started 0.3 nautical miles away from the 

landing point at about 300 ft AGL. The landing point was situated at the extension 

of runway 08 at Brunswick Airport  and was marked with an arrow on the ground. A 

marshaller was positioned 20 meters next to the landing zone. He pointed his arms 

downward clearing the pilot to land. The marshaller was only fully visible if the 

pilot landed in close proximity to the defined landing zone. All scenarios were flown 

in special VFR conditions with nebulous weather. Flight view was about 1.8 nautical 

miles. A whiteout was simulated by heavy ground fog below an altitude of 35 ft 

above ground. However pilots did not lose the full outside visual reference because 

the runway lights provided some orientation. Each approach was flown in three 

different wind conditions. Wind direction varied between straight, left and right. 

Wind changed from 15 kt above 500 ft AGL down to 6 kt on the ground. All 

scenarios were flown with the helmet visor down independently from symbology 

condition to provide for constant brightness and contrast of the outside view. For the 

head-down conditions there was no symbology presented on the visor. Pilots 

completed the NASA Task Load Index (Hart & Staveland, 1988) and the Situation 

Awareness Rating Technique (Taylor, 1990) after each scenario. 

  

Unexpected Event 

An unexpected, unbriefed event occured in one scenario for each pilot. The 

marshaller held his arms crossed above the head signalising the pilot to abort the 

landing. The event was designed to evaluate which display concept respectively 

which type of information presentation allows for a better detection of an off-

nominal event. Verbal acknowledgment as well as abortion of the landing were 

accepted as a successful detection. The event was counterbalanced over the display 

concepts and therefore occured for each pilot in a different scenario. 

Figure 5. Approach routes specifications 
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Results 

Flight test results 

Flight performance 

Flight test analyses consisted of comparisons between the four display types 

regarding sinkrate and ground speed for the final approach segment from top of 

decent until 50 ft AGL (approximately 90 meters before the landing point) as well as 

orientation heading and lateral deviation from the defined landing point at 

touchdown. Repeated Measures Analyses of Variance (ANOVAs) were conducted 

with a p value of .05 for statistical significance and .10 for a tendency approaching 

significance. Results did neither reveal any significant differences nor any 

tendencies. 

Situation awareness and workload 

Repeated measures ANOVAs were performed for NASA TLX and SART data. No 

significant differences between the four display formats were found.  

Unexpected event 

Surprisingly, only one pilot detected and commented the unexpected event. Three 

pilots landed too far away from the landing point so the marshaller was not visible. 

Eight pilots did not notice the signal to abort the landing even though the marshaller 

was in sight. Neither did they comment the event nor abort the landing. Pilots 

afterwards stated that they did not pay attention to it, did not consider it as part of 

the experiment and had no capacity left to search the outside scene. 

Debriefing questionnaire results 

Helmet mounted display ratings 

First of all, pilots reported good overall wearing comfort (M=4.17; SD=0.94) and 

overall visual comfort (M=4.1, SD=0.9) on a scale from "1 = very poor" to "5 = very 

good". Visual and perceptual aspects were rated separately for the monocular and 

the binocular condition. T-Tests were conducted to assess differences between the 

ratings (p < .05 for statistical significance, p < .10 for a tendency approaching 

significance). In conformance with the good overall visual comfort, all visual 

aspects were also rated to be rather good for both display types with a small favour 

for the binocular display (figure 6). Symbology readibility was rated better with the 

binocular display (M=4.5) than with the monocular (M=3.9) approaching statistical 

significance t(10)=-2.2, p=.05. Furthermore, there was a tendency towards a small 

favour for the binocular display (M=4.4) regarding symbology contrast compared to 

the monocular display (M=3.9), t(10)= -2.2, p=.05.  
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Figure 6. Visual aspects mean ratings  (1: very poor, 2: poor, 3: average, 4: good, 5: very 

good) 

 
Figure 7. Perceptual aspects mean ratings (1: never, 2: rarely, 3: sometimes, 4: often, 5: 

always) 

Pilots generally reported very few perceptual problems (figure 7). Significantly 

increased eye blinks and flicker were reported with the monocular display (M=1.2) 

compared to the binocular (M=1.5), t(11)=2.4, p=.04. Besides it was by trend easier 

to concentrate on the symbology and the outside scene simultaneously with the 

binocular (M=3.3) than with the monocular display (M=2.8), t(11)=-1.9, p=.08. 

Therefore pilots also needed to refocus more with the monocular (M=2.1) than with 
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the binocular one (M=1.7), t(11)=2.2, p=.05. Four pilots reported to have rarely to 

sometimes trouble with brightness disparity between the eyes when using a 

monocular display. Nobody had this problem in the binocular condition.  

Somatic aspects were also rated to be very low. Seven pilots reported weak overall 

fatigue rather attributed it to the test scenarios. Eye strain was the biggest issue being 

reported strongly by three pilots and weak to very weak by five pilots. All other 

somatic issues such as neck pain, headache, nausea, vertigo, watery or dry eyes were 

rated from “weak” to “not at all”. At last eight pilots stated that purposely alternating 

between the symbology and external view is easy, while four stated to have some 

difficulties. Moreover all pilots prefered the HMD over the head-down condition 

independently from the symbology set. Ten prefered the binocular, two the 

monocular condition. There were several additional comments stated in favor for the 

helmet-mounted and in particular for the binocular display. Pilots commented that 

they are better kept in the loop by the presentation of the symbology within the 

forward field of view. Scanning time between the instrument information and the 

outside scene as well as head movements are severly reduced. This is particularly 

important since pilots report that eyes-out time is an absolute must during a 

brownout landing. Pilots also reported increased situation awareness. The binocular 

display was additionally favoured because it compensates for occasional blurry 

vision in one eye and provides better overall visual comfort, e.g. by evenly 

distributing eye strain on both eyes. One pilot refered to binocular rivalry with the 

monocular display.  

Figure 8. Symbology sets mean rating (1: strongly disagree, 2: disagree, 3: agree, 4: strongly 

agree) 

1 2 3 4
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attitude control is easy.
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increases safety.

planning and decision making is easy.

flight path following is easy.

scanning (attention switching) is easy.

JEDEYE DEVILA BOSS
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Symbology ratings 

Repeated measures ANOVAs (p<.05) revealed significant differences between the 

display ratings of the BOSS and the JEDEYE symbology (figure 8). JEDEYE was 

rated significantly better than the BOSS symbology. Apart from that pilots stated 

that the DEVILA symbology (M=2.6) is lacking significantly more information than 

the JEDEYE symbology (M=1.8), F(2,22)=5.5, p=.01. Further ten out of twelve 

pilots favoured the JEDEYE symbology, one prefered DEVILA due to little overall 

clutter and one BOSS. Primarily pilots comment that JEDEYE caused the lowest 

clutter within the forward field of view and information was presented well arranged 

and intuitively. 

Summary and conclusion 

Results did not reveal any differences in performance. Nonetheless the debriefing 

questionnaire showed an overall benefit for the HMD, especially for the binocular 

condition. Further the JEDEYE symbology was rated best. Generally it has to be 

stated that the simulator handling was quite challenging. Pilots reported the need to 

make significantly more control inputs than usually when flying and that the 

handling qualities were rather poor especially for the landing task. It is supposed that 

this is the main reason why results did not reveal significant differences. Also the 

restricted downward viewing angle from the (originally) fixed-wing simulator did 

not provide the familiar helicopter outside view. Further training time was rather 

short to adjust to the symbol sets. Although pilots reported good situational 

awareness and medium workload, the results of the unexpected event rather indicate 

attentional tunneling and high workload by failing to divide attention between the 

display and the far domain when events are not briefed. Nevertheless an overall 

advantage of the HMD was stressed in the pilot ratings and comments. Providing 

pilots with higher situation awareness when operating in DVE is still one of the most 

important issues regarding helicopter flight safety. Therefore, further research will 

particularly focus on head-tracked HMD with 3D conformal symbology as well as 

information on terrain and obstacle hazards.  
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Abstract 

Within a civil and defence aeronautical context, the topic of anticipation as a 

cognitive resources saving process for safety considerations is brought up. A better 

cognitive resources management is one of the keys to increase the safety level of 

operation. To support pilots in their activity, it is mandatory to help them anticipate 

better. Such a support would greatly benefit from a user centred design. We present 

in this paper the cornerstone of our on-going bottom-up approach: an aggregative 

model of anticipation. This model is the result of collaboration between researchers 

in cognitive psychology, knowledge management, computer sciences, industrial 

automation and pilots. It leads to the necessity of building a model that embraces 

relevant concepts from different theoretical trends and fields and contextualizes 

them: within the framework of dynamic situations, such a model inevitably deals 

with time management. Thus one major challenge was to address both short and long 

term. As a first step, we will present here the relevant concepts and will demonstrate 

how they could be articulated altogether. This will introduce our aggregative model 

of anticipation. Secondly, some examples taken from the military and civil 

aeronautical field shall illustrate some applicative field situations. 

Introduction 

For more than two years now, the HEAL (Human Engineering for Aerospace Lab.) 

has been working on the ASAP (Anticipation Support for Aeronautical Planning) 

project. Pursuing the goal of helping pilots better manage their resources in a cockpit 

environment, a cognitive engineering approach was undertaken to design a support 

for pilots’ anticipation.  

As a first step and in the context of a collaboration of the aeronautical field and the 

human factors community, experts from both worlds worked together to define from 

a cognitive viewpoint what anticipating means for a pilot.  

On the one hand, depending on the scientific fields, anticipation is defined in various 

ways. In cognitive psychology, Cellier (1996) gives the following definition: an 

"activity consisting of evaluating the future state of a dynamic process, determining 
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the type and timing of actions to undertake on the basis of a representation of the 

process in the future, and, finally, mentally evaluating the possibilities of these 

actions. It is dependent on the overall goal assigned to an operator in a dynamic 

situation, which is to keep the process, physical or otherwise, within acceptable 

limits, and therefore avoid the propagation of disturbances. It is also governed by a 

logic aimed at reducing the complexity of a situation. Finally, it is a way of 

managing individual resources". This definition is close to the acceptation of an 

anticipatory system in computer sciences, which Rosen (1985) defines as following: 

“a system containing a predictive model of itself and/or of its environment, which 

allows it to state at an instant in accord with the model’s predictions pertaining to a 

later instant”.  

On the other hand, pilots are taught to be “in front of their plane” and are 

encouraged to “make permanent assumptions about the future situation in order to 

actively adapt to this situation and not wait for it to occur” (Amalberti, 1996). 

Anticipation is a major skill that pilots are taught to develop all along their career. 

Thus we fed our anticipation model with interviews with an expert about mission 

commanding in an air combat context. Following a one-to-one process, we 

constantly confronted our theoretical construct to the actual constraints of these 

experts exercising anticipation.  

Account taken of the situation dynamics, the collaboration of these two worlds led to 

the necessity to embrace relevant concepts coming from various theoretical trends 

and fields. As a first step, we will present the relevant concepts and will demonstrate 

how they could be articulated altogether. This will introduce the second part in 

which we present our aggregative model of anticipation. Finally some examples 

taken from the military and civil aeronautical field shall illustrate some applicative 

field situations.   

State of the art 

Anticipation is often considered as level 3 of Endsley’s situation awareness model 

(Endsley, 1995): the one in which environment information is projected in time in 

order to assess future states. The postulate for this idea is that available time is 

mandatory, as well as an abstraction ability in order to well anticipate. 

Hoc (1987) highlights the close link between abstraction ability and expertise: what 

distinguishes experts and naïve operators is the capacity to abstract data from a 

problem and fit them into a generic frame that it will specify. This result gives credit 

to the hypothesis according to which anticipation is an ability that defines experts. In 

our context, it justifies the approach aiming at providing pilots, particularly less 

experienced ones, a means to compensate a potential lack of anticipation ability. 

Denecker (1999) distinguishes short term anticipation (sub-symbolic) relying on 

reflex loops, low level action control, and long term anticipation (symbolic) relying 

on the building of solutions that are based on rules and/or knowledge. 
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The cognitive architecture of dynamic control (Hoc & Amalberti, 1994) makes a 

bridge between these two ideas: on the basis of Rasmussen’s control levels, 

projecting temporal depth is weighted with hierarchical levels. Implementing 

knowledge allows a long term projection while on the opposite side of the spectrum, 

implementing skills allows a short term projection.  

In a previous experiment (Lini et al., 2012) we added the idea, implicit in the 

literature, of the relationship between control levels and cognitive workload. We 

established that given a control level (skills), an increase of anticipation temporal 

depth is actually correlated to an increase of cognitive workload. 

In the aeronautics field, Reynolds (2006) adds the idea of uncertainty and defines 3 

regions which are functions of time depth and situation dynamics: on the short term, 

situation is persistent. On the middle term (deterministic region), models allow 

having an accurate representation of the evolution of the situation. On the long term, 

(probabilistic region), because of combinatory explosions it is only possible to bet on 

the likelihood of an event to happen. We propose a model dealing with uncertainty.  

On shorter temporal spans, literature (Mundutéguy & Darses, 2007, Crognier & 

Fery, 2007) brings forward the idea of a perceptual and motor expertise, close to the 

reafference (Von Holst & Mittelstaedt, 1950) principle. An action-driven mental 

structure is pre-activated from the perception of a distinctive pattern of cues. It then 

tends to be validated by looking for matching cues in the environment.  

Hollnagel (2003) and Tanida & Pöppel (2006) deal with the articulation between 

anticipation and control levels adding the idea of an interaction between these levels 

and a parallel functionning. The highest level (targeting loop) is working in parallel 

of the lowest level (tracking loop) in a process of mutual nourishment. 

This state of the art highlights elements on which our model should put the stress. 

Selection of adequate mental structures is a fundamental point. The enaction  

(Maturana & Varela, 1980) community advocates the idea of an embodied cognition 

within the action itself. This hypothesis would support the idea of a competition 

between mental structures according to perceptual information which can be found in 

the multi-agents system literature (Maes, 1991). A high level monitoring structure 

guides the perception and prioritization as well as refinement, evaluation, and even 

construction of solutions and finally implementation. Our model focuses on the 

existence of such a high level control structure and the guidance criteria along the 

process as well as its parallel form. 

Pathways to an anticipation model 

The state of the art highlighted the main principles of our anticipation model. At first 

various layers of control are defined. Implementing as well as building schemes is 

cognitively costly: regardless of the control layer, each action requires cognitive 

resources in order to be validated and then performed. Therefore, a resources 

management process is mandatory.  
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Following computer science trends, a resource tokens system is implemented. Every 

time a scheme partially validates itself it is rewarded by a resource token. Schemes 

aim at gathering enough tokens to reach an inner activation level which will allow 

their implementation in due time. Higher levels manage both the awarding and the 

amount of available tokens. 

This principle requires a recursive viewpoint of our framework. Defining objectives 

at a strategic level requires resource tokens as well as performing a sensory-motor 

action. This means that each layer can be considered through the prism of both the 

definition of what is to be done, the policy to achieve it and the actual means in order 

to do so. 

In order to gather tokens, schemes are competing for their own activation: following 

a mutual activation/inhibition process, partial validation of a scheme spreads tokens 

in its network while its competitors lose tokens. 

Presented in Figure 1 is the basis for an anticipation model. Three layers define three 

control levels. In a top-down approach, higher level layers define objectives that 

lower levels aims at finding a way to fulfil. In a bottom-up approach, higher levels 

undergo the action initiated by lower levels: if ends are defined on high levels, means 

are defined at low ones. A system of mutual activation/inhibition and a reward 

process are the key elements of our approach to cognitive resources management. 

 

 

Figure 1. Three layers framework: higher is the meta policy (defining the goal and the 

performance to risk ratio), middle is the policy (criticality of the sub-objectives, resources 

tokens management), lower is the implementation (schemes validation process). Layers feed 

each other with information. 
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  Layer 1 

Meta-policy is the highest level. It defines both the objective and the performance to 

risk ratio to achieve this objective. Anticipation can only be conceived with regards 

to a determined objective. Meta-policy guides attention toward patterns of perceptual 

cues oriented to reaching the goal and pre-activates a set of schemes in order to do so 

(see Figure 2). The performance to risk ratio is also defined: what level of risk 

should be taken in order to reach what level of performance. For example, during an 

emergency landing, due to lethal consequences of a bad performance, performance 

to risk ratio is at its highest.  

 

 

Figure 2. Attention guidance and pre-activation of a set of schemes: attention filtering from 

meta-policy highlights environment perceptual cues. These cues are related in long term 

memory with mental structures (schemes) oriented to achieving the goal (meta policy). 

Schemes networks are pre-activated (resource tokens credit) at the same time as new ones are 

created (exploitation vs exploration). 

  Layer 2 

Policy is the mid-level. It manages the way to achieve the overall goal:  

 Ratio between exploration of new solutions and exploitation of existing 

ones: depending on the context and the expertise, choice will be made to 

build new constructions more than adapt existing ones to the current 

context. Experts tend to explore less and exploit more in nominal situations. 

In critical situations, experts are able to change that ratio and innovate to 

find new ways to achieve one’s goal. 

 Criticality of sub-objectives: regarding the overall objective, it sets at a 

local level the criticality of each sub-objective. Consequences of a failure 

are weighted and resulting requirements are defined. 

 Distribution of resources over the sublevel: accordingly to sublevel 

solutions’ validity status, policy distributes “tokens” of resources.  
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Layer 3 

Bottom is the implementation level. Schemes are recalled at the same time as new 

solutions are built. Each of these structures has a model of the evolution of the 

situation. This inner model is a representation of the scheme’s action on the 

environment and its consequences. Schemes are weighted with situation dynamics: 

how sensitive their action is to uncertainty (likelihood of something unexpected to 

happen) and how their duration matches temporal constraints. Time to action is an 

inner representation of duration to due time. 

The scheme aims at validating its own representation of the situation by looking for 

matching information. If expected patterns of cues are encountered in the 

environment, the scheme is activated and will therefore receive a resource token. All 

related schemes will then be activated as well. Conversely, conflicting schemes will 

be inhibited and lose tokens. The process is shown on Figure 3. 

 

Figure 3. activation/inhibition process: schemes tend to validate themselves by looking for 

concurrent information in the environment (activation). If so, the scheme and its network are 

credited with tokens while competitors lose theirs (inhibition). The scheme has a 

representation of its print (grey circle) on the objective target: time to action with regards to 

its sensitivity to environment evolution. Its aim is to intercept the centre of the target (goal) 

within both the performance to risk circle (outer circle) and the criticality (inner circle).  

Thus, in a parallel process and depending on perceived information in the 

environment, schemes are activated and inhibited at the same time. They 

progressively fulfil their representation of their action on the environment toward 

goal-reaching, while still taking into account every layer constraints. Figure 4 shows 

the representation of a scheme action with regards to situation uncertainty: acting 

long before due time makes it unlikely to reach the objective with the expected 
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performance to risk ratio and criticality. On the opposite of the spectrum, reducing 

uncertainty, projection of the action consequences on the environment matches 

criticality requirement.   

 

 

Figure 4. projection regarding time to action and sensitivity. Scheme projects its effect on the 

environment toward the target (grey circle on the left, see Fig. 3). A sensitive scheme will 

have a greater chance to miss the target projecting far in the future than waiting for this 

uncertainty to decrease. 

The inhibition process (loss of tokens) encourages the validation of highly activated 

schemes, which have better chance to gather information. In the schemes network, 

some are more likely to be inhibited than others. These weak solutions are not better 

or worse than others, they simply have not been experienced enough to strengthen. 

Due to expertise some schemes are preferred to others: they primarily get resource 

tokens over competing unusual schemes.  

Implementation of a scheme over another is a function of both time to action 

representation of the scheme and its inner activation level. The more tokens a 

scheme gets the more activated it is. Above a certain proper level of activation the 

scheme can be implemented. This proper level of activation is considered as the 

inner cost of the scheme. 

Depending on the exploration/exploitation ratio defined in the policy layer, new 

schemes are designed at the same time. This process is a costly one which needs 

resource tokens as well as other schemes. 
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These three layers are an interpretation framework that can be used at several levels 

of temporal depth: meta-policy can itself be considered as the implementation of a 

scheme chosen via a higher policy in order to achieve an overall goal deeper in time.  

Examples in flight combat 

In order to contextualize our approach, we had the possibility to conduct interviews 

with a fighter pilot regarding the expertise of mission commander within the Air 

Force Fighter Command. In the course of our study, we showed a strong correlation 

between the intellectual construction of the situation by these experts and the model 

which we had in mind. Thus we led a one-to-one theoretical construction of our 

model by challenging it with the actual constraints experienced by these 

professionals exercising anticipation.  

It seems that cognitive mechanisms merge with the methodology applied by these 

experts. We made an effort to discriminate the result of their appropriate current 

mode of thought from what surfaces from their education about the design and the 

construction of solutions.  

The studied case was the creation of a raid far behind enemy lines requiring a target 

laser shooting. A raid also known as COMAO (COMposite Air Operations) is 

composed of several tens of aircrafts of diverse capacity and grouped in packages. 

The management of these various packages is a real challenge in terms of 

organization, maximal efficiency and safety. The purpose is to manage complex 

systems under strong temporal constraints in a dynamic environment, within a space 

subjected to a fast evolution. De facto, the risks for unforeseen events on such a plan 

are numerous and it is not possible to plan all of them in an exhaustive way during 

mission planning. 

The experts’ current practice consists of: 

 planning from the initial mission building to a significant number of 

alternative plans but also beyond these plans,  

 considering fast reconfigurations of these objectives in order to be able to 

face various relative what-ifs.  

This capacity is probably one of the major modalities of proactive construction of 

anticipation. It is permanently stimulated by the effective evolution of plans facing 

actual environments as well as the related and multiple interactions linked to the 

mission. Finally the key of the success for these experts is the ability to take distance 

from immediate action, which allows them to evolve very quickly in terms of level of 

abstraction, from the meta policy to the implementation. 

The very first criterion in the representation building of the problem taken into 

consideration by the experts (meta policy) is commitment i.e. which efficiency is 

targeted and at what accepted risk (performance to risk ratio). Such a consideration 

is above the objective by itself. For instance, directives may be to curb offensive 

actions of the opponent while minimizing the risks of direct loss. So, to be in 

adequacy with this request, the pursued objective will be to neutralize during 24 
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hours the main oil warehouse. The choice of an objective over another one lies on its 

efficiency but the final call is more about the risks associated to it. This takes place 

at the meta policy level.  

Once the objective is selected, it is necessary to take into account the various sub-

objectives necessary for its realization as well as the mode of resolution, using 

existing solutions (exploitation) or constructing new ones (exploration) with regard 

to the mission commanders’ experience. This takes place at the policy level. In our 

study case, we have to define the exact points of desired impact (DMPI) and all the 

conditions to be filled, such as the support of Electronic Warfare, or the tactics and 

the axis of attacks compared with the nature of the target and its defence. What 

remains is to take into account all other sub-objectives like domestic aspects (air-

refuelling, tactical constraints). 

From the initial solution (objectives/sub-objectives group), it is necessary to define 

and organize the various tasks to be performed and link them while having a notion 

of the task’s criticality compared to the plan. 

Efforts are deployed by experts to maintain consistency or detect discriminating 

tasks. Sequences of tasks in connection with a sub-objective are aggregated in one 

meta task (schemes’ network) in order to facilitate handling within the plan. Such a 

cognitive tool allows experts to have an overall vision of current tasks and to be 

reactive in case of what-if. This appears to be an expert technique for cognitive 

resources saving, dedicated to anticipation. Naturally this mechanism is permanent 

and continually feeds higher levels of abstraction. 

A mental simulation of what will happen during the flight is performed while on the 

ground (projection with uncertainty). We focus on the sub-objective target. It is then 

necessary to think about: 

 constraints of the axis of arrival,  

 weapons preparation (fuze, delay),  

 choice of the mode of firing,  

 laser selections (IT, Freq.),  

 identification of the target with the associated firing criteria, 

 roll out constraints. 

From the initial plan and the associated tasks we make a dynamic assessment of the 

various potential solutions in terms of feasibility and risk robustness (sensitivity to 

environment evolution). The first criterion will be feasibility (reaching the objective 

in this context) which better answers resources management than robustness which 

depends more on its sensitivity to environment.  

Thus we determine the relevance of each with regards to the associated risk. In order 

to do so it is necessary to establish the potential factors of incident and to assess the 

real resources to perform this task (proper level of activation). Expertise is a major 

determinant at this level. 



166 Lini, Bey, Hourlier, Vallespir, Johnston, & Favier 

Expertise is also very important through lessons learned, to compare resources 

involved to the solution efficiency. Experience allows to manage potential 

unforeseen and to make solutions selection for each task according to their 

robustness, thus limiting the cognitive cost. Change of solution through time and its 

confrontation to environment’s evolution (validation) aims at consolidating or 

invalidating its relevance (competition between schemes). 

This complex process is permanent and parallel. A real time top-down and bottom-

up spreading is performed in all layers of action building and feed with information 

at every level of abstraction (parallel process). 

Choice of solutions will be directly impacted by the constraints induced by the 

navigation, timing, weather changes and threats (resource tokens credit).  

The most relevant solutions in front of these potential drifts of the plan will be 

credited (highest tokens credit).  

Conclusion 

In a multidisciplinary context and with a will to mix concepts coming from different 

communities, we designed the basis for an anticipation model that supports actual 

constraints met in the aeronautical field.  

The goal pursued through this effort is to anchor theoretical basis in order to design 

an anticipation support for pilots. Our framework offers a canvas for a user-centred 

approach: the various layers provide refinement levels which already proved useful 

in HMI design and evaluation (Vicente & Burns, 1996). 

Further work is needed on the resources management issue: for instance, about how 

schemes are weighted regarding expertise and cognitive cost.  

Such an anticipation support needs to be considered in a more global perspective: 

providing a ‘cognitive prosthesis’ to pilots’ anticipation skills raises the matter of the 

transfer of expertise. Underneath are ethical issues about degrading pilots’ skills and 

challenges about training. Defining the limits of human cognition in a human factors 

approach should not legitimize a techno-centred implementation.  

The result of our experts’ collaboration should draw conclusions on these topics in a 

further paper. 
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  Abstract 

The European Commission 7
th

 Framework project called Personal Plane (PPlane) 

aims at developing a system to enable individual air transport. The objective of such 

a Personal Air Transport System (PATS) is to offer an alternative for the current 

transport system. The highly automated PPlane is characterized by having onboard 

only passengers, without piloting skills. A so-called Ground Pilot controls the flight 

from a Remote Pilot Station.The current paper presents a feasibility study on the 

operationability of the Remote Pilot Station for the control of multiple PPlanes. 

Relevant Human Factors issues - concerning the Ground Pilot - were identified and 

evaluated. The following Human Factors issues were recognized (through expert 

interviews / workshops) as relevant for the Ground Pilot: mental workload, situation 

awareness, and human error. The work proceeded with the evaluation of the 

identified Human Factors issues. A controlled experiment was conducted using a 

Remote Pilot Station simulation platform. The following variables were studied in 

the experiment: the user (or human-machine) interface for the Ground Pilot, the 

number of PPlanes under control of the Ground Pilot and the designated crew of one 

or two Ground Pilot(s) in the Remote Pilot Station. 

  Introduction 

The PPlane (Personal Plane) project aims at developing operational concept ideas to 

enable individual air transport. The objective is to avoid the ever increasing 

congestion on European roads and to offer an alternative for the current transport 

system in the European Member states. The idea is that a PPlane offers inter-city 

personal air transport that will carry two to four passengers between cities. PPlane is 

designed to be a highly safe and secure mode of transportation with a low 

environmental impact. It flies for relatively short distances of a few hundred 

kilometers. Two separate operators are involved in the PPlane concept of operations. 

The passenger in the airplane itself forms the PPlane Passenger. The PPlane 

Passenger has control of the PPlane like a passenger in nowadays taxies. The PPlane 

passenger provides the desired destination or specific driving request. The driver is 

responsible for safely getting the passenger where he wants. In the PPlane concept 

this role of (taxi)driver is performed by a PPlane operator, the Ground Pilot that 

controls the plane from the ground. Compared to nowadays-private jet services this 
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means that the pilot controls the airplane from the ground instead of from on board 

the plane. 

The current paper presents (a part of) the Human Factors work within the PPlane 

project, with specific focus on the Ground Pilot. A feasibility study on the 

operationability of the Remote Pilot Station for the control of multiple PPlanes is 

performed. The objective of this Human Factors study, using a simulated operational 
environment, is to evaluate whether or not the PPlane operational concept impacts 

performance of the Ground Pilot with regard to mental workload, situation 

awareness, and human error. 

  Methodology 

The Eurocontrol Human Factors Case (Eurocontrol, 2007) was used as guideline to 

address and manage Human Factors issues throughout the PPlane project. The 

Human Factors Case supports pragmatic integration of Human Factors within the 

system concept’s development life-cycle. It analyses and optimises the human 

interaction with a system. 

  Human Factors issues identification 

A preliminary working PPlane operational concept was adopted to serve as a basis 

for the discussion with the experts and potential end users. This working operational 

concept of PPlane envisages the use of small, highly automated, ground controlled 

aircraft to carry passengers at their request from one destination to another. This 

operational concept involves two human actors as a minimum. Firstly, one 

passenger on board, whose role in the control of the vehicle may be either active 

(high level instructions / intentions, mostly related to navigation) or passive (fully 

automated system). Secondly, one pilot on the ground (in a Remote Pilot Station), 

who will be responsible for the safety and efficiency of the flight. The present paper 

has its focus on Human Factors issues concerning the Ground Pilot. 

Workshops and interviews with air traffic controllers, (remote) pilots, and expert 

researchers were held to identify from different perspectives the Human Factors 

issues that need to be addressed. The analysis identified and prioritised a number of 

Human Factors related issues and their possible impact on performance of the 

Ground Pilot: 

 Mental workload; 

 Situation awareness; 

 Human error. 

  Human Factors issues evaluation 

In accordance with the Eurocontrol Human Factors Case methodology, actions were 

undertaken to resolve the identified Human Factors issues. The main action reflected 

the execution of an experimental study using a PPlane operational Remote Pilot 

Station simulation. The operational set-up for the simulation was fed by mitigation 

of the identified Human Factors issues and their possible impact on the Ground 
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Pilot. That is, adequately presenting information to the Ground Pilot in the Remote 

Pilot Station, designing an intuitive and user-friendly user interface for the Ground 

Pilot, and allocating tasks between the Ground Pilot and PPlane system. 

  Experiment set-up 

In order to simulate the PPlane concept of operations two main applications were 

used: an application that simulated the PPlanes (simulator) and an application that 

controlled the PPlanes (user interface). For the simulation of the PPlanes an NLR 

tool called WinTMX was used. The main functions of the WinTMX are generating 

air traffic and simulating aircraft behavior, such as flight dynamics and flight 

performance. It can simulate up to 1000 aircraft simultaneously. Each aircraft is 

capable of flying a trajectory or route starting at an origin and going to a destination. 

During flight these aircraft can be controlled giving them commands to change 

speed, heading or altitude. 

The design of the Ground Pilot user interface (Figure 1) included an overview map 

on which all PPlane under control and their position on the map were visualised. 

Requests / events from different PPlanes were illustrated in an action item list. The 

action items could be picked up, handled, and deleted by the Ground Pilot. This 

action list was inspired upon the lists with incoming calls that call centre managers 

have available. It also provided priority information for each individual task (i.e. 

colour coded: red for high priority actions, amber for medium priority actions and 

grey for low priority actions). Icons representing PPlanes with requests were 

distinguishable for other PPlanes by blinking. By clicking on an icon that represents 

a PPlane, its planned route and additional flight information became visible on the 

map. Further, a window was opened to communicate (via text message) with the 

passengers. Besides text messaging, communication was possible via voice (using a 

headset) to the different actors involved (e.g. passengers, air traffic controllers, and 

other Ground Pilots). 

In the experiment, Ground Pilots were sometimes working alone and sometimes 

paired in teams of two. For the conditions, where two Ground Pilots were 

controlling a number of PPlanes together, a large wall display visualising all PPlanes 

under control and their requests was available. Ground Pilots were able to click on 

icons representing a particular PPlane after which they got control over that PPlane 

on their own desktop-computer. A shared action list was also visualised on the large 

wall display where both Ground Pilots could pick up and assign tasks. 

The Ground Pilot had a regular mouse available for interaction with the overview 

map (i.e. selecting PPlanes and zooming in/out the map) and other onscreen 

elements such as the PPlane information panel and action list. A keyboard was used 

for text input for the messenger window. In addition, changing heading and speed, 

moving waypoints, and other PPlane specific interaction were done with a 3D 

mouse. 
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Figure1. Ground Pilot user interface 

 

The Ground Pilot user interface was built with a display prototyping tool called 

Vincent (Verhoeven & De Reus, 2005). Vincent was upgraded with an Open Scene 

Graph extension: an open source high performance 3D graphics toolkit used by 

application developers in fields such as visual simulation, games, virtual reality, 

scientific visualization and modeling. 

  Experiment actors 

Each PPlane would fly between flight level 50 - 200, have a maximum speed of 600 

km/h (= 300 kts) and a minimum speed of 150 km/h (= 100 kts). They would have a 

range of 100 - 500 km, fly according to a 4D trajectory contract, and can 

automatically take off and land after receiving clearance from the Ground Pilot. 

In the experiment the Ground Pilot was controlling the PPlanes in a particular area 

of operation in which a PPlane could fly in and out. For the experiment, the area of 

operation consisted of the square between London, Stockholm, Berlin and Paris. 

PPlane traffic in this area was simulated. In the experiment, the PPlane area was 

filled with PPlanes only. Ground Pilot tasks included communicating with air traffic 

control for take off and landing clearances; giving PPlanes a go for take offs and 

landings (after receiving clearance); checking handovers of PPlanes from and to 

another area; talking to PPlane passengers, setting them at ease; handling off 

requests for destination change; handling off emergency procedures (using 

checklists). The experiment management simulated both the passengers and the air 

traffic controllers. 
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  Experiment scenario 

Each scenario started with two or three PPlanes. After a short while, the number of 

PPlanes increased to a stable number. Two scenarios were foreseen here: 

1. A low density traffic scenario that contained ten PPlanes that were controlled 

from take off to landing; 

2. A high density traffic scenario with a total of 30 PPlanes. 

Each scenario lasted about 30 minutes and included nominal and non-nominal 

events (emergencies) for the Ground Pilot to handle. Participants were briefed and 

trained on forehand, running two example scenarios and familiarizing themselves 

with the user interface and communication set-up. 

  Experiment design 

The experimental design involved two independent variables, namely the number of 

PPlanes under control in the area (low vs. high density) and number of Ground 

Pilots in remote pilot station (single vs. team). In the team variant, only the high 

density scenario was run. The dependent variables were mental workload, situation 

awareness, and human error. This resulted in the following schedule: 

1. Run 1 low density single Ground Pilot; 

2. Run 2 high density single Ground Pilot; 

3. Run 3 high density team of Ground Pilots. 

  Experiment metrics 

Several metrics were used to measure the impact on the human performance during 

the experiment runs and post-run. Additionally, post-run surveys were used to 

indicate the estimated number of errors (i.e. number of actions with undesired 

outcome) made by the participant in performing the tasks at hand. 

The Likert scale is a psychometric scale commonly used in questionnaires. When 

responding to a Likert questionnaire item, respondents specify their level of 

agreement or disagreement on a symmetric “agree - disagree” scale for a series of 

statements. The Likert-scale was used to address mental workload and situation 

awareness during run via the text messenger functionality. 

The Crew Awareness Rating Scale (CARS; McGuinness & Foy, 2000) is a situation 

awareness assessment technique (post-run) that is based upon the three-level model 

of situation awareness (Endsley, 1995). The questionnaire consists of eight 

questions. Each question measures situation awareness on a four-point scale ranging 

from “very well” (1) to “very poor” (4). In the analysis, the numerical results from 

the questionnaire were inverted and normalized to generate a continuous scale 

ranging from 0 (low situation awareness) to 1 (high situation awareness). 

The Rating Scale Mental Effort (RSME; Zijlstra, 1993) rates invested mental effort 

by a cross on a continuous line. The line runs from 0 to 150 mm. Along the line, at 
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several anchor points, statements related to invested effort are given, e.g. “almost no 

effort” or “extreme effort”. The RSME was used post-run. 

The System Usability Scale (SUS; Kirakowski & Corbett, 1988) is a simple, five-

item attitude Likert scale giving a global view of subjective assessments of usability 

(post-run). SUS was used post-run. The sum of the scores was multiplied by 2.5 to 

obtain the overall value of usability within a range of 0 to 100. The active screens of 

the Ground Pilots were video recorded during each run. If necessary, these 

recordings were used in the debriefing that was conducted at the end of the 

experiment. 

  Experiment results 

  Participants 

Table 1. Particpant information 

Number of participants 14 students 

Age 22 mean 

1.7 standard deviation 

20 - 26 range 

Education Aviation engineering (7x) 

Information science (6x) 

Journalism (1x) 

Gaming experience “I play games on a regular basis” (8x) 

“I sometimes play games” (5x) 

“I never play games”(1x) 

  Human performance 

Table 2. Workload Likert scores during run 

Scenario Nominal Non-nominal 

Run 1 low density_single 1.9 mean 

0.7 standard deviation 

1 - 3 range 

2.9 mean 

0.8 standard deviation 

2 - 4 range 

Run 2 high density_single 2.6 mean 

0.9 standard deviation 

2 - 5 range 

5.6 mean 

0.9 standard deviation 

4 - 7 range 

Run 3 high density_team 1.8 mean 

1.1 standard deviation 

1 - 4 range 

3.3 mean 

1.8 standard deviation 

1 - 6 range 
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Table 3. Workload RSME scores post-run 

Scenario  

Run 1 low density_single 32.9 mean 

15.6 standard deviation 

10 - 70 range 

Run 2 high density_single 70.7 mean 

22.5 standard deviation 

24 - 120 range 

Run 3 high density_team 44.2 mean 

14.4 standard deviation 

25 - 65 range 

 

Table 4. Situation awareness Likert scores during run 

Scenario Nominal Non-nominal 

Run 1 low density_single 6.2 mean 

1.0 standard deviation 

4 - 7 range 

5.4 mean 

0.9 standard deviation 

4 - 7 range 

Run 2 high density_single 5.6 mean 

1.0 standard deviation 

3 - 7 range 

3.7 mean 

1.0 standard deviation 

2 - 5 range 

Run 3 high density_team 5.9 mean 

1.4 standard deviation 

3 - 7 range 

5.2 mean 

1.6 standard deviation 

2 - 7 range 

 

Table 5. Situation awareness CARS scores post-run 

Scenario  

Run 1 low density_single 0.9 mean 

0.2 standard deviation 

0.6 - 1.0 range 

Run 2 high density_single 0.6 mean 

0.3 standard deviation 

0.3 - 1.0 range 

Run 3 high density_team 0.8 mean 

0.2 standard deviation 

0.6 - 1.0 range 
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Table 6. Human error post-run 

Scenario  

Run 1 low density_single 0.9 mean 

1.4 standard deviation 

0 - 5 range 

Run 2 high density_single 2.4 mean 

2.5 standard deviation 

0 - 10 range 

Run 3 high density_team 0.9 mean 

1.6 standard deviation 

0 - 5 range 

 

The overall mean SUS score for the Ground Pilot’s user interface was 76.3 (standard 

deviation 11.3 and range of 50 - 95). 

  Discussion and conclusion 

Two different experimental variables (independent) were researched in the PPlane 

simulation experiment. Firstly, the number of PPlanes under control (low vs. high 

density); secondly, the number of Ground Pilots in the remote pilot station (single 

vs. team). The experiment looked into how these two variables affected the human 

performance in terms of mental workload, situation awareness, and human error. 

Participating Ground Pilots were questioned, observed and measured throughout all 

experimental runs. Given the relatively low number of participants, data analysis 

was performed on a descriptive level. A clear trend between the low and high 

density traffic scenarios was illustrated. In the high density run (single) Ground 

Pilots showed higher mental workload, lower situation awareness, and more human 

errors compared to the low density and team (high density) run. This is in 

conformance to the air traffic control research done by Majumdar (2002). He 

concluded that traffic density is a major factor in mental workload for air traffic 

controllers. 

The differences between team (high density) run and the low density (single) run 

were less great. The team run showed slightly higher workload, slightly lower 

situation awareness and slightly more human errors. That is, the team run divided 

the high density scenario into a lower density scenario that was handled by the two 

Ground Pilots. In some cases, however, working together resulted in some extra 

workload and stress. As Wickens et al. (1997) already stated in the ninetees, because 

air traffic control is a team activity, another possibility is that controllers may ask a 

colleague to take over a particular task. In general, controllers may use a variety of 

strategies to manage workload and regulate their performance: if they do not use any 

of these adaptive strategies, further increases in traffic load may result in errors. 

In case of the non-nominal events that were simulated, too many of these events at 

the same time combined with the control over high density traffic resulted in an 

overload of the Ground Pilot. This was the case in the end of the high density 
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(single) run. In the team run, this situation was prevented from happening because of 

the possibility to split the task load between the two Ground Pilots. 

The participant’s comments indicated that the Ground Pilot’s user interface turned 

out to be highly intuitive. Of course, specific items could be improved, but the 

approach that was chosen to monitor / control the highly automated PPlanes (i.e. 

with the limited controls available for the Ground Pilot) was generally well received. 

The large wall display was hardly used in the team setting, as it presented no 

relevant additional information compared to the desktop display. 

Emergency management seems to be very important aspect of the Ground Pilot’s 

work. If all goes well (nominal), the work seems relatively low profile, working off 

all low / medium priority action items such as take off and landing, sector changes 

and talking to the passengers. Moreover, some of these tasks (e.g. destination 

changes and communication to the air traffic controller) are likely to be automated in 

the future as well. This leaves out the emergencies / non-nominal situations in which 

the Ground Pilot seems to have some sort of mediator role, making sure all parties 

involved are informed about the situation. 
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  Abstract  

Objectives of the study were the development and validation of a new assessment 

method for the allocation of visual attention in using head-up displays (HUD). 

Based on a secondary-task approach, this method specifically allows an evaluation 

of possible consequences of HUD on pilots’ visual behaviour and thus can help to 

identify inappropriate HUD designs that may lead to cognitive tunnelling. 

Background: There are studies which use the detection of runway incursions to 

evaluate the impact of HUD design on pilots’ visual attention. This method, 

however, requires a large number of participants and focusses solely on the final 

approach. Based on a secondary target-detection task with targets presented in 

different locations of the field of view, the new method reduces the effort to be made 

for human factors investigations in this field of research. Furthermore, it allows the 

validation of pilots’ visual attention allocation in all flight phases. Method: Twelve 

experienced pilots flew six approaches while concurrently performing a target 

detection task. The study was conducted in a low-fidelity simulation environment 

and involved two independent variables: HUD design and location of the targets 

within the field of view. Primary-task performance (e.g. deviation from flight path) 

as well as performance in the target detection task (detection rate, response times) 

were evaluated. Data of detection rate, response time and deviation from flight path 

were collected as well as of subjective workload. Results: The method is capable to 

reproduce well-known effects of HUD design on the allocation of attention. A 

significant better detection rate for centrally localised targets is achieved and 

provides evidence for attentional tunnelling effects. 

Theoretical background  

Head-up displays (HUDs) provide primary flight, navigation, and guidance 

information in pilots’ forward fields of view. The presentation of essential 

information on a transparent screen mounted in front of the windshield has many 

advantages concerning the efficiency and safety of aircraft operation. HUDs can 

make landings possible in conditions of low visibility, and thus disruptions of 

landings and take-offs can be reduced by up to 60% (Proctor, 1997). Furthermore, 

there are HUD concepts, like the T-NASA (Foyle et al., 1996), which increase the 
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safety of taxi way operations during low visibility. The presentation of information 

on the transparent display reduces the amount of head-down times and enables the 

pilot to keep his or her eyes in the far domain. In general, the use of head-up 

displays reduces the amount of attention switching between the instrumentation and 

the far domain and thus can lead to a higher degree of situation awareness. 

But despite the obvious performance benefits, HUD design can also lead to 

inappropriate scan behaviour of the pilot. One effect that has been described in 

literature involves the tendency to keep attention in solely one domain. Especially if 

a HUD design is complex, the pilot may tend to focus on information in the near 

domain while missing safety-critical events in the far domain (i.e. the outside 

environment). This phenomenon is called cognitive tunnelling and needs to be taken 

seriously because it can offset the benefits of HUDs by introducing new risks. 

(Wickens & Long, 1995; Wickens, Ververs & Fadden, 2004). Another effect which 

may come along in the development of HUD design is information cluttering. If too 

much information is presented in too small an area of a display, the pilot’s 

information processing can be disturbed. An inappropriate degree of information 

density can restrict the pilot’s ability to differentiate between relevant and irrelevant 

information and can even overlay necessary information in the far domain (Martin-

Emerson & Wickens, 1997). Such clutter effects have been observed in several 

studies (for example Fadden, May Ververs, & Wickens, 2001; Fischer, Haines, & 

Price, 1980; Wickens & Long, 1995). 

These cognitive-psychological phenomena have to be taken into account in the 

development process of HUD design. Specifically, the information presented in a 

HUD should have an appropriate degree of complexity regarding quantity and 

quality which provide the best compromise to achieve the wanted performance 

benefits by at the same time minimizing the risk of attentional tunnelling effects. As 

a consequence assessment methods are needed that can be used to evaluate effects of 

different HUD designs on attention allocation and to identify risks arising from 

possible attention tunnelling effects. In addition, such assessment methods 

preferably should enable the designers to evaluate these effects as early during the 

HUD development process as possible, e.g. based on low-fidelity flight simulations.  

There are several methods that have been used to assess the allocation of visual 

attention in use of HUD. Often, the ability of HUD design to avoid restricted visual 

attention allocation is operationalised by the detection rate of runway incursions. 

Fischer et al. (1980) for example use this method and find out that aircrafts crossing 

the runway unexpectedly were less detected when using a HUD. Wickens (2005) 

points out that this methodical procedure is challenged by certain statistical issues. 

By definition a surprising event cannot be presented to the participants more than 

once or two times in a single experimental session. Otherwise it would not be 

surprising any more. If the budget of a study has to be kept constant, the sample size 

is necessarily limited. Consequently, the variability and thus the statistical power 

decrease. A researcher and his or her management have to accept a greater 

likelihood of the error of the second kind by raising the alpha level. In addition, the 

participant taking part in an experiment including runway incursions will be familiar 
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with this kind of experimental setup and cannot be recruited for a follow-up 

experiment, and this occurs, of all things, in a group that is very small anyway. 

An alternative approach was chosen by Alexander et al. (2005). Instead of runway 

incursions they used artificial “blimps” that were presented within the field of view 

as representations of possible airborne hazards. The extent these blimps would be 

detected by pilots using a HUD while flying in a high-fidelity simulator was 

analysed. Half of the blimps appeared in the middle of the display and half of them 

on its periphery. The pilots had to react to the appearance of the blimps by pressing a 

key on the yoke as fast as possible. Each flight involved three blimps. Visual 

attention allocation was operationalised by the mean blimp detection time. Although 

having obvious advantages over the approaches mentioned above, the number of 

targets presented was still small, thus leading to the same statistical problems as in 

the use of simulated runway incursions.  

The objective of the study presented here is to describe the development of a new 

assessment tool that enables designers and researchers to investigate the influence of 

HUD design on human performance and particularly on visual attention behaviour in 

early stages of its development and through the use of low-fidelity simulations. The 

tool proposed capitalises on the approach used by Alexander et al. (2005).  

Similar to their work target stimuli presented at different locations in the field of 

view are used to probe the attention allocation of pilots using HUDs. These targets 

are artificial and are faded in for half a second. Pilots’ secondary task is to react to 

the target stimuli by pressing a key as fast as possible. The dependent variables are 

the response time and the detection rate. Thus, the idea underlying the new method 

is an analogy to the secondary task paradigm. While the latter is used for the 

assessment of workload, the new method consists of a secondary task to assess the 

allocation of visual attention. Moreover, a much higher frequency of target 

presentation can be achieved and thus a better statistical power of analysis can be 

provided. In addition, the spatial resolution of locations where targets can appear is 

increased considerably. This allows for much more detailed and sophisticated 

analyses of the influences that different HUD designs have on human performance 

including both influences on attention allocation between near and far domain and 

influences on attention allocation within the near domain, i.e. the scanning of the 

information displayed in the HUD.  

In the following chapter the basic paradigm used for the proposed attention-

allocation assessment tool (given the name ATTENDO which is Latin for I pay 

attention) is described, followed by the description of a first experimental study. The 

main objective of this study was to test the suitability of ATTENDO for the intended 

purpose. Effects of two different HUD designs on ATTENDO performance were 

investigated during an approach and landing task. The main research question was 

whether or not ATTENDO would be able to identify the typical effects of attentional 

tunnelling which represent frequently reported issues in the use of HUDs (Wickens, 

May Ververs & Fadden, 2004). 

Beyond the suitability test the statistical benefit of ATTENDO should be shown by 

comparing it to another established method. For this purpose, a runway incursion 
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was included in the experiment. It occurred in one of the flights shortly before 

landing and that had to be detected by the pilots participating and responded to 

appropriately.  

Paradigm and hypotheses  

With respect to its basic principle the approach used for ATTENDO resembles the 

secondary-task paradigm known from workload research. Yet, instead of workload, 

the approach presented here is used to investigate the spatial distribution of (visual) 

attention by presenting stimuli at different locations in the far and near domains of a 

simulated HUD. 

The stimuli used have the form of squares. They are distributed systematically 

within the HUD as well as on its periphery and are presented to the pilots one after 

another. Each target is faded in for half a second and they are randomised with 

regard to appearance time and location. The intervals between the targets vary from 

7 to 15 seconds. The pilots’ task is to react to the targets by pressing a key as fast as 

possible while controlling the aircraft. The placement and the number of the targets 

can be chosen according to the characteristics of the HUD system to be evaluated 

and of the simulation. Figure 1 shows the design of the assessment tool for visual 

attention allocation used in this study. While during an experiment the targets are 

presented one after another, the figure shows all the targets at the same time as well 

as their systematic arrangement. There are three areas: 1) the centre of the HUD, 2) 

its edges and 3) its periphery. This arrangement allows for the identification of 

display areas less observed by the pilots and for the accomplishment of statistical 

analyses. The allocation of visual attention is operationalised by the target detection 

rate and the detection time. 

 

 

Figure 1. Targets of the assessment tool, HUD symbology included. To get a better overview 

the three areas of the systematic arrangement are marked in grey colour. 
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ATTENDO is purposed to the comparison of different HUD variants concerning 

their tendency to capture visual attention in the centre and should verify the 

influence of HUD design on cognitive tunnelling (see chapter 2). It has to be 

evaluated to which extent the new method is able to reproduce these aspects relevant 

to visual attention using a HUD. To test the tool’s sensitivity the hypotheses H1 und 

H2 are formulated.  

Hypothesis H1:  

HUDs lead to concentrating visual attention on central instrument features 

H1A: The more centrally targets are located, the higher the detection rate is. 

H1B: The more centrally targets are located, the faster the response time is. 

Hypothesis H2:  

The risk of an inappropriate allocation of visual attention allocation increases with 

the complexity of the HUD. 

H2A: The more complex a HUD is, the lower is the detection rate for peripheral 

targets. 

H2B: The more complex a HUD is, the slower is the response time for peripheral 

targets. 

Method  

  Participants 

In general, pilots are much more experienced in eye-scanning patterns and precise 

landings than novices (Kasarskis et al., 2001). In order to exclude influences of 

different scanning behaviour and landing skills, only trained pilots were chosen as 

participants. Twelve male pilots with instrument flight experience participated in the 

study. All of them were certified at the Private Pilot level or higher. More precisely, 

three were certified at the Commercial Pilot level or higher and eight of them were 

certified at the Airline Transport Pilot level. In addition, three of the participants 

were also certified Flight Instructors and nine held the Instrument Airplane rating. 

HUD experience, though on a low level, was stated by two pilots. The participants 

were between 30 and 62 years old (SD = 9.03) and their flying times ranged from 

280 to 20.000 hours. With regard to these parameters the participants were equally 

distributed over the different experimental conditions. 

Task 

The main task of the participants was to fly a total of six approaches including 

landing on the runway in a low-fidelity flight simulator. Primary flight display 

information was presented on a simulated HUD on the computer screen. Pilots were 

explicitly instructed to focus on this flying task as their primary task and to try to 

remain as close as possible to the ideal approach path. The pilots were requested to 

avoid unsafe situations. The participants were also told to give the flaps control 

(“flap 1”, “flap 2” and “flap 3”) and the landing gear control to the experimenter like 

they would do in a real flight situation to the co-pilot.  
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In addition to the primary-task the pilots had to perform the target detection task. 

Each target was presented for half a second at randomly varying intervals of 7 to 15 

seconds. The detection task included twenty-nine targets (see figure 1) to react to by 

pressing a key which was placed on the top of the flight stick. The detection task 

was explicitly introduced as a secondary-task, i.e. a task of lower priority. 

Whereas the first five trials included different approach patterns without any critical 

situations, an unexpected and surprising runway incursion (RI) occurred during the 

last trial. This RI consisted of an airplane crossing the runway approximately 45 

seconds before landing and required the initiation of a go-around manoeuvre. 

Visibility conditions were always chosen in a way that it was principally possible to 

detect the occurring RI in due time.  

Material 

The experiment was accomplished on a Fujitsu Siemens Computer with 4 GB RAM, 

a 3.33 GHz dual-core processor and a 64-bit system with Windows 7 as operating 

system. The monitor (Fujitsu Siemens) with a resolution of 1920:1200 was placed at 

a distance of 60 cm from the pilot. The flight simulation tool ‘x-plane 9® 2008 

Laminar Research’ was presented in a low-fidelity environment on the monitor. ‘x-

plane®’ was controlled by means of the flight stick-throttle combination 

‘Thrustmaster HOTAS Cougar’. All the pilots had to do was to navigate the aircraft 

with the joystick and to control thrust with the throttle.  

The HUD variants were created with the help of the ‘x-plane®’ tool ‘Plane Maker®’ 

which allows for a customisation of every cockpit and aircraft element. The reduced 

HUD (figure 2) consisted of the rudimentary symbology a pilot needs for landing an 

aircraft. The complex HUD (figure 3) is extended by a flight director, presented by a 

cross and showing the required trajectory, and by a flight path vector which is an 

indicator for the future position of the aircraft. Moreover, a tunnel-in-the-sky was 

included in the complex HUD that ensures flight path accuracy because pilots only 

have to follow the row of rectangles marking the tunnel. The functionality and 

usability of the HUD variants were confirmed by pilots who are members of the 

Vereinigung Cockpit e.V. Figures 2 and 3 are screenshots of ‘x-plane®’ and were 

produced in nightly scenery to improve the visibility of the HUDs. The experiment 

was conducted in cloudy, but bright scenery. The variation of the HUD was chosen 

in order to have a higher amount of information elements within the HUD and not so 

much to have a higher degree of usability. Thus a higher tendency of the complex 

HUD variant to evoke a concentration of visual attention in the centre could be 

achieved. 
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Figure 2. Reduced HUD 

 

 

Figure 3. Complex HUD 

The detection task was integrated into ‘x-plane®’ by means of a plug-in 

implemented with C++ and Open GL. Therefore, the ‘Software Development Kit’ of 

‘x-plane®’ was used for a framework for the development of the plug-in.  

Procedure 

The experiment took place at three locations from July to August 2011: (1) at the 

Technical University of Berlin, (2) at EADS Innovation Works in Hamburg and (3) 
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at the Headquarters of the Vereinigung Cockpit e.V. in Frankfurt which is the 

German airline pilots’ association.  

One experimental session consisted of six approaches and lasted approximately one 

hour. The experimental session began with a training period during which the pilots 

could make themselves familiar with the symbology sets and the aerodynamics of 

the aircraft as well as with the input devices. Afterwards the experimental period 

started with the first of a total of six approaches on Hamburg-Finkenwerder of which 

two were direct approaches and four curved approaches (two from the left, two from 

the right). All of the approaches started at an intercept point which was ten miles 

(16.1 km) away from the runway and at an altitude of 3000 ft. (914,4 m). They were 

randomised between the participants for every HUD condition to avoid influence of 

the flight task order. Wind speed and direction also varied during the six flight tasks. 

The approach was stopped by the instructor as soon as the aircraft was in safe mode 

on the runway so that no parking manoeuvre was needed.  

The experimenter was also in the room and sat at a distance of two meters from the 

participant. In order not to distract the participant the experimenter faced away from 

the monitor and the participant. The experimenter operated the flaps and landing 

gear control at the command of the pilot. 

After each of the six trials the subjective workload was assessed by filling out the 

NASA-TLX questionnaire (Hart & Stavelan, 1988). Finally, a questionnaire was 

filled out to collect demographic data and information about the pilot’s flight and 

HUD experience. Pilots were not paid for participating in this study. 

Experimental Design  

A 2x3 experimental design was used for the study. The first factor involved to 

variants of HUD design, i.e. reduced vs. complex HUD, and was implemented as a 

between-subjects factor. The second factor “target location” was a within-subjects 

factor and consisted of three levels (see figure 1): (1) targets in the centre of the 

HUD, (2) targets on the edges of the HUD, (3) targets on the periphery of the HUD 

(3).  

Three sorts of data were collected: (1) Primary task performance was assessed by 

calculating the absolute orthogonal horizontal and absolute orthogonal vertical 

deviation from an ideal approach path which can be found in official Instrument 

Approach Charts (IAC), (2) the allocation of visual attention was operationalised by 

the detection rate and the response times to detected targets, and (3) subjective 

workload was assessed by the NASA-TLX questionnaire (Hart & Stavelan, 1988). 

In addition it was assessed how many pilots correctly responded to the runway 

incursion. 



 a new method to assess pilots’ allocation of visual attention 187 

Results 

Primary task performance 

In a first analysis the comparability of the six different approach and landing tasks 

was verified. If the flight tasks are at a comparable level of difficulty it is possible to 

average the results of the pilot’s six flights. Therefore, the data of the six flights of 

each pilot could be averaged for further analyses. To this end, the lateral and vertical 

deviation was compared between the six different tasks. An ANOVA showed that 

there are no significant differences between the lateral deviation, F(5,55) = 2,12; p > 

.07, and the vertical deviation, F(5,55) = 2,13; p > .07. 

In order to analyse whether the two different HUD versions had an impact on 

primary task performance (i.e. absolute lateral and vertical deviation compared to an 

ideal flight path) an independent sample t-test was performed as well as subjectively 

assessed workload (NASA-TLX), detection rate and response time. There were no 

significant differences between the two HUD versions with respect to both 

measures, (the lateral deviation: t(10) = .579, p > .6; vertical deviation: t(10) = 

1.029, p > .4). Furthermore, also the subjectively perceived overall workload as 

assessed by the NASA TLX did not differ between the two HUD conditions, t(10) = 

.316, p > .7, neither did any of the six sub dimensions.  

ATTENDO performance 

Since the allocation of visual attention was operationally defined by the target 

detection rate, its analysis was of primary interest. Effects on the detection rate were 

analysed by a 2 (HUD design) x 3 (target location) ANOVA which was applied 

across the 12 participants. 

There was a significant main effect of the target location on the detection rate, 

F(1,345, 13,45) = 16.557; p < .01. Yet, the anticipated effect of complexity of HUD, 

design on detection rate, F(1,345, 13,45) = 0.08, p > .85, was not found, neither was 

a significant interaction effect found, F(1,10) = 0.54, p > .82. Figure 4 shows the 

differences of target location related to detection rates per HUD variant. The 

differences between the mean detection rates were considerable, showing that 

centrally located targets were detected with much higher probability than targets 

presented in the two other areas. Most noticeable in this respect is that no differences 

occurred between detection rates for targets presented close to the HUD edges, 

where other relevant flight data information was presented, and targets presented 

clearly peripherally, i.e. outside the area where information was presented. 
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Figure 4. Detection rate per target location and HUD version 

Since participants were told to react as fast as possible to the appearing targets, 

response time was assumed to be an important indicator for how attention is 

allocated and captured. Effects on response time were analysed by a 2 (HUD design) 

x 3 (target location) ANOVA, too. However, no significant differences were found 

in response times for any factor. Neither the HUD design, F(1,10) = .129 ; p < .80, 

nor the target location, F(2,20) = 1.943 ; p < .20, nor the interaction of ‘HUD design 

x target location’, F(2,20) = .160 ; p < .90, showed significant effects on the 

response time. 

Detection of runway incursion 

Only one of the twelve pilots did not react to the runway incursion. Instead of 

initiating a go-around this pilot landed on the blocked runway. Although this low 

incidence rate does not allow for any decisive conclusions it might be noticeable that 

the pilot flew with the more complex HUD variant. None of the pilots had 

participated in other flight simulation studies into which runway incursions were 

integrated. Therefore all of them could be considered as naive concerning this factor. 

  Discussion 

This study is aimed at testing the sensitivity of a new method to assess the visual 

attention allocation of pilots using a HUD. The method consists of targets that are 

faded in for half a second and randomly regarding time and space and that are 

systematically grouped in the centre and on the periphery of the HUD. Two HUD 

versions which differ in their complexity are compared to each other.  

The results clearly show that targets presented in the centre of the HUD were 

significantly better detected than targets shown on the edge or the periphery of the 

display. This effect confirms the hypothesis H1: If visual attention is focussed on the 

centre of a display, its periphery is less observed and the risk of missing important 

information provided in more peripheral areas increases. Thus it can be assumed that 

ATTENDO is able to reproduce the visual attentional effect which has been reported 



 a new method to assess pilots’ allocation of visual attention 189 

also in other studies (e.g. Alexander et al., 2005). Overall, this provides evidence 

that the approach introduced here is able to identify attention allocation effects when 

using HUDs. 

However, the hypothesis H2 stating an increased risk of inappropriate allocation of 

visual attention allocation caused by the more complex HUD could not be 

confirmed. This is in contrast to findings of earlier studies suggesting that attentional 

tunnelling effects increase with augmenting complexity of HUD design (Alexander 

et al., 2005). Yet, other studies (e.g. Williams, 2002) did, either, find nothing but an 

overall effect of focussed attention on the display information when flying with 

HUDs, independent of their specific designs. Based on the data from the current 

suitability study, it is difficult to draw any significant conclusions about the origins 

of this effect. On the one hand, it might be related to the fact that HUDs in general, 

i.e. independent of the specific complexity of the design, involve the risk of a 

centralization of attention. On the other hand, it might be related to the fact that the 

differences in complexity between of the two designs compared are too small. The 

choice of the two variants of HUD for the current study was dependent on the 

somewhat limited range of features provided by the flight simulation ‘x-plane®’. 

Thus it cannot be excluded that the differences in complexity between the two 

HUDs are simply not large enough to provoke differences in the amount of 

attentional tunnelling.  

No significant effects, neither with respect to target location nor to HUD design, 

were found for detection times. The explanation for this effect is straightforward. 

The targets were only presented for comparatively short periods of time (500ms). 

Obviously, given this, the main issue is to detect a target. However, if a target is 

detected, the response time does not differ depending on target location. It is to be 

expected that differences in response time would have occurred only if the targets 

had been presented for a longer time. The current paradigm with short presentation 

times was chosen to make detection rates the most sensitive parameter. 

Only one of the pilots did not react correctly to the runway incursion. Even though 

the pilot was from the group flying with the more complex HUD, no conclusions 

can be drawn from this single case. Even more interesting is the fact that although a 

centralization of attention was found with both HUDs, this sort of attentional 

tunnelling obviously is not strong enough to interfere with the detection of an 

unexpected event on the outside.  

One of the advantages of ATTENDO is seen in its higher statistical power because 

of more reliable data resulting from the comparatively high number of stimuli. 

Based on the current study this advantage can be described more precisely. The new 

method produces a large amount of raw data. Twelve pilots participated in the study, 

all of them flew six approaches and each approach contains twenty-nine targets. 

Thus, 2,088 single values were produced. In the same experimental constellation, the 

method used by Alexander et al. (2005) would produce only 216 values, and solely 

12 to 24 single values would be gained by using runway incursions for the 

assessment of visual attention. Due to the large number of raw data produced by the 

new method, a higher reliability of performance assessment is clearly achieved and a 

reduction of statistical power is avoided. 
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The main objective of the current study is to demonstrate the usefulness of 

ATTENDO for describing the spatial distribution of attention within a display as 

complex as a HUD. However, lacking a head-down control group, no specific 

conclusions can be drawn from the current data about HUDs neither with respect to 

whether the centralization of attention is stronger than with other displays. This 

might become the objective of more specific studies using ATTENDO in other 

domains and fields of application in the future.  

In summary it can be said, that ATTENDO to assess visual attention allocation using 

a HUD represents a suitable alternative to existing methods. Through the use of 

standard hardware and software it is cost-efficient and allows for the testing of 

innovative HUD design in early stages of development. Because of the high number 

of raw data the tool produces, statistical shortcomings are avoided. Thus, the new 

method can increase research efficiency through the use of desktop research.  

References 

Alexander, A.L., Wickens, C.D., & Hardy, T.J. (2005). Synthetic Vision Systems: 

The Effect of Guidance Symbology, Display Size, and Field of View. Human 

Factors, 47, 693–707. 

Fadden, S., May Ververs, P., & Wickens, C.D. (2001). Pathway HUDs: Are They 

Viable? Human Factors, 43, 173–193. 

Fischer, E., Haines, R.F., & Price, T.A. (1980). Cognitive Issues in Head-Up 

Displays. NASA Technical Paper 1711. Retrieved from 

http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19810005125_1981005125.

pdf  

Foyle, D., Andre, A., McCann, R., Wenzel, E., Begault, D., & Battiste, V. (1996). 

Taxiway Navigation and Situation Taxiway Navigation and Situation 

Awareness (T-NASA) System: Problem, Design Philosophy, and Description 

of an Integrated Display Suite for Low-Visibility Airport Surface Operations. 

SAE Transactions: Journal of Aerospace Aerospace Human Factors Research 

Division, 105, 1411–1418. 

Hart, S. G., & Stavelan, L.E. (1988). Development of NASA-TLX (Task Load 

Index): Results of Empirical and Theoretical Research. In P. A. Hancock & N. 

Meshkati (Eds.), Human Mental Workload (pp.139–183). Oxfordshire: 

Elsevier Science Ltd. 

Martin-Emerson, R., & Wickens, C.D. (1997). Superimposition, Symbology, Visual 

Attention, and the Head-Up Display. Human Factors, 39, 581–601  

Proctor, P. (1997). Economic, safety gains ignite HUD sales. Aviation Week & 

Space Technology, 147, 54–57. 

Wickens, C.D. (2005). Attentional Tunnelling and Task Management. Aviation 

Human Factors Division Institute of Aviation. Retrieved from 

http://www.humanfactors.illinois.edu/Reports&PapersPDFs/TechReport/05-

23.pdf  

Wickens, C.D., & Long, J. (1995). Object Versus Space-Based Models of Visual 

Attention: Implications for the Design of Head-Up Displays. Journal of 

Experimental Psychology; Applied, 1, 179–193. 



 a new method to assess pilots’ allocation of visual attention 191 

Wickens, C.D., May Ververs, P., & Fadden, S. (2004). Head-up displays. In D. 

Harris (ed.), Human factors for civil flight-deck design (pp. 103-140). 

Aldershot: Ashgate. 

  



192 Hillebrand, Wahrenberg,
 
& Manzey 

 



In D. de Waard, K. Brookhuis, F. Dehais, C. Weikert, S. Röttger, D. Manzey, S. Biede, F. Reuzeau, and 
P. Terrier (Eds.) (2012). Human Factors: a view from an integrative perspective. Proceedings HFES 

 Europe Chapter Conference Toulouse. ISBN 978-0-945289-44-9. Available from http://hfes-europe.org

Time as a safety critical system integrator 

for flight control recovery in aviation  

 
John A. Stoop 

Lund University, Sweden 

Delft University of Technology, the Netherlands 

  Abstract 

Stall is an inherent unsafe flight control state that caused catastrophes in civil 

aviation. Solutions were gradually introduced, such as aerodynamic devices, pilot 

training, stick shakers and stall warnings.  These mitigating, stand alone solutions 

seemed to have solved the problem to an acceptable level. However, stall as a 

phenomenon has recurred in a new form, due to changes in operating conditions, 

flight envelope protection, cockpit automation and crew competence qualifications. 

Stall accidents, as unintentional loss of pitch control, deal with malfunctioning of 

primary flight control surfaces, automation mismanagement and hostile 

environmental influences during all weather operations. As pitch control is the only 

primary flight control that has no design redundancy, a new  flight recovery 

approach is proposed,  introducing new and uncorrupted aerodynamic forces by 

combining a technical recovery device with enhancing diagnostic abilities for the 

crew. In designing such a device, synchronizing time required and time available for 

flight control recovery is a critical design dimension This contribution elaborates on 

a control recovery device as an integrated system, consisting of a technical design 

device, computerized flight control and crew qualifications. A practical application 

of such a device focuses on a stall shield device, as a specific category of flight 

control recovery. 

  Introduction 

From the early days of aviation, stall has been an inherent hazard. Otto Lilienthal 

crashed and perished in 1896 as a result of stall. Wilbur Wright encountered stall for 

the first time in 1901, flying his second glider. Over the following decades, stall has 

remained as a fundamental hazard in flying fixed wing aircraft. Stall is a condition in 

which the flow over the main wing separates at high angles of attack, hindering the 

aircraft to gain lift from the wings. Stall depends only on angle of attack, not on 

airspeed. Because a correlation exists between loss of lift and minimal airspeed, a 

"stall speed" is usually used in practice. This is the speed below which the airplane 

cannot create enough lift at maximum angle of attack to sustain its weight in 1g 

flight. Airspeed is often used as an indirect indicator of approaching stall conditions. 

The stall speed will vary depending on the airplane's weight, altitude, and 

configuration. Fixed-wing aircraft have been equipped with devices to prevent or 

postpone a stall, to make it less more severe or to make recovery easier. Stall is an 

umbrella concept that covers various scenarios, aircraft configurations and has seen 
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a wide variety of dedicated solutions. In practice, stall may occur under various 

conditions, configurations and can be caused by various failure modes. 

Consequently, various stall scenarios exist. 

 

Although stall is a prominent issue in loss of flight control, loss of flight control as a 

wider issue is related to more phenomena than pilot performance (Veilette, 2012). 

Firstly, hostile operating conditions may occur, dealing with icing, weather 

conditions, wake turbulence, thunderstorms or micro bursts. Non-revenue flight 

operations, flight training, pilot competences and automation mismanagement 

represent a second category of pilot related contributing factors to loss of control. 

Technical malfunction of flight control surfaces by internal or external threats pose a 

third category of factors, sometimes with catastrophic consequences. Recovery from 

loss of control situations depends on the competences of the crew under these 

specific conditions and on the nature and extend of the technical damage and loss of 

integrity of the airplanes’ flight control functions. If the available recovery resources 

are insufficient and the time required for recovery lacks, the event becomes 

unsurvivable (Stoop, 2011).   

 

Stall scenarios 

 

A fixed-wing aircraft during a stall may experience buffeting or a change in attitude. 

Most aircraft are designed to have a benign stall with characteristics that will warn 

the pilot. Because air no longer flows smoothly over the wings during a stall, aileron 

control of roll becomes less effective and may incline the aircraft to enter into a spin. 

The dangerous aspect of a stall is a limited recovery capability due to a lack of 

altitude. Such stalls may cause accidents at a low altitude. At high altitude, upper 

and lower speed limitations become critical as the speed range reduces. The upper 

limit is defined by structural integrity demands, while the lower speed limits depend 

on air density and available engine power setting. As stall is reached, the aircraft 

will start to descend and the nose will pitch down. Recovery from this stalled state 

involves the pilot's decreasing the angle of attack and increasing the air speed, until 

smooth air-flow over the wing is restored. The maneuver is normally quite safe and 

if correctly handled leads to only a small loss in altitude. During training, a pilot is 

required to demonstrate competency to recognize, avoid, and recover from stalling 

the aircraft.  

Finally, a loss of pitch control may occur due to other causes than aerodynamic stall, 

but may result in a stall. Such stall modes origin from technical failure of rudders, 

exceeding the allowable centre of gravity range due to shifting cargo or fuel 

imbalances, damage to pitch control rudders by external impact from space debris or 

bird strikes, loss of critical air data due to Pitot port blockage by frost, foreign 

objects or insect intrusions. Despite all efforts to reduce stall and deep stall to 

acceptable levels of occurrence, such events still happen occasionally in commercial 

aviation. They raise concern about their emerging complexity, dynamics and impact 

on public perception on safety of aviation. Such events have been subjected to major 

accident investigations and serve as triggers for change throughout the aviation 

industry.  
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  Stall mitigation  

Over the years, a wide range of devices has been developed to prevent, postpone or 

recover from a stall. Although a distinction is required between the various 

configurations, several generic aerodynamic wing devices and pilot controlled 

mechanical warning and recovery devices have been applied. 

In order to recover from a stall, pilots have to be knowledgeable about the attitude 

and state of the aircraft and its dynamic behavior. Stall contributing factors should 

be familiar to pilots, such as the angle of attack, the air speed and the positioning of 

the center of gravity. During the flight, pilots depend on reliable air data information 

in order to interpret and monitor their flight performance. In modern fly by wire 

cockpits with flight envelope protection, impaired air data information may degrade 

normal protection systems. In many modern aircraft, an air data computer is applied 

to calculate airspeed, rate of climb, altitude, Mach number and rudder travel limits. 

Such a computer derives its information from the Pitot static system, measuring the 

forces acting on the aircraft as a function of temperature, density, pressure and 

viscosity of the air. Errors in the Pitot static system can be very dangerous because 

the information is critical to a successful flight performance. The Pitot tube is 

sensitive to disturbances, such as clogging by water or ice, insects or other 

obstructions. Blocking the static port is a serious problem, because it affects all Pitot 

static instruments. Such blocking will influence the horizontal and vertical airspeed 

indicator as the static tube is blocked at the altitude at which freezing occurred, 

misinforming the pilot about the actual horizontal and vertical airspeed. Erroneous 

data information will have its effect on the aircraft computer system by impairing 

the air data functions such as flight director, autopilot, auto throttle, rudder travel 

protection, speed calculations, wins shear protection and switches control authorities 

between Control Modes. 

 

Towards loss of flight control  prevention? 

 Recent major accidents indicate the potential for loss of flight control, at a high 

altitude as well as low altitude. A timely recognition is critical, but may be 

hampered by the ability of the crew to recognize and diagnose an event in a timely 

manner and respond accordingly, based on available time and resources. 

Transparency of the automated flight management system for the crew is a safety 

critical factor in the ability to diagnose and recover from an event. Under all flight 

circumstances a stable and controllable flight performance should be maintained.  

  A case history: the AF447 crash 

The BEA report on the AF447 accident demonstrates the complexity and dynamics 

of man-machine interfacing in which a continuous adaptation to a rapidly changing 

information display had to be taken into account. The eventual crash results from a 

succession of events in which (BEA, 2012): 

 A temporary obstruction of the Pitot tubes, creating inconsistencies in air speed 

measurements that caused autopilot disconnection and reconfiguration of 

normal flight control law mode towards alternate law mode 

 Inappropriate pilot input destabilizing the flight path 
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 The lack of linking between loss of indicated airspeed and appropriate crew 

procedures and the late identification of deviation from the flight path and 

insufficient correction applied by the PF  

 The crew not identifying the approach to stall,  their lack of immediate response 

and exit from the flight envelope and the crew failure to diagnose the stall  

situation and lack of inputs to enable a recovery. 

Information on angle of attack is not directly accessible to pilots. The angle of attack 

in cruise is close to the stall warning trigger angle of attack in another law than 

normal law. Under these conditions, manual handling can bring the aeroplane to 

high angles of attack. Only a direct readout of the angle of attack could enable crews 

to rapidly identify the aerodynamic situation and take the required actions.  

Alternate 2B law represents a specific case of flight control law configuration and 

occurs when flight computers have rejected the three Air Data References (ADR). 

The high and low speed protection that exists in normal law and the high and low 

speed stability in alternate law, are lost. The Electronic Centralized Aircraft 

Monitoring (ECAM) message associated with the reconfiguration indicates ‘PROT 

LOST’, while the load factor protection remains. Consequently, the precise 

identification of the consequences of a reconfiguration is complicated.  

In alternate law, the longitudinal control law remains a load factor law, while the 

lateral law is a direct law. In relation to lateral control, direct law implies a pilot 

input to counter any possible roll tendency, such as with cross winds and turbulence. 

In case of autopilot disconnection, a pilot input becomes necessary to control roll. 

However, maintaining the load factor law according to the longitudinal axis makes it 

possible not to have to make inputs along the longitudinal axis in order not to 

destabilize the aircraft. It requires a really high level of turbulence for the aeroplane 

to become significantly unstabilized. Pilot inputs therefore must be moderate and 

essentially on the lateral axis. The relatively strong nose-up of the pilot flying (PF) 

may have originated in a certain difficulty in integrating the various types of control 

laws and the differences in handling inputs to adopt between the two axis. The 

cockpit voice recordings indicate a preoccupation of the PF with keeping the 

aeroplane level and keeping altitude with the thrust setting. 

However, when there are no protections left, the aeroplane no longer possesses 

positive longitudinal static stability, even on approach to stall. This absence 

specifically makes it not necessary to make or increase nose-up input to compensate 

for a loss of speed while maintaining altitude. This neutral longitudinal static 

stability behavior was judged acceptable by the certification authorities because of 

the presence of flight envelope protections. However, a positive longitudinal static 

stability can be useful because it provides pilot sensory returns on the situation in 

terms of speed in relation to its point of equilibrium at constant thrust. In contrast 

with a classic aeroplane, the approach to stall in an A330 in alternate law is not 

associated with a more or less pronounced nose-up input. The consequence is that in 

this specific control law, the aeroplane would end up in a stall without any inputs on 

the side stick. It appears that this absence of positive static stability could have 

contributed to the PF not identifying the approach to stall.  
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In response to the obstruction of the pitot tubes by ice crystals, various monitoring 

systems triggered almost instantaneously. As the flight management systems 

detected differences between the various speed measurements, they reconfigured to 

alternate law. This monitoring is designed into the system to detect the obstruction 

of pitot tubes. The crew is only informed of the consequences of the triggering by 

observing the disconnection of the automated pilot and the automated throttle and 

the shift to alternate law. No failure message is provided that identifies the origin of 

these failures, in particular the rejection of the ADR’s and of the speed 

measurements. No ECAM message enabled the crew to perform a rapid diagnosis of 

the situation, initiating the appropriate procedures. However, the crew is trained to 

read the ECAM as soon as the flight path is controlled, in order to analyze the 

situation and to organize a course of action to deal with the failures. Between the 

disconnection of the autopilot and the STALL 2 warning, numerous messages were 

displayed on the ECAM, but none helped the crew to identify the problem with the 

anomalous airspeed. Furthermore, the rapid change-over of the displayed 

information which was created by the flight computer in managing the priorities 

further complicated the crew’s analysis and understanding of the situation.  The 

reading of the ECAM by the pilots was time consuming and used up mental 

resources to the detriment of handling the problem and monitoring the flight path. 

Current training practices do not cover manual flying at high altitude and do not 

compensate for lack of training of experience on conventional aeroplanes.  Training 

schedules, based on full flight simulator training, limit the pilot’s ability to acquire 

or maintain basic airmanship skills with respect to stall recovery due to the flight 

envelope protection constraints during such training. 

In conclusion, two main sources for failure can be identified from this description: 

- The available time window to deal with the situation was limited. The event 

took only 263 sec from the beginning to the very end  

- Understanding the complexity and dynamics of the event consumed many 

resources to the detriment of the primary task to control the flight path. 

 

  Theoretical notions on time as an analytical dimension 

Analysis of a complex and dynamic flight pattern as occurred with the AF447 has to 

take into account the dynamic environment in which the event took place. The crew 

had to adapt continuously and simultaneously to various changes in order to regain 

control and return to a desired stable and safe flight.  Linear and static models of 

man-machine interfacing do not comply with diagnosing modern avionic systems 

that are designed on a 4D basis. This means that time has to be introduced as a 4th 

analytical dimension. Hollnagel and Woods have developed a model that deals with 

dynamic developments in their environment (Hollnagel & Woods, 2006). To apply 

the conceptual terms Anticipation, Attention and Response of their conceptual and 

aggregated model, these terms are defined as system safety value levers (De Graaf, 

2012). The terminology of the model as used in 3 case studies (ElAl1862, SW111 

and QF32) define Anticipation as Codified information within the system, Attention 
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as the Ability of capturing real time information and Response as the Totality of 

system reactions reducing deviation from the desired state. 

Time has to be introduced as a dimension to deal with the dynamics of the event. 

While the original model assumes a sequential processing, processing the system 

safety performance in the revised model essentially becomes simultaneous and 

continuous. Resilience is defined as the potential of the system capacity regarding 

available resources and time available to recover. Changes in recovery potential 

during the development of the event may be identified as deterioration or 

augmentation. The feasibility to avoid disaster is bounded by performance limits of 

technical and human resource nature and identified by performance requirements for 

anticipation, attention and responses. If the available recovery time windows do not 

comply with the minimal required recovery demands, the system will fail to recover 

from the event. 

  Available versus required resources: three case studies 

This resource allocation concept has been applied to three recent major events in 

aviation: ElAl1862, SW11 and QF32 (RvL 1992, TSB 1998, ATSB 2010,). For the 

3 case studies, exceeding the discrepancy between available and required time and 

resources defined the survivability of the event (De Graaf, 2012). A severity index 

was assigned to each of the occurrences in the sequence of events, indicating the 

required and available recovery capacity for anticipation, attention and responses.  

This assessment can be displayed graphically in the performance-time capacity 

relationships. The deficient flight control recovery capacity in the case of ElAl1862 

and SW111 resulted in the eventual loss of control over the aircraft (See figure 1).  

For each of the cases (ElAl 1862, SW111, QF32), critical resources and time scales 

are identified, with respect to anticipation, attention and responses (De Graaf, 2012) 

as depicted in figure 2. 

 In the ElAl1862 case the flight control response capacity was critical, due to the 

engine separation on the right wing with massive structural damage to the 

aeroplane. The crew had neither control nor time resources at the low flying 

level to recover from the split flap roll. The structural weaknesses of the fuse 

pin design were not anticipated, leaving the crew unaware of the engine 

separation and collateral damage. The aircraft crashed into an apartment block 

near Amsterdam. 

 In the SW111 case, the recovery potential was critical due to a progressive fire 

on board, leaving the crew no time required to land safely at their diversion 

destination. The concealed deficiencies in the fire resistance were not 

anticipated, eliminating an appropriate diagnosis for the crew to control the fire 

effectively. The aircraft crashed into the Atlantic Ocean near Halifax, Canada. 

 In the QF32 case, a coincidental presence of two master pilots on board 

facilitated appropriate diagnosis of the complexity and dynamics of the event 

due to an increase in attention and diagnostic capabilities. Due to a robust 

design, Cockpit Resource Management (CRM) skills and diagnostic 

capabilities, the available recovery capacity of the A380 exceeded the 
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anticipated capacity despite the massive damage to flight control systems. The 

aircraft was landed safely at Singapore Airport.  

   ANTICIPATION ATTENTION RESPONSE 
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<0  Take off and ascending flight 0 0 0 + 0 0 0 0 0 

0 17:27:30 Departing E3&4, LE damage +++ - 0 0 - 0 +++ --- 0 

25 17:27:55 Crew mayday call & takeover 0 0 0 0 0 +++ 0 0 ++ 

30 17:28:00 ATC response for assisting 0 0 ++ 0 0 0 0 0 0 

35 17:28:05 Notion: fire in engine no 3 0 0 0 0 0 0 0 0 0 

40 17:28:10 Notion: reduced thrust E3&4 0 0 0 0 0 0 0 0 0 

85-

205 

17:28:55 Components falling off the ac 
+++ - 0 + 0 0 + -- 0 

210 17:31:00 Recognition: flaps problems 0 0 0 0 0 + 0 0 0 

270 17:32:00 Ac does not respond to input 0 0 0 0 0 0 0 - 0 

275 17:32:05 Unawareness: non-response ac 0 0 0 0 0 - 0 0 0 

450 17:35:00 Recognition: control problem 0 0 0 0 0 ++ 0 - 0 

470 17:35:20 POINT OF NO CONTROL 0 0 0 0 0 0 0 --- 0 

475 17:35:25 Recognition: going down 0 0 0 0 0 0 0 0 0 

490 17:35:40 Crash 0 0 0 0 0 0 0 0 0 

Figure 1. Capacity changes over time for ElAl 1862 

In these case studies, all aircraft designs were similarly sophisticated, crew 

performance was on a comparable high professional level and substantial damage 

had occurred. The recovery depended on identification of a drift into failure and the 

ability to divert timely from the point of no return. 

However, conceptual deficiencies exist. First airspeed indications rely on the use of 

pitot tube technology alone. Applications of a new, independent technology -such as 

GPS- might provide necessary technological redundancy for air data information 

supply 

Second, in contrast with roll and yaw control, pitch control of aircraft is not 

redundant. There are no substitute strategies for controlling the pitch of commercial 

aircraft, Such conceptual deficiencies leave room for integrating time as a dimension 

for designing anticipation, attention and responses in the man-machine interfacing 

and to introduce new control forces in the flight handling of fixed wing aircraft. An 

innovative approach may eliminate inherent properties before they manifest 

themselves as emergent properties in practice with unavoidable catastrophic 

consequences.  
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Figure 2. Capacity changes over time for specific characteristics 
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  Towards innovative designs: a control recovery device 

While pragmatic and dedicated solutions have achieved a high level of 

sophistication in stall mitigation and recovery, a more fundamental approach to loss 

of flight control avoidance could be developed in order to deal with systemic 

deficiencies in loss of flight control avoidance. A timely deployment of new 

resources creates recovery potential and facilitates operating in a new and safe flight 

control state.  

An innovative solution should comply with principles of dynamic flight control over 

the fundamental aerodynamic forces that are exercised on general aviation and 

commercial aircraft: 

 introducing new aerodynamic forces instead of manipulating existing forces 

 introduction of such aerodynamic forces in uncorrupted air flow 

 generating high pitching moments by small forces combined with long arms 

 introducing correcting forces only in case of emergency 

 a timely and fail safe deployment in a 4D operating environment. 

 

In particular dealing with stall, an innovative design is suggested, based on these 

principles of dynamic vehicle control (De Kroes, 2012). Such a design as depicted in 

figure 3 is called a ‘stall shield device’ and consists of the following features: 

 on the fuselage of the aircraft, control surfaces are located at the nose and tail 

section in order to minimize the size of the surfaces, providing the largest  

momentum arm to the center of gravity 

 these stall shields are only deployed in case of near stall and emergent unstable 

flight to eliminate parasite aerodynamic drag in normal flight conditions 

 these surfaces can be operated by either select nose or tail shields or combine a 

nose and tail mode of operation to provide a stable flight performance, 

depending on the stall scenario, flight phase, aircraft configuration and 

operating conditions 

 a stall shield control system is integrated in the flight management system, 

supported by dedicated computer software, depending on the level of 

sophistication of the aircraft control systems 

 As a commercial application, it may serve as a safety asset in creating safety 

performance beyond legally required performance standards. 

 

Such devices and their control systems should benefit from deploying satellite 

system by developing avionics applications for ground speed, acceleration, altitude, 

positioning and flight attitude identification to provide redundancy in technology 

over the Pitot static data supply. In addition, a direct angle of attack indicator in the 

cockpit display is preferred to inform the pilot on the actual flight attitude of the 

aircraft while the stall shield device is operational. 
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Figure 3.  Stall shields at the nose end of a T-tailed aircraft (This figure is taken 

from Flight Path 2050, Europe’s Vision for Aviation. Report of the High Level 

Group on Aviation Research. European Union 2011.) 

Several scientific uncertainties should be addressed in developing a stall shield 

device: 

 the man-machine architecture and interfacing should address questions such as: 

manual versus full automation, when and how fast deployable, establishing 

eventual crisis work loads, maintaining oversight over the actual aircraft state 

and attitude, identification of critical performance parameters such as angle of 

attack, speed, attitude, system mode 

 providing a proof of concept throughout each phases of design, varying from 

conceptual assessment until certification processes and standards, testing and 

flight taking into account validation criteria of safety, costs and lead time, 

acceptable performance envelope limits 

 establishing critical load cases for an encompassing range of loss of pitch 

control, damage tolerance limits, center of gravity range extensions and limits, 

aircraft stability, trim and fuel economy constraints, structural aspects, 

construction weight and maintenance issues 

 fail safe performance of the device as a ‘’full envelope protection device’’, 

preventing inadvertently and unanticipated deployment, training requirements, 

pilot certification and proficiency demands. 

  Conclusions  

Improving the recovery from loss of flight control, an additional recovery strategy 

should be provided if containment within the flight performance protective envelope 

is impossible. Expansion of the flight envelope protection is necessary, by 

Nose end 

stall shields 
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introducing new and uncorrupted aerodynamic forces, redundancy in pitch control 

surfaces and expansion of flight management parameters. The rate of excursion from 

the protection envelope, available crew qualifications,  the nature and extend of 

mechanical damage to control surfaces and required recovery time will limit the 

potential for successful application of such a recovery device.  

Assessment of the flight control recovery device as a feasible and desirable 

innovation should be done in the early phases of its conception. Feedback from 

operationally highly experienced people such as pilots and accident investigators 

provide insights in the actual responses of the system under specific conditions that 

cannot be covered by an exhaustive proactive survey during design and 

development. A multi-actor assessment should identify strengths and weaknesses, 

opportunities and threats of the device, providing a safety impact assessment before 

the concept is released for operations. Otherwise, the cure could be worse than the 

cause. 
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  Abstract 

It has been suggested that the design of the last NASA reference mission for the 

human exploration of Mars is lacking sufficient considerations for human factors 

and human machine interactions. The NASA team examined many different options, 

long or short stay, chemical or nuclear thermal propulsion, pre-deploy or all-up, in 

situ resource utilization (ISRU) or not, etc. The decision process was based on a 

bottom-up approach, which led to local optimizations but to unpractical solutions in 

certain domains. For instance, the optimal number of astronauts has been determined 

according to skills requirements and organizational issues but no attention has been 

paid to its impact on the payload, on the mass of the landers, on the volume of the 

habitat and on the overall risks of the mission. A human centered design approach is 

proposed here, with a particular focus on interdependencies and human systems 

interactions. Following the guiding principles of human rated space systems, it is 

suggested that different choices may be more appropriate. The main ones are a 

reduction of the size of the crew, the entire duplication of the mission and a trade-off 

between "pre-deploy" and "all-up".  

  Introduction 

In the 2009 NASA report describing the reference scenario for a human mission to 

Mars, it is stated (Drake, et al., 2009): “The general story that was constantly 

reiterated from the individual mission risk analyses was that current design 

philosophies and technologies would not provide an acceptable level of reliability 

for a Mars mission.” This statement is rather pessimistic. However, recently it has 

been suggested that human systems interactions (HSI) have not been carefully 

examined (Salotti, 2011, Salotti & Claverie 2012). This is somewhat surprising 

because human centred design and HSI are considered key issues in NASA 

certifications of human rated systems (Maguire, 2001, O'Connor, 2011, Boy, 2012). 

Theoretically, two important principles have to be followed: 

a) The reduction of the risks by the tolerance to multiple failures and a high number 

of backup strategies. 

b) Humans (astronauts) must have the possibility to take manual control on the 

systems and to obtain all relevant information on the state of the vehicle. 
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Did the NASA team follow these principles in their design of the reference mission? 

The question is addressed in the paper. In the next section, an overview of the 

mission is presented and the decision making process is discussed, with a specific 

focus on human systems interactions. In the following section, principles a) and b) 

are taken into consideration and suggest other options, which lead to another 

scenario that would probably be less risky and less expensive than the NASA one. 

  NASA reference mission 

  Problematic 

Before addressing methodological issues, it is important to understand the 

problematic of human missions to Mars. It takes about two years for Mars to 

complete a single orbit around the sun. In order to benefit from the velocity of the 

Earth rotating around the sun (30 km/s), specific planetary configurations have to be 

awaited before sending a rocket to that planet and it takes between eight to ten 

months to reach it (Hohmann Transfer). Then, in most realistic scenarios, the 

astronauts have to stay five hundred days on the surface of Mars before the next 

appropriate planetary configuration occurs and the inbound trip can be undertaken. 

A human mission to Mars is very complex. NASA teams have been working on the 

subject for decades (Portree, 2001). The first "reference mission" has been published 

in 1997 and several updates have been released, the last one in 2009 (Hoffman & 

Kaplan 1997, Drake, et al., 1998, Drake, et al., 2009). There is one major difficulty 

that has to be overcome in the design of such a mission. It is the total payload mass 

that has to be sent to Mars. Even if a huge launcher is built, many launches will be 

required and a long and complex low Earth orbit (LEO) assembly will perhaps be 

unavoidable. The risks and the costs are tightly coupled to the complexity of the 

mission and therefore to the total payload mass. For that reason, specialists of the 

domain often focus on technological solutions for its reduction. For example, the 

NASA team suggests the use of nuclear thermal propulsion that could theoretically 

allow significant mass savings. Moreover, in order to avoid the landing of huge 

amounts of propellant for the launch of the Mars ascent vehicle at the end of the 

stay, it is recommended to produce propellant using Martian resources. If 

insufficient efforts are provided to reduce the overall mass that has to be sent to 

Mass, the mission becomes dramatically complex and unrealistic. Thus, the focus on 

technological solutions is clearly justified. However, such efforts should not be 

undertaken at the expense of the methodology and the consideration of other 

important parameters and especially human factors and human systems interactions.  

  The crew 

In the first NASA reference mission, the problem of the composition of the crew has 

been addressed (Hoffman & Kaplan 1997). The question is what the most 

appropriate number of astronauts for a mission to Mars is. In the literature, different 

numbers can be found, typically between three and twelve (Portree, 2001, Salotti, 

2011). For the reference mission, specialists of human factors and knowledge 

management have worked on the problem. They took into consideration the 

objectives and needs of the mission, the functions that had to be fulfilled by the 

astronauts at different stages, the necessity of redundancy of the skills, 
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organizational issues and they finally made a proposal. The best crew size is six. It is 

not imperative but recommended as a good trade-off. The arguments have been 

presented in the 1997 NASA report and from that time on all NASA reference 

missions were based on a crew of six. Surprisingly, though it is mentioned in these 

reports that the number of astronauts might have a significant impact on the total 

mass that has to be sent to Mass, there has been no study on the subject. Obviously, 

there is an impact on many systems: consumables, accommodations, habitable 

volume, propellant amounts and perhaps on the organization and architecture of the 

mission, including human systems interactions. If the variability of such an 

important parameter has not been considered, are there other choices and another 

scenario that would outperform the current NASA reference mission? 

  NASA methodology 

In order to determine the reference mission, the NASA team tried to adopt a 

methodological approach. However, the problems being very hard, it was decided to 

build a trade-tree. Key choices have been identified and represent the nodes of the 

trade-tree. A scenario is typically defined by a branch of the tree. Here are the key 

choices: 

- Conjunction class mission / Opposition class mission: Briefly, the first choice 

minimizes the amount of propellant required for the transfer between the Earth 

and Mars, while the second minimizes the time spent on Mars. The first option 

is preferred by most specialists because it allows important mass savings. 

- Pre-deploy / all-up: The first choice consists in the pre-deployment of assets on 

the surface of Mars before sending the manned vehicle. If the second choice is 

preferred, all space vehicles are sent to Mars at the same time. The pre-deploy 

option is often preferred because the Mars ascent vehicle is refueled and ready 

to take off before any human is sent to Mars. This choice is further discussed in 

the next sections of the paper. 

- Aerocapture / propulsive: A space vehicle entering the neighbourhood of Mars 

must reduce its velocity to reach a Martian orbit. There are two options. The 

first is to use a propulsion system and to consume large amounts of propellant. 

The second is to follow an accurate trajectory that goes through the upper 

layers of the Martian atmosphere for an aerobraking manoeuvre. Aerocapture, 

which optimizes aerobraking for Mars orbit insertion, is often chosen because 

it enables important mass savings but it is a difficult manoeuvre and a heavy 

heat shield has to be added to protect the space vehicle. The NASA team chose 

aerocapture for the two cargo vehicles but not for the manned vehicle.  

- ISRU / no ISRU: In situ resource utilization (ISRU) is a key idea for the 

reduction of the mass that has to be landed on Mars. There are many different 

options for the ISRU choice. Methane plus oxygen are often chosen as the 

reactants that can be used as propellant for the Mars ascent vehicle. Both of 

them can be manufactured on Mars thanks to the presence of carbon dioxide in 

the atmosphere and water in the ground but numerous problems have to be 

solved. The NASA team examined all options and recommended to bring the 

methane from the Earth and a chemical unit that can extract oxygen from the 
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carbon dioxide of the Martian atmosphere. This choice is analyzed from the 

point of view of human systems interactions thereafter. 

- Nuclear Thermal / Electric / Chemical: The choice of the propulsion system for 

the transfer between low Earth orbit and Mars is very important. Chemical 

propulsion is mastered since a long time. Nuclear thermal propulsion is more 

efficient: with the same mass of propellant, the velocity gain is higher. 

However, a small nuclear reactor has to be sent to Earth orbit and an assembly 

of the space vehicle is required. The use of electric propulsion systems is 

another option. Theoretically, it is more efficient than nuclear thermal 

propulsion, but a heavier nuclear reactor would be needed and the acceleration 

would be very low and at the expense of the travel time. The NASA team 

performed an analysis and the preferred choice was nuclear thermal propulsion. 

The five nodes of the trade-tree have been investigated by NASA. Numerous 

comparisons have been performed and each option is discussed. However, the focus 

has been on technological issues. In the introduction of the paper, we presented the 

two main recommendations for human rated space systems, which relate to the 

redundancy of systems and their control by the astronauts. These principles have not 

been taken into account in the NASA study or in an insufficient way. Let us provide 

two examples: 

- When the manned vehicle is sent to Mars, it is isolated. There is no backup 

vehicle (redundancy principle). If for any reason the habitable module becomes 

inhabitable or the propulsion system is out of order (as it was the case in the 

Apollo XIII mission), the crew is lost. The problem has been identified by 

NASA but there is neither analysis of the risks nor proposals to solve the 

problem. 

- The use of robotic excavators has been examined for the process of water 

production, from which hydrogen can be extracted and used for the production 

of propellant (methane + oxygen). NASA conclusion is that there are too many 

uncertainties in the use of robotic excavators, which are supposed to operate 

automatically while astronauts are still on Earth ("pre-deploy" strategy). 

Surprisingly, despite the recommendation of providing maximum control on 

the systems to the astronauts, the possibility of a control of the work by the 

astronauts has not been examined. In the context of the "all-up" option, such a 

possibility should have been clearly identified. 

The objective of this work is not to criticize the tremendous work that has been 

performed by the NASA team. NASA reference missions are described in several 

long reports with many technical details. The problems are very complex and the 

constraints are very strong. The analysis of a restricted number of options is 

unavoidable. NASA decided to fix the number of astronauts and to focus on 

technological issues without paying much attention to human systems interactions 

and interdependencies, at least in the analysis of the different choices of the trade-

tree. This is a reasonable choice but it is important to understand the lacks of the 

approach and to perform later on a complementary analysis that can bring another 

point of view and eventually suggest important changes for the architecture of the 

mission. 
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  Human rated systems for human missions to Mars 

  Redundancy 

A mission to Mars requires the control of many complex critical systems. The first 

ones are propulsions systems. In most cases, it is not possible to duplicate them in 

totality because the mass penalties would be too high. If the main engines fail or if 

there is a problem with the propellant, the risk of loosing the space vehicle and the 

crew is significant. Life support systems also are critical. There must be a total 

control on the quality of the air: pressure, temperature, resupply of oxygen, removal 

of carbon dioxide and water vapor, absence of nocive particles. If one of these 

systems does not work properly, the lives of the astronauts are in danger. The water 

recycling process also is very important. If it fails, there would not be enough water 

to sustain the lives of all astronauts for the round trip. In order to reduce the risks of 

loosing the crew, robust systems will have to be chosen and carefully tested. 

However, this is not sufficient. A fundamental principle in the design of human rated 

systems is to consider the eventuality of their failures and to look for solutions to 

reduce the severity of their impact. Systems can be duplicated, tripled or quadrupled 

but there still exists a risk of multiple failures. An accident can also occur and 

destroy an important part of the vehicle, leaving only a few hours or days for a 

reparation or a rescue. In order to avoid the loss of the crew, such problems have to 

be anticipated and back-up strategies have to be developed. For the launch, the back-

up strategy is well-known and adopted by all space agencies. A small top-mounted 

rocket is connected to the capsule. If there is a problem during the launch, the 

engines of the small rocket are fired and the capsule and its astronauts are quickly 

ejected a few hundred metres away. For the life support systems, the strategy is 

more complex. The NASA team suggests bringing numerous spare parts, tools for 

reparation and enough consumables for one month in open loop (no recycling). This 

might not be sufficient. Let us consider the Apollo XIII accident. An oxygen tank 

exploded and the command module was almost out of order. The astronauts survived 

thanks to the presence of the lunar exploration module, which provided life support 

and propulsion for the return to the Earth. In the context of the NASA reference 

mission for a journey to Mars, a similar accident during the transit between the two 

planets would cause the loss of the crew. The only way to solve the problem is to 

have another space vehicle closeby, which could dock to the former for transhipment 

of the crew. The same problem exists on the surface of Mars. If a habitat becomes 

unsafe or if a Mars ascent vehicle is not able to take off, an efficient back-up 

strategy consists in the duplication of the habitat and the Mars ascent vehicle. 

Remarkably, the entire duplication of the mission to Mars has already been 

suggested by one of the pioneer of the space conquest: Wernher Von Braun (Portree, 

2001). His project was very ambitious with two crews of six and gigantic 

spaceships. The total payload mass was probably unrealistic. However, if the 

problem is the mass, there are two ways to overcome the difficulty. The first is to 

send only one spaceship, this is NASA approach. And the second is to reduce the 

size of the crew and to look for other solutions for other mass savings.  
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  Size of the crew and impact on the systems 

Obviously, the question of the best crew size in a single space vehicle is very 

different from the best crew size if the mission is entirely duplicated and if efforts 

are requested to reduce the mass that has to be sent to Mars. The main problem of 

allowing transhipment onto a second vehicle is that a single vehicle must be 

designed to sustain the life of twice the number of astronauts in the nominal 

situation. Does that mean, for example, that two vehicles with two astronauts in each 

and enough consumables for transhipment would be heavier than a single vehicle 

with seven astronauts and no transhipment? A detailed analysis has been performed. 

This intuitive idea is wrong for several reasons. First, transhipment must be 

considered the last option for the rescue of a crew. It is an emergency situation, 

which should rarely occur. If it occurs anyway, as it is the case in the navy, a 

reduction of the comfort is acceptable and the primary objective becomes the 

survival of all astronauts. Obviously, there should be enough consumables for all 

astronauts. However, there are at least three domains for which mass savings can be 

expected.  The first is accomodations because they can easily be shared by the 

astronauts without impact on safety. The second is structure because a small 

habitable volume (for two crews) is also manageable. The third concerns the back-

up strategies for life support systems. The number of spare parts and tools for 

reparation does not need to be slightly increased. In addition, the amount of back-up 

consumables, especially for open loop consumption, does not need to be doubled. 

Indeed, in most emergency situations, if there is time for rendezvous and docking, 

there is most probably time for transhipment of consumables together with the crew 

(and eventually accomodations). Let us consider another example with two 

astronauts and a capsule that has to be used the last day of the mission for the re-

entry in the Earth atmosphere. In a normal situation, the two astronauts are in the 

capsule with two hundred kilograms of rocks that have been collected on the surface 

of Mars. In the context of an aborted mission due to transhipment during the transit 

between the two planets, there are four astronauts in the capsule and no rock at all. 

Therefore, the mass for Earth re-entry is roughly the same in both cases. As a 

consequence, the mass of two space vehicles with N astronauts in each and the 

possibility of transhipment is much less than twice the mass of a space vehicle with 

2N astronauts.   

Another important question is the minimum number of astronauts in each space 

vehicle. The problem has already been addressed (Kanasa, et al., 2009, Salotti, 

2011). For evident safety issues, there must be at least two astronauts. Two is a very 

low number for a long mission but it is probably manageable if the crews are 

carefully selected and trained and if the two crews are always close the one another 

to provide an eventual help. 

  In situ resource utilization 

In the NASA report, there is a detailed analysis of the possible solutions for the 

exploitation of local resources for the production of propellant. Assuming that the 

combination of methane and oxygen is the most appropriate propellant that can be 

manufactured on Mars, three main options are examined: 
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- Methane is brought from the Earth and oxygen only is produced on Mars. 

- Liquid hydrogen is brought from the Earth and methane and oxygen are 

produced on Mars. This option allows more mass savings but it requires 

more energy and complex devices to store large amounts of liquid 

hydrogen during long periods of time. It was the recommended option for 

the 1998 NASA reference mission (Drake, et al., 1998). In the 2009 NASA 

study, however, the NASA team considered that the complexity of the 

solution was too high for a small benefit (Drake, et al., 2009). 

- Nothing is brought from the Earth and methane and oxygen are 

manufactured on Mars. According to NASA, this solution allows the most 

significant reduction of the payload mass that has to be landed but as it was 

explained earlier here, it requires the complex use of robotic excavators. 

There is no doubt of the feasibility of the last solution. The problem is the reliability 

of robots that have to be operated during several months. There are too many 

uncertainties due to robotic interactions with unknown environments. Robotic 

excavators can get jammed or damaged for many reasons. They can be extensively 

tested but there are numerous types of terrain and an almost infinite combination of 

difficulties. As it is almost impossible to prove the reliability of the systems, the 

NASA team rejected the solution. Nevertheless, an important question has not been 

addressed: if humans were present on the surface while the robotic excavators are 

working, would there be a significant improvement in the reliability of the systems? 

If a robot gets jammed between two rocks, an astronaut can easily free it. If a 

mechanism is broken, provided that spare parts and appropriate tools are available, it 

can be repaired. Last but not least, a back-up robotic excavator can also be stored in 

the space vehicle. This is typically a situation where humans can be considered 

technological enablers. Furthermore, "humans must have the possibility to take 

manual control on the systems". This simple recommendation for human rated space 

systems suggests that the presence of humans during the work of robots is an option 

that has to be seriously considered, especially if it allows significant mass savings. 

The NASA team performed a detailed comparison between the "pre-deploy" and 

"all-up" options, but the technologically enabling argument of the all-up case has 

been missed (Drake, et al. 2009, Salotti & Claverie 2012). 

  Conclusion 

Following the guiding principles for the design of human rated space systems, it is 

suggested that other options deserve to be examined for a human mission to Mars. A 

reduction of the crew size to two astronauts and an entire duplication of the mission 

were the starting assumptions of another paper that was focused on technical issues 

for the design of an original scenario (Salotti, 2011). Moreover, a recent analysis of 

the risks for the entry, descent and landing on Mars suggests that the best solution 

would be to land with several small vehicles (mass less than thirty-three tons), which 

would be possible only if the size of the crew is less or equal to two astronauts 

(Salotti, 2012). In addition, such a solution avoids the needs for complex assemblies 

of different modules in low Earth orbit, thus reducing the complexity of the 

architecture of the mission. All in all, including the possibility of using robotic 

excavators if astronauts are present nearby, the proposed scenario seems much more 
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simple and efficient than the NASA reference mission (Salotti, 2012). Therefore, the 

conclusion of this study is that designers of interplanetary missions should pay more 

attention to human factors and human systems interactions or they could miss the 

most promising solutions with possible impacts on the global architecture. 
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  Abstract 

Intuitive interaction utilizes stored experiential knowledge (Blackler et al., 2007a). 

Several theorists focus on the impact of prior knowledge on intuitive interaction 

(e.g. Hurtienne & Israel, 2007; Baylor, 2001). However, most empirical 

investigations look at experiential knowledge that was gained through past 

experience of some product features under investigation (e.g. Blackler et al., 2010). 

Hence these experiments do not assure that subjects in the non-experiential group 

cannot build upon some prior knowledge that was not manipulated in the 

experiment. In the present empirical investigation this paradigm was extended. Now 

three groups were tested on a simple multi-touch interface: adult participants with 

and without prior experience and children as absolutely naive users. Results show 

that children are generally slower in performance compared to adults. Hence, in line 

with other research (e.g. Blackler et al., 2010) it can be concluded that prior 

experience alters intuitive behaviour. In contrast to these studies we claim that there 

might be different types of prior knowledge, maybe even different types of intuition 

(see also Baylor, 2001). 

  Background 

The concept of intuition has become very popular in the last decades of human 

computer interaction research (e.g. Baylor, 2001; Blackler & Hurtienne, 2007; 

Kindsmüller & Mahlke, 2007). However it still seems to be not well understood 

(e.g. Hurtienne et al., 2006). Theorists put large effort in their definitions of terms 

like intuition and intuitive interaction (i.e. Mohs et al., 2006; Baylor, 1997, 2001). 

One result of these numerous approaches is that one can find many concurrend 

definitions of inution and intuitive use in recent literature.  

Surely one of the shortest definitions of intuition comes from Koestler (1964). He 

“[...] characterizes [Intuition] as the sudden emergence of a new insight.” (cited in 

Baylor, 2001, p. 237). 

More in general, Bruner (1963) “[...] portrays [Intuition] as the intellectual technique 

of arriving at plausible but tentative formulations without going through the 

analytical steps by which such formulations would be found to be valid or invalid.” 

(cited in Baylor, 2001, p. 237). Jung (1921) “[...] describes [Intuition] as the 

psychological function that explores the unknown and senses possibilities and 

indications which may not be readily apparent.” (cited in Baylor, 2001, p. 237). In 
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contrast to these very broad definitions, Haidt (2001) puts the time scale of intuition 

into focus by stating that “[...] Intuition can be defined as the sudden appearance in 

consciousness of a [...] judgement, including an affective valence (good-bad, like-

dislike), without any conscious awareness of having gone through steps of 

searching, weighting evidence, or inferring a conclusion [...].” (cited from Plessner, 

2006, p.110). In coherence with Haidt (2001), Baylor (1997) also mentions the short 

time scale of intuitive processes by defining that, “First, intuition has an element of 

immediacy. [...] Second, intuition senses relationships. Intuitive processes draw 

links and highlight patterns, formulating connections between objects or ideas. 

Third, intuition is a type of reasoning. […] Intuition results from a reasoning process 

that lacks metacognitive control. Reasoning in intuition proceeds automatically, 

immediately interpreting the present relationship. In summary, intuition acts in the 

immediate future, senses relationships, and functions through reasoning without 

conscious intent.” (p. 3).  

Finally, Blackler, Popovic and Mahar (2007) transfer the definition of Intuition into 

the area of man-machine interaction. “Intuition is a type of cognitive processing that 

is often non-conscious and utilises stored experiential knowledge. Intuitive 

interaction involves the use of knowledge gained from other products and/or 

experiences.” (Blackler et al., 2007, p.4). Furthermore they even define intuitive 

interaction for this area. “Intuitive use of products involves utilising knowledge 

gained through other experience(s). Therefore, products that people use intuitively 

are those with features they have encountered before. Intuitive interaction is fast and 

generally non-conscious, so people may be unable to explain how they made 

decisions during intuitive interaction” (Blackler, Popovic & Mahar, 2007 p. 5).  

Despite the variety of constructs that are related to intuition and intuitive interaction 

in these definitions, some key elements are frequently mentioned. First of all, some 

type of insight/formulation/new possibility seems to be the result of an intuitive 

process. Second, people come to these insights without conscious reasoning. Third, 

intuitive processes are fast and fourth, some type of prior knowledge forms the basis 

of the intuitive process. Especially the usage of prior knowledge seems to be most 

important for intuitive processes. However, none of these definitions define which 

type of prior knowledge is necessary to facilitate intuitive interaction. Hence the 

present paper experimentally varies this factor to shed some light on this issue. Since 

it was aimed to assess intuitive behaviour with respect to a new technical artifact, we 

grouped subjects regarding their prior knowledge with a special multi-touch 

interface (i.e. a multi-touch table). One group consisted of pre-school children who 

were assumed to have no prior knowledge of multi-touch devices at all. A second 

group consisted of adults, who had no prior experience with the multi-touch 

interface used in the study. The third group, also adults, had the chance to interact 

with the special multi-touch interface in advance of the study, so they had specific 

operating knowledge. 

In literature at least two approaches focus on the role of prior knowledge for 

intuitive behaviour, the continuum of prior knowledge (Hurtienne & Israel, 2007; 

Mohs et al., 2006; Naumann et al., 2007) and im-/mature intuition (Baylor, 1997). 

Hurtienne and Israel (2007) assume that intuitive interactive behaviour is based on 
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pre-existing knowledge that may stem from different sources. These knowledge 

sources build up a continuum (see figure 1). The continuum of knowledge in 

intuitive interaction starts at the level of reflexes or instinctive behaviour (innate 

knowledge). The second level is called sensorimotor. According to Hurtienne and 

Israel (2007) “It consists of general knowledge, which is acquired very early in 

childhood and is from then on used continuously through interaction with the world” 

(p. 128). The third level is called culture. It contains “knowledge specific to the 

culture an individual lives in” (p. 128). At the top of the continuum is expert 

knowledge which is specialist knowledge acquired in ones profession or in hobbies. 

The sensorimotor, culture and expertise level of knowledge also contain knowledge 

about tools. While the tool related knowledge in the sensorimotor level is rather 

primitive (e.g. using sticks to extend ones reach), the tool related knowledge on the 

culture level is about using common tools like cell phones. For the highest 

knowledge level there is knowledge about using specific tools acquired by 

performing ones profession or hobbies (e.g. using MS Power Point). The more often 

knowledge at each level was encoded and retrieved in the past the less awareness is 

needed to apply this knowledge.  

 
Figure 1: Continuum of knowledge for intuitive use (Hurtienne & Israel, 2007) 

What does this mean for intuitive interaction? Hurtienne and Israel (2007) argue that 

interaction is intuitive as long as prior knowledge is unconsciously applied by users. 

Following their line of argumentation, children would only posess knowledge of the 

innate or sensimotor level of expertise regarding a new technical artifact like a 

multi-touch interface. Therefore they cannot use operating knowledge regarding this 

kind of tools. Hence children should not be able to intuitively use the multi-touch 

interface, which should result in slow interaction. Adults without experience with a 

specific device (i.e. a multi-touch interface) have used touch interfaces at least. 

Therefore they might have knowledge as high as the culture level and can rely on 

their operating knowledge regarding touch interfaces. Instead, subjects having a 

phase of prior exploration with a special artifact (i.e. a multi-touch interface) gained 

specific knowledge on the level of tools additionally to their general knowledge of 

touch intercfaces. These participants have prior knowledge on all levels of the 

continuum of prior knowledge. Hence the approach of Hurtienne and Israel (2007) 

suggests, that subjects with more specific knowledge regarding a special tool (i.e. a 

multi-touch interface) should perform faster than people without that knowledge. 

The second approach to the role of prior knowledge for intuitive behaviour lies in 

the distinction of immature and mature intuition from Baylor (2001). Based on her 

analysis of the three components of intuition (immediacy, reasoning and 
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relationships) Baylor (2001) concludes that the availability of intuition is about the 

same for novices and experts. However, the basis for their intuition is different. 

“Immature intuition is accessed when a person has less-developed knowledge 

structures and acts as a novice. Once a person attains more expert knowledge 

structures, s/he develops the ability to figuratively ‘‘see’’ diff erent relationships and 

thus demonstrate mature intuition.” (Baylor, 2001, p. 240). However, the availability 

of intuition follows a U-shaped function with the development of expertise. Relating 

these assumptions to an interaction with a multi-touch interface, children would be 

placed on the side of novices, participants with prior experience on the side of 

experts and participants without prior knowledge inbetween both extremes. Hence, 

intuition should be highly available for both, children and participants with prior 

knowledge. Based on the assumption that intuitive behaviour is uncontious and fast, 

it is to be expected that children and experts need about the same time for interacting 

with a new type of interface, and both are faster than subjects without special 

experience.  

Summing up, the present study investigates prior knowledge regarding the operation 

of a multi-touch interface. Therefore a group of children is tested against adults 

without specific operating knowledge and adults with prior experience with the 

artifact. Based on literature two hypothesis are put up: 

1) If subjects can be assigned to different stages of the continuum of prior 

knowledge (Hurtienne & Israel, 2007), subjects on the sensorimotor stage 

(children) should be slower than subjects at the culture stage (adults 

without prior experience). Additionally, subjects having knowledge about 

the tool (adults with prior experience) should be faster than subjects 

without knowledge about the tool (adults without prior experience). 

 

In contrast: 

2) In case of the existence of im-/mature intuition (Baylor, 2001) novices (i.e. 

children) and experts (i.e. adults with prior experience) should be faster 

than intermediates (i.e. adults without prior experience). 

  Method 

  Material  

The experimental environment was a multi-touch sensitive interface on a selfmade 

multi-touch table (about 80 cm x 105 cm). The interface shown to the subjects 

consisted of a workspace, a text box presenting the current task, a start button and 

three objects on the right hand side (see fig. 2).  
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Figure 2. The multi-touch interface. 

Subjects’ task was to execute three different manipulations with the objects (i.e. 

rotate, cut, scale) by performing the right gesture. Figure 3 shows these gestures 

including touch-points (i.e. crosses in squares) and direction of possible gesture 

execution (i.e. arrows). 

 

Figure 3. The three gestures including touch-points (crosses in squares) and 

indicators for possible direction of gesture execution (arrows).  

  Participants 

To test for the hypothesis [that different levels of experience result in different types 

of intuitive use] we conducted tests with three different groups of users. The first 

group consisted of eleven 5 to 6 year old pre-school children (five male, six female). 

For this group it can be assumed that they have nearly no experience in using multi-

touch devices (only one child indicated that she was used to handle a touch screen). 

The two other groups consisted of 23 adults (11 male, 12 female, range of age from 

23 to 27, M = 24.5, SD = 1.51) that were randomly assigned to one of two 

conditions. In the with prior experience condition participants were allowed to 

explore the multi-touch interface before they solved the tasks. Therefore they were 

allowed to interact with a picture and movie manipulation programme for about two 

minutes before the experiment. In the without prior experience condition the 
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experimental tasks had to be solved without the chance to explore the device in 

advance. 

  Procedure 

Before the test trials started, participants were instructed that they have to 

manipulate each of the three objects shown on the interface. The order of the tasks 

was selected at random for each interaction. To start a trial subjects had to drag one 

of the objects into the middle of the screen. Then, they were requested to execute the 

particular manipulation with the object (i.e. cut, rotate, or scale). To start with this 

manipulation, participants had to press the start-button. In doing so, time assessment 

started. Then they performed a gesture to manipulate the object. When the task was 

successfully solved, the object disappeared. To proceed with the next task, a new 

object had to be dragged into the middle of the screen. When all three types of 

manipulations were executed, the trials started again. So each participant performed 

each gesture twice.  

Doing tests with children requires some special considerations. First, pre-school 

children are usually not able to read, so it is necessary to instruct them verbally. The 

instructions have to be presented in a standardized manner, since small changes in 

wording might have a substantial impact on the interaction (see also McKnight & 

Fitton, 2010). A female instructor read out the tasks to all subjects and invited them 

to use their index fingers to exercise the tasks. She provided no information how to 

perform the gestures. Second, the attention span of young children is rather short. To 

motivate them to finish the tests the tasks were introduced as a game where the 

children have to solve small puzzles. We did not use this cover story for the adult 

participants.  

  Results 

As objective measures we assessed two different times, Time to First Click (TFC) 

and Total Task Time (TTT). Whereas TFC captures the delay from pressing the start 

button to the start of gesture execution, TTT assesses the over-all performance from 

pressing the start button to the dissapearance of the object (successful completion of 

the task). Hence TFC indicates extend of immediate behaviour (see also Newell, 

1990; Neth et al., 2007) and TTT over-all performance (see also Brandenburg et al., 

2009; Drewitz & Brandenburg, 2010). For data analysis a three-way MANOVA was 

computed with time (t1 & t2), gesture (cut, rotate & scale) and group (children, 

adults with experience and adults without experience) as within-subjects factors. 

Dependents were Total Task Time (TTT) and Time to First Click (TFC). 

Additionally, post-hoc tests (e.g. Scheffé test) were computed if applicable. Finally 

the effect size eta with eta < 0.08 being small, 0.08 < eta < 0.14 regarded as medium 

and eta > 0.14 considered as large are reported (see also Cohen, 1988).  

First of all a significant effect of time was obtained for both measures, TTT (F(1,31) 

= 44.19, p < 0.001, eta = 0.58) and TFC (F(1,31) = 18.75, p < 0.001, eta = 0.38). 

Hence subjects became faster in their task performance (TTT) and their initial 

reaction (TFC) over time. However, this effect was not the same for all three groups. 

A significant interaction of time and group occured for both, TTT (F(2,31) = 4.72, p 
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= 0.01, eta = 0.23) and TFC (F(2,31) = 3.71, p = 0.03, eta = 0.19). Figure 4a/b 

visualizes these results. Most importantly, at time point one (subjects first 

experimental encounter with the interface) post-hoc Scheffé tests revealed, that 

children differed significantly from adults with (TTT: p = 0.001; TFC: p < 0.001) 

and without experience (TTT: p = 0.001; TFC: p = 0.01).  

 

Figure 4. interaction of group and children regarding a) their total task performance 

and their initial reaction time. 

Since the result of TFC at time point one is important to the authors line of 

argumentation and statistical power was quite low (1-ß = 0.61), a second analysis of 

TFC at time 1 using the Bayes Factor was performed (e.g. Dines, 2011). The Bayes 

factor (BF) „[...] distinguishes data supporting the null from data uninformative 

about whether the null or your theory was supported.” (Dines, 2011, p. 278). 

Jeffreys (1961) suggests Bayes factors above 3 or below one third are ‘‘substantial,’’ 

though the evidence is continuous and there are no thresholds as such in Bayesian 

theory.” (Dienes, 2011, p. 277f). For the current question it was tested, whether the 

differences in TFC between group means at time point one (fig. 3b) are evidence for 

a substantial effect of prior knowledge
1
. In other words, a BF over 3 means that two 

groups are different from each other. A BF between 3 and 0.33 states that the 

empirical evidence is not sensitive enough to decide wether two groups differ. 

Finally a BF lower than 0.33 means that two groups are not different from 

eachother. The Bayes Factor analysis followed standard procedures as described in 

Dines (2011). Results revealed, that the mean difference of children and adults 

without experience (Mchildren-adults without experience = 2.1 sec.) corresponds with a Bayes 

Factor of BF = 3.02. The mean difference of children and adults with experience 

(Mchildren-adults with experience = 3.36) lead to a Bayes Factor of BF = 725.98. Finally, the 

mean difference of adults with and without experience was Madults with – adults without 

experience = 1.53 and corresponded to a Bayes Factor of BF = 13.64.  

Coming to a conclusion: The data support hypothesis 1, i.e. the continuum model 

proposed by Hurtienne and Israel (2007). Subjects on the sensorimotor stage 

(children) are slower than subjects at the culture stage without knowledge about the 

                                                 

1 A uniform distribution was applied. The largest mean of the children-subgroup (5.48) was set as upper 

limit. Zero was set as lower limit. 



220 Brandenburg & Sachse 

tool (adults without prior experience), who are, in turn, slower than subjects with 

knowledge about the tool (adults with prior experience). Hypothesis 2 has to be 

rejected. 

In addition to the effects regarding the hypothesis, the MANOVA revealed 

significant differences regarding subjects’ task performance (TTT) performing the 

three gestures, F(2,62) = 26.34, p < 0.001, eta = 0.49. Hence, post-hoc tests revealed 

that subjects were significantly slower in executing the gesture cut compared to 

scale (p = 0.001) and rotate (p < 0.001). Scale was also slower than rotate (p = 

0.006). Finally two more meaningful interactions with respect to the total task 

performance (TTT) were obtained. One shows that adults were faster in the 

execution of the gestures cut and scale but as fast as children for the gesture rotate, 

F(4,62) = 2.27, p = 0.06, eta = 0.12. The second interaction deals with the fact that 

subjects did not equally improve their total task time over gestures and time, F(2,62) 

= 6.50, p = 0.003, eta = 0.17. Here the performance of the gestures cut and scale was 

improved from trial one to trial two. No improvement was seen for rotate which 

execution was already fastest at time point one (about 10 sec.).  

  Discussion 

The aim of the present paper was to examine the effect of prior knowledge on 

measures of intuitive behaviour in a laboratory setting. Therefore an experiment was 

conducted in which three groups of participants executed three different gestures on 

a multi-touch interface at two different points in time. First of all, data showed that 

subjects became faster over time with respect to the time needed for gesture 

execution (TTT) and their initial reaction time (TFC). Additionally, subjects did not 

learn all gestures equally well. Both effects are in line with previous research (e. g. 

Zinn & Brandenburg, 2011).  

Second, and more important, children differred from adults with and without prior 

experience regarding their initial reaction time at their first encounter with the 

interface. Surely, Scheffé post-hoc tests only indicated significant differences 

between children and both adult groups. Moreover, the Bayes Factor calculation 

revealed strong support for differences between all three groups. Hence one can 

conclude that the type of prior knowledge matters for intuitive behaviour. Again, 

children did not have any prior knowledge, neither with multi-touch interfaces, nor 

with mobile or other touch-devices. Adults in the without prior knowledge group did 

not have any specific multi-touch interface knowledge either. However, they mainly 

reported at least ocassional use of Smartphones or other devices with multi-touch 

interfaces. Hence, only adults in the with prior knowledge group had the opportunity 

to gain some experience with the multi-touch interface through their two-minute free 

exploration of a picture and movie manipulation software. So how can these 

differences in prior knowledge account for group differences in immediate 

interactive behaviour (TFC)? As opposed to Baylor (2001), Hurtienne and Israels 

(2007) continuum-model accounts for the observed initial reaction time differences. 

As proposed by the continuum of prior knowledge, the degree of experience varied 

with its specifity for the experimental task. The more specific the prior knowledge 

was, the faster the participants. However the continuum of prior knowledge as 

described from Hurtienne and Israel (2007) does not explicitly predict time 
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differences between children and adults with and without prior experience. They 

rather state that subjects have more sources of prior knowledge the higher they are in 

the continuum. This leaves space for at least one more explanation of the effect, 

transfer of existing knowledge (Raskin, 1994). His explanation might be the most 

promising approach to the present time differences. Raskin (1994) states: “I suggest 

that we replace the word “intuitive” with the word “familiar” (or sometimes “old 

hat”) in informal HCI discourse. HCI professionals might prefer another phrase: 

Intuitive = uses readily transferred, existing skills.” (p. 20). Following that 

argumentation, differences in intuitive interaction might occur based on the level of 

familiarity with the artifact. Hence children were the least familiar with multi-touch 

interfaces. Adults without experience at least stated experience with other multi-

touch interfaces. Finally, subjects that experienced the multi-touch interface in a 

phase of free exploration had the highest level of familiarity. Hence it should have 

been easier for subjects to transfer their existing knowledge the more this knowledge 

corresponded to the experimental task. This proposal frames the observed time 

differences as analogous problem solving (cf. Anderson, 1996). However, as with 

the other two approaches before, Raskins definition has at least one shortcoming as 

well. In the present experiment, adults that were able to explore the multi-touch 

interface had a two-minute time slot for this task, only. Raskin (1994) claims 

“existing skills” to be the cause for the behaviour which is usually named intuitive. 

One can doubt that adults in the with prior experience group gathered special skills 

in their two-minute exploration. 

To sum up, the present investigation tested whether different types of prior 

knowledge influence intuitive behaviour. To test this hypothesis three groups of 

participants manipulated simple objects on a multi-touch interface. Data analysis 

showed, that the present study replicates known effects with respect to learning and 

the differential effect of gestures (e.g. Zinn & Brandenburg, 2011). Additionally, we 

found that different levels of prior knowledge lead to divergent intuitive behaviour, 

reaction times respectively. Three approaches were discussed to explain the 

experimental results. However, all of them were insufficient to completely account 

for the empirical data. Regarding these theoretical approaches it might be that 

children as well as intermediates and experts show intuitive behaviour. Childrens 

behaviour might be due to their immature intuition. Intermediates might use their 

prior knowledge as described by Hurtienne and Israel (2007) and experts might have 

transferred their specific prior knowledge from one multi-touch application to 

another as proposed by Raskin (1994). Future research will have to show.  
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  Abstract 

Many theories and studies show the benefits of multimodal displays for coding 

information in several modalities to increase information assimilation. However, the 

design principles are still unclear for coherent coding of information between 

modalities in multimodal displays. There is therefore a need for an overall design 

approach for multimodal displays, where we propose the design concept perceptual 

momentum. This concept is based on the idea of visual momentum for how 

correspondence between multiple displays and windows facilitates an integrated 

understanding. Similarly, perceptual momentum means corresponding information 

between modalities for redundant presentation in a bi- or multimodal display. The 

prediction is that this provides enhanced intuitive understanding of the coded 

information, which improves performance. Further, we propose four levels of 

perceptual momentum, high, partial, low, and conflicting information. High 

correspondence will likely enable the highest performance, a partial correspondence 

may enable high performance but with higher mental workload, whereas low 

correspondence and conflicting information will be detrimental for performance and 

mental workload. The use of perceptual momentum as a design principle for 

multimodal displays is discussed and exemplified with a number of studies and 

practical examples. 

   

Introduction 

People often have to process a tremendous amount of information in many civil and 

military systems. For example, driving a car includes operating the car, 

understanding the relations between the own car and other cars, and finally to have a 

good understanding of the environment and potential obstacles. While the amount of 

information both within the car and the environment were limited 50 years ago, the 

situation is different today with a more complex environment and additional 

information within the car. Furthermore, today an integrated computer commonly 

provides information about the car status, and additional information from 

navigation systems, radio, and cell phones may be handled. Some cars even have 

head-up displays (BMW, 2012; Chu et. al., 2008), tactile information in the steering 

wheel (Hwang & Rye, 2010) or seat (De Vries et. al., 2009), and auditory warnings 

for critical situations. This is partly a technical dilemma where new technological 
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inventions give us more and better information, but at the same time may cause 

accidents since we focus on the wrong things in some situations. 

In more complicated system, such as an airplane or a helicopter, the pilot needs 

years of training, but may still get disorientated due to reduced or conflicting 

sensory information. Especially, the information provided by the vestibular system 

and the proprioceptors may be interpreted incorrectly when exposed to gravitational 

forces, which may lead to spatial disorientation (Albery, 2012). Further, when flying 

in reduced visibility the probability of spatial disorientation increases. Disorientation 

may also occur when landing a helicopter in a sparse environment, such as a desert 

when blowing sand occludes the pilot’s view. This situation is known as brown-out 

and has caused numerous accidents for NATO forces in Afghanistan and Iraq 

(Albery, 2012). Both technical and human factors solution have been proposed to 

mitigate the risks of landing during brown-out. Some examples of human factors 

solution are visual displays with 2-D (Szoboszlay et. al., 2008) and 3-D symbology 

(Goff et. al., 2010), 3-D audio (Carlander & Eriksson, 2006), tactile displays 

(Eriksson et. al., 2006; Van. Erp, 2007), synthetic vision (Prinzel III et. al., 2006), 

and head-mounted displays (Martin-Emerson & Wickens, 1997). 

The visual system is usually the dominating perceptual system for obtaining 

information. Consequently, the visual system is often overloaded and the user can 

thus not process all information. Alternative tactile displays have therefore been 

developed and proven to be useful in numerous situations for both civil and military 

applications. For example, a cane that gives tactile feedback to people that are deaf 

and blind (Castle & Dobbins, 2004), target acquisition in military airplanes 

(Eriksson et al., 2006), soldier navigation (Krausman & White, 2006), and helicopter 

landing aids during brown-out situations (Albery, 2012). In many of these situations, 

performance improves when multimodal information presentation is used to divide 

the presentation between visual, auditory, and tactile displays. The discussion here 

about multimodal displays is limited to these three modalities since they usually are 

the most beneficial for display presentation.  

The idea that there are multiple systems for coding information is nothing new. 

Early on, Paivio and Clark proposed the dual coding theory for visual and auditory 

stimuli (Paivio, 1986; Clark & Paivio, 1991). Later, Wickens’ (2002; 2008) multiple 

resource theory describes three dimensions: perceptual modalities, processing 

stages, and codes of processing. The amount of interference between information 

processing in these dimensions determines whether there is risk for mental overload 

when simultaneously performing several tasks. Proper design of multimodal 

displays can therefore reduce the mental workload by dividing the information in 

different channels (i.e., visual, tactile and auditory). Although the original theory 

only considers visual and auditory modalities, there are other versions of the model 

that also include tactile and olfactory input (Greenwood & Tsang, 2012). Finally, 

Van Erp and others describe a more complete model of human information 

processing called Prenav (Van Erp et. al., 2006). This model is based on Sheridan’s 

model for supervisory control (1992), Wickens’ information processing model 

(Wickens & Hollands, 2000), Veltman and Jansen’s workload framework (2004), 

and Rasmussen’s skill, rule and knowledge based classification (Rasmussen et. al., 
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1994). Prenav describes how information in many modalities can be processed in 

parallel either automatically or trough conscious processes. Intuitive displays 

facilitate automatic and parallel processing to enable direct action without further 

cognitive processing. 

  Problem statement 

Multimodal displays that combine different displays in two or more modalities are 

beneficial for performance in many applications, such as cars, helicopters, and 

aircraft. However, the design principles are still unclear for how to combine 

modalities in multimodal displays into a coherent experience. For example, there are 

at least two different coding principles for tactile hover displays in helicopter. Van 

Erp et. al., (2002) coded a display so the pilots should follow a tactile stimuli to fly 

in the direction of the tactor indication. Raj et. al., (1998), on the other hand, used a 

coding principle where the pilots should steer away from the tactile stimuli. This 

illustrates the lack of clear and accepted design principles for tactile hover displays, 

and multimodal displays in general. Although it is not necessary to use the same 

coding of information, at least redundant information from multiple modalities for a 

task should be coded using the same design principle. Redundant information from 

visual and tactile modalities should therefore correspond in multimodal displays. 

This correspondence between modalities is not always sufficiently considered. 

  Display design 

Human factors has a long research tradition for how to design displays that facilitate 

interaction with technology, which covers ergonomics, psychology, cognitive 

science, cognitive engineering, and human computer interaction (Preece et. al., 

2002). For example, representation design (Bennett & Flach, 1997; Woods, 1991, 

1995) considers the triad of the environment (including the task), user, and interface. 

Representation design describes how the interface must be designed with an 

understanding of what the user’s task is within the environment. Further, the 

interface is considered both in term of user’s visual acuity and colour limitations, as 

well as the cognitive requirements for processing the information. 

When presenting information for a task on different displays, it is important that the 

information on the displays fit together and is placed in a way that the user easily 

can access. For example, the proximity compatibility principle (PCP) describes how 

information from multiple panels or display areas must be integrated, depending on 

the task (Haskell & Wickens, 1993; Wickens & Carswell, 1995). This means that 

pieces of information that need to be used to solve a specific task (mental proximity) 

should be displayed close to each other in perceptual space (spatial proximity). 

Spatial proximity is not directly applicable to multimodal displays where 

information is distributed between modalities. However, the spatial component is 

important when it comes to coding of spatial correspondence between modalities. 

For example, if a visual display shows left and right, a tactile display that provides 

the same information should provide corresponding information on left and right. 

The idea of mental proximity, on the other hand, is directly valid and important. 

Multimodal displays are often touted as facilitating parallel processing of modalities 

without sufficiently considering such design issues and restrictions. 



228 Lif., Svenmarck & Oskarsson 

Another fundamental design issue that must be considered is which modalities that 

should be included in a display configuration. To answer this questions a task 

analysis (e.g. Millitello & Hutton, 1998) should be performed to make sure that the 

information requirements in the present situation or task match the use of chosen 

modalities. In some situations multimodal displays will use the visual, tactile and 

3-D audio channels redundantly, which then should be coded to correspond to each 

other. In other situations the best alternative will be to use different modalities 

sequentially, e.g. initially present a tactile stimulus to get the users attention, if that 

does not help present an audio signal, and finally provide visual information. Here, 

the focus is on multimodal displays where the redundant information from bi- or 

multimodal modalities can improve performance.  

Perceptual Momentum 

The concept visual momentum derives from cinematology, where filmmakers strive 

to make sure that the viewer can understand and follow the film between multiple 

scenes by providing a partial correspondence between the scenes. Woods (1984) 

describes how the same principle can be used for display design through users’ 

ability to extract and integrate information from multiple displays, or between 

multiple objects within one display. In the visual system, information can only be 

processed in a serial fashion. The multimodal situation, on the other hand, enables 

parallel processing of information that multimodal displays can utilize to enhance 

information assimilation. We therefore introduce the design principle perceptual 

momentum that like visual momentum is intended to help the user or viewer to 

integrate information from multiple sources or sequences. Perceptual momentum 

can be defined as: 

Corresponding information between modalities for redundant presentation in a bi- 

or multimodal display. The correspondence may be high, partial, or low, or the 

information may be conflicting, with a degrading scale from positive to negative 

(Figure 1). 

 

Figure 1. Continuous scale for perceptual momentum with high-, partial-, low 

correspondence, and on the negative side conflicting information. 

 

The definition states the importance of considering multimodal display design as a 

means to facilitate integrated processing of information between different 

modalities. Designing multimodal displays using perceptual momentum assures that 

conflicting information between display modalities is avoided. Further, there is a 

distinction between whether the correspondence between redundant information in 
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different modalities is high, partial, or low, or in the worst case an information 

conflict. A high correspondence will likely enable the highest performance, a partial 

correspondence may enable high performance but with higher mental workload or 

less spare capacity, whereas low correspondence or conflicting information will be 

detrimental for performance and mental workload. 

  Practical examples 

We illustrate the benefits of using perceptual momentum for multimodal display 

design with a number of practical examples from both our own and others’ research. 

The intention is to show the extent of the applicability of perceptual momentum as a 

design principle, not to question the research itself. The focus is on when different 

displays are used to present information for the same task, although multimodal 

displays may also be used for presentation of information for different tasks to 

increase performance and avoid information overload. 

Firstly, we have performed three experiments with multimodal threat cuing in a 

simulated combat vehicle. The task was to localize threat direction and turn the 

combat vehicle in the direction of threat as accurately and quickly as possible. In the 

first experiment there was a perfect correspondence between the display modalities 

and a high perceptual momentum since both the visual, auditory, and tactile display 

presented the actual threat position. However, in this experiment a visual head down 

display (HDD) was used which conveyed certain disadvantages. Therefore, in the 

second experiment a visual head up display (HUD) was used. The HUD was, 

however, coded with a simplified symbology that presented initial threat direction 

but not initial position. Thus, concerning coding of initial position there was a lack 

of perceptual momentum between the visual display and the other modalities 

(Oskarsson et.al., 2012; Carlander et.al., 2007; Oskarsson et. Al., 2008). In a third 

experiment, the coding of the visual display was modified to also present 

information on initial threat position, i.e. information that corresponded to the tactile 

and 3-D audio modalities (Lif et. al., 2011).  

Secondly, Van Erp and Van Veen (2004) showed that a visual and tactile display for 

car navigation can improve performance and reduce mental workload. The visual 

display showed whether the next turn should be to the left or right, as well as 

alphanumerically the distance (50, 150 and 250 meters) to the intersection. The 

tactile display showed the direction of the next turn with vibrations in the driver seat, 

under the left or right thigh, and the distance with different rhythms in the 

vibrations. Since distance in the visual display was presented alphanumerically, 

there was only a partial correspondence between the visual and tactile display. This 

illustrates how the highest perceptual momentum may not be achievable in all 

situations. Further, many navigation systems can provide distance estimates (that 

change over time), which may be difficult to present with a tactile display. A visual 

presentation of the continuous distance would therefore further reduce the 

correspondence between displays. One example of this problem is a study by Elliot 

et. al., (2007) where a multimodal display was used for land navigation. While there 

was a direct correspondence for the directional information between the visual, 

auditory, and tactile display, the visual display presented distance continuously, 
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whereas the tactile display only indicated distance by a few different rhythms. The 

waypoints were not presented tactually.  

Finally, in an on-going study with a simulated helicopter we investigate if 

multimodal display information can improve landing performance during brown-out 

and other landing situations with reduced visibility. The visual display shows drift 

through a dynamic vector that indicates lateral drift by a vector in a compass circle. 

When there is no drift the vector points upwards and when drift sideways increases 

the vector turns sideways in respective direction. The tactile display is a tactile belt 

with twelve tactors, but only two are used. The tactors indicate deviation sideways 

by tactile pulses under respective armpit, and the frequency of the pulses increases 

with speed of lateral drift. The level of perceptual momentum between the visual 

and tactile displays in this study is thus only partial. 

Discussion and conclusions 

Our goal has been to demonstrate how present design principles of visual 

momentum for visual displays by minor adaptation and modification are applicable 

to design of redundant multimodal displays. Further, when different displays are 

used to code information for the same task the joint multimodal display should 

provide coherent information to the user, which leads to a high level of perceptual 

momentum. Based on available theories and studies, we suggest that the usability of 

multimodal displays for a task depends on the level of perceptual momentum, which 

means the type of correspondence between the modalities. Multimodal displays that 

provide a direct correspondence have the highest perceptual momentum, such as 

showing direction with a visual compass as well as a tactile belt with roughly the 

same resolution. Consequently, it is also important to avoid using different design 

principles for each modality, since this may result in displays that conflict, and a low 

level of perceptual momentum. For example, with a visual display where an arrow 

indicates the suggested direction of movement, the tactile stimuli should be on the 

same side as the arrow. On the other hand, if a tactile stimulus is presented on the 

other side with the purpose to push the subject in the intended direction, it will be 

perceived as a conflict. Finally, only four levels of perceptual momentum are 

discussed here. This is probably sufficient as a starting point for a framework for 

design principles for intuitive coherent multimodal displays. Above all, multimodal 

displays with the highest possible perceptual momentum are more likely to be 

perceived as intuitive and effective. 
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Abstract 

Training is considered as one of the most important components in the process 

industry. The progress in development of training methods with respect to the 

increased complexity of industrial processes are still not completely aligned. The 

role and cognitive tasks of operators are intensified by automation, computerization 

and mechanization, thereby, increasing not only the complexity but also the 

sensitivity of the consequences of their actions on the process. Aim of this study is 

assessing cognitive performance, skills and reactions of industrial operator(s) under 

abnormal situations as a function of distinct training methods. In particular, in this 

work, we experimentally analyze two training methods: Power Point presentation 

and 3D virtual environment. The results showed that the operators trained by means 

of a 3D environment performed better, when tested under emergency conditions as 

compared to those trained with other classic approaches. 

Introduction 

In the process industry, the last two decades have been marked by a significant 

increase of automation, advanced control, on-line optimization, and supply chain 

tools and technologies that have significantly increased the complexity and 

sensitivity of the role of the operator(s) and team(s) (Salmon et al., 2009, Brambilla 

& Manca, 2012). As in case of many industries, which are saturated with complex 

human machine interface; human error contributes to the highest number of 

accidents. The same is true for the case of process industry. The range of accidents 

caused by human error in process industry is reported in the range of 50 to 75 % 

(Endsley, 1995). According to Wickens and Hollands (2000) the complexity of 

industrial processes can be briefly described as follows: 

“The processes are generally highly complex and involve a high number of 

interacting variables and many degrees of freedom (Moray, 1997; Wickens & 

Hollands, 2000). Variables can be cross-coupled, so that changes in one variable 

affect several other variables simultaneously. Modern control rooms comprise more 

than 5000 displays and thousands of controls and alarms to display these processes 

(Sheridan, 2006; Vicente, Mumaw, & Roth, 2004). Such complexity can severely 
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overburden the operator’s mental model of the status of the plant and makes it 

extremely difficult for operators to identify the state of the plant. The mental model 

of the status of the plant, however, is critical for both normal control and abnormal 

situations (Moray, 1997; Wickens & Hollands, 2000)”. 

Understanding the complexity of the process by following correct procedures and 

keeping a good situation awareness, are the important tasks, which an operator is 

responsible to manage. Measuring and assessing these features is very challenging 

even during normal operating conditions. However, the added stress and anxiety 

during an abnormal situation can increase the cognitive load and attention 

requirements of the operator (Wickens & McCarley, 2008). Unfortunately, the 

training methods which are employed in the process industry are mostly focused on 

experiencing the daily operations, (i.e., following normal procedures). Therefore, 

whenever there is an unusual or abnormal condition, the experienced operators 

working for several years on the process plant have to cope with this situation only 

on the basis of their experience and understanding of the process and situation 

(Colombo et al., 2012). It is almost impossible to train the operator by means of 

classical training methods for an abnormal situation as there are innumerable 

situations which can take place on account of changes in specific parameters (e.g., 

temperature, pressure, level, concentration, etc.). Simulation of the hazards (in real 

plants), which can evolve as a consequence of an abnormal situation, in a chemical 

plant, requires huge resources and involve higher levels of risk. However, rare 

events such as process startups and shutdowns can be simulated virtually a number 

of times, thus enhancing the degree of knowledge and experience of operators 

(Brambilla & Manca, 2011, Manca et al., 2013). The idea of employing virtual 

reality for training the operators of process industry was discussed in the detail by 

Nazir et al., 2012 and Manca et al., 2012). Another problem in the process industry 

is the lack of training methods, which can homogenize the level of information 

among control room and field operators. Control room operators (CROP) are the 

operators who work inside the control room where process parameters and 

conditions, graphical data, alarms, process flow diagrams can be seen and 

manipulated. Conversely, the operator who physically works in the plant and 

manually observes and verifies controls the parameters according to the requests 

from the CROP is the Field Operator (FOP). 

This paper focuses on the possible advantages of using VR simulation as a training 

tool to improve the performance of human operators having to cope with abnormal 

situations. The performance of two groups of participants trained using different 

methods is compared in a number of given tasks. The key performance indicators 

(Manca et al., 2012) are identified and evaluated for each group in order to find the 

effectiveness and efficiency of respective training methods. 

Scenario 

Oil refineries are of paramount importance in the domain of process industry. 

Generally, oil refineries are spread over large spaces and consist of various sub-

sections which are equally important for continuous production of required products. 

They are interlinked and interdependent among each other. The hazardous zones of 
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the refineries as more common and extended as compared to other process industries 

(e.g., fertilizers, pesticides, pharmaceutical, etc.). 

The training experiment is performed on the C3/C4 unit. It is an important section of 

every refinery where the separation of crude oil in to different required ranges (e.g. 

C1, C2, C3, etc.) is achieved. The details of this process can be seen in detail in 

literature ((an important and necessary section) of a refinery, which deals with 

flammable and hazardous liquid. The accident scenario involves an excavator 

working in proximity of the C3/C4 unit that accidentally hits a pipe in which is 

flowing pressurized liquid butane (C4). The collision results in a broken flange of 

the butane pipe with a consequent leakage and the formation of a spreading pool of 

butane on the ground. After a while an external source of ignition ignites the pool 

giving rise to a fire. The pool is ignited. The following are the important events, 

which are simulated. 

 C3/C4 plant section of a refinery 

 The excavator hits a pipe and breaks a flange 

 Liquid leakage from a ruptured flange (see Figure 1) 

 Liquid spreading on the ground  ignition  pool fire (see Figure 2) 

 The FOP alerts the CROP who interacts with the FOP 

 The CROP closes a remotely controlled valve 

 The liquid emission is stopped but the liquid level in the reboiler starts 

increasing reaching the H level alarm 

 The CROP asks the FOP to open a manually operated valve (FOV) 

 The reboiler level decreases back to the correct value 

 The heat radiated by the pool fire to the surrounding equipment does not 

compromise the normal operating conditions of the plant. 

 

In the scenario pictured above the FOP performance depends on but it is not limited 

to: 

 the time taken to get aware of the abnormal situation and identify the 

problem; 

 the remote interaction with the control room; 

 the coordination between the FOP and the CROPs to either remotely or 

manually close the valves; 

 deciding, when requested, whether it is safe to approach the field valve; 

 the time taken to move away from the accident site when there is not any 

further need for intervention; 

 alerting, if necessary, the fire-fighters or the emergency team. 

 running, if necessary, to the nearest muster point; 

 

Participants and design of the experiment 

There were 24 participants (20 males) in the range of 19 to 22 years (average 20.8 

years). All participants were students attending the third year of the bachelor degree 

in Chemical Engineering at Politecnico di Milano, Italy. The participants were all 

volunteers who had responded to an open invitation (call). To ensure technical 
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understanding, only Chemical Engineering students were selected. The participants 

were not paid for their participation. The participants were equally divided into two 

groups and were named group A and group B with respect to the training method 

adopted, as described in following section. 

 

Figure 1. Liquid leakage from the ruptured flange (courtesy of Virthualis Srl). 

 

Figure 2. Pool fire after the leakage (courtesy of Virthualis Srl). 

Training methodology 

The two groups were trained for the task in different rooms and at different times. It 

was made sure that no interaction between the groups occurred. Even, the lunch and 
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coffee break(s) arrangements were made separately in order to avoid any 

interactions between the participants of two groups. Group A was trained in a 3D 

room with the stereoscopic feature enabled and the participants wore appropriate 3D 

glasses. Both spatialized sounds and augmented virtual reality were disabled to keep 

the two training methods at a comparable level. Group B was trained using a 

conventional Power Point presentation compromising 12 slides. Images from the 3D 

environment (e.g., Figure 3) were used to prepare the presentation. The training 

session lasted about one hour for each group. 

Experimental task 

The 3D immersive environment requires multi-tasking actions. The participants 

were introduced to the 3D room and were asked to act as a field operator, on the 

basis of the training that they had received. As the collision of the excavator with the 

butane pipe took place there was a leakage (i.e. liquid jet), which they (participant) 

are supposed to report to the control room operator. The details of the accident 

scenario have been already explained in the scenario section. 

Once the leakage is identified and communicated by the FOP, the CROP closes the 

automatic valve which ceases the flow of butane in the pipe, thereby stopping also 

the outflow from the ruptured flange The FOP is also required to acknowledge the 

shutoff of the liquid jet and report it to the CROP.  

 

Figure 3. Example of image from 3D model (courtesy of Virthualis Srl). 

The next event to occur is the ignition of the pool, which was created because of the 

leakage. In this situation, the FOP is expected to immediately report the fire to the 

CROP. The necessary actions (request for fire fighters to arrive) will be then 

performed by the CROP. The last step of the simulation is a message from CROP to 

FOP that requires opening a specific valve. The FOP has to identify and open the 

correct valve, regarding which s/he was trained during the training session. 
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Results and discussions 

Various measures were collected during the experiment in order to evaluate the 

participants’ performance. Each participant was tested individually, and after the 

experiment, there was a short interview. It was found that the participants who were 

trained in the 3D environment (group A) comparatively performed better than those 

of trained with the help of Power Point presentation containing 3D images (group 

B), with respect to the specific parameter discussed below. 

During the experiment, help was provided to the participants as a function of their 

actions. The level of help was kept consistent for all the participants. For instance if 

the participant found him/herself lost in the environment i.e. getting far from the 

accident scenario, then s/he was advised to move towards the scenario. This help 

was given after a specific and constant time interval (i.e. 90 s) to keep the 

consistency among experiments. It was found that the help required by the 

participants of group A was less as compared to those of group B, as shown in 

Figure 4. The scenario requires some messages from CROP to FOP (participant). It 

was found that group B required more repetitions of voice messages for their 

complete comprehension of the communication (see Figure 5). 

 

 

Figure 4. Number of helps provided to each participant of group A and B. 
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Figure 5. Number of voice message repetitions required for participants of group A and B. 

These preliminary results show how a training method based on direct experience of 

3D immersive environments shows reaching a situation awareness and process 

understanding this is decidedly higher than the one obtained by conventional 

training methods. The two preliminary indicators reported in Figures 4 and 5 

quantify the advantages of 3D virtual reality training and its positive feedback.  

Conclusions 

The current study investigated the effects of different training methods on the 

performance of human field operators in a simulated accident scenario. The results 

showed that a training made with help of 3D model of the process plant helps the 

operators to perform better in terms of response, identification of valves and 

understanding of voice messages as compared to the performance of operators 

trained using a conventional method based on a Power Point presentation. Thus, the 

training which encourages and help to learn complete concept in the 3D virtual 

model of the relevant section (in this case C3/C4 separation unit) of the process 

facilitates the operator to understand, comprehend, anticipate and respond better 

than the those who are trained with conventional method of Power Point slides. 

Nevertheless, a more detailed analysis of results and further similar experiments will 

pave the way to deepen the effectiveness of employing the 3D training method at 

commercial level in process industry. 
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  Abstract 

In aeronautics, the notion that cognitive performance is correlated with accident 

rates raises the importance of implementing more efficient cognitive selection 

procedures for pilot candidates. The Cambridge Neuropsychological Testing 

Automated Battery (CANTAB) has established sensitivity to a range of cognitive 

functions and their neurobiological substrates. The ability of CANTAB to predict 

success during pilot training courses (notably based on the evaluation of flight 

performance) will be examined and compared to that of tests currently in use by one 

of the leading French civil aviation schools (ENAC) for their pilot candidate 

selection procedures. Ultimately, the goal is to develop an optimized pilot selection 

tool that taps into the cognitive functions and underlying neural circuitries required 

for successful piloting activities. Moreover, through the implementation of a dual-

task paradigm, this study aims to provide guidelines for future cockpit 

instrumentation designs better adapted to the human brain, in a further attempt to 

reduce accident rates. 

  The neuroergonomics approach to human error 

Evidence suggests that human error is a major contributing factor to accidents in 

commercial aviation (Wiegmann & Shappell, 2001). Li, Baker, Grabowski, and 

Rebok (2001) analyzed NTSB (National Transportation Safety Board) data files and 

showed that pilot error is a probable crash cause in 38% of the airline crashes. More 

specifically, Loss of Control In-flight (LOC-I) and Control Flight Into Terrain 

(CFIT) accidents are the two deadliest accident categories arising from human error. 

Common causes for these types of events include the aircrews not initiating the 

appropriate manoeuvres, failing to notice visual and auditory alerts, being unable to 

maintain good situation awareness (SA) and poor decision-making. Some errors 

may appear particularly surprising considering the hard-to-achieve selection criteria 

pilots have to meet to enter the training program and obtain their license and the 

pilots’ high levels of expertise/experience.  
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The notion that specific aspects of cognition play a crucial role in the chain of events 

leading up to aircraft crashes suggests that the implementation of efficient cognitive 

screening procedures for pilot selection and the development of cockpit 

instrumentations fitted for the human brain may decrease accident rates. A required 

first step in this direction involves characterizing the human cognitive limitations in 

complex environments such as piloting scenarios. The fields of integrative 

neurosciences and neuropsychology have in recent years provided a fruitful 

approach to further our understanding in this regard. Their application to human 

factors and ergonomics gave birth to neuroergonomics (Causse, Dehais, Péran, 

Sabatini, & Pastor, 2012; Parasuraman, 2003; Sarter & Sarter, 2003). 

Neuroergonomics aims to study the brain structures/functions involved in situations 

that trigger a high situational complexity. This approach is extremely promising for 

aeronautics and gives the opportunity to cross-fertilize the fields of ergonomics and 

neuroscience. For example, ecologically valid environments relevant to ergonomics 

provide enriched frameworks to test classical neurosciences principles and vice 

versa ergonomics can test its hypotheses using neuroscientific models and tools. 

 

Bridging the gap between piloting activities and their underlying neural 

substrates 

Identifying which cognitive factors and underlying neural circuitries are predictive 

of pilots’ errors is a great challenge, as flying is a complex activity that takes place 

in a rapidly changing and uncertain environment. The pilot must not only know how 

to operate the aircraft, the procedures and the flight rules, but must also have 

accurate and up-to-date SA (Endsley, 1994). According to Hardy and Parasuraman 

(1997), the pilot flying performance is dependent on domain-independent 

knowledge (e.g. cognitive functions), domain-dependent knowledge (e.g. procedural 

knowledge), pilot stressors (e.g. adverse weather conditions) and pilot characteristics 

(e.g. age, expertise). Numerous studies have been conducted to link cognitive 

functioning with flight performance, and different measurements of cognitive 

efficiency have been identified as crucial to the piloting ability, including time-

sharing (Tsang & Shaner, 1998), speed of processing (Taylor et al., 1994), attention 

(Knapp & Johnson, 1996) and problem solving (Wiggins & O’Hare, 1995). 

Cogscreen-AE (Horst & Kay, 1991), one of the most widely used cognitive test 

batteries, has been showed to be predictive of flight parameter violation in Russian 

CA (Commercial Aviation) pilots (Yakimovitch, Strongin, Go'orushenko, 

Schroeder, & Kay, 1994). Moreover, Taylor, O'Hara, Mumenthaler, & Yesavage 

(2000) were able to explain 45% of the variance of the flight simulator performance 

with four Cogscreen-AE predictors (speed/working memory, visual associative 

memory, motor coordination and tracking) in a cohort of 100 aviators aged 50–69 

years. 

 

Another set of studies investigating associations between cognition and flight 

performance aimed to measure the predictive validity of pilot candidate selection 

tests, as determined by the relationship between students’ performance on the 

selection tests for entry into the training program and the training outcome (indexed 

by flight performance) (e.g. Burke, Hobson, & Linsky, 1997; Carretta, 2011; 

Damos, 1993; Martinussen, 1996). Correlations between selection tests and training 



 Cognition and piloting performance 245 

outcome tend to be weak, ranging between r = .15 and r = .40, leaving considerable 

room for improvement. The most robust predictors tend to be composite scores 

encompassing both cognitive and psychomotor variables (e.g. r = .37, Martinussen, 

1996), followed by previous training experience (.30). The personality, intelligence, 

and academic tests yielded lowest mean validities (.14, .16, and .15, respectively). 

According to a recent analysis of the French civil aviation pilot training system, the 

screening tests that are currently in use to recruit pilot candidates are insufficiently 

challenging, limiting the tests’ ability to perform an efficient selection (Matton, 

2008). The observed ceiling effects may be explained (at least partly) by the fact that 

candidates spend several weeks practicing the psychometric selection tests to 

increase their chances to be recruited, as the selection process is highly competitive. 

There is thus a need to implement cognitive tests designed to be challenging even 

for high performing subjects, that are either not readily accessible by students, or 

(preferably) are not prone to practice effects, being therefore suitable for repeated 

testing. As revealed by the same study, failure to be selected into the training 

program was often associated with difficulties in managing concurrent tasks 

simultaneously, a behaviour typically characterized by high EFs (Executive 

Functions) demands. On the basis on this outcome, EFs assessment seems 

particularly relevant in the context of pilot selection.  

Carrying out goal-directed behaviours and adapting to novel and complex situations 

(Royall et al., 2002), inhibiting automatic responses in favour of controlled and 

regulated behaviour, notably when automatic responses are no longer adequate to 

the new environmental contingences (Kübler, Dixon, & Garavan, 2006), making 

decisions (Sanfey, Hastie, Colvin, & Grafman, 2003) and reasoning (Decker, Hill, & 

Dean, 2007) are all EFs without which a pilot would be unable to operate an aircraft 

successfully (e.g. monitoring the engine parameters, planning the navigation, 

maintaining up-to-date SA in such evolving and uncertain context where new 

information must be integrated and updated continuously, and correctly adapting to 

traffic and environmental changes). 

Two recent studies provide further supporting evidence for the importance of 

assessing EFs in piloting activities. Research conducted by Causse, Dehais & Pastor 

(2011) showed that reasoning and updating in working memory were predictive of 

flight performance as indexed by flight path deviation in a flight simulator. In 

addition, updating in working memory was correlated with the relevance of a 

weather-related decision-making during the landing phase. In a 10 years longitudinal 

study in aviators, Yesavage et al. (2011) observed an interaction between EFs and 

flight simulator performance over time, such that high scores on tests of EFs at the 

beginning of the study were associated with slower rates of decline in flight 

performance. In other words, pilots with higher baseline EF scores showed slower 

rates of flight performance decline with aging than their same-aged counterparts. 

Intriguingly, processing speed was an even better predictor of decline in 

performance than EFs. In both aforementioned studies flight experience was 

positively associated with piloting performance, implying that levels of flight 

experience ought to be accounted for when investigating cognition in pilots. 
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Despite the growing evidence linking cognition and flight performance, we still have 

got a long way to go to fully understand which specific cognitive functions (or 

ensemble of cognitive functions) best predict flight performance, and how the 

observed links are explained in terms of neural substrates. Collectively, the here 

reviewed literature highlights the potential of EFs to predict flight performance, 

providing supporting evidence for the inclusion of prefrontal cortex-dependent EF 

tests in pilot candidate selection procedures. However, there are indications that 

other (non-prefrontal-cortex-dependent) cognitive and psychomotor functions may 

add distinct information regarding the subjects’ piloting abilities.  

Objectives 

The primary aim of the current study is to further our understanding of which 

cognitive functions can best predict flight performance in pilots, taking into account 

other factors of likely impact such as level of flight experience or demographic 

variables (e.g. age). Results will be discussed in the light of the underlying neural 

substrates. Ultimately, the objective is to develop optimized pilot candidate selection 

tools. A further aim, also in an attempt to improve accident rates, is to provide 

guidelines for future cockpit instrumentation designs better adapted to the human 

brain. 

Methods 

The study will be conducted on French civil aviation pilot students recruited from 

the ENAC (Ecole Nationale de l’Aviation Civile). Students will be administered the 

tests that are currently part of the ENAC’s pilot candidate selection procedures, as 

well as selected tests from the CANTAB (Cambridge Neuropsychological Testing 

Automated Battery, www.cantab.com). The ability of CANTAB to predict students’ 

success over the course of the training program (and as a consequence their flight 

performance) will be examined and compared to that of the ENAC’s selection tests. 

We propose to use a broad CANTAB battery covering a wide range of cognitive 

domains and implement an exploratory factor analysis on the acquired data in order 

to determine the extent to which different cognitive and psychomotor factors provide 

unique vs. overlapping information with regard to the candidates’ flying abilities. 

In addition, correlations between individual performances on ENAC’s tests vs. the 

CANTAB tests will be calculated. Given the substantial body of evidence on the 

neurobiological substrates of the CANTAB tests, it is hoped that this approach may 

further our understanding of which specific cognitive functions and neural substrates 

the tests currently used for pilot selection by the ENAC are tapping into.  

To gain insight on how cockpit instrumentation could be optimized to improve 

safety, a subset of CANTAB tests will be integrated in a cockpit display in the 

context of a dual-task paradigm.  

Participants 

Subjects recruited from the ENAC are likely to be high performers on the tests to be 

administered as part of this study due to a selection bias: all of ENAC’s pilot 
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students come from preparatory years for competitive admission to the “Grandes 

Écoles”, representing the top 15% of the French General Certificate of Education A-

Level students, and are admitted into the pilot training program based on their 

scientific grades as well as their cognitive abilities assessed through part of the pilot 

selection tests described below. For example, on a widely used fluid intelligence test 

(Raven Advanced Progressive Matrices), these pilot students had a mean score (M = 

30.05, sd = 2.98) that corresponded to the 90
th

 percentile rank of a population of UK 

and Australian students (Raven, Raven & Court, 1998). 

Pilots’ Characteristics 

Pilot characteristics have been shown to present a strong influence on flight 

performance (Causse, Dehais, & Pastor, 2011; Parasuraman, 2003). As a 

consequence, age and total flight experience will be collected to assess their effects 

on flight performance. The level of impulsivity of the pilots will be measured by the 

French version of the Barratt Impulsiveness Scale (Bayle et al., 2000). This test 

includes 34 items that can be scored to three first-order factors: cognitive (quick 

decision, 11 items), motor (acting without thinking, 11 items) and nonplanning 

impulsiveness (present orientation, 12 items). 

Assessment of the results of the student pilots during their formation 

Beyond the obvious binary variable (success or failure) which has the strong 

disadvantages of being poorly distributed in the group (around 5% of failure only), a 

composite performance score will be calculated for each student regarding his 

results during the formation. This composite score will notably include the flight 

experience necessary to perform the first solo flight and the ratings from their 

instructors for each of their flying lesson (at least 20 data points per participants). 

Comparing the predictive power of some official selection tests with a variety of 

CANTAB tests 

This step will allow us to uncover the precise cognitive abilities tapped into by the 

official pilot’s selection tests and to compare their respective predictability of 

success during the training. Below we describe the current official selection tests and 

the selection of CANTAB tests that will be used.  

  Current official selection tests 

The actual ENAC pilot selection process consists of the assessment of five cognitive 

abilities: multitasking ability, spatial ability, reasoning ability, attention ability and 

numerical ability. Each dimension is evaluated through three tests, but in order to 

reduce the test administration duration, only one test for each dimension will be 

selected. All these tests will be computer-based and time-limited.  

Multitasking test. The multitasking test is composed of six stages in which the 

participants had to manage one to four tasks, Ta, Tb, Tc and Td. At stage 1, the 

participants have only to perform Ta. At stage 2, the participants have to perform 

two tasks simultaneously, Ta and Tb. At stage 3, a third task, Tc, to perform 

concurrently is added. At stage 4, a fourth task, Td, was added. At stage 5 and 6, no 
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task is added but the relative prescribed importance of the four tasks is varied. 

Except for the two last stages, each stage is composed of a familiarisation step and a 

testing step. Ta is a monitoring task, where the participants have to check whether 

four gauges were in acceptable zones. When the gauges are in an unacceptable zone, 

the participants have to readjust the gauge level with the help of a joystick. Tb is a 

pursuit task, where the participant has to keep a cross in a moving circle with a 

second joystick. Tc is a visual detection task where participants have to press on 

corresponding function keys when target letters appeared on screen. Td was a 

calculation task where participants have to enter the results of simple arithmetical 

problems. The whole test lasted 40 minutes approximately.  

Spatial visualisation test. The spatial visualisation test is a mental rotation test 

composed of 60 items to be treated in 15 minutes maximum. Each item consisted of 

an object to be mentally rotated following the instructions (three to four successive 

mental rotations of various angles and directions). The participants eventually have 

to choose the correct answer among 5 propositions. 

Abstract reasoning test. The abstract reasoning test was a syllogistic reasoning test 

composed of 20 items to be treated in 28 minutes maximum and divided in two 

stages. At the first stage the participants have to solve various syllogisms. At the 

second stage two syllogisms are interlinked, so the participants have to memorise the 

premises of one syllogism while solving another syllogism. For each syllogism, the 

participants have to choose the correct response among 3 to 5 propositions. 

Visual perception test. The visual perception test is a sustained attention test, 

composed of 20 items to be performed in 10 minutes. Each item consists in counting 

the number of target signs among distractors. 

Numerical ability test. The numerical ability test is a mental calculation test, 

composed of 40 items to be performed in 20 minutes.  

  CANTAB battery, tests of executive function: 

Attention Switching Task (AST). AST is a test of the participants’ ability to shift 

attention between the direction and the location of an arrow displayed on-screen 

associated with high prefrontal cortical demands (Aarts et al., 2009). Task duration 

is approximately 7 minutes. 

Stop signal task (SST). The stop signal task test is a classic test which uses staircase 

functions to generate an estimate of stop signal reaction time. This test gives a 

measure of an individual’s ability to inhibit a prepotent response and has been found 

to be dependent on the right inferior frontal gyrus (Owen 1990, 1996). Arrows 

appear on the screen and the participant learns to press the button corresponding to 

the direction in which the arrow points. When a stop signal – an auditory tone – is 

presented, the participant must inhibit their response. A stop signal occurs on 25% 

of trials. The task duration is 15 minutes. 

One-touch Stockings of Cambridge (OTS). One Touch Stockings of Cambridge is a 

spatial planning task. Performance on this test activates a neural network of 

structures including the dorsolateral prefrontal cortex (Baker et al., 1996) and is 
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impaired in patients with frontal lobe damage (Owen et al., 1990). 

The participants are shown two displays containing coloured balls held in stockings 

or socks suspended from a beam. The participants must use the balls in the lower 

display to copy the pattern shown in the upper display following specific rules. OTS 

is a variant of the Stockings of Cambridge task and places greater demands on 

working memory as the participant has to work out in their head how many moves 

the solutions to these problems require. The time taken to complete the pattern and 

the number of moves required are taken as measures of the participant’s planning 

ability. Completion of the test takes approximately 10 minutes. 

Spatial Working Memory (SWM). SWM is a test of the participant’s ability to retain 

spatial information and to manipulate remembered items in working memory. It is a 

self-ordered task with executive function demand and is a highly sensitive 

dorsolateral prefrontal cortex measure (Owen 1990, 1996; Manes 1996). The test 

begins with a number of coloured squares (boxes) being shown on the screen. The 

aim of this test is that, by touching the boxes and using a process of elimination, 

the participant should find one blue ‘token’ in each of a number of boxes and use 

them to fill up an empty column on the right hand side of the screen. The number of 

boxes is gradually increased. The colour and position of the boxes used are changed 

from trial to trial to discourage the use of stereotyped search strategies. 

  CANTAB battery, Test of reaction time 

Reaction Time (RTI). RTI is a measure of simple and choice reaction time, 

movement time and vigilance during simple and 5-choice reaction time trials. The 

participant must hold down a button until a yellow spot appears on the screen, and 

then touch the yellow spot as quickly as possible. The spot appears in a single 

location during the simple reaction time phase and in one of five locations in the 5-

choice reaction time phase. The RTI task is a direct analogue of the rodent 5-choice 

serial reaction time test (5-CSRT), one of the most well-studied animal behaviour 

paradigms. In the rat, 5-CSRT shows sensitivity to discrete lesion sites in the 

prefrontal cortex and to cholinergic lesions in basal forebrain (McGaughy et al., 

2002). The task duration is 5 minutes. 

  CANTAB battery, Tests of visual memory 

Pattern Recognition Memory (PRM). This is a test of visual pattern recognition 

memory in a 2-choice forced discrimination paradigm. The participant is presented 

with a series of abstract patterns, one at a time, in the centre of the screen. These 

patterns are designed so that they cannot easily be given verbal labels. In the 

immediate and delayed recognition phases the participant is required to choose 

between a pattern they have already seen and a novel pattern. Test duration is about 

5 minutes. 

Delayed Matching to Sample (DMS). DMS assesses forced choice recognition 

memory for novel non-verbalisable patterns, and tests both simultaneous and short 

term visual memory. Lesion and neuroimaging studies, in both humans and non-

human primates, indicate that DMS performance is associated with activity in the 

medial temporal lobes (particularly hippocampus) and frontal lobes (e.g. Sahgal and 

Iversen, 1978; Curtis et al. 2004; Porrino et al. 2005; Elliot and Dolan 1999). 

Approximate time of administration is 8 minutes. 
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Dual-task paradigm  

CANTAB tests will be simultaneously administered to pilots during the performance 

of a flight scenario on a 3-axis motion flight simulator. In this dual-task paradigm, 

flight performance will be the primary task, while CANTAB tests will be 

administered as the secondary task.  Such a paradigm allows the online in-flight 

monitoring of the recruitment of specific cognitive functions, following the well-

established assumption that the interference between two concurrent tasks is greater 

when they compete for the same cognitive resources. Future design may 

preferentially engage cognitive functions that have been shown to be not strongly 

engaged by piloting activity. 

Discussion and future research 

 

It is now well established that neuropsychological test batteries are a reliable means 

to predict activities crucial for piloting, although the limited predictive validity of 

pilot candidate selection tests currently in use suggest that there is scope to refine 

and improve the neuropsychological screening tools. This position paper describes a 

viable methodology to determine which cognitive function(s) (as measured by a 

selection of computerized neuropsychological tests) predict pilots’ abilities to fly an 

aircraft. The aim is for this information to guide the development of an optimized 

cognitive screening tool well-suited for the successful selection of pilot candidates. 

Experiments like the one described here pave the way for the development of 

dedicated software designed for the selection and certification of pilots capable of 

reducing the risk of accidents.    

Another goal of this study is to help to provide recommendation on future cockpit 

instrumentation designs, better adapted to the human brain. Indeed, despite rigorous 

selection, even improved by more suited selection tests, pilot’s errors will probably 

still be a major contributive factor to accidents. When human brain constraints are 

well recognized, human error turn out to be the logical consequence of the nominal 

brain functioning placed in an inappropriate context. In short, human error is also a 

symptom of the system deficiency. The administration of CANTAB tests during 

flight performance in a flight simulator in a dual-paradigm context will provide will 

provide an integrated platform dedicated to the online monitoring of cognitive 

workload. Whereas physiological measurements (electrocardiogram, EEG) can be 

extremely informative on this point, their use remains quite complex. In addition, 

their ability to assess a single cognitive ability is very low. Dual-tasks paradigms are 

a very simple way to assess cognitive load and are informative of the precise 

cognitive mechanisms (reasoning, working memory…) involved at the time of 

testing. For instance, this method would help to assess the effects of the introduction 

of a new type of display, with the observation of its impact on the performance to 

the secondary task. 

The growing body of literature concerning the neural substrates underlying the 

CANTAB tests will serve in a first instance to shed light on the neural mechanisms 

required for diverse piloting activities. In a follow-up experiment, it is planned to 

use functional near infrared spectroscopy (fNIRS) to measure cortical activation 

during both CANTAB test performance (to replicate in pilots previous literature on 
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the neural mechanisms involved during CANTAB performance) and piloting 

activities performed in a flight simulator. fNIRS is a field-deployable non-invasive 

optical brain monitoring technology that provides a measure of cerebral 

hemodynamics within the prefrontal cortex in response to sensory, motor, or 

cognitive activation. Its application in the aforementioned contexts will allow 

monitoring and localizing the hemodynamic changes associated with relative 

cognitive workload during performance of the diverse tasks, helping to bridge the 

gap between piloting and its underlying neurobiological mechanisms. In a recent 

study, this technique was successfully employed in pilots of unmanned air vehicles 

to measure cortical hemodynamic changes associated both with the performance of 

classical neuropsychological tests and with performance of piloting-related complex 

cognitive and visuomotor tasks (Ayaz et al., 2012) 
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  Abstract 

Background: In highly dynamic and complex work environments teamwork is 

omnipresent and it is crucial for performance that team members have a high degree 

of individual as well as team situation awareness (TSA). Method: The paper reviews 

approaches for measurement of the TSA. Next, an approach for empirical 

investigation of the development of team situation awareness by means of 

communication analysis is presented. The main objective of the approach is to 

provide an experimental environment that allows for a high degree of experimental 

control as well as sufficient task complexity. Thus, TSA is a substantial factor for 

team task performance. In a first step, individual communication behaviour and the 

influence of personal traits is examined. Results: The approach is applied to a single-

person conflict detection task, where participants have to ask for information in 

order to detect conflicts. First empirical results of N = 16 participants indicate, that 

individuals have different communication behaviours within the task. Furthermore, 

by means of cluster analysis, three distinct behaviours could be identified. Outlook: 

The approach will be tested in a team task with two interacting participants. Results 

of the conflict detection task will be used to control the set-up of the teams. 

  Introduction 

In aviation research, the construct of situation awareness has been defined as ‘the 

perception of the elements in the environment within a volume of time and space, 

the comprehension of their meaning, and the projection of their status in the near 

future’ (Endsley, 1988, p. 97). Generally, in highly dynamic and complex working 

environments, like safety critical domains, operators (e.g. air traffic controllers or 

surgeons) have to maintain a sufficient level of situations awareness by constantly 

updating their mental picture of the situation. Additionally, in complex working 

domains several operators have to coordinate their work with a high degree of task 

interdependency. Thus, besides individual situation awareness operators have to 

exchange information regularly and at the right time to maintain a high level of 

TSA. In the current paper, we review different conceptualizations and 

operationalizations of TSA. Furthermore, we present a micro-world environment to 

explore the communication processes during individual and team work in order to 
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investigate TSA. Initial results of the communication process of individuals are 

presented. 

  Measurement of Team Situations Awareness 

  Definition of TSA 

In this paper, TSA is defined as a cognitive state within the team that influences the 

team’s interactions (cf. Gorman et al., 2006). Therefore, it is seen as plausible to 

infer TSA, as a cognitive state, from observable behaviours within the team. These 

team behaviours, e.g. allocating tasks within the team (Salas et al., 1995), mainly 

rely on communication as the mediating process to fulfil the social function (e.g. 

“task allocation”). Good TSA means that team members have a comparable 

interpretation of cues and thus have a similar situation assessment (Salas et al., 

1994). Besides TSA, individual team members still have individual situation 

awareness. The individual situation assessments can be synchronized either 

implicitly via shared mental models (e.g. Salas et al., 1994; Stout et al., 1999) or 

explicitly via communication of important information. One aspect of team 

communication that contributes to a similarity of individuals’ situation assessments 

is the amount of shared information on which the individual situation assessment 

bases. Thus, an important aspect of TSA is the knowledge about information needs 

and information gaps of the other team members (Entin & Serfaty, 1999). A key 

indicator of good TSA is if and when relevant information is exchanged between 

team members. The term of relevant information relates to the task as well as the 

informational status of team members, as these are the important ‘environmental 

conditions and system states with which the participant is interacting’ (Pew, 2000, p. 

34). 

  Overview of TSA measurement 

A review of measures for TSA was conducted, with focus on approaches that use 

team communication as a mean to derive metrics of TSA. The review also includes 

related concepts, namely shared mental models or team mental models, adaption, 

coordination and problem solving within teams. An overview of the whole spectrum 

of TSA measures is given by Mohammed et al. (2010). Table 1 summarizes the 

reviewed approaches according to their general operationalization of TSA, their 

focus of communication analysis and the metrics derived. Methods differ in their 

general operationalization of TSA: first, whether the product of situation assessment 

is assessed as a certain cognitive state or state of knowledge, or second, whether the 

processes are assessed. Those processes are operationalized either as a reaction 

caused by a certain state of TSA or as a prerequisite of TSA. In the first case, it 

would be assumed that a team exhibits a certain communication style after they 

received team training, because their mental models and therefore their TSA were 

changed. In the latter case it would be assumed, that for example closed loop 

communication, as a distinct communication behaviour, would lead to good TSA as 

a result of these communication process. Furthermore, the observed team behaviours 

are compared between teams or are compared to normative behaviour. 
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Table 1: Overview of approaches for TSA measurement using communication 

Operationaliza

tion of TSA 

Focus of 

communication 

analysis 

Metrics Examples 

Process as 

reaction: 

cognitive states 

of individuals 

become 

apparent in 

behaviour 

Content of 

utterances in 

relation to generic 

model of task 

Frequencies of 

utterances within 

content categories 

(Prince et al., 1997); 

(Orasanu & Fischer, 

1992, 1999) 

Sum of information 

linked to SA levels 

that are 

communicated 

(Bolstad & Cuevas, 

2010) (Bolstad & 

Endsley, 2003)  

Structure and phases 

of problem solving 

process 

 

(Stempfle & Badke-

Schaub, 2002) 

Speaker, function, 

content of 

utterances 

Comparison of 

frequencies between 

two experimental 

conditions 

(Farley et al., 1998) 

Communication as 

behaviour: Speaker, 

function, content, 

timing, structure 

Transcript of 

behaviour in 

combination with 

situational 

constraints, 

knowledge etc. 

(Gorman et al., 2006) 

Process as 

reaction: 

good TSA 

leads to 

normative 

behaviour  

 

Communication as 

behaviour: Speaker, 

function, content, 

timing, structure 

Rating of observers 

Dichotomous scales 

(behaviour present / 

absent); Likert-

Scales 

(Wiener et al., 1991); 

(Dwyer et al., 1997); 

(Prince et al., 2007); 

(Cooke et al., 2001) 

Function & 

structure of 

communication 

Proportions of 

categories  

(Anticipation as 

proportion of given 

to requested 

information) 

(Entin & Serfaty, 

1999); (Stout et al., 

1999) 

Process as 

prerequisite: 

process of team 

interaction 

leads to TSA 

Communication as 

behaviour: Speaker, 

function, content, 

timing, structure 

Knowledge 

networks 

(Stanton et al., 2006); 

(Walker et al., 2006) 

Function & 

structure of 

communication 

(“closed-loop-

communication” 

Proportion  

of closed-loop-

communication per 

information category 

 

(Parush et al., 2010) 

 

On the level “focus of communication analysis” the reviewed approaches differ with 

regard to the coding schemes used. A content analysis is normally conducted. In 

some approaches, the codes refer to the function of behaviour within the social 



258 Papenfuss & Weber 

process, e.g. request for information, and frequency metrics are calculated (e.g. 

Prince et al., 1997). In other cases, the codes relate the content of utterances to the 

(cognitive) tasks and this data is compared to standard operating procedures or 

normative task models (e.g. Orasanu & Fischer, 1992, 1999). Other approaches code 

the sequence of utterances, e.g. occurrence of closed loop communication (question-

answer-readback) and compare occurrences to simple question-answer-structure 

(e.g. Parush et al., 2010). Another focus of analysis is the timing of communication 

in relation to the overall experimental task; e.g. the task is split into segments and 

only communication of one segment is rated as a relevant indicator of TSA (e.g. 

Stout et al., 1999). 

  Shortcomings of existing TSA measurement approaches 

One shortcoming of the reviewed approaches is the operationalization of 

communication within the team and its theoretical connection to TSA. 

Communication, or in a broader sense team interaction, is a mediating process that 

facilitates other team behaviours (e.g. Hoc 2001). For instance, requesting 

information (e.g. Entin & Serfaty, 1999) or clarifying common goals (Stempfle & 

Badke-Schaub, 2002) are categories to code communication within the team. Those 

interactions are at the same time output of a certain cognitive state, and the input for 

the next cognitive state, e.g. by providing missing information or directing attention 

towards something. In this sense, all kind of team interaction, including non-verbal 

communication and technical information exchange, is a mean to establish TSA.  

Another shortcoming is that content-related metrics, obtained through 

communication analysis, cannot be applied to other domains instantly as they are 

task or domain specific. A good metric for TSA should be applicable for a wide 

range of domains. For example, normative approaches developed for the analysis of 

TSA of cockpit crews rely on the highly standardized procedures within aviation. 

Behaviour shown by a cockpit crew can relatively easily be compared to the so-

called Standard Operating Procedures (SOP). Within the medical domain, TSA is 

also a relevant construct, as the environment is dynamic and decisions are safety 

critical. Nevertheless, the work of the surgeon is less standardized. So, it is not 

feasible to apply the idea of SOPs as a way of analysing communication. The 

categories to analyse communication should be as generic as possible but still 

provide insights into TSA. 

  Methodological approach to investigate Team Situation Awareness  

The approach to investigate TSA, presented in this paper, was developed to fulfil 

two demands: (1) team communication behaviour should reflect the team’s cognitive 

state TSA and (2) the analysis of communication should allow a transfer to multiple 

domains. Therefore, requirements for the experimental set-up are defined as 

following: objective measures of the interaction process should be derived and 

experimental runs conducted with the task should be comparable. The interaction 

process of participants within the task has to be clearly defined and understood. 

Nevertheless, ecological validity has to be apparent. Taken together, the task should 

be dynamic and complex but allow on the same time a high degree of experimental 
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control. Factors of the task that should be controlled are for instance: the task 

complexity, the degree of task interdependence and the modus of interaction.  

  Description of the experimental task 

As an experimental task for investigation of team interaction processes, a micro-

world set-up was chosen. Micro-worlds are the link between laboratory experiments 

and complex high-fidelity simulations (Gray, 2002) and have been used to apply 

constructs of basic psychological research to applied sciences, like human factors in 

aviation (Möhlenbrink et al., 2009; Oberheid et al., 2009). The micro-world MAGIE 

EnRoute (Oberheid et al., 2011) was used, to implement a team task. MAGIE 

EnRoute refers to the workplace of an en-route air traffic controller. Within a 

generic airspace, two or more operators are responsible for the save flight of their 

aircraft. This set-up covers some aspects of a novel air traffic management concept 

called “Sectorless ATM” (Birkmeier et al., 2011).  

 
Figure 1 Graphical User Interface of MAGIE EnRoute 

Aircraft fly with a certain speed on predefined routes in a certain altitude through the 

airspace. Aircraft can have conflicts, i.e. some prescribed separation distance 

between two aircraft is violated. These conflicts should be detected by the human 

operator as early as possible. Operators have to coordinate their work in a team in 

order to be able to detect, and to solve those conflicts. To identify whether two 

aircraft are going to have a conflict, operators have to exchange altitude information 

of the aircraft, as well as information about the routes. Otherwise, the controller’s 

assessment of the traffic situation based on information available to him, is 

ambiguous (conflict/ no conflict) until the conflict actually occurs. Each participant 

has its own display. The display of the micro-world for one participant is depicted in 

Figure 1. Next to the radar screen of the generic airspace, each participant has a 

communication tool to request and send aircraft altitude, route or speed data. This 

communication tool could be replaced by a chat tool or natural speech.  
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  Aspects of TSA 

The micro-world provides an environment, where team members do not have full 

access to all information required. A participant has full access to all information 

about his/her own aircraft (altitude, speed, and route) but only limited information 

about aircraft controlled by others. Information that can be gathered by observing 

the other aircraft is the actual position of aircraft in the airspace and approximate 

speed. In some cases, the route the aircraft will take is fully determined by the 

position within the airspace, in other cases the route is ambiguous because the 

aircraft might turn and take another route. Prior to the simulations, participants are 

instructed about the rules where aircraft can turn. Thus, participants have to identify 

their own information needs and request information from the team partner in order 

to gain unambiguous interpretation of the traffic situation. The micro-world also 

allows for conflict resolution, by advising new routes, altitude or speed to the 

aircraft. This conflict resolution needs to be coordinated between team partners. 

Two aspects of TSA are represented in this task. First, the interpretation of the 

current situation within the team depends on the information, which is shared 

between the team partners. Some information, e.g. altitude of an aircraft, needs to be 

explicitly made public by communicating it, as a prerequisite for a correct situation 

assessment. As long as this information is not shared within the team, team members 

assess the situation on the basis of different information and therefore their situation 

assessment can differ significantly (conflict/ no conflict). Second, as time pressure 

exists within that task, pro-active provision of relevant information to the team 

member is efficient communication behaviour to establish such a shared information 

basis. This implies, that not only the own but also the others’ information needs have 

to be considered. 

The micro-world is very close to the specific task of the en-route controller. 

Nevertheless, it is assumed that empirical results of communication behaviour 

within this task can be applied to other domains and tasks as long as they are 

characterized by the following features: the task requires coordination within a team, 

the environment is dynamic, decisions have to be made under time pressure so the 

timing of information is important, monitoring of the environment and or a system is 

a substantial part of the task and operators only partially have direct access to 

information about the environment and or the system.   

  Pilot study  

The sample of the pilot study consisted of 16 employees of the German Aerospace 

Centre (8 women, 8 men) with a mean age of 28 years (SD = 6 years).A stepwise 

empirical research is favoured to understand the influence of the different factors, 

described above, onto the observable team communication behaviour. As a basis, it 

should be understood, in how far communication behaviour of individuals differs 

within such a task in order to build teams of two or more operators, whose 

individual behaviour is known. Within an interactive team situation, the behaviour 

of the individual team member always is influenced by the behaviour of the other 

team members. For this reason, a set-up was chosen that allows for investigation of 

individual behaviour within the task in isolation.  
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.  

An explorative analysis is conducted, to test whether there are observable 

differences between the communicative behaviours of individuals and if those can 

be explained with personal traits and social attitude. The team work required was 

reduced to the subtask requesting information. The team partner was replaced by an 

automated script, acting like a confederate. The script responded to the questions of 

the participant with a constant delay of 10 seconds.  

Scenario Design. A scenario of 20 minutes was generated that included seven traffic 

situations consisting of a pair of aircraft that has a potential conflict. Each traffic 

situation is described by the parameters time to conflict (TTC) and whether the route 

of the other aircraft is ambiguous (Amb.: yes), unambiguous (Amb.: no) or partially 

ambiguous (Amb.: part) (cf. Table 2). For each pair of aircraft, the participants had 

to decide, whether a conflict will occur or not. For this decision, the participant 

needs to gather information. A normative communication model was developed, 

which predicted for every data (altitude, route and speed for each aircraft) a time 

interval, where the data is relevant information that would have to be communicated 

to solve the task accurately. For this interpretation, the perspective of the participant 

was taken regarding the actual information s/he has about the traffic situation and 

information s/he needs to evaluate a traffic situation correctly. Furthermore, it was 

assumed, that only novel information was relevant, as it gives the participant more 

information than s/he had before. So, information the participant could gather about 

the other aircraft by observation would not be relevant and should not be 

communicated.  

Experimental design. All participants answered a questionnaire including 

biographical data, personal traits and attitudes towards teamwork at least one day in 

advance of the experiment. At the day of the experiment, subjects received detailed 

instructions about their task and the rules of the micro-world. They conducted a 

training of 20 minutes that included all possible routes aircraft can take and 

presented an example of each conflict situation of the experimental run. Then, 

participants conducted the experimental task.  

Measures. As performance criteria, the number of correctly detected conflicts (N 

corr) and the time-distance of the detection to the actual occurrence of the conflict in 

seconds (Tmean) as well as in relation to the interval given by TTC (Trel) were 

calculated. The process of information exchange is described with quantitative and 

qualitative metrics. Altogether, each participant had 21 possibilities for data 

exchange during the scenario (3 information types (altitude, route, speed) * 7 traffic 

situations). During the simulation each communication act is recorded with time, 

sender, aircraft callsign and type of information. As quantitative metrics for each 

traffic situation it is calculated, how many participants requested the specific 

information (Alt n, Route n, Spe n, min = 0, max = 16). In order to discriminate 

individual behaviour, for each participant and possible data exchange the time 

distance to the start of the normative communication interval (tstart) is calculated. As 

only little is known about the meaning of this quantitative measure – is a difference 

between participants of 10 seconds meaningful with regards to TSA - qualitative 

metrics of the communication behaviour are calculated by classification into five 
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categories, according to the scheme shown in Figure 2. The classification results in 

the variable “timing of information”. 

 

0 = too early, 1 = rather early, 2 = rather late, 3 = too late, 4 = not requested at all 

Figure 2 Classification scheme for variable ‘timing of information’ 

To assess individual traits and personality, a set of standardized scales were used. 

Attitudes towards teamwork were assessed with the questionnaire FIT 

(Mohiyeddini, 1997), consisting of two subscales “Willingness to Teamwork” 

(“Will”) and “Reservations against Teamwork” (“Res”). Personality was assessed 

with the Factor Extraversion (“Ext”) and Agreebleness (“Agree”) of the BIG Five 

Short Scales (Rammstedt & John, 2006). Furthermore, the scale “Need for 

Cognition” (“NfC”) (Bless et al., 1994) was used.  

  Results 

Descriptive data for the different situations of the scenario are summarized in Table 

2. All situations were assessed correctly by participants, except two (Situation 2 and 

4). The low numbers of correct assessments for situation 2 are due to the scenario 

design, as it was at the end of the simulation and participants could not end the 

assessment in time. Nevertheless, most participants requested data for this situation, 

so the situation is included in the further analysis of the communication behaviour. 

Regarding situation 4 two participants did not detect the conflict correctly. As this 

conflict occurred at the beginning of the scenario it could be due to usability 

problems, because both participants indicated, that they assume a conflict.  

Table 2 Descriptive data of traffic parameters, communication process and performance data 

per traffic situation 

traffic situation communication process performance  

No TTC[s] Amb Alt n Rou n Spe n N corr 
Tmean (sd) 

[s] 

Trel 

[%] 

1 230 no 16 11 6 16* -- -- 

2 - no 13 10 6 3+ -- -- 

3 150 no 16 9 3 16 -78 (17) 48 

4 190 part 15 8 5 14 -72 (28) 62 

5 400 part 16 10 5 16 -199 (64) 50 

6 200 part 16 8 5 16* -- -- 

7 240 yes 16 13 6 16 -101 (61) 58 

* situation correctly assessed as “no conflict” 

+ situation assessment could not be completed due to end of simulation run 

3 

valid interval for information 

tstart tend (tstart + (tend – tstart)) / 2  

0 1 2 

4 

t 
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All situations with a true conflict were detected after 50 - 60% per cent of the 

predicted interval, so participants followed the instruction of detecting conflicts in 

advance. The different types of information were requested with different 

frequencies. Altitude (Alt n) was requested most often in all situations; followed by 

route (Rou n) and speed (Spe n) information. This ranking is plausible, as speed was 

no relevant information within the task, but altitude was information that could not 

be derived by monitoring the radar screen and had to be actively asked. No 

differences is evident for the frequency of requesting the route (Rou n) comparing 

the unambiguous and partially ambiguous situations. 

To assess the individual communication behaviour, a cluster analysis was performed 

with the nominal variable timing of information. The implementation of the Ward-

algorithm within the library “stats” of the statistical software “R” (Murtagh, 1985) 

was used for clustering. A dendrogram was used for evaluating the results. Analysis 

yielded three clusters. In a next step, these clusters were taken as a grouping 

variable, in order to develop a description of the communication behaviour, shown 

within these clusters. The absolute frequencies of time categories for each 

participant were analysed, whether they provide evidence for the clusters (see 

stacked bar diagram depicted in Figure 3).  

 

Figure 3 Distribution of the variable’ timing of information’ per participant 
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Qualitative descriptions of these behaviours were developed. Cluster 1 describes 

behaviour of omitting a quite large number of information (high values in category 

“not at all”). Cluster 2 comprises those participants that requested much information 

within the first part of the predicted interval (high values in “rather early”) . Cluster 

3 can be described as participants that requested a lot of information even before the 

normative model predicted their relevance (high value in “too early”). This cluster is 

very small (n = 2); but the behaviour is very distinct from the rest of the sample. 

For further investigation of the relationship between communication behaviour and 

personal traits, the identified clusters were used as grouping variables for personal 

traits. Mean values for the sample, as well as the clusters are summarized in Table 3. 

None of the variables correlated significantly with each other. Because of the small 

sample size of cluster 3 (n = 2), T-Tests were only conducted for cluster 1 and 2. 

Mean values of the clusters were compared with Welch Two Sample T-tests. No 

significant differences could be found, except for the scale “Need for Cognition. 

Cluster 1 has a significant lower mean value than cluster 2 (M1 = 9 (SD1 = 5,24); M2 

= 18 (SD2 = 4,82); t = 3.3; p = <.01 indicating a lower need for cognition within 

cluster 1 compared to cluster 2. 

Table 3 Mean values for sample and clusters for personal traits 

Cluster n Ext Agree NfC Will Res 

  m sd m sd m sd M sd m sd 

1 8 3,7 0,6 3,4 0,74 9,0* 5,2 17,9 1,73 10,9 2,12 

2 6 3,2 0,8 3,6 0,61 18,0* 4,8 16,7 1,51 10,8 2,0 

3 2 2,8 1,0 3,8 1,06 6,5 5,0 18,5 0,71 13,0 0,0 

sample 16 3,4 0,8 3,4 0,70 12,1 6,7 17,5 1,63 11,1 2,0 

 

  Discussion 

  Methodological approach 

The approach for investigating TSA, presented in this paper, uses metrics derived by 

the communication processes within a team task. Those interactions within the team 

are the prerequisite of TSA, as they provide the necessary information basis so that 

ambiguous situations can be interpreted correctly. Different communication 

behaviours can therefore lead to a different information status within teams. The 

results of the pilot study showed, that individuals show different communication 

styles. Regarding the detection of conflicts, these different styles did not lead to 

differences in the performance. Nevertheless, within an interactive team situation, 

where two team members have to exchange information, the results might be 

different. The strategy of data analysis used within the pilot study (use of a 

normative communication model, classification of time data into qualitative metrics) 

provided meaningful results. It seems promising, that within the controlled setting of 

the experimental task and the clear understanding of available and needed 

information in order to solve the task, the link between communication data and 

TSA can be established. 
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  Communication behaviour of individuals 

The pilot study explored, whether participants show different communication 

behaviours and in how far this behaviour is moderated by personal traits. Results of 

the cluster analysis show, that distinct communication behaviours were apparent 

within the sample. Furthermore, it was possible to describe the clusters in terms of 

different strategies performing the task: 1) highly select needed information, 2) ask 

more information in time than really necessary and 3) ask all information even 

before a conflict is likely to happen.  

An influence of personal traits on the different communication behaviour could not 

be found, except for the scale “Need for Cognition”. But, in general the sample was 

quite homogenous regarding their personal traits and social attitudes. Whilst 

individuals show different behaviours within the task, these behaviours cannot be 

explained with different attitudes towards teamwork or personal traits, except “Need 

for Cognition”. Need for cognition describes whether persons enjoy cognitive tasks; 

the highest score was found for the cluster 2 that asked a lot of information relatively 

early. With regards to the task “requesting relevant information”, this behaviour 

requires less effort in selecting the relevant information in advance, but more effort 

in terms of cumulating all available information into an interpretation of the 

situation. The scale “Need for Cognition” will be used in further studies to control 

the composition of teams. 

  Outlook 

The pilot study gave first insights into the communication behaviour of individuals 

whilst requesting information. Consequently, the follow-up study will analyse the 

interaction process of two individuals within the experimental setting. The insights 

into different communication behaviours of individuals will be used to control the 

composition of teams. It is of interest, which communication behaviour a team, 

consisting of two individuals with different communication behaviours, develops 

over time. Furthermore, it has to be analysed whether coordination, e.g. during 

solving the conflict, is influenced by these differences in individual communication 

behaviour. It further has to be examined, in how far this approach is feasible for 

other domains, e.g. analysing the interaction data of a medical team. 
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  Abstract 

Over the last decades major accidents occurred in the high reliability industries. This 

happened despite most of concerned companies strived for sophisticated safety 

management systems and many of them proclaimed a high level safety culture. 

Highly qualified employees and compliant, rule conform behaviour are generally 

regarded as core elements of safety management and culture in such companies. 

Probably this helped to decrease the number of “usual” occupational accidents. But 

are these classical approaches sufficient to prevent “extraordinary” incidents and 

accidents? The concept of resilience engineering delivers new perspectives on safety: 

The objective is to create organisations, which can compensate disturbances without 

loss of control and can quickly get back into safe balance. Flexible ways to act and 

decide and to avoid blind following of rules are important aspects of resilience. On 

one side this seems to be a smart way to reduce organisational shortcomings, on the 

other side it is not easy to develop solutions and measures which could be imple-

mented in praxis. The objective of this study is to analyse concrete possibilities how 

to develop organisations with already existing safety management systems and 

established safety culture further towards resilient organisations.  

  Concepts and questions 

The fact that there is still a risk in every high reliability organisation which somehow 

seems to be out of control leads to efforts to improve the safety of systems and 

prevent similar accidents from happening again (Hollnagel, Woods & Leveson, 

2006). Resilience engineering appears as a  promising new approach: “In contrast, 

resilience engineering tries to take major step forward, not by adding one more 

concept to the existing vocabulary, but by proposing a completely new vocabulary, 

and therefore also a completely new way of thinking about safety” (Hollnagel, 

Woods, & Leveson, 2006, p. 2). 

However, for many scientists, resilience in general is an old concept with a new 

name and refers to well known safety related issues (Morel, Amalberti & Chauvin, 

2009). But the authors state, that “the relationship between resilience and safety is 

much more complex than a simple, cumulative way of improving safety” (Morel, 

Amalberti, & Chauvin, 2008, p. 3). Sheridan (2008) states that resilience is “a family 
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of ideas” which has been defined in many different ways. He too argues that many 

aspects of resilience were already known under different names.  

It is very clear that there is close relation between safety culture concepts and resili-

ence. Modern safety cultures in big companies require safety awareness at all organi-

sational levels and continuous loops of learning and improvement of safety proce-

dures. Safety management systems require the strict conformity of behaviour with 

existing rules and regulations. Somehow as an antipode, there is the big challenge of 

resilient systems to define room to manoeuvre and to avoid blind following of rules. 

On one side this seems to be a smart way to reduce organisational shortcomings, on 

the other side it is not easy to develop solutions and measures to be implemented in 

day-to-day routines. Sheridan (2008) identified this problem of application already. 

Altogether there is still a clear lack of proven and transferable methods. 

This study seeks to address the following questions: (1) what is new about resilience 

engineering, (2) how widespread is the concept of resilience engineering among 

safety managers in Germany and (3) how can an organisation with an existing safety 

management system and an established safety culture be developed further towards a 

resilient organisation. 

The next section gives a comparison of the concepts of safety management systems, 

safety culture and resilience engineering and illustrates similarities through a system-

atic analysis. Information on the second question is gathered through expert inter-

views which indicate the additional benefit of resilience engineering for companies. 

Question three is picked up in the results section. 

Comparison of Concepts  

Resilient systems strive for the recognition of unforeseeable situations, compensate 

interruptions and get back to a safe state after the case of emergency. It is typical for 

such systems that different organisational elements interact in a complex and dynam-

ic way. A generic understanding of individual and organisational resilience integrates 

aspects from different theoretical approaches like salutogenesis, information pro-

cessing and learning organisations (Kastner, 2010). The important goal is to give 

employees, work teams, organisational systems and networks of companies, room to 

manoeuvre to act flexible in unexpected situations. This is achieved by providing 

them with resources and mechanisms of compensations. Reviewing the literature on 

resilience engineering shows that the most important indicators of the implementa-

tion level of the concept are:  

1.  Top-level commitment  

2. Allocation of sufficient resources 

3. Flexible scope of action 

4. Safety awareness, transparency, process of learning 

In addition to the requirements of safety strategies and goals, the top-level manage-

ment has to prioritize safety over efficiency in order to allocate necessary resources 

to employees to act right and effective in critical situations (indicators 1 & 2, 
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MacEachen et al. 2008, McManus et al. 2007). The aim is to take pressure from the 

employees resulting from the dilemma of thoroughness and efficiency (Hollnagel, 

2009) in order to allow a flexible scope of action within safety boundaries.  

Indicators 3 and 4 foster safety awareness to recognise critical situations and the 

identification of the right thing to do even beyond safety regulations. Boundaries for 

the scope of action have to be created and measured to improve situation awareness 

and to enable flexible acting. This could furthermore support work teams, so conse-

quences of failures are not added up but can be compensated. 

Table 1: Comparing common categories and characteristics of safety management, 

safety culture and resilience engineering 

 

Currently, the resilience engineering approach is preferably used in the field of air 

traffic control systems (Malakis et al., 2010), focussing economic and safety goals. 

In the context of occupational safety and health, the resilience engineering concept is 

quite new and the discussion is currently in progress. To assess differences and 

similarities between resilience engineering and established approaches like safety 

Approach 

 

Indicators 

Safety management Safety culture 
Resilience  

engineering 

Commitment of 

top-level 

management 

Defined goals on 

occupational safety 

and health issues as 

well as  

principles of 

prevention  

Safety awareness on all 

levels of the organisa-

tion, safety philosophy 

described, allocation of 

necessary organisation-

al structure  

Clear instructions 

for safe decision 

making  

Resources Management of 

resources as a 

responsibility of 

top-level manage-

ment, standards 

based on estimation 

of necessary 

resources 

Provision of resources 

as a leadership task, 

conflicts between 

efficiency and safety 

are decided in favour of 

safety  

Allocation of 

resource buffer for 

critical situations 

Flexible scope 

of action / 

compliance 

Compliance with 

safety regulations, 

observation of 

compliance  

Promotion of safety 

awareness on all levels 

Definition of a 

room to manoeuvre 

when it comes to 

safety relevant 

decisions 

Continuous 

process im-

provement 

Audits, frequent 

revisions 

Measuring and learn-

ing, culture to report 

failures and near misses 

Proactive identifi-

cation of possible 

failures, identifica-

tion and promotion 

of safe, good prac-

tices  
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management systems and safety cultures, we used the indicators of the resilience 

concepts listed above. This works because all of these aspects are already addressed 

somehow in concepts of safety management and safety culture. Table 1 shows a 

comparison focusing on leadership, resources, flexibility and continuous process 

improvement. 

The analysis of the three approaches shows  progressive requirements on leadership, 

resources, flexibility and improvement. Therefore, the approaches of safety man-

agement and safety culture could be complemented by the requirements of resilience 

engineering (Olive et al. 2006; Fahlbruch et al. 2008). A special aspect of resilience 

engineering which should be emphasized is the consideration of leading safety 

indicators with the elements “measuring” and “learning”, which is discussed and 

recommended for plant safety management systems (KAS-7 2005, Costelle et al. 

2009, Steen and Aven 2011). A challenging aspect could be related to the require-

ment “compliance” and “room to manoeuvre”. More specifically, it has to be clari-

fied, within which limits and under which conditions employees are empowered to 

derogate from standard operating procedures or instructions. Clarity must exist on 

persons who can make decisions and who should be involved in the decision-making 

process. Based on the theoretical analysis and the assumption that the new aspects of 

resilience engineering could be integrated into current modern safety managements 

systems and safety cultures, the following questions arise: 

 What do companies know about resilience engineering? 

 Do they have already discussed resilience engineering in their organisa-

tion? 

 How do they think about it, do they think it could improve their safety per-

formance? 

 Do they have special work pressure due to external influences? 

 Do they think that they could have unpredictable situations and do they re-

late this to a need for more room to manoeuvre for employees? 

 Do they have instruments or concepts to “integrate room to manoeuvre” in 

their safety management system? 

 How could their current safety management systems be improved? 

Method 

Semi structured interviews were conducted to collect data on the questions listed 

above. The 13 participants were safety experts working in different branches (e.g. 

chemical industry (n=8), oil industry (n=2), pharmaceutical industry (n=2), automo-

tive industry (n=1) in Germany. All surveyed enterprises had more than thousand 

employees. 

 

As a first step, companies which report to have well developed safety management 

systems / safety culture in place were listed and their leading safety experts were 

identified. Than a message was sent to these experts and they were informed about 

the intended interviews. After fixing dates, telephone interviews were conducted. All 
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interviews were done by the same interviewer; notes were taken during the inter-

views. The interviews took between 10 and 50 minutes. 

 Table 2: Extracted opinions about resilience engineering (re) split into three types of 

companies 

Level of 

experience 

 

Aspects 

Companies 

without exper-

tise in re 

(n = 2) 

Companies with some 

expertise in re 

 

(n = 7) 

Companies, who already 

introduced measures to 

increase re 

(n = 4) 

General opinion Resilience ap-

proach can be 

useful and im-

portant, but is 

currently not 

pursuit; external 

influences are 

managed with 

conventional 

methods like 

supplier audits 

External and internal 

influences force the 

company, managers and 

operators to be flexible 

in order to adapt to new 

conditions; resilience is 

therefore a useful 

approach; existing 

instruments have to be 

extended 

Companies have already 

arranged a campaign to 

support flexible scope of 

action; it is not always 

named resilience but for 

example “responsible 

handling” 

Improvement of 

safety manage-

ment and safety 

culture 

Currently there 

is no plan for 

improvement 

Improvements happened 

punctual for example 

based on lessons learnt; 

they are not done on all 

levels of hierarchy  

Safety management and 

safety culture are continu-

ously improved especially 

based on failure detection, 

risk assessment and 

lessons learnt 

Unpredictable 

situations  

Only well-

known scenari-

os are discussed 

Safety rules for the 

operators include only 

general instruction with 

enough latitudes 

Unforeseen situations 

have already happened; 

flexible scope of actions 

with concrete boundaries 

are in place and helped to 

stay safe 

Instruments and 

measures to 

enable and 

stimulate 

flexible han-

dlings 

Actions on the 

basis of safety 

rules are 

required; in 

other situations 

a emergency 

plans are 

executed 

On the basis of scenari-

os risks are identified; 

discussions of infre-

quent incidents are 

mandatory. 

Improvement of plant 

safety on the basis of 

holistic risk assessment: 

What happened, where 

should we allocate more 

resources? Lessons learnt 

are used to improve safety 

culture; operators are 

invited to question 

regulations and if neces-

sary to suggest solutions; 

the aim is to empower 

operators and teams to 

increase their situation 

awareness 
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  Results 

The following three categories were created from the data retrieved from the inter-

views: (1) Companies without expertise in resilience engineering, (2) companies with 

some expertise in resilience engineering and (3) companies, who already introduced 

measures to increase resilience. Answers were abstracted and structured and are 

reported for each category (table 2). Based on the results it is not possible to identify 

unique factors which allow a prediction to which category a company of a certain 

size or branche is assigned.  

 

  Discussion 

A positive feedback towards the ideas of resilience engineering can be deduced from 

the interviews conducted. All of the participants showed interest in the concept of 

resilience engineering. They gave substantial answers to every question. But there 

are also critical votes against resilience engineering, which indicate constraints of 

this approach. 

Companies without expertise in resilience engineering share the goal of responsible 

care and safe behaviour, but did not report resilience engineering to be an urgent 

issue to improve their safety management systems or their safety culture. In their 

opinion, safety must be observed and critical situations must be managed by the 

safety and emergency teams. These experts point out that the companies have stand-

ard production processes and rarely external influences, which require flexible 

actions. As stated above, it is not possible to identify “hard factors” like size or 

branche which may reveal a trend towards the implementation of resilience engineer-

ing. It rather seems that “soft” factors like opinions on safety play a considerable role 

on the willingness to turn to the concept of resilience engineering and reconsider 

rigid standard processes. 

The “few” disturbances are managed within the scope of emergency control. Within 

the emergency procedures, behaviours in critical situations are trained.  

Participants from companies with some expertise in resilience engineering or com-

panies, who already introduced measures to improve resilience, see the need for 

clear boundaries for these rooms to manoeuvre and self responsible behaviour. Most 

experts state, that safety management should be continuously improved to recognize 

critical situations as early as possible. But normally after accidents new safety rules 

are created, which limit the rooms to manoeuvre. Guidelines with detailed work steps 

to create instruments for resilience engineering were missed and would be regarded 

as helpful. 

The analysis shows that modern safety management systems and safety cultures 

make already a substantial contribution to the resilience of organisations and occupa-

tional safety and health. Nevertheless it needs to be discussed, how the strategy of 

flexible scope of actions to cope with unpredictable critical situations can be realised 

in the practical work. At the end the most important question seems to be: How can 
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the conflict between compliance with safety rules and flexibility of behaviour be 

solved? 
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  Abstract 

Although younger than the maritime domain, aviation has had a huge impact on the 

system design and development within shipping. Stakeholders often look towards 

aviation to make shipping, and the way that traffic is handled and organised, safer, 

more efficient and more effective. Although legally not the same, Vessel Traffic 

Service (VTS) is frequently compared to Air Traffic Control (ATC). In this article 

the area of traffic management within the maritime and aviation domains is 

addressed from a Resilience Engineering perspective. Focus is placed on the arrival 

part of a mission. The comparison is based on information collected during two 

study visits at VTS centres and one study visit at an ATC centre. The two 

organisations are described with the help of the Resilient Engineering capabilities: to 

respond, to monitor, to anticipate, and to learn. Furthermore, it is discussed how 

VTS and ATC adapt to cope with the complexity encountered during daily work.  

  Introduction 

For the past 40 years advancements in technological and organisational design 

within the maritime domain has been highly influenced by developments within 

aviation. In particular, when discussing aspects of traffic management and traffic 

safety, the aviation domain is often cited as one of the predominant examples for 

safe and efficient traffic movements (e.g. National Research Council, 1994; van 

Erve & Bonnor, 2006; Österlund & Rosén, 2007). Although cross-domain studies 

between the maritime and the aviation domains are often encouraged, there is a lack 
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of research in the area of traffic management concerning the two responsible 

organisations, Vessel Traffic Service (VTS) and Air Traffic Control (ATC). This 

paper attempts to address this gap in the research in order to enrich and inform the 

overall debate on system design within traffic management. Resilience Engineering 

(RE) concepts are used to highlight normal operation and the way systems adapt to, 

deal with, and compensate for anticipated and unanticipated events.  

This article does not present a full comparison of the two systems, but rather aims to 

increase the understanding of the similarities and differences within the systems. As 

VTS is mostly provided in port approaches, this article concentrates on the arrival 

phase of a mission for both ATC and VTS operations.  

  Air Traffic Control (ATC) 

The primary function of an ATC service is to promote the safe, orderly and 

expeditious flow of air traffic (Nolan, 2010) between the origin and destination 

airports. ATC was introduced when aircraft became faster and started flying at high 

altitudes, making Visual Flight Rules insufficient. Today, aircraft fully depend on 

ATC. The entire ATC system is based on a highly structured network, which is 

governed by precise rules, procedures and highly reliable communication links 

(Marine Board, 1996).  

In most countries airspace is divided into controlled and uncontrolled airspace. ATC 

is responsible for ensuring that minimum separations are maintained between 

aircraft within controlled airspace by issuing a series of heading, altitude and speed 

clearances. ATC has authority in controlled airspace whereby flight crews are 

required to follow all instructions during normal flight operations
1
. In addition to 

these instructions, ATC provides meteorological and navigation information and 

Notices to AirMen (NOTAMs). 

  Vessel Traffic Service 

The primary function of Vessel Traffic Service is to provide an information and 

assistance service to commercial maritime traffic within channels, port approaches, 

or other areas that are difficult to navigate in. In comparison to ATC, VTS is always 

a local service, and can only play a role in territorial waters. VTS is implemented 

locally but within an international framework (IALA, 2008). The local 

implementation leads to differences in service level and service provision 

(Praetorius, 2012). There are three different service types which a VTS can offer: 

Information Service (INS), Traffic Organisation (TOS), and Navigational Advice 

and Assistance (NAS). INS provides information to all participating vessels within 

the VTS area, e.g. hydro-meteorological and traffic information. TOS is concerned 

with the traffic operations: e.g. allow manoeuvres, block access or set speed limits. 

NAS provides information for the navigation, e.g. own position relative to obstacles 

(IMO, 1997). 

                                                           
1 In emergency situations the pilot in command has final responsibility for the safety of the 

flight and may deviate from ATC instructions. 
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Ships do not depend on VTS for their safety. They are themselves responsible for 

collision prevention. As such, VTS neither gives instructions nor has authority 

except in safety-critical situations. This is due to the historic split between ship and 

shore services, which assigns all liability-related issues to the Master of the vessel, 

meaning that he or she is the one who makes the final decisions on navigational 

matters.  

Table 1 shows an overview over the two domains and highlights the services’ basic 

structure. One can easily see that the systems differ largely in dimensionality, speed, 

environment, traffic density, flexibility, and consequences of collisions.  

Table 1: Comparing ATC and VTS basic constituents 

 ATC  VTS 

Dimensionality Movements in 3 dimensions Movements in 2 dimensions 

Speed 500 Mph ~20-30 knots  

Environment Empty Restricted (islands, reefs, 

etc.) 

Density High (aerodromes), low 

(cruise, transocean) 

High (port approaches), low 

(oceanic) 

Flexibility Limited, speed must be 

maintained 

High, vessel can be slowed 

down or stopped 

Consequences of 

collision 

Fatal, even slight mid-air 

collisions 

Ranging from minor to fatal 

 

Although both systems show large differences in their basic structure, they both are 

responsible for promoting the overall goal of safe, fluent and efficient traffic 

movements. Both services focus on providing information in complex domains with 

autonomous vehicles that depend on external support for their navigation. The 

operations normally deal with non-linear interactions under high stakes.   

  Cross-domain studies of VTS and ATC 

There is a sparse amount of research addressing both VTS and ATC and the 

appropriateness of comparisons between the shipping and aviation domains. The 

following paragraphs will summarise this previous work and introduce why an 

analysis considering RE could be of benefit.  

As emphasised by van Erve and Bonnor (2006), VTS and ATC are most similar on 

the level of goals and objectives for the services. Both services are introduced to 

increase traffic safety and fluency, support the crew in avoiding collisions with other 

traffic and obstacles, and to provide voyage-relevant data. However, the two traffic 
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services have been designed in different ways. Whilst VTS was introduced rather 

late into the shipping domain and developed as an add-on to the port to compensate 

for efficiency and effectiveness issues of sea transport, ATC was a necessity for the 

aviation environment and as such developed into a structure fully embedded into 

aviation.  

Another issue for cross-domain studies of ATC and VTS is the overall control 

setting within the domains. Whilst ATC is built upon centralised control exercised 

by an air traffic controller (ATCo), VTS is organised as a distributed system, in 

which the vessel autonomously acts on the information that the VTS operator 

(VTSO) feeds into the traffic system via VHF radio (van Westrenen & Praetorius, 

2012). ATC and VTS each control traffic systems of largely autonomous vehicles. 

They represent two forms of traffic management: a distributed system and a 

centralised one. Considering the similarities and differences, Anderson (1991) 

argued that ATC and VTS comparisons may not always be useful, but can be used 

as an interesting base for reasoning about possible developments. One such 

possibility described by the National Research Council (1994) was the development 

of a Vessel Traffic Control (VTC) model, in which aviation domain concepts are 

applied to maritime settings; however, the council noted at the same time that the 

adaption of such a VTC would require fundamental changes in how the relation 

between ship and shore is regulated today, something it considered not feasible. 

  Resilience Engineering 

Resilience Engineering (RE) is a discipline that strives to understand how large 

socio-technical systems cope with the complexity of daily operation. The focus is on 

examples of the positive, meaning that resilience is concerned with how a system 

succeeds by adapting its performance to the demands of the environment, not on a 

failure to do so (Hollnagel, 2006). As such, safety is an emergent property, which 

arises when the system balances goals and demands successfully (Woods, 2006). 

The system adjusts its performance to the demands of the environment, which 

enables it to achieve its goals under a large variety of operational conditions 

(Hollnagel, 2011). Within the VTS and ATC domains efficiency and safety are the 

primary goals that need to be balanced by the organisations.  

There are four basic system capabilities that a system needs to possess in order to be 

resilient: it must be able to learn from past events; to anticipate future opportunities, 

challenges and demands; to monitor the environment and its own performance for 

possible threats; and to respond to regular and irregular situations during daily 

operation (Hollnagel, 2011). As Woods (2006) notes, all systems are both resilient 

and brittle. The degree of resilience and brittleness determines whether a system is 

capable of dealing with a large variety of conditions and how this in turn affects the 

system and its performance. Furthermore, Woods (2006) emphasises that monitoring 

and managing the degree of resilience depends on four system properties: the 

system’s buffering capacity, its flexibility, its performance margins, and tolerance 

towards disturbances. VTS and ATC will be compared on these aspects.  
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  Study visits  

Study visits were conducted to two full-mission VTS centres and one ATC 

Approach centre in order to get a basic understanding of the working conditions and 

the systems’ functioning in both domains. 

Both VTS centres were part of medium-sized European ports and offered all three 

service levels. The ATC Approach centre visited is responsible for the Terminal 

Manoeuvring Area surrounding a medium-sized European airport. The centre offers 

full ATC service for commercial and general aircraft operating between 3000ft and 

Flight Level 095.  The airspace is used by aircraft operating both to and from the 

airport, and aircraft transiting through the airspace.  

The aim of these visits was to enhance the domain knowledge and to obtain 

information on how the operators in the centres deal with a variety of situations 

encountered during normal operations for the arrival phase of a mission, including    

understanding how the services offered by the organisations are realised in varying 

environments, and how the operators relate their actions to the operational short-

term and long-term goals of the organisation.  

  Results and analysis - Resilience in the VTS and ATC domains 

The following paragraphs present how concepts of RE relate to the system design of 

ATC and VTS. 

  The main functions of the systems 

ATC is legally a traffic management system, whilst VTS is currently implemented 

as an assistance service, or “an information node for seafarers” as stated by the 

National Research Council (1994). Whilst ATC is entitled to give direct orders, the 

decision-making within the maritime domain remains on-board. Based on the basic 

settings, there are four functions to guarantee the safe and fluent movement of the 

traffic in both domains: monitoring the state of the traffic participants, ensuring their 

separation, routing them, and planning the overall capacity for the area under 

surveillance. Table 2 gives an overview of the functions and describes who is 

responsible for initiating them within the ATC and VTS domains.  

 

Table 2: Main functions for traffic safety and fluency 

Function ATC VTS 

Monitoring state  ATCo VTSO & participants 

Ensuring separation  ATCo Traffic participant(s) 

Routing participants ATCo Traffic participant(s) 

Capacity planning ATCo/ANSP 

(Air Navigation 

Service Provider) 

VTSO (limited degree), mostly 

pilots  & participants 
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Table 2 displays the four main functions that ensure the safe and fluent movement of 

traffic within a designated area, in the case of this article the arrival phase of a 

voyage. Within the ATC domain the ATCo is primarily responsible for the majority 

of decision-making regarding traffic management (i.e. the speed, altitude and 

heading of the aircraft). The ATCo issues clearances to ensure correct separations 

are maintained; monitors the effects of instructions on the state of the aircraft; can 

decide to route or re-route traffic participants; and he takes the responsibility for the 

overall capacity planning of traffic in the area.  

In comparison to the aviation settings, the VTSO does not have any mandate to 

actively steer or route the traffic. Therefore, only monitoring and capacity planning, 

to a limited extent at least, are within the responsibility of the VTSO. Separation to 

other traffic participants, as well as routing and re-routing of a vessel are the 

responsibility of the Master. The pilot service supports the safety and fluency of 

traffic movements. The available capacity of an area is often limited by the 

availability of pilots and services. 

Resilience capabilities within ATC and VTS 

There are four main capabilities (learn, monitor, respond, anticipate), which a 

system requires in order to maintain operation under anticipated and unanticipated 

events. Table 3 summarises how these capabilities manifest themselves within the 

ATC and the VTS domains.  

Table 3: Resilience capabilities within ATC and VTS 

 ATC  VTS 

Learn Reactive 

Proceduralised 

Centralised 

Seamanship/experience from both sides 

Local needs 

Interpersonal learning amongst operators 

Monitor Hierarchical 

Objective measures 

Expertise 

Individual 

Objective/subjective measures 

Experience & expertise 

Respond Procedures 

Upward delegation 

Discretion of ATCo (to 

some extent) 

Experience  

 

Anticipate Capacity planning 

Weather planning 

Berth planning 

Pilot service cooperation 
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  Learn 

Learning within the ATC domain is largely reactive based on standardised reporting 

structures and mainly focused on what went wrong. Furthermore, as there are 

international procedures for how a service is provided, the learning is almost solely 

procedural and centralised at a state or country level. This is in contrast with how 

learning takes place within the VTS domain. Within this domain, although there are 

international guidelines, learning within the organisation is the responsibility of the 

national administration, often with heavy focus on local knowledge, leading to 

differences in operator training and in how services are provided. Additionally, good 

seamanship (rules about safe and reasonable behaviour at sea) and experiences as an 

active seafarer and as a VTSO are essential for the learning, especially when it 

comes to learning from positive examples, not only from accidents. 

  Monitor 

Monitoring is a critical element of ATC, particularly for the Arrival and Approach 

function where aircraft are closely spaced (compared with the en-route environment) 

and are subject to frequent speed and altitude changes. Controllers must be able to 

monitor traffic situations that change on a very short timescale (for example, an 

aircraft pair can start to lose separation very quickly if one aircraft does not respond 

correctly to a speed instruction). It is therefore essential that controllers continuously 

monitor the traffic situation using equipment and data that updates in sufficient time 

for them to respond to emerging situations. This is primarily achieved using both 

primary and secondary radar systems (including transponders and ADS-B) which 

are updated every few seconds.  

VTSOs identify traffic monitoring as one of the most essential tasks of their work as 

it is a precondition to be able to provide any kind of service level to the participating 

vessels (Praetorius, 2012). During the monitoring task the VTSO uses integrated 

radar and Automatic Identification System (AIS) information, as well as the VHF 

communication and databases at hand to obtain information on the traffic and its 

movements and intentions. The vessels’ inertia leads to a significantly slower 

system, but this is largely compensated for by the close proximity ships operate in. 

Monitoring also highlights the importance of knowing what to look for. In both 

domains the study visits showed that the operators base their judgements heavily on 

their experience as a traffic monitoring entity and their overall expertise within the 

domain. Situations are identified as normal or abnormal based on how the traffic 

frequently behaves (Praetorius, 2012).  

  Respond 

The ability to respond quickly is critical within the ATC domain given the short 

timescales involved. This is important on both organisational and individual levels. 

An Air Navigation Service Provider (ANSP) must respond very quickly to 

unexpected disruptions in operations (e.g. technical failures, accidents, and 

atmospheric disturbances). Some require responses in seconds, others in hours, and 

may range from individual decisions to a complete reorganisation of the system. 

Because of the different timescales and extent of the effect, controllers may not 

always be able to follow a standard procedure and may have to rely on intuition and 

past experience. For example, an ATCo can choose to remove an aircraft from 
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following a standard published arrival route and initiate tactical radar-vectoring, 

increasing capacity and flexibility at the cost of workload and complexity. It is the 

decision of an individual controller when to start radar-vectoring an aircraft, which 

introduces a lot of normal variability into the system. 

The ability to respond is equally important for a VTS operator. When the situation 

changes significantly he must inform all ships affected. It is the responsibility of the 

VTSO to ensure that all ships adapt to the new situation. Although the vessels do not 

travel with the same speed as aircraft, response times in the VTS domain can also be 

a matter of seconds depending on the manoeuvring capabilities of the traffic 

participants in the determined area. Further, as there are no or only a few objective 

measures for monitoring the traffic movements, responding relies heavily on the 

individual operator and his/her prior experience as a seafarer rather than, as in ATC, 

being dependent on standardised procedures. 

  Anticipate 

The most important aspects of anticipation within the ATC domain are capacity and 

weather planning. These two factors determine how traffic will be handled and 

ultimately managed by the operator, e.g. splitting a sector into minor control areas. 

An ATCO has access to comprehensive information concerning all aircraft that will 

enter his/her sector within a given timeframe, which includes the planned altitude, 

speed and route followed by the aircraft. Furthermore, the ATCo needs to constantly 

anticipate deviations that may occur within the system (normal and unexpected). A 

deviation may be the result of a flight crew not complying with an issued clearance, 

a missed approach to land or an emergency developing on-board an aircraft. There 

are several warning tools that help the ATCo to identify potential problems, such as 

the Short Term Conflict Alert (STCA) tool, which predicts a potential loss of 

separation between an aircraft pair.  

 

Anticipation within the VTS domain is very limited. Since VTS cannot control the 

vessel, VTSOs tend to keep their planning horizon short. Ships report at the border 

of the VTS area. Monitoring starts from there. Some tools, such as automated 

Closest Point of Approach (CPA) calculations, can be used but their effectiveness is 

limited. Anticipation is largely based on extensive experience, not on the process, 

procedures, or tools. An airport’s capacity for handling aircraft is more than ten 

times higher than ports handling ships.  

 

System properties 

Due to the contrasting ways that the ATC and VTS systems are organised, the 

largest differences are observed when comparing the system properties (Table 4). 

  Buffering capacity 

ATC operates with a focus on traffic capacity. By allocating flight levels, routes, and 

creating holding areas, control can constantly balance availability and demand. 

Planning assures optimal use of the capacity and the buffering assures that sufficient 

spare capacity is available should a critical situation develop.   
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Within VTS, buffering capacity is realised by the ships autonomously. Only when 

traffic becomes dense, or when delays become too long, ships can be directed 

towards an anchorage area. Buffering capacity is available in the navigable water, 

but it is not planned for as planning is often restricted to berth allocation.  

Table 4: Resilient system properties  

 ATC VTS 

Buffering capacity Flight levels 

Speed constraints 

Routes  

Holding 

Full planning 

Ship domain 

Free sailing 

Anchorage 

Some planning 

Flexibility/stiffness Sector boundaries  

Routes  

Highly flexible due to lack of 

sailing structure  

Performance 

Margins 

Separation 

Throughput 

Weather 

Minimum CPA 

Hull clearance 

Hydro-meteorological 

information 

Tolerance Brittle Some grace 

 

  Flexibility 

ATC is a rather inflexible system due to the highly organised structure. Sector 

boundaries and routes are fixed, flight levels allocated, control areas sharply defined, 

and arrivals and departures fully procedural. VTS is highly flexible. Very little is 

predetermined, and expertise is used to optimise traffic movements on an individual 

level, based on experience.   

  Margins 

In the ATC domain, all safety margins are pre-set, guaranteeing a high level of 

safety. All traffic is well separated from each other within the environment. The 

margins are defined in space, time, speed, and all other variables decided to be of 

importance. In contrast, within the VTS domain, the margins are largely undefined. 

Only deep-draught ships have very specific safety margin requirements. 

Nevertheless separation largely remains an individual decision based on “good 

seamanship” (National Research Council, 1994). As a result, no safety level can be 

guaranteed beforehand, and risk assessment and handling remains rather pragmatic.  
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  Discussion and conclusion 

The analysis above has identified several similarities and differences within the 

design of traffic management systems in the shipping and aviation domains. ATC 

and VTS have been analysed with the help of RE system capabilities and properties. 

The analysis reveals that although the systems share common goals, there are huge 

differences in how safety, or resilience, are realised within the domains. Within 

ATC, a high degree of standardisation impacts on the overall flexibility of the 

system. ATC is rather stiff in its design with clear performance margins and 

procedures that can help the system to cope with a variety of situations in which it 

needs to adapt its performance, e.g. splitting a sector during high traffic volumes. On 

the other hand, within the operational constraints, the system is very safe and 

efficient. 

VTS, on the contrary, is a very flexible system that leaves the details of execution to 

the actors in a situation. There are no objective safety margins, and the overall lack 

of standardisation allows for a wide scope of responses that the system can draw 

upon whenever coping mechanisms are needed. However, whilst the system is able 

to handle a variety of situations with some grace, the open design and the lack of 

centralised control invites vessels to a high degree of local optimisation, which set 

the overall system’s safety at risk as it can easily lead to disturbances on a system 

level, e.g. a ship blocking the fairway or the entrance to a lock. Whenever system 

disturbances occur, the entire traffic management needs to be re-organised, whilst at 

the same time the decision-making remains on-board, posing serious limits to the 

possible work of a VTSO. Furthermore, the lack of standardisation, technical-wise 

and organisational-wise within the VTS domain has consequences for how the 

system is accepted by those who are supposed to make use of it, i.e. the navigating 

officers (Nuutinen, 2005).   

Lessons to be learned within system design become apparent when the two traffic 

management systems are compared. VTS could profit from more standardisation 

that carefully considers local conditions whenever procedures are stated. 

Furthermore, objective measures, such as separation minima, could be promising 

within shipping to guarantee a minimum level of safety. 

Within the ATC domain, shipping and VTS specifically, can serve as a good 

example for how control can be exercised in a distributed system with autonomous 

players. VTS, due to its flexibility, can handle a variety of situations, in which local 

optimisations are ideally balanced with overall system optimisations. Ship and shore 

share control, which could be interesting to consider whenever concepts such as free 

flight are discussed. As previous studies have emphasised, the introduction of 

concepts such as free flight, will change the relationship between aircraft and 

controller (Hollnagel, 2007). Lessons that can be learned from VTS development 

might be a good source of inspiration when free flight scenarios need to be 

constructed. Both domains can profit from cross-domain knowledge to inform a 

safer design of future traffic management systems.  
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  Abstract 

We are living in an ageing population. In the Netherlands for example, the share of 

people aged 65 and above will increase to about 20% in 2020. It is likely that the 

proportion of car drivers in this age category will increase in a similar way or even 

more. The Dutch government aims to facilitate this development by specifically 

looking at ways to support the older driver. There are indications that older drivers 

are more likely to get involved in an accident when entering the highway. In 

addition, older drivers tend to drive slowly on the acceleration lane. In other 

situations, e.g. when turning left, this is a good strategy because it increases 

available manoeuvring time, but in case of merging it is deemed wiser to match 

speed to the speed on the main lane. Therefore, we designed and selected variable 

message signs aimed at assisting speed choice. First, we invited a small group of 

older drivers for a focus session, thereby greatly reducing the number of designs to 

test. Second, the selected signs were implemented in a driving simulator and shown 

dynamically to older drivers and to drivers in a younger control group. Results 

indicate one clear winning design. 

  Introduction 

According to demographic prognoses of Statistics Netherlands, the share of people 

aged 65 or older in the Netherlands will steadily rise from 15.6% in 2011 to a peak 

percentage of 25.9% in 2039 after which it will take 21 years for this share to come 

down one percentage point again. This amounts to an absolute increase in this age 

category of about 2 million people or a 78% increase (CBS, 2012a,b). The Dutch 

projection trend is similar but somewhat deviating from European projection 

averages as it is expected that in the EU, the share of the population aged 65+ will 

keep rising to 29.3% at the end of the projection period in 2060. This is consistent 

with the observation that the grey wave is moving in south-east direction within 

Europe, implying for example that by 2040, Romania and Latvia will have the oldest 

populations while Nordic and Western European countries will have the youngest 

populations (Eurostat, 2011).  

One factor contributing to the increasing share of older ages in society is that people 

live longer. The life expectancy of the Dutch population for example, has been rising 
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for several decades, partly due to the declining effects of so called lifestyle diseases 

such as cardiovascular diseases, smoking and also traffic accidents. The life 

expectancy will likely continue to rise throughout the first half of this century from 

71.4 years on average in the 50ies to 85.9 years over a century later (CBS, 2012c,d). 

 

Figure 1 (Projected) Dutch population composition 

These trends will likely lead to an increase in the share of older drivers as well. 

Moreover, due to several other projected developments, such as a longer healthy and 

socially active life, an increasing retirement age, and an increasing percentage of 

older drivers in possession of both a driver’s licence and a car, the proportion of 

miles driven by the older age group is expected to increase even more than the 

general demographic increase. In other words, an increasing and substantial amount 

of older people will drive a lot on average (Jorritsma, 2006). 

 

Figure 2. Mean yearly accident rate, resulting in death or severe injury, involving a 

passenger car between 2005 en 2009 in the Netherlands. 
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Although the absolute number of severe accidents in the older age categories is 

similar or even somewhat smaller than for the ages between 30 and 60 years, when 

compensated for exposure, an entirely different pattern emerges, as can be seen in 

Figure 2 (SWOV, 2012). Older traffic participants, especially older than 75 years of 

age, have a relative high risk of dying or suffering a severe injury as a result of 

accident involvement. 

Causes for this high risk are the result of either an increased physical frailty or an 

increased crash involvement risk (Koppel et al., 2011; Li et al., 2003). However, an 

important confounding factor for crash involvement risk is low annual mileage 

(SafetyNet, 2009). Research has shown that the association between age and crash 

rates disappears when matched for annual mileage (Hakamies-Blomqvist et al., 

2002; Janke, 1991;  Langford et al., 2006). Given the projected societal trends 

described above, the high crash involvement risk can be expected to go down for the 

future generation of older drivers. 

Accident statistics aside, ageing is accompanied by functional limitations that are 

important for safe driving. These may be related to the sensory organs, for example 

a reduced ability to resolve details on moving objects (dynamic visual acuity),  more 

sensitivity to glare, impaired night time acuity and a narrowed visual field (e.g. 

Klein, 1991). Older drivers may also suffer a decline of cognitive functions, such as 

the ability to select relevant information (e.g., Davidse, 2007). In addition, physical 

limitations such as reduced joint flexibility may lead to reduced neck rotation and 

the ability to check the blind spot when changing lanes, which is important when 

entering the motorway for example (Davidse, 2007).These limitations may well 

contribute to an overrepresentation of older drivers in specific types of accidents. 

For example, accidents caused by colliding with fixed objects or not yielding when 

turning left at an intersection (e.g., Koppel et al., 2011). However, as is apparent 

from mileage corrected crash involvement risk, these limitations do not 

automatically lead to unsafe driving in general. Older drivers often compensate for 

their limitations, for example by avoiding driving in the dark or during peak traffic 

hours, by obeying traffic rules and not engage in distracting activities while driving, 

or reducing speed and keep more time headway when approaching a potentially 

complex road situation, such as intersections (AAA, 2006).  

Even though the motorway system is a relatively safe part of the road network 

because of the wide carriageways and separation of oncoming traffic, there are 

indications that older drivers are more likely to be involved in an accident for which 

the pre-crash manoeuvre is merging, changing lanes, overtaking, or passing near  

interchanges (e.g. HSIS, 1996). With respect to entering the motorway, several 

studies have shown potential problematic behavioural differences between younger 

and older drivers. For example, De Waard et al. (2009) and Malfetti and Winter 

(1987) found that older drivers tend to keep a slower speed on the acceleration lane: 

possibly compensating for a decreased ability to judge distances and to provide 

themselves with more time to find an acceptable gap between the traffic stream on 

the main road. In other situations, this is usually a good strategy because it increases 

available manoeuvring time, but in case of merging it is deemed wiser to match 

speed to the speed on the main lane as a smaller gap can then be accepted. 
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Therefore, interventions aimed at either guiding the mainstream traffic in keeping 

sufficient time headway or at helping drivers to match their speed to the driving 

speed on the main road are hypothesised to decrease accidents related to the merging 

manoeuvre, especially for the older drivers.  

An example of an already investigated merging assist (from the centre lane to the 

right-hand lane) was part of the so-called ‘thinking road surface’ in which drivers on 

the right-hand lane should drive next to a moving LED-light bar and thereby making 

space for traffic on the centre lane so they can merge (De Waard et al., 2004). 

Another example is placing chevron arrows on the right-hand lane to help drivers 

with keeping enough time headway. The latter intervention led to an encouraging 

reduction in accidents at the test site (56%; Helliar-Symons et al., 1995). Other 

proposed interventions include placing LED-light bars to guide traffic on the 

acceleration lane in addition to guiding traffic on the main road, painting the road 

surface to naturally stimulate traffic to speed up on the merging lane, and providing 

personalised information to the merging traffic by using variable message signs 

(VMS; Ying, 2010).  

Deploying VMSs is a cheap intervention compared to infrastructural interventions 

such as constructing longer and wider merging lanes, and the maintenance costs of 

the LED-light bars, therefore rendering VMSs a more realistic scenario. However, 

before exposing drivers to a VMS and test its effects on driving behaviour, a feasible 

design is necessary. The focus of the current study was to design a VMS that will 

assist traffic on the acceleration lane with choosing an appropriate speed and thereby 

match their speed to the speed on the right hand motorway lane.  

Several theories and guidelines are available to persuade drivers to change behaviour 

by providing information. For example, McGuire (1986) listed six information-

processing steps that need to be completed before a behavioural change will occur. 

These steps are 1) Presentation of the information, 2) Attention to the information, 

3) Comprehension of the arguments and position the information advocates, 4) 

Yielding to the message contents and its conclusions, 5) Retention of the changed 

attitude, and 6) Behaviour based on the changed attitude. Please note that these steps 

work in hierarchy. Even a successful completion of steps 1 to 5 does not guarantee a 

behavioural change. From attitude literature it is known that the overall correlation 

between attitudes towards behaviours such as speeding and the actual shown 

behaviour is not always high (e.g. Rothengatter, 2002); however, they can be seen as 

a perquisite in the current situation.  

The required information-processing steps are mediated by both cognitive-

ergonomic and social-psychological principles (Dicke-Ogenia & Brookhuis, 2008). 

Social-psychological principles include habitual driving and attitudes. However, 

when designing content for the VMS, we have emphasised on the cognitive-

ergonomic principles by De Vries-De Mol & Walraven, 1988. These principles 

mainly affect the first four steps of the McGuire list. These cognitive ergonomic 

guidelines include: conspicuity, legibility, comprehensibility, and credibility.  

Conspicuity indicates the extent to which information draws attention and is 

influenced by position, moment and medium. Legibility indicates how well 
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information can be read and is affected by factors such as font and the use of 

colours. For example, less colours are usually preferred by the road user and using 

more colours can lead to confusion (Lai, 2010; Roskam et al., 2002). Information 

density is another factor influencing legibility. Displaying more information on a 

VMS may result in linear or sometimes even exponential increase in reading time 

(Roskam et al., 2002). Comprehensibility refers to the ease with which the traveller 

can understand the information. Ambiguity, consistency, spatial and graphical 

grouping, and using relatively cultural independent symbols instead of text are 

factors influencing comprehensibility (Roskam et al., 2002). When travellers believe 

that the information is true and applies to them, the information is credible. Without 

credibility information is likely to be ignored in the future, even if it is relevant at 

that point in time (Dicke-Ogenia & Brookhuis, 2008).  

Given the focus of the current study on developing, assessing and selecting various 

potential VMS designs, we chose to emphasise step 2 to 4 in McGuire’s list: 

attention, comprehension, and yielding, and assessed designs with respect to their 

legibility, comprehensibility, and credibility. This leads to the following research 

question: 

What is readable, understandable and meaningful information on dynamic 

information panels to support the speed choice just before merging for older road 

users? To answer this question we designed a two stage study. First, a small number 

of feasible designs were preselected based on results from a focus group session. 

The selected signs were then demonstrated using driving simulator software, to both 

younger and older drivers. 

  Stage 1: the focus group session 

  Method 

Given the time required to assess the large amount of possible designs in an 

experimental design, a small number of feasible designs was preselected based on 

both quantitative and qualitative data acquired from a small group of relative old 

drivers during a focus session. We have chosen not to provide a comprehensive 

report for this stage of the study to avoid a lengthy paper and because we consider 

the focus group session as a mean to preselect designs for Stage 2, which will be 

described in more detail.  

  Participants 

Nine participants (six males) joined the focus group session, they varied in age 

between 55 and 66 years (M = 61.2, SD = 4.5). The participants drove a car for 5.7 

hours per week on average (SD = 3.8). All of them drove on the motorway on a 

regular basis; two participants indicated about once per month, while the other seven 

participants indicated a weekly frequency. The participants received a small 

monetary reward to compensate for any travelling costs they might have had in 

getting to the study site. All participants signed an informed consent and the study 

was approved by the ethical commission of the psychology department of the 

University of Groningen. 



294 Dijksterhuis, Veldstra, de Waard, & Moerdijk 

  Procedure 

The focus session was held in a ‘classroom’. The participants were all facing the 

session leaders, but could interact with each other. After taking some time for 

introductions to make everybody feel comfortable, participants were asked to 

individually rate two statements on 26 designs on 5-point Likert scales. The designs 

were presented statically on a screen for 1.5 seconds each to mimic the limited time 

drivers have to look at traffic signs. Participants were allowed to ask questions, but 

interaction with each other was kept to a minimum. After this, the designs were 

discussed in the group. At the end of the discussion, participants were asked to write 

down what they considered to be the best and the worst design.  

  Signs 

 

Figure 3. A composition of all signs presented to the focus group. Several factors were 

assessed such as the use of yellow vs. white text colour; displaying speed information in boxes 

vs. no boxes; current speed on the motorway only vs. speed motorway and current personal 

speed; using a broken line indicating the road lineage vs. no broken line; providing 

information only vs. suggesting acceleration or deceleration; using the blue signs to trigger 

associations with traditional advisory speed signs as used in the Netherlands. Translations of 

Dutch terms: “Invoegsnelheid” = merging speed; A12 = M12; “aanbevolen snelheid” = 

advised speed; “u rijdt” = you’re driving; “snelheid A12” = speed M12;  “snelheid oprit” = 

speed acceleration lane; “u rijdt te langzaam” = you’re driving too slowly; “behoudt 

snelheid” = maintain speed. 

The presented designs were organized into several themes: information content, 

colours, sign position with respect to the road, and the organisation of the 

information on the sign’s display. The statements that needed to be rated varied 

slightly per theme and to avoid confusion, all signs within a theme were presented as 

a block of subsequent signs. All ratings asked were related to legibility, 

comprehensibility, and credibility of the signs. Furthermore, one design could be 
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part of more themes, and could therefore be rated at two different times using 

different Likert statements. Figure 3 shows a composition of all the signs that were 

presented to the focus group. 

  Results/Conclusions 

The selected VMSs are depicted in Figure 4. The results from the Likert scales 

revealed a high prevalence of positive ratings on legibility and comprehensibility for 

sign A, while sign G received the lowest ratings for legibility and comprehensibility. 

Sign G was also indicated as ‘worst’ design most frequently at the end of all 

discussions, while most participants selected Sign B as ‘best’ design.  

Using a warning sign symbol in this situation (signs D and E), especially for the 

instruction to accelerate, was a topic of debate. The focus group participants feared 

‘startle’ or panic reactions. However, ratings scores for these signs were very good 

and therefore selected for further research.  

To complement the ‘you drive too slowly’ and ‘you drive too fast’ warning signs, 

sign C indicates that the current speed is adequate. Using the smiley symbol to 

strengthen this message was discussed but dismissed. Even though real-life 

examples of VMSs using this symbol can be found in the Netherlands, most 

participants agreed that using a smiley is inappropriate for older drivers since they 

might not be very familiar with this symbol.  Despite slightly lower rating scores, 

sign F was also selected for further research because it was well received during the 

discussion. Signs G and H were included mainly for reasons of comparison 

(control). With regard to sign location, directly above and on the right hand side of 

the acceleration lane were rated best. We decided to use the latter location for Stage 

2 for practical reasons, as roadside VMSs may be easier to place in a real life 

situation.  

 

Figure 4. Selected signs as demonstrated in Stage 2 except that terms are translated from 

Dutch for the readers’ convenience. 

  Stage 2: simulation-based evaluation 

In this stage, the selected VMSs were demonstrated to older drivers and to a control 

group of younger drivers on a laptop, on which StSoftware© driving simulator 

software ran. 
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  Method 

  Participants 

The characteristics of both the control group and the group of older drivers are 

summarised in Table 1. As can be seen, the mean age of the older group is 65 years, 

while the control group is 30 years of age on average. Although potential candidates 

were asked if they use the motorways before inviting them to watch the simulation 

on the laptop, one of the older participants had not driven a car that year. We still 

used her rating scores because she had driven extensively before that year and had 

stopped driving recently for medical reasons. 

Table 1. Participant statistics 

Group Older (n = 24, 14 male) Control (n = 25, 13 male) 

 M SD Min. Max. M SD Min. Max. 

Age (years) 65.4 7.5 51 83 29.8 3.5 25 36 

Holding license (years)  42.1 7.2 25 59 7.3 3.8 2 15 

Mileage (km/year) 8400 13100 0 40000 6500 6700 500 20000 

Driving time (hours/week)  5.5 6.9 0 30.0 2.4 2.6 0.25 10.0 

 

In addition, the participants were asked how often they drove on the motorway. In 

contrast to what can be expected, the (young) control group had a lower annual 

mileage and drove on the motorway less frequently compared to the older group. 

This may be explained by the fact that almost all participants in the younger group 

live and work in the city of Groningen and use their bicycle or public transportation 

to go to work for example. All participants signed an informed consent and the study 

was approved by the ethical committee of the psychology department of the 

University of Groningen. 

Table 2. Frequency of driving on the motorway  

Group/Frequency Older Control 

Never 1 0 

< Once per year 1 0 

Once per year 0 1 

Once per month 3 12 

Once per week 8 6 

> Once per week 11 6 

 

  Procedure 

Participants viewed the simulations from the driver’s perspective of the car driving 

automatically from the beginning of an acceleration lane to just after a VMS that 

was located about 300m before the merging lane and at the right hand side of the 

acceleration lane; at this point the simulator was stopped. Before the actual 

demonstrations began, participants were shown an example demonstration with an 
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empty VMS in it. After this, all eight signs were shown according to a randomised 

schedule, creating a mixed experimental design of one between subject factor and 

one within subject factor: group (2) x sign (8) and participants were asked to rate the 

demonstrated VMSs. Most older drivers were asked to participate while visiting a 

shopping mall, while the younger control group watched the demonstration at their 

homes. After watching all rides, the participants were presented with an overview of 

all signs and were requested to point out the best and the worst design.  

  Rating scales 

Participants were requested to rate to what extent they agreed with statements 

related to legibility, comprehensibility, and credibility on 5-point Likert scales for 

each sign. An example statement is: ‘The information on the sign is 

comprehensible’. The participants could rate this statement by marking: strongly 

agree, agree, neutral, disagree, or strongly disagree. When ‘disagree’ or ‘strongly 

disagree’ was marked, the participants were invited to write down in keywords what 

sparked their answer. The Dutch terms we used to assess legibility, 

comprehensibility, and credibility were respectively: ‘leesbaar’, ‘begrijpelijk’, and 

‘zinvol’. The meaning of these translations might deviate slightly from the original 

English meaning. Especially ‘zinvol’ might also be translated as ‘useful’ or 

‘meaningful’.  

  Statistical analyses 

All data was statistically analysed using. PASW Statistics 18, Release Version 

18.0.0 (SPSS, Inc., 2009, Chicago, IL, www.spss.com). From visual inspections of 

rating scores, frequency tables and subsequent use of the Kolmogorov-Smirnov tests 

of normality, it was clear that the data in none of the cells of the group (2) x signs 

(8) design and for none of the three rating scales reflected the normal distribution 

required for GLM repeated measures testing. Therefore, we used the non-parametric 

Friedman’s ANOVA for multiple dependent samples. This test was completed six 

times in total: for each rating (legibility, comprehensibility, and credibility) and 

within each group (older drivers and the younger control group). In addition, the 

non-parametric Mann-Whitney U test for two independent samples was used to test 

the differences between the two groups for every rating, resulting in 24 between 

group tests in total (8 signs x 3 dependent variables).  

  Results 

The mean ratings per group are shown in Figure 5 and the statistical test results of 

the Friedman’s ANOVA’s are presented in Table 3. To start with, the Mann-

Whitney U tests did not reveal difference between the older group and the younger 

group, with the exception of the lower comprehensibility ratings by the older group 

for sign G. However, given the danger of change capitalisation given the quantity of 

tests, we will not discuss this any further. As can be seen in Figure 5, all signs got 

positive ratings for all three dependent variables except for sign G. Moreover, there 

was an effect of the sign factor for all three variables (see Table 3). To further clarify 

differences between signs, all rating scores, averaged across the two groups, were 

ranked and as such presented in Table 4. 
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Figure 5. Mean ratings on 5-point Likert rating scales of both the older group and the 

younger control group for legibility (Leg: 5a) , comprehensibility (Com: 5b), and Credibility 

(Cred: 5c) for all signs. Sign codes A-H coincide with the signs as presented in Figure 4. 

Values: -2 = strongly disagree, -1 = disagree, 0 = neutral, 1 = agree, and 2 = strongly agree. 

Error bars represent the standard error. 
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Table 3. Results of six Friedman’s ANOVA’s (within subject factor is Sign type) 

 
Legibility Comprehensibility Credibility 

Older  F 80.9 70.3 32.5 

 p <0.001 <0.001 <0.001 

Control F 34.0 19.3 16.8 

 p <0.001 0.01 0.02 

 

Table 4. Ranked mean rating scores for all signs. 

 Legibility Comprehensibility Credibility 

rank Sign Score Sign Score Sign Score 

1 A 1.9 A 1.8 A 1.3 

2 H 1.8 E 1.3 D 1.0 

3 E 1.7 D 1.2 C 1.0 

4 F 1.5 B 1.2 E 0.9 

5 C 1.5 F 1.2 F 0.9 

6 D 1.4 H 1.1 B 0.9 

7 B 1.3 C 1.0 H 0.6 

8 G 0.1 G -0.4 G 0.0 

 

Sign A (a simple ‘merging speed’ text; see Figure 4) was rated best on all three 

variables, while sign G was rate worst. Sign H (the blue speed advice sign) did very 

well on legibility, but it was ranked in the bottom half with respect to 

comprehensibility and credibility. Sign E (you drive too fast) was rated second best 

on comprehensibility, did well on legibility, but was only ranked fourth on 

credibility. In contrast, the instruction: ‘you drive to slowly’ was ranked second on 

the credibility scales and did well on the other scales as well.      

When asked to point out the best sign, sign A was selected most frequently by both 

the older and control group (8 and 13 times respectively). In addition, signs H and E 

were each selected five times and sign F four times as best by the older participants. 

The younger participants picked signs B and F four times as best sign. Sign G was 

pointed out most often by both groups as the worst sign. Sign G got 11 votes from 

the older group, while sign F was pointed out five times. The control group selected 

sign G almost unanimously (24 times). 

Discussion 

To recapitulate, several potential VMSs were assessed with regard to their legibility, 

comprehensibility and credibility by a group of older drivers and a control group of 

younger drivers. Two very clear results came out of this study. First, Sign A was 

evaluated as best sign, both during the focus group session and after demonstrating it 

using simulator software. Also both the older group and the younger control group 
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rated this sign overall as best. This confirms a well-known principle in cognitive 

ergonomics that less is usually better. However, one participant commented that the 

message displayed on sign A is still ambiguous as it is not entirely clear whether the 

driver’s current speed is indicated or the advised merging speed. This may indicate 

that small changes may still improve the design.  

The second clear finding is that Sign G, representing a direct link to previous 

research by Ying (2010), was assessed to be the worst sign. All other signs were also 

positively assessed; albeit results were less clear compared to Sign A.   

Limitations 

The most obvious limitation of the current research is that no behavioural data were 

collected that are necessary to confirm the potential a particular sign may have in 

changing behaviour. The focus of this study was on assessing comprehension of 

potential variable message signs while, as stated in the introduction, good 

assessment does not guarantee behavioural change by the same drivers. A simulator 

and preferably a field study are necessary to draw final conclusions. 

The groups’ driving behaviours as reported by the participants deviated slightly from 

what can be expected from general driving statistics. In general, younger drivers, 

spend more time behind the steering wheel and drive on the motorway more 

frequently than older drivers. As mentioned in the method section, the probable 

reason for this fact is that participants in the younger group did not need a car to get 

to work in this particular context. 

The older group was 65 on average may be considered relative young when taking 

into account that increases in accident risk start more clearly after 65 years and 

increase to a large extent after the age of 75. In addition, the mileage reported by the 

participants of the older group does not show the low numbers which were shown to 

be such an important confounding factor in the age-risk association (e.g. Langford et 

al., 2006). In essence, one may argue that the older group did not report to behave in 

a way that may be expected from older drivers that are most at risk. To what extend 

this may have impacted results is difficult to say. For follow-up studies it is advised 

to recruit older drivers. 

As one participant pointed out: the VMS might instruct a driver to increase speed 

while this is not possible if the driver in front of you ignores it, possibly triggering 

irritation. Ideally, any speed assistant should take the speed of the vehicle ahead into 

account. Currently, in-vehicle driver assistance systems are being developed that 

have this functionality (Schwarze, 2012).  

Conclusions 

The VMS with the lowest information density, that only indicated an advised 

merging speed, was rated as the best sign, as revealed by both qualitative and 

quantitative data analysis. Suggestions for future research would be to repeat the 

study using a more representative sample of older drivers and to confirm the 

potential of the signs for behavioural change in a simulator or field study.  
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  Abstract 

Thanks to significant progress in communication technology, advanced driver 

assistance and automation systems (ADAS) provide the opportunity to exchange 

information for performing cooperative manoeuvres where each communication 

partner adjust its behaviour, for example to optimize the energy consumption and the 

safety of a group of vehicles. One such example is a cooperative lane change 

assistant (C-LCA) to be developed within the ARTEMIS project “D3CoS” 

(Designing Dynamic Distributed Cooperative Systems). The C-LCA aims at 

reducing possible conflicts on motorways between a lane changing vehicle and 

oncoming vehicles on the target lane by coordinating their behaviour in order to 

achieve a maximum of safety and a minimum of energy consumption. An essential 

prerequisite for such a system to be effective is detailed knowledge about 

cooperation behaviour of drivers during such manoeuvres. In a driving simulator 

study in a multi-driver simulation environment at DLR, cooperation behaviour of 

drivers under different situational conditions, such as availability of lanes or 

criticality of the situation, was investigated. Results indicate that drivers consider 

other drivers’ available actions when requesting cooperation behaviour, and that the 

willingness to cooperate depends on the ability to anticipate other drivers’ behaviour. 

These results will be used to develop an effective C-LCA. 

  Introduction 

In 2009 4.4 % of all accidents in Germany happened in a lane change situation 

(Vorndran, 2010). If only accidents on a motorway are taken into focus, errors 

during a lane change manoeuvre are even one of the most frequent causes for 

accidents. 

Lane change manoeuvres are prone to errors because there are often two or more 

road users involved which can negatively interfere in their actions. A potential for 

negative interference is especially then given when resources like driving lanes are 

demanded by more than one road user at the same time, so that this resource is in a 

conflict state (figure 1). The frequent and rather complex interference makes a lane 

change one of the most challenging manoeuvres in a motorway scenario (e.g. 

Ammoun, Nashashibi, & Laugreau, 2007). To successfully perform a lane change 
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the involved road users have to manage the interference between them at so far, that 

no critical situation arises, or in such a way that even the efficiency of the manoeuvre 

can be maximised with respect to fuel or time consumption. This harmonization of 

strategies can be achieved through cooperation between the involved road users. 

According to Hoc (2001) cooperation can always then take place when two or more 

agents can interfere with other road users on goals, resources, procedures etc. and the 

involved agents try to manage this interference in such a way to facilitate the 

achievement of each agent’s goals or the common task goal.  

 

Figure 1: Example of a prototypical lane change situation with a potential resource conflict 

A cooperative assistance system for a lane change could influence or facilitate the 

process of interference management and hence increase the occurrence of 

cooperative behaviour. Such cooperative assistance systems could be realized on the 

basis of Car2Car communication, which enables the exchange of information 

between vehicles respectively the exchange of information between the assistance 

systems in the vehicles. The question is how a cooperative lane change assistance 

system should be designed.  

Requirements for a good design could be for example that there is a good 

cooperation not only between the different road users, but also between the 

assistance system itself and the driver (e.g. Flemisch et al., 2008). It would also be 

beneficial if the cooperative assistance system could improve the involved drivers' 

situation awareness (e.g. Endsley, 1997) of the potentially involved agents, or to give 

directed action suggestions to the driver. As a starting point for interaction design a 

bottom up approach could deliver first insights into underlying processes and 

conditions. According to this it is useful to get detailed knowledge how drivers 

behave in a lane change scenario with conflict potential when there is no assistance 

system involved. Of special interest in this context are the situational factors that 

might influence the occurrence of cooperative behaviour. For example, which factors 

influence the willingness of a driver to cooperate or which factors let a driver decide 

to perform a lane change in a situation with conflict potential. This bottom up 

strategy could complement a theory driven design approach. From the knowledge 
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obtained by this approach cooperation strategies for an assistance system could be 

derived. For a systematic investigation of cooperative processes between two or 

more road users some methodical implications have to be considered.  

First cooperation is a dynamic process with at least two involved agents, hence to get 

a sufficient and coherent picture of a cooperative process it is necessary to observe 

cooperative behaviour from the perspectives of all involved agents. for example the 

behaviour of a road user who requests cooperation and a road user whose 

cooperation is requested. Secondly a method has to be developed by which a 

situation can repeatedly be reproduced in which the involved agents can interfere 

which each other in a lane change situation and where this interference can really 

cause conflicts. A methodology for the investigation of lane change situations with 

agent – agent interference was developed, and first knowledge of drivers' behaviour 

in such situations was gathered. 

  Method  

To investigate the effect of situational factors on the occurrence of cooperative 

behaviour in a lane change situations an explorative study was conducted at German 

Aerospace Center (DLR) in Braunschweig. 

  Aparatus 

For the study the DLR multi driver simulation MoSAIC (Modular Scalable 

Applications Platform for ITS Components) was used. Based on this platform, two 

or more driving simulators can be integrated into the same framework, so that the 

drivers of each simulator can interact in the same driving scenario. Each simulator 

was equipped with 160 degree view, realized by 3 monitors (one for front view and 

one each for left and right side view, see figure 2). The simulator was also equipped 

with an 8 inch LCD monitor as a left side mirror. The steering wheel and the pedals 

were Logitech G27 game wheel/pedals combinations, whereas the steering control 

unit remained the Logitech unit, but the steering wheel itself was exchanged by an 

original car steering wheel. The drop arms were also original car manufacturer parts. 

Each participant had a headset to hear the engine sound and to communicate with the 

experimenter. In the setting used for this investigation two fixed based driving 

simulators were integrated in the platform (see figure 2).  
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Figure 2: Schematic view on the MoSAIC driving simulation platform as used in the study 
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  Confederate 

One reason for using the multi driver simulation was that the test persons should 

know that they were driving with real human agents in the same scenario. In this 

study one simulator was driven by a test person and the other simulator was driven 

by a so called confederate. The confederate was clued-up and instructed to behave in 

a certain manner, depending on the situation. This way, the same class of situations 

could repeatedly be experienced by the test persons without being in exactly the 

same situation as experienced before. The confederate was able to react to possible 

manifold variability of the participants actions in the lane change situation in a 

dynamic and non artificial way, so that the situations remain natural. At the same 

time the confederate could help in the creation of consistent situation classes.   

  Sample 

Twenty participants, 10 male and 10 female with a mean age of 31.4 years (SD = 

12.7 years) were invited to the study. All participants were acquired from the DLR 

test driver pool, which contains about 800 persons. All participants possessed a valid 

driver’s licence in mean for 13.1 years (SD = 12.1 years) 

  The basic scenario & construction of comparable situations 

To investigate cooperative behaviour a lane change situation in which at least two 

agents can interfere in their action is necessary. To produce interference a potential 

conflict state must be generated. Therefore a basic scenario was developed in which 

one agent can perform a lane change to avoid collision with a slower driving car, but 

at the same time a faster car is approaching from behind on the neighbour lane.  

To reduce the situation complexity a relatively simple and generic lane change 

scenario was used. In this scenario, three agents were involved: the two human 

agents (one was the test person and one was the confederate) and one simulated 

agent. The scenario was a straight 3-lane motorway. The vehicle V1 and V2 were 

driven by humans and the vehicle V3 was controlled by a simulation (figure 3).  

 

Figure 3: the basic scenario with the three involved agents. 

Vehicle V2 always started on the centre lane and had to maintain a velocity of 130 

km/h. Vehicle V1 always started on the right lane 300 meters before V2 and had to 

maintain a velocity of 100 km/h. Vehicle V3 controlled by the simulation started also 
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on the right lane approximately 70 meters before vehicle V1. The velocity of V3 was 

coupled to the velocity of V1 and the gap of 70 meters was kept continuously (figure 

4). 

 
Figure 4: initial positions and velocities of the involved agents 

Because of the different instructed velocities of V1 (100 km/h) and V2 (130 km/h), 

V2 approached V1. When a certain time to collision (TTC) was reached (TTC = 12 

sec) this was a trigger for V3 to begin the brake manoeuvre (dependent on the 

condition either strong or weak – figure 5).  

 

 
Figure 5: Triggering of a situation in which two agents can interfere 

The values for this trigger point and the different velocities were derived from the 

literature (Baumann, Steenken, Kassner, Weber, & Lüdtke, 2010; Choudhury, Ben-

Akiva, Toledo, Lee, & Rao, 2007) and are supposed to resemble the moment in 

which half of the participants driving V1 decide for merging in front and half of the 

participants decide for merging behind the approaching car V2. Because V3 got 

slower, vehicle V1 approached V3 and had to perform a lane change in order to 

maintain the initially instructed velocity of 100 km/h. At the same time, vehicle V2 

on the centre lane interfered with the lane change of V1. 

After V2 has passed V3 the conflict scenario was over and the participants were told 

to stop the vehicle. After that, a new situation started. This way, several comparable 

situations could have been produced only altered by the variation of the independent 

variables. 
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  Perspectives 

In the chosen scenario there were two human agents involved, each of them with 

different perspectives (vehicles V1 and V2). Because both perspectives play an 

important role in the lane change manoeuvre, each test person took both perspectives 

during the drive. So in some drives they took perspective V1 and in other drives they 

took perspective V2.  

  Experimental Design  

For each perspective, there were the same independent variables with one exception 

for the perspective V1. There was one independent variable less than for perspective 

V2. Therefore, for each perspective a different experimental design is presented. 

Table 1. Shows the independent variables for the perspective V2 and the resulting eight conditions 

  Availability of left Lane 

  Closed Free 

  Indication V2 Indication V2 

  Yes No Yes No 

V3 

Brake 

strengt

h 

Low 
20 * 2 

drives 

20 * 2 

drives 

20 * 2 

drives 

20 * 2 

drives 

Weak 
20 * 2 

drives 
20 * 2 

drives 
20 * 2 

drives 
20 * 2 

drives 

 

Table 2: Shows the independent variables for the perspective V1 and the resulting four conditions. 

  Availability of left Lane 

  Closed Closed 

V3 Brake 

strength 

Low 
20 * 2 

drives 

20 * 2 

drives 

Weak 
20 * 2 

drives 

20 * 2 

drives 

 

It was a within subjects design in which all participants experienced all conditions. 

Each participant experienced each factor combination in each perspective twice, so 

this were 2 x 8 situations for the V2 perspective (table 1) and 2 x 4 situations for the 

V1 perspective (table 2) that means together 24 relevant situations. Additional to 

these 24 situations 12 "distractor" situations were added, in which the confederate 
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should show behaviour with a broad variety. The distractor situations were 

introduced to minimize the driver’s expectancy that a lane change has to be 

performed. So in the end, every participant had to drive through 36 situations. The 

different independent variables were operationalized as depicted in figures 5 to 8. 

  Operationalization of the independent variables (situations) 

 

Figure 6: Operationalization of independent variable lane status. Left = free; right = closed. 

 

Figure 7: Operationalization of independent variable V2 lane change indication. Left = no indication; 

right = indication at TTC V2-V1 ≈ 8.5 – 6.6 sec. 

 

Figure 8: Operationalization of independent variable V3 brake strength. Left = weak deceleration -

2m/s2; right = strong deceleration -7m/s2. 

Because of the variety of different situations, it was not practical to counterbalance 

the occurrence of the situations between the participants, as a consequence of that the 

sequence of situations was randomized for every participant. 
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  Procedure 

After filling out a consent form and a demographic questionnaire the simulator was 

shown to the participant (ETC). Here, the participants should explicitly see that they 

drive together with a real human driver in the scenario. Then the participant could sit 

down in the simulator and configure the seat so that he/she feels comfortable. After 

that the simulator was instructed. After a short training, in which the participant 

should get some experience with the steering of the vehicle, the test drives began. 

Depending on the perspective (V1 or V2) the participants started either on the right 

lane, behind a lead car, or in the centre lane. They were instructed to reach a target 

velocity of 130 km/h (V2) or 100 km/h. and that they should try to maintain this 

speed as constant as possible throughout the drive. As previously stated after a 

certain time the vehicles V1 and V2 reached a defined time to collision and this way 

the braking of the lead car V3 was triggered and this way a lane change manoeuvre 

was provoked.  

After the lane change manoeuvre, the participant was told to stop the car, and to fill 

auto a questionnaire. While filling out the questionnaire the vehicles were set to the 

initial starting position so that the next situation could be experienced. Each drives 

took approximately 1.5 minutes. After 36 drives the participants had to fill out a final 

questionnaire and then they were instructed over the real purpose of the study. After 

that they were paid. 

  Results 

At first, the results of the observation of the drives in the V1 perspective are taken 

into focus. In the second part of the results chapter, the observations made in the 

drives of the V2 perspective are analysed. The overall frequencies of observed 

manoeuvres in each condition are depicted for each perspective. The independent 

variables were all dichotomous and the dependent variables were dichotomous, too 

(e.g. braking yes/no acceleration yes/no lane change yes/no etc.). To test for any 

effect of the independent variables a binominal logistic regression analysis was 

performed for each class of observed manoeuvres. 

  Perspective V1 

The dependent variables here were the occurrence (yes/no) and the frequency of 

certain manoeuvres in context of the lane change situation, for example the 

frequency of setting the indicator, the frequency of acceleration, the frequency of 

braking / deceleration and the frequencies of either merging before the V2 vehicle or 

merging after the V2 vehicle. The overall observed frequencies are listed in table 3. 

Of special interest in the study of perspective V1 was, under which conditions the 

drivers would deviate from their goal to maintain a velocity of 100 km/h and wait for 

the V2 vehicle to overtake (merging behind V2). Or in which situations drivers 

would merge before V2 and so requesting cooperation from vehicle V2.  
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Table 3: Frequencies of observed manoeuvres of the V1 vehicle in the different conditions 

Factor combination Indication Acceleration Brake 

Merging 

before 

V2 

Merging 

after V2 
∑ 

Left 

Lane 

Closed 

Strong 

Brake V3 
36 5 26 10 26 

10

3 

Weak 

Brake V3 
40 29 27 13 27 

13

6 

Left 

Lane 

Free 

Strong 

Brake V3 
39 14 23 16 23 

11

5 

Weak 

Brake V3 
33 22 19 16 19 

10

9 

  ∑ 148 70 95 55 95 
46

3 

 

What can be seen in the frequencies is, that the lane status left lane closed or left lane 

free has an effect how often drivers decide to merge either before or after a car. The 

braking behaviour of the V3 vehicle is also closely related to this decision. So if the 

V2 vehicle approaching from behind has the opportunity to change lanes, more 

drivers decide to merge in front of this vehicle. To test this, a logistical regression 

was performed for the manoeuvre merging in front of V2 (see table 4). The Odds 

Ratio for LaneStatus is 1.777. There was a by trend significant effect of this factor. 

Table 4: Logistic regression for manoeuvre V1 merging in front of V2 

Dependent Variable Estimate Std. Error Z value p  

LaneStatus 0.575186 0.343857 1.673 0.0944 . 

BrakeStrengthV3 -0.20673 0.343256 -0.602 0.5470  

Signif. codes: 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

   

  Perspective V2 

Regarding the perspective of V2, it was of special interest, under which situational 

conditions a driver would show cooperative behaviour that means either changing 

lane to allow the driver of V1 to perform a lane change or by braking or accelerating 

but without being forced to do so. So in the first step the frequency of lane changes, 

setting of the turn indicator, acceleration and braking to decelerate was taken into 

focus in the different conditions (see table 5). 

The conditions for V2 were the availability of the left lane (closed/free), the brake 

strength of the simulated vehicle V3 (strong/weak) and the indication of the V1 

vehicle (yes/no) 
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As it can be seen in table 5 there were more lane changes of V2 when the left lane 

was available and accordingly more indication of a lane change. Regarding to that, 

there were less brake actions of V2 when changing a lane. A logistical regression for 

the lane change of V2 showed a significant effect of the factor lane status on the 

occurrence of a lane change manoeuvre (odds ratio 591.73). The finding that there 

are more lane changes in a situation where the left lane is available is somehow 

trivial. More interesting was a by trend effect of the brake strength of V3 on the lane 

change frequency (table 6). The Odds Ratio was 1.835. So a lane change was 

performed more often when the simulated vehicle V3 braked stronger. 

 

Table 5: Frequencies of the manoeuvres of V2 in the different factor combinations 

Factor combinations 
Lane 

Change 
Indication Acceleration Brake ∑ 

Left 

Lane 

Closed 

No 

Indicator 

V1 

Strong 

Brake V3 
0 1 1 16 18 

Weak 

Brake V3 
0 0 4 22 26 

Indicator 

V1 

Strong 

Brake V3 
1 1 3 18 23 

Weak 

Brake V3 
0 0 2 20 22 

        

Left 

Lane 

Free 

No 

Indicator 

V1 

Strong 

Brake V3 
32 34 7 2 75 

Weak 

Brake V3 
22 22 6 5 55 

Indicator 

V1 

Strong 

Brake V3 
34 34 9 2 79 

Weak 

Brake V3 
17 27 6 2 52 

  ∑ 106 119 38 87 350 

 

Table: 6: Logistic regression for V2 lane change manoeuvre 

Dependent 

variables 
Estimate Std. Error Z value p  

LaneStatus 6.38305 0.84247 7.577 < 0.0001 ** 

Brake Strength V3 1.22624 0.62807 1.952 0.0509 . 

Indication V1 0.08866 0.58967 0.150 0.8805  

Signif. codes: ≤ 0.001 ‘**’ <0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Regarding the frequency of brake actions of V2, a significant effect of the V3 brake 

strength on the frequency of the V2 brake action could have been observed (Table 

7). The odds ratio was 0.327.  
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Table 7: Logistic regression for V2 manoeuvre brake action. 

Dependent variable Estimate Std. Error Z value p  

LaneStatus -4.0676 0.4551 -8.937 < 0.0001 ** 

BrakeStrengthV3 -1.1189 0.4533 -2.468 0.0136 * 

IndicationV1 -0.1231 0.4300 -0.286 0.7747  

Signif. codes: ≤ 0.001 ‘**’ <0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Because of the significant effect of the V3 brake strength on the brake action of V2, 

logistical regressions were conducted divided for the lane status, one for the closed 

lane status and one for the available lane status. The logistical regression for the left 

lane free status revealed no effect of the brake strength on the brake action of V2 

presumably because in this condition most drivers performed a lane change. But in 

the left lane closed condition there was an effect of the V3 brake strength on the V2 

brake action frequency (odds ratio 0.2889). 

 
Table 8: Logistic regression for V2 manoeuvre brake action in the left lane closed condition. 

Dependent variable Estimate Std. Error Z value p  

BrakeStrengthA1 -1.2416 0.6309 -1.968 0.0491 * 

IndicationM1 0.2334 0.5818 0.401 0.6883  

Signif. codes: ≤ 0.001 ‘**’ <0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Drivers tend to brake more often when the lead vehicle in front of V1 decelerates 

strong, so that V1 approaches V3 faster. This way the approach process might be 

more obvious and so the predictability of a lane change manoeuvre of V1 might be 

higher.  

  Discussion 

  Perspective V1 

In this study a significant effect of the brake strength of a lead car on the frequency 

of cooperative behaviour could not be found. What could be found was a marginal 

effect of the availability of a left lane on the willingness to engage in cooperation. 

Results show that drivers on the right lane tend to merge more frequently in front of 

an approaching car on the neighbour lane, when they see that a third lane is 

available. Because the driver of V2 was in this case a confederate and had the order 

to perform lane changes only when the V1 vehicle cuts in and not to indicate such a 

lane change, there was no information from the V2 vehicle. So it can be concluded 

that drivers of V1 take the availability of actions of other road users into 

consideration when deciding for certain manoeuvres, because they based their 

decision presumably only on the availability of the left lane. So with their own 

behaviour of merging in front of the V2 vehicle they somehow request the V2 

vehicle to behave in a cooperative manner by either decelerating or changing lanes. 

In the observed case the results indicate that drivers consider other drivers’ available 

actions when requesting cooperation behaviour. 
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Regarding the design of an assistance system for cooperative lane changes, 

highlighting other drivers' available actions could be a strategy to inhibit inadequate 

lane changes when this way other road users would be forced to perform a 

manoeuvre for which there is no alternative. 

  Perspective V2 

The results of perspective V2 indicate that the willingness to cooperate on the one 

side depends on the availability of actions, like the availability of a left lane, but on 

the other side also depends on the ability to anticipate other drivers' behaviour. So 

the braking strength of the simulated lead car (V3) and the resulting higher relative 

speed between V1 and V3 seem to be a cue increasing the predictability of a lane 

change manoeuvre by V1. Interestingly the indication behaviour (yes/no) of V1 did 

not had an effect on the cooperative behaviour of V2. A reason for this could be that 

the indication of a lane change from V1 was too late, so that most participants 

decided to overtake the V1 vehicle instead of changing lanes. The braking of the V3 

vehicle came significantly earlier than the indication of V1, so that this information 

was more valuable for the drivers in the V2 perspective. 

Regarding the design of an assistance system a useful strategy could be to identify 

approach processes and deduce a certain lane change probability. This probability 

could be given as a feedback to the driver to increase the predictability of other 

agents' behaviour. If the predictability is increased, the drivers have more time for 

decision which would be a prerequisite for cooperation on a voluntary basis. 
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  Abstract 

Although the distractive effects of using a mobile phone while driving are well-

known, a vast number of drivers keep using their mobile phone behind the wheel. 

Advances in mobile technologies even amplify the usage options. On the other hand, 

assistance functions are available in many vehicles and may lead to strategies for an 

integrated use of in-vehicle technologies. With the aim of exploring the context of 

phone usage while driving and its integration with the use of the Cruise Control and 

Speed Limiter, a naturalistic driving study was conducted. Participants drove an 

instrumented vehicle in their usual environment during four to six weeks and 

completed a diary on their phone usage in the car (about one week). Additionally, a 

semi-structured interview was conducted on habits and strategies related to the use 

of the mobile phone and assistance functions. The analysis of the number, type, 

duration, and context of interactions with the mobile phone revealed that the choice 

of specific driving situations differed between call types and that phone interactions 

occurred frequently in urban areas (possibly related to their motive). No conclusive 

results could be obtained on the activation of a speed regulation system in order to 

mitigate the distractive effects of the phone use, owing to the divergence between 

subjective and objective results.  

Introduction 

The growing relevance of distraction by mobile phone use has been illustrated in a 

recent report of the World Health Organisation (WHO, 2011), pointing out the 

visual, cognitive and physical distraction it may cause while driving. The primary 

concern attributed to this source of driver distraction results from the exponential 

increase of mobile phone usage in society and the corresponding growth of mobile 

phone usage while driving. A survey conducted for the French Road Observatory in 

2006 revealed that 44% of French drivers who own a mobile phone also use it 

behind the wheel (IFSTTAR/Inserm, 2011). The introduction of smart phones, 

which are spreading fast, leads to an amplification of usage opportunities of the 

phone and correspondingly increases the opportunities of distracted driving. For 

instance, Basacik et al. (2011) found that drivers report frequent use of smart phones 

and that reaction times when interacting with the smartphone are dramatically 

increased compared to baseline driving. 
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By the same token, assistance functions are frequently available to drivers. As 

shown in studies by Stanton et al. (1997), being assisted by a speed regulation 

system can reduce workload, which in turn may induce the driver to engage more in 

secondary activities. Correspondingly, Bianchi Piccinini reported that the activation 

of ACC may promote the occurrence of secondary activities, such as calling or 

surfing on the internet (Bianchi Piccinini et al., in press). 

Previous studies have concluded that the engagement in secondary tasks depends on 

the characteristics of the driving situation (Huemer & Vollrath, 2011). Regarding 

mobile phone use in particular, different usage patterns and strategies have been 

identified by Rauch et al. (2008). These include stopping the car in order to talk on 

the phone, taking the opportunity to make calls at a red traffic light or compensating 

by driving more slowly and performing fewer manoeuvres, such as lane changes. 

In simulator experiments or real driving observations on pre-defined test routes, the 

experimenters decide about the phone and driving tasks and the drivers are not free 

to choose how and when to combine the mobile phone usage with driving (McCartt 

et al., 2006). Naturalistic driving studies (NDS), however, allow exploring actual 

habits and applied strategies of drivers without interference by experimenters. Using 

this methodology, the present study aims at exploring the actual context of phone 

usage while driving. The analyses presented in this paper focus on the choice of 

driving situations for mobile phone interactions and on its integration with the usage 

of in-vehicle systems that assist the driver with the speed regulation. 

  Method 

Data collection for this study was conducted in two parts: a small-scale NDS and a 

detailed NDS with a more specific focus on phone usage. The majority of the 

participants took part in both studies consecutively. 

  Procedure and participants - small-scale NDS 

N=16 participants borrowed an instrumented car for a mimimum duration of four 

weeks. They were asked to drive this car as they normally would, concerning the 

journeys they undertake as well as their driving style. Likewise, they were instructed 

to use the in-vehicle technologies and their mobile phone according to their habits. 

The participants were informed about the sensors and cameras that were present in 

the vehicle and about the confidential treatment of the driving and video data. They 

were financially compensated for their participation. 

The recruitment of the participants was carried out through an announcement 

distributed by email, or by direct contact. The participants had to hold a valid 

driving licence for more than ten years and normally drive a minimum of 2000km 

per month, while using different road types. Only drivers who indicated a usage of a 

speed regulation system in at least half of the trips were recruited and they needed to 

report using the mobile phone while driving (without any specification on 

frequency). The sample was composed of ten men and six women, ranging from 33 

to 50 years of age. 
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  Procedure and participants - detailed NDS  

In order to obtain more detailed information on the phone usage during driving, 

twelve drivers borrowed an instrumented car for about one week and were asked to 

register their calls, text messages and other types of interactions with their mobile 

phone in a diary. At the end of the study, a semi-structured interview was conducted, 

which explored the habits and strategies of the participants regarding their phone 

usage while driving. 

Of the sample, eleven were participants from the previously conducted small-scale 

NDS and one participant was a secondary driver who had used the equipped car of a 

participant several times during the first study. The participants received a small 

remuneration once they had completed the detailed study. The sample was 

composed of seven men and five women, ranging from 33 to 50 years of age. 

  Data collection 

Five instrumented vehicled were used for the study: a Peugeot 308, two Peugeot 207 

SWs and two Renault Clio Estates. They were equipped with an built-in 

conventional Cruise Control (CC) and Speed Limiter (SL), a nomadic navigation 

device and a Bluetooth hands-free car kit. A data acquisition system (DAS) was 

installed along with three cameras capturing the driver view, the outside view and 

the dashboard (Fig.1). 

 

Figure 1: View of the three cameras and speed recording by the DAS 
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Parameters, data processing and analysis 

All valid files were extracted from the gathered driving and video data, excluding 

the files that could not be opened in the coding tool and those files that contained an 

external driver or no driver (car parked). Three previously trained data coders then 

identified the episodes of mobile phone interactions and the actuations of the SL/CC 

controls. In addition to the variables of the DAS and the coded parameters, the data 

from the detailed study were combined with the variables obtained through the call 

diaries. Thus, the files used for the data analysis contained all calls and handlings 

with their characteristics and context variables. The qualitative data from the 

interviews were treated separately. Table 1 shows the parameters that were included 

in the analysis. 

Table 1: Parameters for the analysis (data only available for the detailed NDS are marked with (1), 
interview data with (2)). 

Parameter Description 

Mobile phone interactions  

Type of interaction 

 

   

   

    

Duration of interaction 

Motives of phone use in car 

hand-held vs. hands-free call 

incoming vs. outgoing call(1) 

handling (includes: take phone in hand, take phone in hand and 

manipulate it, manipulate phone without taking it in hand and visual 

handlings, i.e. clearly identifiable glances at the phone) 

short [≤1 min]; medium [1 - 5 min]; long [> 5 min] 

driver comments(2) 

Context  

Type of road  road type during >90% of call [urban, rural, highway], calls taking 
place on more than one road type are excluded 

Car movement Stopped [≤1 km/h]; moving slowly [≤10 km/h]; moving [>10 km/h] 

(mean speed during interaction; speed at start of interaction) 

 Systems  

Cruise Control activation status at start of interaction [on/off] 

Speed Limiter activation status t start of interaction [on/off] 

Usage strategies driver comments(2) 

 

Statistical testing was performed in order to compare hand-held vs. hands-free calls 

(small-scale NDS) and incoming vs. outgoing calls (detailed NDS). Wilcoxon 

Signed Rank Tests were used, accounting for the within-subjects structure and 

possible skewness of the data. The comparison of categories for the handling data 

was made by means of Friedman tests (post-hoc comparisons: Wilcoxon signed rank 

tests). Corresponding to the non-parametric tests, figures with median values are 

reported along with the test statistics. 

 



 exploring mobile phone usage and its context 323 

  Exposure data 

  Small-scale NDS 

A total of 698 driving hours was analysed, stemming from the n=16 participants of 

the small-scale NDS. On average, this corresponds to M=43.62h per participant 

(SD=14.08h). The participants spent 50% of their driving time on urban roads, 31% 

on rural roads and 19% on the highway. A total of 43h was spent on the phone, 

representing a mean of 6.34% of the driving time per participant (SD=0.05%). 

Seven of the participants were identified as exclusive CC users and eight drivers 

used both speed regulation systems. One participant did not use the CC or the SL. 

  Detailed NDS 

From the detailed NDS, only ten out of the twelve datasets could be used. One 

participant made only one call and for another participant data recording problems 

led to the loss of data during more than 80% of the trips. A total of 179 valid driving 

hours was obtained (M=19.90h; SD=8.79h). Again, the highest time share was spent 

on urban roads (44%), with 27% of the time driven on rural roads and 29% on the 

highway. A total of 11h talking on the phone corresponded to 7.45% of the driving 

time per participant (SD=3.98%). Again, one part of the drivers was identified as 

exclusive CC users (n=6) and the others were mixed CC/SL users (n=4). 

  Results 

  Small-scale NDS 

In the small-scale study, a total of 927 calls were identified. These were 629 hands-

free calls (68%), and 298 hand-held calls (32%). The median number of hands-free 

calls per participant was Mdnhf=31.5 and of hand-held calls Mdnhh=12. Figure 2 

shows the overall rates of calls in the three length categories, with a high proportion 

of short hand-held calls and still 13% of long hand-held calls. The statistical 

comparison of hands-free and hand-held calls regarding the rates of short, medium 

and long calls per participant reveals that there were more short hand-held calls than 

short hands-free calls (Z=-3.07, p=.002, Fig.3). By contrast, hands-free calls had a 

higher rate of medium duration (Z=2.33, p=.020, Fig.3) and of long duration 

(Z=3.18, p=.001, Fig.3) than hand-held calls. 

 

Figure 2: Overall distribution of hands-free and hand-held calls depending on call length. 
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Figure 3: Median values over participants’ distribution of hands-free and hand-held calls depending on 

call length. 

Regarding the road type on which the call took place, no differences are visible in 

the overall distribution of the calls between hand-held and hands-free calls (Fig.4), 

nor were there any significant differences in the distributions per participant (Fig.5). 

However, the share of urban calls was strikingly high as compared to the exposure 

rate on urban roads (50% of driving time). 

 

Figure 4: Overall distribution of hands-free and hand-held calls depending on road types. 

 

Figure 5: Median values over participants’ distribution of hands-free and hand-held calls depending on 

road types. 
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In the overall distribution of calls depending on the car movement, hand-held calls 

when the car was stopped and hands-free calls when the car was moving stand out 

(Fig.6). Statistical testing of the shares of calls per participant confirms this: 

Compared to hands-free calls, hand-held calls occurred at a significantly higher rate 

when the car was stopped (Z=-3.29 p=.001, Fig.7), while hands-free calls occurred 

more frequently than hand-held calls when the car was moving (Z=3.41 p=.001, 

Fig.7). No systematic differences between the percentages of hand-held and hands-

free calls were found when the car was moving slowly. 

 

Figure 6: Overall distribution of hands-free and hand-held calls depending on car movement (mean speed 

during call). 

 

Figure 7: Median values over participants’ distribution of hands-free and hand-held calls depending on 
car movement (mean speed during call). 

Compared to the distribution of mean speed during calls, the shares of speed below 

10km/h (car moving slowly or stopped) appears to be greater in the distribution of 

hand-free calls depending on the car movement when the call starts, i.e. when the 

driver starts speaking on the phone (Fig.8). However, there does not seem to be such 

a change regarding hand-held calls. 
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Figure 8: Overall distribution of hands-free and hand-held calls depending on car movement (speed when 

call starts).  

Actually, the share of hands-free calls initiated in a moving car was significantly 

lower than the share of hands-free calls where the car was moving during the call 

(Z=-3.04 p=.002, Fig.9). The drivers may have taken the opportunity to start a call 

when the car was stopped or moving slowly, but they were still on the phone when 

they went on driving. This effect was not detectable for hand-held calls (Fig.9). 

 

Figure 9: Median values over participants’ share of calls when the car is moving (mean speed during call) 

and share of calls initated when the car was moving for hands-free and hand-held calls. 

Previous analyses have shown that 87% of the CC use took place on the highway, 

and that 98% of the highway use occurred in free flowing traffic conditions 

(Lancelle et al., 2012). This corresponds with the situation the speed regulation 

system is primarily designed for. Therefore, the analysis of the integrated use of 

speed regulation assistance and the mobile phone only considers those calls that took 

place on the highway under free flowing traffic conditions. In 29 (36%) of the 81 

identified calls, the driver’s CC was switched on when the call started and additional 

nine calls (11%) started when the SL was activated. Thus almost half of the calls 

could be identified as integrated with speed assistance. However, it has to be 

considered that CC was active during 51% of the time on the highway under free 

flowing conditions (Lancelle et al., 2012). By comparison, the percentage of calls 

with active CC does not indicate a systematically integrated use of the speed 

regulation and the mobile phone. 
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  Detailed NDS 

A total of 255 calls were identified in the detailed NDS, with 228 (88%) hands-free 

calls and 27 (12%) hand-held calls. Figure 10 shows the types of calls that have been 

specified through the phone diaries. For the following analyses only incoming and 

outgoing calls were used. The considerable share of outgoing calls (n=126; 66%) 

confirms drivers’ intentions to use the mobile phone in the car, compared to the 66 

incoming calls (34%) that are not initiated by the driver. 

 

Figure 10: Overall distribution of hands-free and hand-held calls depending on call type.  

The overall distribution of call lengths points towards an increased share of short 

outgoing calls (Fig. 11). Statistical analyses confirm the higher percentage of short 

outgoing calls than short incoming calls (Z=2.40, p=.017, Fig. 12). However, no 

systematic differences were detected for medium or long calls (Fig.12). 

 

Figure 11: Overall distribution of incoming and outgoing calls depending on call length. 

 

Figure 12: Median values over participants’ distribution of incoming and outgoing calls depending on call 

length. 
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The fact that outgoing calls were short to a greater extent than incoming calls could 

be due to a stronger influence of the drivers on the call length when they initiate the 

call themselves, i.e. a better possibility to avoid long calls. On the other hand, the 

motive of the calls may explain this effect, if the drivers used the phone primarily 

for motives that could characterize such short calls. The following driver comments 

from the interview reinforce this assumption: 

 I use the phone for urgent calls. 

 I make calls related to the trip. 

 I inform about my arrival. 

 It’s useful if you need information regarding the trip. 

 I use the phone to plan, organize and make appointments. 

 You have access to information, also related to the trip. 

The higher percentage of outgoing calls on urban roads in the overall data (Fig.13) 

could not be confirmed statistically on participant level (Fig. 14). This could 

possibly be due to the existence of different user types or to the limitations of the 

small data sample. 

 

Figure 13: Overall distribution of incoming and outgoing calls depending on road types. 

 

Figure 14: Median values over participants’ distribution of incoming and outgoing calls depending on 

road types. 

In accordance with the results on hands-free calls in the small-scale study, the calls 

in the detailed study mostly took place when car was moving (overall distribution: 

Fig. 15; participant level: Mdnin,>10km/h=100%, Mdnout,>10km/h =92.5%). The data on 
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the car movement at the beginning of the call (overall distribution: Fig. 16; 

participant level: Mdnin,>10km/h=94%, Mdnout,>10km/h =86%) hints at a similar trend as 

in the small-scale study. Given that the numbers behind some percentages are very 

low here, no statistical testing was performed to verify this effect. 

 

Figure 15: Overall distribution of incoming and outgoing calls depending on car movement (mean speed 

during call). 

 

Figure 16: Overall distribution of incoming and outgoing calls depending on car movement (speed when 

call starts). 

The 14 calls that have taken place on the highway under free flowing traffic 

conditions in the detailed study include eight outgoing calls, where the driver may 

have chosen an assisted driving situation to make the call. Although more than half 

of those calls were initiated when a speed assistance was active (n=3 with CC, n=2 

with SL), the low number of cases does not allow any conclusion on the integrated 

use of speed regulation and the mobile phone. Still, the interview data points 

towards strategies that are related to the CC: 

 It happens that I put CC on for a call. 

 I activate CC or SL when I prepare an outgoing call. 

 Generally I try to stop the car or call back later. But if I am on the highway and the traffic is 
flowing, I keep talking on the phone with CC on. 

 I take advantage of the CC on the highway in order to compensate the decrease of attention to 
the road. 

Due to a data processing problem, one handling data set could not be used. In the 

remaining nine handling data sets, 864 handling episodes were identified in the 
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detailed study. Of those, 159 were directly related to a call (i.e. had an overlap with 

a call episode). Most of the handlings were less than one minute long (n=748). 

Figure 17 shows the histogram of handling durations up to one minute. 

 

Figure 17: Histogram of handling durations <1 min. 

Overall, the handlings occurred mostly in urban areas (64%; Fig.18). Statistical tests 

comparing the rates of handlings on the different road types per person confirmed 

that the rates were significantly higher on urban roads than on rural roads or 

highways (χ
2
(2)=9.56, p=.008, post-hoc comparisons: urban/rural: Z=-2.31, p=.021; 

rural/highway: n.s.; urban/highway: Z=-2.67, p=.008; Fig.19). This result reflects the 

fact that handlings include taking the phone in hand at the beginning and end of a 

trip, but it may also be related to the motives of the handling (preparation of call, 

need for information). 

 

Figure 18: Overall distribution of handlings depending on road types. 
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Figure 14: Median values over participants’ distribution of handlings depending on road types. 

As shown in Figure 18, significant shares of handlings took place when the car was 

stopped (40%) or moving above 10km/h (51%). On participant level, these two 

categories differ significantly from the category “moving slowly”, but not between 

each other (χ
2
(2)=14.00, p=.001, post-hoc comparisons: stopped/moving slowly: Z=-

2.67, p=.008; moving slowly/moving: Z=2.67, p=.008; stopped/moving: n.s.; 

Fig.19). 

 

Figure 18: Overall distribution of handlings depending on car movement (mean speed during handling). 

 

Figure 19: Median values over participants’ distribution of handlings depending on car movement (mean 

speed during handling). 
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  Discussion 

By using naturalistic driving observations, the present study allowed exploring 

mobile phone use in a largely noninvasive way and gaining insights into the context 

of mobile phone use in everyday driving. The high percentage of hand-held calls 

found in the small-scale study is remarkable, given that this behaviour is prohibited 

by law in France and all participants had a hands-free kit at their disposal. On the 

one hand, the data coders did not have the support of the phone diaries in the small-

scale study and may have failed to identify all hands-free calls, resulting in an 

underestimation of hand-held calls (and overestimation of hand-held call rate). On 

the other hand, the lower percentage in the detailed study may be due to differences 

in the participant sample or to more compliant behaviour of the participants, since 

the phone diary might have served as a constant reminder of being observed. In any 

case, exploring the reason of hand-held calls in future research could help finding 

measures to prevent this behaviour. 

Still, the presence of safety-conscious behaviour was suggested by the 

characteristics of hand-held calls, i.e. high rates of short call durations and of calls 

when the car was stopped or moving slowly. The hands-free calls were typically 

longer and occurred to a great majority when the car was moving. Interestingly, they 

were initiated to a significant extent when the car was stopped or moving slowly. 

This behaviour could be an indicator of the drivers’ awareness of the manual and 

visual distraction that the beginning of a call implies. A more thorough analysis of 

the situations when the car is stopped will be necessary so as to reach more specific 

conclusions. The shorter duration of outgoing calls may well be a sign of the drivers’ 

intention to avoid long calls while driving, although the driver comments hint at an 

alternative explanation, since the main motives of mobile phone use during driving 

may imply predominantly short conversations. These motives could also explain the 

relatively high share of urban calls, although no differences were found between 

different call types regarding road preferences. There is a need to investigate 

interactions with the mobile phone in urban settings in more detail. 

An integrated use of the mobile phone with speed regulation assistance could not 

systematically be detected in the ojective data, but indications for related usage 

strategies were found in the drivers’ self-report data. As an important limitation, the 

present study did not consider whether the assistance system was activated once the 

call had started. Moreover, the level of automatisation or the nature of the support 

function provided by the system may be decisive regarding the integrated use of the 

mobile phone and should be investigated in future studies. 

Finally, the study revealed that handlings of the phone (manipulations and glances) 

were frequent and to a large extent not directly related to a call. The fact that 

handlings took place regardless whether the car was moving or stopped and that a 

high share of handlings occurred in urban areas gives reason for concern, since 

handlings imply visual or manual distraction in addition to cognitive distraction. By 

consequence, a more thorough analysis of different types of handlings and their 

context needs to be carried out in the future. 
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The differences found between hand-held and hands-free calls indicate that the 

context choice of mobile phone usage may depend on the demands related to the 

phone usage. However, demands related to the driving task could not be confirmed 

as having an influence in the present study. More evidence is needed in order to 

conclude on an integrated use of the mobile phone with speed regulation assistance, 

for example. Most importantly, the study points towards a high relevance of the 

nature of the call. Not only are there differences between incoming and outgoing 

calls, but the call motive seems to be an important variable that could have a 

stronger influence on the choice to use the phone than situational factors. Further 

factors of potential relevance are person-related variables, but these were not 

analysed in this study. 

Although this naturalistic study is of explorative character and limited to a relatively 

small participant sample, it allows obtaining important insights that go beyond the 

possibilities of self-report or observational studies. The high external validity 

achieved is worth facing the challenge of analysing and interpreting naturalistic 

driving data sets as it has been done in this study, despite the lack of automated 

triggers for the analysis of mobile phone interactions. Nonetheless, the influence of 

third variables that remained unconsidered given that the study context is not 

controlled cannot be ruled out. The main achievement of the present study is having 

met the challenge to find meaningful variables and suitable categories to describe 

mobile phone interactions within their natural context, and having identified specific 

situations of interest that will guide new analyses after more detailed coding. 
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  Abstract 

Several ergonomic studies have shown that operators are more productive when 

their work environment is designed for the best human performance. Ergonomic 

requirements are issued in various standards and EU directives and need to be met 

by tractor manufactures. Among those, ISO 9241 defines usability as the 

effectiveness, efficiency and satisfaction with which users achieve specified goals in 

a particular context. The aspect of satisfaction in use is the most difficult to 

investigate as it is based on the evaluation of comfort and acceptability of the system 

by its users. Indeed, comfort is a subjective construct, requiring operators’ direct 

involvement. The objective of this study was to evaluate tractors cabin comfort 

focusing on operators’ perspective. Twenty tractor operators completed a 

questionnaire and a semi-structured interview after performing a series of tasks on 

an agricultural medium power tractor. Operators’ opinions on ease of accessing the 

seat and the cabin, ease of exiting the cabin, concentration required in tasks 

execution, ease of locating and operating the controls, noise and visibility were 

collected. Results showed the need of improvements in different design aspects. 

Indeed, elements of bad ergonomic design were identified (e.g. some controls of the 

control panel did not match operators’ task mental model). 

  Introduction 

The focus of the ergonomic approach is the interaction between humans and other 

elements of a system in order to improve efficiency, safety, and human well-being 

(Marras & Karwowski, 2006). Several studies have demonstrated that operators are 

more productive when their work environment is designed for the best human 

performance (Gibson et al., 2006; Stanton & Salmon, 2009). A comfortable machine 

can stimulate operator’s optimal performance (Kuijt-Evers et al., 2003), reducing 

errors, and injuries (Liaoa & Drury, 2000).  

Ergonomics can be described as an approach to design products in a user-centred 

way (ISO 9241-210, 2010). Ergonomic requirements are issued in various 

international standards and are also part of the comprehensive set of safety criteria for 

machinery stipulated in the European Machinery Directive (2006/42/EC), which 

states that machines must be designed reducing the discomfort, fatigue and physical 
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and psychological stress faced by the operator. Usability, defined as “the extent to 

which a product can be used by specified users to achieve specified goals with 

effectiveness, efficiency and satisfaction in a specified context of use” is one of the 

most important ergonomic aspects (ISO 9241-110, 2006). 

Nevertheless, ergonomic criteria are not always prioritized by engineering designers 

(Wulff et al., 1999) and usability in particular has not played a central role in the 

design of agricultural machines (Haapala, 2006). Operator satisfaction is an essential 

aspect in the design of a human–machine interface and it is considered to be the 

most difficult usability element to examine, due to the fact that it is based on the 

evaluation of comfort and acceptability of the system by its users (ISO 9241-11, 

1988). Maximizing comfort will increase tractor operators’ satisfaction, as well as 

safety and productivity (Driessen et al., 2008). Despite its importance, the concept of 

comfort is missing of a clear operational definition, on the other hand it is widely 

accepted that comfort is a subjective construct and that needs to be evaluated by the 

users (Lueder, 1983; Looze et al., 2003; Vink, 2005). In view of that, a study 

investigating operator’s satisfaction on an agricultural tractor cabin has been 

conducted and presented in this paper. 

  Agricultural tractor cabin evaluation 

An agricultural tractor is a traction machine intended primarily for off-road usage 

and designed to supply power to agricultural implements (SAE, 2003). It provides a 

force in the direction of travel and it usually supplies mechanical, hydraulic and/or 

electrical power to implements, enabling them to perform their intended functions.  

The study presented in this paper involved twenty users (i.e., operators), balanced in 

term of expertise (novices and experts), in a dynamic and low cost evaluation of an 

agricultural machine tractor workspaces (i.e., cabin). The purpose of the study was 

to evaluate operators’ satisfaction with the workspace interaction and to identify the 

elements affecting it. In particular, the study aimed at identify the elements that 

positively affect the interaction - and should therefore be kept as they are - as well as 

those negatively affecting it, and that should be modified (bad ergonomics). 

Additionally, in consideration of future evaluations, it was investigated whether 

participants with different level of expertise contributed differently in the evaluation 

of those aspects. 

The evaluation has been conducted on a medium-power utility tractor (four-wheel 

drive with smaller front wheels, equipped with an air suspended seat), constructed 

by one of the major worldwide agricultural machine manufactures and already 

available for purchase on the European market. The tractor complied with all 

relevant regulations concerning road traffic, safety at work, environmental 

protection and requirements for design of machinery workstations (ISO 4253:1993; 

ISO 14738:2002; Directive 2003/37/EC; ISO 15077:2008). In view of that, the 

operators’ satisfaction level was expected to receive high scores. At the same time, 

elements that should be improved in order to increase operators’ satisfaction, and 

ultimately the usability of the systems, were expected.  
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  Material and methods 

Tractor workspace has specific features affecting comfort. It involves a limited 

space with restrictions to posture, several control tasks, and noise and vibration from 

the vehicle and implements. Moreover, tractor operators are often required to work 

continuously for extended hours (often more than 8 hours a day), while performing 

various field operations. Tractor operators further differ from people working in 

non-vehicular workspaces as they are often required to leave the seat to get in and 

out of the cab several times (Andreoni et al., 2002). Arrangements and layout of 

seat, controls and displays were considered responsible for the operator’s perceived 

level of comfort and acceptability of the system, and were analysed from the 

operator’s point of view by the means of a questionnaire and a semi-structured 

interview.  

  Participants 

The study sample consisted of an opportunity sample of twenty male recruited 

among the researcher’s contacts. Their mean age was 28 years, ranging from 17 and 

55 years old. Participants were familiar with tractors operations and half of them 

were experts (operated a tractor daily and have been working in the field for many 

years), while the other half was made of novices (operated a tractor only few times).  

  Tasks and procedures 

The study was conducted at the IMAMOTER Institute facility test site in Piedmont 

(North-West of Italy). Participants were asked to perform a scenario, representative 

of fieldwork environment (approximately 30 minutes). During the scenario they had 

to accomplish the following tasks: starting the tractor and driving it on three 

different terrain conditions (i.e., artificial test track, asphalt road and cement road), 

locating and activating the 3-point linkage control, the hydraulic system control, and 

the PTO (power takeoff), and stopping the engine. To ensure consistent test 

conditions participants drove the tractors on the same path made out of the three 

different terrain conditions and the speed on each surface was kept consistent as 

much as possible.  

  Data collection and analysis 

After the trial participants were asked to complete a questionnaire and to respond to 

a semi-structured interview, both reviewed before applying it in the study. The 

questionnaire consisted of demographic data and 40 close-ended questions on a 4-

point Likert-type scale (1932) without a central anchor (1= highly disagree; 4= 

highly agree). A final question focused on the overall comfort, while the rest of the 

statements were grouped into 10 categories investigating operators’ perspective in 

the following aspects: ease of accessing the cab and the seat, ease of exiting the cab, 

concentration required, visibility adequacy, vibration level, noise level, location and 

arrangement of displays, and the location and the ease of operating the PTO, the 

hydraulic system and the 3-point linkage control. Temperature and humidity were 

not investigated in the study in reason of the short trial time duration.   
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Once each participant completed the questionnaire, a one-to-one semi-structured 

interview was undertaken. The interview used the list of questionnaire statements 

and some tractor’s pictures as a prompt to support and encourage the participant to 

talk about the interaction in more details. Participants were asked to judge the 

overall experience, describing positive and negative aspects of the interaction, as 

well as the reasons behind these opinions. Interviews lasted between 15 and 35 

minutes and were recorded and transcribed, ensuring accuracy before they were 

coded. 

Descriptive statistics were used to report the preliminary results of the questionnaire 

and non-parametric Mann-Whitney test was used for inferential statistics to compare 

participants with different level of experience in operating tractors. Descriptive 

content analysis was used to analyse the interview data (Weber, 1990; Hsieh & 

Shannon, 2005). It involved organizing data categorically, in order to identify the 

elements affecting the quality of the interaction. The coding framework was based 

on the questionnaire categories and sub-codes were assigned on questionnaire 

statements.  

  Results 

Results showed that participants assigned high scores on almost all the aspects 

investigated (Table 1), indicating that the overall interaction resulted to be 

satisfactory for them. From the mean results emerged that the elements affecting the 

most the interaction were those related to the level of noise, the level of vibration, 

and the concentration required in executing tasks. 

Table 1. Questionnaire categories mean, standard deviation, and minimum and 

maximum 

Categories  Mean* SD Min Max 

Exiting the cabin 3.85 .37 3 4 

Accessing the cabin 3.75 .44 3 4 

Visibility 3.65 .59 2 4 

Overall comfort  3.50 .51 3 4 

PTO control 3.50 .61 2 4 

Displays 3.00 .92 1 4 

3-point linkage control 2.90 .70 2 4 

Hydraulic system control 2.90 .91 1 4 

Concentration 2.10 .85 1 4 

Vibration 1.75 .91 1 3 

Noise 1.75 .79 1 3 

*Likert scale (1= highly disagree; 4= highly agree) 
 

A Mann-Whitney U test was conducted to evaluate differences between study 

participants with different level of experience in operating tractors. Similarly, 

statistical significant differences were found only on the statements related to the 

level of noise (U=19.0, N1=10, N2=10, p=.019 two-tailed), the level of vibration 

(U=23.5, N1=10, N2=10, p=.043 two-tailed), and the concentration required in 

executing the tasks (U=6.8, N1=10, N2=10, p=.018 two-tailed). Novices evaluated 
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the level of vibration and the concentration required in executing the tasks higher 

compared to experts’ opinions, while the level of noise was rated lower. 

Content analysis was useful to interpret the quantitative results. Indeed, differences 

in the score assigned to the level of noise were related to the fact that novices 

considered the tractor engine noise an essential auditory feedback. Indeed, novices 

reported sentences like “I listened to the engine […] it was useful”.  

Differently, probably due to the fact that they are less used to operate agricultural 

machines, the level of vibration and the concentration required were negatively 

affecting more the quality of their interaction with the tractor compared to what 

happened with the expert participants. Considerations like: “I’m used to drive 

smaller machines”, “I’m not used to it, I had to be careful”, and “I had to think 

about what I was doing” were pronounced by novices. 

Participants had an overall positive experience interacting with the tractor during the 

study. From the content analysis it was possible to distinguish among the aspects 

that deserved attention for their positive added value, such as ease of accessing the 

workspace, lateral visibility, and PTO control. Nevertheless, participants also 

identified elements which had a negative impact on the level of comfort experienced 

(elements of bad design that could be modified to improve user experience) related 

to the 3-point linkage and the hydraulic systems control. 

The ease of getting out of the cab was the aspect that received the highest score in 

the questionnaire. Content analysis indicated that shape and dimensions of the doors 

were mentioned as important elements in the ease of exiting the cab (i.e., “I like the 

big door, I can get out of it without difficulty”, “I can get off looking around 

easily”, “It’s comfortable. I have a larger view on where I go”). The tractor cab was 

equipped with wide doors (pivoting directly on the rear posts of the cab) and three 

steps and handrails to enhance operator safety when entering and when exiting the 

vehicle (Fig. 1). Participants were aware of the risks in getting in and out of a cab 

(e.g. wet or icy surfaces), yet they considered that the shape and size of the door was 

exclusively important for their comfort in exiting the cab. Also, working with a 

tractor typically requires the use of an implement making rear visibility essential 

during field operations. Participants appreciated the wide visibility of the tractor; the 

door pivoting directly on the rear posts of the cab allowed a larger field of lateral 

visibility. Considerations like: “It’s comfy [...] I control what’s going on just by 

looking on the side” were expressed by participants. 
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Figure 1. Tractor investigated 

Results concerning the ease of locating and operating the controls have highlighted 

the importance of control layout in tractor workspace. The PTO speed can be 

selected by simply lifting the collar and moving the long lever to the desired speed. 

The PTO can then be engaged by pulling the yellow knob (Fig. 2). From the content 

analysis resulted that the ease of finding the PTO was linked to the intuitive yellow 

controls, while the ease of operating it was related to their positive perception of the 

mechanical interface. Indeed, the use of levers to control the operations was 

appreciated, especially by experts. Participants reported thoughts like: “[…] no 

doubt, it’s the yellow one”, and “The lever is good. You look at it and you know 

what to do and […] you can relay on it, not like digital stuff”. 

 

Figure 2. Lever (1) and knob (2) controlling the PTO 
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Differently, participants criticized the 3-point linkage control (Fig. 3). As shown in 

Figure 3, the system can be controlled by turning the wheel, depressing and holding 

the switch in the right-hand console (2), or by pressing the switch on the multi-

controller unit (1). According to experts the type of control (i.e., the wheel) was not 

suitable to the task and a throttle control would have been a better solution. In 

support of experts’ opinion, the wheel movement (turning clockwise or counter-

clockwise) does not match the mental image of the 3-point linkage system 

movement, which raises and lowers the implement. Concerns like: “If I have to raise 

it I don’t know if I have to turn it to the right or to the left side” were expressed by 

participants.  

 

Figure 3. The 3-point linkage fast switch (1), the 3-point linkage control (2),  and  

the hydraulic system (3) 

At the same time, the 3-point linkage switch that enables the operator to rapidly raise 

or lower the implement to the previously set height was considered not easy to 

locate. Its position on the multi-controller unit was perceived as “uncomfortable”, 

and criticized especially by experts. Complains were justified by referring that it was 

“positioned too close” to other switches. Indeed, it is grouped with the switch 

controlling speed, the remote valve and the automatic and manual playback. Experts 

reported that this switches configuration required them to “pay attention” to the 

control panel in order to single out the desired switch. 

Also, participants negatively remarked the interaction with the hydraulic system. 

They reported that the system was not easy to operate because three out of four 

hydraulic valves were controlled by the joystick (Fig. 3). Altogether, experts 

reported that a group of levers would have made the task more intuitive to execute 

compared to the use of a joystick. This result was probably related to the different 

exposure to technologies and input devices. Indeed, novices were younger than 

experts and more exposed to a wide range of technological devices, such as video 

game console.  
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  Conclusions  

Factors like size, location and layout of controls affect the operator’s comfort and 

efficiency. In this study a tractor cab has been evaluated by expert and novice 

operators under dynamic conditions. The evaluation referred to a tractor available on 

the European market and participants resulted pleased with the level of comfort 

experienced during the trials. At the same time the low cost evaluation gave 

evidence of which aspects were prised and which other were criticized.  

Interestingly, it resulted that the perception of comfort in agricultural cab is 

influenced by lateral visibility. Results suggested that a large door increases the level 

of comfort perceived by the operators, improving lateral visibility as well as 

allowing them to exit the workspace in a safer and easier way. It is interesting to 

notice that in ISO 5721 (1989) the visibility measure is defined by rear and forward 

visibility, while lateral visibility is not considered. 

A proper association between controls and task, along with logical grouping of 

controls, is essential in a human-machine system in order to be judged as 

comfortable. The main remarks operators reported are related to the 3 point linkage 

control type and location. The wheel control doesn’t match operator’s mental image 

of the task.  In this case, a throttle to move up and down would be a better fit to the 

action of raising and lowering an implement. Additionally, to some participants the 

position of the quick switch was not comfortable as it required paying too much 

attention to correctly complete the task.  

Furthermore, controls need to be easy to use and intuitive. Participants, especially 

experts, preferred mechanical interaction (i.e., lever) to digital one. Indeed, a lever 

indicates possibilities for action –called affordances (Gibson, 1977) - in a direct way  

without requiring cognitive processing. 

The study confirmed that a low cost investigation can give insight on operator’s 

workspace comfort, which is a complex and multifaceted construct affected by a 

variety of factors. Significant differences on the level of visibility, noise and 

concentration were found between novices and expert participants, suggesting that a 

complete list of elements affecting positively or negatively the quality of the 

interaction could be obtained only by involving users with different level of 

expertise.  

A comfortable cab design plays an important role in the perception of machine 

overall quality. Manufacturers of agricultural machines are seeking more effective 

ways to improve cab design to meet customer expectations of vehicle comfort. In 

general, companies know that easy-to-use and comfortable products are 

acknowledged and appreciated by consumers. Hence, improving cab comfort will 

distinguish their product from others on the market. 

Despite some limits, the study suggests that modifications to tractor interior 

workspace design (such as location, arrangement, size, and type of controls, display 

etc.) could be easily made to positively affect the operators’ perceived comfort. 

Future work should include hand dominance differences, and elements related to on-
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road tasks, such as the turn signal lever, the control of radio and air-conditioning 

system. 
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  Abstract 

Objective: The present study investigated the effect of virtual transverse lines, 

presented in the peripheral view of drivers, on the perceived speed and consequently 

on the driven speed. Background: The attention for the information processing 

within traditional communication between man and machine is limited. This could 

lead to a non-processing of relevant information and consequently to a dangerous 

misbehaviour of the human. Therefore, a concept for presenting information to the 

human/driver is proposed. In this, machines manipulate driving speed perception 

without any additional attentional demands. Hopefully, this leads to adequate 

behaviour changes even in mental-burdening situations. Method: Thirty eight 

subjects participated in the study to investigate the communication concept. They 

had to drive in a constant speed while their speed perception was manipulated 

with/by moving transverse lines in the peripheral view. The lines were decreasing, 

remaining the same, or increasing in flow speed and were either presented visually, 

auditory, or both. Results: The flow speed of the peripheral, visual and multimodal 

presented transverse lines led to ac-/decelerations of the simulated vehicle without 

awareness of the participants. Auditive presented transverse lines had no effect on 

the driving speed. Conclusion: The effect of virtual transverse lines on the driven 

speed gives a possibility to transfer information like "You have to accelerate!" or 

"You have to decelerate!" to drivers even in mental-burdening situations. 

Introduction 

The Interaction Framework (Abowd & Beale, 1991) describes the information 

transfer from the machine-to-human communication as one of the four fundamental 

components of the human-machine interaction. Machines use different languages 

and modalities for presenting information to the human. At this, the processing of 

the presented information requires the attention of the user within the traditional 

machine-to-human communication. There are different theories and discussions 

about the processing of information with respect to the attention (Broadbent, 1958), 

(Treisman, 1964), (Deutsch & Deutsch, 1963), but they all agree about a sequential 

processing with a limited capacity. This limitation could lead in mental-burdening 

situations to a non-processing of relevant information and subsequently to a 

dangerous misbehaviour of the human. 
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However, the human information processing works in at least two different modi 

(e.g. Posner&Snyder, 1975). The controlled processing mode requires attention and 

accordingly inherits their limitations which lead to sequential processing with 

limited capacity. In contrast, the automatic processing mode requires barely or no 

attention and accordingly allows parallel processing without much limitation. 

Additionally, automatic processes are fast, unconscious, unavoidable and do not 

interfere with other processes. Automatic processes are described as solid stimulus-

reaction linkages where stimuli or stimuli pattern invoke or control immediate 

motoric reactions (Heuer, 1990), without creating a mental information 

representation and consciously choosing an appropriate reaction. A communication 

concept which transmits information directly in automatic processes would allow a 

fast, unconscious, unavoidable and non-interfering information processing on the 

user side, even in mental-burdening situations. Therefore, the authors of this paper 

propose an ambient information presentation where machines manipulate or control 

the stimuli of automatic processes for transmitting or better communicating 

information to the human. The goal of the underlying research project is the 

investigation of the feasibility of this relatively new communication concept in a 

human-machine interaction.  

Therefore, an automatic process from the vehicle-driver interaction was chosen 

where the driving speed is automatically adapted to the perceived speed. A possible 

subsequent use case would be the ambient communication of a required speed 

reduction in front of hazards (e.g. sharp curves) and in case of an inappropriate 

driving speed. In a vehicle, the primary stimulus for the perception of speed is the 

optical flow in the peripheral view of the driver (Gibson, 1958). Based on this, 

special road markings were developed (Figure 1a) which increase the optical flow 

rate in the peripheral view and consequently the perceived speed of the driver, which 

in turn leads to a reduction of the driving speed (Godley et al., 1999). These 

perceptual countermeasures (PCM) against speeding applied to real roads showed 

both strong (Denton, 1980), (Argent, 1980), (Drakopoulos&Vergou, 2003) and weak 

(Zaidel et al., 1986), (Maroney&Dewar, 1987), but almost significant speed-

reducing effects. Motivated by and based on these findings, moving transverse lines 

for the upper and lower peripheral area on the windscreen (Figure 1b) were 

developed as a possible information presentation for manipulating the perceived and 

consequently the driven speed. 

In a former study (Maier et al., 2012) it could already be observed that moving 

transverse lines have similar to PCMs a significant effect on the perceived speed in a 

speed producing task. Furthermore, the simultaneous presentation of moving lines in 

the upper and lower peripheral area with a flow speed greater than the vehicle speed 

was identified as an appropriate information presentation for increasing the 

perceived speed. At this, it was additionally observed that the difference between 

flow speed and vehicle speed was the key factor that influences the speed 

perception. This finding supports Gibson’s (1958) assumption that the alteration of 

the optical flow rate is a direct stimulus for the perception of speed. It was assumed 

that in a speed keeping task without a speedometer, a de-/increasing alteration of the 

flow speed of the presented transverse lines should lead to unconsciously ac-



 Ambient Information Presentation 347 

/decelerations on the driver side and accordingly to a manipulation of the speed 

behaviour. 

Apart from the optical flow in the peripheral view, Evans (1970) and Bubb (1977) 

describe auditive information as a second important source for the perception of 

speed. Therefore, it was also assumed that a second auditive presentation besides the 

primary visual presentation would amplify the effect of transverse lines. Motivated 

by the successful application of rumble strips for reducing the speed in front of 

hazards, the sound caused by driving over them was chosen as an auditive 

presentation of transverse lines. It was assumed that a multimodal (visual and 

auditive) presentation would cause a stronger effect on the driven speed than the 

visual presentation. 

 

Figure 1: a.) Special road markings, from Godley et al. (1999), increase the optical flow rate 

in the peripheral view and consequently the perceived speed of the driver. b.) Moving 

transverse lines for the upper and lower peripheral area on the windshield as a possible 

information presentation for manipulating the perceived and consequently the driven speed. 

Method 

Participants 

Thirty eight adults, aged between 19 and 48 years (M=25.66, SD=5.82, 14 women 

and 24 men) with normal or corrected vision but no glasses, participated in the 

study. They were all naive to the experimental hypotheses, get financial rewarded, 

and had a valid driver’s license. The recruitment was carried out with the aid of the 

participant-server from the Technische Universität Berlin. 

Apparatus 

Participants drove in a driving box (Figure 2a) with automatic gearbox and regular 

accelerator and brake pedals. The driving scene (Figure 2b) was generated by the 

driving simulation software included in the Lane-Change-Task (LCT) by Mattes 

(2003) and was projected 2m in front of the driver with a height of 2m and a length 

of 4m. The moving transverse lines were visually presented by an overlay projection 

(Figure 2c) with a second beamer and acoustically presented by loudspeakers under 

the driving seat. The stimuli were generated and controlled with the open source 3D 

content creation suite Blender. Speed and position of the simulated vehicle was 
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readout with the help of the transmission control protocol/internet protocol TCP/IP 

logging function integrated in the LCT. 

Stimuli 

Transverse lines were presented to the upper half and lower fourth of the projected 

driving scene. Within the driving scene, they appear 30m in front of the vehicle and 

flow towards the driver with an initial speed similar to the current driving speed. 

Remaining flow rate was realized by keeping the initial speed as flow speed. In case 

of the decreasing flow rate the lines started with the initial speed, but the flow speed 

decreased every second down to 50% of the initial speed. Analogous to this, the 

flow speed increased every second up to 50% of the initial speed in case of the 

increasing flow rate. The transverse lines were visually presented as white lines with 

a length similar to the length of the projected driving scene, and within the scene 

they had a width of 0.6m when reaching the vehicle and a distance of 4.5m between 

the lines. The same lines were also used for the auditive presentation but they were 

set invisible and a sound was played every time when they reached the vehicle. The 

sound was similar to a sound caused by driving over a rumble strip and was received 

from the free online sound library Freesound.org. Multimodal presentation was 

realized by playing the aforementioned sound when a visible line reaches the border 

of the projection. 

Task 

In each round, participants were asked to drive a vehicle on the middle lane of a 

three-lane straight track. They had to adjust the vehicle speed to a visually presented 

given speed (100 km/h) within the first 35s (adjustment phase) with the help of a 

speedometer and to keep as good as possible the speed the following 45s (treatment 

phase) without a speedometer. In the treatment phase the participants got treated 

with a stimuli combination (flow rate x modality). 

Procedure 

At first the participant seated, adjusted their seat, and got instructed about the 

procedure and the tasks. Then participants had a practice session where they 

adjusted the vehicle speed to a given speed and kept the speed with the presence of a 

speedometer. A 3x3 two-factorial within-subject design was used in this study. First 

independent variable was the presentation modality with the levels: visual, auditive 

and multimodal, and the second independent variable was the flow rate with the 

levels: decreasing, remaining and increasing. The combination of the levels of the 

two factors resulted in 9 treatments. Accordingly, within the actual investigation 

participants drove 10 randomized rounds on the same straight track, one round for 

each of the 9 treatments and one round for a baseline measurement. For motivational 

reasons, at the end of each round participants were asked about the difficulty of the 

task and their subjective estimation of their final speed. The experiment was 

completed by filling out a questionnaire about demographic information (age, 

gender, driver’s license, etc.). 
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Figure 2: The experimental apparatus, a.) driving box at the Technische Universität Berlin, b.) 

driving scene from the Lane-Change-Task (Mattes, 2003), c.) overlay projection of moving 

transverse lines. 

Results 

The speed of the vehicle was captured every second in the treatment phase for each 

of the 9 treatment rounds and the baseline round. Figure 3 shows driving speed 

increased when flow rate decreased and decreased when the flow rate increased, but 

only when the transverse lines were presented either visual or multimodal. Mean 

differences were defined by the mean speed difference between treatment and 

baseline in the last 10s of the treatment phase. Plotting the mean differences as a 

function of the flow rate for each modality (Figure 4) show that there was only an 

effect on the driving speed when the transverse lines were visually (included in 

multimodal) presented, an auditive presentation had no effect at all. The mean 

differences caused by visually presented transverse lines (Figure 5) show that a 

decreasing flow rate increases the speed about 5.5km/h (SEM=4.21), a remaining 

flow rate decreases the speed about 2.7km/h (SEM=3.76), and an increasing flow 

rate decreases the speed about 7.2km/h (SEM=2.94) on average. 

A two-factorial repeated-measures ANOVA revealed a significant main effect of 

flow rate on the driving speed (F(2, 74) = 7.492, p = 0.001), but no significant 

effects either of the modality (F(2, 74) = 0.017, p = 0.984) or of the interaction 

between modality and flow rate (F(4, 148) = 1.837, p = 0.125). Bonferroni-corrected 

post hoc analyses on the flow rate showed only significant differences between the 

decreasing and the increasing flow rate (p = 0.002), but no significant differences 

either between decreasing and remaining flow rate (p = 0.305) or increasing and 

remaining flow rate (p = 0.075). 
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Figure 3: Mean trajectories of the treatment phase for each treatment, driving speed in-

/decreased when moving transverse lines with a de-/increasing flow rate where whether visual 

or multimodal presented to the drivers. 

 

Figure 4: Mean speed differences between treatment and baseline drive as a function of the 

flow rate for each modality show that there was only an effect on the driving speed when the 

transverse lines were visually (included in multimodal) presented, an auditive presentation 

had no effect at all. 

 

Figure 5: Mean speed differences between treatment and baseline drive caused by visually 

presented transverse lines show that a decreasing flow rate increases the speed about 5.5km/h 

(SEM=4.21), a remaining flow rate decreases the speed about 2.7km/h (SEM=3.76), and an 

increasing flow rate decreases the speed about 7.2km/h (SEM=2.94) on average. 

Discussion 

Results of the present study indicate that driving speed in-/decreases when moving 

transverse lines with a de-/increasing flow rate are visually presented in the 

peripheral view of the driver. Drivers tried to keep a given speed as good as possible 

without a speedometer over a period of 45s and unknowingly ac-/decelerated when 

transverse lines with a de-/increasing flow rate were presented. These results follow 

Gibson’s (1958) assumption, that the alteration of the flow rate in the peripheral 

view is the direct stimulus for speed perception. Results also indicate that moving 
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transverse lines with a constant flow rate gently decrease the driving speed. That 

could be explained by the additional texture in the peripheral view that increases the 

optical flow rate just by presence and therefore increases the perceived speed. 

Unfortunately, only the mean differences between the decreasing and the increasing 

flow rate were significant and not between remaining and de-/increasing flow rate. 

An explanation would be that participants chose their speed not only based on their 

perceived speed. As their task was to keep the speed as good as possible they started 

to work against their feeling because they found out that the stimulus influences 

their speed perception. An evidence for this were frequent statements where 

participants described that they had to force themselves not to ac-/decelerate against 

their feeling. The participants effort to correct biased perception could have 

cushioned the effect between the flow rate levels. A suggestion would be, that in 

future experiments it is important to take the focus away from keeping the speed as 

perfect as possible. When participants really adjust their speed like they feel we 

should found stronger effects caused by the alteration of the flow rate. 

Furthermore, results show that an auditive presentation of moving transverse lines 

with an altering flow rate has no effect at all on the perceived speed. Neither an 

amplifying effect for the visual presentation realized as multimodal presentation nor 

a stand-alone effect as auditive presentation could be found. It seems in the first 

instance that the results contradict the assumption of Evans (1970) and Bubb (1977), 

that auditive information are a second but important source for the perception of 

speed. Another explanation would be that the sound of driving over a rumble strip 

was simply unsuitable as a source for the perception of speed. The success of rumble 

strips applied on real roads probably based more on discomfort for the drivers and 

not on a modified perception of speed. A better auditive source for manipulating the 

perception of speed in future experiments is probably the sound of the engine and 

the tires. Concerning this, it was observed that people in high class vehicles, 

reducing the exterior sound of the engine and the tires to a minimum, frequently 

underestimate their driving speed (Evans, 1970). 

This study indicates that moving transverse lines visually presented in the peripheral 

view of the driver in-/decrease the driving speed by changing their flow rate. Drivers 

unknowingly ac-/decelerated in response to the altering stimulus. Therefore, an 

ambient information presentation for requesting a speed reduction to drivers in front 

of hazards (e.g. sharp curve and inappropriate speed) by manipulating the feeling for 

speed was found. With that, a machine-to-human communication was presented 

which manipulates ambient stimuli within the surrounding of the human for 

transferring information without binding attention. That would theoretically allow an 

information transfer to the user even in mental-burdening situations. 
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  Abstract 

To date, inappropriately adjusted driving speed is still one of the main causes for 

traffic accidents (Aarts et al., 2011). Recent theoretical approaches of modeling 

speed behavior assume that choice of speed is partly determined by environmental 

characteristics (e.g. Fuller, 2005). In addition, empirical studies revealed an 

influence of basic changes of environmental characteristics (e.g. Godley et al., 1999; 

Manser & Hancock, 2007) on driving speed. However, these investigations 

exclusively discussed changes of environmental characteristics on the ground area 

(e.g. street surface) or on the lateral (e.g. tunnel walls) area of the peripheral visual 

field. A variation of basic environmental characteristics on the upper area of the 

peripheral visual field (i.e. above the street) has not yet been investigated. The 

present paper investigates this question. Visual stimuli were introduced to a simple 

simulation with varying rates (high/low) and positions (lateral, upper or complete 

periphery). It was hypothized that 1) the number of additional information and 2) the 

position of this visual information in the peripheral visual field (see also Gibson, 

1979) influences driving speed. Empirical results showed that both, the rate and 

position of stimuli significantly influenced driving speed and subjective dimensions 

such as task difficulty and subjective arousal.  

 

Introduction 

To date road traffic accidents still pose one of the most serious societal problems 

(Vaa, 2003). In 2010, a total of 2,411,271 million traffic accidents had been 

registered in Germany. On average ten persons died each day due to traffic accidents 

in 2010 (Statistisches Bundesamt Deutschland, 2011). Inappropriately adjusted 

driving speed is postulated as a main cause for these accidents (Statistisches 

Bundesamt Deutschland, 2011). According to theorists (e.g. Ranney, 1994; 

Brandenburg & Drewitz, 2010), a conclusive theoretical framework is necessary to 

relate existing empirical findings to each other, as well as to formulate generally 

acceptable explanations, predictions and more effective countermeasures.  
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Regarding empirical evidence a wide range of factors have been postulated to be 

responsible for the choice of speed. Mostly, they focus on environmental 

characteristics (e.g. self explaining roads, Theeuwes & Godthelp, 1995) or driver 

characteristics (e.g. personal variables like sensation seeking; Goldenbeld & 

vanSchagen, 2007). However, despite the good explanatory power of these factors in 

a single study, overview papers often report heterogenous effects of each factor 

across several investigations (e.g. Elliot et al., 2003; Edquist et al., 2009). For 

instance, various studies investigated the influence of transverse lines on the choice 

of speed. Whereas some experiments revealed speed reductive effects up to 11km/h 

due to the application of transverse lines (e.g. Goodley et al., 1999), others did not 

show any significant impact of transverse lines on driving speed after a certain 

amount of time, or reported highly variable results (e.g. Fildes & Jarvis, 1994). To 

account for this inconsistency of effects Brandenburg and Drewitz (2010) postulate 

two countermeasures. First, researchers should base their research agenda on models 

and theories, rather than on single effects only. Theories and models represent 

knowledge gained from a larger set of empirical results. Hence, inferences that are 

drawn from theoretically based experiments should be more stable than single effect 

experiments. Second, the reason for the instability of effects might lie in the 

interaction of different factors of the road environment (e.g. Brandenburg & 

Drewitz, 2010; Edquist et al., 2009; Aarts et al., 2011). Based on questionnaire data, 

Brandenburg and Thüring (2009) found that drivers almost always report multiple 

reasons for exceeding the speed limit. With respect to this issue Brandenburg and 

Drewitz (2010) emphasize the role of basic research methods to unravel interaction 

effects of different influencing factors. Hence, the present study utilises both a 

theoretical framework to elicit the research questions, and a basic research setting to 

focus on internal validity.  

  Theoretical background 

Newer theoretical models of speed choice (e.g. Task Capability Interface Model 

(TCI), Fuller, 2005; Components of Speed Behavior Model (CSB), Brandeburg & 

Thüring, 2012) provide a richer explanatory basis compared to single-concept 

approaches like perceived risk (Wilde, 1982), motivation (Vaa, 2003), direct 

perception (Gibson, 1979) or intentions (Ajzen, 1991). These integrative models are 

able to integrate empirical results as well as existing concepts.  

According to the TCI, drivers always attempt to maintain a certain level of task 

difficulty that derives from a constant comparison of the perceived task demands 

(TD) and drivers capabilities (C). According to Fuller (2005) task demands are 

defined as ”[...] plethora of interacting elements [...] such as visibility, road 

alignment, road marking, road signs and signals, road surfaces and curve radii, 

camber angles and so on.“ (Fuller, 2005, p. 464). In addition, perceived drivers’ 

capabilities are determined by human factors like experience or training. In regard to 

Fuller (2005) “Driving task difficulty is inversely related to the difference between 

driver capability and driving task demand.” (Fuller, 2005, p. 470). The dynamic 

comparison of task demands and capabilities results into the choice of speed. If the 

prevailing task demands are higher than drivers’ capabilites, drivers will decelerate. 

In contrast, drivers will accelerate if task demands are lower than drivers’ 
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capabilities (Fuller, 2005, p. 466). However, if task demands equal drivers’ 

capabilities the driver starts loosing control over his vehicle. Hence, following the 

assumptions of Fullers (2005) TCI model, one can predict that additional elements 

in the road environment will increase task demands and subjective task difficulty. 

Hence, given that drivers’ capability remains constant, driving speed should 

decrease. Empirical data from previous investigations support this conclusion. For 

example, in literature, many effects of alterations of roadside environment on speed 

choice are reported (e.g. Martens et al., 1997; Horberry et al., 2006; Aarts et al., 

2011). For example Elliot et al. (2003) as well as Martens et al. (1997) report that 

trees at the roadside lead to slower speed compared to road sections without objects 

on their periphery. De Ridder and Bouwer (2002) elaborated this effect by showing 

that even the type of roadside vegetation manipulates drivers’ speed choice 

differently. Their data shows, that larger vegetation (e.g. trees) lead to slower speeds 

than smaller vegetation, i.e. bushes. Going even further van der Horst and de Ridder 

(2007) showed in their driving simulator study, that trees only influence speed 

choice if they were placed within the distance of two meters to the road side.  

The present investigation makes use of these results by showing stylized tree-like 

elements in the lateral visual field (road side close to the road) of the driver. 

Additionally, it was tested if the effects of the roadside environment hold for the 

upper peripheral field (i.e. visual field above the street) as well. Again, this question 

was not yet a subject of investigation. However, since elements in the area of 

drivers’ vision are expected to affect his speed (see also Gibson, 1979), the whole 

peripheral visual field should be investigated regarding its usefulness as additional 

space to present supplementary information unobtrusively. Based on the Task 

Capability Interface model of Fuller (2005) and the empirical effects, two 

hypotheses can be derived for the present study: 

Hypothesis 1 (rate of informational cues): The higher the number of additionally 

added informational cues in the driver’s peripheral visual field, the less the driving 

speed and the higher subjective task difficulty and subjective arousal.  

Hypothesis 2 (position of informational cues): The more areas present additional, 

informational cues in the drivers’ peripheral visual field (top, sides, both), the less is 

the driving speed and the higher subjective task difficulty and subjective arousal.  

Regarding the second hypothesis, one can argue that a presentation of additional 

information in more than one field always changes the total number of elements. Of 

course, the present study controls for that argument by presenting more complex 

stimuli rather than more of the same. Still, a block of driving situations was added to 

the study. This second block investigates whether additional cues in more than one 

area of the visual field or the plain number of elements results into different driving 

behavior. Therefore this second block shows the same number of elements as in the 

first block, but in randomized order. Hence, if these randomized elements lead to 

similar effects than the more complex stimuli in the first block, both effects are due 

to a different number of elements in the peripheral visual field. In contrast, if the 

results between both blocks differ, position of informal cues matters. 
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Method 

  Participants 

A total of N = 40 subjects participated in the experiment, 25 (62.50%) were male 

and 15 (37.50%) female. Their age ranged from 21 to 58 years (M = 27.80, SD = 

7.39) and mean annual mileage was about M = 4917 km (SD = 5681). Participants 

obtained a valid driving license for about M = 9.40 (SD = 7.03) years. On average 

they operated a vehicle on about two days a week (M = 2.05, SD = 1.79). Mean 

accident rate for the last five years was low (M = 0.50, SD = 0.93). Subjects 

received 10 Euros for their participation. 

  Material 

In the present study we used a simple driving simulation and a questionnaire for 

subjective measures. The driving simulation consisted of a large rear projection 

screen (2.00m x 1.50m) showing a straight rural road in a plain, green environment 

and excellent visibility conditions. The only speed indicator was the movement of 

the centre strip, separating both driving directions (see fig. 1). Subjects were able to 

operate the simulation by pressing the „up“ arrow on a keyboard to accelerate and 

the „down“ arrow to decelerate. Speed could be maintained by pressing the 

acceleration key in equally short time intervals. In case of no key presses, speed 

decreased. The questionnaire for the assessment of subjective experience asked 

subjects if they experienced (1) the task as being difficult and (2) subjective arousal. 

Both questions were administered with a seven point likert-type scale ranging from 

1 = not at all, 2 = very few, 3 = few, 4 = normal, 5 = fairly, 6 = strong to 7 = very 

strong. Finally, participants were asked which speed they went at the end of each 

trial. 

  Procedure  

First, subjects were informed about the scope of the study and the rules for data 

privacy. Then they were closely placed (ca. 30 cm) in front of the rear projection 

screen, holding a keyboard in front of them. Participants were instructed to focus on 

the vanishing point of the road, which was set to eye height for each subject. To get 

used to the artificial situation, subjects drove one test trial that resembled the 

baseline. This condition differed from the treatments (shown in figure 1 and 2) only 

by the absence of the black bars in the drivers’ peripheral visual field. Subjects’ task 

was to set the speed to the appropriate value at each point in time during the 

simulation. Throughout the experiment participants always completed the baseline 

first that was attached to each of the 11 experimental trials. Hence a trial consisted 

of a baseline and a subsequent experimental condition. Each baseline took 45 sec. at 

maximum speed (approx. 250 km/h). Each experimental condition was set to 90 sec. 

at maximum speed. After each trial participants answered the questionnaire 

assessing the subjective experience for the last experimental condition. The whole 

experiment took about half an hour. 
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  Experimental Design  

Two separate experimental blocks were conceptualized. The first one comprised two 

within-subject variables: (1) number of planes within the peripheral visual field that 

held additional information and (2) number of elements in each plane. The number 

of planes showed three steps: complete peripheral visual field, lateral visual field 

and upper visual field. The second factor, number of elements in each visual field, 

was realized in two steps: high and low number of elements (figure 1). All of these 

elements were shown in a constant systematic arrangement. The second block – 

adopted as an experimental control block - comprised only one within-subjects 

variable: the number of elements (low to high) but with a constantly random 

arrangement (figure 2). Therefore the total number of elements presented in the six 

cells of the first block was also adopted within the five cells of the second block. 

Both experimental blocks were counterbalanced over subjects and all experimental 

conditions within one block were randomly assigned to the participants. Objective 

and subjective driving speed, as well as subjective task difficulty and arousal, were 

assessed as dependent variables for each trial. 

 

 Number of planes 

Number of 
elements 
per plane 

3 planes  

(lateral and top) 

2 planes  

(lateral) 

1 plane  

(top) 

high 

   

low 

   

Figure 1. Visualization of the experimental conditions of the first block 

 

3 elements 6 elements 9 elements 12 elements 18 elements 

     

Figure 2. Visualization of the experimental conditions of the second block 
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  Results 

For the analysis of block one a MANOVA containing the two factors number of 

planes in the peripheral visual field (complete, lateral, top) and number of elements 

per plane (high, low) over all dependent variables was computed. With respect to the 

objective measures, we analyzed the first 60 seconds after subjects entered the 

experimental conditions. Tables 1 and 2 summarize the results. Additionally, the 

effect size η² after Cohen (1988) and Bonferroni corrected post-hoc comparisons are 

reported if applicable. To test if block one and two result into similar results, a 

second MANOVA with number of elements as within-subjects factor with 5 steps 

(see Table 2) and subjective and objective speed as well as arousal and task 

difficulty as dependent variables was computed.  

In general, the analysis of block one revealed significant main effects of the both 

factors for objective speed and arousal (see Table 1 for detailed results). Therefore 

subjects drove significantly slower if more elements were shown in the drivers’ 

peripheral field of view compared to fewer elements.  

Table 1. Main and interaction effects for each dependent variable of the first block 

Dependent variable Effect F (df1,df2) p η² 

number of elements per 

plane (N) 

objective speed (1,39) = 5.69 0.02 0.13 

 subjective speed (1,39) = 0.10 0.75 <0.01 

 arousal (1,39) = 3.33 0.08 0.08 

 task difficulty (1,39) = 0.82 0.27 0.03 

number of planes (P) objective speed (2,78) = 5.15 <0.01 0.12 

 subjective speed (2,78) = 1.27 0.29 0.03 

 arousal (2,78) = 10.27 <0.01 0.21 

 task difficulty (2,78) = 11.67 <0.01 0.23 

N x P objective speed (2,78) = 1.60 0.21 0.04 

 subjective speed (2,78) = 0.25 0.78 <0.01 

 arousal (2,78) = 3.03 0.09 0.07 

 task difficulty (2,78) = 0.55 0.58 0.01 
Note: Significant effects and tendencies are printed in bold. Size of effects: small: 0.01 < η² < 0.08, 

medium: 0.08 < η² < 0.14, large : 0.14 < η². 

Additionally, subjects reported higher levels of arousal in conditions with more 

elements in the peripheral visual field, compared to fewer elements. Regarding the 

position of cues, participants were slower, more aroused and reported higher levels 

of task difficulty if all three planes were filled with additional elements compared to 

two or one plane only (p’s < 0.05). However, it did not affect behavior nor 

subjective experience if two planes or one plane was used to present additional 

information (p’s > 0.05). With respect to the analysis of the second block, results 

were similar to the evidence in block one. The number of elements affected 

objective speed as well as subjective data. Paralleling the results of block one, post-

hoc tests revealed that the largest manipulation affected drivers’ behavior only. 

Hence, subjects drove significantly faster and reported less arousal and less task 

difficulty if three elements were presented compared to 18 elements (Table 2). 
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Table 2. Main effect data for each dependent variable of the second block 

Dependent variable F (df1,df2) p η² 

objective speed (4,39) = 2.03 0.09 0.05 

subjective speed (4,39) = 0.93 0.45 0.02 

arousal (4,39) = 2.89 0.02 0.07 

task difficulty (4,39) = 6.80 <0.01 0.15 
Note: Significant effects and tendencies are printed in bold. Size of effects: small: 0.01 < η² < 0.08, 

medium: 0.08 < η² < 0.14, large : 0.14 < η². 

  Discussion 

The goal of the present study was to examine whether environmental factors 

influence speed choice and subjective its representation. Therefore a basic 

experimental style driving simulator study was conducted in a laboratory setting. 

With respect to the environmental characteristics in block one, both factors showed 

to have an impact on objective and subjective variables. For example, a higher 

number of elements per plane lead to a decrease in speed and an increase in arousal 

compared to a lower number of elements per plane. No changes were observed for 

task difficulty and subjective speed. Regarding objective speed, the effects of the 

number of elements are in line with previous research (e.g. Martens et al., 1997; 

Elliot et al., 2003; Edquist et al., 2009). For example Martens et al. (1997) showed 

that elements at the roadside did alter speed behavior compared to no elements in the 

road environment. With respect to the missing effect of subjective task difficulty, 

one possible reason for the missing change in this variable might lie in its 

conceptualization. According to the CSB (Brandenburg & Thüring, 2012) and the 

TCI (Fuller, 2005), task difficulty is defined as the subjectively experienced 

difficulty to accomplish a driving goal (i.e. to keep a certain speed). In the current 

experiment, subjects were expected to feel a higher difficulty to keep their (baseline) 

speed when entering an experimental condition presenting a high number of 

elements. Assuming that drivers’ abilities remain the same, such conditions should 

have increased the amount of information to be processed by the subjects. Hence 

participants should have decelerated. Possibly the change from a small number of 

elements per plane to a high number was not large enough to let subjects experience 

a strong feeling of task difficulty. Of course, elements were clearly visible for the 

drivers but they were black and relatively small in comparison to the rest of the 

environment.  

A second explanation aligns to similar results of Lee et al. (2003) and Horberry et al. 

(2006). Their studies were designed to assess both within-vehicle distraction and the 

possible distraction due to environmental characteristics (e.g. a higher/lower 

complexity) in the roadway environment. Although rather complex environments, as 

opposed to simple environments, led to slower mean speeds the subjectively rated 

workload did not significantly differ between conditions. One possible explanation 

is that driving is such a highly automated task that drivers are not aware of the 

cognitive demands regarding the complexity of an environment (Lee et al., 2003). 

Hence, subjects do not expend more effort and, although the driving performance is 

severely impaired, the workload remains unaffected (Wickens & Liu, 1988). 

However, task difficulty cannot be equated with cognitive load. Nevertheless, both 
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ensure due to the subjectively perceived changes of the task demands (see also 

Fuller, 2005).  

Aligning to the effects of number of elements per plane a higher number of textured 

planes in the peripheral visual field lead to a decrease in objective speed and an 

increase in task difficulty and arousal. In other words, a tunnel like impression (all 

three planes of the peripheral visual field are covered) of the roadside environment 

helps to decrease speed significantly. Therefore, results for the factor number of 

planes correspond to current models of speed choice (Brandenburg & Thüring, 

2012; Fuller, 2005) and other empirical findings reported in literature (e.g. Serrano 

& Blennemann, 1992; Amundsen, 1994). Both studies investigated the impact of 

tunnels on speed choice. Especially Serrano and Blennemann (1992) showed that 

participants drove slower and reported unpleasant feelings (e.g. oppression) when 

entering and driving through a tunnel segment. Manser and Hancock (2007) also 

found strong decreases of speed in tunnel situations. Therefore present work 

indicates that safety effects of tunnels might be carried over into other situations. In 

daily life, for example, alleys where trees converge over the street might lead to 

tunnel like effects in terms of speed reduction. 

Finally, results of the second block suggest that the amount of additional 

information influences drivers’ perception of the driving situation and alters their 

behavior. In both blocks driving conditions with many elements differed from 

situations with fewer elements in their effects on choice of speed and drivers’ 

experience of the situation. Hence, number of elements seems to be more important 

than its arrangement. 

With respect to the practical implications of the study results, at least one conclusion 

for creating unobtrusive countermeasures against speeding comes up. Planting trees 

on the side of the road, like in the lateral conditions, as countermeasure against 

speeding needs to be evaluated. Our findings suggest, that setting up perceptual 

countermeasures does not work by itself as proposed by Gibson (1979). It rather 

seems that there has to be a sufficient level of perceptual stimulation for road users 

to regulate speed.  

To sum up, the present work delivered supports current models of speed behavior 

(e.g. TCI, Fuller, 2005; Brandenburg & Thüring, 2012). A higher number of 

elements in the peripheral visual field as well as more planes with elements lead to 

lower speeds as well as higher arousal and task difficulty. However, the present 

study also shows, that subjective speed is not the same as objective speed. 

Upcoming studies should address this issue. In line with previous research (e.g. 

Denton, 1966) drivers seem to have a misrepresentation of their own speed. This is 

important for data assessment (see also Brandenburg & Drewitz, 2010) as well as 

contermeasures against speeding. 



 basic environmental characteristics and driving speed 361 

  References 

Aarts, L., Brandenburg, S. & van Nes, N. (2011). The influence of environmental 

factors on speed choice. In Proceedings of the IEEE Forum on Integrated and 

Sustainable Transportation Systems (FISTS), (pp. 91-96). Austria: IEEE 

Publications. 

Ajzen, I. (1991). The theory of planned behavior, Organizational Behavior and 

Human decision processes, 50, 179-211. 

Amundsen, F. H. (1994). Studies of Driver Behavior in Norwegian Road Tunnels, 

Tunneling and Underground Space Technology, 9, 9-17. 

Brandenburg, S. & Thüring, M. (2012). Vorhersage von Fahrerverhalten - das 

Components of Speed Behavior (CSB) Modell. In Proceedings of the Tagung 

der Deutschen Gesellschaft für Psychologie, (p. 103), Bielefeld. 

Brandenburg, S. & Drewitz, U. (2010). An integrative model for the prediction of 

over-speeding. In Proceedings of the European conference on human centered 

design for intelligent transport systems (HUMANIST), (pp. 73-83), Berlin, 

Germany. 

Brandenburg, S. & Thüring, M. (2009). Determinanten des Geschwindigkeits-

verhaltens im Straßenverkehr. In Abstracts der 51. Tagung experimentell 

arbeitender Psychologen (TeaP), Eder, A.B., Rothmund, K., Schweinberger, 

S.R., Steffens, M.C. and Wiese, H., Deutschland: Jena. 

Edquist, J., Rudis-Brown, C. M. & Lenné, M. G. (2009). Road design factors and 

their interaction with speed and speed limits (Report No. 298). Victoria: 

Monash University Accident Research Centre. 

Elliot, M. A., Mccoll, V. A. & Kennedy J. V. (2003). Road design measures to 

reduce driver’s speed via ‘psychological’ processes: A literature review (TRL 

report TRL564). Crowthorne: Transport Research Laboratory. 

Denton, G.G. (1966). A subjective scale of speed when driving a motor vehicle, 

Ergonomics, 9, 203-210. 

Fuller, R. (2005). Towards a general theory of driver behavior, Accident Analysis 

and Prevention, 37, 461-472. 

Fildes, B. N. & Jarvis, J. R. (1994). PERCEPTUAL COUNTERMEASURES – 

literature review (Research Report CR4/94). Victoria: Monash University 

Accident Research Center. 

Gibson, J.J. (1979). The ecological approach to visual perception, Boston: 

Houghton Mifflin. 

Goldenbeld, C. & van Schagen, I. (2007). The credibility of speed limits on 80km/h 

rural roads: The effects of road and person(ality) characteristics, Accident 

Analysis and Prevention, 39, 1121-1130.  

Godley, S., Fildes, S., Triggs, T. & Brown, L. (1999). Perceptual countermeasures: 

Experimental Research (Research Report CR182). Victoria: Monash 

University Accident Research Center. 

Horberry, T., Anderson, J., Regan, M. A., Triggs, T. J. & Brown, J. (2006). Driver 

distraction: The effects of concurrent in-vehicle tasks, road environment 

complexity and age on driving performance, Accident Analysis and Prevention, 

38, 185-191.  



362 Lauckner & Brandenburg 

Lee, H.C., Cameron, D. & Lee, A.H. (2003). Assessing the driving performance of 

older adult drivers: on-road versus simulated driving, Accident Analysis and 

Prevention, 35, 797-803. 

Manser, M. P. & Hancock, P. A. (2007). The influence of perceptual speed 

regulation on speed perception, choice and control: Tunnel wall characteristics 

and influences, Accident Analysis and Prevention, 39, 69-78. 

Martens, M. H., Comte, S., & Kaptein, N. A. (1997). The effects of road design on 

speed behaviour: a literature review (TNO report TM-97-B021). Soesterberg: 

TNO Human Factors Research Institute. 

Ranney, T. A. (1994). Models of driving behavior: A review of their evolution, 

Accident Analysis and Prevention, 26, 733-750.  

Ridder, S.N. de & Brouwer, R.F.T. (2002). Effecten van omgevingskenmerken op 

rijgedrag (TNO-rapport TM-02-C065). Soesterberg: TNO Technische 

Menskunde. 

Serrano, J. M. & Blennemann, F. (1992). Motorist Behavior Study for the Gibraltar 

Road Tunnel, Tunneling and Underground Space Technology, 7, 9-18. 

Statistisches Bundesamt Deutschland (2011). Unfälle und Verunglückte Im 

Straßenverkehr. Available online: http://www.destatis.de/ [24.08.2011] 

Theeuwes, J. & Godthelp, H. (1995).  Self-explaining roads, Safety Science, 19, 217 

- 225.  

Vaa, T. (2003). Survival or deviance? A model for driver behavior (TOI Report 

666/2003). Oslo: Institut of Transport Economics.  

Van der Horst, R. & de Ridder, S. (2007). Influence of roadside infrastructure on 

driving behavior: driving simulator study, Transportation Research Record, 

2018, 36-44.  

Wickens, C.D., & Liu, Y. (1988). Codes and modalities in multiple resources:A 

success and a qualification, Human Factors, 30, 599-616. 

Wilde, G.J.S. (1982). The Theory of Risk Homeostasis: Implications for Safety and 

Health, Risk Analysis, 2, 209-226. 



In D. de Waard, K. Brookhuis, F. Dehais, C. Weikert, S. Röttger, D. Manzey, S. Biede, F. Reuzeau, and 

P. Terrier (Eds.) (2012). Human Factors: a view from an integrative perspective. Proceedings HFES 

Europe Chapter Conference Toulouse. ISBN 978-0-945289-44-9. Available from http://hfes-europe.org 

 

Analysis of intersection accidents - An accident 

causation and prevention perspective  

Julia Werneke
1
 & Mark Vollrath

2
 

1
Chalmers University of Technology, Goteborg, Sweden 

2
TU Braunschweig, Braunschweig, Germany 

 

 

  Abstract   

Analyses of intersection accidents have shown that in most cases drivers failed to 

notice other traffic participants who had the right of way at that time. In-depth 

surveys have found that improper attention allocation by drivers could be among the 

main reasons for this kind of driver error. As this cannot be examined in accident 

situations easily, the aim of a first study was to better understand drivers’ attention 

allocation and driving behaviour in different intersection situations. Therefore, a  

T-intersection was varied by two environmental characteristics. In a next step, this 

required knowledge was used to develop effective visual warning signals which 

support drivers in their actions. This was aim of a second study. Results of the 

studies indicate that depending on the intersection situation drivers systematically 

adapted their attention allocation and driving behaviour which can lead to an 

accident. Warning signals which were already presented to drivers when 

approaching a critical intersection were most useful to avoid a collision. The results 

of the studies contribute to a better understanding of the psychological processes 

leading to driver errors at intersections. This can be used to derive requirements for 

warning strategies to effectively support drivers in these kinds of intersection 

situations. 

  Introduction 

Numerous accident studies have shown that over 36% of all severe accidents happen 

at intersections (for Germany, e.g., Vollrath et al., 2006). In most of these cases, 

drivers failed to notice other traffic participants, e.g. crossing vehicles, cyclists, and 

pedestrians, who had the right of way at that time. In-depth surveys of bicycle–car 

accidents (e.g., Räsänen & Summala, 1998) have shown that the cause of these 

accidents could be attributed to drivers not looking in the appropriate direction of the 

other party (“failed to look”). Furthermore, Räsänen and Summala (1998) conclude 

that these improper visual scanning patterns by drivers could be described in terms 

of unjustified expectations for hazards in these situations.  
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One typical situation is when drivers want to turn right at an unsignalized  

T-intersection and have to yield to oncoming cars on the main road (Räsänen & 

Summala, 1998). Here, drivers often report that they failed to notice a cyclist on a 

two-way cycle track on their right-hand side who has the intention of crossing the 

road, by focusing their attention mainly on the road to their left-hand side where 

they expected potential hazards (oncoming cars with the right of way). The two-way 

cycle track is barely attended by them. It indicates that drivers tend to allocate their 

attention only to certain areas of the intersection which are task-relevant for their 

current driving manoeuvre. Hence, other areas of the intersection are barely attended 

by them whereby other traffic participants are difficult to notice. 

Due to the fact that most of these in-depth analyses (e.g., Räsänen & Summala, 

1998) are done post hoc, a direct observation of drivers’ attention allocation was not 

possible. Consequently, research is needed to examine the psychological processes 

of drivers’ attention allocation and their driving behaviour when driving at different 

intersections with critical incidents, and thus to establish their role in the causation 

of intersection accidents. As a next step, this input can be used to specify drivers’ 

needs with regards to collision avoidance systems which warn drivers about 

potential critical incidents at intersections.  

From an accident causation and prevention perspective, two key research questions 

have been identified: (1.) What causes accidents in which other traffic participants 

with the right of way are neglected by drivers? When this is understood, 

requirements for effective countermeasures (e.g., collision warning systems) can be 

derived to reduce the occurrence of accidents. Thus, research question (2.) was how 

can drivers be adequately warned when driving in a critical intersection situation and 

which warning strategy is most effective.  

To investigate these two research questions, two driving simulator studies were 

conducted. The aim of study I was to examine how drivers’ attention allocation and 

their driving behaviour depend on different environmental characteristics (e.g., 

traffic density) in a T-intersection situation, and how this influences the occurrence 

of (simulated) accidents using a critical incident presented near the intersections. 

This provided the input for study II. The aim of study II was to derive concepts for 

effective visual warning signals in cars, which influence drivers’ attention allocation 

and their driving behaviour in a way which leads to a better control of the critical 

situation. In the following, the method and results of the two driving simulator 

studies are described.  
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  Study I: Drivers’ attention allocation and driving behaviour at intersections 

  Aim and method 

In order to investigate drivers’ attention allocation and their driving behaviour at 

intersections, a give-way T-intersection was used where drivers had to yield to 

oncoming cars from the left-hand side of the intersection. The main driving task was 

to turn right. This intersection situation was varied using two environmental factors: 

(1.) traffic density of oncoming cars from the left (low and high density) and  

(2.) number of high task-relevant information sources (in addition to the oncoming 

cars from the left, with or without pedestrians on the right; 1 and 2 important areas). 

In Fig. 1, the four intersection situations are shown. As Fig. 1 shows, there were 

intersection situations in which drivers’ attention was attracted to two important 

areas of the intersection before making a right turn: oncoming cars from the left-

hand side and pedestrians with a pedestrian crossing on the right-hand side 

(2 important areas; Fig. 1 intersection 3 and 4). In other intersection situations, there 

were only the oncoming cars from the left-hand side and driving straight  

(1 important area; Fig. 1 intersection 1 and 2).  

 

Fig. 1: The four T-intersection situations with a variation of traffic density of 

oncoming cars from the left and number of important areas (IAs) 

Additionally, it was examined how well drivers could recognize and react to critical 

incidents in these four intersection situations (Fig. 1) which occurred shortly after 

drivers had entered the intersection. In the study, two critical incidents were 

introduced: either a ball bounced across the road from the right to the left sidewalk 

or a vehicle that had parked at the right-hand side of the road suddenly left the 

parking space and entered the road (Werneke & Vollrath, 2012). The two critical 

incidents were presented to each driver in one of the four intersection situations. 

In total, two driving scenarios consisting of a number of urban segments were driven 

by the participants. Here, one urban segment comprised the four intersection 

situations (Fig. 1) and was driven five times so that the participants got to know 
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these situations quite well. At the end of each driving scenario one of the two critical 

incidents occurred at the last of the four intersection situations. The order of the two 

driving scenarios with one of the two critical incidents at the end was randomized 

between the participants. Overall, forty drivers (26 men, 14 women) participated in 

the study and they ranged in age from 19 to 55 years (M = 31.0 years, 

SD = 11.9 years).  

Drivers’ gaze and driving behaviour were analysed. In particular, the number of 

drivers’ gazes towards the right-hand side while approaching the intersection was 

examined. With regard to drivers’ reactions to the critical incidents, velocity while 

turning right and collision frequency in the four intersection situations were 

computed. For more detailed information about the entire analysis and results of the 

study, see Werneke and Vollrath (2012). 

  Results 

Analyses of the collision frequency showed that the first critical incident (the 

entering vehicle or bouncing ball in the first driving scenario) was so unexpected 

and difficult for drivers that no clear effects of the influencing factors could be 

found. In the first driving scenario, only four drivers could avoid a collision 

(Chi
2

(3) = 2.2, p = .528). Thus, results of drivers’ gaze and their driving behaviour 

only in the second driving scenario are presented here. 

 

Fig. 2: Mean and standard deviation of (left) frequency of drivers’ gazes to the right-hand 

side and (middle) velocity when turning right as well as (right) collision frequency at the four 

intersections in the second driving scenario 

There was a significant main effect of the number of important areas (IAs) on 

drivers’ gaze behaviour to the right-hand side (F(1, 36) = 9.3, p = .004). Neither the 

effect of traffic density nor the interaction between traffic density and number of IAs 

was significant (traffic density: F(1, 36) = 0.8, p = .379; interaction: F(1, 36) = 0.1, 

p = .768). In Fig. 2 (left) the main effect of drivers’ gazes to the right-hand side is 

shown. As Fig. 2 (left) shows, at intersections with pedestrians on the right-hand 

side (2 IAs), drivers made clearly more gazes to that side, as compared to the 
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intersection situations when there were no pedestrians present (1 IA). On average 

6.3 gazes (SD = 3.4 gazes) to the right-hand side were made by drivers, as compared 

to 3.5 gazes (SD = 2.3 gazes) at intersections with only one important are (1 IA). 

For the velocity when turning right (Fig. 2 middle), there was a significant 

interaction of both factors (F(1, 36) = 7.3, p = .010) and an effect of the number of IAs 

(F(1, 36) = 7.7, p = .009). The effect of traffic density was not significant (F(1, 36) = 0.4, 

p = .524). As Fig. 2 (middle) shows, drivers reduced their velocity only at 

intersections with a low traffic density of oncoming cars from the left and with 

pedestrians on the right (M = 17.9 km/h, SD = 6.1 km/h).  

Fig. 2 (right) shows the collision frequencies in the second driving scenario 

(combined for the two critical incidents). There was a significant difference between 

the four intersection situations (Chi
2
(3) = 9.2, p = .027). This effect was mainly due 

to the intersection with pedestrians on the right-hand side (2 IAs) and low traffic 

density of oncoming cars from the left. Here, 80 % of the drivers (n = 8 out of 10) 

could avoid a collision. At all other intersections, accident rates were quite high. 

Overall, the results of study I confirmed that the two environmental factors had clear 

effects on drivers’ attention allocation and their driving behaviour when entering the 

intersections. This played a major role in their recognition of critical incidents in 

these situations and their reaction to them. When the traffic density was low and 

there were two areas of interest, drivers shifted their attention more to the right, 

started more slowly when entering the intersection and were then able to avoid a 

collision. When the traffic density of oncoming cars from the left was high and there 

were two areas of interest, drivers also shifted their attention to the right but started 

clearly faster, probably in order to prevent crashes with oncoming cars from the left. 

Then, they were not able to avoid a collision. Similarly, when there was only one 

area of interest (only oncoming cars from the left in high traffic density condition), 

drivers focused their attention mainly to the left, started faster, and were then not 

able to avoid a collision. 

How can these results be used to design warning systems to prevent these kinds of 

accidents? One approach could be to support drivers to shift their attention to the 

critical areas. This could lead to a more cautious driving behaviour and could be 

useful to prevent these kinds of accidents. Accordingly, the aim of study II was to 

compare different warning strategies of collision warning systems to influence 

drivers’ attention allocation and their driving behaviour. This is described in the next 

section.  
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  Study II: Warning strategies at intersections 

  Aim and method 

In study II, two approaches to influence drivers’ attention allocation were 

investigated: (1.) using top-down processes to change drivers’ expectations about the 

current driving situation and (2.) using bottom-up processes to automatically redirect 

drivers’ attention towards salient stimuli. Thus, the two warning strategies varied in 

their timing: The former warning strategy (top-down) presented a warning signal 

when drivers were approaching the critical intersection so that they could shift their 

attention to the appropriate intersection area (early warning). The latter warning 

strategy (bottom-up) presented a warning signal directly before the critical incident 

(late warning). Here, two different design concepts of the late warning signal were 

examined (Fig. 3).  

For this comparison, one intersection situation with the highest collision frequency 

from the first driving simulator study (see study I) was used. This was the situation 

with low traffic density of oncoming cars from the left and no pedestrians on the 

right (Fig. 1, intersection 1). The critical incident at the intersection was similar to 

study I: A car parked on the right-hand side of the road, suddenly pulled out from 

the parking space and entered the road. In Fig. 3, the three warning signals are 

shown. All were presented in the middle of a simulated head-up display (HUD) or 

sidewise as an augmented reality. 

 

Fig. 3: The three warning signals examined in study II: (left) early warning signal presented 

in the middle of a HUD; (middle) late warning signal presented in the middle of a HUD; 

(right) late warning signal presented sidewise in augmented reality. 

The early-middle warning signal (Fig. 3 left) was presented to drivers as they 

approached the critical intersection situation, approximately 70 m before the 

intersection. The warning signal presented a view of the approaching intersection 

construction where a flashing orange warning circle signalized danger at the right-

hand side of the intersection. 

The two late warning signals (Fig. 3 middle and right) were given directly before the 

critical incident. In the late-middle warning, a view of the road was presented to 

drivers and a flashing orange warning circle showed the danger at the right-hand 

  Early-middle   Late-middle Late-sidewise 
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side of the road. The late-sidewise warning signal was presented directly at the spot 

where the critical incident occurred. The idea of the late-middle warning was that it 

should be easy to see by drivers as the signal was in the focus of drivers’ view. The 

idea of the late-sidewise warning signal was to attract and direct drivers’ attention 

directly to the critical incident.  

Four experimental groups (control group without a warning signal, group with the 

early-middle, late-middle, and late-sidewise warning signal) were used. A total of 48 

subjects (32 men, 16 women) participated in the study with an average age of 

27.3 years (SD = 7.4 years). They were randomized to the four groups. 

Each participant drove one driving scenario which was similar to the driving 

scenario from study I. The scenario consisted of seven urban segments composed of 

the four T-intersection situations (Fig. 1) and took 45 till 50 minutes. The critical 

incident occurred two times in this driving scenario. This was done to examine if 

drivers would adapt their gaze and driving behaviour over time. This was clearly the 

case as in the second critical incident, all except one driver (n = 47) could avoid a 

collision. Thus, in order to compare the effects of the different warning signals, 

further analyses were only done for the first time a critical incident occurred.  

Minimal distance to the entering car was analysed. In order to better understand the 

effect of the different warning signals, drivers’ gaze (e.g., percentaged glance 

proportion) and their driving behaviour (e.g., velocity when turning right) were 

examined in three intersection epochs: Approaching, Waiting, and Accelerating. The 

paper presented here focuses only on the percentaged drivers’ glances to the right- 

and left-hand side during waiting and accelerating at the critical intersection as well 

as their velocity when turning right. More detailed information on the experimental 

design, method, and analysis of study II is given in Werneke and Vollrath 

(submitted). 

  Results 

In order to examine differences between the warning signals, it has to be mentioned 

that when approaching and waiting at the intersection, only the group with the early-

middle warning received a warning signal, and thus differed from the other three 

groups which were combined (no signal, late-middle, and late-sidewise). With 

regard to drivers’ glances to the right-hand side of the intersection, the analysis 

showed a significant main effect of the group factor (F(1, 46) = 12.1, p = .001). With 

regard to drivers’ glances to the left-hand side no significant effect was found 

(F(1, 46) = 2.6, p = .116). Fig. 4 (left) shows the percentaged drivers’ glance 

proportion to the right-hand side while waiting and accelerating at the critical 

intersection. 
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Fig. 4: Mean and standard deviation of (left) drivers’ glances to the right-hand side of the 

intersection while waiting and accelerating at the intersection; (middle) velocity when turning 

at the intersection; (right) Box plot of the minimal distance to the entering vehicle. 

As Fig. 4 (left) shows, when driving with the early-middle warning signal on 

average a higher proportion of drivers’ glances to the right-hand side (M = 34.2 %, 

SD = 14.9 %) was found, as compared to the group with any signal in that time (no 

signal, group with the late-middle and late-sidewise warning signal; M = 17.5 %, 

SD = 14.2 %). Additionally, drivers with the early-middle warning signal did not 

differ in the percentage of their glances to the left-hand side of the intersection (in 

total: M = 28.7 %, SD = 15.7 %). 

With regard to drivers’ mean velocity when turning right (Fig. 4 middle), the 

analysis showed a significant main effect of the group factor (F(1, 46) = 9.0, p = .004). 

Here, drivers with the early-middle warning signal were much slower 

(M = 19.2 km/h, SD = 5.8 km/h), as compared to the other group (M = 24.4 km/h, 

SD = 4.9 km/h).  

In the analysis with regard to the minimal distance to the entering vehicle, all four 

groups were compared. There was a significant main effect of the group factor 

(F(3, 44) = 3.7, p = .018). Fig. 4 (right) shows the drivers’ minimal distances to the 

entering vehicle. In the group with the early-middle warning signal the largest 

minimal distance was found (pairwise comparison to the control group: p = .003; to 

the group with the late-middle warning signal: p = .017; to the group with the late-

sidewise warning signal: p = .031). On average, drivers with the early-middle 

warning stopped 6.5 m (SD = 2.8 m) before the entering vehicle. Drivers with the 

later warnings had a mean minimal distance of approximately 3.2 m (SD = 3.2 m) 

and the control group approximately 2.1 m (SD = 4.2 m). 

  Discussion and conclusion 

The aim of the two studies presented here was to better understand drivers’ attention 

allocation and their driving behaviour when driving at different T-intersections, 
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varied in two environmental factors, both in the role of accident causation (study I) 

and prevention (study II). 

Results of study I showed that the two environmental factors had clear effects on 

drivers’ attention allocation and their driving behaviour. With the presence of 

another important information source in the situation (e.g., pedestrians on the right), 

drivers directed their attention more towards that intersection side, as compared to 

intersections with no pedestrians and pedestrian crossing on that side. It indicates 

that drivers adapt their gaze behaviour in accordance with the situational 

requirements to gather more and task-relevant information. It also supports the idea 

of strategies in drivers’ attention allocation which are specific for certain situations. 

However, if dangers arise at locations where drivers’ attention is not directed at, 

these may not be managed adequately, and thus resulted in a large number of 

collisions (study I). 

Thus, in study II it was examined how different warning strategies can be used to re-

direct drivers’ attention, and thus prevent an accident. The results of study I showed 

an adaptation of drivers’ gaze and their driving behaviour with regard to the 

intersection situation. Thus, drivers could react faster to a critical incident when their 

attention was already allocated to the side of the critical incident and when they 

turned right with lower velocity. This was shown in intersection 3 (Fig. 1). In 

contrast, the highest collision frequency was shown at intersections with only 

oncoming cars from the left and no pedestrians with a pedestrian crossing on the 

right (Fig. 1, intersection 1). Due to the missing information source on the right-

hand side, less attention was allocated to that side by drivers. Additionally, at this 

intersection the highest velocity was found. Based on this acquired knowledge, 

different approaches of warning systems which support drivers in their attention 

allocation and driving behaviour were compared in study II. 

The results of study II showed that the early-middle warning signal (top-down) was 

very effective. Here, most collisions were avoided by drivers. In addition, this 

warning signal was effective to shift drivers’ attention as drivers had more gazes to 

the side of the critical incident as compared to the groups without a warning signal at 

that time. With regard to the driving behaviour, drivers adapted their behaviour 

towards safer driving by turning right with a lower velocity. In contrast, the late 

warnings (bottom-up) were not able to improve drivers’ reactions to the critical 

incident. Obviously, these warnings were too late for drivers to react in time. As the 

warnings were presented at the same time when the car started to enter the road, it 

may be that these warnings just provided no additional information for drivers. If it 

is possible to give these warnings a bit earlier it might be that these warnings would 

also prove effective. Furthermore, one could try to increase the strength of these 

warnings be using multi-modal warnings and adding a warning tone.  
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As a next step, it would be important to examine these warning strategies for older 

drivers. As perception and attention errors are assumed to be the main reasons why 

older drivers are involved in accidents (e.g., Bao & Boyle, 2009), especially when 

driving at intersections, warning systems which assist drivers in their attention 

allocation might be useful for these groups of drivers.  

In general, due to the somewhat artificial surrounding and missing motion in the 

driving simulator, findings of the two studies should be validated in real road-traffic 

situations. Further limitations concerning the implementation of those warnings in 

practice and effects of false alerts are discussed in Werneke and Vollrath (2012, 

submitted).  

In conclusion, the results of the two studies support the idea that driver errors 

leading to intersection accidents are at least in some part the results of systematic 

psychological processes, involved in mechanisms of drivers’ attention allocation, 

their expectation, and driving behaviour. The studies are important input for the 

following: (1.) a better understanding of the psychological processes leading to 

driver errors at intersections with regard to their attention allocation and driving 

behaviour (study I), (2.) the design of effective warning signals in these situations, 

and (3.) their evaluation which further contributes to a better understanding of 

drivers’ behaviour in critical intersection situations (study II). This can be used to 

reduce injuries and fatal accidents at intersections, and thus increase driving safety.  
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Electric Vehicle Development and validation of the TRL 

simulator 
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  Abstract 

As the number of manufacturers producing electric vehicles (EVs) continues to 

grow, there is an ongoing need to undertake research into the technology and this 

nesescitates the development of appropriate research tools. To this end, TRL has 

further developed their car driving simulator, DigiCar, to allow it to be operated as 

an EV.  The performance characteristics of DigiCar were matched to those of a 

Nissan Leaf by implementing the EV dynamics model provided by the simulator 

supplier, Oktal; adapting various characteristics of this model to match the driving 

characteristics of the Nissan Leaf; and adding functionality to the simulator so that 

the instrument panel of the Nissan Leaf was replicated for the driver. The 

implementation of this functionality in the TRL driving simulator is referred to as 

DigiCar EV. Participants performed a set of specific manoeuvres on the large loop 

test track at TRL and the same manoeuvres on a simulated version of the same test 

track in DigiCar EV. The results demonstrate that in many respects DigiCar EV is a 

good representation of a Nissan Leaf. The main differences related to acceleration 

and deceleration and these may have influenced adopted speeds. 

  Introduction 

There has been significant investment into electric vehicle development in recent 

years; with a number of manufacturers launching pure electric vehicles (EVs) into 

the commercial market between 2010 and 2012. These are vehicles where 

rechargeable batteries are the only source of power for an electric motor. Whilst 

there are questions over the likely take up from consumers of EVs, there is an 

ongoing need to undertake research into the technology, including who will 

purchase the vehicles, how they will be used, how they will further develop and their 

safety. It is therefore necessary to have tools available to support the research needs 

of the industry. To this end, TRL has further developed their car driving simulator, 

DigiCar, to allow it to be operated as an EV. This report describes the development 

process, technical specification and behavioural validation. 

  Electric Vehicles 

Due to the way the vehicle operates, there are fundamental differences between how 

an EV performs, compared to an Internal Combustion Engine (ICE) vehicle, all of 
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which should be considered when designing an electric vehicle simulator. In simple 

terms: 

 Range –The range of most commercially available EVs is between 70 and 

100 miles.  This coupled with a recharge time of many hours can lead to 

driver’s experiencing “range anxiety”. 

 Noise – Electric motors are considerably quieter than ICEs due to their 

having fewer moving parts and none of the sounds associated with the 

combustion of a fuel-air mixture. 

 Acceleration – Electric vehicles tend to use a single fixed gear ratio, 

eliminating power loss through the transmission, and electric motors 

produce torque irrespective of engine speed.  The result is that for a given 

engine power rating, accelerative performance is better for EV than an ICE. 

 Regenerative braking – When decelerating, the change in kinetic energy is 

returned to the battery to be stored as electrical energy. This may also 

influence the retardation of the vehicle when the driver removes their foot 

from the accelerator and the brakes are applied 

DigiCar 

TRL has successfully operated a driving simulator for more than 15 years. The latest 

iteration is known as ‘DigiCar’ and uses a Honda Civic family hatchback (see Figure 

1). Its engine and major mechanical systems have been replaced by a sophisticated 

electric motion system imparts limited motion in three axes (heave, pitch, and roll), 

providing the driver with an impression of the acceleration forces and vibrations that 

would be experienced when driving a real vehicle. All control interfaces have a 

realistic feel and the manual gearbox can be used in the normal manner (automatic 

gears can be simulated). 

 

Figure 1: TRL’s advanced research driving simulator, DigiCar 

Surrounding the simulator vehicle are four large display screens onto which are 

projected the driving environment at a pixel resolution of up to 1920×1457 giving 
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the driver a 210º horizontal forward field of view. The rear screen provides a 60º 

rearward field of view, thus enabling normal use of all mirrors. A stereo sound 

system with speakers inside and outside the vehicle generates realistic engine, road, 

and traffic sounds to complete the representation of the driving environment. 

The software used to implement the simulation is called SCANeR Studio and was 

created by the French simulation company, OKTAL, to provide a flexible and 

powerful simulation software tools with a highly advanced traffic model. 

Vehicle dynamics are updated at 100Hz whilst the visuals are refreshed at 60Hz so 

that the driver perceives a seemingly continuous driving experience. Data is then 

recorded relating to all control inputs made by the driver, including steering, pedals, 

gear, indicators; vehicle parameters such as speed, RPM; and parameters to assess 

behaviour in relation to other vehicles such as distance and time headways. The data 

recording rate is fully controllable dependent upon the trial demands, up to a rate of 

100Hz. 

Validation of simulators 

Driving simulators are widely used in both research and training in situations where 

the activity is too dangerous to conduct in the real world, when the environment 

needs to be controlled, or when performance data needs to be recorded which is 

more difficult in the real world. It is therefore important to validate the simulator so 

that trainers and researchers can be sure that observed behaviour in the simulator is 

(at least) representative of that observed in the real world. There are three types of 

validation for simulators – physical validity (physical correspondence between 

simulator and its real world counterpart), face validity (driver perception of how 

well the simulator replicates the real world vehicle) and behavioural validity (how 

similar driving behaviour is between the simulator and the vehicle it is replicating). 

This study examined the behavioural validity of TRL’s car simulator as an EV. 

Development of DigiCar as an electric vehicle 

To reflect the wider development of EVs by manufacturers, Oktal has developed an 

electric engine model for the simulator. Since the comparison vehicle in this project 

was to be the Nissan Leaf, we made further adaptations to the model so that its 

behaviour was more akin to that of the Nissan. We also used a Samsung Galaxy Tab 

tablet PC and Samsung Galaxy W smartphone display to recreate the instrument 

display panels of the Nissan Leaf. 

Electric model development by Oktal 

Oktal provided TRL with a generic EV model, drawn from their experience in EV 

applications. Their EV model is developed from their models of ICE vehicles with 

adaptations in two areas: 

 Changes related to vehicle dynamics: e.g. total weight; weight distribution; 

engine and transmission embedded in electric propulsion architecture; 

suspensions adjustment (adaptation of stiffness and damping). 
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 Changes related to electric propulsion: e.g. battery charge and discharge 

model; electric engine characteristics (maximum torque, revolutions per 

minute, maximum power); possibility to have engine torque applied to 

individual wheels (like an electric hub motor) or have conventional 

transmission architecture; electric transmission defined by axle. 

Electric model development by TRL 

We adjusted the generic EV model provided by Oktal in order to give the model 

characteristics more similar to those of the Nissan Leaf. The kerb weight, 

dimensions and aerodynamic drag coefficient of the vehicle were changed to match 

those of the Nissan Leaf (Carfolio, 2012). A specific change was made to the 

efficiency of the transmission to quicken the accelerative characteristics of the 

model and match those of the Nissan Leaf. Official figures for the acceleration of the 

Nissan Leaf are difficult to obtain, therefore the acceleration figures used were taken 

from an online forum specifically focused on the Nissan Leaf (MyNissanLeaf.com, 

2012) The efficiency of the transmission of the DigiCar EV model was adjusted to 

maximise correspondence with the reported acceleration times of the Nissan Leaf. 

The relative accelerative performance of the real and simulated vehicles is shown in 

Figure 2. 

 

Figure 2: A comparison of the acceleration performance of the Nissan Leaf and the 

DigiCar EV model (acceleration times for the Nissan Leaf obtained from 

MyNissanLeaf.com) 

Figure 2 shows that a good match between the acceleration of the real and simulated 

EVs was achieved. The biggest difference observed was in the initial (0-10mph) 

acceleration but thereafter the acceleration profile of the two vehicles showed good 

correspondence. 

Instruments 
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The sensory feedback to a driver when operating an EV is different to that 

experienced when operating a vehicle powered by an ICE; consequently, it was 

considered important that the feedback provided by the instruments in the simulator 

should provide the driver with the same information that is delivered by the 

instruments in the real vehicle. 

The development in the simulator used an android tablet PC secured over the 

standard instrument panel to replicate the lower display on the Nissan Leaf and an 

android smartphone mounted across the top of the dashboard to replicate the upper 

display on the Nissan Leaf. These were programmed to display the relevant 

feedback on the screen. Figure 3 shows a comparison of the two setups. 

 

(a) Instrumentation in Nissan Leaf     (b) Instrumentation in DigiCar  

Figure 3: A comparison of the instrumentation presented in (a) the Nissan Leaf and 

(b) that created for the DigiCar when running as an EV. 

Two critical feedback sources were presented on the simulated instruments – speed 

(on the upper display) and the power/regenerative braking measure (on the lower 

display). 

Some functionality of the Leaf dashboard was excluded from the simulated version 

as being less relevant for the specific validation task in this project. Specifically, this 

included the circular display giving an indication of driver efficiency, and the range 

and temperature measures. 

Validation of the simulator 

Study overview  

Participants were asked to drive two routes designed to be as similar as possible: a 

simulated route and a real world route.  The simulated route was modelled to 

replicate the TRL large loop test track, which was used for the real world route. 

Their performance and subjective impressions of both drives were compared to 

assess how, and the extent to which, driving DigiCar as an EV differs from driving a 

real EV. The method is based on that used in by Diels, Robbins & Reed (2012) in 

validating DigiCar as an ICE vehicle. 
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This research tested the hypothesis that there would be no difference in driver 

behaviour or subjective measures between the DigiCar EV and the Nissan Leaf. 

Participants 

A limited number of participants were recruited. To reduce variability in driving 

performance narrow selection criteria were adopted. This resulted in participants 

being male, experienced, middle-aged, and frequent drivers (see Table 1). While this 

limits the extent to which the simulator validation can be generalised to the wider 

population, it does improve the likelihood of achieving statistically robust results. 

Table 1: Recruitment criteria and participant sample 

 Recruitment criteria Mean (SD)  Range 

Age Between 25-50 years old 34 (8) years 25-48 years 

Driving 

experience 

Have held a UK driving 

licence for at least 5 years 
17 (8) years 7-29 years 

Annual 

mileage 

Drive at least 5,000 miles per 

year 

12,222 (4,703) 

miles per year 

6,000-20,000 miles 

per year 

 

There were 18 participants recruited in total although one completed only the track 

drive and not the simulator drive. This participant was removed from all analysis of 

the data and all analysis presented are based on the remaining 17 participants only. 

Vehicle 

Participants driving TRL’s’ DigiCar are seated in a complete 2002 Honda Civic 1.6i 

SE whose external appearance is identical to a road legal vehicle (Figure 4(a)). A 

2011 Nissan Leaf was used in the real-world component of the trial (Figure 4(b)). 

 

(a) TRL DigiCar 

(2002 Honda Civic 1.6SE cabin ) 

(b) Nissan Leaf 

(2011 model year) 

Figure 4: Vehicles used in the study 

In Vehicle Data Recorder (IVDR) 
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Data for three axis acceleration, speed and GPS location were collected on every 

drive.  This data was recorded using a Racelogic VBOX Micro (Figure 5) – 

hereafter, referred to as ‘the VBOX’. 

 

Driving tasks 

The driving tasks were completed using TRL’s test track (see Figure 8). The test 

track is located on a secure secluded site providing a carefully controlled and safe 

operating environment. The track consists of five different sections, all of which can 

be operated independently of each other. This research utilised only one section; the 

large loop (see Figure 6 for a plan of the large loop). Participants progressed in a 

clockwise direction around the track, completing two familiarisation laps and four 

test laps. 

 

Figure 6:  TRL's test track - large loop in foreground 

During the test laps participants completed a series of set manoeuvres. Five set 

manoeuvres were defined that were performed in both car and on the test track: 

 Curve task (laps 1 and 3): progress through curve as you would normally.  

 Preferred cruising speed task (laps 1 and 3): drive through the long straight 

of the large loop at which ever speed felt comfortable, but not above 90kph.  

 Overtaking task (laps 1 and 3): approach a series of traffic cones blocking 

the lane ahead and move to the right in order to pass after passing a fixed 

point. 

 Junction task (laps 2 and 4): decelerate on approach and stop the vehicle at 

intersection and subsequently accelerate as you would normally (approach 

speed and initial braking position were at drivers’ discretion).  
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 Stopping task (laps 2 and 4): stop the vehicle 15 metres in front of a set 

position from a steady speed. To record performance in this task, the 

experimenter marked the ground where the vehicle stopped and measured 

the distance to the cones after the trial had been completed. 

Virtual test track 

To enable a direct comparison between driving behaviour in the simulator and the 

real world, it is beneficial to assess the driver whilst keeping the geometrical and 

geographical environmental characteristics constant. To this end, a virtual version of 

the TRL test track was created. Figure 7 shows the driver’s view of the real (left) 

and virtual (right) task track on approach to the bridge. 

  

Figure 7: View from the inside of a vehicle on the test track (left) and in the 

simulator (right) 

Subjective measures 

Participants were asked to complete a questionnaire during the course of the study. 

This was designed to elicit responses from participants about their experience of the 

performance of the vehicle and the simulator and to evaluate the quality of the 

simulated experience.  Data on these measures will not be presented in the present 

research. 

Results 

Junction task 

For the Junction Task, participants were required to approach a fixed position on the 

track as if they were approaching a junction with a stop sign and then to pull away 

once they had checked for approaching vehicles. This task was included as a 

measure of both braking and acceleration.  Figure 8 shows mean speeds adopted by 

participants at 10 metre intervals before and after the junction stopping position. 
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Figure 8: Mean vehicle speed (dashed lines show 95% CI) in the junction task 

leading up to, and away from stopping position in the simulator and real vehicle 

Average participant speed across 10 metre increments for all junction tasks was 

calculated and compared to compare the Nissan Leaf and DigiCar EV conditions. 

Kolmogorov-Smirnov tests were performed on the data sets to establish if they were 

normally distributed.  Results showed the data to be normal for all but two data sets 

(Nissan Leaf – 0m, D(16) = .23, p = .01; and Nissan Leaf – +50m, D(14) = 25, p = 

.02). Therefore paired samples t- tests were performed on the data for each distance 

increment, except at the 0m and 50m intervals, which were analysed using a 

Wilcoxon test.  The results of the pairwise comparisons can be seen in Table 2.  

Results indicate a difference in deceleration behaviour on approach to the junction 

compared to acceleration behaviour away from the junction with the speeds between 

every distance increment after the junction being significant and almost none of the 

difference on approach to the junction being significant (only the -10m interval was 

significant on approach (t(14) = 1.79, p = .04)). 

These results indicate that driver behaviour on approach to the junction was very 

similar in the Nissan Leaf and DigiCar EV.  However when accelerating away from 

the junction drivers in the DigiCar EV accelerated significantly more sharply (within 

10m they were already 4mph faster, and by 50m they were 7.6mph faster). 
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Table 2: Junction task results of pairwise comparisons (paired samples t-test and 

Wilcoxon in italics) of spot speeds for Nissan Leaf and DigiCar EV 

Distance 

from 

stopping 

position 

(metres) 

     
95% Confidence 

Interval* 

t (Z) df 
Sig. (2-

tailed) 

Mean 

difference 

Std. 

Deviation 
Lower Upper 

-50m 2.05 13 .87 0.27 6.26 -3.34 3.88 

-40m 1.67 13 .86 0.40 8.12 -4.29 5.09 

-30m 0.73 14 .30 2.20 7.95 -2.20 6.60 

-20m 0.75 14 .36 1.84 7.62 -2.37 6.06 

-10m 1.79 14 .04 2.58 4.32 0.19 4.97 

0m (-.63) * .53 -0.12* 1.64* -1.03* 0.79* 

+10m 0.41 14 <.001 -4.06 3.48 -5.98 -2.13 

+20m 2.10 14 <.001 -6.56 3.61 -8.56 -4.56 

+30m 0.60 13 <.001 -7.44 3.70 -9.58 -5.31 

+40m 2.50 12 <.001 -8.98 5.05 -12.03 -5.93 

+50m (-2.80) * < .01 -7.61* 4.29* -10.67* -4.54* 

*Not present for Wilcoxon tests, results presented are for illustrative purposes only 

Curve following task 

Figure 9 shows the mean spot speed at curve positions A and B (‘entry’ and ‘exit’, 

respectively). It can be seen that participants drove consistently faster in the DigiCar 

EV compared to the Nissan Leaf. 

 

Figure 9: Mean (95% CI) spot speed (mph) at position A and B for Nissan Leaf and 

DigiCar EV conditions 
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Table 3 shows the results of the pairwise comparisons (Wilcoxon) for both spot 

speed positions and the mean speed between both points.  Each of these comparisons 

achieved statistical significance. 

Table 3: Pairwise comparisons of mean spot speed at position a and b and average 

between a-b for real and simulated curve task 

Comparison Z Sig.  N Mean Std. Dev Min Max 

Position A -2.99 .03 
Nissan Leaf 16 40.3 3.20 33.8 46.0 

DigiCar EV 16 46.9 4.43 37.1 52.0 

Position B -3.10 .02 
Nissan Leaf 16 43.1 3.06 36.6 47.4 

DigiCar EV 16 47.9 3.84 37.3 55.4 

Average 

through curve 
-3.52 <.01 

Nissan Leaf 16 43.3 1.50 41.9 46.4 

DigiCar EV 16 49.1 1.30 47.8 52.2 

 

There is a clear difference in the spot and average speeds between drive conditions.  

Drivers in the DigiCar EV drove at higher speeds at the entry position (6.6mph), the 

exit position (4.8mph), and on average through the curve (5.8mph). 

Stopping distance task 

The distance participants stopped from an on-road obstruction (three adjacent traffic 

cones, arranged perpendicular to the road direction) were compared between the two 

vehicle conditions.  The stopping positions were plotted and visually inspected for 

trends (see Figure 10); this suggested that there was greater variation in stopping 

distances in the DigiCar EV condition. 

 

Figure 10:  Mean stopping distances for both conditions 

However, when the data was subjected to a Wilcoxon Sign Ranks test, the results 

just reached significance at the p = .20 level (z = -1.30, p = .19), suggesting that 

stopping positions differed between the two vehicle conditions. However, given the 

result only marginally satisfied our requirement for significance and the modest 
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number of participants tested, this result should be interpreted with a degree of 

caution.  

Overtaking task 

The primary function of the overtaking task was to require participants’ to avoid an 

obstacle by changing lane position; secondarily, they also had to adjustment their 

speed to execute this manoeuvre safely.  As the positional data recorded during the 

Nissan Leaf condition was subject to a degree of error (a limitation of GPS accuracy 

– see 3.4) a fine-grained analysis of lane position behaviour was not practical, 

therefore, mean position across 20 metre increments were calculated and differences 

between the two conditions were compared. 

A figure describing driver lane position and speed (mph) was drawn and can be seen 

in Figure 11.  In initial inspection of this figure suggests there was little difference in 

lane position between the two conditions (note – the greater variation in the Nissan 

Leaf data is likely to be a consequence of the limited GPS accuracy of the IVDR).  

There appears to be a difference in speed between the two conditions.  These data 

were subjected to statistical analysis to determine whether they are statistically 

significant. 

 

Figure 11:  Driver lane position and speed throughout overtaking task 

Analysis of lane position revealed no difference in position between the two 

conditions at any of the distance increments, indicating that drivers exercised similar 

levels of vehicle control and positional judgement in both conditions. 

The difference in speeds suggested in Figure 11 did achieve statistical significance 

at all positions. Therefore, drivers drove at significantly higher speeds throughout 

the overtaking manoeuvre in the DigiCar EV condition than the Nissan Leaf 

condition. 
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Table 4:  Results of pairwise t-tests between speeds in the two vehicle conditions 

X position 

(metres) 
Mean 

speed 
Std. 

Dev. 
Std. Error 

Mean 

95% Conf. 

Interval 

t df 

Sig. 

(2-

tailed) Lower Upper 

0 -5.68 3.58 1.60 -10.13 -1.23 -3.55 4 0.02 

20 -2.69 5.33 1.38 -5.64 0.26 -1.96 14 0.07 

40 -3.42 5.43 1.18 -5.89 -0.95 -2.89 20 0.01 

60 -4.46 5.20 1.11 -6.76 -2.16 -4.03 21 0.00 

80 -4.07 6.59 1.55 -7.34 -0.79 -2.62 17 0.02 

100 -5.34 6.17 1.50 -8.51 -2.16 -3.57 16 0.00 

120 -5.66 7.80 1.89 -9.67 -1.65 -2.99 16 0.01 

140 -5.21 7.57 1.78 -8.97 -1.44 -2.92 17 0.01 

160 -4.04 7.46 1.81 -7.88 -0.21 -2.24 16 0.04 

180 -4.29 5.85 1.46 -7.40 -1.17 -2.93 15 0.01 

200 -3.67 7.48 1.72 -7.27 -0.06 -2.14 18 0.05 

 

Drivers did not vary in their lane position between the two conditions; however, they 

did execute the overtaking manoeuvre at significantly higher speeds in DigiCar EV 

than the Nissan Leaf. 

Discussion 

This study aimed to equip the TRL driving simulator, DigiCar, with the driving 

experience of a Nissan Leaf and to validate this with a small number of participants. 

The results demonstrated the implementation of DigiCar EV provides participants 

with a realistic experience of some aspects of driving such a vehicle. 

In the junction task, it was evident that drivers in the simulator accelerated away 

from the junction more rapidly in the simulator than they did in the real car. 

Similarly, in the curve following and overtaking tasks, participants adopted higher 

speeds in the simulator than they did in the Nissan Leaf (by around 5-7mph). One 

can hypothesise a number of reasons why this might have been the case. Firstly, the 

Nissan Leaf was a very new car and participants may have felt that they needed to 

treat it with more care than they chose to exhibit in the simulator vehicle. Secondly, 

accelerating the real vehicle in the absence of the sound cues provided by an ICE 

may have had a greater influence over drivers in the real car than in the DigiCar, 

resulting in slower acceleration. Thirdly, although the DigiCar was calibrated 

against the performance of the Nissan Leaf for maximal acceleration, no such 

calibration was performed for slower speed accelerations. It may have been the case 

that in the real and simulated cars, participants chose to accelerate away from the 

junction by depressing the accelerator to half way between its rest position and its 

maximum position. If this yielded 50% of the available torque in the real car but 

80% in the simulator vehicle, one would experience faster acceleration in the 

simulator vehicle for the same level of accelerator pedal depression. To tackle this 

acceleration issue in future, more work must be done to adjust the exact response of 
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the simulator vehicle to driver inputs so that they match more closely those of the 

vehicle being simulated. 

It could be suggested that a driver in a simulator vehicle chooses to accelerate and 

drive faster as there is no risk of them coming to any harm in the simulated situation 

and so they can proceed to drive faster than they would in the real world. However, 

Diels, Robbins & Reed (2012) conducted a validation of DigiCar as an ICE vehicle, 

finding that acceleration rates and speeds adopted did not differ between the 

simulated real environments. This suggests that if future trials are to be conducted 

using the DigiCar EV model, the experimental design must, as a minimum, take into 

account the likelihood that participants will adopt higher speeds in the simulator 

than they would in a real vehicle but (preferably) the adaptation of the simulator as 

an EV should be corrected to ensure that speeds adopted in DigiCar EV correspond 

more closely with those observed in the real world. 

In the overtaking task, there was no significant difference between the positions 

observed for the real car compared to those for the DigiCar EV. In the stopping 

position task, data showed there was a marginally significant difference in stopping 

position.  Therefore, these results suggests that the visual representation in DigiCar 

enables participants to judge distances reasonably well relative to the real world and 

that the handling characteristics of the DigiCar EV were sufficiently matched to the 

real Nissan Leaf for participants to perform the lane change task in a similar manner. 

However, the results highlighted that participants’ judgement of distance in the real 

and simulated vehicles was relatively poor with the mean stopping position from the 

target cones more than 40% further away than the distance participants had been 

instructed to stop (15m) in each case. 

In conclusion, it is clear that the DigiCar EV model has several shortcomings that 

need to be addressed before it could confidently be used as a Nissan Leaf equivalent. 

In particular, the characteristics of acceleration and deceleration should be examined 

to ensure that adopted speeds, acceleration and deceleration rates are a closer match 

to the real vehicle. However, aside from issues relating to matching exact 

performance of the Nissan Leaf, the DigiCar EV represents a good platform with 

which to conduct future studies examining driving of cars equipped with powertrains 

other than the traditional ICE model. 
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