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Abstract

Nowadays, the international aviation organizations are focused on safety improvements, using automation
systems and applying ergonomic concepts. One of these concepts is Human Performance Envelope, which is used
for pilot’s performance determination, based on a set of ergonomic factors. The aim of the paper is to give a clear
definition of this concept and to establish what the directions for future studies are. For this reason, was done a
literature review of what has been done. It was revealed that workload, stress, situation awareness and attention
are the most studied factors, while fatigue, vigilance, teamwork, trust and communication are the least studied.
Moreover, all the experiments were done on one member of the crew, so the concept was applied on one person,
while in reality the action of the team influences the upcoming events, so the concept should be extended on the
team. Also, the proposed solutions regard the cockpit improvement using automation systems, thus none of them
concerns the psychosocial aspects. So, the concept of Human Performance Envelope offers great possibilities for
future ergonomic studies in aviation.
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1. Introduction

Nowadays, the technology evolution represents one of the most important factors which influence
the ergonomic growth. Artificial Intelligence, robotics and all the automation processes are applied
almost in every economic field and of course in aviation. However, somebody needs to be legally
responsible for the decisions taken by the machines that is why the humans play one of the crucial roles.
In other words, even if the tasks can be automated, people are the ones who are responsible for the
efficient and safety system function [1].

The same idea is supported by the captain David Moriarty, who said that according to statistics 70%
of aviation accidents are caused by human error and the other 30% by the technical failures. But this
kind of failures do not happen by hazards. For example, if an aircraft engine breaks, it is because of the
incorrect maintenance, or because of some errors in designing or maybe it was used in a wrong way. So,
human error is somehow involved in technical failure [2].

In order to verify this hypothesis were analysed the statistical reports made by EUROSTAT
(European Statistical Office) [3], EASA (European Union Aviation Safety Agency) [4], ICAO (International
Civil Aviation Organization) [5] and SIAA (Civil Aviation Safety Investigation and Analysis Authority)
[6].

As a result, the main aviation accidents causes are related to the technical failures and to human
error, but all the above-mentioned organizations use a special code for aviation causes, called ADREP.
Some examples can be: SCF-NP - System/component malfunction or failure (non-power plant);
LOC-I - loss of aircraft control or deviation from the intended flightpath inflight; RE (runway excursion)
- An overrun off the runway surface or a veer off. Moreover, all the organizations give statistical data
only for a specific territory (UE or just for a country) and for a specific aviation category
(ICAO - commercial air transport). These are the reasons why is difficult to have a clear percentage
delimitation, but is worth to mention that statistical data confirms that the main causes of aviation
accidents are human error and technical failures.
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In order to reduce the number of aviation accidents and to improve safety, international
organizations prepare and implement different safety projects, such as European Plan for Aviation
Safety (EPAS) or Future Sky Safety (initiated by EREA and funded by the European Union’s Horizon
2020). Both of these projects have the same goal, to improve aviation safety through ergonomics.

2. The Concept of Human Performance Envelope (HPE)

Even if, physiological measurements on pilots were done in the past decades (even before 1975) [7],
the concept of Human Performance Envelope (HPE) brought a new idea: the relationship between
multiple ergonomic factors and its influence on the human performance. For the first time, this concept
was mentioned in the PhD thesis “Human performance in air traffic control”, written by Tamsyn
Edwards. According to her literature researches (which included 83 scientific papers) there is a lack of
investigations on the relationships between multiple ergonomic factors, as the majority of studies
measured one ergonomic factor as an independent variable and the second ergonomic factor as a
dependent variable. The 83 articles were selected from different domains: industry, university
laboratory, transport, military, medicine, social care and of course aviation. Furthermore, the analysis
of the aviation incident reports suggested that the nine ergonomic factors, selected by Eurocontrol
experts (stress, workload, fatigue, attention, vigilance, situation awareness (SA), teamwork,
communication and trust) contributed to the reported incidents [8]. This means that the nine ergonomic
factors can be met in different activity spheres, which include also aviation.

The Human Performance Envelope concept was further developed by the EU-funded (Horizon 2020)
transport research programme, “Future Sky Safety”, which applied this concept on pilots [9]. Moreover,
they have configured the HPE concept as a spider graph (figure 1), in which the corners are represented
by the value of each factor, so the human performance could be measured using the graphical
illustration. According to the representation and depending on the value of the nine ergonomic factors,
the pilot’s performance could be optimal, critical or degraded [7, 9].

Pilot's performance

M Optimal ® Critical Degraded

SA
No stress Attention
No fatigue Vigilance
No workload Teamwork
Communication Trust

Fig. 1. The graphical representation of HPE concept (adapted after [9])

It is interesting that the selected ergonomic factors which influence the pilot’s performance were
studied differently across the years, as factors that can be measured easily (workload, stress) were
prioritised in research studies [8]. This idea is also supported by the literature review for each factor,
presented in the table 1. There are few studies on the Fatigue factor, and the existing ones were focused
on the cognitive researches and on the drowsiness. On the other hand, Situation Awareness (SA) is
another much studied ergonomic factor, but due to the confusion and overlapping between Attention,
Vigilance and Situation Awareness (SA), as the authors and the experts from aerospace field have
different visions on this topic, there isn’t a clear distinction between these three factors. On the other
hand, the relationship between social ergonomic factors like Trust, Communication and Teamwork and
their impact on pilot’s performance is still unexplored [10]. For a better understanding all the factors
will be shortly explained.
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Table 1. The summary of the literature review (adapted after [10])

Ergonomic factors Pilots references | General references
(number of papers) (number of papers)
Mental workload 12 12
Stress 3 6
Mental fatigue 1 11
Situation awareness 10 2
Attention 0 7
Vigilance 0 8
Teamwork 0 2
Communication 2 2
Trust 0 6

2.1. Workload

The work tasks which should be accomplished by pilots are related to mental activity, that is why the
HPE concepts refers only on mental workload and doesn’t take into consideration the physical
workload.

The neural communication is limited by the chemical communication on the one hand, and by the
speed of electrochemical transmission on the other hand, so the human brain can perform just a limited
number of tasks in a specific time. The situations when the tasks exceed the information processing are
the same as the situations when a machine’s computational capacity is exceeded. This kind of situations
are caused, in general, by two factors: (1) multiple tasks that have to be completed within a limited time
period or (2) one single complex problem, which can lead to high workload, especially when it should
be done in a specified time period [2].

Although, people think that they manage to do simultaneously more tasks, in reality, this ability is
quite limited, because human brain is not able to process in the same time more than one information
and to offer an adequate response to it. The negative impact of multitasking on the human performance
is also demonstrated by an analysis of 19 major airline accidents, which took place in USA, during the
period 1990-2001. According to the researches, the cause of the accidents was the crew error and, in
particular, the workload issues and the concurrent tasks. All the pilots were highly experienced, but
their performance was undercut by the limited brain ability to switch the attention between concurrent
tasks and to remember to perform the postponed tasks [11]. This means that the exposure to high
workload could be a major threat for aviation safety, but, on the other hand, low workload leads to
boredom and to the decrease of vigilance level. This is also a threat for aviation safety, because pilots
will not be able to react quickly at an unexpected event. That is why, the level of workload should be
monitored, and according to previous studies, the best way to measure mental workload is to combine
different methods and techniques as: ECG, EEG, EOG, eye tacking, NASA-TLX and subjective data [10].

2.2, Stress

Stress is an ergonomic factor, which is studied in different ways. Modern theories consider that stress
is caused by the imbalance between the individual resources and the external or internal demands. If
the demands surpass the individual resources, then stress develops, which means that some hormones
like cortisol, adrenaline and noradrenaline, are released into the body, due to physiological reactions.
These hormones have some advantages for human body, but only when the exposure to stress is for a
short period of time, otherwise they can lead to serious health and psychological problems [12].

Moreover, the stress level is different from one profession to another and the Sloan & Cooper study
(1986), suggested that the airline pilot profession take one of the top positions from the ranking with
all the professions and their corresponding stress level. On the other hand, captains are considered to
be the most affected by stress and not because of their age, but due to the responsibilities they have and
the decisions they need to make [13].

In order to cope with the stress, pilots must understand which the stressors are. These ones can be
divided in two categories: physical stressors (vibration, noise, turbulence, extreme temperature) and
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psychological stressors (life events, life changes) [14]. This kind of stressors have a negative impact on
the pilot’s performance (prone to mistakes, attention is diminished, short-term memory is also reduced,
visual scanning is more chaotic) [12]. That is why, pilots should be aware of their stress state, in order
to find solutions for overpassing it.

2.3. Fatigue

Besides stress, fatigue can also negatively influence the pilot’s performance and is considered as a
cause of accidents. Aviation accidents which had fatigue as one of main causes are: DC-8 crash in
Guatemala Bay (1993), Korea Air Flight 801 (1999, 228 deaths), American Airline Flight 1420
(1999, 11 deaths). What concerns incidents, fatigue played a major role in 3.8% of the total incidents
reported to the Aviation Safety Reporting System by pilots [15].

Pilots can face mental fatigue due to functioning at a circadian phase which is non-optimal or due to
inadequate sleep or prolonged working hours. The effects of inadequate sleep, which is called sleep
deprivation, are manifested as increasing cognitive performance variability and increasing the addiction
of compensatory measures (caffeine, motivation). Moreover, sleep deprivation affects the cognitive
performance itself, as it becomes worse and even accomplishing a brief task, which involves working
memory, attention, and speed of cognitive throughput, becomes a real challenge. Further, sleep loss
negatively influences the prefrontal cortex, especially divergent and decision-making skills [16].

As fatigue adversely affects the pilot’s performance and, in consequence, the aviation safety, it is
necessary to find efficient measurement solutions. One of them can be the Psychomotor Vigilance Test
(PVT), which is considered to be an effective method for sleepiness measurements, as a result of good
anti-fatigue countermeasures and of sleep restriction [15]. Other methods used for sleepiness
monitoring are Electrooculography (EOG), EEG and the combination between them [10].

2.4. Situation Awareness (SA)

Federal Aviation Administration give the following definition to Situation Awareness (SA): “The
accurate perception and understanding of all the factors and conditions within the four fundamental risk
elements that affect safety before, during, and after the flight”. The four risk elements mentioned in the
definition are: airplane, pilot, external pressures and environment [17]. In other words, situation
awareness (SA) represents the interaction between the perceived information from working memory and
the long-term memory knowledge, in order to generate an overview of the situation and to make correct
decisions for goal achieving [18]. In pilots’ case the perception is based on cockpit information regarding
the flight display, data-links, engine instruments readout, vision or navigation data and others [17].

On the other hand, according to SA, the pilot should maintain the mental picture formed by the
interrelationship of multiple factors (aircraft configuration, weather, terrain proximity, traffic). Under
unexpected conditions, the SA concerning one the above-mentioned factors can be lost, which can
generate dangerous results: loss of aircraft control, flight into terrain or airspace infringement. There
are also external factors (strong winds, air turbulence, heavy icing) which can compromise the SA and
can lead to aviation accidents. That is why, pilot’s task is to apply cognitive effort for sustaining the
mental picture of the flight situation, especially in cases when the capacity of the information processing
is exceeded or is at its threshold [17].

All this explained the necessity to assess the situation awareness with self-rating techniques or with
inferential techniques. Some of them are: SPAM (Situation Preset Assessment Method), SAGAT
(Situation Awareness Global Assessment Technique), SART (Situation Awareness Rating Technique),
SASHA (Situation Awareness for SHAPE) and others. Although, there is a wide variety of SA techniques,
none of them was fully explored and each of them has been criticised [10].

2.5. Attention

Attention represents the mechanism which assigns perceptual and cognitive resources across the
controlled processes [15]. On the other hand, attention can be defined as a top-down influence which
improves the cognitive responses to the attended objects, situations or visual areas, and which can
inhibit the neural response to the not attended information, in this way it does not enter into the
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conscious awareness. In other words, attention is used to hinder and to enhance the perception of the
environment [19]. Furthermore, attention can be consciously focused just on one thing or event (for
example, pilots search the light during the night) or it can be distributed to some external events
(situation when somebody hears his/her name). Thus, attention can be divided in selective and
distributed attention [20].

There is a system, which uses EEG and is designed in order to solve the problems regarding to pilot’s
attentional breakdowns. It is called Communication Scheduler and its functionality is based on the
presentation and planning of messages to the user, according to task content, the user’s level of mental
workload and the message priority. Such kind of system plays an important role in attention monitoring,
but the designers must take care, as an inappropriate direction of attention may negatively influence the
overall performance [15].

Other researchers investigated the relationship between pilot engagement and attention through
some techniques of brain imaging. These techniques provide information about the fatigue level and
about the amount of attention paid by pilots to the ongoing events. Moreover, this technology, based on
Functional Near Infrared Spectroscopy (fNIRS) collects the information regarding the attentional state
over long period of time, and helps to monitor the pilot’s attention [21].

2.6. Vigilance

Vigilance is considered a state of awareness, which can be low or high, depending on the situation
and on the environment. Vigilance is reduced during the periods of fatigue and boredom; thus, it affects
directly the Situation Awareness. That is why, pilots should always remain vigilant to the information
coming from external events (weather, traffic), from engine systems and from other sources of
communication. It is obvious that is hard to maintain a high vigilance state all the time, therefore pilots
have to pay attention constantly to the most important data [17].

Some studies use instead of vigilance the notion of sustained attention or passive monitoring, this
means that the same phenomenon is described under different names, which makes difficult the
understanding and the measuring [2].

2.7. Teamwork

In aviation, teamwork is associated with Crew Resource Management (CRM) and in this context, a
team is represented by a group of individuals who have a common set of work performance goals and
who act with mutual responsibility [22].

It is worth to mention that the concept of teamwork evolved over the last 50 years. Initially it was
based on the cockpit management which involved only the crew (First Officer, Captain, Flight
Engineer/International Officers) and then it was focused on the connections with other workgroups
(flight attendants, dispatchers, gate agents, mechanics, loaders, and others). Besides, there is another
very important member, which is called “automation” and is represented by the on-board equipment
used for workload reducing and for increasing coordination safety. Moreover, the CRM importance of
this member is still rising, as the on-board automated systems are very complex and the crew size is
reduced [23].

In every team can exist breakdowns, which can negatively influence the communication between
colleagues, situational awareness, decision making and may lead to irritation, frustration, job
dissatisfaction, serious incidents or even accidents. That is why is important to monitor the teamwork
and to avoid the negative impact on team performance [10].

2.8. Communication

Communication may be sometimes misinterpreted, so in aviation oral communication is defined,
formalized and regulated. Further, written communication is defined by the Federal Aviation
Regulations (FARs) parameters, which include the airworthiness directives or airmen notices. The
communication between the crew is based on verbal, written and graphical protocols. However, the
misunderstandings still exist and can lead to significant number of aviation accidents. The failure of
applying protocols can be one of the accident causes, while other causes may be: the loss of situational

45



RECENT, Vol. 22, no. 1(63), 2021

awareness, the used of wrong information, the failure in building a situational shared model or other
reasons [17].

One example of aviation accident caused by poor communication is the Avianca Flight 052, which
flew from Medellin (Columbia) to John F. Kennedy International Airport (New York). This 707B Boeing
ran out of fuel and crashed over Long Island in 1990. According to NTSB investigations, the main causes
of the accident were two failures: (1) the poor flight crew management of the airplane’s fuel load, and
(2) the poor communication between the crew and the Air Traffic Controllers about the emergency
situation, before the full exhaustion of fuel. Other aviation accidents investigated by NTSB and which
were caused by communication problems are the United Airlines Flight 173 (1978), United 811 (1990),
United 232 (1990) [23].

2.9. Trust

Besides teamwork and communication, the crew performance is affected by trust. In aviation,
interpersonal trust represents the willingness of maintenance individuals’ trust in their co-workers,
especially regarding professional tasks and safety. This means that crew members should rely on one
another to complete the tasks or commitments. On the other hand, they should protect each other from
the unexpected hazard situations [23].

Besides interpersonal trust, pilots should trust their own experience and skills. The trust in yourself
is a part of metacognitive reflection and in some specific situations, is recommended the trust in the own
judgement, rather than the checking of a problem situation with some external tools [21].

2.10. Conclusion about factors

All the nine ergonomic factors are considered psychosocial factors, as they are studied in
correspondence with the individual’s psychology and with the social environment. Workload, Stress and
Fatigue are physiological, as they are responsible for activation of some physiological mechanisms
(metabolism, respiratory system, hormonal system, etc.) and there are a lot of measuring possibilities
(EEG, ECG, EOG, EMQG) for them, in comparison with measurements for the other six factors. Attention,
Vigilance and Situation Awareness are cognitive factors as they are associated with the information
processing. These three factors create confusion for researchers that is why there are not defined
boundaries between them. The last three factors, Teamwork, Communication and Trust are social
factors, as they can be analysed only in relationship with others (colleagues, management, and cabin
crew) Moreover, they are studied in Crew Resource Management discipline [8, 9, 10].

3. From Literature Review to Paper Contribution
3.1. Proposing the definition

The HPE is a relatively recent concept (2013) and was briefly studied in E. Tamsyn’s PhD thesis and
in the “Future Sky Safety” project. The PhD thesis explained the importance of the multifactor model for
analysing the Air Traffic Controller’s (ATC) performance, while the European project applied this
concept on pilots and offered a more detailed explanation.

According to it the HPE is “described as a construct combining a set of interdependent factors and
represented with a spider web model. Depending on the value of each factor, the resulting HPE could
evolve from fully acceptable to not acceptable. Even though a single factor could have a non-acceptable
value, it is assumed that the interaction should enable compensations among factors to be identified,
and consequently overall acceptability of HPE to be proven” [10].

The explanation is a complex one, so was proposed a more structured and summarized definition.
Human Performance Envelope is an ergonomic concept, based on the analysis of a set of nine
interdependent ergonomic factors, which influences the performance of the aviation workers (pilots and
Air Traffic Controllers) and is represented by a spider web model, used for the delimitation of the human
performance tolerance zone.

3.2. The boundaries setting
The HPE concept was further applied in other studies and during the research were found 9 articles
on this subject. Introducing the key terms “Human Performance Envelope” on such databases as: Web
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of Science, IEEE, Springer, Scopus, PROQUEST Central and the web search engine Google Scholar, was
found out a lot of articles on different subjects. After abstract reading, were downloaded only 34 articles
related to pilots or Air Traffic Controller (ATC) and of course to HPE concept. After a more detailed
analysis, only 9 articles were selected. These articles applied the HPE concept to pilots or to ATC.

After that, was done a literature analysis (summarized in the table 2), in order to understand what
was studied, what ergonomic factors were analyzed and what opportunities are for future studies. In
other words, were established the concept boundaries. Just one article isn’t in the table, as it offers
general information about a European project, “Stress” that will be implemented.

Table 2. Setting the boundaries of what have been already studied

The set of What was studied Authors What wasn’t studied
ergonomic
factors
1.SA Defining and explaining each e Graziani L, Study extension on the team,
2. Stress ergonomic factor, the relationship Berberian B., | not only on one of the crew
3. Workload | between them and proposing etal, 2016 members (captain or first
recovery measures if the pilot’s [9] officer).
For pilots | performance is out of tolerant e Kirwan B, The HPE model is more
zone. These measures include Wies M., et accurate if there are used
innovative human-machine- al,, 2019 more physiological
interface design, flight crew [24] parameters and in order to
monitoring and automation e Nixon J., determine some factors as
concepts. Further, determining the |  Pjlbeam C, vigilance and fatigue are
pilot’s performance limits using Kirwan B., required longer tests.
physiological measurements (e.g., 2019 [25]
HR, SDNN, HF, LF, VLF, eye e Chira A,
tracking), in order to apply an Dumitrescu
automation support for A, etal.,
performance recovery. Attention 2020 [7]
needs other methods of
measurement than stress,
workload or SA.
1. Workload | Determining human performance | e Arico P., Solutions for performance
2. Human in different conditions (high Borghini G., | rising which will take into
Performance | workload and low workload), etal, 2016 account more workload states
using physiological [26] (not just the studied ones).
For ATC measurements or some e NixonJ., Modulation methods of the 10
automation systems for Charles R, levels of automation according
maintaining the task level. 2017 [27] to mental workload.
1. Workload | Measuring the level of SA, using e Edwards T., | Extending the understanding
2.SA eye tracking physiological Homola ], et | of multifactor relationships, by
measurements. al,, 2017 adding more factors (fatigue,
For ATC [28] vigilance, teamwork).
and for Comparing multifactor e Biella M, Exploring the interaction
pilots relationships (workload, SA) on Wies M., between factors, in order to
the four levels of automation. 2017 [29] create an ecologically valid
understanding of the human
performance in association
with ergonomic factors.

As can be noticed from the above table, some ergonomic factors,

Workload, Stress, SA, are more

studied than the others, Fatigue, Teamwork, Communication, Trust, Attention and Vigilance. This
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happened because of the complexity of these factors, as they require more physiological measures,
maybe some sociological methods of measuring and much more time for testing. On the other hand, the
concept was applied for pilots in a simulation environment (Human-in-the-loop, AVES simulator,
complete flight simulator A320, fix simulator Boeing 737) and none of the experiments were done in a
real flight. Further, all the tests were applied on one pilot, but in real life flight depends on the decisions
taken by both crew members (captain, pilot officer). That is why is important to extend the HPE concept
on the team.

In future studies, it is proposed to create a HPE model, which will contain a set of factors, especially
the ones that are less studied. Then, will be selected the physiological measures and behavioral markers
for each factor, based on the literature review, and they will be tested on six pilots.

Moreover, it is proposed to extend the HPE concept on disabled workers from aviation. These people
need a special attention and a good treatment, as they can be good and motivated specialists. Their work
and importance are as precious as the others, but there need to be a special infrastructure, which will
allow them to do the job.

4. Conclusion

Even if aviation is in a continuously developing process, one major cause of accidents is the human
error. This is the reason why a lot of international organizations want to reduce the number of aviation
accidents by improving aviation safety and worker’s conditions. While this is possible if ergonomic
concepts or principles are correspondingly applied. Here comes the Human Performance Envelope,
which is considered a new paradigm in ergonomics and which contributes to performance
determination by using a set of human factors.

The possibility to choose and to combine the proposed nine factors offers a great variety of studying
models, measurements and interpretations. On the other hand, there are some ergonomic factors which
are studied more (Workload, Stress, SA, Attention) than the rest of the factors. This situation offers a
great opportunity for future studies, but these should be based on a deeper literature study concerning
the selected factors.

Furthermore, the proposed solutions for error reducing and performance growing are focused on
automation improvements and cockpit changes, while there can be some other solutions with a more
social and individual accent, like trainings, workshops or social programmes.

Altogether, Human Performance Envelope concept is something new and can be used as a base for
different interesting studies, which will lead to pilot’s performance grow and, in consequence may be a
measure for reducing aviation accidents.
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