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Abstract 
The goal of this research is increased safety in aviation. Aviation is a highly 
automated and complex, as well as, safety critical human-machine system.  
The pilot communicates with the system via a human-machine interface in 
cockpit. In an alerting situation this interface is in part an auditory alerting system. 
Human errors are often consequences of actions brought about by poor design. 
Pilots complain that they may be both disturbed and annoyed of alerts, which may 
effect performance, especially in non-normal situations when the mental workload 
is high. 
This research is based on theories in ergonomics and cognitive engineering with 
the assumption that improved human performance within a system increase 
safety. Cognitive engineering is a design philosophy for reducing the effort 
required by cognitive functions by changing the technical interface, which may 
lead to improved performance. 
Knowledge of human abilities and limitations and multidisciplinary interrelated 
theories between humans, sounds and warnings are used. Several methods are 
involved in this research, such as literature studies, field studies, controlled 
experiments and simulations with pilots. 
This research defines design requirements for sounds appropriate in auditory 
alerts as Natural Warning Sounds. For example, they have a natural meaning 
within the user’s context, are compatible with the auditory information process, 
are pleasant to listen to (not annoying), are easy to learn and are clearly audible. 
A design process for auditory alerting systems is suggested. It includes methods of 
associability and soundimagery, which develop Natural Warning Sounds, and 
combines these with an appropriate presentation format.  
Associability is introduced and represents the required effort to associate sounds 
to their assigned alert function meaning. An associable sound requires less effort 
and fewer cognitive resources. 
Soundimagary is used to develop soundimages. A soundimage is a sound, which 
by its acoustics characteristics has a particular meaning to someone without prior 
training in a certain context. 
Simulations of presentation formats resulted in recommendations for cancellation 
capabilities and avoiding continuously repeated alerts.   
This research brings related theories closer to practice and demonstrates general 
methods that will allow designers, together with the users of the system, to apply 
them in their own system.   
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Preface 
Every study is dependent of the environment in which it is being carried out. And 
every study is also much dependent of the researcher behind the study and 
perhaps even more so when the researcher initially has a background in a field 
different from the research area. In interdisciplinary studies teams with researchers 
with complementary backgrounds can compensate for knowledge gaps but every 
individual researcher still has an individual interest and way of looking at the 
research. By describing my academic background and professional career before 
performing this research I hope to demonstrate how and why this research came 
about.  

The researcher 
I have a Master’s degree in mechanical engineering, specialized in machine 
elements from the Royal Institute of Technology, KTH, in Stockholm. Parallel to 
my technical studies I had an interest in space activities and astronomy. Right after 
my graduation I attended 10 weeks of space studies and decided that I wanted to 
work in that field. The International Space University, ISU, offered an 
interdisciplinary curriculum, and 100 students, from 28 countries with many 
different professions and field of studies, attended. I soon understood that in this 
group it was more a rule than an exception to be a Ph.D. student. This inspired 
me and I thought for the first time of further academic studies. 
My first job was indeed space related but I only worked six months before my 
attention was caught by an advertisement for a Ph.D. student placement within a 
human-machine system group at KTH. They described the need for engineers to 
design systems with consideration taken to human abilities and human limitations. 
The systems were complex and highly automated, but still operated by humans. 
The research was described as interdisciplinary. 
I already had a fascination of humans in complex systems, namely astronauts and 
cosmonauts. I had an understanding of the importance of interdisciplinary teams 
working with these systems and had a positive experience of working in such 
teams. Without meeting so many Ph.D. students at ISU I would probably not 
have noted the advertisement at all and especially not as something for me.  
As described in the placement advertisement I was to perform ergonomics 
research with a user-centered design philosophy.  
 

Preparing for research 
As a Ph.D. student in ergonomics I initially needed to acquire knowledge of 
humans, human-machine interaction and automation. This was covered by 
courses and books at our own division of industrial ergonomics and with help 
from my supervisor Professor Mårtensson (psychologist and professor in human-
machine systems). Prof. Mårtensson and Dr. Singer (engineer and test pilot) had 
an ongoing research project, “Warning systems in commercial aircraft”. One 
identified problem area was the auditory alerting system. I was offered to take on 
that problem for further research and I accepted. 
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About this time an organization was established in Sweden called The Swedish 
Center for Human Factors in Aviation, HFA, which was a joint venture between 
aviation related industries, air force, airlines, civil aviation authorities and 
administrations, universities (KTH and others) and researchers in the field. 
Through HFA I was given the opportunity to attend aviation related short courses 
and seminars in the field of ergonomics/human factors, human-machine systems 
and cognitive engineering and meet with both researchers and pilots in the 
aviation community. 
At this time cognitive engineering only meant to me to design things that fit the 
user’s brain in the same sense that an ergonomic pen fits the user’s hand but it 
soon grew to a special interest. 
To learn what sounds that would “fit the brain” I needed to know more about the 
human brain. I attended a cognitive science course in Sophia, Bulgaria. I took 
courses at the Center for Information Technology and Cognitive Science, an 
interdisciplinary collaboration between many universities in Stockholm. Sound 
and hearing was still a complete blank and I therefore attended a doctoral course 
in physiology of and psychology of hearing together with linguists at the 
University of Stockholm. I also visited three human-machine systems, an intensive 
care unit, a nuclear power plant simulator and an airplane cockpit and analyzed 
their auditory alerting systems. Auditory alerting systems, which at first were only 
a research area, now, after learning about them, the ear and hearing, became my 
research area. I was very enthusiastic and now I wanted to meet researchers who 
shared this interest. 
I found them at a conference in Tampere in Finland. We bonded immediately and 
I am certain that this was a very important step, a great leap forward in my 
research. Without any formalities Professor Edworthy (psychologist at Plymouth 
University, UK) and Dr Haas (systems engineer at US Army Research laboratory, 
USA) became supporting advisors in my own interdisciplinary network. They 
opened the door to auditory alerts research and I could discuss my first ideas with 
them. 
With a user-centered approach in aviation it was important to do experiments 
with pilots and also in a setting as close to the flying environment as possible. 
Cost and safety make simulators the only alternative. One partner in our research 
project was an airplane manufacturer and early we discussed the possibility to 
upgrade their simulator with an auditory interface. Unfortunately the simulator 
was shut down. 
HFA announced a scholarship, which I applied for and received. This opened up 
an opportunity to search for simulator help elsewhere. Dr. Haas told me about 
Dr. Simpson (linguist, pilot and human factors researcher at NASA Ames 
Research Center, USA) in California that did research similar to my proposal. I 
called her and asked to meet with her to discuss joint research. Again personality 
matched and after a year of bureaucracy I became possibly the first Swedish Ph.D. 
student doing research at NASA.  
Dr. Simpson together with her coworker Mr. Gardner (engineer and military 
helicopter pilot) gave me the opportunity to do simulator research with helicopter 
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pilots and taught me a methodology for listening studies, which we also 
performed with pilots. 
Dr. Simpson, perhaps most important of all, greatly enhanced my understanding 
of pilot performance and flight procedures by giving me the “flying-bug”. I think 
I caught it when she flew me on low altitude over the Golden Gate and circled 
Alcatraz and the city of San Francisco. This resulted in that I took 20 hrs of flying 
lessons at San José international airport. I got as far as having only to do one 
power-on stall before doing a solo-flight. Our office was situated at an airport 
since NASA Ames is collocated with the frequently used Moffet fields. I was in 
daily contact with aviation and on top of this “Dr. Simpson the aviator” is a proud 
owner of a Cessna 140 from 1946, a Bell-47 J2 helicopter from 1955 and a Lake 
Buchaneer LA-4/200 seaplane from 1961, in which all I got rides in. Not only did 
this give me understanding of aspects such as flying, alert functions, my research 
and pilots, I was also more understood and respected by other pilots which 
enhanced our communication. 
 

 

       -The author 
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"The present lunar module weight and descent 
trajectory is such that this light will always 
come on prior to touchdown (on the Moon). 
This signal, it turns out, is connected to the 
master alarm. -How about that! In other words, 
just at the most critical time in the most critical 
operation of a perfect nominal lunar landing 
mission, the master alarm with all its lights, 
bells and whistles will go off. This sounds right 
lousy to me...If this is not fixed, I predict the 
first words uttered by the first astronaut to land 
on the Moon will be -Gee whiz, that master 
alarm certainly startled me.   

(Internal memo trying to modify a fuel warning alarm 
computation and how it was linked to the alarm handling 
system for the lunar landing craft from Murray and Cox, 
1990)."              - In Woods, 1995, p. 2372 

 

 

 

1 INTRODUCTION 
The field of study in this research is ergonomics and human-machine systems. 
This research has been focused on aviation, which is a highly automated and 
complex as well as safety critical human-machine system. The author’s interest of 
human aspects in these kinds of systems started in space, or in studies of space, at 
the International Space University, ISU. It is fascinating how astronauts and 
cosmonauts lay their lives in the hands of engineers. However this is also true for 
every airline pilot, who have passengers in the cabin as well, and for all operators 
in a safety critical human-machine system. These systems have humans and 
technology that closely interact and that are unsafe in case of a critical failure or 
mistake. The complexity of the systems technology is a property that in many 
cases can be a high-risk factor within the systems themselves (Perrow, 1984, p.63). 
Needless to say engineers have a great responsibility to all these human operators! 
Aviation has evolved into a very safe transportation system. However, despite the 
fact that air traffic has not become any less safe, the number of headlines with 
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airplanes accidents becomes more frequent due to both increased air traffic and 
media coverage across the world. Every time there is a headline, even without 
casualties, airlines experience a loss of passengers and money (Graeber, 1998). 
Civil aviation authorities set higher safety goals, for safety and efficiency. 
Human errors are said to be responsible for 60-80% of all accidents (Perrow, 
1984, p. 9). In aviation the pilots are commonly pointed out and statistics from 
1956-1996 ascribe 73.3% of the accidents to the cockpit crew (Graeber, 1998).  It 
can also be argued that errors of humans are responsible for 100 % of all 
accidents, except for the accidents we can blame forces of nature. Errors causing 
accidents can many times be traced back to many causes of which the operator’s 
error only happened to be the last or “active error” in a trajectory of events 
(Reason, 1990, p.173). The point is that human errors often are consequences of 
actions brought about by poor interfaces, system induced errors or surprises 
(Wiener, 1977; Sarter and Woods, 1992; 1994). These errors originate from all 
levels of the system as a whole, including people in management, regulation, 
system development, and engineers such as programmers and designers, and we 
are all certainly human, too.  
Automation has affected humans in both positive and negative ways. Systems can 
be used today that would not have been possible without automation, such as 
nuclear power plant and aviation, and automation has eliminated many heavy 
and/or dangerous jobs in the industry. But, it has left a remaining problem that 
can be summarized as the “ironies of automation” (Bainbridge, 1983, p.151-157). 
It is left to the operator to do what is not yet possible to automate, or to operate 
the system in unexpected non-normal situations, when automation fails. This 
often leads to a very uneven task distribution between the operator and the system 
technology. In normal situations the workload is very low with much surveillance. 
In non-normal situations the workload is very high with time pressure, uncertainty 
and, in a safety critical system, all this at very high stakes. Despite this 
environment human operators tend to do right most of the time! 
Spatially the pilot is isolated from the real process or system by a cockpit. All 
communication with the system is carried out via a human-machine interface 
usually a display and a control panel. The pilot crews have a good presentation on 
their display of the aircraft system status, navigational position and predicted flight 
path in normal situations, but the use of alerts and warnings is necessary in 
providing relevant information in a non-normal situation. Through the interface 
visual information as text, symbols, lights and audio information as signals, voice 
messages, as well as tactile stimuli, are presented and must provide good 
communication between the pilot and the aircraft. Their main purpose is to alert, 
inform and guide the pilot, in this order (Hawkins, 1987).  
In December 1991 an aircraft accident occurred in Sweden. An MD-80 lost the 
power of both engines at low altitude only 77 seconds after take off. All 123 
passengers survived the crash landing. The accident was analyzed from a human 
factors perspective (Mårtensson, 1995 a, b). The loss of power resulted in many 
consecutive failures.  
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One of many alerts heard was the autopilot disconnect and Ground 
Proximity Warning System (GPWS) signaling “whoop-whoop-terrain” and 
“whoop-whoop-pull-up”. Coming through the clouds 15 seconds before 
impact, the pilots knew it was only basic flying left. They even told the air 
traffic controller," -We are crashing to the ground...” The GPWS still 
advised “terrain-whoop-whoop-pull-up” over and over again. It continued 
to do so until they hit the ground… (Mårtensson, 1995 a, p. 169). 

 
In an alerting situation like this one, “all the lamps are blinking and there are a lot 
of warning sounds in the cockpit. It is really a terrible environment“ (Mårtensson, 
1995 a, p. 169). It stood clear that the pilots had been overloaded with 
information, and the auditory alerts were a part of this and repeatedly sounded all 
the way down to impact.  
Problems identified with alerting systems formed the base for a research project in 
which interviews with pilots for various commercial airplanes were conducted 
(Mårtensson and Singer, 1998). It was found that pilots in a warning situation with 
multiple failures were discontent with the presentation of auditory warnings. Some 
of the comments by pilots in these interviews were:  
 

 

- So many aural signals may be 
confusing. 
 
- Can't separate the sounds, do 
not like voices. 
 
- Pling-plong, meaningless! 
 
- Chime and horn difficult to 
separate. 
 
- Been confused. 
 
- Aural warning may aggravate 
the work load. 
 
- Very distracting sound. 
 
- It would be good to be able to 
turn the sound off so one could 
think. 

- Imagine lots of voices during 
take-off or landing, terrible. 
 
- SELCALL during critical landing, 
made me unintelligent. 
 
- Can't hear radio traffic for all 
the sounds. 
 
- Turn off sounds or at least 
minimize duration! 
 
- Fire alarm too high intensity. 
 
- Stick shaker and over-speed at 
the same time... no inhibitor. 
 
- Auto-pilot disconnect, you 
forget to push a second time.
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These comments can be related to different issues in auditory alert design, mainly: 
 

1. The type and number of sounds (meaning, confusion, distraction). 
2. Presentation format and system logic (prioritization, cancellation, duration, 

intensity). 
3. Most comments above describe the combined problem of sound and 

system design. 
 
When things are normal, with only little information at the time, pilots in 
commercial aircraft generally are very satisfied with the signals and voice 
messages.  In emergency situations voices and signals can easily be masked by 
other signals from the alerting system, ground control and background noise. 
Other issues of non-normal situations are described in what is called the alarm 
problem:  
 

The periods where alarms are densest are also likely to be those periods of 
highest cognitive load and task criticality for practitioners. It is precisely 
during these periods of high workload that technological artifacts are 
supposed to provide assistance. However, this is the time period where 
nuisance alarms will occur, where poorly designed alarms distract and 
disrupt other tasks, where diagnostic search is most difficult and where 
there is the need to act to prioritize information processing tasks. 
Operational personnel can have difficulties in identifying, prioritizing and 
responding to abnormal conditions despite the presence of various types of 
alarm... (Woods, 1995).  

 

It could be argued that it is because of the poor designs of alerts in these situations that 
the operators are both disturbed and annoyed, not despite the presence of alarms as 
given in the text. 
It should be remembered that it might not always be the sounds themselves but 
the total amount of visually/auditory presented information and combination of 
these that the complaints are based upon. Commonly stated issues are still that 
auditory alerts are too many, too loud, they need to be learnt, they are not mapped 
between urgency and the alerting situation, and they are easily confused among 
each other (Edworthy, 1994; Haas, 1995; Noyes, Starr, Frankish and Rankin, 1995; 
Patterson, 1982; Simpson, 1997; Stanton and Edworthy 1999). Traditionally 
sounds have been assigned arbitrarily and the pilots have had to learn their 
meaning and consequently recalled them in memory when heard. A failure or 
malfunction situation is rare and some alerts are therefore seldom heard. This 
might also contribute to memory demands on the pilots if the alerts are not 
obvious or easily recognized. When an auditory alerting system has poor design it 
gives little information or guidance, which contributes to extensive workload for 
the operator, especially in a non-normal situation.  
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With an improved design auditory alerts even have the potential to alert as well as 
to inform and guide the pilot without the pilot having to look down or change 
visual focus from an ongoing task. This increases the time possibly spent flying 
head-up plus enhances the performance in cases of low visibility and at other 
visually demanding times and should contribute to increased safety (Patterson, 
1982; Edworthy, Loxley and Dennis, 1991; James, 1997). In non-normal situations 
there is generally an increase of communication among the pilots as well as 
between the pilots and both the aircraft and ground. This communication could 
be improved with a better auditory alerting system and this could contribute to 
better performance and safety.   
In older airplanes there were fewer alerting functions and even fewer that was 
signaled by sounds than there are today. Each alert had a unique sound. When 
automation and complexity increased, the number of functions increased. The 
alert sounds for these functions consequently increased too and were found to be 
hard to remember and discriminate among each other (Patterson, 1982; Boucek, 
1999). For many years the aircraft industry made an effort to reduce the number 
of alarms in the cockpit so as to avoid information overload. One airframe 
manufacturer has managed to consolidate systems warnings down to two signals, 
which differ in two levels of urgency, instead of having an individual sound 
assigned to each function. This means that the only function of the sound is to 
alert the pilot and not to inform or guide, which is left to the visual display. The 
two auditory signals for warning and caution are despite the design intent of the 
manufacturer still not the only auditory alerts in the final aircraft. Flight parameter 
auditory alerts are still in use and regulations from Federal Aviation Authorities, 
FAA, require additional systems with auditory alerts. These are stand-alone 
alerting systems added after the aircraft has been designed and manufactured. See 
Mårtensson and Singer (1998) for a review of different design and design 
philosophies of alerting systems across commercial airplane types and 
manufacturers. 
 

1.1 Aims of the thesis 
The overall goal of this research is increased safety in aviation. This research is 
based on theories in ergonomics and cognitive engineering with the assumption 
that improved human performance within these systems increase safety. 
Furthermore, minimizing cognitive effort for the pilots through a better human-
machine interface design increases their feeling of directness to the system as well 
as increases the overall system performance (Norman, 1986; Rasmussen, 1986).  
The interface considered in this thesis is the warning system and the specific area 
of interest is auditory alerting systems and the sounds in the auditory alerts and 
their presentation format. “Interface design may encompass the design of both 
the physical and cognitive component of the interface” (Czaja, 1997, p.37). In this 
research auditory interface design do encompass both a cognitive component and 
a physical component.  
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The aims of this thesis are: 
 To describe properties that sounds should have to be efficient as 

auditory alerts. 
 To suggest in which format the auditory alerts should be presented. 
 To suggest a design process that can be used for design of auditory 

alerting systems. 
 
The first aim relates to the cognitive component such as information 
representations and content and the second aim to the physical components 
including size and shape of the alerts for example repetition rate and amplitude. 
 

1.2 Outline of the thesis 
Preface: The preface gives a personal description of the authors “journey” from 
start to end.  
Chapter 1. Introduction: In this chapter the problem is identified and this field of 
research is introduced. The aims of this research are presented and the outline of 
the thesis is described. 
Chapter 2. Ergonomics and Cognitive Engineering: The field of ergonomics is 
presented as well as the focus on the human but also the goal to design for 
humans within a technological system for safety and efficiency. Of much 
importance for the following research is cognitive engineering and user-centered 
design processes. This gives an idea of the delimitations of this research of 
interface design. 
Chapter 3. Theories: Humans, Sounds and Warnings: In this chapter several 
different theories are reviewed. Except for the many theories it also shows the 
multidisciplinary approach to this research.  
Chapter 4. Methods: The research methods that have been used in this research 
are described in general but also in more detail for every phase and study. The 
different work phases in time are presented. 
Chapter 5. Summary of Papers. A summary of each paper (Paper I-VII) that is 
found in the appendix is presented. It gives the reader a brief understanding of the 
different contributions that the content of each paper has given to this research 
and also as a guide for further reading on a specific topic or study. 
Chapter 6. Results: Main results from the research are given. Theoretical results 
such as the different theories relevance to auditory alerts interface design in 
accordance to cognitive engineering are explained. The experimental results are 
presented as methods and as contributions to a design process that is presented. 
Chapter 7. Discussion.  In this chapter the results and their interconnections are 
discussed as well as the research as a whole.  
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Chapter 8. Conclusions: The goal and aims of this research are discussed in 
relation to the results. Design requirements for efficient auditory alerts, Natural 
Warning Sounds, are presented as well as a design process for Natural Warning 
Sounds. This thesis is ended with ideas for future research. 
Appendices 1-7: The appendices are the original papers (Papers I-VII) as a whole. 
 

1.3 Delimitations 
This research is limited to the human-machine system of pilots and the warning 
system. This includes pilots interacting with other pilots and pilots interacting with 
the aircraft. Every individual has its own mental model of the system, so in fact 
there is one human-machine system for each and everyone working in the same 
system (Moray, 1996, p.3). Even if each and every individual is not understood, 
humans will here be generalized to have certain common abilities and limitations 
unless a certain quality for a special individual or group is mentioned. The 
interpersonal interfaces are not discussed further than in general communication 
terms. The standardized phraseology among pilots and co-pilot read-outs is not 
reviewed. 
In the aviation system the air traffic control, ATC, has an important role of 
communicating with the pilots, especially in a non-normal situation within a 
controlled airspace or airport. Despite this, ATC is not included in this thesis. 
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2 ERGONOMICS & COGNITIVE ENGINEERING 
Humans are by nature very adaptive to the environment. Technology is not. This 
has long been the reason to let humans adapt and even conform to technology. 
Today it is of great interest to use the full capacity of the human, especially in 
systems where humans and machines interact closely and together form a system. 
This will be possible only by creating an advantageous environment for the 
human. The science of ergonomics has a long history. Main focus and activities 
vary in time and are influenced by how we value humans, in general, and especially 
in relation to technology. The field is also strongly influenced by the technological 
developments as well as scientific ideals and perceived problems of the time. An 
ergonomics goal is to change from a technological centered view, as in 1933, to a 
human-centered view as below. 
 

Science Finds 
Industry Applies 
Man conforms 

Motto of the 1933 Chicago World’s Fair 
 
 

People Propose 
Science Studies 

Technology Conforms 
A person-centered motto for the 21st century 

 
(Norman, 1993). 

 
 
Ergonomics is an applied science and the main purpose of ergonomics is design. 
Ergonomics uses knowledge of human abilities and limitations for the design of 
systems, organizations, works, machines, tools and consumer products, for safe, 
efficient and comfortable human use (Helander, 1997, p. 4).  

2.1 Human-Machine Systems  
The research discipline of human-machine systems (HMS) is gradually evolving 
into a science of its own (Meister, 1999). As early as in the 1940’s one approach 
was called industrial psychology and man-machine systems (Tiffin and 
McCormick, 1942) with a special field for human engineering including the design 
and organization of equipment, work areas and work environment in accordance 
to and in terms of human abilities and limitations. The approach is mostly the 
same today even though technology has changed dramatically since then and 
consequently work has changed too. A basic assumption is that there is a 
relationship between the human and machine when operators are working within 
a human-machine system. Sheridan (1986, p.1) defines work with human-machine 
system as “the analysis and synthesis of systems in which both human and 
machine interact closely”.  
In highly automated and complex human-machine systems, such as aviation, 
information overload may complicate problem solving and decision-making. This 
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is assumed to affect human performance and safety in safety critical human-
machine systems and is closely related to human performance and human error 
(Reason, 1990).     
By choosing appropriate level of automation and systems intelligence we aim to 
control the distribution of tasks and responsibility between the system and the 
operator. Education and training in simulated situations are necessary to learn 
how the system works. One thing is to decide who does what and when, and as 
Rasmussen (1998, p.11) argues, why this is to be done, to know the intended 
control strategy. Another issue is to support the operator with intended and 
relevant information at the right time to enable a good communication with the 
system, usually through an instrument panel or display. The question here is what 
information is needed and should be presented.  
Yet another issue is to design technology that supports the presentation and 
representation of the information. It is not enough to present the needed 
information, it needs to be presented in a way that “enhance human abilities and 
overcome human limitations” (Rouse, 1991, p.163; Tiffin & McCormick, 1942, 
p.460). This is the question of how to present the needed information. With a bad 
interface operators will be constrained by technology, instead of helped. Through 
a good interface information processing is achieved with less effort.  
Some parameters in a human-machine systems cannot be changed or improved 
no matter how clever the designer is. In many cases our desires of technology 
improvements lie far beyond the technology development and our expectations of 
human performance sometimes by far exceed human capabilities. Designers can 
however often improve the way existing technology is used. Things that actually 
can make a change in human-machine systems as well as in the way technology is 
applied are limited, especially on the human side of the system. Operators can be 
educated and different training methods can be used, for example simulator 
training and crew resource management. Operators can be selected based upon 
personal characteristics that are believed to enhance performance. 
Where the improvements will be most effective and have greatest impact on safety 
and most positive effects on work is far from given. Even if a researcher can 
demonstrate improvements these might not be implemented for various reasons 
as priorities in the organization, trends and politics, economy and other 
organizational resistance. In safety critical system, certification and standardization 
are time and money consuming. The tradeoffs in this prioritization are hard. In 
development of new aircraft many methods are used. A remaining problem is that 
inadequate certification materials result in deficient solutions, which make the 
certification test work more difficult (Singer, 2000). 

2.2 Cognitive Engineering  
Ergonomics is a field of research that evolves and grows together with technology 
development and increased automation. The focus on design and application has 
also changed with the complexity of the systems for example the field of interface 
design. This creates a need for new approaches with new challenges for engineers. 
In design we need to apply knowledge about information processing and human 
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cognition. Within the field of ergonomics this has emerged to Cognitive 
Engineering (Czaja, 1997, p.19).  
The term cognitive engineering is similar to other terms and is sometimes used 
interchangeable with Psychology Engineering and Cognitive Ergonomics. 
Norman writes: “Cognitive Engineering, a term invented to reflect the enterprise I 
find myself engaged in: neither Cognitive psychology, nor Cognitive science, nor 
Human Factors. It is a type of applied cognitive science trying to apply what is 
known from science to the design and construction of machines” (Norman, 1986, 
p. 31). Cognitive Engineering has also been described as the combination of 
Psychology Engineering and Cognitive Ergonomics applied to the real world 
(Graeber, 1998). 
With the development and enormous increase in use of personal computers the 
human-machine interaction knowledge became a growing topic of interest. The 
four prescriptions for design principles for human computer interfaces (Norman, 
1986) are relevant also to human-machine system interface design and are much 
influenced by principles in industrial ergonomics. These are: 
 

1) Create a science of user-centered design.  
2) Take interface design seriously as an independent and important problem.   

 First, knowledge of design, of programming and of the technology 
 Second, knowledge of people, of the principles of mental computation, 

of communication, and of interaction; and 
 Third, expert knowledge of the task that is to be accomplished.   

3) Separate the design of the interface from the design of the system.  
4) Do user-centered system design: Start with the needs of the user.  

These principles are not prescriptions for design. They do not say how to reach 
these goals or a design process and methods, but are merely a design philosophy. 
The cognitive functions encompass perception, attention, memory, judgment, 
decision-making and problem solving. Cognitive engineering is a comprehensive 
subject for reducing the effort required by these functions by changing the 
technical interface, where communication between the system and the operator 
occurs, which may lead to improved performance (Norman, 1986; Rasmussen 
1986; Roth, Patterson and Mumaw 2002). 
The ease of use of an artifact is coupled to the word directness and direct use or 
manipulation (Hutchins, Hollan and Norman, 1986, p.93). 
 

At the root of our approach is the assumption that the feeling of directness 
results from the commitment of fewer cognitive resources. Or put the other 
way round, the need to commit additional cognitive resources in the use of 
an interface leads to the feeling of indirectness (Norman, 1986, p.32). 
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Cognitive Engineering is:   
 

To come to understand the issue, to show how to make better choices 
when they exist, and to show what the tradeoffs are when, as is the usual 
case, an improvement in one domain leads to deficits in another (ibid.). 

 
To do Cognitive Engineering two major goals need to be reached (ibid.):  

 “To understand the fundamental principles, behind human action and 
performance, that are relevant for the development of Engineering 
principles of design.” 

 “To devise systems that are pleasant to use- the goal is neither efficiency 
nor ease of power, although these are all to be desired, but rather systems 
that are pleasant, even fun: to produce what Laurel (1986, p. 85) calls 
“pleasurable engagement”.  

2.2.1 Displays and control panels 
“A display…is a surface that has been shaped or processed so as to exhibit 
information for more than just the surface itself” (Gibson, 1979, p. 42). 
Civilization has somewhat restricted our access to our environment by artificial 
interfaces. In a human-machine system the world is even more narrowed and an 
isolated operator in a control room moves around in a very poor environment in 
comparison to a non-artificial world. The displays and control panels use mainly 
visual information and in comparison few auditory stimuli. The process behind 
the display is not directly in access. The only way for the operator to communicate 
with the system and vice versa is through this interface.   
Visual display designs are most common and have lately concentrated in adapting 
to the natural features of how we look for information. Flashing lights, colors, 
angles, graphs and diagrams are used to visualize the represented information. 
Depending on the presentation we can read, see trends or understand arbitrary 
symbols whose meaning we have learnt.  

2.2.2 Direct manipulation 
Steering a car is a simple action. By turning the steering wheel in an intended 
direction the wheels of the car steer the same way. Through the windscreen 
feedback is given if the turn is too large or too small or if the car is going straight 
and it is easy to correct if desired. It should be clear that the manipulation itself, 
the output, is much dependent on the input or feedback and information given as 
well as goals and intentions of the driver. If, for some reason, it became 
impossible to see anything through the screen a new interface would be needed. 
Much of the information used in a normal situation of steering the car needs to be 
included and represented in the interface so that the experience of driving the car 
feels as “direct” as before. 
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Direct manipulation is much a matter of both setting the scene and sometimes, as 
in a theatre (Laurel, 1986, p. 68) enhancing a scene, and provide direct 
manipulation artifacts for actions. 

2.3 Human-centered design 
Human-centered design has been approached on several levels of design (Rouse, 
1991). For example:  
 

-the system level where the focus lies on organization and defining the 
context and domain in which the human is operating (Hollnagel, 1998),  

-the task or job level (Rasmussen, 1986) where focus lies on defining the 
task and the job that the human performs  

-the interface design level (Norman and Draper, 1986).  

 

In cognitive systems design (Hollnagel, 1998) as in most design all levels should be 
involved since none is separate from the other. Nevertheless this research focuses 
on the interface design level.  
The terminology user-centered design and human-centered design are much used 
as the same. Although the meaning of a human is different from a user. A user is a 
human within a context in which for example a machine or interface is used. A 
human can easily be associated to human specific abilities and limitations that 
have evolved in nature, characteristics that can be said to be general for almost 
every human as for example knowledge gained from experimental psychology. 
The user on the other hand is an expert in his or her domain and this is extremely 
important as stated in ergonomics theories. User specific abilities concern both 
human specific and user domain and context specific abilities. 
User-centered or human-centered design means that the human is included as well 
as technology. The opposite, technology centered type of design often relates to a 
design which does not include the human at all or very little. This can be 
compared to the technology-centered vs. a human centered view in the mottos on 
page 9. 

2.3.1 Design processes 
Design processes for system development are needed and these are dependent of 
the skill of researchers and practitioners and how well we manage to formulate the 
requirements and demands as well as understand humans and technology in order 
to make the best of both.  
A common view of system design processes is the linear sequence of activities, 
which step by step leads to the next, with loops of evaluations. This process was 
in the past isolated from the involvement of the humans in the system and it was 
lacking a broader view of the system as a whole. When the design is intended for 
humans a design process in which the human is in the center and involved is 
necessary. Design processes for participatory and user oriented design were 
developed.  
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The design processes of both engineering and ergonomics are iterative, involving 
repeated cycles of design and evaluation, starting with formulating the right 
problem and then designing an appropriate solution and developing it to perform 
well and assuring user satisfaction (Rouse, 1991; Wickens and Hollands, 2000).  
A human-centered design process (Figure 1): starts with the need of the user, 
requires understanding and specification of the context as well as organizational 
and user requirements. The design initially use prototypes which are evaluated 
according to goals and requirements specified. Iterative modifications are possible 
before the design fulfil goals and requirements.  

 
Human centered design process  

 
 

 
   

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1. Model of human-centered design according to ISO 13407 from 1999. 
 

The design objectives are to support humans to achieve the operations and 
objectives for which they are responsible (Rouse, 1991; ISO 13407, 1999). Several 
methods are involved in this process. For example; user studies, studies of current 
design, controlled experiments and evaluation, use of guidelines, usability testing 
and requirements definition (Newman and Lamming, 1995). 

2.3.2 A user-centered design process for auditory 
warnings 

An attempt has been made to develop a user-centered design process for auditory 
warnings (Edworthy and Stanton, 1995), Figure 2. It is based upon an existing 
international standardized method for evaluating public information systems 
(ISO/DIS 7001: 1979). The effectiveness of this design method has not yet been 
tested in practice (Edworthy et al., 1995). A user-centered approach allows the 
user to have some input into the design of the warnings. The adapted process 
includes stages, as establish the need for warning for given referent functions, include 
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Fulfils goals and 
requirements. Understanding and 

specifying the context.

Produce design 
prototypes. 

Specifying 
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Need for user-centered 
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existing and modified sounds as well as new trial sounds, run an appropriate ranking test of 
the sounds, design trial warning set based upon the results so far, a learning and 
confusion test will show if alerts within a set will be confused perhaps because of 
similarity of sounds or function, urgency mapping test will make sure the mapping 
between the signal and situation is appropriate in terms of urgency, design prototype 
warning set, do a follow-up recognition and matching test where simply respondents hear 
sounds and are asked to map these to appropriate warning function, generate 
standardized verbal description both in verbal descriptions of type of sound and a 
more acoustical description that would allow reproduction of the sounds and finally 
an operational test in a realistic setting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A user-centered design process for auditory warnings (Edworthy and Stanton, 

1995). It is based upon an existing international standardized method for evaluating 
public information systems (ISO/DIS 7001: 1979). 

 
In this design process the complex relationship between acoustic structure and 
association is not explored. This matter has not been explored to any great degree 
elsewhere either (Edworthy et al. 1995). 
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3 THEORIES: Humans, Sounds and Warnings 
The theories reviewed here are multidisciplinary and interrelated between theories 
of humans, sounds and warnings, for example theories on cognitive functions, 
sounds and hearing, but also on applied earlier research, as well as guidelines and 
standards on auditory alerts.  

3.1 Human Information process 
Perception of the world through our five senses has its origin in the evolutionary 
need to survive in a changing environment. Humans can hear and see, but when 
humans seek to avoid dangers we do it actively by listening and looking. There is 
an important difference between listening and hearing and our perceptual system 
is made for searching information rather than just passively receiving it.   
None of our perceptual systems are used unrelated to each other. They are 
interacting and complementing each other all the time. For example, the moving 
of the head, eyes and arms is used as a complement to the systems of listening, 
looking and reaching for something. When listening we move our head to locate 
the source in space as well as actively select this sound from all the rest of the 
sound environment constantly surrounding us and the eyes also help focusing at 
the source of sound by looking at it.   
Visual displays transfer most of the intentional information in human-machine 
systems. Little information is intentionally transferred via sound, odor, touch or 
taste even though it could be useful. This is mentioned here as a reflection over 
how much of our “natural” information processing that is disregarded in many 
human-machine system interfaces.    
Cognition can be referred to all processes by which sensory input is transformed, 
reduced, elaborated, stored and more often discussed in the information process 
as sensation, perception, imagery, retention, problem-solving and thinking. There 
are many theories concerning the human information processing and Wickens 
(1992, p.17) describes one simplified model, see Figure 3. Stimuli from the 
environment reach our senses for example through our eyes, ears and nose. The 
stimuli are stored in a short term sensory storage and then perceived, perhaps 
recognized and /or remembered and somehow related to the existing situation 
and after some thought and decision making a selected response is executed. The 
outcome gives feedback through new stimuli. 
The most discussed part of this process is how information is “stored” in memory 
and three of the most prominent models have been reviewed (Wallace, Alastair 
and Davies, 2003). One widely accepted theory is the “stage theory” based on 
work by Atkinson and Shiffrin (1968) where information is stored in memory in a 
discontinuous manner from one stage to the next. In this model cognition is more 
often referred to as a higher-level stage after sensation and perception. Another 
theory is the “levels-of-processing” presented by Craik and Lockhart (1972) with a 
continuous process from perception, through attention, to labeling and meaning, 
saying also that all stimuli are stored in memory and depending on levels of 
processing the ability to access or retrieve that memory varies. Later the parallel-
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distributed processing and connectionist model (Rumelhart, Hinton and 
McClelland, 1986) have been proposed where information is processed and 
distributed simultaneously throughout several different parts of a single memory 
system.  
Wickens simplified model is chosen here only to serve the purpose of visualizing 
the different parts of information processing, common for the reviewed models. 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 3. Wickens’ model of the information process (Wickens, 1992, p.17). 
 
 
The ways the terms cognition and perception are used varies somewhat in the 
different theories. Both may very well lead to the same conclusions about some 
feature in the environment leading to the same action. In general, though, 
cognitive operations such as reasoning and image transformations require more 
time and effort and it involves working memory more than perception does. 
A metaphor for the load on the working memory and attention is resource (Figure 
3). This processing resource is assumed to be limited (Wickens, 1992, p.364). 
There is a limited capacity for how many things that can be attended to and for 
how long. Encoding, transformation, processing, retrieval and utilization of 
information use up these resources and then, performance goes down.. When one 
is learning a new task or is confronted with a new environment more resources 
are required than doing a routine task in a familiar environment. 
In the 1930´s memory research was dominated by the interference theory by 
among others, Mc Geoch (Schacter and Tulving, 1994) who believed learning 
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consisted of the formation of associations between stimuli and response. The 
most important questions about memory were about how associations are formed 
and how stimuli evoke certain responses. In the 1950´s there was a movement 
referred to as the ecological approach with interest of memory for naturally 
occurring events such as everyday memory. 
Memory research was early interested in imagery and paired-associated tasks 
(Paivion, 1969). It was found in paired-associate tasks that concrete nouns (truck, 
medal and snow) were more readily remembered than abstract nouns (truth, merit 
and joy).  Subjects were not specifically asked to form images. Imagery coding is a 
kind of dual coding where two different kinds of information about an experience 
are stored. The chances are increased that at least one of them is available to 
support recall in a retention task (Smith, 1993, p. 312).   
Memory can also be described as a possible associative or semantic network (Best, 
1992; Collins and Loftus, 1975). In such network short distances or short lines 
between information represent strong associations. 

3.1.1  Attention 
Attention can be defined, as a selective filter that chooses and determines what 
information will be processed, and what activities will be carried out at any given 
time (Wickens, 1992; 1997, p. 3-10). When selecting which information that 
should be attended, the cost to access the source of information may make a 
difference. This is called information access cost (Wickens and Carswell, 1997). 
Practically this means that information at close range will be selected rather than 
information behind one’s back. Turning around for information costs. Selective 
attention to information will be easier if it can be accessed head-up instead of 
head-down. 
Discrimination is also important in regard to selective attention and focused 
attention (ibid.). Discrimination is the inverse of confusion. If for example sounds 
made up by tones at high pitch is representing danger and feedback sounds were 
at low pitch it would be easy to discriminate between danger and feedback sounds 
using selective attention. However if one was to focus on one of the danger 
sounds this would be more difficult since the sounds within this group were easily 
confused. 
Wickens (1992) reviews many aspects of human information processing. When 
several tasks are being performed at the same time one way of coping with this is 
by time-sharing, which means switching from one task to the other. If it is 
possible to use different information processors for different tasks then the tasks 
can be performed simultaneously without interfering with each other, with or 
without time-sharing. For example it is possible to perform a simple visual and 
auditory task simultaneously even though the time available is less than the total 
required time to perform the task one after the other. However in more complex 
and multiple tasks situation two different processes are not enough and this may 
result in degraded performance.   
It is not clear whether it is one resource shared for all tasks or several resources 
for different tasks. There is however, evidence showing that different tasks get in 
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conflict more or less with each other. In order to get best performance, these 
conflicts should be made as few as possible. The multiple-resource model 
(Wickens, 2000, p.449) proposes a structure with a distinction between verbal and 
spatial working memory codes and auditory and visual modalities as well as 
manual and auditory (verbal) responses. It describes for example that speech being 
auditory stimuli with a verbal demand on working memory is more compatible 
with analog pictures being visual stimuli with a spatial demand on working 
memory than for example another verbal demand simultaneously as for example 
printing, being visual stimuli and verbal demand on working memory as well. To 
share modality has less degrading effect than sharing working memory resources 
since the working memory is more demanding on resources than a perceptual step 
of visual and auditory input.  
The fact that the multiple resources model suggests that auditory information 
process could be handled in parallel to visuo/spatial tasks is contradicted by 
Banbury (1998) who made two experiments with extraneous speech and tested its 
effect on both audio/verbal and visuo/spatial memory tasks. Participants 
deliberately tried to ignore the background speech. The performance was 
deteriorated on both tasks. The meaning of the sound or speech is reported (ibid.) 
not to have any effect. Tests made by Colle and Welsh (1976) are referred to, in 
which both a language, which the subject did not understand, and the subject’s 
native language were used. The negative effect on performance was clear in both 
cases. The results suggest, “that tones and speech are equipotent”, in disruption of 
serial recall tasks (Banbury, 1998). One hypothesis (Jones, Madden and Miles, 
1992) is that of “changing state”, which explains tones and speech to be 
equipotent because of acoustic variation and not that sounds necessarily need to 
be speech-like.  
Banbury (1998) refers further to Jones et al. (1992) and argue that the source of 
interference is related to the similarity of the processes used, rather than the 
modality of information. In Banbury’s two experiments, the task was of serial 
nature as well as the auditory events. The fact that there were different modalities 
as audio and visual did not appear to matter. The extraneous speech disrupted 
both modalities and he concludes his experiments:  

 
Sound appears to have obligatory access to the mind, even when attention 
is directed elsewhere, sound is recorded and processed (if only to a 
rudimentary level) by the brain (Banbury, 1998). 

 
The auditory sense is omni-directional. It “does not have an analogy to the visual 
scanning as a valid index of selective attention” (Wickens, 1992, p. 103). It is 
possible to hear a sound even if it is not listened to especially, but it is not possible 
to see an object unless it is looked at or in sight. Auditory input is transient, it 
does not stay in the “air”, however the short-term auditory buffer is longer than 
the visual buffer. 
Auditory memory or echoic memory is different from visual memory (Crowder 
and Morton, 1969), which is called the modality effect. When memory span is 
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measured and auditory versus visual presentation are compared, auditory 
presentations provides an advantage. However, auditory memory may be more 
easily distracted. Visual short-term sensory store holds a representation as short as 
half a second and auditory short-term sensory store can hold a representation up 
to 2-4 seconds (Wickens and Hollands, 2000, p. 11). 
Early vocal or other auditory communication worked well as a complement to the 
well-developed sense of listening for dangers and the inability to close this channel 
made it effective at all times. 

 
The fact that nature did not provide us with ear lids is probably due to...the 
use of the acoustical channel for warning signals, a function to which it is 
exceptionally well matched (Duralch & Colburn, 1987). 

 
This statement supports the idea that the natural choice of perceptual channel for 
warnings is the auditory and goes hand in hand with the concept of affordances 
and ecological design.  
The auditory modality has a superior ability to alert. Wickens (1992) cites from a 
study (Posner, Nissen  & Klein, 1976) that an auditory alert will speed the 
response to both subsequent auditory stimuli and visual stimuli. Auditory displays 
can enhance parallel processing between visual monitoring tasks and auditory 
information. They indirectly enhance attention for any task and they are alerting to 
enhance selective attention in use as “attention getters”.  A visual alert did not 
speed the response to an auditory stimulus.   
The startle response is involved in turning our head toward a sound source 
(Pickle, 1988, p. 201). Warning signals are effective attention getters without 
complex compounds and only pure simple tones or sounds, and maybe even 
better than a flashing light. Some cells respond to novelty sounds (ibid.). 
Turning the head helps locking the system to the source of the sound. If there are 
many sounds of different kinds this procedure will not only select the one sound 
we want, it will also desynchronize the others. Auditory filters in the auditory 
sensory process also help this by decreasing critical frequency bandwidth. A 
combination of these two mechanisms explains the so-called “cocktail party 
phenomenon”. In a crowd of people at a cocktail party it is possible to focus on 
one conversation out of many. It is also a known fact that it is easy to hear our 
own name stand out in a crowd of noise, almost like a “trigger feature”. When 
talking to people we also use matching of lips and facial expressions with what is 
said as clues to who is talking. On the other hand these mechanisms do not 
protect from masking which makes a distracting noise very distracting when we 
are trying to focus on another sound source.     

3.1.2 Affordances and direct perception 
Gibson (1966, p.29) defines the concept of ecology as “Ecology is a blend of 
physics, geology, biology, archeology and anthropology, but with an attempt at 
unification. The unifying principle has been the question of what can stimulate a 
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sentient organism”. Ecology is also referred to in ecological interface design, EID 
(Vicente and Rasmussen, 1990, 1992; Rasmussen, 1998). The ecological approach 
is based on the assumption that by nature perception is that of complex events 
and entities in the everyday world.  Gibson’s theory of affordances explains this in 
terms of what the environment affords us. “The affordances of the environment are 
what it offers the animal, what it provides or furnishes, either for good or for ill” 
(Gibson, 1979, p. 127). The word “affordances” is made up by Gibson in this 
context and means in other words direct perception of meaning. Gibson gives an 
example of a surface that is horizontal, rigid and big enough. It affords support, it 
is stand-on-able or run-over-able (ibid.). This theory is also used in the context of 
ecological design of products (Norman 1988, p. 9; Gaver, 1991, p. 79). Stanton 
and Edworthy (1998) have also used it in auditory context as auditory affordances 
when a sound sounds like what it is or represents. 
An important issue in interface design is that “it is never necessary to distinguish 
all the features of an object and, in fact, it would be impossible to do so. 
Perception is economical” (Gibson, 1979, p. 135). “Those features of a thing are 
noticed which distinguish it from other things that is not - but not all the features 
that distinguish it from everything that is not” (Gibson, 1966, p. 286).   

3.1.3 Meaningful sounds 
When vocal-auditory communication begun, hominoid species took a great leap 
forward. The communication was refined in many ways but not replaced.  With 
this new way to communicate it was possible to do more than advertising the 
species, identity or state of being. The use of coded signals or speech with both 
vocals and gestures enabled second-hand perception, where the hearer of a 
message receives a “second-hand perception of parts of the larger environment 
that the speaker has perceived but the hearer has not” (Gibson, 1966, p. 26). 
Miller (1956) wrote, “…in the course of evolution those organisms were most 
successful that were responsive to the widest range of stimulus energies in their 
environment. In order to survive in a constantly fluctuating world, it was better to 
have little information about a lot of things than to have a lot of information 
about a small segment of the environment”. 
In Miller’s classic paper about “The magical number seven” from 1956 he 
discusses channel capacity of one-dimensional stimuli judgment. However, what is 
also discussed is the possible enhancement of the channel capacity with multi-
dimensional stimuli. For one-dimensional stimuli as tones with different pitch or 
loudness the channel capacity levels out with seven tones. As reported by Miller 
one experiment was carried out (Pollack and Ficks, 1954) where tones with 
frequency, intensity, rate of intensity, on-time fraction, total duration and spatial 
location were the variables. Any of the variables could have 5 different values, 
which means 15625 different tones. Instead of the magical 7 now 150 different 
categories could be absolutely identified without error. Miller mentions that 
“clearly, the addition of independently variable attributes to the stimulus increases 
the channel capacity but at a decreasing rate”. Confusion appears near channel 
capacity. Therefore less confusion occurs when multi-dimensional stimuli are used 
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and the channel capacity is enhanced. The more complex signal the less 
confusion.  
 

In general, a tone spectrum, not a tone, is the only kind of sustained sound 
that occurs in nature. Until the advent of tuning forks and oscillators it is 
very doubtful that an ear had ever been stimulated by a single frequency 
and that an organism had ever heard a pure tone. Presumably ears 
evolved to pick up relational patterns of frequencies and to distinguish 
different patterns (Gibson, 1966, p. 89). 

 
An idea of meaningful sounds is described (ibid.) in contrast to a pure tone as a 
meaningless one.  
 

The result is said to be a meaningless sensation having pitch correspond to 
the frequency, a loudness corresponding to the amplitude, and a certain 
duration. Meaningful sounds, however, vary in much more elaborate ways 
than merely in pitch, loudness and duration. Instead of simple duration, 
they vary in abruptness of beginning and ending, in repetitiveness, in rate, 
in regularity of rate, or rhythm, and in other subtleties of sequence. 
Instead of simple pitch, they vary in timbre or tone quality, in combinations 
of tone quality, and in changes of all in time…it is just these variables that 
are distinguished naturally by an auditory system. Moreover, it is just these 
variables that are specific to the source of sound…(Gibson, 1966, p. 91). 

 

To listen is to choose in a crowd of other sounds. One listens with selection and 
constructively in the sense of choosing sounds and we do not limit ourselves only 
to hear sounds and silences. We also give sound a meaning. 

3.1.4 Auditory information processing 
It is difficult to describe a complex process such as the auditory sensory system. 
Different themes are often used to describe it. None of these explains the auditory 
system sufficiently but gives hints of contributing factors (Pickles, 1988, p. 165).  
As a first theme it is tempting to try to find an auditory analogy to the visual 
“feature detection”. Neurons in the visual system react to significant features in 
the visual signal. They detect for example lines, angles, movement and color. 
There are numerous specialized neural detectors, from center-surround units, 
through simple, complex and hyper-complex cells. A second theme involves 
finding cells that respond to specific features in order to localize this special 
function in the brain. The third theme mentioned is that of hierarchical 
processing. The auditory information analysis becomes more complex the further 
from the ear to the brain the process reaches. These and the following 
descriptions refer to Pickles (1988). 
These three themes are sometimes called logical extremes since they are 
simplifications with little relevance to understanding the auditory information 
process as a whole. To give an idea of the complexity of the auditory process and 
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hearing, a brief presentation of the organization of the anatomy of this part of our 
central nervous system will be given. 
The shape of the outer ear helps the sound waves to reach the ear canal. A sound 
wave that reaches the outer ear is led through the ear canal and at the end of 
which it reaches the eardrum, or tympanic membrane. Here the stimulus is 
amplified to compensate for the transfer into a new media, saltwater in the 
cochlea, see Figure 4. 
 

 
 
Figure 4. Picture of the outer, middle and inner ear. Reprinted from (Lindsay & 

Norman, 1977, p. 126) with permission from Elsevier. 
 
The amplifier consists of many parts. One is the larger area of the tympanic 
membrane in relation to the smaller area of the oval window on the cochlea. 
Another is the piston formed by the three bones in the middle ear, the hammer 
(malleus), anvil (incus) and stirrup (stapes), and its lever action. The last is the 
buckling of the membrane. This is necessary to avoid that the sound is reflected 
by the increase of the impedance from the media of air to the fluid.  
The cochlea is an organ of the same size as a sugar cube. The fluid in the cochlea 
transports the pressure waves to the basilar membrane, which stretches all the way 
in the cochlea. The movement of the basilar membrane in its turn moves the inner 
and outer hair cells that send signals to the auditory nerve.  
Vibrations in the air goes via the outer ear, middle ear, the cochlea, the auditory 
nerve, the brainstem nuclei, the cochlear nuclei, the superior olivary complex, the 
inferior colliculus and the medial geniculate body to the auditory cortex in both 
right and left hemisphere of the brain, see Figure 5. For a more detailed review see 
Ulfvengren (1999). 
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Figure 5.  The way of sound, from the ear to the auditory cortex. Reprinted from 
(Moore, 1997, p. 45) with permissions from Elsevier. 
 
Humans have 50 000 inner and 30 000 outer hair cells, which connects the brain.   
Depending on the location of the hair along the basilar membrane the neurons are 
activated at certain frequencies. The pressure wave moves depending on 
frequency and intensity with different wavelength and amplitude. This is how 
certain frequencies can correlate to certain places along the membrane and the 
size of the movement of the membrane correlates to intensity. 
The up-way and the down-way of processes can be thought of as two systems. 
One which is data driven with precise and detailed input, the bottom-up system. 
Such a system fails to handle the perceptual demands placed upon the human, as 
it is too rigidly tied to the exact details of the signal presented to it. Therefore 
there is also the top-down system, which has conceptually guided processing as 
well as parallel processing of signals through alternative channels. 
 

3.2 Representations and symbols 
This part discusses representations and symbols. The human’s way to use sounds, 
gestures and symbols to refer to objects and concepts is by representation. “The 
power of cognition comes from abstraction and representation: the ability to 
represent perceptions, experiences, and thoughts in some medium other than that 
in which they have occurred, abstracted away from irrelevant details” (Norman, 
1993, p. 43-75).  
While driving an old car the engine is heard loud and clear. It is easy to identify if 
it is running only on three out of four cylinders and it is quite obvious to shift gear 
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when the engine is roaring. What the driver cannot hear because of the constant 
background noise is the music from the radio or the person talking in the 
backseat. 
In a new car the compartment is isolated for increased comfort for the driver. The 
driving experience is improved as a whole and the system information lost with 
the decrease of auditory information is now searched for visually instead. Even if 
it is possible to artificially design a sound environment, representational of the old 
car, for the new car, this is not desirable. However it could be useful to have 
information about non-normal events and important information about system 
changes that no longer naturally is heard, perhaps because of music. 
Naturally there is a world that is to be represented and then a representing world 
with a set of symbols that stands for something in the represented world. Since 
many worlds are artificial and created there will often occur metarepresentation 
that is representation of representation. It is important to realize how much 
information in an artificial world that is not represented. This information falls in 
importance as we care for what we see or hear. An operator has no choice than to 
reflect on the information presented.    
False alarms or faulty information might lie in the system. A display or a warning 
may appear precise and clear in its presentation but the information might be 
wrong or irrelevant, and it will “be seductive” (Billings, 1991, p. 37). This can also 
be compared with cognitive tunnel vision (Schneider, 1993, p. 106; Sheridan, 
1981). 
The ideal of any representation is of course one that (Norman, 1993, p. 52): 

 capture the important, critical features of the represented world, while 
ignoring the irrelevant, 

 are appropriate for the person, enhancing the process of interpretation, 
 are appropriate for the task, enhancing the ability to make judgments, to 

discover relevant regularities and structures.   
 
Symbols are designed representations used as artifacts. In interfaces symbols of 
different kind are used. They might be words with various meaning, colors with 
different hues or sounds. “Yet, where a suitable image does exist, that image can 
provide a powerful and unambiguous evocation of the object depicted. It does 
not, however, guarantee that the meaning of the symbol in its context will be 
clear” (Edworthy and Adams, 1996, p. 77). 
The following can be said to be true for visual symbols (ibid.): 

 Since the represented world often contains great detail and symbols are 
simplified with the critical features enhanced “signs of the same size as the 
symbol version can be recognized from a greater distance". 

 The enhanced features also make symbols recognizable more quickly and 
more accurately than the equivalent for example worded sign. 
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 Symbols can withstand greater degradation and still be recognizable. No 
small vital details that can be missing alter the meaning. 

 Symbols are part of an international language, although this does not count 
out cultural differences. Objects or sounds that do not exist in another 
culture will obviously make it more difficult to understand.  

 

Of course a complimenting clarifying text gives redundancy and higher 
compliance. Much of this seems true for auditory symbols as well. 
Symbols can be categorized by their representation level, their closeness to reality or 
the represented world, from good copies to complete abstract or even arbitrary 
symbols. Edworthy refers to Modley (1966) and Dreyfuss (1972), which “have 
both pointed out that there are three categories of symbols” (Edworthy and 
Adams, 1996, p. 76): 

 The image-related or representational, which looks similar to the 
represented world. 

 The concept related or abstract, which can be understood in certain 
contexts like an arrow pointing in a certain direction. 

 The arbitrary, which needs to be learnt, without any assistance from 
representational elements within the graphic itself 

 
A very similar categorization is seen in auditory contexts (Edworthy and Adams, 
1996, p.164). Blattner et al. (1989) divide this categorization of the 
representational symbols into even smaller categories.   
 Representational Visual    Auditory 

-Nomic    -drawn scissors  -Mailbox sound for  
    symbolize scissors  arriving mail 

-Symbolic   -stop sign or   -Ambulance or  
    peace sign   applause 

-Metaphoric  -Horse shoe   -Hiss sound for  
    represent horse  snake 

 Semi-abstract 

 Abstract 

 
The meaning of some symbols is very clear in one context but look or sound 
nothing like the represented world. They might have been a clear representation a 
long time ago. Then the same old symbols can be used because they are learned 
over a long period of time. Their meaning is known but the reason for the symbol 
is not. Fire alarm in buildings and ambulance sirens are some examples. There are 
also symbols, which reason for the design is found by looking back in time. Then 
maybe an object for the same use looked different and was really representative. 
Steam is still coming out from the chimney on train signs but that is not really 
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what a train looks like today but still everyone knows it is a train symbol 
(Edworthy and Adams, 1996). 
 
Haas (1995, p. 13) reports from Wilkins and Martin (1980; 1987) a categorization 
of auditory warnings as intentional or incidental. 

 Intentional: Generated by devices built for the specific purpose of generating 
warning sounds. Such as sirens, bells etc. 

 Incidental: Arise in conjunction with a dangerous event or process. It could 
for example be a sound generated by a malfunction piece in the machinery 
or a flat tire. 

3.2.1 Auditory icons 
“The principle upon which classes of sound are mapped onto specific functions 
has been much speculated upon, but still relatively little explored in the research 
literature” (Edworthy and Adams, 1996, p.164).  This view, and the whole concept 
of using everyday environmental sounds to convey trends, has been strongly and 
convincingly advocated by Gaver (1989) who is much influenced by Gibson’s 
affordances (Gibson, 1966). Gaver is pointing out that when we hear a sound our 
first reaction is not normally to analyze its pitch, rhythm, or timbre, but to identify 
the source of that sound. For example, when filling a glass it is not the changing 
pitch that says that it is full it is the sound of fullness. 
Environmental sounds can be of many kinds (Brewster, 1992, p. 26), based on 
Gaver’s work: 

1. Physical events  -as dropping a glass, breaking or not 
2. Invisible structures  -tapping on wall to find hollow 
3. Dynamic changes  -filling a glass up 
4. Abnormal structures  -a malfunction engine 
5. Events in space  -footsteps approaching 
 

Auditory icons are already in use by Apple Mac users. It is, however, not always 
easy to find environmental sounds that fit the situation or event. Ballas and 
Howard (1987) made experiments of sound recognition based on everyday sounds 
of the subjects. They showed that recognition of sound depends on the sound 
occurrence frequency in the everyday experience, in the same way as word 
recognition is proportional to word frequency. It was also found that sound 
recognition is dependent on the number of alternative sound sources can have. 
Many sound sources do produce almost the same sound and the only way to tell 
them apart is to know in what situation the sound is heard.  
Gaver (1993) discusses basic sound-producing events as one solid being hit, 
scraped or dripped on, in contrast to complex sound-producing events such as 
when a squeaky door closes and slams at the end or footsteps all the way down a 
stairway. Gaver also brings back the four elements of earth, air, water and fire in 
categorizing sounds as liquid sounds, vibrating solids, aerodynamic sounds and 
electronic sounds, which with some stretching of the concept will count as fire.  
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3.2.2 Earcons 
Brewster, Wright and Edwards (1993, p.2) describe earcons as “abstract, synthetic 
tones that can be used in structured combinations to create sound messages to 
represent parts of an interface”. Blattner, Sumikawa and Greenberg (1989) also 
have defined earcons, as “non-verbal audio messages that are used in the 
computer/user interface to provide information to the user about some computer 
object, operation or interaction”.   
Five parameters can be varied: Rhythm, Pitch, Timbre, Register and Dynamics. 
There is a guideline in how to vary them (Brewster et al., 1993). At the first level 
the earcon only has a rhythm specific for the object when error occurs. On the 
second level the same rhythm is used but now a sine wave of different tones are 
added with the same rhythm, this level represent Execution error. Finally another 
kind of waveform and perhaps raised half a tone a third sound is added with the 
same rhythm and “melody”, this represents Underflow error. In this example it is 
three tones in one earcon, Figure 6. 
One idea is to use the same sound for the same objects in various applications. 
The same applications have the same rhythm or pattern (Brewster, 1991). It is 
suggested that only the last part of the third level, the triangle, needs to be played 
because it contains all the information. It has been shown that non-musicians and 
musicians show no significant difference in performance using earcons (Brewster 
et al., 1993). 
 
 
 
 

 

 

 

 
 

 
Figure 6. Example of earcon (adapted from Brewster et al., 1993, fig. 1). 
 

3.2.3 Music or song 
With singing it is possible to express very clear intentions with the lyrics. At the 
same time it is possible to express emotions or urgency. There is also an 
interesting acoustical phenomenon in opera singing called the song formant 
(Sundberg, 1987), Figure 7. The spectral peak is near 3kHz. The “singer’s 
formant” is “acoustically generated by a clustering of resonance in the vocal tract 
and by a quick closing of the vibrating vocal folds. Perceptually, it helps the 
listener to discern the voice against a background of a loud orchestral 
accompaniment (ibid.).  

      Click                Sine                  Triangle 

       Click                         Click                       Sine 

1. 2. 

3.
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Figure 7. Spectral envelops of the vowel [u:] as spoken and sung by a professional 

baritone singer (Sundberg, 1987). 
 
Representation by music or singing is a possible new approach. Car drivers often 
listens to music and a CD could be connected to the system in a way so the music, 
for example, was playing too fast when speeding and slowing down when gas is 
running low. When a melody and harmony is disrupted even non-musicians notice 
it. It is not necessary to be a singer to know a song is out of tune. 
All instruments have their very distinct sound. Violin, piano or guitar all sounds 
different and their sounds are incidental for that particular instrument. The design 
of an instrument is its sound source.  
Musical elements and sound tracks combined with original noise signals from 
robot movements can be used for robots to communicate positions, movements 
and intentions by means of audio symbolic expressions to humans (Johannsen, 
2001). 

3.2.4 Vocal and animal sound 
Animals have their way of communicating. They express emotions, status and age 
with barks, grunts, cries etc. These expressive qualities in sounds are still very 
valuable and always present in our own vocalization as well. Speech is more than 
carrying meaning. Humans vocalized before speech with only these expressions. 
Irrespective how intellectual the words may be, the voice betrays our mood, 
feelings and intentions. 
Even if animals are not capable of our symbolic speech, some monkeys, guenons, 
use three different warning sounds for three different animals, one each for 
leopard, snake and bird of pray. 
Different species have distinct patterns of their sounds. Frogs and birds sound 
very different and are easy to discriminate from each other. Animal calls can in 
this aspect be a good source of sounds.    
Scherer (1995) discusses the expression of emotion in voice and music. He gives 
examples of rudiments of non-linguistic human affect vocalizations, often referred 
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to as “interjections”, such as “ouch”, “ai”, “oh” and “yuck”. Scherer reports that 
Kleinpaul as early as 1888 (Scherer, 1995, p. 236) claimed these reflexes “nature 
and feeling sounds” sound very much the same in different cultures. Scherer 
insists on a sharp distinction between spontaneously occurring interjections and 
calls and shouts intentionally uttered. As civilization advances, less and less 
emotions or onomatopoetic expressions and sounds are used in our 
communication. 
The way in which our voices are used to express emotional expression is similar to 
music melody, harmonic structure, which a composer uses to express her 
intention and may induce strong emotional moods. This fusion of two signal 
systems, which are quite different in function and in structure, into a single 
underlying production mechanism, vocalization, has proven to be singularly 
efficient for the purpose of communication. In an experiment the relationship 
between vocal cues and pragmatic or semantic information showed that tempo of 
the sounds in the sequence and filtration level were by far the most powerful cues. 
High intensity was interpreted in terms of negative effects or aggressive speaker 
attitudes. Fast tempo was correlated to joy and slow tempo correlated to sadness. 
 

3.3 Sounds 
The nature of sounds is simply that mechanical disturbances, of any sort, send out 
a sound wave in the media. Molecules in this media are put in motion to vibrate 
around their mean position. The sound wave varies in frequency and amplitude. 
Frequency is a measure of amount of waves passing a point per second and 
amplitude is a variable for the magnitude of the wave. Frequency is physically 
measured in cycles per second, Hertz (Hz), and changes of frequency are 
perceived as changes of pitch. Frequency is invariant with distance. Amplitude or 
intensity is a measure of the power transmitted through a unit area of space. 
Changes in the physical parameter intensity are perceived as changes of loudness. 
Amplitude carries no perceptual information about the event. It can give 
information about changes of distance to an event or object since a wave looses 
intensity over distance. Frequency and amplitude in combination gives every event 
its characteristics. Loudness and pitch are not the only psychological qualities that 
are ascribed to sounds. There are many more such as, timbre, musicality, 
dissonance, consonance, annoyance and noisiness.  
It is possible to measure the intensity of sound wave in physical quantities as 
newtons/metre2 or in other words Pascal. It is only for convenient reasons there 
is a scale adapted to the parameters such that the decibel scale, dB, equal 
increments on the scale roughly corresponds to the increments of sensation. 
A high frequency sound is perceived louder than a sound at lower frequency with 
the same intensity. The correlation between loudness and intensity is not linear. So 
called equal loudness curves are used to compare sounds at different frequencies.   
It is important to be careful in the way the dB scales are used. As well as a 
thermometer tells us the temperature it does not tell us of wind sheer or humidity, 
which to a great extent is important for how we perceive for example coldness. 
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The same is true for the one-dimensional dB scales as measures of sound level. 
This is not all information needed. Listeners put sounds together, their source is 
of importance, and the listener’s interest of the sound is as important. We must 
therefore be very careful about knowing exactly what we are measuring and even 
more important what we are not measuring in sounds. 

3.3.1 Pure tones, noise and complex sounds  
If a sound consists of a single periodic waveform it is called a sine wave or 
sinusoidal vibration. Other sounds can also be periodic, and many sounds are, but 
they are usually more complex and consist of more than one waveform at 
different frequencies. A square wave consists of many sine waves on top of each 
other. A click is a noise with infinitesimal duration. A pulse is a sound contained 
within an amplitude envelope, which has an onset and offset and in between a 
specific duration. A very short tone can be heard almost as a click sound. A 
Fourier analysis is used to analyze sounds and the result is a frequency spectrum 
showing the amplitude of the different frequency components, Figure 8, where 
for example the pure tone has only one frequency component with the same 
amplitude and frequency as the sine wave it consists of.  

Figure 8. “On the left are shown the waveforms of some common auditory stimuli, and 
on the right are corresponding spectra. The periodic stimuli have line spectra, while 
the non-periodic stimuli have continuous spectra”. Reprinted from (Moore, 1997, 
fig. 1.3, p. 6) with permissions from Elsevier. 

 

3.3.2 Masking 
An airplane passing above in the air might disturb a conversation but a flute at the 
same intensity may not. In a conversation the speech is masked by the noise the 
airplane produces and if voices are raised they can still be heard. A threshold for a 
noise is at the lowest level a sound can be heard. If this threshold for a sound is 
raised by the presence of another, the first sound is masked by the other sound. 
The masking sound needs to be very close to or have the same frequency. The 
auditory information process makes it possible to listen to a certain sound with a 
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certain bandwidth of frequencies. If the frequency of the flute lies outside the 
frequency band of the speech it will not mask. If a sound has a frequency 
bandwidth broader than the sound we are listening to only the part of the masker 
that lays within the bandwidth will contribute to masking the sound. 
This is important and means a sound can be partially masked. The problem of 
masking is very central when it comes to audibility of sounds. Background noise 
can mask information from auditory alerts. It can mask parts of the alert or all of 
it. Auditory alerts may also mask each other completely or in parts.  

3.3.3 The effect of sounds on performance 
Some early work by Broadbent (1958, p. 81) states that some sounds are 
unpleasant whether by learning or innately and there is therefore a considerable 
literature of rather emotional type arguing that noise should be reduced. He claims 
that examples of statements as “noise is driving us all mad”, given by Kryter 
(1950) in Broadbent (1958, p 81), has very little positive evidence and is 
exaggerated. Some evidence exists that show effects of noise on behavior. 
Broadbent (1958) reports from Weston and Adams (1932; 1935) that noise 
reduction at industrial work show improved efficiency. Some interesting results 
were that it is not the sound itself that causes distraction but the change of the 
situation. This was shown by a klaxon horn that came on with the effect that a 
following problem took longer time to solve. This effect slowly disappeared when 
subjects got used to it, only to reappear when it was turned off! Broadbent (1958, 
p.84) also gives example from a study done with several loudspeakers (Poulton, 
1956). It showed that messages played from the loudspeaker with fewest messages 
was more likely to be correctly heard. 
Becker, Warm and Bender (1995, p. 51) showed that jet engine noise affect 
performance and perceived workload in a monitoring task. They write, “the 
quality of sustained attention is degraded when subjects must perform tasks 
imposing high information-processing demands in the presence of high-levels (90 
dBA or more) of intermittent noise (Davies and Parasuraman, 1982; Hancock, 
1984; Warm, 1993). Under such conditions, it is conceivable that noise will also 
elevate the perceived workload of the vigilance task, especially in light of Cohen’s 
(1978, 1980) argument that subjects must expend processing resources to 
compensate for the distracting effects of noise.”  
 

3.4 Warning Situation 
A warning situation often has characteristics as the examples in the introduction 
on page 3-4 in this thesis, as an inferno of lights and sounds. In these situations 
information is needed for time-critical decisions with many consecutive failures. 
As earlier described contributing factors to an already high cognitive load is 
nuisance alarms and systems with a logic which allows for simultaneous 
presentations of alerts without prioritization as well as poor design in their 
presentation format. Perceived urgency of alerts may also effect the operator since 
they be perceived as too urgent or not urgent enough and this may effect 
compliance and prioritizations made by the operator. 
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3.4.1 Information processing in a non-normal 
situation 

Acting in new situations is much dependent on good situation awareness, 
knowledge and information about the system status and function and on 
thorough experience in related tasks. One definition of situation awareness is: “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, 1995, p. 36).  
In the famous Skill-, Rule- and Knowledge based behavior framework, SRK, 
(Rasmussen, 1986) different levels of behavior required for different tasks are 
discussed. Ecological interface design, EID (Vicente and Rasmussen, 1990, 1992), 
is based on this framework. The theory of EID combines different levels of 
situations and what the operator needs, to be able to handle the situation, how 
people use their experience to make decisions in true field settings and how best 
to support this by organization, tasks and interface design. These issues are 
presented in Table 1.  
In the familiar situation and the unfamiliar, but anticipated situation interface 
design is possible to support sufficiently in a direct way. In the unfamiliar and 
unanticipated situation decision-making becomes more difficult and more safety 
critical. The interface should present relevant information to support knowledge 
based problem solving. This can be compared to an ideal representation presented 
earlier (p. 26). 
 
Table 1. Aspects from Skill-, Rule- and Knowledge based behavior framework, SRK, 

(Rasmussen, 1986) and Ecological Interface Design, EID (Vicente and Rasmussen, 
1990, 1992) presented to exemplify situations and information representation needs. 

 
EID Situation EID Interface SRK 

Familiar situations. Operator experience and 
skill sufficient.  

Skill based behavior 

Unfamiliar but 
anticipated situation. 

Interface support for the 
particular situation. 

Rule based behavior 

Unfamiliar and 
unanticipated situation. 

Improvisation by the 
operator. Interface 
should support relevant 
information. 

Knowledge based 
behavior 

 
In these situations operators often perform what is called dynamic decision-
making (Brehmer, 1992). Characteristics of dynamic decision-making are 
threefold: 1) Decisions made in the situation are dependent of each other, 2) The 
situation change with actions taken and/or by the dynamic process going on and 
3) The situation requires real time decisions. An alerting system should give 
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support even for situations like these. Compare for example with the pilot’s 
comments (page 3) and the alarm problem (page 4) in chapter 1. 
In these situations stress is common which may affect attention, for example by 
cognitive tunnel vision. Another view of cognitive tunnel vision, is acting with 
what you got (Schneider, 1993, p. 106; Sheridan , 1981), e.g. the information 
displayed is integrated in the dynamic decision making process ( Brehmer, 1992) 
in non-normal monitoring tasks. This means that even though there is other 
important information that should have been integrated, it tends not to be 
considered since it is not displayed. 

3.4.2 Nuisance and false alarms 
A known difficulty is to keep operators alert in case of many false alarms. Bliss, 
Gilson and Deaton (1995), searched for the existence of the “cry-wolf effect” for 
alarm responses, the effect of many false alarms on subjects response rate to 
alarms. They showed that 90% of the subjects matched their response rate to the 
expected probability of true alarms. Roughly it can be said that if there was 75% 
true alarms subjects gave response 75% of the time and when there was 25% true 
alarms subjects showed only 25% response. 
Cancellation capabilities are important in situations of nuisance alarms or when 
alarms disrupt communication. Some auditory warnings are possible to cancel by 
pressing a button. An example of a nuisance alarm and the use of an inhibitor 
button is that “overspeed warning occurs every time the transition from level 
flight to descent starts. The crew sits with a finger poised over the emergency 
button to inhibit as soon as it goes off, and it will” (Patterson, 1982). This is far 
from a satisfying solution in time-critical situations when there should not be time 
or thought spent on trying to find the button or even to think of it. Some 
inhibitor buttons need to be pressed twice to reactivate the alarm again, which is 
sometimes forgotten.  
 

By turning off an alarm, the user is signifying that he or she considers it to 
be in some way ineffective. A useful program of research would be to 
investigate the parameters, which are important in determining the turn-off 
threshold. This would be the threshold at which the negative consequences 
of an alarm are considered by the operator to outweigh its benefits  
(Edworthy and Adams, 1996, p.107). 

 

Nuisance alarms occur when alarms go off in normal and expected situations but 
still alarm conditions are exceeded. Usually these appear in process transition like 
during a start-up of a nuclear power plant or in take-off and landing of an 
airplane. 

3.4.3 Perceived Urgency 
It is not known what exactly in the sound that determines how urgent it will be 
perceived. This needs to be fairly well known before perceived urgency will be an 
applicable design criterion. Edworthy and her colleagues have done much work in 
the past ten years, and their work as well as some others will be discussed here.   
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It has been reported that auditory warnings usually are either too urgent or not 
urgent enough. A careful attempt to a definition of the alerting qualities or 
perceived urgency in a sound is “to know the relative alerting qualities of iconic 
stimuli in order to provide at least a rudimentary mapping between the risk we are 
portraying, and the warnings which are portraying them” (Edworthy and Adams, 
1996, p. x; 146-7).  
Urgency is assumed to be an attribute of sound (ibid.). An evaluation of the 
urgency of a sound can be made even when the listener does not know the 
meaning of the warning, because urgency is a function of the mix of acoustic 
parameters and the intensity of these parameters in a warning. They also write that 
“given that urgency mapping might be a useful improvement to an auditory 
warning system, it is essential to know how to manipulate sound parameters in 
order to produce urgency contrasts. This has been done in a series of studies 
(Momtahan 1990, Edworthy et al., 1991; Hellier et al., 1993; summarized in 
Edworthy, 1994)”. 
A thorough study of pulse and burst parameters effect on perceived urgency was 
conducted by Edworthy, Loxley and Dennis (1991). The study used Patterson’s 
recommendation (Patterson, 1982). 
Examples of pulse parameters affecting urgency are fundamental frequency, on-
set and off-set ramp, how fast or slow a signal reaches its maximum from zero or 
from its maximum to silence, regularity of harmonics. Examples of burst 
parameters affecting perceived urgency are speed, rhythm and pitch range.  
A great number of warning parameters on perceived urgency have been 
investigated for example: 
 

 It has been found that intensity has a greater effect on perceived urgency than 
other acoustic parameters (Momtahan 1990; Haas and Casali, 1995)   

 However, the “ergonomically-useful” range over which loudness can be used 
as a main variable is small. Having warnings louder and louder the more urgent 
a situation gets will not only be very unpleasant but also highly distracting 
(Edworthy and Adams, 1996, p. 153).   

 Edworthy et al. (1991) found in short that speed of bursts, fast on-set on a 
pulse and unpredictability and irregularities increased urgency. Another 
interesting finding was that pitch contour which is an important component in 
memory for melodic sequences had little effect on urgency but is suggested to 
be used to make sounds easier to discriminate and to recall. 

 
A quantification of these different parameters that have effect on perceived 
urgency will be useful in design as well as a suggested urgency exponent, based on 
Steven’s power law that may allow designers to equate urgency levels across 
parameters (Hellier, Edworthy and Dennis 1993). This is important since warnings 
of same urgency need to sound different from each other. For example, a speed of 
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5 pulses per second and a pitch value of 380 Hz are theoretically equally urgent 
(Edworthy and Adams, 1996, p. 155). 
How urgent a warning is perceived often gives the user an indication of how 
quickly a response is required. Edworthy et al. report from recent work by Haas 
and Casali (1995) and Burt et al.(1995) who have begun to address the issue that 
the  reaction time may decrease as the perceived urgency of the warning sound 
increases.   
 

3.5 Standards and guideline examples 

3.5.1 Warnings and Alerting systems 
Some examples of how the FAA Crew alerting guidelines (DOT/FAA/RD-81/38 
II) may be stated are that the warning system: 

 should attract the crews' attention, enable them to determine urgency, 
identify the problem, provide feedback and enable monitoring of aircraft 
status, 

 must be highly reliable, 
 should minimize demands on crew information processing and memory, 
 should minimize distracting effects on other flight crew tasks, 
 should be treated as one whole system. 

 

3.5.2 Design guidelines for non-verbal auditory 
alerts 

Some examples of FAA Crew alerting guidelines (DOT/FAA/RD-81/38 II) 
regarding aural alerting sound are that: 

 the number of sounds should be kept to a minimum, 
 the sounds should always appear in conjunction with visual display, 
 the sounds should be used with voice to provide urgency information 
 noise penetration is better than voice 

 
In a standard (ISO 9703-2) it is stated that auditory alerts should provide 
“maximum transmission of information at the lowest practicable sound pressure 
level, ease of learning and retention by operators and perceived urgency”. 
 

In 1982, Patterson published a Civil Aviation Authorities, CAA report 
“Guidelines for Auditory Warning Systems on Civil Aircraft”. This report can be 
summarized to be guidelines for: 
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1. Overall sound level. Appropriate level for flight deck should never exceed 30 
dB above threshold. They need to be at least 15 dB above the limit of 
being heard. There is absolutely no gain in higher values than 25 dB above 
the masking threshold. The threshold varies somewhat with flight 
conditions and need to be determined at the flight deck;  

2. Temporal characteristics. Usually on-set and off-set are too abrupt. This may 
evoke unnecessary startle response which certainly get attention but also 
disrupt thought and cognitive functions. Another aspect is "continuous vs. 
alternating patterns", where a distinct pattern, or in other words more 
complex sound is less likely to be confused;   

3. Spectral characteristics are usually quite good with many components spread 
throughout the spectrum, some harmonic and some disharmonic. A 
problem however is that some lower priority sound may sound more 
urgent than higher level. It is also important to consider the spectrum of 
the background noise so important components of the sound is not 
masked. Usually this needs an increase of lower frequency components to 
match the mid-frequency ones; 

4. Ergonomics of auditory warnings;  

5. Voice warnings, which are easy to learn, difficult to forget or confuse with 
others. A disadvantage is that they can be in conflict with other 
communication in cockpit. 

3.5.3 Identification 
In ISO/DIS 11429 the general requirement on an auditory alert is to invite to 
rapid and correct recognition under difficult conditions. In a study by Momtahan 
et al. (1993) concerning audibility and identification of auditory alarms in an 
operating room and intensive care unit it was found that some 10-15 of 26 alarms 
were correctly identified and many of the alarms were masked by other equipment 
or other alarms.   
 
Edworthy et al. (1996) conclude Kerr’s findings (1985) with hospital warnings as: 

 Each alarm must have the same meaning wherever encountered in the 
hospital. 

 The maximum of different alarm sounds must be limited to an absolute 
maximum of 10. 

 The allocation system must be able to accommodate future technological 
developments  
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3.6 Applied warning research 
Earlier research on warning design and auditory warning design has been reviewed 
and the most relevant parts have been presented through out this thesis already. 
However some issues of interest remain and are presented here. 
A visual warning sign can be prospective, prescriptive or descriptive depending if 
it stops someone from taking action (do not light a match in on a gas station) or 
encourage action to prevent accidents (wash hands if contaminated) or describe a 
condition (slippery roads). Auditory alerts can be much like the stationary warning 
labels although auditory warnings are more dynamic and change over time 
(Adams and Edworthy, 1996, p. 89). The possibility to adapt this idea to auditory 
warnings is of course highly dependent on the possibility to foresee events before 
they occur and to have automation to support this. In the verbal part of alerts 
such as the Ground Proximity Warning System (GPWS) and the Traffic Collision 
Avoidance System (TCAS) this is already true. 

• Proscriptive Do not sink! 

• Prescriptive Pull-up! 

• Descriptive:  Terrain!   

3.6.1 Non-verbal warnings 
It is not hard to find auditory artifacts in our everyday environment. Telephones, 
doorbells and alarm clocks are only a few and the concept of auditory displays is 
not new. Already in Murrell's book “Ergonomics” (1965, p. 213) this is discussed 
as a potential warning device for more than only yes/no information.  As early as 
1946 there was a research attempt to find the best way to inform a pilot, flying 
blind, about the course, speed and angle of bank of his aircraft. This was done by 
Forbes and incorporated in the Flybar System (Murrell, 1965, p. 215). It resulted 
in a steady signal in both ears for course and if deviating from it the signal was 
made to move in the direction the airplane was turning. At the same time, bank 
was indicated by pitch varied in the two ears corresponding to the tilt of the 
airplane. Finally speed was indicated by an increase or decrease of rate of a tone, 
which was compared to a reference rate. The impression of the signals was that 
they “sounded like the behavior of the plane”. 

3.6.1.1 Helicopter-Prototype sounds for the Sea King 

In a research project Patterson developed prototype auditory alerts for the Sea 
King helicopter (Patterson, 1982). The aim was to develop 4-6 compatible sounds 
as immediate-action alerts, to develop 2-3 attensons for lower priority alerts and to 
integrate voice warnings into the alerts. Another aim was to present information at 
3 priority levels, emergency, abnormal conditions and advisory. 
Some arguments for this particular design are that multi-tone and FM (frequency 
modulated) signals are superior to single-tone signals (ibid.). This is so because 
they have distinctive temporal and spectral patterns, which will reduce confusion 
with ambient noise and with other signals. Well-designed complex signals could 
be used virtually simultaneously, because the bursts of sound could be interleaved 

Directive
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with minimal confusion. In learning and retention tests it was also discovered that 
signals with same pulse repetition rate could be confusing even if they have gross 
spectral differences.  
The format of the Patterson sounds is depicted below, Figure 9. They consist of 
bursts of different urgency and voice messages. The format of the fully sequenced 
warning priority 1 is two initial bursts followed by a voice message followed by 
two urgent bursts and a voice message and then four background bursts etc.  
 
 
 
 
 
 
 
 
 
 
 
Figure 9. The format of the fully sequenced warning priority 1 is two initial bursts 

followed by a voice message followed by two urgent bursts and a voice message and 
then four background bursts etc. as above. 

 

 
The bursts can be divided into pulses where the pulses too have different urgency 
given by frequency and their spacing in time. The pulses give the burst a rhythm 
and a pattern specific for that warning. All bursts within the same warning share 
pattern and rhythm but vary as mentioned above in urgency levels initial, urgent 
and background bursts. The initial burst in “Fire engine one” equals six pulses of 
certain on-set offset time spacing and frequency. All bursts in this warning have 
the same pattern of six pulses but differ in frequency and spacing in order to reach 
the effect of initial, urgent and background burst. 
The pattern and characteristics of the bursts differ between the four priority 1 
warnings but remain the same for all priority 2, 3 and 4 warnings, which in fact 
only differ in the voice message.  
Priority 1, immediate action:  ● Fire Engine one    

● Gearbox chip     

● Servo pressure primary     

● Transmission oil temperature   
 

Priority 2, immediate:   ● Fuel bypass 

Priority 3, information:  ● Fuel low  
 

Priority 4, message:   ● Low height 

Initial burst Background 
burst

Voice Urgent 
burst

Voice 
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3.6.2 Verbal auditory alerts   
Verbal auditory alerts or speech warnings have many advantages. When it comes 
to representation and confusion they need no learning compared to non-verbal 
auditory warnings.  
“Speech is a strongly preferred encoding method for warnings because speech 
messages can convey explicit information about hazardous conditions without the 
need for the crew to refer immediately to a visual display and because speech 
messages use a code already known to the crew” (Aircrew Station Alerting 
Systems standard, MIL-STD 1995, p. 13).  
However, speech is not free from misinterpretations or confusion with other 
speech. To avoid that the voice of the system is confused with speech of the 
operator, the “voice ought not to sound too human…A machine should have a 
machine voice as a cue to its identity when it speaks” (Simpson et al., 1985, p.128).  
Often non-verbal sounds have been used for attention and urgency in 
combination with visual text or speech messages to cover both the attentional and 
informational aspects of the warning. However one issue has been discussed over 
the years, and that is, whether the presence of an alerting tone increases reaction 
time to the alert or not. One study clearly shows that an alerting tone preceding a 
synthesized voice warning instead increased system response time (ibid.), in other 
words made it less effective. The speech message can be alerting in itself. 
Another issue is whether or not to use “real” sentences rather than short key 
words. Simpson and Williams (1980) found that the more semantically rich format 
warnings (the three- or four-word, rather than the two- or three-word keyword 
format) did not produce slower reaction times, even though the semantically 
richer warnings were an average of 0.3 seconds longer than those in the keyword 
format. A more precise message is more effective because it does not need any 
further consideration as one that is not complete.  
To speed up a warning will save time but also make it more urgent and as with 
non-verbal warnings reaction times are fastest for those warnings presented at the 
fastest rate. 
Although speech has many obvious advantages Patterson (1982) states some 
disadvantages: 

 There is already a lot of speech in the flight deck, including synthetic 
speech; thus a verbal warning might go unattended for some short period 
because of a lack of perceptual contrast. 

 It is difficult to communicate in the presence of a recorded message. 
 Speech occupies the entire auditory communication channel, and it does so 

for a relatively long period of time. 
Disadvantages are most noticeable in immediate action warnings where time and 
minimization of disruption are important.  
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3.7 Conclusion of theories 
This chapter has tried to show some of the major issues contributing to this 
research. In the results these are combined in theory to auditory alerts interface 
design in accordance to cognitive engineering.  
The aim of the literature studies was to find sources of inspiration for new 
experimental ideas. Furthermore to find theories of how fundamental principles 
of human abilities and limitations in hearing and cognitive processes could be 
described as requirement definitions and consequently be useful in design.  
Many of these theories are also included in the papers, but often very compressed.   
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4 METHODS 
Methods of ergonomics and cognitive engineering are applied in this research as 
already described in the preface and chapter two. Specific for ergonomics is the 
interplay of basic and applied research. There is also interplay between descriptive 
and experimental methods in collecting empirical data. Descriptive methods used 
in this research are mainly interviews and questionnaires.  
Several methods are involved in this research. For example: literature studies, field 
studies with studies of current design, controlled experiments and evaluation, use 
of guidelines and requirements definition, simulations with pilots. 
This research is starting with human specific processes where the domain is the 
world in which we evolved. It is user-centered in the sense of including expertise 
experiences, pilots, in defining the problem and using pilots in finding solutions to 
the problem for example in the listening studies. The user’s domain and context 
are also included in defining the problem. The poor design of auditory alerts 
interface is part of the actual user environment. The alert functions chosen for the 
listening studies included existing alerts as well as new trial sounds, and the 
characteristics of a warning situation is regarded as part of the user’s context. 
The author initially has a background in mechanical engineering, a field quite 
different from this research area. In interdisciplinary teams researchers with 
complementary backgrounds can compensate for knowledge gaps of one 
individual. This research has been carried out in various such teams as described 
below. 
The research work presented in this thesis can be described as three phases in 
time from 1996 to 2003 (Figures 10-12). However, no research was conducted 
during two years between June 2001- June 2003. This time was dedicated to my 
daughter Rebecka. 
 

4.1 Phase 1: 1996-1998 Literature studies and field 
studies. 

This research started in 1996. In studies of ergonomics a special interest grew for 
cognitive engineering and the idea to apply this theory to the field of this research, 
auditory alerts interface design, came early. This is described in Paper II and Paper 
III and in the results of this thesis.  
Professor Mårtensson (psychologist and professor in human-machine systems) 
and Dr. Singer (engineer and test pilot) already had an ongoing research project, 
“Warning systems in commercial aircraft”. One identified problem area was the 
auditory alerting system. It was offered to take on that problem for further 
research. 
The author joined this ongoing research project. Visits were made to three safety 
critical human-machine systems in 1997 (Paper I) and existing auditory alerting 
systems were analyzed. A literature review was conducted on earlier research on 
auditory alerts. Around this time, also in 1997, contacts with experienced 
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researchers in the field were established with Prof. Edworthy in UK, and Dr. Haas 
and Dr. Simpson in the USA. Visits were made to their research facilities and their 
ongoing research was discussed. In this process the need for multidisciplinary 
studies in areas as, for example, auditory perception, information processing and 
acoustics was found. This resulted, during 1998, in further literature studies, 
participation on seminars at the Swedish Center for Human Factors in aviation, 
HFA-seminars, and university courses. One product of this first phase was a 
report (Ulfvengren, 1999), which includes much of this work and experimental 
proposals as well as an initial attempt to requirement definitions for appropriate 
properties for auditory alerts, Figure 10. 
 
 

  
  
 
 
 
 
 
 
 
 
Figure 10. Phase 1 was a familiarization and learning process with earlier research, 

analysis of existing systems and literature reviews in many areas. This work resulted 
in a report (Ulfvengren, 1999). 

 

4.1.1 Methods in Phase 1. 
Field studies were conducted at different human-machine systems known to have 
auditory alerting systems. These were an intensive care unit, which had many 
separate machines, and at a full-scale nuclear power plant simulators and an 
airplane cockpit and cockpit test rig. Their current designs were analyzed by using 
unstructured interviews with a person at each site who was both a system expert 
(knowing about the system) and an experienced user (knowing how to use the 
system). They also demonstrated or simulated situations, which triggered auditory 
alerts. Data were collected from paper and pen observations, recordings of sounds 
with a digital tape recorder, DAT. Notes were also taken during "talk-through" 
demonstrations of how the systems worked and interviews of the users attitudes 
towards the sounds and alert design. One workday was spent at each system. 
These studies are reported in Paper I. 
Multidisciplinary literature studies and courses were conducted in areas such as 
acoustics, auditory perception, information processing, guidelines and standards 
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Performance
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for auditory alert systems and earlier auditory alert research approaches. The aim 
was to find sources of inspiration for new ideas and theories of how fundamental 
principles of human abilities and limitations in hearing and cognitive processes 
could be described as requirement definitions that could be useful in design.  
 

4.2 Phase 2: 1998-2000 Experimental studies. 
One Associability study was conducted at KTH in fall 1998. Another Associability 
study was conducted after arrival to USA in spring 1999 (both studies in Paper 
IV). Work was conducted at NASA Ames Research Center together with Dr. 
Simpson and Mr. Gardner, spring 1999 - fall 2000. We worked in a 
multidisciplinary team. Both Dr. Simpson and Mr. Gardner are pilots. The author 
and Mr. Gardner are engineers and Dr. Simpson is a linguist. Dr. Simpson and 
Mr. Gardner are both experienced human factors researchers. Soundimagery 
studies (Paper V) and the simulations of different auditory alert presentations 
(Paper VI) were conducted in 2000. Personal flying experiences were gained 
during this period, which enhanced the author’s understanding of flying, pilot 
performance and pilots, Figure 11. 
 

 
 
 
 
 
 
Figure 11. In Phase 2 the experimental studies were conducted. 
 

 

4.2.1 Methods in Phase 2. 
Associability studies I and II were performed as two listening experiments (Paper IV). 
Sounds with different characteristics were categorized into groups of sounds and 
then compared in learning and retention tasks. These experiments were not 
conducted with pilots. The intention was to learn more about sounds 
conventionally used in auditory alerts in aircraft and rotorcraft compared with 
other various groups of sounds. In the past, “design” of auditory alerts has meant 
arbitrary assigning sounds to alert functions, which then have been learnt by the 
users. These experiments imitate this “design” of new alerts and learning task in 
human-machine systems. It was also applied to a human-machine system in the 
sense that the alert functions, taken from an automobile setting, were well known 
to the subjects since all had enough driving experience to know implications, 
causes and consequences of the functions chosen for the experiment. 
 

2 Associability 
(1998 and 1999) 

Soundimagery 
(2000)

Simulation of alerts 
presentations 

(2000) 
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Participants in Associability I:    Participants in Associability II: 

14 (students and colleagues)  12 (students and colleagues) 

7 females and 7 males     5 females and 7 males 

Age: 25-57 years (M 35)   Age: 23-48 years (M 34) 

Driver’s license: 7-30 yrs (M 15) Driver’s license: 6-34 yrs (M 17) 
 
The experiment was conducted with one person at a time in an office 
environment. The equipment was a portable PC and a headset. The subjects 
adjusted the volume to own preferred level. In the learning task data were 
collected with dependent variables such as number of learning trials required to 
learn a set of sound-meaning pairs and total response time when the sound-
meaning pairs had been learnt. The experimental design was controlled for order 
effects and subjects were presented to independent variables in different orders. 
Carry-over-effects from the within-subject design were controlled by distributing 
the order of treatments so there would be no effects in the results if certain 
previously received treatments conditions influenced performance on subsequent 
condition. The training procedure ensured that subjects would hear all the sounds 
in a category equal number of times for even training. The retention task was 
performed one week after the learning task and data were collected with 
dependent variables response errors and response time. 
The data collected, performance in learning and retention tasks, were analyzed 
with treatments by subject analysis of variance (F=Variance Ratio between 
treatments). Differences in results between categories were analyzed with the non-
parametric Wilcoxon signed-rank test. Data from the two studies were added 
together for the sound categories that were used in both studies (Paper IV). 
 

Soundimagery (SI) screening studies were conducted as listening experiments with pilot 
as subjects (Paper V). The method of soundimagery (Simpson and Gardner, 1998) 
was used. The pilots were presented to sounds both known to them in a flying 
context, sounds from other contexts and unknown sounds. They were asked to 
use their experience and knowledge of the sounds from any context and rate how 
well they could associate that particular sound to an alert function in a familiar 
type rotorcraft. Their flying times for that rotorcraft is given below and are hours 
that they have flown being the Pilot In Command, PIC. The pilots were presented 
with one sound at a time, from a group of sounds, and then asked to select from 
several possible functions in a list, the function that most closely matches their 
mental image of the sound. Next they were asked to rate the degree of 
appropriateness, soundimagery, of that particular sound to the function they have 
chosen from the list. The rating scale was from 0-10 where the number 10 was 
noted for a sound very much associated to an alert function which had high 
soundimagery. The experimental design was controlled for order effects since the 
subjects were presented to independent variables in different orders.  
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Participants in SI screening I:    Participants in SI screening II: 

6 helicopter pilots     9 helicopter pilots 

1 female and 5 males     1 female and 8 males 

Age: 32-58 years (M 48)   Age: 32-58 years (M 49) 

Flying time: mean 2000 hrs.  Flying time: mean 2000 hrs. 
 
The author of this thesis performed these screenings and analyzed the data. 
However in Paper V there are results presented from two studies that followed 
these screenings. I do not have access to pilot information in those studies. 
Neither did I participate when the data were collected. However the method used 
was the same and sound material for the studies was partly developed during the 
screenings and sounds that were developed for earlier studies (Paper IV) were 
included in the studies. 
Results are based on two criterion, votes and soundimagery ratings. A statistical 
confidence level is selected for the number of 'votes' obtained by a given sound-
meaning pair in order for it to be considered for use in the cockpit. For a 
screening of a large number of sounds, a confidence level of p < 0.01 is used. In a 
study, when it is intended to select sounds for implementation, a more stringent 
confidence level of p < 0.001 is used. This is a very conservative confidence level 
for testing data obtained by ratings from human subjects (Simpson and Gardner, 
1998). Rating data tend to have a large variability due to individual differences 
among subjects in their assignment of absolute values to the values on rating 
scales. Typically, a confidence level of only p<0.05 would be used for a study like 
this. 
The second criterion for keeping a sound in the running is that it receives an 
above average soundimagery rating for a particular meaning, where the average 
rating for a given sound is its average across all pilots for all meanings.  
For a sound to be selected for implementation it must meet both of the above 
criteria and also a third criterion, designed to preclude confusability among 
sounds, that is, that no other meaning be associated with that sound at a chance 
level of p < 0.01. If several sounds are paired with one function and only for this 
function, the sounds might all be good soundimages. If these sounds are chosen 
there is little risk of confusion. However if one sound is good for several 
functions there is great risk of confusion if it gets chosen for any of these 
functions.  
Probabilities for each value of the votes were computed using the binomial 
probability distribution (Hodgman et al.1931; Goldberg, 1960) (Paper V). 
 

Simulations of auditory alerts presentations were conducted with helicopter pilot 
subjects (Paper VI). The study was designed to investigate pilot/aircraft 
performance and pilot ratings of utility as a function of the presentation logic of 
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auditory alerts. A part-task simulator, with a pilot interface very similar to the 
rotorcraft UH-60, familiar to the pilots, was used. The pilots were asked to fly a 
mission and respond as they would in a real flying task to events and information. 
They were presented to the independent variables; type of sound, number of 
repetitions of auditory alerts and with or without the possibility to cancel the 
alerts. After each mission the pilots were asked to fill out a questionnaire with 
rating scales of how they had perceived the mission including the variables. In 
parallel to the questionnaire the researchers (Ulfvengren and Simpson) discussed 
with each pilot for further suggestions, motivations for responses and the 
experimental set-up. The pilots also completed a questionnaire for the study as a 
whole. The experimental design was controlled for order effects and subjects were 
presented to independent variables in different orders. The experimental 
conditions were continuous presentation of alerts with and without cancellation 
capabilities and self-cancellation after one, two and three repetitions. Duration and 
interval was held constant. The pilots flew different missions with different 
configuration of the auditory alerting system.   
 

Participants in Simulation:    

6 helicopter pilots    

6 males      

Age: 32-58 years (M 48 yrs.)    

Flying time with UH-60: 210-2000 hours (M 705 hrs.)  
 
The results analyzed are based on empirical data from the questionnaires. 
Different scales were used: From “poor” to “good”, from “short/slow” to 
“long/fast”, from “excellent” to “terrible”, from “too much” to “not enough” 
and from “too short” to “too long”. The scales were pictured by five sections 
from right to left. The pilots were asked to make a short stroke across the scale 
for appropriate rating.  

 
 
I - - - - - - - - - - I - - - - - - - - - - I - - - - - - - - - - I - - - - - - - - - - I - - - - - - - - - - I 

  Excellent,                 Not great, but                Terrible,  

  works well.                 not too bad.                unusable. 

 
Differences in the empirical data were analyzed between different variables within 
the sound or voice categories as well as between the two alert categories. The 
Wilcoxon signed-rank test was used with significance level of p<0.05. 
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4.3 Phase 3: 2000-2003 Writing the original papers 
and thesis. 

Four conference papers were produced: one from the analysis of existing auditory 
alerting systems conducted in Phase 1 (Paper I), another on cognitive engineering 
applied to auditory alerting systems design (Paper II), a third on theories behind 
cognitive processes that can be considered design parameters (Paper III), and 
fourth a paper that summarizes results from all parts of the original research 
project on warning systems with Mårtensson and Singer (Paper VII). Articles for 
each of the experimental studies were also written for publication: one based on 
the two associability studies (Paper IV), one from the soundimages studies (Paper 
V) and one from the simulation of alerts presentations (Paper VI), Figure 12. The 
thesis was the last to finish but was written over time and started already with my 
report (Ulfvengren, 1999). 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 12. In Phase 3 (2000-2003), three conference papers (Papers II, III, VII) were 

written with different theoretical focus, one conference paper based on the analysis 
in Phase 1 (Paper I) as well as three papers for publication (Papers IV-VI), one for 
each experimental study. 

 

4.4 Problem with measurement of increased safety 
When human behavior in cockpit causes failure as a consequence of the system 
design, improvements of the system design logically will cause fewer failures and 
increase safety. The problem is that the margins are so small that it is very difficult 
to prove that an improved auditory interface solely could have prevented an 
accident or increased safety, for example with some 0.01%. Instead the researcher 
needs to be convinced that “many a little makes a mickle” and that an improved 
auditory interface will contribute to improving the warning system, which will 
contribute to improving the pilots’ awareness in a non-normal situation, which 
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will contribute to improving their decision making in this situation, which will 
contribute to improving the outcome of the situation and thereby increase safety 
for the passengers and pilots.  
There is also a measurement problem of knowing that sounds proven to be better 
in experiments, or even proven successful in simulations, actually will improve 
decision making in a real world critical situation. There is a conceptual gap 
between global dependent variables such as operator error in the real environment 
and measurable dependent variables such as response time and performance 
varying with independent variables in prototype designs in experiments (Helander, 
1997). The researcher will have to rely on theoretical and experimental results and 
prove by logical arguments some predictions for an applied setting. “The 
ergonomist must often take a logical-but unproven-approach. We usually accept 
that improved visibility, fast decision-making…are beneficial. All of this makes 
sense, and the ultimate validation with respect to global criteria will have to wait” 
(Helander, 1997, p. 10). 
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5 Summary of Papers I-VII 
In this chapter a summary of each paper (Paper I-VII) that is found in the 
appendix is presented. It gives the reader a brief understanding of the different 
contributions each paper has given to this research and is also a guide for further 
reading on a topic or study. 

5.1 Analysis of existing Auditory alerting systems 
(Paper I)  

Paper I reports from three field studies, where current designs of existing auditory 
alerting systems were analyzed. These were an intensive care unit, a full-scale 
nuclear power plant simulator and an airplane. This paper also presents results 
from a review of guidelines and standards in the field of auditory alerts.  
It was found that auditory alerts are necessary in these types of complex systems 
and that they have the potential of increasing safety and performance.   However, 
it was also found that despite the great need for, potential of, and good intentions 
with auditory alerts, the current design do not fulfill the requirements of the 
standards. 

Most guidelines are very general. For example: that alerts should minimize demands 
on crew information processing and memory (DOT/FAA/RD-81/38 II).   
Common advantages and disadvantages with current designs were found between 
the systems. The disadvantages were that auditory alerting systems waste the resources 
of the operator’s cognitive resources. Complaints were made about alerts that are 
difficult to identify among others since they were not discriminable or lacked 
meaning or both. 
Auditory alerts may sound continuously and are not cancelled even if the operator 
already has received the intended information. In this research these are called used 
auditory alerts, since they are no longer useful to the operator. Complaints are also 
made about loud, distracting sounds, false alarms and that some alarms are 
necessary to cancel manually. 

The existing standards and guidelines say little of how to accomplish the 
recommended design of appropriate sounds and their presentation format, which 
may be one reason of why so little of these guidelines are applied in existing 
systems.   
In conclusion there is much room for improvements in auditory alerting systems 
and more research is needed to develop guidelines and methods for design of 
appropriate sounds and their presentation format for future systems.   

5.2 Natural Warning Sounds (Paper II). 
In Paper I the problem of auditory alerts that waste cognitive resources and 
standards that recommends minimized demands on information processing are 
identified. This goes hand in hand with the ideas of cognitive engineering. This 
ideas is developed in paper II. 
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Paper II is a methodological paper that presents the idea of applying cognitive 
engineering to auditory alerts interface design. Relevant theories are identified and 
reviewed. 
A cognitive engineering design is described as an interface that gives a direct 
feeling or put the other way around “the need to commit additional cognitive 
resources in the use of an interface leads to the feeling of indirectness” (Hutchins, 
Hollan and Norman, 1986). 
Design principles for cognitive engineering are presented and it is showed how 
these are fulfilled in this research foremost by taking design of interface seriously 
and using a user-centered design with multidisciplinary research teams and 
simulator tools for experimental studies. 
Two major goals for cognitive engineering are reformulated for the field of 
auditory alerts. The goals of this research approach is to understand concepts that 
can be considered design parameters in reducing required cognitive resources and 
among these fundamental principles behind perception of sound and to design 
efficient auditory alerts that are easy to use and more pleasant than annoying to 
listen to. Several concepts were shown interesting; representation, auditory 
affordances, confusion of sounds, type of sounds, critical meaningful features in 
sounds.  
Natural Warning Sounds is a term coined by the author and it is defined as a 
concept and design requirements for auditory alerts in accordance to cognitive 
engineering. Examples of properties identified for Natural Warning Sounds are 
that they: 

 Have a natural meaning within the user’s context, 

 Invite appropriate action and compliance, 

 Need little or no learning time, 

 Have minimal amplitude needed to always be audible. 

 
Design in cognitive engineering is described as: “to come to understand the issue, 
to show how to make better choices when they exist, and to show what the 
tradeoffs are when, as is the usual case, an improvement in one domain leads to 
deficits in an another” (Norman, 1986, p.31). In designing auditory alerts possible 
tradeoffs are many, for example that the easiest noise to notice is the worst noise 
to ignore!  Advantages and disadvantages of existing alerts as well as for Natural 
Warning sounds are further discussed in this paper. 
In addition to defining design requirements it is proposed in this paper that 
existing guidelines should be used for perceived urgency, loudness level and 
masking as well as integrated system logic when designing auditory alerts. These 
issues will not be studied further in this research. 
This research will develop complementary methods for designing Natural 
Warning Sounds that are efficient auditory alerts according to cognitive 
engineering.   
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5.3 Auditory alerts design parameters (Paper III) 
The complaints presented in Paper I of wasted cognitive resources such as 
confusion of meaning, too many and too loud alerts and “used” auditory alerts, 
are in Paper III put in the context of an information process model to argue their 
relevance to cognitive engineering. In Paper III the negative effects on 
information processing brought about by poor design of auditory alerting systems 
are discussed further as well as understanding concepts that can be considered 
design parameters for reducing cognitive resources. 
A simplified information processing model is used to visualize these effects, 
Figure 13. The attention resources should be used for processing relevant and 
intended information that is easy to interpret and comprehend. This way decisions 
and response selections are based on reliable and useful information. This should 
lead to an adequate performance and response execution.  
Instead in many human-machine systems attentional resources are wasted on 
irrelevant and unintended information. In an attempt to interpret this information 
much confusion and distraction takes place. The response selections may lead to 
slower or even inadequate performance and response execution. Attention 
resources are wasted with confusion of meaning of alerts, distraction of too many 
and too loud alerts and alerts that has been used already but still alert, which 
increase cognitive load for the crew. 
It is also argued that the number of alerts that can be easily identified might not be 
so critical if a good design is used. It is suggested that the number of sounds 
depends on the quality and type of sound in the set of alerts used. 
 

5.4 Associability studies (Paper IV) 
In Paper II-III ideas that different properties of sounds effect required cognitive 
resources are presented and based on theories and theses ideas experimental 
studies were performed to learn more of different efforts required by different 
sounds associated to an alert function. The different sounds used are also 
discussed further in the theories and Paper II.  
In paper IV “associability” is introduced and represents the required effort to 
associate sounds to their assigned alert function meaning. If a sound is possible to 
associate, “associable”, to a given alert function it requires fewer cognitive 
resources and is therefore appropriate, in this aspect, for auditory alert design. 
More associable sounds are also less confusing, faster identified, easier learnt and 
remembered than less associable sounds and sounds that are not associable.  
The idea is to test which sounds that are easy to associate to a function and which are 
not. The intention is not to see which sounds that are easily identified as in earlier 
psychoacoustics approaches. Because in a real application setting such as a flight 
deck there are already known alerting functions for which auditory alerts are 
sought. When designing auditory alerts it is difficult to know which sounds that 
would make efficient alerts for these alert functions. Associability studies aim to 
bring light to these issues.  
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Figure 13. The figure shows how poor design of the auditory alerting system can effect 

the information process negatively. The figure is adapted from work by Wickens 
(1992) and it appears also as figure 4-3 in Ulfvengren, 1999. 

 
In these experiments different categories of sounds are compared with respect to 
how many learning trials that were required to learn 10 sound-meaning pairs. The 
meanings that were paired to the different sounds were a set of alert functions.  
The experiments were conducted to show that the choice of sounds used as 
auditory alerts have an impact on several perceptual and cognitive issues. Humans 
can easily identify hundreds of sounds in normal environment but our ability to 
learn abstract unknown sounds is very limited, which implies it may not be the 
amount of sounds as much as wrong sounds in existing systems. Another idea that 
was tested was to use known, familiar easily identified sounds intentionally in a 
new context. As one category in this study animal sounds were paired with alert 
functions. For example the sound of a pig was given the alert meaning low fuel. 
Theories of perception of sound and mainly theories related to identification and 
classification of sounds, pattern recognition and the effect this might have on 
learning and discriminability among alerts are reviewed.    
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The sound categories chosen for the study differed in properties such as: Type of 
sound; environmental, ecological, synthetic tone patterns, arbitrary tones and 
signals. They represent the source of sound at different levels of abstraction; 
abstract, semi-abstract and representational. They are either intentional or 
incidental. The sound categories included in the studies were; auditory icons, 
animal sounds, attensons, conventional existing auditory alerts and natural speech. 
It was predicted that unknown abstract sounds such as conventional alerts would 
be less associable than complex environmental sounds such as auditory icons. It 
was also predicted that the attensons, being more complex than conventional 
alerts, would be more associable than these. Two speech categories were also 
included but they were considered as a base line and required no learning.  
Among the main results is that: 

 The auditory alerts which have sounds that own properties related 
to the alert function, auditory icons, were proven better than all the 
other sounds. 

 Surprisingly the Patterson’s attensons (1982) were showed to be 
more confused and difficult to discriminate than conventional alerts 
from existing aircraft and rotorcraft. 

 Familiar sounds and easily identified sounds, such as animals, were 
used as alerts in a completely different context were proven to be 
easier to learn than both the existing alerts and the attensons. 

This study shows that some sounds require fewer cognitive resources both in a 
learning task and in a retention task, Figure 14. Associability is therefore an 
important aspect in auditory alerting systems design according to cognitive 
engineering. 
 

 

  
 

 

 

 

 

 
Figure 14. There was a statistically significant difference among the categories. Auditory 

icons required more learning trials (p<0.0001) than speech. Animal sounds were 
easier to learn (p<0.03) than alerts and attensons. Attensons were more difficult to 
learn than all the other categories (p<0.03). Source, figure 2 in Paper IV. 
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5.5 Soundimagery (Paper V) 
In Paper IV the sounds with highest associability were the auditory icons, which 
own properties related to the alert function. In a user-centered approach the 
experts that best could identify those properties are pilots. 
In Paper V the method of soundimagery (Simpson and Gardner, 1998) is 
presented. It was used in listening studies with helicopter pilots.  
A soundimage is a sound, which by its acoustics characteristics has a particular 
meaning to someone without prior training. Soundimages are not restricted to any 
category of sound. The way a sound is associated to a meaning is dependent of the 
listener’s experiences of sounds and in which context sounds have been heard.   
The pilots were well familiar with the alerting functions used in the studies. They 
were presented to a various number of sounds, both existing alert sounds from 
rotorcrafts known to the pilots and sounds from different contexts, which the 
pilots may, or may not, know. The pilots pair sounds with alert functions after 
their preferences. They choose the sound they associate most to a particular alert 
and they also rate how well they think the sound represents this alert function.  
Throughout several studies pilots do agree on sounds and significant results were 
obtained. The soundimagery method was clearly sufficient and pilots found it easy 
to use. 
The use of soundimagery is believed to improve crew response and give relevant 
information in a timely manner as well as reduce cognitive workload during actual 
flight operations as well as pilot training requirements especially in upgrades or 
new models.  
 

5.6 Simulations of auditory alerts presentations 
(Paper VI) 

As stated in Paper I the complaints of auditory alerts also deals with issues as the 
amount of sound, continuous repetitions and cancellation buttons.  
In Paper VI a simulation in which pilots flew missions with a part task simulator is 
reported. The paper addresses the question: In which format should auditory 
alerts be presented? The different formats that were variables were one, two or 
three repetitions of the alerts and continuously repeated alerts. The pilots were 
also presented to the different presentation formats with or without cancellation 
capabilities. Both speech and non-verbal alerts were included 
The researchers (authors of Paper V) observed the pilots during the simulation 
and attended when the pilots filled out questionnaires. 
There was an obvious irritation among the pilots over the continuous repetitions 
without cancellation capabilities, which were described as “annoying” and 
“obnoxious after a while” and they “cluttered the environment”. One pilot said he 
was going for the “45” and imitated shooting the button to silence the alert. 
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The pilots in this study wanted to control the number of repetitions themselves. 
All pilots preferred to be able to cancel the continuously repeated alert and they all 
did use this function when it was available. The most preferred number of 
repetitions of alerts was in many cases situation dependent. The results in this 
study truly question continuously repeated alerts.  
In the simulation of presentation formats, a soundimagery was included. It 
worked very well and it was understood with no learning and was clearly audible. 
Based upon the studied pilot/aircraft performance and pilots comments, own 
judgments and ratings of the different simulated functions the study resulted in 
several recommendations for future systems.   
 

5.7 Auditory and visual warnings in aircraft (Paper 
VII) 

As mentioned in the method this research is a part of a broader research project, 
including issues of the whole warning system.  
In Paper VII, a summary of this project “Warning systems in commercial aircraft” 
is reported. Within this research attempts were made to solve the perceptual 
problems at multiple malfunctions. It has been shown in the associability study 
that the existing sounds could be replaced by more associable sounds, which 
would improve the understanding of the particular alert. Soundimagery studies 
have shown that context related sounds are preferable. It is further recommended 
that pilots should have the possibility to cancel the alert signal “to be able to 
think”, as continuous alerts were considered distracting and interrupting problem 
solving tasks. 
Furthermore simulations concerning alert messages [visual] have addressed the 
cognitive problems. The conclusions are that warning systems that (a) provide 
guidance on what to do next and (b) show the pilot what is still operational are the 
ones, which are of the greatest support to the pilot in difficult situations. A special 
feature of the Airbus concept is the acknowledgement by the system that an 
action has been successfully completed. That tells the pilot that he is on the “right 
track”, which is considered as a relief: “one problem less to solve”. 
Future research on alert messages will deal with the issue of how to convey to the 
crew in the most clear and unambiguous way. The desirable final step would be to 
simulate the initial accident where the engines lost their power immediately after 
take off. To have the existing sounds replaced by more associable sounds would 
be interesting, so would the introduction of context related sounds be. With the 
right auditory warning the pilot would immediately understand what part or 
function of the aircraft is suffering a malfunction. This would assist him/her in 
checking the annunciator panel where alert messages are given according to the 
experiments carried out above: guidance on what to do next and on what 
functions are still operating. 
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6 RESULTS 
Results from this research are summarised in this chapter.  
Firstly, a combined theory, of cognitive engineering applied to auditory alerts 
interface design, is presented.  
Secondly, theories relevant to this research that were identified in chapter 3 are here 
related to aspects of cognitive engineering and sounds. 
Thirdly, Natural Warning Sounds are defined as design requirements for efficient 
auditory alerts.  
Fourthly, the theoretical results and experimental results are used to develop a 
design process that can be used in designing Natural Warning Sounds and 
auditory alerting systems. 

6.1 Cognitive Engineering applied to auditory alerts 
interface design. 

The cognitive functions encompass perception, attention, memory, judgment, 
decision-making and problem solving. Cognitive engineering is a comprehensive 
subject for reducing the effort required by these functions by changing the 
technical interface. 
In this research cognitive engineering is applied specifically to auditory alerts 
interfaces. Two goals from cognitive engineering have in this research been 
reformulated to fit auditory interface design. Slightly modified from earlier in 
Paper II these are stated as: 
 

 To understand the fundamental principles behind auditory 
information processing and performance that are relevant for the 
development of engineering principles of design of an auditory 
alerts interface. 

 To devise auditory alerts which are more pleasant than annoying to 
listen to, easy to learn, but still efficient auditory alerts. 

 

This research was conducted in accordance to the prescriptions of cognitive 
engineering design described earlier (p.11). This research considered interface 
design as an independent and important problem with knowledge of: humans and 
the technology, people and principles of mental processes, communication and 
interaction. It was also performed with expert knowledge of the task that is 
considered. The design of the interface was separate from the design of the 
system. User-centered design was performed starting with the needs of the user. 
Cognitive engineering includes user-centered design. User-centered design has in 
theory already been applied to auditory alerts design, as presented earlier, Figure 2.  
In accordance to cognitive engineering applied to auditory alerts interface a direct 
sound should require less cognitive resources than a less direct sound. In the 
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theoretical results arguments were found for what a direct sound is or what an 
auditory alert is that requires few cognitive resources.   

6.2 Theoretical results 
The first goal of this research was to understand fundamental principles behind 
auditory information processing and performance that are relevant for the 
development of engineering principles of design of an auditory alerts interface. 
Theoretical areas of interest identified were HUMAN, SOUNDS and WARNING 
SITUATION. In Figure 15 three circles represent these areas. The HUMAN 
circle contains cognitive processes (including perception and symbols 
representations and memory), physiology of the ear and hearing. In the SOUNDS 
circle the relevant subjects are basic acoustics and how sounds can be constructed 
of tones, noise pulses etc. The WARNING SITUATION circle includes specific 
aspects as non-normal, time critical and high workload conditions. The HUMAN 
and SOUNDS circles share an area of psychoacoustics, ecological hearing and 
music. The HUMAN and WARNING SITUATION circles share an area of 
urgency, stress and dynamic decision-making. As can be seen the variables of 
HUMAN, SOUNDS and WARNING SITUATION are interrelated in the 
auditory alerts interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Theoretical areas of interest related to auditory alerts interface. These are 

identified as HUMAN, SOUNDS and WARNING SITUATION.   
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6.2.1 Information processing and memory related to 
sounds. 

According to the simplified model in Figure 3 (Wickens, 1992) the process of 
auditory stimuli can be described as: An auditory stimuli is stored in a short term 
sensory storage and then perceived, perhaps recognised and/or remembered and 
somehow related to the existing situation. After some thought and decision 
making a selected response is executed and the outcome of the response gives 
feedback through new stimuli, not necessarily auditory stimuli. 
Attentional resources are limited and when the maximum capacity is reached 
performance goes down. Learning a new sound or remembering a learned sound 
requires more resources than listening to a familiar sound or a sound that needs 
no learning. 
Learning consists in parts of associations between stimuli and response. Learning 
sounds together with an alert function can be described as associations between a 
heard sound and an assigned paired meaning. Therefore it is argued that concrete 
sounds are more readily remembered than abstract sounds. If the sounds are 
concrete enough to evoke images then imagery and dual coding can be used to 
recall a meaning of sound. A short distance between a sound and its meaning in 
an associative network represents a strong association. A strong association and 
imagery consequently requires less learning or effort to recall the meaning of a 
sound that is listened to. 
 

6.2.2 Auditory attention 
 Attention determines what information will be processed partly depending to what 
cost or with how much effort it will be accessed. Receiving information flying 
head-up instead of head-down will make attention to information easier, with less 
cost. Auditory alerts with sounds that only are attention getters will cause the pilot 
to look down for information on a visual display. Alerts with more information 
than only alerting qualities can therefore decrease information access cost. 
The auditory sense is omni-directional and a sound can be heard and noticed even 
if it was not especially listened to and the fact that nature did not provide us with 
“earlids” are arguments for that auditory warnings are well matched to the human 
system. 
Discrimination is the inverse of confusion. A group of similar auditory alerts are 
more difficult to discriminate than a group that differ from each other. However, 
two groups of sounds may differ enough from each other to be easy to 
discriminate using selective attention by using two different categories of sounds. 
For example if animal sounds and musical instruments were used, the sounds in 
each group or category could still differ enough from each other to be easy to 
discriminate using selective attention, for example like a horse differ from a dog. 
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6.2.3 Ecological hearing and auditory affordances. 
By nature perception is fit for complex events and entities in the everyday world. 
Affordance means direct perception of meaning and requires less cognitive 
functions than the need of learning a sound’s meaning does. 
In this research there is one world that is to be represented and then a 
representing world with a set of sound symbols, auditory alerts that stand for 
something in the represented world. A sound may represent critical features of a 
concept or alert function, which is enough to distinguish it from other alert 
functions as well as enough to represent the intended alert function.  
Information that is not represented declines in importance to us. A pilot has no 
choice than to care or reflect upon the information presented. This might in 
unfortunate cases be irrelevant information as false alarms or nuisance alarms. 
A good representation of sound can be faster recognised or it’s meaning 
understood than a verbal or text message and a faster response logically requires 
less effort than something that is processed longer. 
In a noisy environment a sound symbol could be less sensitive to masking if vital 
details of the sound were enhanced.  
Many sounds are common between cultures but certainly some sounds may be 
specific for certain cultures for example animals that are not common elsewhere. 
Sound symbols have been classified into levels of representation with representational 
sounds, semi-abstract sounds and abstract sounds. This level of representation or 
abstraction level implies that there would be a correlated scale of cognitive 
directness in an interface using different abstraction level with a representational 
level being most appropriate, and direct. 
In accordance to direct perception and an ecological approach a complex sound is the 
only kind of sustained sound that occurs in nature and sounds that our auditory 
system was evolved to process. So at a biological level of human centered design 
environmental sounds are more appropriate than synthetic beeps. Environmental 
sounds are more meaningful and being more meaningful they are easier to 
associate to that meaning and thus easier to learn with less cognitive effort than 
simple sounds. 
Sounds may also be classified as intentional or incidental. When using terms as 
environmental sounds, these sounds are often incidental but if an environmental 
sound is appropriate as a representation of something it is intentional in this use. 
An example could be the use of auditory icons as alerts. 

6.2.4 Different categories of sounds possible as 
alert function representations. 

Different sound categories have different characteristics. The different categories 
of sounds discussed in this research are shown in Figure 16. 
Speech consists of very complex sounds and, is of course, representational to its 
source or meaning and it is intentional. 
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Auditory icons are often environmental sounds, for example dropping a glass, filling 
a glass or drinking the last from a glass. Applied to cognitive engineering these 
sounds may be familiar and easily associated to an image and hence easy to learn 
and remember. They are acoustically complex and caused by real events and 
representational to their source and incidental. 
Earcons are abstract synthetic tones but designed in a structure to give meaning to 
different sounds and melodies. This structure needs to be learned but grouping of 
functions make it more cognitively effective than for example one abstract sound 
per function. These sounds are semi-abstract and incidental. 
Music, different instruments or musical elements may be easily discriminated 
depending of the mix of sounds and groups of sounds. Many of the sounds could 
be known to the listener and again be easier to associate to something that would 
make them easier to learn. 
Different animal calls are inarticulate complex sounds that are representational for 
specie and individual. If common animals are used these would probably be 
known and easy to discriminate from each other. It may be difficult to find 
functions to be represented by animals but the fact that the sounds already are 
known it could be in advantage over abstract sounds. 
Attensons are synthetic tone patterns consisting of pulses and bursts with unique 
waveforms and great variation in temporal patterns. These sounds are not as 
complex as natural sounds but more complex than the tones and pulses of which 
they are composed. They are composed for a purpose and therefore intentional. 
Their individual characteristics allow the listener to recognize its pattern and 
melody, which at some level of abstraction allow for association to a meaning. 
Combinations of tones or signals form acoustically simple sounds, which are 
found in conventional auditory alerts. Few frequencies, short duration and repeated 
patterns are very common. They are often arbitrary and abstract. A beep is likely 
to remind the listener of just another alarm rather than a function or true event. 
Alerts are intentional sounds.  
Expressions of emotions in voice and music are human specific and similar across 
cultures. Happy music and sad music are examples of emotions possible to 
represent by music. Slow tempo is correlated with sadness and fast tempo with 
joy. High pitch can represent small things (small creatures have small heads and 
larynxes which produce high pitch sounds) and low pitch sound may represent 
large heavy things for the opposite reason. If a sound is found representative for 
an alert function its values or dimensions in turn may be altered with pitch. 
A pure tone is a simple tone, with a constant frequency and a complex sound is a 
sound of many tones with a frequency spectra. A single tone is a one-dimensional 
stimuli and a complex tone increase channel capacity and confusion appears near 
channel capacity. In accordance to cognitive engineering a complex sound 
enhance capacity and are easier to discriminate than simple sounds. 
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 Figure 16. Spoken words, auditory icons, animal sounds, attensons and conventional 

auditory alerts, are different type of sounds at some level of abstraction, intentional 
or incidental with simple or complex acoustic characteristics (from Paper IV).  

6.3 Natural Warning Sounds 
In this research, on one hand, a human and ecological approach has been taken. 
“Natural sounds” in that approach are sounds found in our natural environment 
which are believed to be most compatible with our auditory information process. 
In this research , on the other hand, a user approach has been taken. Sounds that 
pilots have experienced and learned in aviation is “natural” to them in this 
context. Since this is an artificial environment some sounds are not natural in the 
sense that they can be found in the natural environment in which our hearing 
evolved.  These sounds may even be acoustically “unnatural”, simple and one-
dimensional sounds not found in nature, and only meaningful to pilots. This 
argument means that there should be no restrictions in the sounds tested for 
auditory alerting systems design. Although the use of the term Natural Warning 
Sounds needs not to be connected to an ancient animal which our ancestors 
feared. Neither are natural warning sounds necessarily heard during an accident. 
However, it might be both if pilots associate to these kinds of sounds in for 
example a soundimagery study. Even though there might still be advantages in 
those cases where truly ecological sounds coincide with a chosen auditory alert 
there might still be enough advantages to choose a familiar one-frequency beep 
for some alerts. In the concept of Natural Warning Sounds the interpretation of 
“natural” includes sounds that are natural for the pilots in their everyday 

Category / Type of sound Characteristics 
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Complex  
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environment. The appropriate properties and design requirements for an efficient 
auditory alert are Natural Warning Sounds, either from a human view, or a user 
view, and preferably both. 

 

Natural Warning Sounds: 
 Have a natural meaning within the user’s context, 

 Are compatible with the auditory information process, 

 Are pleasant to listen to (not annoying), 

 Are easy to learn, 

 Are easy to remember,  

 Are efficient for action , 

 Are efficient for compliance, 

 Decrease time for performing the task, 

 Contain relevant information, 

 Are clearly audible, 

 Are easy to discriminate from other groups of alerts, 

 Are easy to discriminate from other individual alerts. 

 
In the associability studies, associable sounds are sounds that are compatible with 
the human auditory information process, are easy to learn, are easy to remember, 
decrease time for performing the task and are easy to discriminate from other 
groups and individuals of alerts. In the soundimagery studies, soundimages were 
found that are sounds that have a natural meaning to the user, are easy to learn 
and remember, are efficient for compliance and action and contain relevant 
information.  
 

6.4 Developing a design process. 
This research emphasises the need for development of design tools, which 
integrate knowledge about information processing and human cognition, tools 
that engineers can use in design, without them being human factors engineers or 
having fundamental understandings of cognitive sciences. The tool that is the 
outcome of this research is a design process. 
This research contributes to the user-centered design process described earlier and 
proposed by Edworthy and Stanton (1995), see Figure 2. These contributions 
concern modifications of several stages.  
The methods of Associability and Soundimagery are added for appropriate 
ranking, design of a trial set, learning and confusion test.  
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Results from the simulation and existing standards and guidelines should be used 
for designing a prototype warning set and presentation format. For example, to 
have cancellation capabilities, to avoid continuous repetitions of alerts and use 
appropriate intervals between repetitions. 
A new suggested design process from this research is here described moment by 
moment (see Figure 17): 
 

1. Identify the need for alerts for a given alert function together with users 
and acquire a fundamental understanding of the users’ domain. 

2. Discuss with the users both existing and modified sounds as well as sounds 
from various categories. Knowledge of associability studies and theories 
concerning associability guides the process of generating trial sounds.  

3. Include the trial sounds in a soundimagery study. Soundimagery gives a 
combination of generating trial sounds and appropriateness test and since 
pilots have an understanding of the seriousness of a situation when a 
certain alert is required some mapping of urgency may also be included. 

4. Associability studies can be performed for further knowledge of sound 
categories. Associability studies may also be used when soundimages 
sought in soundimagery studies are not found. 

5. When the process has reached this far a first trial alert set could be 
especially tested for confusion in the same learning and retention task as in 
an associability study.  

6. For the final “size and shape” of the auditory alerts their presentation 
format needs to be considered, such as: repetition rate, number of 
repetitions, cancellation capabilities, loudness and masking issues. 

7. Establish presentation format and prioritisation of the auditory alerts. 
8. Urgency mapping test. 
9. When prototype auditory alerts have been designed this far with these 

methods they need to be tested and validated in simulations. 
10. The auditory alerts system needs to be validated in flight tests before 

implementation. 
 

This process is iterative and many inappropriate sounds will be discarded out and 
many sounds will be modified over and over again.  
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Figure 17. A cognitive engineering design process for Natural Warning Sounds and 
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7 DISCUSSION  
Even though the design requirements for Natural Warning Sounds are suggested, 
many sounds that fulfill many of these requirements but not all, will still be much 
more appropriate than abstract conventional alerts. For example, even an 
acoustically simple conventional alert may be found to be a good soundimage for 
an alert function by the pilot. There is a tradeoff from using complex sounds 
more compatible with our auditory sense and they may also be more annoying. 
However it will still contain relevant information to the pilot and have a “natural” 
meaning in the context of use. Another example is when a complex environmental 
sound or animal sound is used as an alert. The tradeoff is that it might not have a 
meaning in the context of use but it is instead associable. By being associable it is 
still easy to learn and remember to an assigned meaning, and it is not confused 
with other sounds. 
The design process presented is far from complete for developing an auditory 
alerting system. Natural Warning Sounds need to be complemented with 
technological solutions for the issues of integrated alerting systems with logic that 
supports prioritization of alerts to avoid nuisance alerts and simultaneous 
presentations. More research is also needed in the field of presentation format, 
which was initiated with the simulations in this research. 
Simulations can be considered as controlled basic research studies with the 
intention to collect as realistic data as possible. This simulation struggled between 
making the missions similar enough to be compared and realistic enough to keep 
the pilots motivated to “fly for real”. Some pilots commented on the simulator 
update rate. For some missions the terrain is complex and it makes the simulator 
“sluggish” at times. This did not occur more than maximum two out of ten 
missions. They were asked to rate the concept and not the simulator for those 
missions. Many of the pilots really got into the missions, used the available co-
pilot and flew tactically, while others let us know that they had figured out what 
was probably going to happen after half the missions. However the simulations 
made all pilots think about variations of alert presentation configurations and it 
worked very well as a common base for good discussions. The pilots truly 
contributed with their experience and gave many recommendations. If time and 
money had allowed this research would have had more pilots, longer missions, a 
faster up-grade rate, more alerts and alert conditions. 
Throughout this research sounds have been listened to. It is very difficult to write 
about sounds. It is very abstract for any reader to discuss “attensons” and the 
“rpm alert” in the Cobra helicopter if the reader cannot compare them by 
listening to them. The theoretical arguments for or against the sounds are believed 
to be clearer if the opportunity exists to listen to the different sounds. No sound 
descriptions in the form of frequency spectra have been reported in this thesis. It 
is not likely that this would help to understand the differences of complex or 
simple sounds or to discriminate one sound from another. 
It is believed that the methods presented in this research are general of their kind 
and defined by the user and the user context. Therefore the design process 
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suggested can be applied to any human-machine system, for example: cars, 
hospital equipment, intelligent homes application and mobile phones. 
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8 CONCLUSION 
The first aim of this research has been to describe the properties of sounds 
appropriate for an auditory alerting system. The answer is any sound that meets 
the requirements for Natural Warning Sounds.  
 

Natural Warning Sounds: 
 Have a natural meaning within the user’s context, 
 Are compatible with the auditory information process, 

 Are pleasant to listen to (not annoying), 

 Are easy to learn, 

 Are easy to remember,  

 Are efficient for action, 

 Are efficient for compliance, 

 Decrease time for performing the task, 

 Contain relevant information, 

 Are clearly audible, 

 Are easy to discriminate from other groups of alerts, 

 Are easy to discriminate from other individual alerts. 

 

The second aim of this research has been to suggest in which format the auditory 
alerts should be presented. Part of the answer has been given here. Important 
issues were identified and the knowledge gained during the analyses of existing 
alerting systems and performed simulations as well as theoretical results, are 
valuable to anyone that is in the process of designing a warning system.  
The third aim of this research has been to suggest a design process for auditory 
alerting systems. The answer is a cognitive engineering design process that 
includes the methods of associability and soundimagery. This design process, 
Figure 17, is believed to result in an auditory alerting system with Natural Warning 
Sounds with an appropriate presentation format.  
The overall goal of this research is increased safety in aviation. This research was 
based on theories in ergonomics and cognitive engineering with the assumption 
that improved human performance within these systems increase safety. 
Furthermore, an assumption is that minimizing cognitive effort for the pilots 
through a better human-machine interface design increases their feeling of 
directness to the system as well as increases the overall system performance. 
This research have to rely on theoretical and experimental results and prove by 
logical arguments that Natural Warning Sounds and suggested presentation format 
are predicted to increase overall system performance and safety. 
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One of the major difficulties for researchers in this field is to consider the gap 
between basic theoretical research and system design and to implement theory 
into practice. It is important to enable system designers to apply results from 
research in their context. This research has brought related theories closer to 
practice.  
This research has demonstrated general methods that will allow designers, 
together with the users of the system, to apply these in design in their own system.   
 

8.1 Future research 
In future research there is a need to study methods to assure that the sounds are 
highly associable among other alerts. In a set of similar associable sounds, an 
unfamiliar abstract sound may stick out and be very easily associated to any other 
function due to high contrast. Associability tests with groups of sounds from a 
various mix of categories of sounds should be tested. 
One issue that has not been discussed in this research are alerts that are designed 
to give direct feedback, for example the stall warning. It goes off when the aircraft 
is stalling and silence when the stall is recovered. As long as the stall is possible to 
recover immediately the duration of the alert is meaningful, however it might be 
distracting in other situations. This tradeoff of such an alert design needs to be 
studied, possibly together with the turn-off threshold. 
Research needs to obtain results for a turn-off threshold to develop guidelines or 
methods to obtain appropriate repetition rates and cancellation capabilities. 
Further studies of understanding critical features of soundimages or reasons for 
the pilots to choose certain sounds should be performed to learn more of sounds 
and to improve selection of prototype sounds. 
Theories and earlier research of warning system logic and integration of different 
alerts as well as prioritisation of warnings has only briefly been mentioned. This is 
a large area with much potential to improve the alarm problem. 
Further experiments are needed to complement and validate this design process. 
For example a full set of auditory alerts based on associability studies and 
soundimagery need to be developed and tested in a more extended simulation. 
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