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Preface	to	the	First	Edition
A truck with its driver on board is standing on a sloping quayside. Suddenly the truck 
starts to roll backward toward the edge of the quay. The driver reacts spontaneously 
and pushes the direction lever forward. This results in the truck increasing speed and 
falling over the edge of the quay. The truck driver is seriously injured in the accident.

In the police enquiry following this incident, it was concluded that the accident was 
due to the truck driver’s error. However, the lever that controlled the direction in which 
the truck travelled was designed so that when the lever was pushed forward the truck 
travelled backward, and when it was pushed backward, the truck moved forward.

On further thought, it is self-evident that this design is both illogical and unsuit-
able. It should instead have been designed so that the truck travelled in the direction 
of the lever movement. It could be said that the accident was caused by designer error 
rather than user error. The designer had not taken into account the natural response 
of a truck driver in such an incident—that is to say—no consideration had been given 
to ergonomic factors in the design of the controls of the truck.

Ergonomics is concerned with the adaptation of technology to suit man’s natural 
abilities and needs. The aims of research in this field are to:

 1. Prevent ill-health, injury, and fatigue.
 2. Create comfort and well-being.
 3. Promote efficiency (both qualitatively and quantitatively) and improve reli-

ability in production.
 4. Create interesting and meaningful jobs.

Control rooms of different types have considerable problems as far as adapta-
tion to man is concerned. Problems include instruments that are difficult to read and 
which are illogically positioned, or controls that are difficult to hold and have unsuit-
able movement directions.

This handbook is designed to be used as a simple and easily accessible aid in 
the design and development of new control and operation rooms, primarily in the 
process industries. Suitable sections may also be used in the design of other types of 
control rooms. The book is important for all those involved in the design of opera-
tion: control room designers, instrument engineers, data engineers, process special-
ists, and control engineers. It is my hope that the process operators who sit and 
operate the machines will also be able to use this book.

It is sometimes impossible to provide concrete recommendations and solutions 
to problems. What is needed instead is a general knowledge of man’s functioning, 
needs, and nature in order to be able to choose the best technical solution in a par-
ticular situation. This results in certain chapters in the book being of a more descrip-
tive nature.

Accordingly, this could be seen as an ergonomic ‘cookbook’ where the ‘reci-
pes’—that is, the development of operation and control rooms—are easily accessible. 
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A lot of background material and many definitions have been excluded in order to 
fulfil this aim, but those who are especially interested can find them in other publica-
tions cited.

Toni Ivergård
Stockholm, Sweden
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Preface	to	the	Second	Edition
This Handbook of Control Room Design and Ergonomics was first published in 1989 
by Taylor & Francis. The first edition, produced nearly 20 years ago, was based on 
rather classic approaches to ergonomics, as was the concept of design. However, in 
spite of this we noticed that this book, although long out of print, was still selling sur-
prisingly well on the secondhand market. The first edition was based on solid practi-
cal research on control room work from most areas of industry. This information is 
still relevant and has inspired us to produce this new, extensively updated edition.

This new edition has two functions. First, it covers more extensively the use of 
the control room and its related computer system beyond the traditional tasks of pro-
cess monitoring and supervision. Second, it describes the use of the control system 
for optimising and developing the existing systems and processes. The control room 
can also be used for the purposes of education, learning, and simulation training. But 
at the utmost, the control room of the future should become a high-ceiling environ-
ment for creativity and innovation. By ‘high ceiling’ we mean an environment that 
has a high tolerance for error and is thus a suitable environment for learning from 
error. Over the past year, we have jointly and separately been researching in areas of 
relevance with a view to updating and rewriting this classic handbook. This second 
edition still aims to be a practical handbook of guidelines and cases.

The concept of ‘control rooms’ has changed and expanded enormously during 
the time between the first and second editions. In composing this new edition, we 
have catered to these developments. Accordingly, this new edition has a section 
describing this new situation and also includes a new taxonomy/paradigm. Nowa-
days, as their roles and functions have greatly expanded, it is often more appropri-
ate to talk about control centres. A modern approach for looking at work in control 
rooms uses recent concepts of creativity and learning/developing environments. We 
have incorporated such concepts into the current text. Additionally, we have included 
new ideas and philosophies about organisational design and job design as these are 
applied to control room-related work. We therefore include and describe some cre-
ative organisational designs of the future. Learning organisations and learning at 
work are integral parts that utilise the information and communication technology 
(ICT) potential of modern control systems. In this respect, we have added some 
theoretical background about learning, learning in the workplace, and lifelong learn-
ing. Today, process control encompasses a new generation of computer systems that 
have enormous capabilities, including the potentials of new display technologies. In 
other words, advanced technologies are today, to a very large extent, integrated and 
interrelated with human factors and organisational development.

We consider some basics of ergonomics of controls and displays to be very impor-
tant and for this reason we have retained these concepts and models. But we have 
added a major part related to all new innovations in large-scale information displays. 
These new features also influence the design and layout of the control room. They 
will also help the reader develop a better understanding and insight, particularly for 
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relevant creative work. In the course of writing this second edition, we approached 
leading-edge companies for ideas and suggestions, and they generously assisted us 
in providing a number of exciting design examples. We are grateful for the helpful 
insights from these colleagues from industry.

Concepts of knowledge management, data mining, and artificial intelligence 
(AI), including the use of logistics, queuing theory, and so forth, also have high 
potential in the creation of the control processes and control rooms of the future. 
Ideally, control room work of the future is no longer a tedious or boring, monoto-
nous task solely focused on low vigilance of work processes. It is now a stimulating 
creative design for optimising system performance and shaping the future as part of 
business development efforts to improve competitiveness while conserving scarce 
resources and saving the environment.

Toni Ivergård
Brian Hunt

Bangkok, Thailand
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1 Work	in	Control	Rooms

Toni Ivergård and Brian Hunt

Contents

1.1 Computerisation ..............................................................................................5
1.2 Paradigm Shift: From Control Rooms to Control Centres .............................7
References and Further Reading ................................................................................8

Traditionally, human work was of the handicraft type engaged in by workers using 
only the very simplest of tools. Normally, whole handicraft items were produced 
by the work of one person from beginning to end. This traditional approach to the 
organisation of the work process began to change during the industrial revolution. 
Industrialisation brought large and complex machines into the workplace, though 
these were initially only used to augment the available power—workers were still 
operating manufacturing machinery by hand. Perhaps the largest change occurred in 
the organisation of work. Instead of a single worker making the whole or a major part 
of a product, the task was broken down into several smaller processes each carried 
out by a different worker. Figure 1.1 shows the development of the human role in the 
different stages of automation. In Figure 1.1a there is direct human control without 
automation, whilst in Figure 1.1b a low level of automation has been introduced. 
In Figure 1.1c a control computer is used to coordinate the different local control 
devices, and Figure 1.1d is the most advanced control system, based on integrated 
communication between a large number of small computers.

Technology changed more quickly in some industries than in others. It soon 
became possible to use the available technology to convert raw materials into the 
final product with minimal direct contact with the worker. A technical process had 
taken over the former manual manufacturing process of the product.�

� At the time of the first edition of this handbook, the concept of a process industry encompassed a 
whole variety of industries and companies that all had one feature in common. In these industries, the 
input (raw material) is processed, converted, or changed (often chemically and/or physically) in order 
to create the finished product. In process industries, it is also common for subprocesses to occur in 
some sort of flow, and for the progressions between the different elements to be more or less directly 
connected to each other. These subprocesses are often automated; that is, they occur without any direct 
intervention from a worker. Typical examples of process industries are the paper, electricity, food, gas, 
and petroleum industries. In all these industries the raw material and the finished product are very 
different, and although the work carried out by people in each system varies markedly, the principles 
of the organisation of work processes are the same. Since the first edition, there has been an explosion 
in information handling in all areas of business and society. Naturally, this has had implications for 
understanding the concept of process industries. The markets for trading of energy, natural resources, 
and environmental pollution are all, in a manner of speaking, kinds of process industries. The use of 
computers as well as information and computer technologies (ICT) is an important factor that adds on 
to this greatly expanded conceptualisation of process industries.
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Figure 1.1  Different levels of automation and the change in the human role from online 
controller to off-line supervisor and planner.
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In a process industry the operator is often responsible for expensive equipment 
and for the health and safety of the workers. Some have found that these responsibili-
ties lead to stress and hesitancy on the part of the operator (Johansson, 1982).

1.1  Computerisation

Computerisation often involves the amalgamation of the larger process units into a 
single control room. This adds to the operator’s responsibilities since the economic 
value of what is controlled increases, which in turn increases the fear of any fault 
arising. In addition, the operator ends up further away from the actual process. There 
is thus a likelihood that the operator’s knowledge will diminish about what actually 
happens in the process (that is, the opportunity for learning and improvement also 
diminishes). Over time, this can mean that the operator is uncertain of what to do in 
critical situations, thereby heightening the feelings of fear and insecurity.

It is interesting to note that, contrary to expectations, computerisation in the 
process industries has not brought any great reduction in the number of employees. 
According to Berglund (1982), a limited level of automation may result in a certain 
reduction in staffing levels (see Figure 1.2). But when the degree of automation rises, 
a ‘cut-off’ level is eventually reached where there is no further reduction in manning 
levels. If the degree of automation is increased much further, the staffing level may 
even increase. Sorge et al. (1982) found similar results in the manufacturing industry.

The introduction of computers for process control and process monitoring brings 
with it new forms of information and control devices. The traditional control panel 
has been either partially or completely replaced by visual display units (VDUs), and 
the traditional buttons, levers, and knobs have been replaced by keyboards. This 
can create new problems. VDUs require special lighting conditions and the screens 
increase the load on the operator’s eyesight. The various types of printers can create 
considerable noise problems. Certain units give off a relatively large amount of heat. 
For example, a data terminal gives off about the same amount of heat as a person. 
If the ventilation system is already working near its limit, problems of excessive 
warmth may occur. This list of problems can be extensive. Here, however, it suf-
fices to say that there are a variety of different problems that may be encountered in 

Level of Automation

N
o.

 o
f E

m
pl

oy
ee

s

Figure 1.2  The relation between level of automation and number of employees.
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computerisation of process control. It is therefore important to attempt to predict the 
problems at an early stage in the planning of a new, computerised process industry 
(or in the computerisation of an older existing process industry) so that they can be 
avoided as far as possible.

Figure 1.3 shows schematically the progression towards a technical system. The 
initial stages involve the planning and design, and then the system is built. This 
is operated and maintained, and at the end is finally dismantled and partially or 
completely removed. Traditionally, planning has been carried out as in Figure 1.3a, 
where it has precise starting and end points, although there is much to suggest that 
this rigid approximation is not suitable. In many organisations some kind of plan-
ning, for alternatives, is ongoing most of the time. One should treat the planning 
process as a continuous activity, as in Figure 1.3b, and all interested parties should 
participate in the activity.

The past decades have seen a paradigm shift in our understanding of work and 
the conditions of work. The perception of people and job design with people in mind 
is much more holistic, as opposed to pragmatic. A pragmatic approach would tend to 
aim for a solution regardless of how people are affected by that solution. Nowadays, 
participation from employees is an obvious necessity. This has a large impact on the 
job content. This is discussed in this new edition of the handbook. Today, control 
room operators have larger and more complex jobs. But in most control room situa-
tions, operators have no opportunity to envision new perspectives of their industry, 
and this is a problem for operator and process development. Concerns for environ-
mental and energy husbandry have become more prevalent.

Building and
Installations

To Take in Use Running and
Maintenance

Lay DownPlanning

(a)

Planning

Building and
Installations

Take in Use

Lay Down Running and
Maintenance

(b)

Figure 1.�  The ongoing process for planning and building new industries.
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1.2  paradigm shiFt: From Control      
  rooms to Control Centres

In his classic book The Structure of Scientific Revolutions, published in 1970, 
Thomas Kuhn described the natural sciences from the perspective of models of 
thinking where one paradigm would be the universally accepted view. Paradigms 
encourage people to see things in a certain way. This happens in industry and busi-
ness, as well as in academic disciplines. Thought and action continue along accepted 
pathways. Any alternatives to the accepted way of seeing and doing are regarded as 
irregular, unacceptable, or downright wrong. That is, until someone or something 
changes the prevailing worldview. Technologies often disrupt existing paradigms. 
Information technologies (IT) such as the Internet, the widespread use of personal 
computers, and the phenomenal growth of e-mail, search engines, and information-
sharing facilities (such as YouTube, MySpace, and Facebook) disrupt many existing 
paradigms as people adapt to new channels of information. Today we face a new par-
adigm shift. The control room concept seems to be on its way out. In new industries 
and in professions where new technologies are used, control centres have become 
the norm. We will therefore talk about control centres as these incorporate a wider 
scope of supervision, control, and development. In these contexts we will see greater 
complexity. For example, communicating and control systems will have complex 
hierarchical processes. Whether local, regional, national, or global, the processes 
will enable communication to take place in real time between these different levels 
of the hierarchy. Operating between these hierarchies will be networks of subsys-
tems. A classic example is the reservations systems of airlines. These were among 
the first data and information systems to be globally networked, allowing user access 
from anywhere within the network.

The ‘control room concept’ is spreading to many new areas. For example, the 
food processing and food technology industries are now included in the traditional 
control room concept. There are many obvious advantages to making these indus-
tries automated and limiting direct human involvement that leads to, for example, 
improvements in levels of hygiene quality. However, a problem of introducing auto-
mation in this context relates to the difficulties in measuring different quality-related 
factors without direct human involvement. Many aspects of food processing are 
dependent upon tacit knowledge of professionals and, often, such knowledge is the 
preserve of specific ‘expert’ individuals. In brewing, winemaking, and cheese fer-
mentation, the brewers, vintners, and cheese makers often rely upon their ‘nose’ to 
gauge quality.

In recent years, there have been a number of completely new areas of control 
rooms—or, rather, control centre—types of applications. One very fast-growing 
application is in surveillance and security control centres. These incorporate much 
more than ‘policing’ of urban, business, and residential districts. Yet another area is 
that of financial control and trading centres. These began to emerge to some extent 
more than ten years ago. Today most large companies have control centres to improve 
the quality of financial planning and to provide real-time data on market movements. 
Companies such as Reuters and Bloomberg have successfully exploited the need of 
the financial services industries for such data.
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In the public management sector, this past decade has seen the emergence of 
e-government systems. However, while development has been rapid, these systems 
have tended to be in isolation. Today more and more of the work of government 
departments is coordinated in e-government systems. Often e-government systems 
are very clearly separated from the departments working in traditional ways. One 
risk here is that the two processes will continue to work in parallel and the govern-
ment and its departments will have duplicate operations. In this scenario, there is a 
need to create some kind of control centre that clearly will be controlled by the top 
management of the organisation. In the near future, one more-than-likely scenario is 
that national systems will interconnect all (or at least most) of the government ser-
vices within a country. In this scenario there could be virtual connectivity between 
the member systems at different levels. Different national systems could be intercon-
nected to create clusters of regional systems. Existing systems of e-government and 
multinational systems such as the different agencies of the UN and the EU are likely 
to become embryonic control centres on a global scale. A key issue for government 
and nongovernmental organisations (NGOs) is the need for high-quality informa-
tion that is formally correct. In this, a critical issue in the future will be to decide 
how to handle the different legislations (for example, regarding openness and public 
availability of government information) that are involved when control systems have 
a global reach.
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The literature describes relatively few models that have been developed specifically 
for control of process industries. The majority of the existing models are based on 
controlling aeroplanes, ships, and the like. Various types of human/machine models 
and operator models have also been discussed in relation to the control of nuclear 
power stations.

Some general models for human/machine control are described first. There then 
follows a presentation of some general thinking behind dynamic models for inte-
grated human/machine control systems (Figure 2.1A). Here the aim is to develop 
the technical control theory through to a more detailed discussion of models of the 
operator’s cognitive processes in control systems and special control room applica-
tions (Figure 2.1C), together with the operator’s mental experience-based model of 
the technical process (Figure 2.1B). Finally, some comparative commentary on the 
value of the different types of models is presented. Technical models of the actual 
process are not covered here but can be found in Lowe and Hidden (1973). More 
recently, many authors have presented new models of relevance for process control. 
Typical examples are the work of Schön (1982) and Raelin (1997); this aspect is 
discussed in Chapter 11.
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2.1  general models

Before entering discussions about the different forms of models for human/computer 
systems in the process industry, it is important first to look more closely at the rea-
sons behind the demand for computerisation and automation.

2.1.1	 Motives	for	AutoMAtion	And	CoMputerisAtion

As in other industries, there is usually a requirement that investments must be eco-
nomically profitable. One expectation of computerisation may be that it will lead 
to reductions in personnel (and thereby reductions in cost) or that the demand for 
qualifications among the staff could be reduced, thereby also reducing long-term 
costs. There may also be expectations that computerisation will increase income by, 
for example, increasing production capacity or bringing improvements in product 
quality. Another important reason for computerisation may be to reduce costs by 
reducing the disturbances in production and thereby achieving more efficient use of 
production capacity.

Apart from these economic profitability requirements, there are other motives 
for investing in computerisation. Pressure to automate may be due to the demands 
from employees and/or authorities in order to reduce the risks to workers or the 
community in situations where there is a danger of exposure to substances that could 
damage a person’s health or the environment, or to eliminate the risk of explosion.

Even if the economic profitability requirements are high within a process indus-
try, it is no longer common to have great expectations that computerisation will 
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Figure 2.1  General model for human/machine control.
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lead to great reductions in staff numbers. Studies carried out by Ergolab� have not 
shown any direct relationship between the degree of computerisation and staffing 
levels (Ivergård et al., 1980). On the other hand, considerable increases in production 
volume have often resulted from increasing the degree of computerisation. This is 
typical, for example, within the paper industry.

In the electricity generating industry a relationship has been suggested between 
levels of automation and staffing. This is shown in Figure 1.2. When automation 
starts, drastic reductions can be made in the number of personnel. As automation 
continues, only smaller personnel reductions can be made, and eventually the curve 
tends to level out. One can even speculate that, if the automation level is pushed very 
high, the personnel requirements may actually increase again. By automation level 
in this context we mean the size of the investment, which is made for controlling the 
process using different types of automatic aid (for example, computer-based control 
systems). Even within process industries today, such a high level of automation has 
been reached using traditional technology that no further radical staff reductions 
could realistically be expected.

Within the electrical power industry, and to some extent the petrochemical 
industry, the most important reason for automation is thought to be that of achieving 
safer and more reliable production. In some of the petrochemical industries studied 
(Ivergård, Istance, and Gunther, 1980), the demand for production quality was an 
important motive. Lately, energy savings and environmental concerns have become 
important motives for automation.

The reason that there is no great reduction in staffing levels often lies in the 
fact that a certain minimum manning level is required to handle any disruptions or 
emergencies that may occur. In addition, the requirement for maintenance, service, 
and monitoring in a plant does not diminish as a direct result of automation. It is even 
quite likely that these tasks will tend to increase. Although computerisation may not 
substantially alter the size of the workforce, it inevitably brings about major changes 
in work roles. The traditional control room operator’s job changes extensively, and 
maintenance staff and their counterparts also discover that their job content alters. It 
is important to determine which tasks can suitably be combined into the new work-
ing roles required when introducing computers.

Studies carried out during the 1970s and 1980s show that there is a tendency 
for people to retain their traditional work roles, with special operators to monitor 
the process and other operators needed for maintenance, service, and repair. Plan-
ning and optimisation tasks connected with the control system become the work of 
technicians and management staff. This form of role demarcation in conjunction 
with computerisation has several disadvantages, particularly for the control room 
operators. It often results in the operator doing a daily job requiring lower levels of 
qualification, but it does not lead to the recruitment of operators with fewer quali-
fications. This is because occasionally—for example, during interruptions or under 
special operational conditions—the operators need at least their original level of 
competence to deal with these circumstances. Because people do not need to use 
the abilities that they are required to have, they get too few opportunities to practice 

�  An international research and consultancy company active in the field of ergonomics.
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their job skills to be able to cope with the difficult peaks in the work. In addition, the 
level of attention becomes much too low to allow for a suitable degree of readiness 
to cope with demanding situations when they do arise.

Some of the companies studied (Ivergård, Istance, and Gunther, 1980) attempted 
to create new job roles consisting of combinations of tasks in process plants. This has 
been shown to have many advantages, including increasing competence. In most of 
the plants studied, it should also have been possible upon computerisation to require 
control room operators to perform more of the production planning and optimisation 
tasks, although examples of this are not forthcoming.

During the past decade there has been a clear tendency to increase the compe-
tence levels among control room operators. In studies carried out in the paper and pulp 
industry and in the production of hydroelectric power, most control room operators 
have advanced university technical training. There are also discussions for the 24-
hour shift teams to include computer experts. There are still different opinions if the 
operators should mainly be working in the control room or whether their work tasks 
should also be carried out in the plant. In some segments of the paper and pulp indus-
try, there seems to be a trend for operators to also work outside the control room,

It might be imagined that with computerisation, companies would, at least as a 
secondary aim, attempt to create interesting and meaningful jobs for the operators. 
However, there seem to be no examples of companies using the introduction of com-
puterisation to attempt to enhance the quality of work. It is not possible to elaborate 
this issue here; we shall only deal with questions which are of more direct relevance 
to production.

It is usually suggested that it is desirable for operators to have some control over 
their own work and that the work itself should not be too ‘machine-bound’. It is also 
desirable for the work to be experienced as a whole, and for the operators to feel that 
they are performing a fulfilling job.

A characteristic of process control work is that one is working with a continuous 
operation, which means that the operators can seldom experience the type of satis-
faction which comes from performing a complete task. On the other hand, a similar 
form of satisfaction can be obtained from knowing that the required qualitative and 
quantitative standards have been achieved in the work. One company studied gave 
the operators regular and clear information on the extent to which the qualitative and 
quantitative requirements were being fulfilled in order to provide work satisfaction 
(Ivergård, Istance, and Gunther, 1980).

The degree to which the operator is bound to the machine is largely determined 
by the design of the process. A continuous process—as distinct from a batch pro-
cess—necessarily means that it is the process itself which determines the time and 
pattern of the work, and the operator must work according to the requirements of 
that process. The time scales are dependent on the dynamic time characteristics and 
response times of the process. In a process industry with continuous operations there 
is thus a high degree of time-bound work. This form of time-bound control is seldom 
experienced by the operators as being particularly stressing, especially where the pro-
cesses have a high inertia, which means in practice that it is never second-by-second 
control, or even minute-by-minute control. What is more important is the degree 
of instructional control (that is, having to resort to reading instructions in case of  
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disruptions or similar events). Here, different types of process industries show con-
siderable differences. The operators in industries with ‘high’ demands for safety 
often have a high degree of instructional control as a form of safety net for the 
planners and management. This is particularly true in the nuclear and the electric-
ity industries. Other types of process industries, such as the petrochemical industry, 
have a very low degree of instructional control by virtue of the fact that the opera-
tors are largely allowed to determine for themselves the actions that should be taken 
under different circumstances.

2.1.2	 exAMples	of	CoMputerisAtion	in	proCess	industries

It is not difficult to design a model that reflects in a general way how human/machine 
interaction is usually affected by computerisation as normally carried out in process 
industries. Moreover, at a general level, the model would not be particularly compli-
cated. The usual reason for working with such a grossly simplified view of human/
machine interaction is that the goals are too limited at the planning stage—being 
directed mainly towards economic profitability with no deeper understanding of the 
human role and its contribution to efficiency in such systems. Successively, we have a 
better understanding about a more meaningful and effective use of the human opera-
tor in control rooms. One can see a clear change in focus from operator as a monitor 
of the process to operators working to optimise the production while at the same 
time reducing the risk of errors and accidents. Furthermore, the operator has new 
tasks to redesign and develop the control system and the production process.

The model shown in Figure 2.2 is often used as a basis for discussion of human/
machine systems. This shows, in a simplified way, how the human operator interacts 
with a process via a display (information device) and a control device. When com-
puterisation takes place, the human operator is replaced by a computerised control 
system according to Figure 2.2. Figure 2.3 illustrates the principle that the human 
operator’s primary role becomes that of supervising the process using the computer 

Controls

Man Machine/Process

Display

Figure 2.2  Simplified model of the human operator’s role in control systems.

Man Computer Machine/Process

Figure 2.�  Simplified model of the human operator’s role in a computerised control system.
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system, and in certain cases (usually when something goes wrong with the automatic 
control) to intervene and control the system in the traditional way. The dashed line in 
Figure 2.3 represents the indirect control of the process via the computer; the solid 
line represents the interaction between the computer control system and the process 
as it occurs normally.

As a method, Figure 2.3 is a gross simplification. No computer system has yet 
been installed that completely takes over the majority of the control functions in a 
process. A process industry consists of a large number of smaller subprocesses, and 
different subprocesses may have several input and output variables that can some-
times be regulated separately from each other. The various subprocesses, or parts of 
them, may be automated successively by installing analogue control systems. Ini-
tially, these systems of regulators could be sited and controlled locally. As automa-
tion proceeds further, the regulators may then be brought together into a common 
control room for the whole process (remote control). In this way, automation pro-
gresses as more and more regulators are brought into service, as shown in Figure 2.4. 
The operator’s task then becomes one of setting up the set values on the regulators 
and monitoring the processes that are being controlled automatically. In addition, of 
course, the nonautomated functions still need to be controlled.

The first stage in computerisation is to start to change the analogue control sys-
tem to electronic microcomputers. The Honeywell TDC2000 was a first, very early, 
and typical example where the analogue regulators are replaced by a large number 
of microcomputers that can then be connected together into a common system (using 
visual display units [VDUs]) for monitoring and for insertion of the set values via a 
keyboard. The TDC2000 system has been continuously developed and updated and 
is still in use. A large number of similar systems are today available for use in, for 
example, power production, the paper and pulp industry, network supervision, and 
so forth. A similar system has been developed for information management control 
(for example, knowledge management).

Controls

Technical Control Units

Operator Process

Display

Figure 2.�  As automation progresses, the human task becomes one of checking stan-
dards and monitoring the automatically controlled process.
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Sometimes, the microcomputer makes possible more advanced control and coor-
dination of the various control loops, for example, sequence regulation and control 
according to certain programmes. Figure 2.5 shows the case where a number of 
control functions have been transferred to computer.

This common method of computerisation often resulted in reducing the worker’s 
active role in the system to such a degree that his or her best characteristics (flexibil-
ity, experience, long-term memory, and job skills) are no longer required and the dis-
advantages of the human as an operator are accentuated (for example, the inability 
to maintain long-term attention in so-called vigilance situations). Thus the worker’s 
role and position within the system are not suited to his or her intrinsic abilities. A 
more recent approach includes the operator in the development of the system. We are 
slowly seeing a paradigm shift from the ‘rational man’ approach to a more participa-
tive way of working.

Human beings could be allowed to remain in the main control circuit but pro-
vided with improved information that can be produced by the computer (Figure 2.6). 
The computers could, for example, be used to take the various readings and to make 
calculations on the basis of these. One valuable aid may be, for example, to have 
some form of automatic model of how the process functions. Based on this process 
model and the different measured values, the computer can calculate (predict) the 
changes that will occur in the process if there are no further possible control actions 

Computer

Operator Process
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Figure 2.�  Computer control.

Computer 

Operator Process 

Computer-Aided Display

Memory 

Figure 2.�  Computer-aided display.
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as ‘trials’, as shown by the dashed line in Figure 2.5. In this way, one can determine 
the effects of different control actions on the process. The action that gives the best 
outcome can thus be found with the aid of the automation and computerisation of 
information provision.

In a similar way to that shown in Figure 2.7, computers may be used to process 
and automate the controls used by the workers. In this model the operator is still a 
part of the control circuit. Traditionally, the steering of a ship is performed by the 
helmsman, who estimates the angle of the rudder. When steering very large ships, 
for example, it is very difficult to judge what a particular rudder angle will produce 
in terms of turning radius of the ship. Based on the desired course, the helmsman 
sees on the chart or the radar screen not the rudder angle, which should be assumed, 
but the radius at which the ship should turn. Using this as background, steering aids 
are being developed today where, instead of giving orders to the steering machinery 
to set a particular rudder angle, orders are given to a computer on the radius the 
ship should turn. Knowing the dynamics of the ship, its speed, shape, and the size 
of the propellers, and so on, the computer chooses a sequence of suitable rudder 
movements. The computer may also make use of signals giving the turning rate as 
a type of feedback in order to calculate more reliably the best rudder movement. 
Thus, the best possible correspondence between the measured and the desired turn-
ing radius may be achieved.

These two simplified models for computerisation (Figures 2.6 and 2.7) have a 
different character from the first (Figure 2.5), which is the most common at present. 
There have been very few examples of the latter type of computerisation within the 
process industry. Examples of applications of these forms of computerisation have to 
be sought in other areas, such as in the control of ships and aircraft, where they can 
be considerably better in certain connections. This leaves the more interesting and 
meaningful jobs for the workers, while at the same time they remain at the centre of 
the process, and their job skills are better used.

Computer-Aided Controls

Operator Process 

Computer-Aided Display

Memory 

Figure 2.�  Feed forward aid.
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2.2  BasiC Control ConCepts and  
  human/maChine models

A general model of human/machine systems will be considered (see also van Cott 
and Kinkade, 1972; Ivergård, 1982).

Control is defined in international standards as a general concept to denote pur-
poseful influence. Figure 2.8 shows schematically the main components of a control 
system. The system has input quantities (yi) and output quantities (yo) respectively. 
The relationship between these input and output quantities is determined by a law or 
transfer function that is dependent on certain parameters (ps). The transfer function 
of a system may thus be expressed as an equation:

 yo = f(yi,ps) (2.1)

A system can be described if the inputs, the transfer function, the parameters, 
and the output quantities are known. Where one or more of these is unknown, vari-
ous methods may be used to define them. The following combinations of known and 
unknown quantities can occur:

 1. Inputs, transfer function, and parameters are known and the output is 
required, for example, in the evaluation of a system under design.

 2. Outputs, functions, and parameters are known, and the inputs are required. 
The method used in this case is known as diagnostic and is used, for exam-
ple, by doctors trying to find out the type of disease, i.e., trying to determine 
the reason (input) for the symptoms (output) shown by the patient.

 3. Inputs, outputs, and transfer function are known, and the parameters are 
required. This method is known as identification, and is used, for example, 
when one wants a mathematical description of a particular event.

 4. Inputs and outputs are known, and both the transfer function and the param-
eters are required. The method for this type of problem is called the ‘black 
box’ technique, and is the one commonly used in the description and testing 
of very complex technical systems such as computers.

In process industry control systems, all quantities are more or less well known, 
depending on how well ‘identified’ the system is; in other words, they are like option 
(3). A skilled operator or a well-developed computer control system ‘knows’ the vari-
ous parameters well. In another case, one may be working with some form of ‘trial 
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Figure 2.�  Diagram of simplified control system.
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and error’ philosophy. In practice there are always some unknown factors—distur-
bance quantities (yn)—for which the operator/control system must compensate.

Two types of systems are concerned in control: the controlling system (control 
equipment) and the controlled system (process) (see Figure 2.8). The control equip-
ment controls with the help of the controlling quantity, so that the desired value (set 
value) of the process can be maintained. The true value which the process returns is 
called the actual value. The process is also affected from outside, and this effect is 
known as the disturbance quantity.

2.2.1	 open	And	Closed	Controls

In open control, the control equipment is not affected by the object or process. Cer-
tain types of control equipment in central heating systems are examples of open con-
trol (see Figure 2.9). The control equipment has the job of reducing the temperature 
in the water used for heating at night, according to a preset programme. The measur-
ing device, for example, senses by means of electrical contacts switched on or off 
by pegs from the control device, the stage in the programme that has been reached. 
The contacts ‘inform’ the central link, which processes the information. After pro-
cessing, certain of the input conditions given by the measuring device will result in 
a command to the control device (for example, to start valve motor 1). Note that no 
signal from the process/control object affects the control equipment.

It is very difficult using open control to maintain the actual value at the set value. 
This can only happen when the object is not exposed to any external disturbances, or 
where these are well known and can be taken into account in advance. Where these 
conditions are not met, large deviations from the desired values must be allowable in 
order for open control to be used.

Closed control (see Figure 2.10) has a system where the output signal (actual value) 
is fed back to the input signal (desired value) and compared with it. The input signal is, 
in certain cases, the desired output signal. When this required actual value, the desired 
value, is compared with the true value fed back, a difference results if the actual value 
deviates from the set (desired) value. After amplification via the control device, this 
deviation then goes in as the control quantity to control the process or object.

Measuring
Device

Command
Decision

Input
Quantity

Controlled

Quantity

Disturbance
Quantity

Control
Device Object

Control Equipment

Figure 2.�  Open control: Note that there is no feedback from the output of the controlled 
object to the controller, but only within the controller itself. Changes in the controlled quan-
tity thus cannot affect the control equipment.
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The controlled system is also affected by external disturbances (yn). The signal 
(yo) goes out from the system, is measured, and fed back.

When the comparison between the input (yi) and the feedback signal is an addi-
tive, this is known as positive feedback. This type of feedback, which gives an 
accelerating change of the output signal, is used, for example, to achieve the fastest 
possible changes of output signal. When the comparison between yi and yo is subtrac-
tive, we have negative feedback. This means that yd (difference quantity) decreases 
when the output yo increases, and thus attempts to stop yo rising. Negative feedback 
is the most common form of feedback. One well-known example of a control mecha-
nism with negative feedback is the regulation of the water level in a WC cistern by a 
ball-cock valve. Figure 2.11 shows a diagram of a cistern with its ball-cock valve and 
the corresponding signal control diagram (a block diagram).

A distinction may be made between closed control systems,� which only have 
to compensate for outside disturbances and not for changing inputs, and closed 
control systems which are not exposed to outside influences but which only attempt 
to follow changes in input quantity. The first type of regulation system (where the 
input value is not changed) is known as constant regulation. The second type, 
with variable inputs, is known as servo-regulating. A servo-regulating system only 
has the task of trying to achieve an output that follows as closely as possible the 
varying input level. The WC cistern described above is an example of constant 
regulation, which tries to keep the output (in this case, the water level) constant 
regardless of outside disturbances (that is, the water being flushed out of the cis-
tern). Most regulation systems in process industries function as constant regula-
tion systems (where the set value can be changed). At start-up, however, a certain 
degree of servo-regulation takes place.

�  According to the Swedish Electrical Standards (SEN 0106), a closed control system is not a regulated 
system when the control equipment consists of a person. The authors’ opinion is that this is not 
applicable here, where the same terms are used for both human and technical components. The 
concepts of a regulated system are therefore also used here for manual control with feedback. 
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Figure 2.10  Closed-loop control, also known as regulation. The regulated quantity affects 
the controlling signal.
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2.2.2	 HuMAn/MACHine	Control	systeMs

A human operator can become just as important a component in a regulatory or con-
trol system as the electronic or mechanical components. Constant regulation (where 
the operator puts in new set values at certain intervals—running orders) is normally 
found in industrial processes. The concept of ‘controller’ should only be used where 
the worker is an ‘online’ part of the regulatory system; otherwise, the more general 
term ‘operator’ is usually used.

When someone is controlling a car, he or she has to carry out a number of mental 
differentiations and integrations, depending on the response produced to the input 
quantity (see Figure 2.12). Similar conditions exist for many other control tasks, for 
example, steering a ship. A human being’s ability to carry out these mental pro-
cesses successfully is relatively limited. Two French researchers (Tarriere and Wis-
ner, 1963) showed that fatigue produces very strong oscillations when controlling a 
car. The ability to carry out the necessary integrations and differentiations clearly 
worsens with fatigue.

The task of controlling a machine can be made easier by introducing various 
aids (off-loading mechanisms) for performing the integrating and differentiating 
tasks. There are two main types of such mechanisms:

 1. Influence the controlled object directly, and thereby the actual value (‘A’ 
mechanisms—Aiding);

 2. Influence the feedback, and thereby the information to the human operator 
(‘Q’ mechanisms—Quickening).
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Figure 2.11  Regulation of water level using a float valve (constant regulation).
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Introduction of an ‘A’ mechanism, as shown in Figure 2.13, brings about a reduction 
in the worker’s load, as certain calculations no longer need to be carried out. Also, the 
aiding mechanism, which lightens the load concomitantly makes the system faster. 
Without this mechanism, the operator’s control output of the system is affected. As 
the quantities within the system are fed back continuously to the operators, they will 
be immediately aware of changes, which occur as a result of their actions.

Simplification of the controller’s task using an ‘A’-simplifying mechanism works 
preliminarily in two ways:

 1. By relieving the operator of certain operations
 2. By giving information more rapidly about changes in the process

‘A’-simplified mechanisms cannot be used where it is impossible to make the 
technical changes which will directly affect the output quantity of the controlled 
object. These output quantities may depend on quantities that cannot be controlled, 
such as wind, waves, and similar aerodynamic and hydrodynamic relationships. In 
such cases, a ‘Q’-simplifying mechanism can be used. ‘Q’-simplifying mechanisms 
do not work directly on the output quantities of a system, but they change and sim-
plify the information which is presented to the controller. There are different types 
of ‘Q’ simplification:

 1. Predictive ‘Q’ information
 2. Complete ‘Q’ information
 3. Partial ‘Q’ information

T ∫ 
yi

k1 

k1 

k2 d/dt d/dt ∫ 

Driver Vehicle 

yo

(a) 

(b) 

(a) �e vehicle’s control response 

(b) Driver-vehicle control response  

∫ ∫ 
yi yo

T = Time delay (man’s reaction time) 

Figure 2.12  Control response of a vehicle (a) and the driver-vehicle control response (b).
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The need for ‘Q’-simplified mechanisms occurs in many industrial processes, 
such as the starting up of a process where certain values (for example, temperatures) 
have to be increased according to a particular time plan. Such systems often have 
considerable inertia, which means that there is no direct relationship between control 
movements and the output of the system, and it takes a long time before any result 
can be read from the instruments.

The operator has a control level whose movement (input quantity to the process) 
is integrated a number of times before the desired temperature change (output quan-
tity from the process) is obtained. In such cases the desired temperature sequence 
cannot be set. In order to improve the performance of the operator, the temperature 
(output quantity) can be differentiated a suitable number of times, and this informa-
tion will then form the basis of an automatic calculation (prediction) of the tem-
peratures at various times in the future for different degrees of control movement. 
These expected temperatures can be presented as a curve on a screen, on which the 
desired temperature sequence can also be displayed. Figure 2.14 shows the required 
sequence of values marked as a line on the screen. The prediction of the course of 

the change for the actual control move-
ment is automatically calculated and 
should normally be shadowed by the 
line which shows the desired sequence. 
In this way, any deviations can be seen 
very quickly. This is shown as predictive 
‘Q’ information.

In modern industrial processes there 
is no direct regulation; the operator sets 
in the desired values at certain times, and 
the process is automatically controlled 
within these values (technical constant 
regulation). Starting and stopping of the 
process is done with what are known as 
group starts, where one control is used to 
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Figure 2.1�  Introduction of aiding—the ‘A’ mechanism.
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initiate the start-up, in the correct sequence, of whole groups of motors, valves, and 
so on. This is often thought to be necessary so that the handling of the process will 
be sufficiently rapid or accurate. Predictive ‘Q’ information should probably be used 
here as an alternative or an addition, as this would provide the operator with a better 
understanding of how the process works. The work would also be more interesting, 
which in turn could lead to the process being better controlled.

Figure 2.15 shows a system containing four integrating elements. One example 
of a machine which operates in this way is a submarine. When a change is made to 
the depth control of a submarine, it takes a long time before a result is obtained in 
the form of a new stabilised depth being reached. Also, the movement of the control 
is not proportional to the movement of the depth control integrated (in this example) 
four times. Because the movement of the submarine also depends to a large extent 
on water currents, hydrodynamic forces, and other external factors, the output—that 
is, the ultimate depth—cannot be influenced by an aiding mechanism which will 
directly affect the movement of the vessel, and thereby the output quantity. It is also 
very difficult to control the submarine solely with the aid of a depth gauge. One 
alternative is to feed information back directly to the operator on what is happening 
to the submarine at different stages, as shown in Figure 2.16. This is known as com-
plete ‘Q’ information. Instruments continuously measure the depth, vertical posi-
tion, change of depth, or diving angle with time (first time derivative of the output), 
rate of change of diving angle (second derivative of the output), and the acceleration 
of the diving angle (third derivative of the output).

In order for the ‘Q’-simplifying mechanism to function correctly, the constants 
in Figure 2.16 must be very carefully determined. There is no complete theoreti-
cal method for determining these constants, but their optimal values can often be 
deduced with the aid of analogue computers set up to simulate the system in question. 
The derivative which is weighted with the output quantity to produce the feedback 
need not be a time derivative but could also be a position derivative, for example. 
Where it is not possible to measure the different derivatives directly, they can be 
calculated indirectly using, for example, electronic differentiation.

As a summary of the human ability to function as a continuous controller in a 
system, it maybe stated that the tasks performed should be as simple as possible in 
purely mathematical terms. If possible, they should not be more complex in practice 
than a person functioning as a simple amplifier, that is, no differentiation or integra-
tion is required. With the aiding mechanisms described here, it is feasible to intro-
duce tasks specially matched to a worker’s performance abilities.

The types of models described so far represent simple control circuits, for exam-
ple, control of speed in a car or the position of the car on the road. They have their 

T ∫ Information 
Device  

∫ ∫ ∫ 
yi x1 x2 x3 
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Figure 2.1�  System containing several integrating elements.
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primary practical applications in the control of, for example, aeroplanes, cars, and 
ships. As far as the control of more complex processes within the process industries 
is concerned, these types of models are only of importance for the understanding of 
the control of the individual process parameters. A process industry, on the other 
hand, consists of a large number of parameters, commonly several hundred. When 
the operator is functioning directly in the control loop, however, it is important to 
understand these theoretical basics first.

2.�  models oF Complex human/maChine systems

There have been many different attempts to produce a model of a human being as 
an information processor. Many of these have attempted to describe a person math-
ematically as an information processor in complex systems (see Timonen, 1980, for 
an overview of these). It is typical of these mathematical models that they can only 
handle a small part of human behaviour and as such their practical use is very lim-
ited. They may be of some value in describing a particular form of behaviour in very 
critical and important situations—for example, an instrument monitoring the start-
up of an aeroplane—but the value of such models is probably limited to helping in 
the structuring of the problems. On the other hand, the actual mathematical calcula-
tions are of less interest. Singleton (1976), for example, stated that the mathematical 
descriptions are difficult and provide little extra information for the prediction of the 
operator’s behaviour. They are also often based on simulator studies, which always 
deviate to some extent from the real-life situation. Thus, the nonmathematical mod-
els of a more general nature will be described in this section.

The aim of this type of model is to increase understanding of how a human works 
as an operator in a control room and to thereby improve and optimise the design and 
functioning of the control system. Models that describe a human being’s information 
processing capabilities and associated cognitive processes will be considered first. 
A discussion of the well-known mental models that humans use to assess the actual 
physical process is also presented (Bainbridge and Beishon, 1964; Crossman, 1965).

2.3.1	 Models	of	operAtors	As	CoMponents	in	CoMplex	systeMs

The following description is primarily limited to the role of the operator as a system 
component. First it is helpful to examine the operator’s ability to fulfil the goals 
of the system. Of course, many other factors influence the operator and thus the 
operator’s work. The operator as a contributor to, as well as a part of, the complex 
process control system is only one aspect of the possible influencing factors. As a 
social being, the operator is influenced by background, leisure, and family circum-
stances, for example. This more complete view interacts in different ways with the 
individual’s role as a system component (this interaction is discussed in Chapter 8).

The classical way of describing human information-processing abilities often 
starts from a model such as that shown in Figure 2.17. This type of model is based 
on descriptions by, for example, Welford (1968) or Ivergård (1981). The opera-
tor uses mental processes to convert the various sensory impressions and signals 
from the environment. These signals are structured in what is known as perceptual  
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organisation whereby the primary signals are converted into some form of mean-
ingful whole, for example, letters, pointers, or what they indicate. Based on these 
structured signals, the operator makes different types of decisions. The decisions 
are taken on the basis of various forms of stored ‘set values’ (memory) of what the 
operator feels the signals should actually be in each particular case. The decisions 
have an effect on the ‘motor organisation’ in the cortex. This forms a ready-made 
and stored programme in the human brain capable of carrying out various types of 
motor activities under different circumstances. The motor programmes then activate 
groups of muscles in predetermined sequences.

Using the above model as a starting point, it is possible to differentiate diverse 
types of skills. The ability to control some parameters directly ‘online’—for exam-
ple, to hold a car on a winding road—is called sensorimotor skill. A typical example 
of a perceptual skill is the ability to understand a three-dimensional world when 
represented on maps or radar screens. Perceptual skills also include many forms of 
inspection work in industry, for example, inspection of electronic circuit boards, as 
well as engineers listening for faults in a diesel engine. Many types of perceptual 
skills involve what is known as vigilance work situations. This means that the sig-
nals to be detected, such as faults in the process, are very few, unclear, and occur 
randomly. Vigilance skills are thus a special form of perceptual skill.

Machine

Information
Device

Control and
Regulation

Devices

Memory

Kinaesthetic
Sensing

Information
Reception

Perceptual
Organization

Decision

Motor
Organization

Effectors

Operator

Figure 2.1�  Human-machine system with a highly-simplified description of the human 
operator where, for example, the various forms of feedback mechanisms have been omitted.
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It is typical for all types of skills that the ability to carry out a task correctly is 
developed through training. However, in order for the skill to develop, training must 
often be of a practical nature. It is not sufficient just to know how to do something, 
but one must also be able to do it in practice. It is possible using written instructions 
to explain, for example, how a radar picture should be interpreted. On the other 
hand, the ability to read a radar picture correctly is only developed after many years 
of work actually reading radar pictures. Another typical example of a perceptual 
skill is that of lookout on a ship. Practically always, the older seaman will see other 
ships earlier than the inexperienced one. This may be partly explainable by differ-
ences in visual ability, but is probably primarily attributable to a better developed 
perceptual skill.

When information processing is mainly concerned with decision making—that 
is, cognitive tasks—this is referred to as cognitive skill. Here, the degree of diffi-
culty of perceiving the incoming signal may be relatively simple. The difficulty lies 
in manipulating the incoming signals suitably, putting these in the correct context, 
and drawing the correct conclusions from them. This becomes a question of inter-
action partly between different parts of the long-term memory, and partly between 
long-term and short-term memory. This is the case, for example, where an operator 
in a control room has to interpret correctly a particular reading on an instrument. 
A change in a reading may depend on many parameters. A skilled operator has a 
picture of how the process works stored in his or her long-term memory. Faced with 
incoming signals about changes in the process, the operator continuously updates 
the mental picture. In any situation, there may be many sensory inputs that contrib-
ute to this updating. For example, there may be signals from different instruments in 
the control room, or the operator may actually have noticed at firsthand the various 
changes that occur in the process (such as increased wear, beginnings of leaks, and 
so forth). Skilled operators build up a detailed and accurate mental picture (pro-
cess model), which allows them to understand clearly the meaning of the different 
changes shown on the instruments and to make appropriate decisions accordingly. 
Planners in different fields work in a similar way. A subtle difference is that, instead 
of having a model of an existing reality which is continuously being updated, they 
have a model of a conceived, planned reality which may become modified in differ-
ent ways. The work of planners is often very abstract. However, as human beings 
have a very limited ability to work solely on an abstract plane, so planners often 
get help by relating the newly planned system to some known and already existing 
system. This limitation in the human ability to work with abstractions is a barrier to 
the creativity needed to find new and unprejudiced solutions to problems. As human 
beings we find it much easier to extend ideas from existing concepts than to invent 
new concepts.

In classical manual crafts, such as those of blacksmiths, shoemakers, welders, 
glassblowers, and so on, motor skills are of the greatest importance. It is typical of 
a well-developed motor skill to have a very well-developed programme of different 
patterns of movement stored in the motor organisation mentioned previously. In high 
levels of motor skill, it is usual not to have to depend on seeing the effect of what 
one does directly but to have some form of stored feedback mechanism, which goes 
straight back to the motor organisation centre and corrects and adjusts the movement  
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pattern to suit the actual circumstances. A typical example of a motor skill is that of 
typing on a keyboard. At a low level of skill, a person looks for each key and then 
presses it. The motor organisation in this case is fairly simple. The typist has a men-
tal model that directs the fingers to the correct keys. At a very low grade of skill, the 
eyes are used to steer the finger onto the correct key. As motor skill increases, less 
visual support is required in order to find the keys. At a highly-developed level of 
motor skill, a person develops a ready-made mental model to press not just individ-
ual keys but whole groups of keys. Relatively independent of the bodily position of 
the operator, automatic matching of the muscles occurs in order that they will move 
correctly and hit the correct key or groups of keys. It is often said that skilled practi-
tioners can do their skill ‘blindfolded’. Highly-developed feedback mechanisms are 
found, for example, in welders or in potters where mental models are converted into 
physical movements.

Development of a high grade of skill is a necessity if a craftsman is to work 
rapidly. If there is total dependence on perception and the perceptual organisation 
and its decision-making process, it would take the craftsman longer to complete 
the task, and the movement patterns would lack precision and efficiency. A human 
being is commonly regarded as a one-channel system, and since decision making is a 
sequential mechanism and only one decision at a time can be handled, this creates a 
bottleneck. However, the motor organisation with its attendant feedback mechanisms 
can handle several simultaneous operations in parallel—despite a human being only 
being able to make one decision at a time.

Rasmussen (1980) suggested that there should be a similar mechanism for paral-
lel information processing on a human’s perceptual side before the decision mecha-
nism is engaged. Rasmussen developed a very useful model where he describes the 
control room operator as consisting of a conscious part together with an unconscious 
process with particular emphasis on the importance of the unconscious dynamic 
world model. The model is shown in Figure 2.18. Rasmussen considers (in common 
with Crossman, 1965), that operators have a dynamic mental model of the actual 
process stored in their long-term memory.� This mental model is updated uncon-
sciously by external signals and internal changes, that is, by the actual process. When 
monitoring the process, some form of synchronisation continues throughout; that is, 
the operator uses an unconscious plan to check whether the mental model agrees 
with how his or her perception interprets the actual process. If there is any form of 
error in this synchronisation—that is, that the interpretation of the real-life model 
does not coincide with the mental model—a signal will be sent to the conscious 
part of the brain. Based on this model, which has certain superficial similarities 
to the traditional one of the human as an information processor (see Figure 2.19), 
Rasmussen and Lind (1982) developed different categories of human behaviour or 
performance level (sometimes using the word ‘behaviour’ and sometimes ‘level of 
performance’):

 1. Skill-based behaviour
 2. Rule-based behaviour
 3. Knowledge-based behaviour

�  This is clearly related to the concept of tacit knowledge (see Schön, 1982). 
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There is no complete congruence between these different types of ‘behaviour’ 
and the different forms of skills presented earlier. As a rough guide, what Rasmus-
sen calls skills-based behaviour corresponds to motor skill and sensorimotor skill; 
knowledge-based behaviour corresponds approximately to cognitive skill; there is no 
direct equivalent to rule-based behaviour. On the other hand, Rasmussen discusses 
a form of skill that is efficiently used to update and synchronise the mental model 
of the real-life process. This function is probably dependent on a highly developed 
form of perceptual skill, perhaps in combination with some form of cognitive skill. 
It is difficult to see the psychological/physiological basis for Rasmussen’s division of 
human behaviour into different groups. Existing bases for division of behaviour in 
different types of skills are probably a better basis for classifying behaviour.

It is common in connection with job training to talk in terms of factual training 
(which leads to knowledge) and skills training (which leads to skills/abilities). To a 
certain extent, these two types of training could be seen as stages in the development 
of skill, where one first obtains knowledge of the particular situation—for example, 
the rules and norms (or knowledge training)—and then engages in some form of 
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Figure 2.1�  Schematic map of the human processing mechanism. (Rasmussen, 1980. 
With permission.)
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practice in readiness to use these skills. There is agreement to some extent between 
these two bases for division and Rasmussen’s division into skill-based behaviour 
and rule-based behaviour. Skills-based behaviour therefore corresponds to a form 
of behaviour that is achieved after a longer period of training including readiness 
training, while rule-based behaviour is achieved after only knowledge training. A 
wider discussion of these different forms of training can be found in, for example, 
Ivergård (1982).

Rasmussen (1979a) used the division of behaviour into different groups to some 
extent as a basis for building up a decision ladder (see Figure 2.20, which is a sche-
matic plan of the sequences of different types of processing from initiation to manual 
action). This decision ladder has been found to be a valuable aid in structuring and 
describing control room tasks. Rasmussen and his colleagues have used the method, 
for example, in collecting data with the aid of verbal questionnaires.

In a project on Computerisation in the Process Industry carried out by Ergolab 
(Ivergård, Istance, and Gunther, 1980), an attempt was made to use this form of deci-
sion ladder, or information-processing ladder, retrospectively in order to describe the 
various tasks and their parts that were observed. In itself the decision ladder proved 
to be a useful tool, but it was not possible to use this to generalise between different 
types of control room work. The ladder was similarly of little use for describing the 
task that takes the longest time for the control room operator—namely, monitoring 
the process and updating his or her own mental model of the physical reality. These 
cognitive processes are in many ways the most important part of the job, as they 
enable the operator to prepare and create the basis for coping with disruptions in the 
process. Neither method describes ‘skills-based shortcuts’.
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Figure 2.1�  Different levels of operator performance. (Rasmussen, 1979. With permission.)
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2.3.2	 MentAl	Models	of	tHe	pHysiCAl	proCess

As described earlier, the operator has stored in his or her memory a mental model of 
the physical surroundings. The process control room operator, therefore, has stored 
in his or her brain’s long-term memory a more or less effective and useful model 
of the process under supervision. The operator continuously updates this mental 
model by interaction between sensory inputs and the short-term memory. This pro-
cess probably takes place at a subconscious/tacit level. It is also probable that things 
are brought to the operator’s attention by a perceived lack of agreement between the 
updated model and the actual state of the process (that is, when the operator per-
ceives that ‘something is not quite right’). When this occurs, conscious processing 
takes over and the operator starts to observe the process in order to analyse this lack 
of synchronisation. As human beings have a limited ability to process large amounts 
of information simultaneously, the operator is dependent upon having some form of 
summary description of the process. The various possible methods for storing this 
mental model will be examined. The way in which the model of the physical reality 
is actually stored in the brain is not known for certain. Based on the various methods 
of describing the process, however, we can make suppositions on the most suitable 
way to structure the process in the long-term memory. Through having a better idea 
of the way and form in which the mental mode of the physical process is stored, it 
should be easier to specify the ways in which the various forms of display devices 
should present the true status of the process to the operator.

Two main types of model may be used for the graphic description of a process: 
some type of physical presentation may be made, such as a component flow dia-
gram, or a functional presentation of the process can be given. Singleton (1966) 
used this basis for distinction. Ivergård (1972) developed the method further in order 
to describe a process using different functional flow diagrams. Using this method, 
the starting point is a general system goal. From this goal, different subgoals may 
be produced where each subgoal consists of a function. The goals may be broken 
down to different degrees, thereby obtaining functions at different levels of detail. 
However, these functions must not be broken down in too much detail, as this loses 
the degree of abstraction as well as the ability to see the functions as a whole. Also, 
working with too many functions may make the model unusable. If the functions 
become too generalised there will be too many physical functions and human tasks. 
When this happens, the model will become of less practical use as, for example, in 
fault analysis.

Rasmussen (1979a) produced an excellent review of the many different types of 
conceivable models of how an operator could store structures of the physical process 
being supervised. Rasmussen starts with a taxonomy of model descriptions and then 
describes the following models:

 1. Model of physical shape
 2. Model of physical function
 3. Model of functional structure
 4. Model of abstract function
 5. Model of functional meaning and objectives
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The first two are examples of what Ivergård (1972) refers to as physical models. The 
other three are examples of functionally-orientated models. The model based on 
functional structure is, in Ivergård’s view, an intermediate step between physical and 
functional description. The logical functional flow diagram described by Rasmussen 
under the heading of model of meaning and objectives is that closest to the function 
flow diagram described by Ivergård (1972).

Experience from Ergolab’s studies (Ivergård, Istance, and Gunther, 1980) on 
Computerisation in the Process Industries, however, showed that there is probably a 
very large variation in the way in which operators build up their mental model of the 
process. The more theoretically orientated operators, with experience of handling 
abstract information, have a tendency to form functionally orientated mental models. 
Examples of such operators are those who consider that they work most efficiently if 
they just stay in the control room and do not consider that there is any advantage in 
working in the plant or in being a supervisory engineer (that is, the sort of operator 
who at certain times goes out in the plant to control, monitor, or even to carry out cer-
tain types of maintenance work). Theoretically orientated operators feel instead that 
they can build up their understanding of the process by being in the control room for 
as long as possible. On the other hand, there are operators—the majority in Ergolab’s 
studies—who state that they are wholly dependent on being out and doing practical 
work in the plant and it is in this way they build up their knowledge. This latter form 
of operator is probably completely dependent on a physically orientated model.

If it is correct that different operators use different forms of models—that is, 
functionally orientated or physically orientated—they must also use different 
degrees of synthesis and different degrees of breakdown of the various subprocesses. 
It is very difficult to use this type of knowledge in order to design display devices 
for operators.

2.�  reCommendations For prinCiples  
  in the design oF Control Centres

A general philosophy for the design of control centres and the involvement of ergo-
nomic design factors will now be considered. This section presents a discussion of 
the principles as a complement to the recommendations for the different types of 
‘knobs and dials’ to be found in some other parts of this handbook.

Principles in the design of control centres can be discussed from three differ-
ent perspectives:

 1. The system design
 2. Participative design and action research
 3. Usage of handbook data

2.4.1	 systeM	design

Obviously, control room operators should have a good knowledge of the process they 
are operating. They must also be well aware of the task they are expected to carry 
out. This is also the basis for the planning of the control room and its organisation. 
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It is assumed that a realistic human resource (HR) deployment and organisation 
plan has been produced on the basis of the job descriptions. But before deciding 
the tasks, and therefore the HR deployment and organisation plan, it is necessary to 
have made reasoned allocations of the functions that are to be automated and those 
to be performed by the operator. A systematic allocation of functions is a very useful 
tool to stimulate creative thinking. By using this process, new alternative designs 
can be innovated. This reasoning ties in with Singleton’s (1966) general systems 
design model. However, it is questionable whether in an overall plan it is possible 
to generalise about staffing levels and organisation within the process industries 
and, subsequently, to make design recommendations for the control room hardware 
(for example, display equipment, controls, working surfaces, workplace design). It 
is therefore essential to use this form of systematic methods of design as a starting 
point. It is equally important to include a more participative process of design. (This 
is discussed more fully below.)

During the course of the project on Computerisation in the Process Industries 
mentioned earlier, a number of parameters were determined. Determining param-
eters made it possible to describe different processes in a relatively unified manner 
and to thereby find a relationship for the staffing and organisation requirements for 
the process.

The following variables may be used to describe the process:

 1. Organisation within the company and in process operation
 2. Complexity and degree of continuity
 3. Quantitative aspects
 4. Fault handling
 5. Dynamic aspects
 6. Job aids
 7. Converging/diverging processes
 8. Information and control devices
 9. Environmental and layout aspects

Organisation (1) in the process industries is usually orientated towards (a) opti-
misation of operation, or (b) maintenance and reliability. In the first case (a), the 
operators’ work in the control room is mainly theoretical. In the second case (b), there 
is usually a combination of different types of work. Here, operators work partly in the 
control room and partly on supervision and maintenance tasks in the plant itself.

Complexity and degree of continuity (2) imply variables whereby one can 
describe how difficult it is for the operators to understand and get an overview of the 
process, and how well integrated are the different parts of the process. In turn, these 
variables depend on the size of the process and the understandability of parts of the 
process or the process as a whole. That a process has a high degree of continuity 
is directly connected with the ‘difficulty of understanding’ of the process. A high 
degree of continuity implies a low degree of discrete functional parts (batches) in the 
process. In other words, as the process is a natural whole, the operator cannot divide 
it into any natural functional components. A high degree of continuity also gives less 
time and opportunity for the operator to consider and make corrections compared 
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with a batch process. This is particularly true where the throughput is relatively fast 
or where it is dependent on several complex process stages.

Quantitative aspects (3) cover the amount of information processing/informa-
tion supervision that the operator is expected to carry out. In most processes, this 
is probably a particularly critical parameter in relation to staffing levels. It includes, 
for example, how many variables are monitored from the control room, how many 
automatic control circuits are monitored, and how many automatic control circuits 
the operators handle manually. It also covers the number of alarms and the level of 
direct involvement in the process. As a rough rule-of-thumb, it may be said that there 
must be at least one operator per 100 control circuits.

The whole fault-handling system (4) is critical for the operators, both in terms of 
the number of operators and the types of operators needed in relation to job skills, 
training, and so forth. One also has to be aware of the fact that fault handling should 
not only deal with severe incidents and accidents. All errors, minor faults, and criti-
cal incidents are important warning signals and should be followed up and evaluated 
as a natural part of the daily routines of process operations.

Dynamic aspects (5) of the system refer primarily to the kind of time-related 
response the system has to different actions taken by the operators, both manually 
and in the form of defining set values on regulators. Response times of control/com-
puter systems are also of interest. Systems with high inertia and long response times 
make the process more difficult to control (see also the introduction to Chapter 3).

Another important factor in determining the level of staffing and type of per-
sonnel needed is the type of job aids (6) available. This factor also relates directly 
to hardware design. To a certain extent, this factor is also directly dependent on the 
choice of automation level (type of allocation). For example, both the staffing situa-
tion and the character of the job itself will be affected if operators rely on handwrit-
ten log books or on computer memories with printers. The use of predictors and 
simulators is also of considerable importance. However, this form of job aid has been 
found to be very uncommon in process industries. Simulators in the control room 
(on-line or off-line) increase the possibility for operators to build up their control 
skill and also for optimising the running of the system. The last three variables have 
not been dealt with here as they are dealt with in other parts of this handbook.

2.4.2	 pArtiCipAtive	design	And	ACtion	reseArCH

Action research (AR) is a methodology that allows employees in an organisation 
to enquire into problems that they perceive in their workplace in order to resolve 
these problems ‘from bottom up’. Action research is not new. The basic methodolo-
gies were proposed by Kurt Lewin (1890–1947), who is generally regarded as ‘the 
founder of modern social psychology’. On Lewin’s death, later scholars developed 
his conceptual theories into what became know as the ‘classical’ model of action 
research. The Tavistock Institute in London is especially credited with developing 
Lewin’s theories in work conducted there in the late 1940s and in the 1950s.

A key concept in AR is the belief that people accumulate knowledge from their 
everyday experiences. A second key concept is that people develop mental processes 
for organising their accumulated knowledge and are able to use the knowledge to 
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resolve problems that they encounter in their daily lives (see discussions in Green-
wood and Levin, 1998; Dickens and Watkins, 1999; McNiff and Whitehead, 2000). 
Employees who use AR in their workplace examine their own work practices and 
investigate how they might apply these practices to improving their work tasks. An 
example would be operators who monitor their own work processes and use the 
findings to improve the existing way in which they do their own work tasks. An 
added benefit would be if the operator shares these improvements with his or her 
colleagues. Another key concept for conducting AR is that employees work in an 
environment that allows participatory engagement with their work processes. By 
definition, AR requires a workplace environment of employee empowerment cou-
pled with high levels of tolerance for error. (A relevant discussion can be found in 
Dickens and Watkins, 1999; see also Hunt and Ivergård, 2007.)

Current-day understanding of organisation design implies participation by the 
operators of key processes in improving these processes. Operator participation is an 
important feature of control room operations. This process whereby someone identi-
fies problems (as in AR) and is also empowered to resolve these problems is often 
called ‘double looping’ (Schön, 1982). It would be expected that operators take an 
active part in monitoring the control system and engage in creative development of 
the system and its work outputs. This is discussed in more detail in Chapter 11.

In Chapter 1 we discussed some general principles of the process for planning 
and building new industries. The main message is that the design process has no 
defined start and end points. The modern understanding of planning and design is 
that they are a continuous ongoing process. This is also the case for the design and 
development of control systems and related control rooms. Nowadays, control room 
operators are highly qualified and experienced personnel. Their skill and knowledge 
should obviously be used in an ongoing process of change and development of their 
own process industry.

2.4.3	 usAge	of	HAndbook	dAtA

With reference to the above background, the operator will be allocated certain tasks 
and these will form the basis for determining the quantity and quality of person-
nel staffing levels. Factors such as educational background, practical experience, 
skills, personality variables, and choice of the technical principles, job aids, and 
information presentation and controllability would be used to assess these levels. 
Given this background, concrete ‘knobs and dials’ recommendations can be given on 
ergonomic grounds. This can be divided into the following sections:

 1. General layout of information presentation and control devices.
 2. Design of individual display devices and control devices (e.g., VDU screens, 

pointers, instruments, keyboards, knobs, buttons).
 3. Design of workplaces, including work surfaces, rest surfaces, storage sur-

faces, secondary communications devices (e.g., telephones), and support in 
the form of lighting.

 4. Room design.
 5. General environmental design (e.g., climate, acoustics, air quality, windows).
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On the first point, it is usual to start by determining the relative importance of the 
various tasks in the job from different viewpoints. One may attempt, for example, to 
define the information and the controls that are especially important and that require 
rapid attention or rapid corrective measures. This information and/or control device 
must thus be placed centrally and be clearly accessible.

The positioning of instruments and controls is usually determined by a cursory 
breakdown of the process into main functions (for example, well-defined process 
stages). Within these main functions, information/display devices are then posi-
tioned on the basis of frequency of use and sequence of use. In certain cases it may 
also be suitable to position the control and information devices on some form of 
function flow diagram. This type of function flow diagram is practically always 
required to complement the general overview of the process. In addition, some form 
of simplified technically orientated process model is also required, with signal lights 
for showing the current state of the process, perhaps also connected up to a general 
alarm panel.

The RisØ group in Denmark mentions three main ways of presenting informa-
tion (Rasmussen, 1979a; Goodstein, 1982):

 1. Data/number presentation
 2. Information connected with physical components in the process (e.g., tanks, 

pumps, reactors, condensers)
 3. Functionally orientated information

Based on this classification, display systems have begun to be designed that are 
related to the functional presentation method (for example, Goodstein, 1982). The 
operator is thus working on a more abstract functional plane, and only when nec-
essary will he or she go down to the more concrete and physical component level. 
Although this is an interesting approach, it can be questioned to some extent. It is 
absolutely correct to state that human beings build up abstract mental models (as 
discussed earlier in this chapter) of how an actual physical industrial process works. 
This abstract and mental model of the process does not require any direct agreement 
with the physical reality, but it is functional in the real meaning of the word. The 
operator needs the best available information about the actual system to enable him 
or her to build up a mental model quickly and effectively and to update it efficiently 
during continuous work. However, caution must be used when designing abstract 
models for the operator based on some form of theoretical working method. It is not 
certain that such models would help the operator to build and update his or her own 
mental process model more simply or more efficiently.

It is doubtful whether presenting this form of theoretically designed functional 
model to the operator is the right approach. The reason for doubt relates to the dif-
ferences between individuals. Different operators work with widely differing models 
of how the process operates. Each individual operator probably builds up a personal 
model of a process on the basis of intellectual abilities, training, experience, and so 
on. What is typical for the model built up by an individual operator is that it suits 
his or her own ability to handle the system efficiently. In order to design an abstract 
functional model in advance to be presented directly to the operator, it is necessary 
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to take into account the types of operators who will handle the system, and their 
abstract and functional model requirements. It is not certain, or even probable, that 
the functional models that are natural and suitable for system design are suitable for 
the operator, as system designers are probably accustomed to thinking in abstrac-
tions and will thus start from a completely different type of process model from that 
of most operators.

It was found in Ergolab’s studies on the project of Computerisation in the Pro-
cess Industries that the primary requirement of the operators was a set of simplified 
models of the physical design of the process (Ivergård, Istance, and Gunther, 1980). 
Therefore, to a large extent, the requirement was for information presentation more 
closely related to the types of jobs, which the operators had to do. If the opera-
tors were expected to work with more cognitively-orientated tasks—for example, for 
optimisation of operation—they would probably want a more functionally orientated 
model. If, on the other hand, the work was combined with maintenance work, for 
example, the physically-orientated models would be more suitable.

The following chapter describes detailed information on the design of informa-
tion and control devices.
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�.1  introduCtion

This chapter describes the design of traditional and conventional information devices, 
and also the design of devices for communication with computers. The design of 
instructions, forms, and tables will be dealt with towards the end of the chapter. In 
Chapter 4 we deal with the latest in design of information devices. A good understand-
ing of the ergonomics of analogue information devices provides a firm foundation for 
a perceptual good design of the modern, more advanced, and flexible information 
devices. In other words, a good understanding of the design of analogue devices 
(instruments and controls) will be helpful in the design of the newer, more advanced 
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displays. Conventional instrumentation can easily be integrated into modern flexible 
displays using the latest forms of display technology. (See also Chapter 4.)

Also included in this chapter are instructions on how scales and scale markings 
on visual instruments should be designed, together with the advantages and disad-
vantages of different types of visual instruments. It appears, for example, that the 
common round meter with a moving pointer is best for most applications. Where 
more exact quantitative readings are necessary and there is plenty of time, the direct-
reading digital instrument is best.

The chapter includes a relatively detailed specification for the design of visual 
display unit (VDU) screens. The main attribute of VDU screens is their flexibility, 
as they can be used for presenting many different forms of information. However, in 
control rooms, operators are often required to view and process a large amount of 
information simultaneously. Therefore it may be necessary to have several VDUs or 
to have access to other information devices such as overview displays as a comple-
ment to VDUs.

This chapter also describes methods for producing diagrams, codes, and sym-
bols, and discusses various methods for using colour symbols. The use of colours 
may have some importance in simplifying the reading of process information. How-
ever, the use of colours should be limited, bearing in mind that a significant propor-
tion of the population is colour-blind. Colours should be used to supply additional 
information so that the VDU can be read correctly even if all colour disappears.

In human/machine communication, the human operator receives information 
via the various information devices. In the control room, the information is either 
visual or auditory (and may be both), and can be either static or dynamic. For visu-
ally-impaired persons these information devices can also be tactile. Dynamic infor-
mation is constantly changing, such as the information shown on speedometers, 
altimeters, radar, TV, temperature, and meters to measure pressure. Static informa-
tion does not change over time and includes road markings, maps, notices, manuals, 
and any printed or written material.

In this chapter we deal primarily with the various types of dynamic information. 
Static information will also be covered to a certain extent, particularly in Section 3.3 
(dealing with VDU screens) and also in Section 3.5. (Chapter 4 deals with the full set 
of new types of complex displays based on new and emerging technologies.)

Three main types of information devices will be covered in this section:

 1. Traditional instruments
 2. VDU screens
 3. Sound signals

The new generation of VDUs (discussed in Chapter 4) represents—from a tech-
nological function—a dramatic paradigm shift in the area of visual displays. How-
ever, the functional principles discussed in Chapter 2 are also of relevance for the 
new generation of displays. The generic principles described in this chapter are of 
very large importance for a successful use of the new generation of displays. There 
are many great advantages with the new display technologies; for example, they 
make it possible for a good overview of the function of the system to be displayed. 
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This overview is easily lost in the use of cathode ray tube (CRT) and other small-
scale display technologies.

Another great advantage of the new technology is its enormous flexibility. How-
ever, this also includes an apparent risk. The real strength of the new technology will 
only be realised if it is combined with the principles discussed in the current chapter. 
Technological advancement and inherent flexibility make it possible to simulate pre-
sentations which characterise the old ‘classic’ instruments. In turn, this makes the 
new technology more advanced from a functional and perceptual point of view. A 
classic example is the speedometer of a vehicle. A few decades ago vehicle manu-
facturers experimented with speedometers that displayed information in digital and 
thermometer-like forms. However, ergonomists and human-factor engineers in the 
automobile and aviation industries could rapidly prove that the superior display style 
was a traditional speedometer with a clock face and a pointer.

A further advantage is a combination of old analogue and the new digital tech-
nologies. This will create redundancy at the same time as it creates trust by the 
operator. In other words, in the detailed design of the application of the new display 
technology, we can use our knowledge from the classic display ergonomics.

�.2  traditional inFormation deviCes

Traditional instruments are still the most common form of information device in 
the control room. In modern control rooms, however, more and more information is 
being transferred to VDUs. Traditional instruments may be divided into the follow-
ing subgroups with regard to their areas of use:

 1. Instruments with associated control devices:
  Control regulation instruments—The instrument is read, and if necessary 

the operator adjusts the machine.
  Instruments for setting up—Instruments used for making changes in the 

running conditions.
  Instruments for following (tracking)—Instruments usually used in different 

types of vehicles (e.g., cars, planes).
  Instruments for indication—These show ‘entrance’, ‘way ahead closed’, 

‘backward’, etc.
 2. Instruments without control devices:
  Instruments for quantitative readings.
  Instruments for qualitative readings.
  Instruments for check readings—Instruments used for detecting and report-

ing a deviation from a normal value.
  Instruments for comparison—Used for checking that two machines are 

producing the same value.

Of the instruments above, the most common in industry are those for checking read-
ings, for controlling regulation, and for setting up. The introduction of computer 
systems for process control, however, has meant that qualitative readings are becom-
ing more common.
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3.2.1	 different	types	of	visuAl	instruMents

The choice from amongst the many different types of visual instruments available 
depends on the information to be presented and how it will be used. Figure 3.1 
shows some of the more common types of instruments. Figure 3.1a shows a digital 
instrument which displays the various numbers directly. The instrument may have 
mechanically or electronically generated numbers. Figure 3.1b shows instruments 
with moving pointers and fixed scales, whereas in Figure 3.1c the instruments have 
fixed pointers and moving scales.

There are many variants of pointer instruments. Figure 3.2 gives examples of 
some of these:

 1. Round and sector-shaped instruments (Figure 3.2a) are recommended for 
check and qualitative readings. Round ones are usually better than sector-
shaped ones, but take up more room.

 2. Vertical and horizontal scales with moving pointers (Figure 3.2b) are also 
good for check readings. They do not give as much information as that 
provided by the angle of the pointer in round or sector-shaped instruments. 
However, this type of instrument takes up little space.

 3. Round and sector-shaped instruments with fixed pointers (Figure 3.2c) can 
be recommended where the whole scale does not need to be seen for quan-
titative readings with slow changes. Their design allows a relatively long 
scale to be used without taking up much panel space, but they may need a 
relatively large area behind the panel.

 a.  Digital instrument
 b. Moving pointer, fixed scale

4 3 7 0 0

(a) Digital instrument

(b) Moving pointer, fixed scale

200

10
0 300

10
0 120

10

(c) Fixed pointer, moving scale

Figure �.1  Various types of instruments.
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 5. Figure 3.2d shows vertical and horizontal instruments with fixed pointers. 
This type of instrument can also have a very long scale (see Figure 3.3). 
They cannot be recommended for cases other than where a very long scale 
is required.

Table 3.1 summarises the recommended areas of usage for different types of 
pointer instrument.

In certain cases, it may be desirable to choose other designs of instruments. One 
may wish to use the design to show the function of the instrument. Figure 3.4 gives 
examples of a round instrument with moving pointer indicating speed. The angle 
of the material or feature being controlled is shown on a sector-shaped instrument 
with moving pointer. The level is shown on a vertical instrument, and time changes 
are plotted out on paper with a moving pointer; the most recent time is marked at a 
suitable time interval.

3.2.2	 design	of	sCAles	And	MArkings

The terms to be used in this section are defined as follows:

Scales range—The numerical difference between the lowest and the highest 
value on the scale.

Numbering interval—The numerical difference between two successive num-
bers on the scale.

Scale marking interval—The numerical difference between two scale markings.

Before choosing a scale for an instrument, one must determine the precision 
required. Figure 3.5 gives examples of different precisions. It is generally true that 
the least exact scale that fulfils system requirements should be chosen, thus avoid-
ing unnecessary accuracy. If possible, the information should be given in units that 
require no modification by the operator before they can be used. An example of this 
might be percentage figures being used instead of the actual number of revolutions, 

(a)
(b)

(c) (d)

Figure �.2  Varieties of instruments with moving pointers and moving scales.
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so that the operator need not remember different top speeds on different machines (a 
scale speed is often the same percentage of top speed on all machines). The percent-
age scale also gives fewer digits to read off (see Figure 3.6).

Figure 3.7 shows examples of recommended scale designs for instruments with 
different scale ranges. On the horizontal axis are the marking intervals, 1, 2, 5 (and 
1/10 and 10 times these values). This means that for 2 there are two (or 0.2 or 20) 
units between each subsidiary marking. On the vertical axis are the numbering inter-
vals, that is, the numerical difference between two successive numbers on the scale.

The matrix in Figure 3.7 shows examples of recommended scales and examples 
of how the markings can be designed. The scale can either be marked with large, 
medium, or small sizes of marks. Certain of the scales use all three sizes. Large 
markings are always used for the numbers of the scale. Medium-sized and small 
markings are used for subdivisions, that is, those divisions which lie between the 
numbered markings.

There must not be more than nine subdivisions between numerical markings. 
The scales should preferably be designed so that interpolation between divisions is 
not necessary. Where there is a lack of space, however, it is better to allow interpola-
tion than to clutter up the instrument with too many markings. If there is room for 
the scale illustrated in Figure 3.8a, this is the one to choose; otherwise, choose the 
one shown in Figure 3.8c. The scale in Figure 3.8b is not suitable. If the alterna-
tive in Figure 3.8c is chosen and the scale has to be read off to the nearest whole  
number, this means having to interpolate one step between markings. The smallest 

2

4

6

8

Figure �.�  An instrument that covers a large-scale range can be made with a long moving 
scale and a fixed pointer.



Design	of	Conventional	Information	Devices	 �1

ta
B

le
 �

.1
 

r
ec

om
m

en
de

d 
a

re
as

 o
f u

se
 fo

r 
d

iff
er

en
t t

yp
es

 o
f p

oi
nt

er
 i

ns
tr

um
en

ts
a

B
1

B
2

C
d

e

m
o�

in
g 

po
in

te
r

Fi
xe

d 
po

in
te

r
W

in
do

w
C

ou
nt

er
sw

it
ch

la
m

ps

R
ou

nd
L

in
ea

r
R

ou
nd

L
in

ea
r

R
ou

nd
L

in
ea

r

H
or

iz
on

ta
l

V
er

tic
al

H
or

iz
on

ta
l

V
er

tic
al

W
it

ho
ut

 C
on

tr
ol

s:

Q
ua

nt
ita

tiv
e 

re
ad

in
g,

 s
lo

w
 c

ha
ng

e
o

o
o

o
o

o
o

o
xx

o
o

Q
ua

nt
ita

tiv
e 

re
ad

in
g,

 f
as

t c
ha

ng
e

x
x

o
o

o
o

(x
)

(x
)

o
o

o

Q
ua

nt
ita

tiv
e 

re
ad

in
g,

 d
ir

ec
tio

n
(x

)
o

x
o

o
o

o
o

o
o

o

Q
ua

nt
ita

tiv
e 

re
ad

in
g,

 s
pe

ed
x

o
o

(x
)

o
o

o
o

o
o

o

C
on

tr
ol

/c
he

ck
 r

ea
di

ng
xx

(x
)

(x
)

o
o

o
o

o
o

o
o

C
om

pa
ri

so
n,

 f
as

t
xx

o
o

o
o

o
o

o
o

o
o

C
om

pa
ri

so
n,

 s
lo

w
(x

)
o

o
o

o
o

o
o

xx
o

o

W
ar

ni
ng

(x
)

o
o

o
o

o
o

o
o

x
xx

W
it

h 
C

on
tr

ol
s:

C
on

tr
ol

/c
he

ck
 a

dj
us

tm
en

t
xx

(x
)

o
o

o
o

o
o

o
o

o

Se
tti

ng
 u

p
x

x
(x

)
o

o
o

o

(T
ra

ck
in

g)
M

os
tly

 S
pe

ci
al

 I
ns

tr
um

en
t

In
di

ca
tin

g
xx

o
o

o
o

o
o

o
o

x
x

L
eg

en
d:

 x
x,

 v
er

y 
go

od
; x

, g
oo

d;
 (

x)
, u

nc
er

ta
in

; o
, u

ns
ui

ta
bl

e.



�2	 Handbook	of	Control	Room	Design	and	Ergonomics

step for which it is necessary to interpolate is called the subjective scale division. 
There should be zero, two, or five subjective scale divisions for every marked inter-
val. The basic factor in the reliability of reading an instrument dial is the physical 
width (measured as an angle of view) of subjective scale divisions (that is, zero, 
two, or five subjective scale divisions per marked interval). The scale is subdivided 
in such a way that the reading tolerance and accuracy one wishes the instrument 
to have are achieved. Accuracy must not be greater or even less than the allowable 
pointer error for the instrument in question. If it is necessary to interpolate fifths in 
order for the correct degree of accuracy to be obtained, the angle of view must be 
five times the angle of the subjective scale division, which equals the smallest divi-
sion for which it is necessary to interpolate. If the viewing angle for the subjective 
scale division is less than a certain critical size, there will be considerable errors in 
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reading it. If, on the other hand, the angle of view of a subjective scale division is 
greater than this critical size, one cannot expect any further increase in reliability 
of reading, as shown in Figure 3.9, according to which the width of the critical scale 
division is 2 minutes of arc.

The reading reliability over this critical value would be expected to rise to 99% 
for people with long experience of instrument reading. When designing a scale, 
therefore, one would start by determining the greatest distance at which the scale is 
going to have to be read. Based on the distance and the critical angle of 2 minutes of 
arc, the smallest size of the subjective scale divisions which will be needed on a scale 
is calculated from the total measuring range the instrument is to have. Knowing that 

Scale division between numerical divisions

0.1 1 10 0.2 2 20 0.5 5 50

Numerical
scale
system

1
10
100

2
20
200

5
50
500

2
20

200

3
30

300
4

40
400

1
10

100

2
20

200
3

30
300

1
10

100

2
20

200

3
30

300

4
40

400
5

50
500

0
2

20
200

4
40

400

4
40

400

6
60

600

8
80

800
10

100
1000

4
40

400

6
60

600

8
80

800
10

100
1000

0
5

50
500

10
100

1000

0
5

50
500

10
100

1000

Figure �.�  Examples on recommended scale division for different sizes of the scale.

0 20 30 40 5010

(a)

(b)

0 10 20 30 40 50

(c)

0 10 20 30 40 50

Figure �.�  The physical size of the scale and the number of scale divisions. Scale (b) is 
not to be recommended.



��	 Handbook	of	Control	Room	Design	and	Ergonomics

there should be two or five subjective scale divisions between each marked interval, 
the number of marked intervals can be selected. There should be two, four, or five 
marked intervals for each numbered interval.

For a scale marked in five subjective scale divisions per marked interval, and 
which has a total of 100 subjective scale intervals, the total length of the scale is 
determined according to the reading distance obtained from the following formula:

 D = 14.4 L (3.1)

D is the reading distance and L is the length of the scale. D and L have the same 
units of length, for example, cm. If one does not have such a ‘standard scale’ with the 
above relationship between subjective scale division and marking interval, there is a 
correction factor that may be added to the formula:

 14·4 × L = [D × (i × n)] / 100 (3.2)

where i is the number of subjective scale divisions into which each marking interval 
is to be interpolated, and n is the number of marking intervals. In practice one is 
often tied to existing standard instruments. Here one can instead evaluate the maxi-
mum reading distance for the different instruments and determine whether this is 
sufficiently far for the actual application.

The scale itself should not have long lines joining up the scale markings, but 
should be open (see Figure 3.10). Figure 3.11 gives the recommended measurements 
of the scale marking for (a) normal visual conditions, and (b) low light levels. In 
this case, the reading distance is approximately 70 cm. The measurements given in 
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Figure 3.11 apply not only to straight instruments but also to circular and segment-
shaped ones.

The design of the letters and numbers on the scale is important for giving the 
best possible reading reliability. The following points should be noted especially:

 1. The ratio between the thickness of the line and the height of the letter/
number for white numbers on a black background should be between 1:10 
and 1:20. If the background is dark and the numbers are illuminated from 
behind, the optimum is between 1:10 and 1:40. The optimum for black let-
ters on a white background lies between 1:6 and 1:8. Black lettering on a 
white background is normally preferable. For dark-adapted and low-illu-
mination conditions, white numbers on a black background are preferable 
(for night viewing in combination with red instrument lighting, the white 
numbers will be seen as red).

 2. The ratio between the height of the numbers/letters and their width should 
lie between 2:1 and 0.7:1. The optimum is 1.25:1.

Unsuitable scale with connecting lines 

Suitable scale without connecting lines

Figure �.10  Examples of suitable scale designs.

(a) Normal visual conditions (b) Low illumination

Main divisions Main divisions
SubdivisionsSubdivisions

Secondary
divisionsSecondary

divisions

5.
5

0.9

0.6

2.
5

5.
5

0.3

0.3

0.3

4.
0

4.
0

1.7
Min distance

2.
3

1.2
Min distance

Figure �.11  Recommended design of scales (mm).



��	 Handbook	of	Control	Room	Design	and	Ergonomics

 3. The appearance of the numbers/letters is important. As a guide, the num-
bers/letters should be simple in their design. Serifs and too many lines 
complicate the reading. However, they must not be so simple as to become 
difficult to understand.

 4. Letters/numbers must not be positioned on the scale in such a way that they 
are shaded by the pointer, and they must be vertical.

The following recommendations are made on the design of the pointer:

 1. The pointer must be long enough to reach but not to overlap the scale 
markings.

 2. The pointer should lie as close to the surface of the dial as possible in order 
to avoid parallax errors.

 3. The section of the pointer that goes from the pivot to the scale markings 
should be of the same colour as the scale markings. The remaining part of 
the pointer should be of the same colour as the dial face.

 4. On horizontal scales, the pointer should sit on the top of the scale, and for ver-
tical scales it should be on the right-hand side with the numbers on the left.

3.2.3	 sound	signAls

Certain types of information are better transmitted as sound signals rather than visu-
als. This is the case in the following situations:

 1. When the signal is originally acoustic.
 2. Warning signals. The advantage is that the operator does not need to see 

the signal in order to detect it; that is, he does not need to look at the instru-
ment constantly.

 3. Where the operator lacks training and experience of coded messages.
 4. Where two-way communication is required.
 5. Where the message concerns something that will occur in the future, e.g., 

the countdown to the start-up of a process.
 6. In stressful situations, where there is a possibility that the operator would 

forget what a coded message meant.

Tones are preferable in the following situations:

 1. For simplicity.
 2. Where the operator is trained to understand coded messages.
 3. Where rapid action is required.
 4. In situations where it is difficult to hear speech (tones can be heard in situ-

ations where speech is inaudible).
 5. Where it is undesirable or unnecessary for others to understand the message.
 6. If the operator’s job involves constant talking.
 7. In those cases where speech could interfere with other speech messages.
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Warning signals are without doubt the most common form of sound information. 
Sound is an information source that is little used, with the exception of warning 
signals. Sound signals/information could probably be used to advantage in giving 
spoken instructions in disaster and other acute situations, for example, (1) that there 
is a fire at a particular location, and (2) what action should be taken. In this type of 
situation one can use a calm voice to give further instructions on necessary actions, 
such as clear and simple instructions on how to evacuate the building. Various forms 
of acoustic alarms should be able to be complemented with tones that would give 
preliminary information on the type of fault. If there is a hierarchy of alarms, dif-
ferent tones can be used for different groups of alarms. If detailed information is 
required about the alarms, questions can be entered via the keyboard or directly 
using the voice. Section 3.6 includes a description of the design of computer-gener-
ated speech and computers that understand speech.

�.�  visual display units (vdus)

In the past the information devices traditionally used in control rooms normally had 
only a single area of application. The instrument was normally electrically connected 
directly to some form of measuring device. In certain cases switches were used, which 
allowed the same instrument to be connected directly to several measuring devices. 
For example, this was usually the case for temperature readings where it was common 
to have alarms connected to all the measuring points. One then had to turn a special 
switch in order to be able to read the temperature at all the measuring points.

In the modern computerised process control system, information is collected 
from many measuring points in the system. Information is stored in computers and 
subjected to further processes, which then pass on the information to various receiv-
ers, such as the different information devices in the control room. The information 
devices connected to the computer system are normally the type that can simulta-
neously carry out several functions, that is, which can receive different forms of 
information, such as cathode ray tubes (CRTs). This form of flexible display could 
formally be described in Chapter 4, but for historical reasons we have retained it in 
the current chapter.

3.3.1	 vdu	design

A visual display unit is the collective term for information devices designed for 
several different purposes (for example, for reading off temperature, shaft speed, 
instruction, information on handbook data). There are many different types of 
VDUs, of which the most common is the CRT. But there are many other types, such 
as liquid crystals, plasma displays, and matrices built up of different types of lamps 
or light-emitting diodes (LEDs).

The important advantage of the VDU is that it can handle most types of pre-
sentations, although the various technical solutions do have some limitations, for 
example, the shape of characters that can be formed on the screen. The pictorial 
alternative is provided (within the framework of the technical specifications) through 
programming of the computer. It must be stressed, however, that the programming 



��	 Handbook	of	Control	Room	Design	and	Ergonomics

must suit the actual process operator and the nature of the work and not just reflect 
how the programmer feels that interactive VDUs should be designed. Unfortunately, 
the latter is often the case. This means that many VDU applications in industry have 
shortcomings or are simply unsuitable and faulty; this does not only mean discomfort 
and limitations for the operator, but it also gives rise to poor performance and an 
unnecessary number of errors.

There now follow some guidelines on the design of information to be displayed 
on VDU screens. These recommendations are not the final ones, which would be 
applicable to all the different applications and control situations. Instead, they should 
be treated as a form of checklist, which can be used in the design of human-computer 
communication systems in the control room for process control. It is also important 
to emphasise that it is virtually impossible to choose the technical components first 
and then expect to get a functional solution. Even if ergonomic requirements are 
specified for each individual component, there is a risk that the overall solution will 
be bad. Instead, one must work in accordance with the systematic method described 
in Chapter 13. Technical solutions for the design of the interface with the operator 
can only be produced from detailed descriptions of the job content and analyses of 
the various work and skill requirements.

Summarised below is equipment that can be used for different forms of informa-
tion presentation, together with some advantages and disadvantages.

 1. Presentation of set value of a variable or deviation from set value:
  Points or a bar with a scale (e.g., a thermometer)
  Traditional instrument, plasma, or LED forming a bar or equivalent on 

CRT
  Moving numbers
  Dot matrix, seven-segment plasma panel, CRT, etc.
 2. Trend or time history of a variable:
  Graphics
  Matrix printer or plotter
  Line diagram:
  Alternative 1: Line printer or plotter
  Alternative 2: CRT
 3. Relationship between set values of several different values.
  Line or bar diagram:
  Alternative 1: CRT or plasma panel
  Alternative 2: Multi-pen printer or plotter
 4. The way a circuit works.
  Illuminated indicators or a displayed mnemonic:
  Alternative 1: Lit-up buttons, LEDs, rear-projected displays
  Alternative 2: CRT
  Alternative 3: Printer
 5. Alarms
  Matrix:
  Alternative 1: Signal/number board
  Alternative 2: Special reserved CRT
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  Tables in chronological, hierarchical, or random order:
  Alternative 1: CRT reserved for the job
  Alternative 2: Line printer
 6. Text
  Lit points in certain groupings:
  Alternative 1: Plasma grouping (usually a 5 x 7 point matrix per symbol)
  Alternative 2: CRT at 25 Hz with interlacing
  Alternative 3: CRT at 50 Hz frame frequency with no interlacing
  Illuminated line segments:
  CRT with DC positioning (x/y techniques)
 7. Diagrams
  Lit points in a matrix:
  Alternative 1: Plasma grouping
  Alternative 2: CRT with 25 Hz frame frequency and interlacing
  Illuminated line segments:
  CRT with DC positioning

For the presentation of the set value, most types of equipment have advantages 
and disadvantages. The advantage of pointers or thermometer-type bars is that they 
give a certain indication of the size of the changes as they occur. It is more difficult to 
display this feature with a digital presentation. The advantage of a digital presenta-
tion is that it is easy to present a large amount of data at the same time. On the other 
hand, a numerical presentation gives a poor understanding of size and quantity. This 
also makes it difficult to compare several values at the same time.

The ordinary printer or plotter is good for trends and time histories of values. 
However, it is difficult to print out several values at the same time, although good 
documentation (copies) is provided. The bar chart may mean more difficulty with, 
for example, paper handling, and also require some form of identification of the indi-
vidual diagrams. CRTs produce a somewhat poorer picture than graphic printers, but 
on the other hand are more flexible. It is also easy to use a CRT to display different 
variables in turn. No hard copy can be produced directly from the screen, but this 
can be obtained using cameras or additional equipment.

In order to present the relationship between variables and set values, CRTs and 
plasma panels are flexible and suitable in many cases. However, resolution and sharp-
ness are relatively poor in comparison with a multi-pen plotter. The disadvantage of 
the multi-pen plotter is that the format is often limited. Due to the lack of resolution, 
the same is also true for the CRT.

In order to see how different circuits are working, lit press-buttons are a good 
system but impractical if many functions have to be presented at the same time. The 
CRT can be tabulated for a number of different circuits and functions, and can also 
be used in conjunction with cursors and light pens. With the more traditional old type 
of display for alarms, the greatest disadvantage is a lack of flexibility. These also 
need a lot of space, but do give a good overview and continuous accessibility. The 
system also works well interactively if the diagram has illuminated press-buttons on 
it, where a function of the buttons is for acknowledgement or corrective actions.
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The great advantage with using a CRT is that it is easy to update. It is important, 
however, to have a CRT reserved specifically for this purpose. In addition, the sys-
tem is compact and easy to use interactively with a light pen, for example.

If the alarms are presented in tabular form with text, chronologically, hierarchi-
cally, or in random order (instead of in a matrix), the greatest disadvantage is that 
the overview becomes lost. On the other hand, it is possible to include an extra line 
along with the alarm to advise the action that should be taken. Compared with the 
CRT, the printer also has the advantage that it produces documentation of the alarm. 
This information can also be stored in a computer. However, from a documentation 
point of view, it might also be useful to have paper copies.

The plasma and similar displays have a number of advantages in the text presenta-
tion. For example, they are very thin, don’t cause any flickering effect, and the surface 
is flat. The contrast on the light surfaces can be high, and it is easy to programme.

If the recommendations given in the next section are followed, the risk of visual 
difficulties and eye fatigue will be considerably reduced. Problems may remain, 
however, for people with vision defects. The operator must then obtain spectacles, 
which are made and tested specifically for work with CRTs.

3.3.2	 design	of	CAtHode	rAy	tubes

The following section presents some brief recommendations on the requirements, 
which should be placed on CRTs, currently the most common form of informa-
tion presentation aid in the computer control system. The basic design features of 
a CRT are that the information shall be visible and easy to read. It is important to 
choose a suitable coding and presentation of information for particular applications. 
These points are dealt with in Section 3.4. The following recommendations assume a 
screen with a dark background and light text. This form of CRT demands very care-
ful planning of the lighting (see Chapter 7). There is much to suggest that screens 
with dark text on a light background give a better result if one can avoid the problems 
of flicker, which easily occur on light screens (Berns and Herring, 1985).

Some approximate guidelines are given below:
 1. Clarity
 a. Luminance—Minimum 85 cd/m2 for characters (250 asb),� with an 

optimum of 171 cd/m2 (500 asb).
 b. Contrast—The optimal character contrast is 94%, but down to 90% is 

acceptable.
 c. Light/dark characters—If flickering can be avoided, dark characters on 

a light background are preferable. Otherwise, and if other environmen-
tal conditions are suitable, light characters on a dark background can be 
accepted.

 d. Flickering—For the optimal luminance level of 171 cd/m2, a frame 
regeneration rate of at least 50 Hz is required. Certain types of phos-
phor (e.g., p-20) may need higher frame rates, up to and even over 60 Hz 
(frequencies of 60 Hz may interfere with mains electrical frequencies 
of 50 Hz in Europe and other places).

�  1 asb (apostilb) is the luminance of a white surface illuminated by 1 lux.
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 2. Legibility
 a.  Character size—The height varies between 16 and 27 minutes of arc 

(visual angle), a width-to-height ratio of 0.75, and a ratio of height to 
thickness of the strokes making up the characters of between 10:1 and 
6:1.

 b. Character shape—A dot matrix using 9 x 7 points produces the best 
symbols. There are many different ways of designing letters and num-
bers and it is not always clear which is the best. It is, however, important 
to choose types that do not cause confusion between letters and num-
bers, as in O and Q, T and Y, S and 5, I with 2 and K, I and 1, O with 8 
and 0.

 c. Resolution—Ten raster lines per character height and more for nonal-
phanumeric characters.

 d. Character separation—50% of character height and 100% between 
lines.

 e. Reading distance—For characters of 3.2 mm in height, a reading dis-
tance of 69 cm is acceptable. In most practical applications, the read-
ing distance is determined by the height of the characters. The screen 
should be read from directly in front; angles of more than 30° from the 
optimum considerably reduce legibility.

 f. Colour—Colours that lie well outside the optimum visual spectrum 
must be avoided, particularly those in the blue ultraviolet (UV) region. 
Colours in the yellow-green range are good.

 g. Flashing (e.g., to gain attention)—A 3-Hz flashing frequency has no 
adverse effect on legibility.

 h. Cursors—A rectangular cursor with a 3-Hz flashing rate is thought to 
be best.

 3. Coding
  Coding improves performance considerably, especially for simple informa-

tion processing tasks.
 a. Colour coding—Best for localisation, calculation, and comparison of 

different information.
 b. Alphanumeric codes—For recognition and identification of informa-

tion, these are the best. Colour coding is the next best. Coding is of little 
or no help in quantifying or size estimation.

 c. Components—A code should not comprise more than seven different 
components (e.g., seven letters or numbers). The fewer components the 
code uses, the better. The efficiency of the coding must be seen in rela-
tion to the total construction of pictures on the screen.

 d. Code groups—Different groups of codes, each consisting of compo-
nents, should, if possible, not contain the same components.

 4. Construction of Picture on the Screen
  The basic issue in the determination and design of the picture is the func-

tion that is to be fulfilled. The following information may be used to pro-
vide certain guidelines (see also Section 3.3):

 a.  Digital presentation is best for quantitative information.
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 b. Pointers on circular scales are best for showing changes.
 c. Vertical and circular scales with moving pointers are good for check 

readings.
 d. Chart recorders are valuable for seeing instrument faults and for obtain-

ing a rapid impression of the system’s response.

Diagrams are often preferable to graphs. Histograms are especially easy to read. 
Curves, however, are preferable for reading trends. Several curves can be presented 
to advantage for comparisons between several variables. Here, semigraphic screens 
are better, but x/y screens are to be preferred above all.

3.3.3	 design	of	tAbles

Whether data should be presented in columns or rows depends on what is 
more natural for the task in question.
Letters are better for identification than numbers.
Numbers should be arranged in as few columns as possible.

The design of pictures and the positioning of text within each frame is usually a 
compromise between several different factors. It is usually very difficult to adhere 
strictly to the various criteria that are set in designing different frames.

The design of frames or pictures is also determined by the length of the text, as 
there is only a limited area available; if the text is very long, its length will determine 
its positioning. In such cases it may be necessary to abbreviate the text. When doing 
this, it is of the utmost importance to maintain as far as possible the comprehensibil-
ity of a word even though it is abbreviated.

Through the placing of the same information in the same position in different 
frames, the possibility of errors by the operators is reduced, together with search 
time. This is particularly true for beginners and those who use the terminal infre-
quently. Consistent positioning of error messages is also very important as they must 
always be immediately obvious to the operator. Messages may be overlooked if the 
operator has to search for them.

The most fundamental criteria by which information to be used in a frame should 
be analysed are:

 1. The importance of the information.
 2. Its frequency of use.
 3. The sequence of use.

It is clear that even though these criteria have importance on their own, they are very 
closely connected. One example of this is the first information to come up on the screen, 
which is often both the most important and the most frequently used information.

When the principles for the design of the pictures and the text have been deter-
mined, the information should be presented in such a way as to simplify the task of 
the operator as much as possible.

•

•
•
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Formerly, the CRT type of display used to have poor picture sharpness (focus) 
at the perimeter caused by the curve on the screen edge, which reduced the visual 
clarity of the characters. On many screens, this may mean reducing the amount of 
information on both the left- and the right-hand sides of the screen by three, four, 
or even five columns in order to avoid this poor focus area. The effective area of the 
screen is thus reduced. Another aspect of the design is whether to use every line or 
every alternate line. No general answer can be given to this, as it depends partly on 
the design of the screen (that is, the distance between the lines) and partly on the 
amount of information on the screen. Apparently, the modern generation of CRT has 
solved most of these problems. However, the continued usage for 24 hours per day, 
365 days per year, does create problems for all types of displays and the user.

After determining the above criteria comes the question of how tightly together 
the information should be positioned. The amount of information may be defined 
as the quantity of information within a defined area. If too much information is dis-
played, operator performance is decreased (Stewart, 1976; Cakir, Hart, and Stewart, 
1979). Stewart suggests that the search time in seconds is roughly one-fifth of the 
number of alternatives to be searched through. Even if a very experienced operator 
is able to be selective in searching for information, irrelevant information means that 
the search time and error frequency will increase, thus reducing the performance of 
the operator and the system.

3.3.4	 AdvAntAges	And	disAdvAntAges	of	vdus

In older types of control rooms, every variable was represented by its own instru-
ment, regulator, or control device. These were placed together on a panel. Over the 
years, various ergonomic rules for the design of panels have been produced with the 
aim of achieving the best possible operational conditions. The development of VDUs 
and computers has now provided new forms of information presentation, monitor-
ing, and controlling. Research by Ergolab has shown that many operators prefer the 
conventional instrumentation over the computerised versions (Ivergård, Istance, and 
Günther, 1980), which are often described as being akin to monitoring the process 
through a keyhole.

Industrial researchers have described how people scan a picture for the object 
they are seeking (Stark, 1983). It appears that the normal strategy is to fix the gaze 
on a certain number of points in order to identify the picture; the points chosen on 
which to set the sight depend on the object. Stark (1983) also found that the experi-
enced viewer will miss some of the points previously fixated on. Despite jumping 
over them, the viewer will still be able to make the correct interpretation of the 
picture. In addition, the viewer will be able to detect whether there are any changes 
in the parts of the picture jumped over. In other words, people use their peripheral 
vision for checking whether there are any changes in the picture. Computer image-
recognition programmes operate in a similar fashion by fixating on specific points 
in the image, such as the face or the body. It is likely that a process control room 
operator will work in a similar fashion in the monitoring of a VDU or a conventional 
panel. The operator will fixate on a number of points in order to obtain a picture 
of the current situation in the process. The operator then updates his or her mental 
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model of the status of the process. The experienced operator has a considerably 
higher performance level in monitoring, and probably fixates on considerably fewer 
points to estimate the status of the whole process.

Sometimes the operator only has access to a number of images presented on 
VDU screens. This does not allow parts of the process to be updated, other than 
those currently presented on the screen. In more conventional instrumentation, 
which presents all of the information in parallel, the operator has very different 
possibilities. By fixating the gaze actively on certain parts, and using the peripheral 
vision for other parts, the operator can continuously update his or her mental model 
of the status of the whole process.

Given the above background information, it can be seen that there is a natu-
ral division of the viewing process into two types: active and passive vision. When 
someone fixes his or her gaze on one or a certain number of points in order to iden-
tify an object, this is active vision. In parallel with the active process, passive vision 
is occurring via the more peripheral parts of the retina.

In active vision, the gaze is turned towards the object and fixated on the central 
part of the retina where the cones are most dense, that is, the fovea. In the area 
around the fovea, the rods dominate. The rods are considerably more sensitive to 
light and can therefore work under relatively dark conditions. They are also sensitive 
to movement and changes and are therefore used in pattern recognition. The cones, 
on the other hand, need more light. The ability to distinguish detail, mainly by the 
cones, is also thought to increase in proportion to an increase in the light level. There 
are also cones that have the ability to distinguish colours. This allows us to draw cer-
tain conclusions regarding active and passive vision. Active vision allows the identi-
fication of colours and small objects under good lighting conditions. Passive vision 
permits recognition of patterns, and therefore especially changes and movements. 
Passive vision also works if the object is in motion.

In control room work, active vision is used to make detailed readings of a more 
quantitative nature. It is also used in the identification of colour codes and in the 
detection of small differences, in curves or diagrams, for example. Active vision is 
excellent for VDU viewing. There the operator can call up a particular frame and 
adjust such parameters as the set value.

Using passive vision, one could tour the control room and identify changes in the 
process pattern—for example, lights being lit or extinguished on a panel. Schematic 
representations of a process with built-in indicators (for example, signal lamps indi-
cating deviations) are a suitable type of presentation for passive vision. In other words, 
passive vision is perhaps best applied on a more traditional type of instrument panel.

The choice of presentation method depends very much on the task of the operator.
There are three main rationales for having an operator in the control room:

 1. The operator acts as a supervisor in order to carry out certain standardised 
routine tasks, which for various reasons, have not been automated. The 
operator also has the task of calling for expert help when some unforeseen 
incident occurs.

 2. The operator is a qualified expert with the job of carrying out production 
planning and optimisation tasks. Simpler, more routine, and predictable 
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types of faults are dealt with by the operator. The more serious, unforeseen 
faults are passed on to special maintenance experts.

 3. The operator is primarily a maintenance-orientated expert who gets 
information on the process from other sources, especially those that are 
economic in character. The operator usually looks after production qual-
ity matters himself. The operator is expected to be able to deal with most 
unforeseen and difficult faults and events in the process.

If the first of these alternatives is chosen, one can determine relatively accurately 
beforehand what type of information the operator will need in different situations. 
There is less of a requirement for the more detailed type of overview information. 
The conventional type of instrumentation therefore provides very little information 
to this operator and he or she can largely rely on a number of VDU screens with a 
predetermined programme of frames.

The expert operator who is either production-orientated or maintenance-orien-
tated has a considerably greater need for more detailed, continuous, and parallel 
presentation of the whole process. If the information is presented on VDUs, most 
processes would require a large number of VDU screens or extremely large VDU 
screens. The alternative is to require the operator, even during normal running con-
ditions, to sit down and leaf through all the status frames. An operator would have 
to do this in order to update himself actively on the process status and to build up 
his knowledge of the functioning of the process. Instrumentation of the conventional 
type offers completely different possibilities for the operator to update his mental 
picture of the process. This can be done by looking at the instrumentation both con-
sciously and unconsciously.

The production-orientated operator needs to be able to see a relatively detailed 
and dynamic functionally-orientated process model. The maintenance-orientated 
operator, on the other hand, needs to have a more physically-orientated model. The 
traditional instrument and control panel is a good alternative, but the conventional 
type of instrumentation is not preferable to a VDU in all processes.

The VDU screen has a great advantage in being flexible. Colour monitors with 
high resolution and detailed pictures also allow the presentation of a large quantity 
of information in a limited workspace. VDUs are also suitable for presenting differ-
ent types of information. This may be graphical information (for example, maps of 
temperature distributions [isotherms], pressure distributions [isobars], and so forth). 
Even if VDUs cannot always wholly replace conventional instrumentation, they are 
a necessary complement in modern process control.

Table 3.2 gives a comparison between conventional instrumentation and elec-
tronic VDUs. It may be seen that the VDU has many advantageous characteristics 
and that the disadvantages are largely of an ergonomic nature. In addition to the char-
acteristics given in Table 3.2, visual problems should be considered. These almost 
always occur when using the CRT-type of visual display. In practice, both VDUs and 
more conventional instrumentation are required in most cases. When modernising 
an existing control room, it is best to keep the old instrumentation as a reserve and 
a complement to the VDUs. When building from new, it is rarely sensible to install 
both the conventional type of instrumentation and VDUs. On the other hand, it may 
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be a useful complement to the VDUs to produce some form of detailed overview 
panel. This can schematically and dynamically describe the physical design of the 
process. It is often desirable, and sometimes necessary, to provide dynamic infor-
mation on the overview panel. This may, for example, show which valves are open 
or closed, which pumps are working or not. It may sometimes even be desirable to 
provide the overview board with quantitative information such as flow rates and lev-
els. The quantity of dynamic information provided on the panel depends very much 
on the type of process. In a continuous, stable process, with relatively few starts 
and stops, a static overview panel is often sufficient. These may be described as 
processes with high inertia, where changes in the process variables take place over 
many minutes, and where a detailed diagram of the principles showing the flow and 
the interconnections is required. In addition, the most important physical units must 
be marked on the diagram. A good complement to this form of presentation may be 
a three-dimensional model of the process.

A dynamic and detailed overview board is required where a complicated network 
with several alternative connection routes exists. The connections in one part of the 
network will affect the conditions in another part of the network. A typical example 
is an electricity supply network, and to a lesser extent, a water distribution network. 
A relatively complex batch process also needs a detailed dynamic overview panel. If 
the batch process is simple enough to be presented as a picture on a VDU screen, an 
overview panel is not necessary. An overview panel is also required on a continuous 
process with many stops and starts, and where the course of events is relatively rapid. 
Such processes would have changes occurring within seconds or, at the most, a few 
minutes. Production-orientated operators will always need a functional overview 

taBle �.2 
Characteristics of Con�entional and electronic display de�ices
attribute Con�entional electronic/ad�anced

Nature of presentation Parallel Serial

Mode of presentation (digital, analogue, etc.) Fixed Variable

Availability of information Continuous On request

Relationships among items of information Static Dynamic

Nature of interface Inflexible Flexible

Incorporation of diagnostic aids Limited Readily feasible

Ability to modify or update Difficult Easy

Redundancy of displays about control rooms Costly Relatively inexpensive

Control room size requirements Relatively large Relatively compact

Compatibility between process response and High None

   control movement

Control display feedback High None

Nature of overview information Detailed Summarised

Visual conditions Reflected Flickering, radiated light

Source: Developed from Seminara (1980).
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diagram. This can be suitably presented on a VDU screen. The maintenance-orien-
tated operator has a special need for detail in the overview panel.

�.�  instruCtions, Forms, taBles, and Codes

Instructions, notices, and forms give printed information to the operator, often in 
connection with a product. It is of the utmost importance that this information is 
presented clearly and concisely and that it is easily read. This is particularly the case 
when an operator is faced with a new product, one that he rarely uses, or in a situa-
tion where time is limited.

The following rules apply:

 1. Letters—Capitals alone are recommended for general use, but a combina-
tion of capitals and lowercase (small) letters are allowed (first letter a capital 
followed by lowercase letters). The ratio between width and height of the 
uprights should be between 1:6 and 1:8. The ratio of width to height of let-
ters should be 3:5.

 2. Short messages—In order to save time and space, the text should be as short 
as possible, whilst still retaining clarity.

 3. Choice of words—Words and meanings should be kept as simple as pos-
sible (see above). Only well-known words should be used. For special popu-
lations of people, one may use common technical terms, for example, the 
use of aeronautical terms when addressing pilots.

 4. Clarity—Instructions must be short and easily understood. One very simple 
way to test this is to try out different instructions on different people.

 5. Contrast—In work where dark vision is required, letters should be white or 
light yellow on a black or other dark (e.g., brown) background. Where no 
dark vision is required, the letters should be black on a matt white back-
ground. Other colours may also be used for coding purposes, but they 
should always be chosen with maximum contrast in mind.

 6. Size—The recommended size of letters depends on the reading distance. At 
a distance of 70 cm or less, in low lighting conditions, the size should be 
about 5 mm. In good light this can be reduced to 2.5 mm.

3.4.1	 diAgrAMs	And	tAbles

The following recommendations apply to diagrams and tables:

 1. Diagrams are always better than tables if the shape, variation, or connec-
tion between materials is of interest or if interpolation is necessary. If not, 
tables are preferable.

 2. Simplify the table as much as possible without reducing its accuracy and 
without the need for interpolations (an example of this would be where, if 
the depth markings on a water tank level are not sufficient, several calcula-
tions are required to interpret water level).
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 3. Leave at least 4 to 5 mm between columns, which are not separated by ver-
tical lines.

 4. Where the table columns are long (more than six lines), they should be 
divided into groups of three or four lines. Leave some space between each 
group.

 5. Diagrams should be drawn so that the numbered axis lines are darker than 
the unnumbered ones. Where only every tenth line is numbered, the fifth 
line should also be denser than the others, but less dense than the num-
bered ones.

 6. Avoid combining too many parameters in the same diagram; there should 
be no more than three. If more parameters are shown, more diagrams must 
be used.

3.4.2	 Codes	And	syMbols

Different sorts of traditional symbols are used by humans to convey a particular 
meaning; for example, the cross represents Christianity for a large proportion of 
humanity. The alphabet can be used to build up different definitive meanings using 
various systematic rules. It is important in the construction of an artificial language 
that all the users agree on the rules that are to be applied to it. This is the case both 
in more complex languages (for example, those that resemble the natural ones) and 
in the simpler ones, such as those used by machines of different types or as explana-
tions on VDU screens.

The assumptions necessary before a language can be built up are, first, that 
everyone agrees what the different characters mean, and secondly that there are 
certain predetermined semantics. There must also be a grammar, which specifies the 
way in which the different symbols can be combined. Finally, the symbols must be 
designed in such a way that they can be understood by other people. As far as visual 
symbols are concerned, they must be able to be clearly seen and understood in the 
situation in which they are designed for use.

Languages may be termed natural or artificial. Natural languages are often 
learned in childhood, or after very comprehensive training and/or education. More 
complex artificial languages that are to be used in a similar way to the natural lan-
guages also require a very comprehensive education and training. In the design of 
languages for use in different technical applications in industry, special stress must 
be laid on the need to make the rules simple so that as far as possible they are self-
evident. Even if one can set out such very simple rules for the language, it is still 
necessary for the rules to be put down in writing so that everyone agrees on which 
rules are valid. In the following part of this section, we present semantics, then a 
grammar, and finally a number of viewpoints on the visual detectability of symbolic 
languages which can be used on VDU screens.

3.4.3	 seMAntiCs

Semantics specify what the different characters mean. In this case, the semantics are 
summarised in Figure 3.12. The notion of codes is used here as an overall concept 
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covering all types of symbols/characters. We are conventionally accustomed to two 
types of codes:

 1. Nonfigurative codes, which consist of several small elements. The indi-
vidual elements have no meaning in themselves, but when combined they 
have common unambiguous meanings. The most common form of these 
nonfigurative codes is numbers and letters.

 2. There are also figurative codes (symbols), which are those designed in 
such a way as to have a meaning themselves without needing to be com-
bined with other symbols. Such figurative codes may be either concrete or 
abstract. The concrete codes attempt to imitate what they symbolise (e.g., 
a pedestrian crossing sign is represented by a stylised drawing of a walk-
ing person), while the abstract codes symbolise an abstract concept (e.g., 
‘Christianity’, represented by a cross).

Both figurative and nonfigurative codes are used in process industry applications. 
The figurative concrete codes should try to resemble the apparatus and machines 
they represent, and the abstract codes should be used to represent the actual events 
occurring during the process. Nonfigurative codes, usually in the form of letter and 
number abbreviations, are also used. Numbers are used both for identification and 
quantification although it is preferable to use two different number series for these 
purposes, for example, Roman numerals for identification and Arabic (ordinary) 
numbers for quantification.

3.4.4	 grAMMAr

The grammar to be used in this connection must be very simple. It should consist 
only of:

Nouns
Adjectives
Verbs

Nouns should be used to specify different physical objects such as generators, 
motors, transformers, and switches. The verb is used to give the condition of the 
noun—for example, on, off, running, open, closed. The adjective is used either for 

•
•
•

Codes 

1. Nonfigurative
 (a) Letters
 (b) Numbers

2. Figurative 
 (symbols) 
 (a) Concrete
 (b) Abstract 

Figure �.12  Categorisation of codes.
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specifying which machine/unit is under discussion, or for giving its characteristics, 
for example, DC, AC, size. Concrete symbols are suitable for nouns and abstract 
symbols are best used for verbs (arrows, colours, and so on). Nonfigurative codes 
such as abbreviations or numbers are best used for adjectives. Figure 3.13 shows 
the symbol for a lathe chuck. It has a concrete symbol to specify the noun, arrows 
are used to denote whether the chuck is opening or closing, and numbers and letters 
specify which lathe the chuck belongs to.

3.4.5	 CoMpreHensibility	of	Codes

In this section, we look at the ease of understanding visual codes. It is, however, 
important to remember that sound codes can be just as useful in many instances as 
visual codes. One advantage of sound codes is that it is not necessary to be in a par-
ticular workplace in order to notice them, and also faster reactions may be expected 
to sound signals. Hearing can be said to be the dominant sense in terms of noticing, 
recognising, and identifying patterns. The ability of a musician to recognise very 
small variations in a piece of music (which is a pattern presented in the form of sound) 
is outstanding. The amount of information and the total number of possible different 
messages that could be presented in this way is immense. Sound also has the advan-
tage in that it is not necessary to focus attention on the equipment supplying the infor-
mation material, but one is free to move around while listening for the information.

Another information channel that gives almost the same degree of freedom 
is the sense of touch. There have been experiments to produce a language for the 
deaf, which is transmitted through touch. There has been an attempt (see Ivergård, 

S1 

S2 

Concrete symbol
= Chuck (noun)
Abstract symbol
= Open/Close (verb)

Substitute nonfigurative
code = Belongs to Lathe 1/2
(adjective)

Figure �.1�  Symbol for a lathe chuck.
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1982, for example) to produce a ‘hearing glove’; this has an instrument mounted 
against each finger, which produces a pressure at different frequencies on the fin-
gers. Sound—for example, from someone talking—is converted electronically and 
transferred to this hearing glove. It is known that at least four different frequencies 
can be sensed, so with this method one can transfer at least 4 x 4 different symbols 
(information units). Similar methods have also been used by placing the vibration 
devices on the chest and other parts of the body.

The sense of touch is not only useful as an information transmission channel for 
the deaf but it can also be used for people who are overloaded with visual or sound 
information. Pilots, for example, are often overloaded by the large number of instru-
ments they have to read. If we wish to give the pilot even more information, vibrators 
could be used to transfer information through the sense of touch instead. Like hear-
ing, touch is better than sight for use as a warning signal. Whereas one can close the 
eyes to remove the sense of vision, the sense of hearing or feeling cannot be shut off. 
Four variables can be used in the transferral of information by touch: the positioning, 
frequency, amplitude, and variation of the stimulation.

The visibility of visual codes will not be discussed in detail here except to say 
that they must be (a) large enough, (b) bright enough, and (c) have sufficient contrast, 
in order to be visible.

Experience from Gestalt psychology can be useful regarding the suitability of 
codes and for general rules on their design. In addition, there are a number of percep-
tual psychological grounds that form the basis of the number of elements which can 
be used in different codes in order to avoid confusion. In particular, there is a body 
of specialist knowledge on the design of letters and numbers.

Table 3.3 summarises the number of possible variants that can be obtained with 
different types of stimuli for designing codes. It is important to remember that the 
estimations given are only approximations. The maximum number only refers to con-
ditions where the person performing the reading has special education or training for 
that particular form of stimulus. In most normal applications—for example, work on 
VDUs—the recommended number of alternatives must be used. Table 3.3 also gives 
the number of absolutely recognisable units of a particular stimulus. If comparisons 
are possible, the number of recognisable units becomes considerably greater.

Table 3.4 identifies letters and numbers that are easily confused with each other, 
including also those that are difficult to read. The risk of confusion on VDU screens 
is especially great, as the letters and numbers are built up in a fairly simple and lim-
ited manner. Figure 3.14 shows the number of seconds it takes to read a particular 
number compared with the grouping of the digits. It is clear from Figure 3.14 that 
groups of three digits are the quickest to read. Suggested forms of grouping are given 
in Table 3.5, which gives examples of how signs in codes of different lengths should 
be grouped.

�.�  using Colour

First, it is necessary to define what is meant by colour, as various colour classifica-
tion methods exist. Probably the best-known colour classification system is the CIE 
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system.� This has many advantages when used for specifying colours for use on 
VDU screens. This system is described in Wyszecki and Stiles (1967).

The colours on a CRT are created using three electronic ‘guns’ that are aimed at 
the front of the CRT.� This is covered with a layer of phosphor. Each gun produces 
a different colour—red, green, or blue. The rays travel through a shadow mask that 
has many small holes in it, and then meet the front of the screen where there are a 
large number of symmetrically arranged round phosphor dots (see Figure 3.15). This 
results in different combinations of the colours red, blue, and green. Because the 
points are very close together, the human eye does not perceive them as individual 
points but as mixtures of colour.

Rather than a spatial combination of colours, one can have a temporal com-
bination. This means presenting the different colours at different times. Because 
the succession time of the colours is very short, the eye will not be able to pick out 

� Commission Internationale de l’Eclairage (International Commission on Illumination).
� Other types of visual display technologies use a similar logic to produce different colours on a 

screen. 

taBle �.� 
number of recognisable units of different stimuli

stimuli maximum recommended notes

Colours:

Lamps 10 3 Good

Surfaces 50 9 Good

Design:

Letters and numbers ∞ ?

Geometrical 15 5

Figures/diagrams 30 10 Good

Size:

Surfaces 6 3 Satisfactory

Length 6 3 Satisfactory

Lightness 4 2 Poor

Frequency (flashing) 4 2 Poor

Slope:

Direction of pointer on dial 24 12 Good

Sound:

Frequency (Large) 5 Good

Loudness (Large) 2 Satisfactory

1 2 3 4 5 6 7 8 9

Violet Blue Green Yellow Red

1 2 3
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individual colours, but they will be combined in the proportions in which they were 
presented. One drawback of this type of colour presentation is that it gives consider-
ably less well-defined colours which are difficult to identify.

In the CIE system, a colour mixture will always lie on a line between the two 
colours of which it is a mixture. If the mixture is made up of three colours, the per-
ceived colour will lie within a triangle formed by the lines between pairs of colours 
from the three. This ability to define colours on a CRT fairly simply using the CIE 
system is its major advantage over other descriptive classification systems. However, 
an obvious disadvantage of the CIE system is that colours cannot be classified in 
comprehensive descriptive terms such as colour, saturation, brightness, and so forth. 
Other descriptive classification systems do have this advantage.

There are a large number of factors that affect the perceived colour. The follow-
ing are the factors that must be taken into account:

 1. Contrast
 2. Size
 3. Background colour
 4. Absolute relative discrimination
 5. Number of colours
 6. Surrounding lighting

6 

7 

8 

9 

1 2 3 4 5 6 7 8 9 10 

Se
co

nd
s/

N
um

be
r

Numbers per Group 

Figure �.1�  Average reading time per numbers of the keying in of 18 to 21 numbers at a 
time as a function of their grouping.

taBle �.� 
Coding groups of different lengths
number of digits alternati�e groupings

7 3, 3, 2 3, 4 3, 2, 2

8 3, 3, 2 2, 2, 2, 2

9 3, 3, 3
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Figure �.1�  Colours on a CRT are created by the electronic ‘guns’ shown in this figure. 
(Reproduced from Farrell and Booth, 1975. With permission.)
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When working only with black and white, it is sufficient to use luminance con-
trast (CR), which is normally defined as:

 CR =  L1 / L2 (3.3)

where L1 is the luminance of the object and L2 is the luminance of the surroundings. 
When colour also has to be taken into account, the concept of colour contrast is used. 
A special discrimination index has been worked out, which takes into account both 
luminance and colour contrast (see Silverstein and Mayfield, 1981).

Sensing of colour is highly dependent on the size and brightness of detail within 
the picture. Very small details appear less saturated and sometimes change depending 
on background colour. Also, the ability to discriminate between colours is severely 
reduced for small pictures, especially along the blue-yellow axis. The background 
colour is very important as well because the light from a small object is experienced 
as though it changes colour towards its complementary colour in the surroundings.

As the number of colours increases, colour discrimination becomes more dif-
ficult, and greater demand is made for colour coding. Research on the use of colours 
on VDU screens has shown that a maximum of four to six colours can be used. The 
number of colours which can be used is, of course, highly dependent on whether 
the discrimination is absolute or relative. In absolute discrimination, the number 
of colours is further reduced. When colour is used for decorative purposes, more 
colours can be used. The reasons for using colours to any great extent must be pow-
erful ones; it is far easier to produce a poor colour picture than a poor black-and-
white one.

In recent years, comprehensive research has been carried out into the use of 
colour screens, and the level of knowledge has increased considerably. Unfortunately 
some important knowledge is still missing, which makes it difficult to make final 
recommendations. In particular, the effects of interacting factors are not well under-
stood. For those who wish to learn more about the analytical method used in deter-
mining colours on a colour screen, Silverstein’s (1982) Human Factors for Colour 
Display Systems is recommended.

Why should a colour display be chosen? In most cases, colour displays are just a 
more costly alternative to the monochrome version. When there is an advantage in 
using a colour display, it does not seem to have an economic basis. It is probable that 
a colour display is not preferable to a monochrome display for most types of com-
mon office applications. Where there are special office applications needing more 
complex pictures, or in special applications such as control rooms in the process 
industries and traffic monitoring situations, colour displays are certainly preferable.

Selection of a colour display does not depend only on the fact that the operator 
prefers to have a colour screen for aesthetic reasons. The primary reason for choos-
ing a colour display is for increased coding potential and the reduction in search 
time it brings about in complex pictures. It is also important to remember, as dem-
onstrated later, that colour contrast increases visibility, and thereby decreases the 
need for luminance contrast. This, too, has many advantages, as colour screens can 
be utilised in rooms with an ordinary level of lighting which fulfils the requirements 
for other types of visual tasks. Under special visual conditions—for example, on 
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planes and ships—the colour screen is almost obligatory, although the requirement 
for well-shielded lights still remains.

Colour VDUs drastically increase the requirement for specialist knowledge in 
the design of the display system and the choice of coding for pictures. It is difficult to 
make a good picture on a colour display. A colour picture can easily be made worse 
than a black-and-white picture if one does not have access to the right knowledge. 
A poorly designed colour display decreases efficiency of performance as compared 
with a black-and-white screen.

3.5.1	 CHoiCe	of	Colours

A number of general ergonomic rules pertaining to absolute discrimination indicate 
that for recognising and naming a colour, a maximum of about seven colours is 
desirable. When it comes to seeing the difference between colours, many different 
colours and shades can be distinguished, probably well over twenty. Research on 
colour screens has shown, however, that this is unrealistic. One cannot normally 
have more than three to seven colours on a CRT, depending on a number of different 
factors (Kinney, 1979; Teichner, 1979; Silverstein and Maryfield, 1981). For an oper-
ational colour display where absolute colour discrimination is required, it is suitable 
to have three to four colours, and these should preferably be green, red, blue-green, 
and possibly a purple-red (plus white or black, depending on the background colour 
used). Where comparison between colours is possible, six to seven colours can be 
allowed, preferably red, yellow, green, blue-green (cyan), reddish-blue, and perhaps 
magenta (plus white or black depending on the background).

3.5.2	 Colour	sCreen	CHArACter	And	syMbol	design

It is fairly clear that the requirements will be far more stringent for the design of 
characters and symbols on a colour screen than for those on a monochrome display 
with a dark background and light text. Research has shown that colour sensitivity 
increases as the colour field increases in angle, up to 10 minutes of arc. Small light 
fields have a reduced colour saturation which means that in practice light colours 
tend to be seen as white.

On this basis, characters, symbols, or critical details in the picture that subtend 
less than 20 minutes of arc should not be used. On larger fields, where greater accu-
racy in colour discrimination is required, this angle should be at least 1°. The lines 
that make up the characters should be thicker on a colour screen than on a conven-
tional one. If there is more than 1 minute of arc between lines, colour separation will 
be distinguishable. The characters on a colour screen should not be placed more than 
15 minutes of arc from the line of sight. Characters that appear towards the periph-
ery of the screen will not be colour-coded to the same accuracy.

Research has also been performed on legibility and luminance contrast of colour 
screens under different environmental lighting conditions (Silverstein, 1982). This 
has shown that there is no further improvement in legibility when the luminance 
contrast is increased beyond 5. It should also be remembered that the colours seen 
on the screen will change depending on the room lighting. The room lighting should 
therefore not be changed once the colour screens are installed.
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3.5.3	 vdu	sCreen	And	bACkground	requireMents

The technical requirements for a colour screen are considerably greater than for an 
ordinary monochrome VDU screen. One must, for example, set considerably greater 
demands on sharpness of edges and the ability of the ‘guns’ to send their rays to the 
correct place at the edges and corners of the screen, so that no convergence problems 
occur. It has been shown that increased luminance on a VDU screen increases the 
colour contrast up to a luminance on the screen of 3000 cd/m2. Increasing the oper-
ator’s light adaptation level also increases his or her sensitivity to colour (Silverstein, 
1982). A light background gives the effect of a higher degree of colour saturation. 
In practice this means that a higher level of environmental light can be used when 
working with colour screens. In many cases it may also be desirable to select a light 
background colour on the VDU screen in order to achieve an even higher level of 
saturation which, in turn, reduces the risk of both diffused and reflected glare.

�.�  speeCh reCognition and speeCh generation

Language is probably the most distinguishable ability that mankind possesses. 
Human/machine systems have long included written language (for example, in 
alphanumeric displays and keyboards), but spoken language has mainly been used 
for communication between people. Over the past few decades, automatic speech 
generation and recognition by machine now offers a possible alternative to other 
forms of input and output to computers. However, there are a number of limitations 
that need to be overcome. Knowledge about how to use speech recognition is devel-
oping very fast; in some special areas, it can be a very good alternative, particularly 
in control room situations.

An interactive speech system consists of speech recognition devices for control or 
information input and speech generation devices as a form of information display.

Automatic speech technology is of great interest already today, but there are 
many problems that need to be resolved. In 1985, Simpson et al. gave a compre-
hensive review of system design for speech recognition and generation. From the 
human factor/ergonomic perspective, a speech recognition system consists of a 
human speaker, recognition algorithms, and a device that responds appropriately to 
the recognised speech:

 Human speech → Recognition algorithms → Response device

Today, many different types of algorithms can be used to interpret human speech. 
An important feature of many of these algorithms is that they can learn to recog-
nise the sounds of different voices and accents. In ideal conditions many algorithms 
can recognise more than 90% of speech. When situations are less than ideal—for 
example, in a noisy environment or when a speaker has an unusual dialect—the 
recognition might be severely impeded. In a control room situation, one can expect 
the use of a rather limited vocabulary, for example, in emergency situations. With a 
limited vocabulary the speech algorithm can be developed to recognise many differ-
ent accents, even when the background environment is noisy and disruptive.
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A speech generation system is the mirror image of a recognition system. It con-
sists of a device to generate messages in the form of symbol strings, a speech gen-
eration algorithm to convert the symbol strings to an acoustic imitation of human 
speech, and a human listener. A speech generation system operates within the con-
text of the user’s working environment:

 Message generator → Transformation of message codes to acoustic  
 imitation voice → Human listener

Many factors contribute to the operational intelligibility of speech. Simpson et 
al. (1985) proposed a model for operation intelligibility (Figure 3.16). It is important 
to note that intelligibility and the characteristics of human speech are not necessar-
ily correlated. A radio announcer may sound natural despite a background of static 
noise but may have low intelligibility for the listener. Conversely, synthesised speech 
warning messages in an aircraft cockpit may sound mechanical, but pilots consider 
them to be more intelligible than ‘live’ messages received over the aircraft radio.

Comprehensive design guidelines in this area are still very limited, but some 
general points can be made. Although the ergonomics/human factors literature 
includes reports of research, which supports certain principles of speech design, 
this knowledge has not yet been formulated into design guidelines. Human factors 
methodology is sufficiently well developed to permit comparison of task-specific 
speech systems experimentally, but the tools required for producing generic design 
guidelines for speech systems are not yet available. In the short term, simulation of 
speech system capabilities in conjunction with the development of improved system 
performance should prove a productive methodology to achieve these aims.

In general, speech generation algorithms seem to be more advanced than speech 
recognition algorithms. Reasonably intelligible text-to-speech algorithms from  
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Standard English spelling are now available commercially. The recognition coun-
terpart, speech-to-text algorithms, is also available in the form of dictation systems. 
These different available systems seem to be heavily user-dependent. Some people 
regard the quality as very high while for others it is unacceptably low. Systems trans-
ferring speech into control actions have a higher reliability, particularly if the expected 
vocabulary is limited. For example, in an emergency, when the operator shouts ‘Stop 
generator!’ the system will recognise the instruction and act accordingly.

In the short-term, the current recognition algorithms appear adequate for use in 
favourable environments characterised by low to moderate noise levels, for applica-
tions that only require small vocabularies and that do not place the operator under 
stress. Great caution must be exercised with the use of current technology in stressful 
situations.

Speech generation algorithms, on the other hand, have demonstrated acceptable 
performance even under conditions of severe noise and high workload. This technol-
ogy is sufficiently advanced to be applied appropriately, with careful attention being 
paid to the integration of ergonomics. Already by 1980, Simpson and Williams had 
studied the use of synthesised voice for cockpit warnings. They concluded that voice 
warnings do not need to be preceded by an alerting tone, as the quality of the spoken 
language makes the warning readily understandable by the listener.
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�.1  introduCtion

Control rooms and control centres tend to have something in common, even though 
control rooms are used in several areas of application. The specific types of applica-
tions are many and varied and include telecommunication, military and aerospace, 
industry, energy (generation, distribution, and transmission), security (national and 
domestic), water (production, sewage, and purification), traffic monitoring and con-
trol (roads, tunnels), airports, railway and metro networks, police and fire depart-
ments, emergency services and call centres, data centres for governments, and 
commercial enterprises. In general, the central medium of such a room nowadays is 
a large screen system. Other terms for large screen display include: video wall, large 
display screen, large video screen, display wall, large video screen, large screen dis-
play, and monitor wall. Other technical and specific terms used in connection with 
this display screen technology are contained in a glossary at the end of this chapter.

The increasing volume of traffic and the resulting traffic jams, the growing traf-
fic network, and environmental aspects make observation and control of the traffic-
related systems necessary. Data and information transmitted from traffic detectors, 
video observation systems, and other sources have to be administered, distributed, 
and visualised centrally in traffic management centres. This guarantees a timely 
control and administration of this data and thus a productive and efficient use of the 
existing traffic resources. In recent years, headline-catching accidents and fires in 
road and train tunnels have encouraged governments to launch new programmes to 
reinforce the security in tunnels. As a result of such initiatives, significant invest-
ments in control room systems have been made and are still going on. This makes it 
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also necessary to invest in key control room equipment such as large screen systems, 
which can help reduce dramatically the reaction times to problems.

Effective control and security of transportation systems depends substantially 
on the availability of all necessary information in the control rooms. Safety and 
the smooth operations of roads, highways, railways, and air traffic are facilitated by 
competent operators manning the control rooms. In railway networks, the stations, 
platforms and station concourses, tram termini and crossings, and subway networks 
warrant close attention from the control room operators. On waterways, the bridges, 
canals, and shipping flow are key areas where vigilance ensures efficient operations. 
Air traffic controllers ensure safety in the air while their colleagues monitor pedes-
trian and vehicular traffic around and within the terminal approach roads and build-
ings. A key resource for these professionals in their work is the large screen wall 
that is the central unit for all operational tasks in the control room. All applications, 
software, and video signals can be displayed in real time on the projection wall, so 
they can be rapidly processed and transmitted by the operators.

Large screen walls are used in these operational fields for the following applications: 
graphics (maps, road and railway networks, and time schedules), GPS applications, 
camera signals (traffic detectors, signal systems on main traffic junctions, railways, 
and airports), observation systems, alarm management, monitoring of the ventilation 
systems in tunnels, remote control, and other transport systems and software.

In the crucial activities involved in water supply, purification, and production, a 
growing demand for water, energy, sewage facilities, and production capacities has 
led to a growing need for increasing amounts of relevant data and information. Quan-
tities of data have increased hand-in-hand with rapid changes in information technol-
ogy and processing. Nowadays, the most common systems used in management and 
control centres are SCADA (supervisory control and data acquisition) systems and 
DCS (distributed control system) in combination with large screen displays. Using 
these technologies, the operators can observe in real-time flow diagrams, pumps, 
valves, pressures, reservoirs, metres, status information, and other relevant data. At 
the same time, observation cameras situated at strategic points in the processes make 
it possible to visualise the state of the process and relay signals to control the process 
flows.

Since this enables a total surveillance of the entire production facility at any 
time, it is possible to identify failures and to react on malfunctions with very short 
response times. Given the strategic nature of this industry, the security aspect is in 
the foreground. This factor has an important influence on the productivity and effi-
ciency of a plant. Similar situations apply in the observation and control of nuclear 
power plants, water plants, gas and oil distribution facilities, production plants, as 
well as waste services such as sewerage plants. In these industrial processes, secu-
rity and safety are tightly connected with the image quality and functionality of the 
master display in the control room.

The most common applications that are displayed, edited, and managed on large 
screen displays are SCADA or DCS applications (pipelines, production networks, 
pump stations, and so forth), graphics (production survey, networks, customer-spe-
cific applications, and so on), observation cameras, and further supplying and dis-
tributing applications.
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Large screen walls also play a key role in the control rooms and the data cen-
tres of the telecommunication (network operating centres [NOCs]) branch of fixed 
or mobile phone companies, and sometimes even the world-spanning networks. 
Complex graphics (maps, network diagrams, and customer-specific applications), 
high-quality voice and data streams, network resources, fault management (network 
control, service, fault removal, availability), security management (network security, 
redundancy, tests), accounting management (exact account calculation, account sur-
veillance), and quality management are controlled and observed on the large screen 
displays in control rooms of the telecommunications industries.

Rising levels of criminal and terrorist activities, not only since the incidents of 
September 11th, have predictably led to a growing demand of observation in the 
security sector. In security centres the relevant data and video signals have to be 
available for continuous (24 hours a day, 7 days per week) operation in real time. 
Most important for a reliable security system is a perfect interaction of observa-
tion, control, management, planning, and coordination of activities. Therefore the 
concerned services all operate interconnected to control and coordinate their activi-
ties. Some recent terrorist attempts had been averted because of the closed-circuit 
television (CCTV) surveillance. Police officers could quickly apprehend suspected 
terrorists because of this surveillance and the alertness of the control room opera-
tors. In the military sector, surveillance can be conducted via surveillance input 
provided by unmanned aerial vehicles (UAVs), also called drones. Cameras mounted 
on the drones are able to record real-time images from high or low altitudes. Dif-
ferent types of lenses fitted to the cameras allow the images to be taken by day, at 
night, and through cloud cover. Relayed by satellite to large screens in command 
and control centres and collated with incoming data from other sources, the images 
enable relevant decision makers to deploy available personnel and weaponry in the 
air and on the ground.

Apart from these roles, large display systems are used to improve the reaction 
time and to increase the output in data centres and production facilities. The use of 
large display systems has played a role in constantly increasing productivity and 
efficiency. Again, the central medium in all those control rooms is a large screen 
system. Such a large screen system is in general used to collect, visualise, and dis-
tribute data and information to give a complete overview of the ongoing situations to 
a number of users or operators. The management is also quickly able to receive an 
overview on what is happening inside the control room.

�.2  appliCations For large sCreen  
  systems in Control rooms

Companies in various industry sectors are using large screen systems in their control 
rooms, where the display of process data in real time is of critical importance. Thus 
this technology is used by a range of process industries such as energy exploration, 
production, distribution, and waste disposal (for example, sewerage works, water-
works, power plants, oil and gas transportation, public utilities, and waste incinera-
tion). Transportation industries that also have process flows (of vehicles and people 
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rather than minerals or liquids) also use large screen displays. Transport networks 
(including roads, highways, metro systems, railways, tramways, cross-channel ferry 
services, tunnels, airports, waterways, bridges, and traffic management centres) use 
this technology to monitor and control optimum flows in their systems.

Apart from process monitoring and control, other applications in industry and 
industrial processes include company security, for example, in security-conscious 
areas such as core refinery areas and manufacturing sites for nuclear fuels. Large 
screens also play a key role in workstations for the design and development of col-
laborative projects, conferences (including teleconference facilities), and company 
presentations (both in-house and virtual).

An increasing area of use of this technology is in the security and surveillance 
industry, in both the government and private sectors. There is increasing use of 
CCTV surveillance in public environments such as town centres, shopping malls, 
roads and motorways, and car parks as well as semiprivate spaces such as offices, 
sports centres, lifts, and government buildings. In spite of protests from organisa-
tions concerned with civil liberties, the use of CCTV is predicted to grow. Private 
security companies that offer organisations security and protection services have 
long used large screens in the control rooms for their operations. The control rooms 
of security centres (for example, in shopping malls) and of the emergency services 
(police, the fire service, and hospital and ambulance services) all use large screen 
displays in their central coordinating facilities.

The telecommunications industry has been a long-term user of large screens in 
its operations. These include: network operations centres, video conferencing, the 
control and management of data service centres, and network observation). Other 
areas for large screen use include simulations and the various industries involved in 
broadcasting and entertainment.

�.�  Why use large sCreens in Control rooms?

The main reasons for using a large screen system inside a control room include ergo-
nomic aspects to provide a better work environment for the control room operators 
by the use of equipment to enable people to be more comfortable and have a better 
overview of all applications and processes. The display of data and information in 
a large format means that there can be a reduction of reaction times (for example, 
in teamwork where all members can see the same information on screen). For the 
organisation, there are likely to be issues of savings in operating costs, and the per-
ceived need to increase employee efficiency and productivity through sharing infor-
mation and collaborative work. Included in the latter is the possibility for multiple 
displays, giving the operators access to increased levels of surveillance and monitor-
ing. Combining additional functions and multiple functions could lead to intelligent 
displays as data and information are combined for greater utility. Operators could 
benefit from receiving a high quantity of data and information from different sources 
that they could then combine and use to improve their decision making.
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4.3.1	 defining	requireMents

For the use of a large screen system in a control room, different factors have to be 
considered. These factors include the physical location of the large screen in the 
control room, with consideration for the available space and the nature and duration 
of visualisation and operation. Different considerations will prevail if the screen is to 
be used on a full-time (24/7) operational basis or part-time (for example, only during 
certain work shifts or usage patterns). Another consideration is the type and quality 
of displayed sources and, in particular, whether these will be from video or computer 
sources. In deciding the location of the screen, consideration needs to be given to the 
physical conditions in the control room, such as the lighting conditions (if the light 
source is artificial or natural) and the position of windows and skylights providing 
any natural lighting. Risk of glare is very important, as glare (for example, day-
light reflection) could completely kill the visibility of the screen. Particular attention 
needs to be given to elements of the room construction, such as the weight-bearing 
capability of the floor and the construction of the walls. The technology of large 
screen displays requires certain environmental conditions, including a dust-free 
environment and a robust base construction that keeps the screen stable. Given that 
space is a critical issue, thought should be given to the position and number of access 
points for the control room operators. The number of operators and users at any one 
time is also an influencing factor, as this affects sight lines to the screen and the 
optimal location of other equipment that the operators may need. Overcrowding is to 
be avoided. It is also important to have a clear allocation of responsibility between 
the operators to prevent confusion and work duplication.

In terms of defining needs, there are many features of the large screen display 
that should be considered while planning the use of the technology and certainly 
before purchasing the equipment. The size of the large display screen and the space 
needed for its effective use should not be underestimated. The height of the room 
is also critical and needs to be factored into calculations, as does the height of sur-
rounding furniture to be placed in the room. Consideration should be given to the 
distance that the operators are expected to be from the screen and whether their view 
is impeded by intervening furniture. The distance that the operators are from the dis-
play cubes that make up the large display screen will affect the operators’ usability 
of the technology.

In terms of needs of the technology, the size and resolution of cubes in the dis-
play are a key issue in the suitability of the equipment to the size of the room in 
which it is located and the ease with which the users can view the displayed data. 
Large display screens are available in curved and plane surface formats. The avail-
able space overall and the location of the control room operators in relation to the 
screen display will be deciding factors in the choice of these formats. Other contrib-
uting factors are the number and type of resources to be used in conjunction with 
the display screen.

When purchasing a large screen, natural areas of inquiry will include budget 
(especially any budgetary restrictions or constraints, such as those imposed by a 
head office on a regional operation). Apart from deciding the budget available for the 
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equipment and including the projected costs of maintenance, it is wise to make a site 
visit to make a detailed inspection of the equipment in use. In this way the potential 
purchaser can see the actual dimensions of the equipment in the workplace. Included 
in budgetary issues are projected service and maintenance costs. Technical questions 
include the durability of the screen, the required resolution of the displayed sources, 
and the visibility and readability of the data and information displayed on the screen 
(given the location factors and the size of the room and number of users). Given 
Moore’s law� that technology improves exponentially every two years, it would be 
prudent to check the equipment for expandability for a later upgrade.

4.3.2	 visuAlised	inforMAtion

As most of these control rooms are used for continuous operation, ergonomic aspects 
are also very important. This includes the design and usability of the lighting and 
furniture (consoles, chairs, and work surfaces), as well as the technological aspects 
(with a 24/7 capability). Depending on the technology, the following information and 
data can be displayed on a large display system: SCADA and DCS systems, maps, 
grids, networks (for example, power grids, pipelines, roads, and rail networks), video 
sources (CCTV cameras, Internet protocol [IP] cameras, DVD, and VCR), servers or 
workstations, production processes, presentations, timetables, surveillance systems, 
alarms, flow diagrams, and status messages.

In principle all kinds of electronic information should be possible to be dis-
played. The different areas (for example, telecom, energy, security, and so forth) 
have different requirements, but also within the same area the requirements can-
not be generalised. Every control room project is unique and has its own specific 
requirements that have to be considered in the design.

�.�  BasiCs oF vieWing and seeing

Before exploring the different technologies, it is helpful to describe some basics of 
viewing and seeing (see also Chapter 10 of this handbook).

4.4.1	 tHe	HuMAn	eye

The human eye has two sets of photoreceptors, the rods and the cones. The rods are 
active at very low light levels and the cones at high light levels. Perception is the 
process in the human brain that interprets the impulses from the photoreceptors into 
images that can be processed and understood within the mind. Human vision is the 
primary of our five senses, handling more than 90% of the inputs to our nervous sys-
tem. Apparently, the sense of vision tends to be overloaded and all other sense organs 
are not used to their fullest capacity. In the future, we must look into the possibility 
for using our other sense organs (such as touch and hearing).

�  In 1965, Gordon Moore, then R&D director at Fairchild Semiconductor and later cofounder of silicon 
chip manufacturer Intel Corporation, stated that the density of transistors that can feasibly be placed 
on an integrated circuit chip doubles every 18 months. This ‘law’ was later refined to suggest that 
technology increases in performance every 2 years (see, for example, Grove, 1990; Schaller, 1997). 
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Human vision is a highly-sophisticated and integrated system, capable of han-
dling an enormous amount of information, adapting to extreme light conditions, and 
distinguishing between minute details. For this reason the quality of the displays 
is crucial. The human eye has a tremendous, albeit limited, capability to adapt to 
extreme variations in light level ranging from star- or moonlight to direct sunlight. 
There is also potential to use other sense organs. Muscular receptors and sense 
organs have a very large potential, particularly for the development of tacit abilities. 
However, this will also demand the use of other types of controls than keyboards 
(Figure 4.1).

While the rods provide achromatic (noncolour) vision in the range of illumina-
tion levels from 10e-6 to 10 cd/m2, the cones provide chromatic (colour) vision in the 
range 0.01 to 10e8 cd/m2. The human eye is capable of detecting illumination levels 
with a difference of log 14, or 100,000,000,000,000 times. However, the neural units 
processing the signals to the brain are only capable of transmitting a signal with a 
dynamic range of log 1.5. When the eye adapts to the average light level present, it is 
to some extent dynamic. But when the light level changes too fast, the eye becomes 
momentarily blinded. A typical example of a sudden change in light level is turning 
on the light in a completely dark room. This sudden change in environment affects 
the eye’s adaptation time, and thus results in temporary blinding.

How the eye adapts to the given light level is based on the average light level in 
the field of vision. This average adaptation level and all light sources are related to 
this adaptation level. At night the headlights of an oncoming car blind us, whereas 
during daytime the same phenomena have little effect on our vision. The brightness 
of the headlights remains the same but during daylight the adaptation level of our 
eyesight is much higher than during night-time. The adaptation level is a very crucial 
factor when designing bright, high-quality displays. The human eye perceives dif-
ferent luminance levels in a logarithmic or relative way, which means that a clearly 
perceivable difference in luminance equals a doubling of the light. A light source 
with a luminance of 100 cd/m2 will be perceived as clearly brighter that the one 
with a luminance of 50 cd/m2. To ensure the same perceived difference in brightness 
requires a step upwards to a luminance of 200 cd/m2. This manner of adaptation is 

Figure �.1  Variations in the seeing ability of the human eye. (See colour insert follow-
ing page 110.)
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the reason why the eye is capable of handling such extreme differences (that is, con-
trasts) in light levels (Figure 4.2 and Figure 4.3).

The logarithmic characteristic of how the human eye adapts to different light 
levels is very important when it comes to understanding projector performance and 
perceived image brightness.

4.4.2	 ContrAst

Contrast enables the human brain to process perceived images. Without contrast, 
images cannot be perceived by the human brain. For example, it would be impos-
sible to perceive anything in a completely white room with totally even light on all 

Figure �.2  Perception and the human eye. (See colour insert.)
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Figure �.�  Relative perception and luminance.
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surfaces. The eye will still see the light, nothing is invisible; it is just not possible to 
distinguish one thing from another. The essential ingredient for perception is con-
trast and, in this example, there is a lack of contrast (Figure 4.4).

The eye is capable of registering a contrast range of approximately 1000:1. This 
means that light sources with a luminance value below 1/30th of the adaptation level 
will be perceived as black, and light sources with a luminance value exceeding 30 
times the adaptation level will be perceived as white. This limitation explains why 
we have difficulty perceiving details in the dark shadows on a bright and sunny day 
or distinguishing details in a bright cloudy sky.

4.4.3	 Colours

Colours comprise a range of light at different wavelengths, and the perception of 
colours is dependent on both the adaptation level and contrast in the perceived image 
(Figure 4.5).

If the contrast level drops, the colours will be washed out. A similar effect can 
be seen by pouring water into a glass of red fruit juice; the dilution effect of the clear 
liquid (the water) changes the colour of the darker liquid (the fruit juice). Without 
black (that is, darkness) it is impossible to have colours. The actual balance of colours 
in a given light source is the colour temperature measured in degrees Kelvin. Pure 
daylight white has a colour temperature of 5600 Kelvin whereas standard TV studio 
lighting has a colour temperature of 3200 Kelvin. The lower the colour temperature, 
the more dominance there will be at the red end of the spectrum (Figure 4.6a,b).

To some extent the eye adapts to the colour temperature, which is the reason why 
white can be perceived as white even though the colour temperature has changed.

A typical example is the eye’s adaptation to standard light bulbs, with a low 
colour temperature, but still the colours can be perceived almost as we would in pure 
white light. When comparing the two different ‘whites’ and perceiving the colours 

Figure �.�  The same image against contrasting background.
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simultaneously, the low-temperature ‘white’ is clearly reddish or yellow compared 
to the pure white.

4.4.4	 viewing

To view displays, we look at an object and then perceive some kind of information. 
Using displays is a visual method of communication: the transfer of information to 
be perceived visually by the viewer (Figure 4.7).

Selecting the ideal display is therefore based on the requirements for visual com-
munication. What kinds of information have to be transferred to the viewers? There is 
a huge difference in the requirements between a display in the airport directing pas-
sengers to the right gate and the display used in the control room, viewing such data 
and information as spreadsheets, graphs, production details, overviews, SCADA, and 
CCTV. This leads us to the question, what are the fundamentals of viewing?

�.�.�.1  Fundamentals of viewing

The first fundamental to consider is the amount of information in a single image 
(Figure 4.8).

The basic requirement for how much information can be viewed at any one time 
is that the information should be ‘perceivable’. When the information is textual, this 
becomes a matter of the size of the typeface in relation to the viewing distance. With 
more information and a smaller font used in the image, the viewing distance will 
need to be shorter (that is, closer to the screen).

Resolution is another way of describing the amount of information in a display. 
The more information needed, the higher the resolution required.

Figure �.�  The colour spectrum. (See colour insert.)



��	 Handbook	of	Control	Room	Design	and	Ergonomics

�.�.�.2  viewing angles

The next set of fundamentals includes the viewing angles (Figure 4.9). The DIN� 
standard states that viewing angles (that is, viewing positions) should be within ±45° 
and within ±30° vertically. Of course this depends also on the actual application; for 
example, the height of the image will depend on the seating layout and the arrange-
ment of the work consoles.

�  Deutsches Institut fur Normung (the German Institute for Standardisation).

(a)

(b)

Figure �.�  (a) An image in 3200 Kelvin. (b) The same image in 5600 Kelvin. (See colour 
insert.)
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�.�.�.�  Brightness and Contrast

Image brightness and obtainable contrast ratios are the fundamentals for image 
quality. As can be seen from the way in which the eye works, the image brightness 
and contrast ratio of the screen display must be selected based on the average adapta-
tion level in the specific application. The higher the adaptation level, the brighter the 
image that is required. Adaptation level is a result of a number of different factors, 
including ambient light level, reflection factors on the surfaces in the field of vision, 
and luminance of different light sources in the field of vision. Given these variables, 
there are no standard recommendations for the required image brightness. However, 
as a general rule the image brightness should be at least at the level of the average 
luminance level in the field of vision, provided that a sufficient contrast ratio can be 
obtained. For simple displays (that is, those comprising simple graphic information), 
the contrast ratio should be at least 5:1. High-quality graphics with saturated colours 
and video images require a much higher contrast ratio. As a general rule the image 
contrast ratio should be at least 10:1.

Display
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Figure �.�  Visual images transferred via the eye to the brain.
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�.�.�.�  viewing distances

Viewing distances are often determined by physical restrictions, such as ceiling 
height or the height of the consoles in the control room. Ideally the display size 
should be selected according to the amount of information required and the required 
or available viewing distance (Figure 4.10).

The more information with a given viewing distance, the larger the image that is 
required. If the number of viewers is high, a larger image is required. A single letter 
or digit might be perceivable up to a distance, which is 300 to 400 times the height 
of the letter; for example, if the image content is only a single letter, the screen size 
in relation to the viewing distance could be very small (Figure 4.11).

Studies have shown that the minimum required character size must be greater 
than a 16-arc minute, that is, 16/60°. This implies that the maximum viewing dis-
tance is 215 times the height of the character. What the eye is capable of perceiving 
is also called acuity. Therefore, a text displayed on a standard 17-inch PC cathode 
ray tube (CRT) monitor running at XGA resolutions (1024×768 pixels), the height 
of the individual letters will be approximately 2.7 mm. This will imply a maximum 
viewing distance of approximately 1200 mm (1.2 m). As the image height of the 
PC monitor is 240 mm, the ratio between viewing distance and image height is 5:1 
(Figure 4.12).

Selecting the right display size should be considered on a case-by-case basis. 
DIN has a standard (No. 19045-1) that includes some guidelines for typical applica-
tions in meeting rooms, which can also be applied for control rooms.

Horizontal viewing angles Vertical viewing angles

90° 60°

Figure �.�  Viewing angles.
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Figure �.10  Viewing distances.
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DIN 19045-1:
Minimum viewing distance: 1.5 × width of the display
Maximum viewing distance: 6 × width of the display

A viewing distance of 4 times the height of the image is recommended as pro-
viding the optimum information from an image. The viewing distance should not be 
less than twice the image height, and the maximum viewing distance not be beyond 
8 times the image height. It should be remembered that the DIN standard was devel-
oped before PC-based applications became state-of-the-art. Where the application 
includes standard PC presentations from a Windows-based PC running XGA (1024 
× 768) resolutions, the longest viewing distance should not exceed 6 times the image 
height. If the resolution is increased to SXGA (1280 × 1024), viewing distance should 
not exceed 4.5 times the image height. High-resolution computer graphics requires 
the closest viewing distance, whereas video images can be perceived at a longer dis-
tance (depending on their size).

4.4.5	 AMbient	ligHt

The ambient light is basically all light other than the light being directly emitted 
from the display (Figure 4.13).

Typically, the ambient light level in a control room will be a combination of natu-
ral light entering the room from windows, lighting in the ceiling, and the light ema-
nating from the display itself. Depending on the reflectivity of the various surfaces in 

min 1/4th degrees

max 300 – 400 × H 

H 

Figure �.11  Image size and viewing distance.

5 × H

H

Figure �.12  Ratio of image height and viewing distance.



��	 Handbook	of	Control	Room	Design	and	Ergonomics

the room, the resulting ambient light level will be a combination of all these sources. 
The ambient light level combined with the actual luminances in the field of vision 
determines the average adaptation level and thus influences the viewer’s perception 
of the display. Controlling the ambient light is essential for achieving high-quality 
images. Glare is the most important factor that might impede an operator’s view of 
the display. Daylight and particularly direct sunlight are extremely powerful com-
pared with artificial lighting, and especially compared with the power of projection 
systems. Direct sunlight is a negative factor for every type of display.

4.4.6	 Controlling	dAyligHt

Controlling daylight—using blinds or sun shading—must have a very high priority 
in any control room design. In applications where daylight cannot be controlled, con-
sideration should be given to placing the display carefully to avoid high luminances, 
such as windows in the field of vision. Furthermore, direct light from the windows 
or the lighting onto the display should be avoided in any case, as this will affect the 
contrast and therefore the ‘viewability’.

4.4.7	 iMAge	quAlity

The perceived quality of an image is the end result of a long chain of different com-
ponents and factors (Figure 4.14).

A typical chain determining image quality might include: the quality of the 
signal source (such as the graphic adaptor in a PC or a video camera); all of the 
electronic components for signal processing, storing, switching, and so forth; all 
the cables in a system; the display device itself; and the ‘output’ from the display as 
‘controlled light’ entering our perception system via the optic nerves in the eye. The 
display device itself is critical to image quality, combining factors such as resolution, 
sharpness, colour reproduction, uniformity, contrast ratio, pixilation (in the case of 

Figure �.1�  Sources of ambient light.
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pixel-based display devices, such as liquid crystal display (LCD) projectors, line 
structure (in the case of CRT-based display devices), and dynamics (coping with 
moving images).

4.4.8	 tHe	weAkest	link	in	tHe	CHAin	deCides	tHe	perCeived	result

Budgetary limitations should not influence the choice of any link in the chain. In 
other words, attempts to save money could result in a dramatic decrease of the qual-
ity and reliability of the different components. If this is the case then there is likely 
to be a reduction in image quality.

Maintaining image quality depends on several key factors. The amount of 
information can be adjusted according to purpose of the display. This means that 
the image and data content displayed on the screen can be made suitable to the 
needs of the operators. The designers of the control room can aim to optimise the 
balance between the size of the screen and viewing angles possible by the size and 
configuration of the room. Similarly, if possible, efforts should be made to control 
the field of view. Again this is a key feature of room design and layout, bearing in 
mind structural constraints and operational needs. It is possible to optimise image 
brightness according to ambient light level and also to optimise both the signal 
source and the display.

�.�  display teChnologies

Depending on the requirements and the application, there are several technologies 
available that can be used in control room environments. Only the more advanced 
technologies will be covered here. The old-fashioned technologies such as monitor  

Camera 
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Process

Projector 

Screen 

Environment 

VCR Player 

Figure �.1�  Chain of components affecting perceived image quality.
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walls consisting of a matrix of CRT monitors or cubes will not be explained in 
detail.

4.5.1	 CAtHode	rAy	tube	(Crt)	Monitor	wAll

Disadvantages:

High energy consumption
Inflexible display
Large required space
High maintenance costs
Complexity of display
Old-fashioned display
Bad ergonomics
High thermal load
With CRT monitors, burn-in of static images
Large spaces in between the single display units (Figure 4.15 and 
Figure 4.16)

4.5.2	 MiMiC	pAnel	displAy

Mimic panel display (mosaic display) was mainly used in the energy area and in 
process control, but this technology is not very flexible. It is also very expensive 
and considered to be old-fashioned. Increasingly, more and more users are changing 
from this technology to the more modern display technologies (Figure 4.17).

There are two types of such displays: linear displays and graphic displays. Linear 
displays consist of an array of lamps presented with labels for each lamp function. 

•
•
•
•
•
•
•
•
•
•

Figure �.1�  Example of a CRT monitor wall.
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Lamps are normally situated in rows and columns. The label should be sufficient for 
the operators to identify the nature of any problems. The disadvantage of these systems 
is that the lack of precise location information requires the operator to have knowl-
edge of the facility to precisely identify the problem for the responding personnel.

The other type of display is called graphic display. These consist of lamps 
arranged over a graphic representation of the monitored area. The lamps are nor-
mally coloured and situated to show the location and nature of the alarm. Labels 
can be added for more clarity. The advantage of graphic compared to linear dis-
plays is the clear presentation of the nature and location of the alarm in relation to 
the area being monitored. Multiple alarms can be identified more quickly because 

Figure �.1�  Example of an integrated system.

Figure �.1�  Example of a wall display.
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the graphic display shows their relationship. Responding personnel can usually be 
directed more accurately. Typically, these systems have a larger size and higher cost 
than linear displays.

4.5.3	 projeCtion	displAys

A visual display unit (VDU) based on projection technology is composed of a pro-
jector and a projection screen. These are either custom built by a systems integrator 
or based on standard display units from a display provider. The characteristics of 
the screen and projector jointly determine the overall performance of the VDU. The 
screen and projector need to be matched to meet the ergonomic demands (brightness 
and contrast in relation to background and ambient illumination). Adequate contrast 
ratios can be achieved only by using controlled lighting and projection screens that 
absorb a part of the ambient light. If this is not done, ergonomics is sacrificed and 
crucial detailed information might be lost by the operator looking at the VDU.

The basic advantage of a projection system is that the image size is scaleable. 
This means that the VDU can easily be optimised to the actual need when designing 
the installation. However, the brightness and resolution of the projector might deter-
mine a certain limitation. Projection systems are often tiled in order to ‘multiply’ the 
performance of each individual projector into a larger display.

There exist basically two different projection philosophies: front projection, 
where the projector is placed in front of the projection screen, and rear projection, 
where the projector is placed behind the screen.

�.�.�.1  Front projection displays

Front projection displays (Figure 4.18) are typically less expensive to set up than rear 
projection display systems. However, the technology has a few drawbacks that need 
to be considered. When front projecting, the operator is prohibited from going too 
close to the display as this will shield the projected image from other viewers. Front 
projection display needs dimmed lighting to achieve a decent image contrast. The 
rationale for this is that because the screen itself reflects all light, the ambient room 

Reflective screen

Figure �.1�  Example of front projection display.



Design	of	Large	and	Complex	Display	Systems	 10�

light will be reflected as well. This effect ‘washes out’ the image and gives it a kind 
of ‘milky’ appearance.

Recently, new types of projection screens have been introduced that somehow 
preserve the contrast better than the traditional white screens. These new screens are 
either grey/dark tinted to reduce reflection or they include an integrated optical lens 
system. An advantage of an integrated optical lens system is that this reflects light 
from some directions and absorbs light from other directions. Among these ‘optical 
front projection screens’ are the dnp Supernova screen (from dnp Denmark) and the 
Arisawa Nexy BSB screen (Arisawa Mfg. Co., Ltd).

It should be noted that when the projector specification sheet states a certain con-
trast ratio, it normally refers to a completely darkened room. But if there is lighting 
in the room, the screen’s reflection properties will normally have a higher influence 
on the image contrast ratio than the projector’s ‘theoretical contrast ratio’. A single 
projector typically has an image pixel resolution from 800 × 600 to 1600 × 1200 
(1920 × 1080). Depending on the images being shown on the VDU and the size of 
the VDU, it might be adequate to use only one projector for the VDU.

However, it is often necessary to combine a number of projectors to form the 
required image. The projectors will typically be aligned in an array in horizontal and 
vertical rows. By doing this, the overall image brightness and resolution is improved. 
In principle, there are two methods of projector tiling: (1) soft edge projection, where 
each individual projected image partly overlaps neighbouring images, and brightness 
is reduced in the edge region; and (2) hard edge projection, where each individual 
projected image is aligned side-by-side with the neighbour images.

�.�.�.2  Front projection screen types

The various screen types that typically are used in front projection can be divided into 
the following groups. (Remember: The basic physics of all the screens are that bright-
ness and viewing angles are compromised against each other. The screen can only 
reflect the brightness from the projector, but the screen decides how it is reflected.)

Standard white screen—This screen has a gain close to 1.0 and diffuses the 
projected light like a Lambertian diffuser (to give a similar brightness in 
all directions).
Gained white screen—Gain is typically 1.2 to 1.8, and the viewing angles 
are reduced compared to the gain 1.0 screen.
Tinted screens—Gain is typically 0.6 to 0.9. These screens appear grey, 
and they absorb a certain amount of the light and thereby maintain a better 
image black level.
Gained tinted screen—Gain is typically 1.2 to 3.0. The screen appears 
‘silver-like’ and while it has a good contrast ratio, it has very restricted 
viewing angles.
Optical screen—Gain is typically 0.8 to 2.0. The contrast ratio is very 
high and the viewing angles can be very good, depending on the optical 
lens design. These screens are often limited in size, but can be tiled to the 
required image size.

•

•

•

•

•
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Table 4.1 shows a comparison of screen types. Simple projectors are not appropriate 
for continuous operation. LCD and DLP® projectors exist, but these are designed 
for simple business use—for example, making short presentations.� Additionally, 
the lamps and components used in these projectors do not withstand comparison 
with the engines of cubes. The lamps and other components have a much shorter life 
span and, in comparison with back projection cubes, give a poorer luminance power, 
contrast, and image quality.

�.�.�.�  application sectors

This technology is used in home cinema, in office and business applications, and in 
conference and education settings. The technologies have a number of disadvantages 
including a short lamp life span of the components. Compared to the other technolo-
gies described above, these give little contrast and luminance and are sensitive to the 
effects of ambient light. When someone stands between the projected image source 
and the screen, he or she casts a shadow onto the screen.

�.�.�.�  rear projection displays

In rear projection, the projector is positioned behind the screen, projecting the image 
onto the reverse side of the screen. The screen then transmits the projected image to 
the front surface of the screen and the viewers see the projected image on the front 
of the screen (Figure 4.19).

By its nature, a rear projection screen is a transmitting screen. It is therefore 
more resistant to ambient light; ambient light shining onto the screen will in princi-
ple not wash out the image but instead be transmitted through the screen. Almost all 
rear projection screens actually show some influence of ambient light. However, it is 
a fact that rear projection provides a much higher contrast ratio than front projection 
(typical values are 10 times higher contrast ratio than front projection). In addition 
to the contrast advantage, the rear projection technology also allows the operators to 
be located extremely close to the screen, since there is no possibility of shading of 
the image. One drawback of rear projection is that a certain space behind the screen 
is needed to house the projector. Therefore, the location of this technology needs to 
make allowance for the required distance from projector to screen. Often one or two 

�  DLP is a registered trademark of Texas Instruments.

table �.1 Comparison of screen types: resistance to 
ambient light

screen type image Contrast 
ratio

viewing 
angles

peak 
Brightness

Standard white Poor Good Fair

Gained white Fair Poor Good

Tinted Fair Good Poor

Gained tinted Good Poor Fair

Optical Very good Good Fair
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mirrors (depending on the projector optics) are used to ‘fold the light path’, thereby 
reducing the build-in depth (Figure 4.20).

There are three basic different designs of rear projection display wall:

 1. A stand-alone device—That is, one projector projecting onto one screen.
 2. A custom-built display wall—A number of projectors are positioned in a 

mechanical structure projecting onto the screen.
 3. A cube display wall—A number of display cubes (each containing projector 

and screen) is tiled to form the display wall.

�.�.�.�  stand-alone de�ices

Since only a single projector is used, the image resolution is limited. Therefore these 
devices are normally not found in image sizes larger than 120 to 150 inches.

Typical set-up

Figure �.20  Projector ‘folding the light path’ to reduce depth.

Transmissive screen

Figure �.1�  Example of a rear projection display.
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�.�.�.�  Cube display Wall

Due to its design, the cube display wall is by far the most common projection display 
type. Based on standard elements, a display with any size and requirement can be 
established, simply by tiling the required number of cubes. The cube consists of a 
metal enclosure and the front surface is the screen. Mounted inside are the projector 
and mirror. The screen and projection engine are tailor-made to match each other 
with the aim of achieving crisp, high-resolution, high-contrast images with a mini-
mum of build-in depth. The mechanics of the cube are designed to allow the cubes 
to be placed very close to each other to minimise the physical gap between adjacent 
screens. These cubes can be built up to a matrix of different displays to produce a 
homogenous display wall (Figure 4.21 through Figure 4.24).

4.5.4	 reAr	projeCtion	sCreen	types

Several different types of screens are available for rear projection, and they offer 
very different properties in the projected image. First of all, the difference between 
optical screens and diffusion screens needs to be explained. An optical screen is a 
screen with lens elements integrated in the screen. A diffusion screen is a screen 
containing light dispersion particles.

The optical screen (on the left of Figure 4.25) is designed to ‘catch’ all the 
light emitted by the projector, and forward it into the viewing area in a certain way 

Figure �.21  Cube display wall. (See colour insert.)
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(decided by the design criteria of the screen). The diffusion screen (on the right of 
Figure 4.25) can do nothing but diffuse the light emitted by the projector. The degree 
of diffusion is determined by the amount and characteristics of the diffuser particles. 
Diffusion screens are available in large formats (typically 300 to 400 inches) and 
with different optical specs (high gain and reduced viewing angles, low gain and 
high viewing angles, and tinted models with low gain for enhanced contrast).

Optical screens are available in limited sizes (typically 70 to 200 inches) and 
offer a better compromise of brightness, viewing angle, and contrast than diffusion 
screens. This is simply because all the light emitted by the projector ‘is being utilised’. 
Optical rear projection screens are available in two basic different designs: single-
element screens and two-element screens. The two-element screen has more surfaces 
that serve as lenses, and therefore it provides higher optical efficiency at the screen 
edges. Figure 4.26 shows that the single-element screen suffers from reflection light 
loss at the screen edge/corner, especially with very short projection distances.

4.5.5	 diffusion	sCreen	design

The performance of diffusion screens is based on the diffuser particles in the screen 
and the colour tint of the base material. The diffusion screens are divided into two 
groups:

Power supplies 

2 
Input box 

Projection unit 4 Lamp with lamp
charger

3 

1 

Figure �.22  Inside of a cube.
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Figure �.2�  Large screen cube wall installed in a curved arrangement. (See colour 
insert.)

Figure �.2�  Installation of a very large DLP cube wall. (See colour insert.)
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1. High gain screens (gain 2.0 or higher) —High peak brightness and low 
viewing angles.
2. Low gain screens (gain less than 1.5) —Low brightness and good view-
ing angles.

Diffusion screens can be tinted to improve the levels of black in the projected image.

4.5.6	 single-eleMent	optiCAl	sCreen	design

The screen has a Fresnel lens at the back surface, and light dispersion function on the 
front surface (lenticular lens or diffusion screen design). The Fresnel lens helps to 
collimate the light from the projector. This means that the image hot spot is reduced 
compared to images from a diffusion screen. This type of screen will typically dem-
onstrate a wide horizontal and narrower vertical light distribution, or a symmetric 
distribution (Figure 4.27).

•

•

Figure �.2�  Optical screen and diffusion screens.

Reflection 

Current Single-Element Screen Current Two-Element Screen

Light loss 

Figure �.2�  Single-element screen showing reflection light loss.
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4.5.7	 duAl-eleMent	optiCAl	sCreen	design

In addition to the Fresnel lens element, there is a light dispersion screen element 
(either a lenticular, cross-lenticular, or diffusion-like screen). The Fresnel lens 
ensures perfect brightness uniformity across the screen surface, and the light disper-
sion element distributes the image into the viewing area. Designs are available both 
with symmetric and differentiated (horizontal and vertical) light dispersion. Two-
element optical screens are available with a true contrast filter that actively absorbs 
the ambient light in the room, while still allowing all projected light to be transmit-
ted (bead screens, black stripe screens). These screens show excellent resistance to 
room lighting (Figure 4.28).

4.5.8	 seleCtion	of	reAr	projeCtion	sCreens

Two-element screens are typically the most common choice for a large projection 
display wall. This is simply because it is important to have high contrast (readability) 
and good uniformity all over the display. These are also the most expensive screens 
to use for these applications and therefore all the screen types find their way to the 
display wall installation from time to time. But, of course, the overall performance 
of the display needs to be matched to the requirement of the application: detail read-
ability, contrast, viewing angles/brightness, colour and brightness uniformity, and 
so forth (Table 4.2).

One of the most important components in a rear projection display—together 
with the electronics—is the screen. In order to have a perfect image, the use of a 
high-end screen is indispensable. Today the most widely used screen in the market 
of control rooms is the Black Bead screen from dnp. This screen has excellent char-
acteristics and perfect quality for this kind of application.

Figure �.2�  Projected images from a single-element optical screen.
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With rear-projection cubes it is necessary to distinguish between two technolo-
gies: (1) the projection with LCD-based projection engines and (2) with DLP-based 
projection engines.

4.5.9	 liquid	CrystAl	displAy	(lCd)	Cubes

Simple projectors with LCD technology possess only one-colour display, which is 
transilluminated by the projection lamp. Because the display absorbs up to 80% of 
the irradiated light, the brightness of these projectors is rather poor, but they are 
quite cheap and are fairly light in weight. They are ideally suited for making pre-
sentations away from the office. However, if the projection takes place on a larger 
screen, the appropriate presentation area must be darkened.

The projection lamp is probably the most important component of the beamer. 
This provides the brightness, which is necessary in order to project the desired image 
onto the silver screen. Apart from the appropriate brightness, at the same time, the 
lamp must offer a pure chromatic spectrum so that the colours of the projection do 
not get falsified. This cannot be realised with a normal electric or halogen bulb. The 
lamp is a real high-tech product with the appropriate price. Most projectors contain 

Figure �.2�  Projected image from a dual-element optical screen.

table �.2 ad�antages and disad�antages of rear projection screens
screen peak 

Brightness
viewing 
angles

Brightness 
uniformity

Contrast

Diffusion (high gain) Fair Poor Poor Poor

Diffusion (low gain) Poor Good Fair Poor

Optical (single-element) Good Fair Fair Fair

Optical (dual-element) Good Good Good Good
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high-pressure, gas-discharge lamps, which generate their light from a discharge arc. 
These are not directly attached to the current supply but get the energy from a high-
frequency generator. These high-tech lights have only a very limited life span.

These projectors have applications in a number of business sectors, including 
entertainment, shopping malls, trade shows, and clubs. The technology has a number 
of disadvantages. These include: a short life span of the LCD panels, higher main-
tenance costs, readjustment is necessary (on a continuous basis), and the different 
modules lack a homogeneous image (thus giving a chessboard effect). There are also 
colour and brightness discrepancies within the single-projection modules. Finally, 
the technology gives bad colour rendering.

4.5.10	 dlp	Cubes

What is the DLP technology?
The DLP microchip is an optical semiconductor. Invented in 1987 by Larry 

Hornbeck of Texas Instruments, it is also called the digital micromirror (DMD) chip. 
In terms of its functionality, the DLP chip can be regarded as the most elaborate light 
switch in the world. This sophisticated technology is at the core of the DLP projector 
system. The mechanism works through an interlocking system of minute mirrors, 
each measuring less than one-fifth the thickness of a human hair. The DLP projec-
tion system comprises up to 2 million of these micromirrors, which are hinged to 
allow movement and arranged in a rectangular configuration. The projection system 
operates by integrating the optical semiconductor into a system comprising a digital 
video or graphic signal, a light source, and a projection lens. In operation, the micro-
mirrors reflect the image onto a screen or other appropriate surface. This is called 
DLP technology (Figure 4.29).

�.�.10.1  the greyscale image

The micromirrors on a DLP chip are mounted on tiny hinges that enable them to 
tilt either toward the light source in a DLP projection system (on) or away from it 
(off), thus creating a light or dark pixel on the projection surface. The bit-streamed 
image code entering the semiconductor directs each mirror to switch on and off up 
to several thousand times per second. When a mirror is switched on more frequently 
than off, it reflects a light grey pixel; when a mirror is switched off more frequently 
it reflects a darker grey pixel (Figure 4.30).

In this way, the mirrors in a DLP projection system can reflect pixels in up to 
1024 shades of grey to convert the video or graphic signal entering the DLP chip into 
a highly-detailed greyscale image.

�.�.10.2  adding Colour

The white light generated by the lamp in a DLP projection system passes through 
a colour wheel as it travels to the surface of the DLP chip. The colour wheel filters 
the light into red, green, and blue from which a single-chip DLP projection system 
can create at least 16.7 million colours. And the three-chip system found in DLP  
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Cinema® projection systems is capable of producing no fewer than 35 trillion colours. 
The ‘on’ and ‘off’ states of each micromirror are coordinated with these three basic 
building blocks of colour. For example, a mirror responsible for projecting a purple 
pixel will only reflect red and blue light to the projection surface; our eyes then blend 
these rapidly alternating flashes to see the intended hue in a projected image.

Figure �.2�  DLP optical semiconductor chip. (Copyright  Texas Instruments.) (See 
colour insert.)

Figure �.�0  DLP optical semiconductor chip showing micromirrors. (Copyright  Texas 
Instruments.)
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�.�.10.�  applications and Configurations of a  
  one-Chip dlp projection system

Rear projection cubes for 24-hour operation, televisions, home theatre systems, and 
business projectors using DLP technology rely on a single-chip configuration as 
described above (Figure 4.31).

White light passes through a colour wheel filter causing red, green, and blue light 
to be shone in sequence on the surface of the DLP chip. The switching of the mir-
rors and the proportion of time they are ‘on’ or ‘off’ is coordinated according to the 
colour shining on them. The human visual system integrates the sequential colour 
and perceives a full-colour image. DLP cubes are available in various resolutions: 
SVGA, XGA, SXGA, SXGA+, and HDTV. Sizes range from 50 to 100 inches.

Extreme reliability, perfect image quality, and long-term stability have enabled DLP-
based rear projection cubes to become state-of-the-art in control room applications.

�.�.10.�  ad�antages of dlp technology

High mean time between failures (MTBF) of the DMD chip, up to 
100,000 hours.
Long-term stability and reliability.
Excellent picture quality (colour, brightness, and contrast).
Low maintenance interventions, requires few readjustments.
No burn-in or image retention of static pictures.
Digital technology.
The lamp has a long life.

4.5.11	 tHin	filM	trAnsistor	lCd	Monitors

The designation ‘thin film transistor’ (TFT) already suggests that the transistors are 
responsible for the screen layout. They control the action of liquid crystals, which 

•

•
•
•
•
•
•

Figure �.�1  A single-chip DLP projection system. (Copyright  Texas Instruments.) 
(See colour insert.)
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are used in an LCD. In comparison to the usual large surface flickering of conven-
tional tube monitors, TFT monitors supply flicker-free, pen-sharp image informa-
tion and therefore relieve the viewer of eye strain. Thus, even several monitors 
can be supervised during a longer period of time, fatigue-free, and in accordance 
with the strict ergonomic requirements. Additionally, TFT monitors emit almost 
no radiation and their images cannot be distorted by magnetic fields. Flat screens 
are very well suited for installation in furniture and/or rack systems because of 
their low heat development. However, after continuous operation, so-called ghost-
images can appear very often, which are similar to the burn-in effect on plasma 
screens mentioned above. These ghost-images can be revoked by switching the 
screen off for 24 hours (Figure 4.32).

These monitors can be used in a number of applications including flight informa-
tion displays on airports, trade shows, and video surveillance. They can also be used 
in a number of office applications. The technology has a number of advantages. For 
example, the product needs less space to set up and operate. The price is attractive 
for the level of technology. In terms of the quality of viewing, the product offers high 
brightness with high contrast. The disadvantages are several. In certain situations 
the memory effect with static images can be lost. The image format is normally 16:9 
whereas the usual format in industrial applications is 4:3 or 5:4. There can be large 
gaps in between the single displays when these are put together. The present technol-
ogy has limits in maximum diagonals.

Figure �.�2  Control room with an LCD wall, graphics controller, and wall manage-
ment software. ( eyevis-guillaume czerw. With permission.) (See colour insert.)
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4.5.12	 lCd	Monitor	wAll	nArrow	bezel

The disadvantage of this technology is that the image format (Figure 4.33) is nor-
mally 16:9 whereas 4:3 or 5:4 is usually used. Present-day technology means that 
there are limits in maximum diagonals. There is also a memory effect with static 
images. The advantages are: a need for less space in which to set up and operate the 
equipment, and an attractive price for the quality of the technology. The technology 
also offers high brightness coupled with high contrast of images. This means that 
this technology is suitable for video surveillance tasks (Figure 4.34).

The strengths and weakness of TFT LCD screens means that this technology is 
a viable alternative for use in a number of situations. For example, it is suitable for 
use in control rooms with moving images, such as those used in video surveillance. 
The technology can also be used in applications where screensavers can be used, 
where the systems can be switched off for between 4 and 6 hours during each 24-
hour operation, or where the content on the monitors can be moved periodically to 
other monitors. Some manufacturers have integrated functions to reduce the memory 
effect, such as ventilation (heat is the main reason for problems with the memory), 
scheduler, screen savers (running line), inverting of pictures, and panel regeneration 
modes. Also with a controller and related display management software, the static 
images can be scheduled to be moved from time to time to another display. However, 
it is recommended that for professional applications such as control rooms, profes-
sional displays should be used.

4.5.13	 plAsMA	sCreen	displAys

The main difference between the plasma technology and other display systems is the 
way that a source of light is produced in each pixel (point in the projected image). 
In between the flat glass panels, loaded electrodes create tiny explosions of xenon 
gas, which lead to an ultraviolet light radiation. This radiation creates red, green, 

Figure �.��  CCTV surveillance control room for a city centre. ( eyevis-guillaume 
czerw. With permission.) (See colour insert.)
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and blue phosphorus light at the back of the screen. The plasma picture is extremely 
clear with very high sharpness of image, which extends evenly into every corner of 
the screen, all without any distortion or flickering. Further advantages of this tech-
nology are a narrow depth as well as insensitivity to magnetic influences. A major 
disadvantage is that during a continuous 24 hours of operation there is a tendency for 
pictures to ‘burn-in’. This effect is irreversible and leads to a lasting reduction in the 
quality of the plasma screen display.

The technology is suitable for home cinema, shopping malls (for use with video), 
and trade shows. Advantages are the wide availability and a relatively low price. 
Disadvantages include the propensity to burn in images during prolonged periods of 
continuous use, an image format of 16:9 against the prevailing industrial standard of 
4:3 or 5:4, and large gaps in between the displays when these are put together.

4.5.14	 seAMless	plAsMA	sCreens

The latest technology in this field is the so-called seamless plasma display. These 
displays have a minimal gap between each module when built up as a video wall. 
However, these systems have some limitations compared to DLP rear projection 
cubes. A recurrent issue with plasma screens is burn-in. This effect can be avoided 
only when the images are moved continuously from one module to another; other-
wise, burn-in will appear. Currently, there are no plasma screen displays which do 
not have this effect. In plasma screen displays, the image format is 16:9, but in prin-
ciple the applications used are 5:4 or 4:3. This means that on a plasma screen display 
the projected image content will appear stretched and distorted.

Resolution of the plasma screen is only 853×480 pixels, while the applications 
are mainly XGA, SXGA, or SXGA+. This means the resolution will be downscaled 

Figure �.��  Simulation control room for helicopter training. (See colour insert.)
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to the low resolution of the seamless plasma screens. With plasma screen display 
technology the image size is only 42 inches. The mullion between each plasma 
screen is 5 mm and this is not seamless.

‘Seamless’ plasma screens use glass screens whose surface is prone to glare. 
This means that there are problems with the readability because of mirror effects 
from the ambient light. Plasma screens have a low viewing angle and also high 
power consumption. The attractions of the ‘seamless’ plasma screen technology 
are the relatively cheap purchasing price, their light weight, and their elegant, slim 
design. Disadvantages include the level of costs needed to operate this technology. 
The technology has a limited and low resolution to the image format and has been 
found to be unreliable. With continuous operation over a twenty-four-hour period, 
there is the burn-in effect. The technology has a mullion gap. There is also a lack of 
flexibility to the displayed resources which makes it difficult to manage the displays. 
Plasma screens don’t have automatic brightness and colour correction.

�.�  the right display teChnology

As explained, each of these technologies has its application, but the technology that 
unifies the most advantages and that is the most flexible for control rooms are rear 
projection cubes based on the DLP technology. Depending on the manufacturer, 
these technologies have more or fewer features, integrated optimising functions, and 
different quality levels. The main advantage of these large screen displays based on 
cube technology is the high video density as well as the integrated display of video 
and data applications. The most important aspects that have to be considered in the 
selection of cubes for a control centre are: form factor, costs, resolution, brightness, 
display properties, projector inputs, maintenance costs, and reliability. Cube-based 
display walls can be used in almost every area, since they can be connected to many 
various video inputs, can display these signals simultaneously, and can be extended 
easily. Only very reliable systems come into operation, which have withstood the 
rigours of continuous operation 24 hours a day, 7 days a week, and 365 days a year. 
Such systems have been especially designed for this kind of usage. Of course those 
systems require more space as flat screens, but taking into consideration their advan-
tages for the 24/7 operation, space should not be an issue.

The systems are based on the DLP technology from Texas Instruments and were 
developed for continuous operation. The possibilities and the features of the system 
are nearly unlimited. The systems offer the following advantages:

Display of many different sources.
Complete solution from one supplier: cube, software, controller.
Compatibility with customer systems.
Easily extendable, a lot of options.
Perfect overview, high image quality.
Flexible display, layout can be changed easily and quickly.
Cross-platform.
Meeting of ergonomic and architectural requirements.

•
•
•
•
•
•
•
•
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Saving potentials, space, energy, weight.
Lower service and maintenance costs.
Functionality.
Low heat dissipation.
Free positioning of the windows, scalability.
Stable geometry.
High contrast ratio.
High colour stability.
Homogenous colour representation over the whole surface.
Homogenous brightness uniformity over the whole surface.
Long-term stability.

There are also different options available in such cubes, such as front mainte-
nance systems and large screen walls on rails as a space-saving solution for control 
rooms with limited space. As an alternative it can be stated that LCD monitors with 
narrow bezels can also be used in control room areas, where the functionalities of 
these displays meet the requirements.

4.6.1	 displAy	systeMs

Visualisation technology is only a part of such a large screen system composed of a 
matrix of different displays. These systems in general are composed of three differ-
ent elements (Figure 4.35).

An array of DLP back projection units or a matrix of any other display technology 
in connection with the appropriate split controller are capable to visualise complex 
systems, video signals, overview maps, and other scenarios. Additional information 
can be visualised simultaneously everywhere on the wall. All input sources can be 
controlled, executed, arranged, and automated with special wall management soft-
ware. Control centres where important data and procedures are surveyed require 
reliable, flexible, and high-quality technology.

Large screen systems based on DLP rear projection cubes must have the follow-
ing features for operation in control room environments:

Internal split controller available.
Several inputs available.
Local area network (LAN) connection possibility.
Automatic colour and brightness correction to avoid the so-called chess-
board effect and the colour differences between the individual cubes in a 
large screen wall.
Automatic double-lamp systems.
Minimal gaps between the projection modules.
Possibility to build up walls in a curved arrangement with possibility to 
chooses different angles.
Screens with nonglare surfaces and high viewing angles.
Low noise level.

•
•
•
•
•
•
•
•
•
•
•

•
•
•
•

•
•
•

•
•
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4.6.2	 grApHiCs	Controller

Graphics wall controllers (Figure 4.36) enable operators and other employees with 
diverse interconnected responsibilities to share a common view of images from dif-
ferent kinds of information sources. These sources can be remote video cameras, 
TV signals, workstations, and PCs, or proprietary applications. Used together with 
projectors, projection cubes, and other display devices, the controller then creates 
a huge desktop on this matrix of displays. The connected sources to the controller 
such as digital visual interface (DVI), RGB (red, green, and blue), or video can be 
inserted and placed on the video wall as required by the control room employees. So 
the fundamental question here with regards to choosing the appropriate controller is 
what has to be displayed (Figure 4.37).

Video Sources: TV signals, normally available as analogue signals (composite, 
S-Video, or Y/C).� This signal comes from a TV tuner, VCR or DVD player, video 
teleconferencing system, or closed-circuit television (CCTV) cameras. Some control 
rooms require only one video signal, for example, a weather forecast channel. Other 
applications such as traffic control or security need hundreds of video sources. Other 
important points here are how many sources have to be displayed simultaneously, 
how many in a single display, and whether the images have to be increased in scale 
or downscaled and by what rate.

RGB or DVI Sources: These are signals that are in general progressively scanned 
and do not follow TV standards. That means the complete image is refreshed in a 
single pass and not interlaced. Typical RGB or DVI sources are computer outputs 
(from VGA to UXGA). RGB or DVI sources can be captured and shown as a win-
dow on the large screen wall. These computer signals can be increased in scale and 
displayed on the complete large screen wall for a better overview (in general, for grid 
overviews for energy distribution). For these computer sources it is important that a 

�  Y refers to greyscale; C to colour.

Figure �.��  Inside a graphics controller.
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high-end controller with graphic cards is used with which RGB or DVI sources are 
displayed in real time without any time lag or delay.

Applications Directly on the Controller: Nowadays these controllers are based 
on the latest hardware PC technology and are very compatible with operating sys-
tems based on Windows or Linux, which makes it possible to run the customer appli-
cations directly on the controller and display it on the large screen wall. Here the 
main questions are whether compatibility with the operating system is given, and if 
there is sufficient central processing unit (CPU) and storage capacity.

Network Applications: Network applications can be connected very easily onto 
the controllers, because standard graphics controllers are equipped with one or 
several LAN inputs (standard 1 Gb). Also, the operating compatibility is the most 
important point.

Capture Sources from Network: Some vendors provide special management 
software for their controllers to enable the capture of sources in the network. It is 
unimportant whether these sources are from Unix, Linux, Windows, or elsewhere. 
Through the network they can be displayed on the large screen system. In that way it 
is also possible to operate one PC from a remote PC via the network.

In many control rooms, several operating systems (OS) are available such as 
Microsoft Windows and Unix/Linux at the same time. To provide compatibility, 
most systems use an X window system. For controllers using Linux OS, an X window 
user interface will be used and the X applications from other workstations can be 
easily displayed on the large screen system. But for Windows-based applications the 
display possibilities are limited. At present, most (approximately 98%) of graphics  

Camera Signals
analog/digital

TV Tuner/DVD

LAN
VIDEO

RGB Workstations

netpix

RGB/DVD

Application
Server (X11)

Application
Server (WIA) IP Video Client Workstations

Figure �.��  Schematic representation of a large screen.
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controllers in control rooms are Windows based. If the graphics controller is Win-
dows based, the compatibility with other Windows systems in the network will be 
excellent. If the controller is equipped with an X server interface, there is also com-
patibility with Linux, Unix, Solaris, and other systems.

Streaming Video: This modern technology is growing very quickly. Streaming 
video are video sources over IP. These are generally in a low resolution (maximum 
320×240); the standards are, for example, MPEG1-4, MJPEG. This means that these 
sources have to be scaled up to larger window sizes to be large enough to control 
them on the large screen system. Nowadays the controllers also have the possibility 
to build-in IP decoder boards.

4.6.3	 wAll	MAnAgeMent	softwAre

In large screen displays, the connected sources and processes must somehow be con-
trolled comfortably and intuitively. Therefore there must be a software platform to 
ensure that. User-friendly software with a range of almost unlimited features and pos-
sibilities are now available (for example, the eyecon software from eyevis). Software 
such as this offers many possibilities for users and administrators. Such software has 
been developed through strong cooperation with users and is designed according 
to the actual and the growing needs in the control room area as exemplified in this 
chapter. Ideally, the software combines the comfortable possibilities of displaying 
and administering external video and RGB-signals as well as the visualisation of 
PC-signals via network. The integration of event-controlled actions allows the use of 
professional alarm-management solutions. It is possible to control and manage the 
whole large screen wall and the connected sources and processes. Alarm-releasing 
signals can be analysed by the software via the network or serial interface and can 
create predefined actions. The graphical user interface can also simplify the han-
dling of complex network applications, video, and RGB sources on the wall. For the 
user, the system secures shorter introduction times and lower training expenses.

These advanced systems are likely to be based on a real client-server structure, 
allow a flexible expansion of the customers’ desire and requirements, and can be 
based on a MySQL database. All relevant information in a wall management system 
is stored and released centrally in a database. This means that the control of the large 
screen walls is possible from all points in the network. All systems and clients have 
access to the database so that faulty operation and tedious reestablishment proce-
dures can be avoided. The database is generally located on a separate control server 
or the graphics controller, which is used as the central station for the configuration 
and administrative control of the whole system. The graphics controller is used to 
visualise all data on the display units and is controlled by the control server, allowing 
the demonstration of all sources on the large screen wall (Figure 4.38).

A wall management system offers a transparent application of all resources inde-
pendent whether these relate to network application, RGB, DVI, or video sources. A 
user-friendly graphical user interface (GUI) should be a standard so that the users 
can work very quickly with the system without long training hours. Ideal would be 
an appearance like that of Windows with a virtual desktop creating a working area, 
which allows an easy handling of all options via drag and drop.
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Below are listed examples of some basic functionalities that should be available:

All resources can be started coevally, managed dynamically, and displayed 
as a window on the large screen wall.
Administration of all services via transmission control protocol/Internet 
protocol (TCP/IP).
Unlimited number of operators can use the software on their local 
workstations.
Authorisations, hierarchical ranks, or ranges on the large screen wall can 
be freely defined for every operator.
Definition of groups for all sources and applications.
Manual entry of coordinates and snap-to-grid options allows an exact con-
trol of all windows.
Zoom and scrolling options for the virtual desktop.
Control of the wall desktop via a local keypad and mouse at the operator’s 
workstation.
Free positioning and scaling of all sources.
To allow a quick switch or automation of all sources and applications, sce-
narios (presets) can be defined.

•

•

•

•

•
•

•
•

•
•

Figure �.��  Graphical user interface (GUI) of a wall management system.
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Preview of all presets and easy intrusion.
Temporal control of all presets with the option ‘schedule’.
Creation of presets with diverse options like Replace, Hide, Add, and 
Advanced as clear instructions.
Intrusion of presets in certain predefined regions.
Location over the complete large screen systems and workstations can be 
controlled and administrated by the wall management software.
Via wide-area network (WAN) connection, the system enables a global 
management.
Control of large screen projectors and status displays of every single projector.
Remote control and remote diagnostics of the complete system 
(Figure 4.39).

In very critical applications the system and all components (graphics controller 
and control server) are released redundantly. Each graphics controller is connected 
with the cubes and each cube provides two inputs to switch the signal from the 
graphics controller. For example, a hot-standby system runs parallel to the normal 
system (master/slave configuration). In case of a failure of the master system, the 
slave system assumes the control and visualisation.

4.6.4	 instAllAtion	of	lArge	sCreen	systeMs

To ensure mechanical stability and robustness, the structures and the chassis of the 
cubes should have a stable and robust construction. This is the case even if large 
screen systems are used for fixed installations. Everything should be premounted 
(chassis, projectors, mirrors, screens on frame). This will save much time (and there-
fore money) during the screen installation. Some vendors offer systems which are 
delivered in preconstructed sets (the complete cube housing is dismantled in parts, 

•
•
•

•
•

•

•
•

ECS Server 1 ECS Server 2 

LAN 1 
LAN 2 LAN 2 LAN 2 

LAN 1 LAN 1 

DVI 

DVI 

Redundant ECS System

Redundant Netpix System

Netpix 1 Netpix 2

Display Wall

Figure �.��  A redundat large-screen system.
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as well as mirrors, screens, and frames). While this may seem convenient, it can also 
cause problems as the technology installation becomes more complicated and less 
accurate. Postinstallation, there will need to be adjustments to the system to ensure 
effective and problem-free operations.

In general, such a system consists of the following parts: a large screen cube 
(including 45° mirror, six-axis projector geometry adjustment, projector engine, rear 
panel); the screen, premounted on a screen frame; a base structure; cabling (includ-
ing the connection between the controller and the cubes and/or cables to sources); 
a controller; source connections; and input power cabling. Before installation can 
begin, everything must be checked on site to see if the site is ready for such an 
installation. An important point to check is the accessibility to the site for the instal-
lation engineers (including room to manoeuvre the installation equipment and the 
components of the large screen system). The site should be checked for freeness from 
dust and, if deemed necessary, cleaned before the start of the installation process. It 
is wise to check availability of all source connections and power cabling (including 
that there is sufficient length of appropriate cabling and that the cabling, when con-
nected, will be inconspicuous). These preinstallation tasks completed, the metal base 
fittings for the cubes must be fixed on the floor. This can be to the computer floor or 
to the base floor of the room. The standard height of such a basement is in general 
1.00 metre from image bottom. Next, the installation engineers can begin mounting 
the display cubes.

The cubes are placed one on another and next to each other and then attached to 
each other. Depending on the configuration, the size of the cubes, and number of rows, 
it may be necessary to stabilise the base in order to prevent the completed wall from 
tipping over. Once the cube fixture is stable, then the screens can be inserted. The 
screens will need to be adjusted mechanically and fixed firmly. The controller can next 
be installed. Most often this will be placed inside the base of the wall (usually this is 
in standard 19-inch racks). Finally, the system can be connected and the sources can 
be plugged in. Once the mechanical installation is complete, the adjustment and the 
software installation can begin. After this installation of the large screen wall, the base 
structure can be covered and embedded in the control room design.

4.6.5	 sCreen	Mullion

A gap between two adjacent cubes should not exceed 0.3 mm per screen, which leads 
to a gap between two adjacent screens of about 0.68 mm. Then the gap can hardly 
be seen by the users and we can speak about a seamless display. A smaller gap 
between the cubes is not possible because of the screen characteristics. It can also 
be dangerous for the quality of the large screen system. The screen is sensitive to 
temperature and humidity variations, so in general those systems should be operated 
in stable environmental conditions (air-conditioned). If, for example, the air-condi-
tioning fails, this can cause a growing or shrinking of the screen; a gap is required to 
accept these variations. Also it is important that these screens are fixed with flexible 
springs that can accept those variations. Some vendors offer fixed solutions; this is 
not ideal because the variations cannot be accepted with such a solution. A gap that 
is too small and unable to accept the variation in the size of the screen can cause the 
screen to shape like a bow. Not only will this create a distorted image, but there is a 
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risk that the screen may fall out. Such phenomenon will not occur when the screen is 
operated in stable climatic conditions with stable air-conditioning.

4.6.6	 environMentAl	AspeCts

Graphic displays should be placed out of the way of direct sunlight or other strong 
ambient lighting. The displayed information is prone to becoming ‘washed out’ and 
hard or impossible to read from certain angles. A good location of a large screen 
system is just below the ceiling level and angled down to the operator’s position. This 
location uses space that would normally be unusable. The down angle provides good 
visibility, does not interfere with the control room lighting, and is out of the way of 
direct sunlight.

A reliable large screen system requires a stable temperature and humidity control. 
This is important for the electronics and also the screens. Screens can be affected 
by changes of temperature and humidity. Ideally, they should be operated only in an 
air-conditioned control centre. Nowadays this tends to be standard. Another impor-
tant factor is the noise created by large screen systems. Modern systems have very 
low noise dissipation. When a large screen system is integrated in the control centre 
design, care should be taken that the noise generated by the electronics is not trans-
mitted to the control room. This can be avoided by installing sufficient levels of 
insulation. In modern control centres the controllers as well as other PCs tend to be 
located in a separate and secure server room.

As with any piece of electronic equipment, the ambient conditions are very 
important. Therefore it is important to ensure that such systems are installed in 
rooms with stable conditions. The environment must be relatively dust-free. Some 
vendors offer completely encapsulated systems with overpressure inside to prevent 
dust from entering. This is very useful for areas with a lot of dust, for example, in 
coal mines or in sandy areas, such as countries in the Middle East.

4.6.7	 serviCing	A	dlp	Cube	wAll

The service of such as system is quite easy. It consists of cleaning the system so that 
it is free from dust, and making readjustments to the system itself. It is normally suf-
ficient to service the equipment one to two times per year. In case of a lamp failure, 
the systems supplied by most vendors have automatic double-lamp systems. In the 
event of a lamp failure, the system switches automatically to a second (backup) lamp. 
It should be possible to change the broken lamp during working operations. This task 
is quite easy and trained operators should be able to do this by themselves.

glossary

Aspect Ratio: The ratio of the display width to the display height. The aspect 
ratio of a traditional television is 4:3, but there is an increasing trend 
towards the 16:9 ratio typically used by consumer large screen, high-defini-
tion televisions.
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Brightness: The amount of light emitted from a display. It is sometimes syn-
onymous with the term ‘luminance’, which is defined as the amount of light 
emitted in a given area and is measured in candela per square metre.

Burn-In: Phosphor, the illuminant in CRT and plasma screens, subject to a 
natural ageing process. If images are unchanging for a long time, this can 
lead to the image ‘burning in’.

CCTV: Closed-circuit television, a television system often used for surveillance.
Contrast Ratio: Defined as the ratio of the luminance of the brightest colour 

to the luminance of the darkest colour on the display. High-contrast ratios 
are demanded but the method of measurement varies greatly. They can be 
measured with the display isolated from its environment or with the light-
ing of the room being accounted for. Static contrast ratio is measured on a 
static image at some instant in time. Dynamic contrast ratio is measured on 
the image over a period of time. Manufacturers can market either static or 
dynamic contrast ratio depending on which one is higher.

DCS: Distributed control system. In DCS, the controller itself controls the 
process. It has the control loops in the controller. It communicates through 
the high-speed Ethernet/LAN network. DCS is confined to a single unit or 
group of local units. Examples of uses: control system of all process plants, 
including refinery (petroleum), chemical plants, power plants, etc.

DLP: Digital light processing technology; with digital micromirror device 
(DMD), from Texas Instruments.

Graphics Controller, Display Processor, Display or Split Controller: A type 
of controller that splits up a video or computer signal into multiple part 
images so that they can be displayed on multiple screens (4, 9, 16, 25, …) 
to create the full image again. In general, inside these controllers you have 
the possibility to add several different input cards to show these sources on 
the large screen; these inputs can be: analogue video, IP or streaming video, 
RGB, DVI, or SDI signals. For example, it is possible to have an integrated 
split controller in displays for a 2 ×2 or 3 × 3 video walls.

Memory Effect, Image Retention, Ghost-Images: Images that remain on the 
screen. One of the advantages of LCD displays compared to plasma is that 
LCD does not have the problem of permanent burn-in when displaying a 
static picture for a long time (for example, a company logo that is always 
present at a particular corner on the screen). But LCD displays also suf-
fer from a similar type of image retention. The image retention that may 
appear on LCD displays is called memory effect or ghost-images; it is not 
permanent and can be reversed. Also LCD displays are not so sensitive to 
this effect; like on plasma, this can occur just after a few hours of use. It 
occurs on LCD displays when ionic contaminants in the panel migrate to 
the surface (usually caused by electromagnetic interference) and accumu-
late to areas in the panel where a static image is displayed. This will cause 
a drop in the drive voltage in that area and the static image remains visible 
even after the particular image is changed. Once the image is changed, the 
impurities will, with time, migrate out of the area and the memory effect 
should disappear. The time it takes for the image retention to disappear 
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depends on how severe it was in the first place, and in some cases it takes so 
much time and effort that for all practical purposes it could be called per-
manent. Switching off the LCD for 4 to 6 hours during 24-hour operations 
could also be a solution. Also very important to prevent this image retention 
is the cooling of the display.

Mimic or Mosaic Display: Panels, consisting of several small LED lights, used 
for illuminated mimic diagram; indication and control panels; distribution 
of gas, oil, steam and other liquids; different industrial process with status 
indication; control and signalling systems of railways.

Pixel: Picture element, using the abbreviation ‘pix’ for ‘picture’; a single point 
in a graphic image. Each such information element is not really a dot or a 
square, but an abstract sample. With care, pixels in an image can be repro-
duced at any size without the appearance of visible dots or squares; but in 
many contexts, they are reproduced as dots or squares and can be visibly 
distinct when not fine enough. The intensity of each pixel is variable; in 
colour systems, each pixel has typically three or four dimensions of vari-
ability such as red, green, and blue, or cyan, magenta, yellow, and black. 
Standard display resolutions include:

VGA 0.3 Megapixels = 640 × 480
SVGA 0.5 Megapixels = 800 × 600
XGA 0.8 Megapixels = 1024 × 768
SXGA 1.3 Megapixels = 1280 × 1024
SXGA+ 1.4 Megapixels = 1400 × 1050
UXGA 1.9 Megapixels = 1600 × 1200
HDTV 2.1 Megapixels = 1920 × 1080
QXGA = 2048 × 1512
QSXGA = 2560 × 2048
Quad HDTV 8.3 Megapixels = 3840 × 2160

Plasma Display: Plasma display panel (PDP), a type of flat-panel display now-
adays commonly used for large TV displays (typically above 37” or 940 
mm). Many tiny cells located between two panels of glass hold an inert 
mixture of noble gases (neon and xenon). The gas in the cells is electrically 
turned into a plasma which then excites phosphors to emit light. Plasma is, 
in general, used in the home environment.

Resolution: The number of pixels in each dimension on a display. In gen-
eral, a higher resolution will yield a clearer, sharper image. It is normally 
expressed in pixels.

Response Time: The time it takes for the display to respond to a given input. 
For an LCD display, it is defined as the total time it takes for a pixel to 
transition from black to white, and then back to black. A display with slow 
response times displaying moving pictures may result in blurring and dis-
tortion. Displays with fast response times can make better transitions in 
displaying moving objects without unwanted image artefacts.

•
•
•
•
•
•
•
•
•
•
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SCADA (Supervisory Control and Data Acquisition): Systems that are typically 
used to perform data collection and control at the supervisory level. Some 
SCADA systems only monitor without doing control; these systems are still 
referred to as SCADA systems. The supervisory control system is a system 
that is placed on top of a real-time control system to control a process that 
is external to the SCADA system. In SCADA systems, the operator/super-
visor collects alarm/event data from the remote terminal unit (RTU) or 
programmable logic controllers (PLCs) along the service line. The operator 
analyses the data (alarms and SOEs [sequence of events]) and takes action 
if required. The RTU/PLC is the local control system that works as per the 
command received from the supervisory system, except for some specific 
control decisions (fire fighting, emergency shutdown) taken locally by the 
RTU/PLC. The communication path is wireless, GSM tech. (Global System 
for Mobile Communications), etc. Examples of uses for control are: water 
supply pipelines, gas/petroleum pipelines, and so forth.

TFT-LCD (Thin Film Transistor–Liquid Crystal Display): A variant of liq-
uid crystal display (LCD) which uses thin film transistor (TFT) technology 
to get better image quality. TFT-LCD is one type of active matrix LCD, 
though it is usually synonymous with LCD. It is used in televisions, flat-
panel displays, and projectors.

Viewing Angle: The maximum angle at which the display can be viewed with 
acceptable quality. The angle is measured from one direction to the oppo-
site direction of the display, such that the maximum viewing angle is 180°. 
Outside this angle the viewer will see a distorted version of the image being 
displayed. Definitions of what is acceptable quality for the image can be 
different among manufacturers and display types. Many manufacturers 
define this as the point at which the luminance is half of the maximum 
luminance. Some manufacturers define it based on contrast ratio and look 
at the angle at which a certain contrast ratio is realised.
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�.1  introduCtion

This chapter describes the design of the more traditional controls and of specific 
controls for communication with computers. Traditional control panels have the 
advantage that they give feedback to the operator of the manoeuvres which have 
been carried out. It is important to supplement the keyboards with some additional 
types of controls that give feedback to the operator. Alternatively, the current control 
situation can be displayed to the operator in other ways, for example, by presenting 
the control state on the visual display unit (VDU). This chapter presents examples of 
the advantages and disadvantages of each type of control and design recommenda-
tions for these controls.
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Keyboards are the traditional input devices used in data processing (DP) appli-
cations to communicate with computers. In the process control situation, it can 
often be advantageous to use other types of control mechanisms, such as multiway 
joysticks or light pens. The advantages and disadvantages of each type of control 
are described.

�.2  FunCtional aspeCts oF Controls

The control device is the means by which information on a decision made by a 
human operator is transferred to the machine. The decision may, for example, be 
taken on the basis of previously-read information devices, on the basis of informa-
tion from other sources, or from some form of cognitive process.

Functionally, controls may be divided into the following categories:

 1. Switching ‘on’ or ‘off’, ‘start’ or ‘stop’.
 2. Increase and reduction (quantitative changes).
 3. Spatial control (e.g., continuous control upwards, downwards, to the left, 

or right).
 4. Symbol/character production (e.g., alphanumeric keyboards).
 5. Special tasks (e.g., producing sound or speech).
 6. Multifunction (e.g., controls for communicating with computers).

Examples of control types: (1) include the starting or stopping of motors, or 
switching lamps on or off. Control types (2) may consist of an accelerator pedal to 
increase and reduce the flow of fuel to the engine. Traditionally the best-known exam-
ple of spatial control (3) is the steering of a car. Examples of character production (4) 
include typewriting and telegraphy. Different forms of controls (5) are used for the 
production of sound. Of special interest here are the machines that are beginning to 
appear for the production and replication of human speech (see Section 3.6).

Of particular importance in control room design are the types of controls (6) 
used in conjunction with computers. Controls operated by hand are of particular use 
where great accuracy is required in the control movement. Hands are considerably 
better at carrying out precision movements than feet. Where a very high degree of 
accuracy of movement is required, it is best for only the fingers to be used.

Other alternatives are also possible for the design of special controls. For exam-
ple, if one has a large crank, or two cranks coupled in parallel that have to be con-
trolled by both hands, very fine control movements can be made.

Because the power available from the leg is considerably greater than that from 
the arms, foot controls are suitable for manoeuvring over long periods or continu-
ously. Foot controls are also valuable where very large pressures are needed, as the 
body weight can be added to the force of the strong leg musculature. It may also be 
necessary to use foot control devices where the hands are occupied in other tasks. 
However, it should be noted that it may be necessary to use hand controls where there 
is insufficient space to accommodate foot controls.

When designing traditional types of controls, it is possible to design them in 
such a way that they naturally represent the changes one wishes to bring about in 
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the process. For example, a lever that is pushed forwards may determine the forward 
direction of movement of a digger bucket. Or the flow in a pipe can be stopped by 
turning a knob that lies on a line drawn on the panel. In this way the design of the 
control increases the understanding of the current state of the process.

For communication with computers, the keyboard is often chosen for carrying 
out all the different control functions. Technically, it is often easy to connect a 
keyboard to a computer system. Other control devices also exist for communicat-
ing with computers, such as light pens. However, a particular failing of this type of 
multipurpose control device is that the control movements in themselves have no 
natural analogy with the changes that they aim to bring about in the process.

�.�  anatomiCal and anthropometriCal  
  aspeCts oF Control design

Some of the principal anatomical and anthropometric aspects will be considered. 
For detailed specifications, some excellent handbooks are to be recommended (for 
example, Morgan et al., 1963; Grandjean, 1988). One important limitation of the 
recommendations available today is that they are based on the body measurements 
of Caucasians. For other ethnic groups, the measurements must be adapted for their 
proportionally shorter or longer leg lengths.

The following rules can be applied in the design of all types of control:

 1. The maximum strength, speed, precision, or body movement required to 
operate a control must not exceed the ability of any possible operator.

 2. The number of controls must be kept to a minimum.
 3. Control movements which are natural for the operator are the best and the 

least tiring.
 4. Control movements must be as short as possible, while still maintaining the 

requirement for ‘feel’.
 5. The controls must have enough resistance to prevent their activation by 

mistake. For controls that are only used occasionally and for short peri-
ods, the resistance should be about half the maximum strength of the 
operator. Controls that are used for longer periods must have a much 
lower resistance.

 6. The control must be designed to cope with misuse. In panic or emergency 
situations, very great forces are often applied, and the control must be able 
to withstand these.

 7. The control must give feedback so that the operator knows when it has been 
activated, even when this has been done by mistake.

 8. The control must be designed so that the hand/foot does not slide off or lose 
its grip.

Table 5.1 gives a summary of the areas of use and the design recommendations 
for different controls. The controls are discussed in more detail later. Figure 5.1a, 
Figure 5.1b, and Figure 5.1c give the optimal areas for the different controls.
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Figure �.1  (a and b) Preferred vertical surface areas and limits for different classes of 
manual controls. (Modified from McCormick and Sanders, 1982. With permission.) 
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5.3.1	 press-buttons	And	keys

Press-buttons and keys are suitable for starting and stopping and for switching on or 
off. This type of control is also suitable for foot control, where it should be operated 
by the ball of the foot.

The following recommendations apply to both hand- and foot-operated controls:

 1. The resistance of the push-button should increase gradually and then disap-
pear suddenly to indicate that the button has been activated.

 2. The top of the button should have a high coefficient of friction to stop the 
fingers or feet from sliding off (see Figure 5.2). Where press-buttons are to 
be activated by the fingers, the concave form is preferable.

 3. In order to indicate that the button has been activated, a sound should be 
emitted if the workplace has low light levels.
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Figure �.1  (continued) (c) Optimal working area for hands moving controls.
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Table 5.2 gives detailed recommendations for push-buttons.

5.3.2	 toggle	switCHes

Toggle switches can be used to show two or three positions. Where there are three 
positions, one should be up, the middle one straight out, and the other one down-
wards. Toggle switches take up very little room.

The following recommendations apply to toggle switches:

 1. A sound should be heard to indicate activation of the switch.
 2. If a number of switches are used, they should be placed in a horizontal row. Ver-

tical positioning requires more space in order to avoid accidental operation.

Table 5.3 gives detailed design recommendations for toggle switches.

12 mm

3–30 mm

6 mm12 mm

Figure �.2  Press-buttons should be designed so that the fingers will not slide off them. 
The surface can be made concave or with some form of increased friction.

taBle �.2 
recommendations for the design of press-Buttons

diameter  
(mm)

tra�el  
(mm)

 
resistance

distance between 
push-Buttons (mm)

min max min max min max min max

Finger 13 � 3.2 38 280 g 1130 g 13 50

One finger at 
random

— — — — — — 6.5 25

Different fingers in 
random order

— — — — 140 g 560 g 13 13

Thumb, palm 19 — 3.2 38 — — — —

Foot

Normal 13 — 13 — 1.8–4.5 kg — — —

Heavy shoes — — 25 — — 9 kg — —

Stretching ankle — — — 64 — — — —

Leg movement — — — 100 — — — —

Notes: �, not relevant; —, no information
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5.3.3	 rotAry	switCHes

These can be divided into two categories: cylindrical and winged. The primary dif-
ference between these is that the winged version has a pair of ‘wings’ above the 
cylindrical part. The wings function both as a positional marker and as a finger 
grip. Rotary switches may have from three to twenty-four different positions. They 
require a relatively large amount of space because the whole hand has to have room 
to turn around the switch. Where multiple position switches are used, these take up 
less space than the number of push-buttons or toggle switches required to fulfil the 
same function. Rotary switches can either have a fixed scale and moving pointer or 
a moving scale and fixed pointer. A variant on the moving scale is to have a window 
that only shows a small part of the scale. Various models are shown in Figure 5.3.

The following recommendations apply to rotary switches:

 1. In most applications, rotary switches should have a fixed scale and a mov-
ing pointer.

 2. There should be a detent in every position.
 3. The turning resistance should steadily increase and then suddenly decrease 

as the next position is approached.
 4. Cylindrical switches (knobs) should not be used if the resistance has to be 

high. In these cases, wing knobs are preferable.
 5. Where only a few positions (two to five) are needed, they should be sepa-

rated by 30 to 40 degrees.

taBle �.� 
recommendations for the design of toggle switches
variables minimum maximum

Size (mm)

Toggle switch

—for fingers 3.2 25

—for hands 13 50

Travel (degrees)

—between positions 30°

—total travel 120°

Resistance (g) 280 1130

Number of positions 2 3

minimum desirable

Distance between control (mm)

One finger—random 19 50

One finger—in order 13 25

Different fingers, random or in order 16 19
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 6. Where fewer than twenty-four positions are used, the beginning and end of 
the scale should be separated by a greater amount than between the differ-
ent positions.

 7. Where the workplace has low lighting levels, a sound should be made to 
denote that the switch has been activated. In these cases there should also 
be a definite stop position at the beginning of the scale, so that the positions 
can be counted out.

 8. The scale should always increase clockwise.
 9. The scale should not be shielded by the hand.
 10. The surface of the switch should have a high coefficient of friction so that 

the hand does not slip.
 11. The distance between panel and knob should be at least 3 mm.
 12. The maximum amount of slope on the sides of the knob should be 5 degrees.

5.3.4	 levers

Levers are activated either by the whole hand or just by the fingers. In general, where 
fine control is needed, only the fingers should be used.

1

2

3 4 5

6

1

2

3 4 5

6

1

2

3 4 5

6

1
2

345

6
7

1 2
3

4
5

67

18
19

17

Switches with moving pointers are easy to read

Switches with moving scales
are difficult to read

A window on a switch
with moving scale makes
it less movable

Figure �.�  Design factors for rotary switches.
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The following recommendations apply to levers:

 1. The maximum resistance (force) for push-pull movements with one hand, 
with the control placed centrally in front of the body, is between 12 and 22 
kg, depending on how far from the body the control is positioned.

 2. The maximum resistance for push-pull movements for two hands is double 
that for one hand.

 3. The maximum resistance for one hand moving in the left-right direction is 
about 9 kg, and is considerably lower in the opposite direction.

 4. The maximum resistance for two-handed movements in the left-right direc-
tion is about 13 kg.

 5. The lever movement should never be greater than the arm’s reach without 
moving the body.

 6. Where precision is required, a supporting surface should be provided for 
the part of the body used: an elbow rest for large hand movements and a 
hand rest for finger movements.

 7. When levers are used for stepwise control (e.g., gear levers), the distance 
between positions should be one-third the length of the lever.

 8. Where the lever also acts as a visual indicator, the distance between posi-
tions can be reduced. The critical distance is then the operator’s ability to 
see the markings.

 9. The surface of the lever handle should have a high friction coefficient so 
that the hand does not slip.

5.3.5	 CrAnks

These are suited to continuous control where there are high demands for speed. 
Cranks can be used for both fine and coarse control, depending on the degree of 
gearing selected.

The following recommendations apply to cranks:

 1. Cranks are preferable to wheels where two or more revolutions are to be made.
 2. For small cranks less than 8 cm in radius, the resistance should be at least 9 

N and a maximum of 22 N when rapid movement is required.
 3. Large cranks of 12.5 to 20 cm radius should have a resistance between 22 

and 45 N.
 4. Large cranks should be used when precision is required (accuracy between 

a half to one revolution), with the resistance between 10 and 35 N.
 5. The handle should have a high surface friction to prevent the hand from 

slipping.

5.3.6	 wHeels

Wheels are used for two-handed operations. Identification of the position is very 
important if the wheel can be rotated through several revolutions. In addition, the 
following recommendations apply:
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 1. The turning angle should not exceed ±60 degrees from the zero position.
 2. The diameter of the ring forming the outside of the wheel should be between 

18 and 50 mm, and should increase as the size of the wheel increases.
 3. The wheel should have a high surface friction so that the hand does not slip.

Table 5.4 shows the relative advantages of different forms of control devices for 
computerised process systems for four common tasks.

�.�  Controls For CommuniCation With Computers

The traditional controls in administrative computer systems are various different 
types of keyboards. There is often a numerical keyboard as well as the traditional 
typewriter keyboard. These types of keyboards have been tested over a long period 
of time and can be well specified. They are also thought to be well suited to most 
forms of administrative computer systems.

For more specialised applications—for example, computer systems for the con-
trol and monitoring of process industries—the situation is often very different. The 
requirement for control devices is unique to each type of process industry, depending 
on the process to be controlled and the type of computer system installed. It is thus 
impossible to give any specific guidelines for the control devices on computerised 
control systems. However, some overall guidelines may be given. The advantages 
and disadvantages of different control devices for computerised systems are exam-
ined here. Traditional control devices are rarely applied to computerised systems. 

taBle �.� 
relati�e ad�antages of different Forms of Control de�ices for 
Computerized process systems for Four Common tasks

task

1 2 � �

Control
numeric

data
alphabetic

data
position
Cursor

graphic
information

Fixed-function keyboard u vg nk nr

Variable-function keyboard vg nk nk nr

Lever nr nr su nk

Wheel nr nr su nk

Light pen nk nk u nr

Electronic data board nk nk nr u

Touch screen u u u su

Mouse nr nr u su

Joystick (trackball) nk nk su nk

Notes: su, may sometimes be usable; u, usable; vg, very good; nr, not recommended; nk, the advantages 
and disadvantages of the application are not known.
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Thus this makes it difficult to give detailed guidelines for all controls in this context. 
Finally, some more detailed design recommendations for the different types of key-
boards will be presented.

�.�  advantages and disadvantages oF  
  diFFerent Controls For Computers

The more traditional types of controls can, of course, also be used for computer-
ised systems. Controls that have been produced specifically for communicating with 
computers include:

 1. Keyboard with predetermined functions for various keys
 2. Keyboard with variable functions for the keys
 3. Light pens
 4. Touch screen
 5. Electronic data board
 6. Voice identification
 7. Trackball and joystick (multiposition lever)
 8. Mouse

5.5.1	 keyboArds	witH	predeterMined	funCtions	for	tHe	keys

Keyboards with predetermined functions for all keys normally have two main parts: 
an alphanumeric or a numeric part and a function key part. The traditional key-
board—numeric or alphanumeric—will be discussed later. The function key part 
has different keys for different predetermined tasks, such as starting, stopping, pro-
cess a, b, c, and so forth. The keyboard works by the operator pressing the keys in 
a certain order. The operator either remembers the order or uses some form of crib-
sheet. The sequence in which the keys are to be pressed is thus often predetermined 
both by the system and by the design of the keyboard.

This type of keyboard is characterised by the need for a large number of keys, 
usually one per function. Where there are many functions and several subfunctions 
within every main function, problems arise with grouping the keys in the proper way 
and in positioning the keys in a mutually logical way that is consistent in terms of 
movements. It is unusual to be successful with this at the first attempt; the keyboard 
will need to be redesigned when it has been operational for long enough to build up 
enough experience to determine its optimal design. Making changes to the keyboard 
is often costly, but if the keyboard is not redesigned at a later stage, it means that 
large and frequent arm movements become tiresome, time consuming, and some-
times painful. The advantage of this type of keyboard is that it needs relatively little 
computer programming and, to a certain extent, a standard board can be used with 
minimal training, at least for the alphanumeric part.

The alternative to having a large number of function keys is to have just a few of 
them, and to use particular codes instead that can be entered numerically or alpha-
numerically. This type of keyboard is best when the operator is spending a large part 
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of his or her working time at the keyboard. However, this is relatively uncommon in 
process industries.

5.5.2	 keyboArds	witH	vAriAble	funCtions	for	tHe	keys

Keyboards that have a variety of functions for each of the different keys are rela-
tively uncommon. But these often exist as part of the more traditional keyboard (for 
example, the top row of keys on the keyboard). Keyboards with a variety of functions 
per key are often particularly useful in process industries. A common form is to have 
a row of unmarked keys under the monitor screen, and to have squares represent-
ing the different keys directly above them on the screen. Depending on the picture 
being shown on the screen, text appears in different windows showing the functions 
that the keys have for each frame. There are more advanced systems for this type of 
keyboard where there are several rows of unmarked keys, and parallel pictures are 
projected down from the screen onto the keyboard using an arrangement of mirrors 
in order to show the current function of the keys. Because considerably fewer keys 
are used on this type of keyboard, fewer hand and arm movements are required by 
the operator. This reduces the risk of errors occurring.

Another application for this type of keyboard is to build lights into the keys. The 
relevant keys light up for each particular function. The lights in the keys are illumi-
nated or extinguished when particular keys are pressed, depending on the sequence 
of operations required. In this way the operator is guided through the correct opera-
tion sequence. Nonilluminated keys are then disconnected from the system. The risk 
of errors occurring with this type of system is very small, and work on this keyboard 
is also faster, particularly if the operator is not accustomed to the work. It is impor-
tant, however, that a warning signal is produced if the lights in the keys fail.

There are also applications where keys can be pressed with different pressures. 
A soft (gentle) pressure on a key causes the function associated with that key to be 
displayed on the screen, and the action is taken if the key is pressed harder. If it is 
fully depressed a signal is sent to the computer dictating changes to be made to the 
process. The operator can also receive new information on the screen that informs 
him which new keys can be used.

Depending on its design, the keyboard can be preprogrammed to lead the opera-
tor naturally through the work. This type of programming of the keyboard func-
tions may be an advantage for especially important types of operations, where errors 
could have serious consequences. From the perspective of the operators, a major 
disadvantage is that they may feel their work is being too highly controlled. Another 
disadvantage with this type of keyboard is that it requires a lot of programming, and 
this takes up a large part of computer capacity. An advantage is that the hardware 
does not need to be changed (rebuilding or extending the keyboard, or other changes) 
to any great extent even if a major change is to be made in the function of the con-
trols. In other words, this form of control is very flexible. Keyboards can also be 
adapted to people with specific handicaps such as Braille scripts for vision-impaired 
people or special large keys for people with motor deficiency.
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5.5.3	 ligHt	pens

The light pen consists of a photocell that senses the light radiated from the phosphor 
on a cathode ray tube (CRT) screen. The light pen reacts every time a pixel on the 
screen is lit up by the electron ray within the tube. The signal passes from the light 
pen to the computer, which at the same time receives information on where and when 
the spot passes different places on the screen. In this way the computer can identify 
where the pen is on the screen. The light pen can be used for pointing to parts of the 
screen one wishes to know more about. It can also be used to activate different func-
tions. If, for example, one pointed to a valve and, at the same time, pressed a button 
on the side of the pen, this may cause the valve to close. The light pen is suitable for 
moving cursors on a screen. However, it is difficult to see any operational advantages 
of light pens over other controls.

If a light pen is used over a long period, it is necessary to have a specially designed 
armrest to prevent discomfort. The light pen has to come close up against the screen, 
which means that it is impossible to have any form of reflection shield or filter on the 
screen, and this can give rise to visual problems. Positioning of the light pen must 
be exact, which makes considerable demands on vision and also contributes to bad 
working posture in many instances.

5.5.4	 touCH	sCreens

Touch screens involve moving the finger, a pen, a pointer, or some other object 
within an active matrix placed over the screen. This active matrix may be designed 
in several ways. It could be composed of a thin metal net which, when touched, com-
pletes an electrical circuit. Electrical bridges and infrared beams can also be used 
to determine touch on the screen. Another type of touch screen is based on the use 
of a transparent material that senses the pressure of the touch on the screen. Special 
measurement bridges are used to determine how the pressure field is distributed over 
the screen, and the position of the touch is deduced from this.

Functionally, the touch screen is very similar to the light pen and has similar 
advantages and disadvantages, although an additional disadvantage is that the screen 
becomes dirty. An advantage is that it is sometimes faster to point with the finger 
than with a light pen. However, the technical reliability of the touch screen is usually 
considered to be lower than that of the light pen.

Manually inputting information directly on VDUs has rarely been very widely 
applied, probably because it is often impractical and, at the same time, it might 
destroy the surface of the VDUs. More common are the use of light pens and other 
means of inputting information on the VDU screen. One advantage of a touch-screen 
type of system is the potential to develop tacit skills and mental models. However, 
there is limited information in this area. If it is necessary to transmit a large number 
of different types of words and information to the computer, the traditional keyboard 
is preferable.
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5.5.5	 eleCtroniC	dAtA	boArds

Electronic data boards consist of a rectangular plate that represents the surface of 
the screen. Some form of electric field is created over the plate. When a sensor is run 
over the board’s surface, it ‘senses’ the position of the sensor on the board. One com-
mon form of board is placed directly onto the screen, and in this case functions very 
like a light pen or touch screen. Another form of board is placed beside the screen, 
and one can work with a transparency of a picture. One of the advantages of the elec-
tronic data board is that one can very quickly make drawings or change them.

5.5.6	 voiCe	identifiCAtion	instruMents

Instruments for voice recognition and identification have been connected to com-
puters for some time. Recognition of speech, however, is much more difficult (see 
Section 3.6). There are many apparent advantages of this type of device. It is, for 
example, very flexible and demands no special motor skill from the human operator. 
The problems are that the equipment available today requires specially trained opera-
tors who have to use a limited vocabulary and have to speak at a particular speed. In 
the future, however, this type of control may well be more widely applicable. Its pres-
ent-day applications are primarily for different forms of emergency and alarm situa-
tions. There are many interesting possibilities for this form of control device within 
the process industries. Development should progress in such a way that natural words 
and sentences will be able to be used directly. In an emergency situation that requires 
immediate response, the operator should be able to shout ‘Stop’ to control the process 
if he or she considers this the appropriate action for the situation.

5.5.7	 tHe	trACkbAll

The trackball is a mounted sphere that can be rotated in all directions and can be 
placed on a table or special fixing. The ball is usually used for moving the cursor on 
a screen. The cursor moves a certain distance (x/y directions) or with a speed propor-
tional to the movement of the ball.

5.5.8	 tHe	joystiCk

The joystick, which is a lever movable in all directions, has a similar function to the 
trackball.

5.5.9	 tHe	Mouse

The mouse is a small device with wheels or a ball mounted on the underside. If the 
mouse is moved to the left or right, this represents a corresponding movement on 
the screen. The mouse is especially suited for moving the cursor and for transferring 
graphic information. There is no conclusive evidence to produce recommendations 
for the use of the trackball, mouse, or joystick. In practice most people seem to prefer 
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the mouse if one has access to a free table surface; otherwise, the trackball is gener-
ally preferred.

5.5.10	 otHer	trAditionAl	CoMputer	Controls

There are also many traditional types of control, such as small wheels or levers. 
These more traditional types of control devices are usually used for moving the 
cursor on the screen. However, in the future there will be a need for new types of 
controls which suit the computer applications within the process industries better. 
Traditional control panels, dynamically presented on a VDU, can sometimes be an 
improvement on a keyboard to provide direct feedback of different control settings.

A very good illustration of feedback related to controls is the manual gear stick 
in a motor vehicle. A trained user can tell its functional position from a quick glance 
at its position or even by touching and holding the gear knob, and by the sound of the 
engine. This form of feedback is partly tacit and it helps the operator to update his 
ongoing tacit knowledge of the current state of the process. While this situation is 
evident in driving a vehicle, it is not apparent when operating a computer keyboard. 
There is a need for new creative solutions to this problem. To be solely dependent 
on keyboards is insufficient as to a large extent a keyboard does not provide process 
feedback to the operator.

�.�  the KeyBoard

The keyboard is still the most common computer input device. The design of the 
keyboard has a significant effect on the operator’s performance in terms of speed 
and accuracy. The most common keyboard layout is the QWERTY layout. Where 
two hands are used on the keyboard, 57% of the workload is on the left hand, even 
though 80% of the population is right-handed. This is advantageous for the type 
of job where the right hand alternates between handwriting and typing. It is also 
important to have one standard keyboard layout. Although the QWERTY layout is 
not the most efficient (it is said to have been designed for slowness, so that the keys 
on early mechanical typewriters did not become overloaded and snag), it is now the 
best compromise as it has become the standard keyboard.

Keyboards are usually designed so that the alphanumeric section is in the centre, 
with the cursor, editing keys, and numeric keypad to the right. Function keys may 
be placed anywhere on the keyboard, but in order to give an aesthetically pleasing 
design they are often placed on the left-hand side. Lateral hand movements also 
require less energy than longitudinal (front to back) movements.

There are no specific recommendations for keyboard layout, as their design is 
extremely sensitive to the task being carried out. However, a degree of flexibility 
must be incorporated in their design to cater for all variations in user requirements. 
One solution to this would be to develop a modular keyboard consisting of several 
units. Each unit would be made up of a different set of keys. The units could be 
arranged in the desired layout based on the results of the task analysis. However, care 
must be taken in using a flexible keyboard configuration due to the risk of a negative 
transfer of training. For example, if an operator carries out a number of different 



Design	of	Controls	 1��

tasks, and different keyboards are used for each of the different tasks, then high error 
rates must be expected.

Chord keyboards are a combination of a keyboard and a coding system. In a sim-
ilar way to keys on a piano, one can press several keys at the same time. The advan-
tage of this type of keyboard is that key-pressing speed compared with a standard 
typewriter is considerably better than 50% faster. There are, however, no special 
design recommendations for this type of keyboard. In general, it may be said that 
this type of keyboard needs further research before any firmer recommendations can 
be given regarding suitable areas of use and suitable design. Its main application is a 
kind of stenographic keying which allows direct imputing of text at the same speed 
as it is spoken. However, this demands a rather long period of training and opera-
tors need a particular aptitude of sensor-motor skills of their hands. The application 
in industrialised control rooms is probably very limited; however, there might be 
some use for this type of keyboard in special emergency situations. In other more 
administrative control situations, there might be other possible areas of use. One 
example could be stock market trading where success depends on speed of decision 
and action in sending complex messages.

 The numeric keyboard appears in two different designs. The accepted layout 
is a 3 × 3 + 1 key set, but there are two alternatives within this. Adding machines 
have the 7, 8, and 9 keys on the top row while push-button telephones have the 1, 2, 
and 3 keys at the top (see Figure 5.4). In the future, all telephones will use the 1-2-3 
keypad. Once this happens, it will be recommended that all numeric keyboards are 
of this design. Uniformity is important, and the user should not have to switch from 
one keyboard design to the other (with concomitant need to shift learned skills of 
keyboard usage).

The height of the keyboard is largely determined by its physical design, for 
example, electrical contacts and activating mechanism. Thicker keyboards (greater 
than 30 mm thick) should be lowered into the table surface to ensure a correct user 
posture. Unfortunately, this does not allow for flexible workplace design. Ideally, 
keyboards should be as thin as possible (less than 30 mm thick from the desk sur-
face to the top of the second key row (ASDF...) and not need to be lowered into the 
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Figure �.�  Layout of a numerical keyboard.
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surface. Product development, particularly by Ergolab in Sweden, has resulted in 
thinner keyboards, and this allows for a more flexible workplace design.

Keyboards can be stepped, sloped, or dished. There is no evidence on the relative 
advantages of any of these profiles. The most important factor is for the keyboard to be 
able to be angled between 0 and 15 degrees up at the back and, if the keyboard opera-
tor is standing, it is advantageous if it can be raised at the front from 0 to 30 degrees.

The size of the key tops is a compromise between producing enough space for 
the finger on the key, while at the same time keeping the total size of the keyboard 
as small as possible. Key tops should be square and 12 to 15 mm in size. This size 
is quite sufficient for touch typing, but in cases where keyboards are used for other 
tasks—for example, on the shop floor—key sizes can be larger. The spacing of keys 
is standardised to 19.05 mm between key top centres. This is within the ergonomic 
recommendations of between 18 and 20 mm. The force required for key displace-
ment should be the same on all keys. For skilled users, the actuating force should be 
0.25 to 0.5 N, and the key displacement (travel) 0.8 to 1.0 mm (from rest to activation 
of system). For unskilled users the force should be 1 to 2 N and the displacement 
2 to 5 mm. The user requires feedback to indicate that the system has accepted the 
keystroke. This is an important keyboard characteristic, although the exact require-
ments vary according to the individual levels of user skill.

In normal typing and other key-pressing tasks, there is kinaesthetic (muscle) 
and tactile (touch) feedback from the actual depression of the key, auditory feedback 
from the key press and/or activation of the print mechanism, and visual feedback 
from the keyboard or from the output display. For skilled operators, feedback from 
the keyboard (sound and pressure change) is of little importance. When learning, and 
for unskilled operators, this feedback is important. The operator should be able to 
remove the acoustic feedback.

The colour of the keys is not generally regarded as important. A dark keyboard 
with light lettering is preferable when used in conjunction with light-on-dark image 
displays, and care should be taken not to cause any distracting reflections on the 
screen by light key colours. Matt finishes should be used where possible. The recom-
mended reflectance factors for keyboards used in conjunction with negative-image 
(light on a dark background) VDUs are:

 1. The lettering on the keys should be light and clearly defined. Its minimum 
height should be 2.5 mm in good lighting conditions. In the case of func-
tion keys, certain abbreviations may be required. These must follow a clear, 
logical pattern and be easily identifiable by the operator.

 2. Keyboards used with positive image (black on white) VDUs should be lighter 
in colour with darker text. All key top surfaces should have a matt finish.

Care should be taken when using colours to code various function keys. Atten-
tion should not be drawn to a red key or a group of red keys if their importance in the 
system is minimal. These principles concerning colour may also be applied to any 
information lights found on the keyboard. There are international colour standards 
(IEC 1975, Publication 73: Colours of Indicator Lights and Push-Buttons) that can 
apply to both keys and information lights. These standards should be adhered to 
wherever possible.
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�.1  introduCtion

This chapter begins with a description of the principles governing the location and 
positioning of equipment in a control room. This is followed by a discussion on the 
relationship between the positioning the equipment and the individual information 
and control devices. Amongst other things, when positioning equipment, it is impor-
tant to take account of the frequency and sequence of use, the degree of importance, 
and the basic functions provided by a particular device. The knowledge and experi-
ence of the operator are also engaged, as the operator’s expected behaviour in differ-
ent situations must be taken into account.

There follows a description of the design of control and information panels, 
particularly with regard to the human anatomy and physiology in different work-
ing postures. The various types of supporting surfaces required in a control room, 
depending on the types of tasks carried out there, are also discussed. Some examples 
of control room design are presented toward the end of this chapter.
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�.2  prinCiples For positioning oF equipment  
  and Furniture in the Control room

In the design and positioning of equipment and furniture in the control room it is 
important to use a systematic approach. It is essential for this work to be carried out 
in accordance with the guidelines set out in Chapter 13 and with the cooperation of 
all the parties affected, including architects, instrument designers and, of course, 
with particular reference to the operators. It is important for the operators to have 
the opportunity to take part in the design of their workplace. The operators, as users, 
are often the best experts on the physical design and positioning of equipment due 
to their practical experience. The experience of the operators with the equipment 
allows the customisation of the control room layout. In addition, new environmental 
or health and safety laws are giving operators new rights of participation in this work 
in order to protect their interests and create a good working environment.

The planning work is done in four different stages:

 1. Analysis based on job descriptions related to the function of the process.
 2. Determination of staffing levels, and description and specification of 

equipment.
 3. Producing sketches and drawings (including three-dimensional drawings).
 4. Making models and mock-ups.

The aim of the analysis stage is to form a basis for the designers to work on; 
this will be discussed in more detail later. Determination of the staffing levels and 
requirements is a task, which is included in the analysis. Here it is important that any 
characteristics of the operators, such as anthropometric measurements, should be 
determined and specified. The various types of equipment to be used in the control 
room must also be specified. The specification of this must include, for example, 
physical dimensions, noise level, and heat production.

Production of sketches and drawings is an important stage in the work. Ordi-
nary two-dimensional drawings and sketches are often difficult to read, and give 
a very limited understanding of the final working environment. For example, it is 
very difficult to appreciate physical factors such as lighting or noise or to visualise 
a three-dimensional room from two-dimensional drawings. It is therefore impor-
tant to produce additional three-dimensional drawings, which should subsequently 
be complemented with small or full-scale models and/or mock-ups of the proposed 
workplace. It is only when these have been produced that the relative advantages and 
disadvantages of any particular layout can be discussed with the operators.

6.2.1	 AnAlysis

A common error in designing a workplace is to produce detailed specifications 
immediately. It should be reemphasised that even in this connection the design pro-
cess must begin with the production of an accurate analysis of the assumptions and 
conditions for the design work.
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The analysis stage should include the following points:

 1. Decide upon all the tasks to be carried out in the control room.
 2. Group the tasks according to the operators, and plan the relationship 

between workplaces.
 3. Plan information and control devices and the work surfaces in the differ-

ent workplaces:
 a. Information requirements
 b. Control requirements
 c. Work surface requirements (other than those for information and con-

trol devices, e.g., writing surfaces)
 d. Resting surface requirements
 4. Plan secondary functions and requirements for physical communication in 

the room and between rooms.

The determination of tasks within the jobs is done on the basis of the preliminary 
system analysis (see Chapter 13). Based on this general description of the tasks, it is 
possible to assign the tasks to different workers, and this is also commonly carried 
out at the system analysis stage. This grouping into different jobs can then be used in 
the creation of natural relationships between the different workplaces. The various 
job holders who need to contact each other should easily be able to do so. From this 
starting point it is then important to study the individual workplaces in more detail. 
This task takes into account the individual operator’s anatomical, physiological, and 
psychological characteristics.

The workplace should be designed so that the operator has:

 1. Natural and comfortable visual conditions.
 2. A comfortable reach for all tasks that need to be performed. This determines 

the conditions for positioning of controls and other working surfaces.
 3. The possibility of rest. The working posture and need for the body to rest 

during work are noted, and the need for resting surfaces (e.g., in the form of 
chairs) should be specified here.

6.2.2	 relAtionsHips	between	different	workplACes

Even where the operator usually works alone, it occasionally happens that there are 
several other operators working in the same control room. And even an operator 
working alone will have several workplaces at different locations within this control 
room. It is important that the different workplaces are positioned in the correct rela-
tionship with one another. For the work to be done efficiently, the operators must be 
able to have contact with one another easily without needing to be disturbed. Team-
work should also be encouraged by the appropriate positioning of workplaces.

In order to fulfil these various aims in the siting of different workplaces in a 
control room, frequency and sequence analyses may be used. The best positioning of 
machines, instruments, and operators in relationship to each other is achieved if the 
various forms of connections (such as movements and messages), which are impor-
tant for the system under design, are optimised. The term connection here means all 
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forms of contact among operators and between operators and machines. Examples 
of this are that the operators need to be able to talk to each another, and they must 
be able to read particular instruments in order to carry out particular control move-
ments. Connections also include moving between two places or moving material 
from one place to another.

Optimisation of the connections means that necessary contact is easy to ‘service’, 
which normally implies that a person with whom one has frequent contact sits close 
by, and someone contacted only occasionally sits farther away. Also, instruments 
that are used regularly should be positioned close to the operator, while less fre-
quently-used instruments should be positioned farther away. In addition, the contacts 
that are important—for example, those that reduce the risk of serious faults—should 
be well positioned in relation to the appropriate operators and instruments.

Whether the contact for a certain connection is good or not depends to a large 
extent on the type of contact. If the task is one of supervision (for example, to see 
what another operator is doing, because their information is required for one’s own 
work), one can sit behind, at an angle behind, or slightly above the other worker. If 
it is more a question of talking to each other and having a mutual interchange of 
information, it is best to sit opposite, or almost opposite, one another.

A link analysis is done in the following way:

 1. Draw a circle for every person included in the system, and write down their 
function (e.g., supervisor or operator).

 2. Draw a square for each part of the machine used by the operator and indi-
cate its functions using letters or symbols.

  It is of no great importance how the circles and squares are positioned at 
this stage, as long as they are distinguishable (see Figure 6.1a).

 3. Draw lines between the operators who have connections with each other in 
the system.

 4. Draw lines between each operator and the machines he or she will have 
contact with.

 5. Redraw the diagram so that the lines cross each other as little as possible (see 
Figure 6.1b).

For many analyses, this procedure is sufficient. It shows how the operators and 
machines interact, and how they can be separated where there is no contact between 
them and brought together where closer contact is required. Where many of the paths 
cross, the frequency and importance of use must be examined. This is achieved by 
comparing every connection using at least one of the following methods:

 1. Where importance is the criterion, an experienced person who knows the 
different parts of the system can be used to rank all the links in order of 
their importance.

 2. Where frequency is the criterion, information from a simulation of the sys-
tem can be used in order to determine the relative frequency of the contacts, 
and then to rank the transactions accordingly.
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 3. In cases where both frequency and importance are the criteria, the experi-
enced operator can again be used to assess the various links and to rank-
order them.

An excellent way of making a diagram of this type clearer is to draw thicker 
lines to indicate the most frequently-used or important links.

 1. Redraw the diagram so that the links that are the most important/most fre-
quently used are the shortest, and reduce the numbers of crossings. This is 
now the optimal link diagram.

 2. Redraw the diagram again so that it fits into the proposed space, or even 
better, redesign the space so that it fits the diagram.

 3. Determine the final diagram on a scaled drawing using the actual position-
ing of the operators, machines, and equipment in the system. A drawing of 
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between them (the frequency of contacts is indicated by the figures in the smaller circles).
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this type helps in the visualisation of the physical space required. It may also 
be a help in detecting difficulties that were not discovered in the analysis.

�.�  planning oF inFormation, Control,  
  and other WorK surFaCes

Planning an individual workplace starts from the assumption of natural and com-
fortable visual conditions. Given this, the positioning and design of information and 
control devices, together with the work surfaces, can be discussed in order to achieve 
a logically designed workplace in which it is easy to work, is not fatiguing, and 
allows for fast and accurate work.

When designing the instrument panel itself, the tasks to be performed by the 
panel must be determined first. The functions that need to be displayed using the 
panel must then be determined and described. A detailed description must also be 
made of how the information on these functions is to be received. It is important to 
know, for example, whether just a single instrument panel is needed, whether it is to 
be one of a repeated series of similar instrument panels, or equally, whether it will 
be just a segment of a panel that can be successively expanded. All these facts will 
then form the basis for the design of the instrument panel.

Various methods are used for designing the instrument panel and which one is 
chosen depends on what will be the panel’s function. For certain applications, an 
instrument panel that represents a model of the process may be best. In other cases, 
this form of panel may be wholly unsuitable and give very unsatisfactory results. It 
may be better to have an instrument panel on which the instruments are positioned 
according to one of the following models:

 1. Frequency of use—If instrument A is read more frequently than instru-
ments B and C, A is positioned nearest to the line of sight.

 2. Sequence of use—If instrument A is always used before B and C, then B 
and C will be placed to the right of A in the line of sight.

 3. Degree of importance—In cases where the instrument is very important, it 
can be placed centrally even if not used frequently.

 4. Similarity of function—Instruments that show the same function (e.g., tem-
perature) or cover a particular part of the process can be positioned together 
into a group.

The following three points apply to all the above models. All three functions are 
explained below, together with design recommendations.

 1. Visibility—The operator must be able to see all instruments from his nor-
mal workplace without abnormal movements of his head or body (see Fig-
ure 6.2). The following design principles for positioning with regard to the 
visibility of different instruments on a panel should be followed:

 a. Warning signals and primary instruments: Reading of this category of 
instrument must be possible without the operator having to change the 
position of the head or the eyes from the normal line or position.
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 b. Secondary instruments: Reading can be done by changing the direction 
of the eyes but not the position of the head.

 c. Other (infrequently-used) instruments: These instruments do not need 
to lie within the normal line of vision.

 2. Identification—The operator must be able to find an instrument or a group 
of instruments rapidly without making mistakes. The individual instru-
ments or groups of instruments should be separated in order to facilitate 
identification. Other ways to differentiate instruments are:

 a. Different colours� or shading between the main and subsidiary panels.
 b. Lines of different colours around the instruments.
 c. A subsidiary panel away from the main panel.
 d. A subsidiary panel sunk into the main panel.

  Apart from the above, textual signs can be used. Rules governing the use of 
such signs are:

 a. Positioning must be consistent, e.g., either over or under the 
instrument.

 b. All panels, groups of instruments, and individual instruments must 
have signs. The size of the signs (text) should increase by 25% from 
smallest to largest; for example, single instruments are smallest, then 
groups, and so on.

 c. The text must be horizontal.
 d. The signs that are not related to function, such as manufacturer’s name 

plates, must be positioned so that they cannot be confused with func-
tional signs.

 e. Signs should not be put on curved surfaces.

� The colour red is normally used on instruments showing danger. In Chinese culture red is a ‘lucky’ 
colour and is thus not meaningful to represent danger. Obviously, in a globalised world, the colour 
red is used on stoplights and other ‘danger’ signals but in this context its use is a result of Western 
influences. 

10 

Normal line 
of sight 
30° for warning and
primary instruments

60° for secondary 
instruments 

15° 
30° 

Horizontal 

Figure �.2  Positioning of visual instruments.



1�2	 Handbook	of	Control	Room	Design	and	Ergonomics

 3. Stereotypical behaviour—Both control devices and instruments should be 
positioned and give the readings that people would expect. Human beings 
often have a predetermined expectation, which is based on experience, of 
what will happen in different situations. An example is that of a reverse 
gear, which should be in such a position that the gear lever has to be moved 
backward to engage it.

   Particular changes on an instrument produce certain expectations, 
e.g., the clockwise movement of the pointer on a circular dial indicates an 
increase. Certain relationships between the movement of a pointer on an 
instrument and the movement of the controlling device are also expected 
(see Figure 6.3).

 a. Learning times will be reduced.
 b. If account has not been taken of the stereotypical expectations, there is 

a great risk that accidents will occur, together with poorer performance, 
in emergency situations.

During the computerisation of a process control system, there is often a tendency 
to remove the overall display panels (which give an overview and general descrip-
tion of the elements in the process, and which may also have indicators for various  
functions in the process). This is usually a mistake, as the display panels often fulfil 

Figure �.�  Expected relationships between instruments and levers; arrows represent the 
direction of increase.
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a more important function in the computerised system than in the traditional one. 
The traditional panel usually gives an overview of the status and build-up of the pro-
cess. Visual display units (VDUs) give a considerably poorer overview, so they need 
to be supplemented with general overview information. Only a limited amount of 
information can be shown at any one time on a VDU, so the information is generally 
presented in sequence. Even if the operator has access to several screens (parallel 
presentation), he or she is often forced to leaf through different frames on the VDU 
in order to build up a picture of the status of the system. This may be troublesome in 
situations that demand rapid action, and in some cases may be dangerous. A func-
tional overview display panel, which has various indicators on it, and maybe also 
instruments, can be an important supplement here.

Figure 6.3 shows recommendations on the natural relationships between func-
tions in the process and the information devices, and between the information and 
control devices. It is difficult when using computerised systems to bring about these 
natural relationships. The information on the VDU screen does not usually bear any 
logical resemblance to what is happening in the process. The control movements 
on the keyboard are often even less related to what is happening in the process (for 
example, increase or reduction should be represented by movement of a lever for-
wards and backwards respectively). Even in computerised systems, one should strive 
to maintain these relationships.

The operator should have the VDU screen within close view; normally, a key-
board or some other computer-controlled device is at his or her disposal. These con-
trols should be placed so that the operator can position them with his or her arm 
in a comfortable, relaxed position. Further recommendations on the positioning of 
the table, work surfaces, and control panels are given in relevant sections in this 
chapter.

Chapter 4 presents the development of display technologies that offer many 
opportunities for new ways of designing dynamic overview displays. The general 
principles presented below give some design guidelines which are also highly rel-
evant for the new generation of display technology.

�.�  design oF inFormation and Control panels

The information part of the control panel may have different groups of informa-
tion devices:

 1. Overview of information devices:
 a. Dynamic
 b.  Static
 2. Specific information devices:
 a. Dynamic
 b. Static

An overview information device aims to give the operator a general view of the 
design or status of the process. General information may either be static (for exam-
ple, a flow chart painted on a wall diagram) or it may be dynamic so that it includes 
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instruments and shows different aspects of the process. A dynamic information 
device may also contain symbols that change (lights that are on or off depending, for 
example, on whether a particular valve is open or closed).

The specific information device (usually a cathode ray tube [CRT] screen) is the 
one from which more detailed information is obtained, such as readings that enable 
control actions to be made and set values to be implemented. The specific informa-
tion is often dynamic, but it may also be static, for example, in the form of informa-
tion in tables and charts.

There should preferably be only two viewing distances: ordinary reading dis-
tance (ca. 30 to 35 cm) and long distance (several metres to view the overview panel, 
for example). When CRT screens are used, a compromise usually has to be made as 
the screen cannot be placed too close. There may in this case be three normal view-
ing distances (for people with spectacles, this means the use of multifocal lenses).

It is important that the viewing distance of the CRT screen is not less than 33 cm; 
preferably, it should not be less than 50 cm. Too small a distance causes great strain on 
the eyes and normally requires the use of spectacles even for those with normal vision. 
The maximal viewing distance depends on the size of the information displayed.

All the important visual information, and all the visual information that is used 
frequently, should lie within the normal viewing area. The maximum viewing area 
(angle) is that area within which the operator can see the instruments or controls 
relatively quickly and reliably by moving only the eyes and without needing to carry 
out any tiring neck or eye muscle movements.

Figure 6.4 shows an example of the recommended dimensions of the control 
desk for standing work. From the figure it may be seen that a normal line of sight 
either directly forwards or a little downwards (maximum 10 degrees) is optimal.

Figure 6.5a shows how a VDU screen should be positioned for ease and comfort 
of use where the majority of the work is carried out at the VDU screen, a situation 
that should normally be avoided. Where the VDU work is more sporadic, a flexible 
positioning of the screen as shown in Figure 6.5b can be recommended.

Most control room applications where VDUs are used require the use of more 
than one screen. It is usual for at least three to be necessary for the central work-
place. These screens are used for different purposes:

 1. One for overview information.
 2. One for detailed information.
 3. One for alarms.

It is also a good idea to have one or more screens at a different, separate work-
place for planning work and as reserves.

VDU screens only give information in sequence and only a limited amount of 
information can be presented at any one time. The overview information as pre-
sented on a VDU cannot contain particularly large amounts of detail. Large-scale 
processes therefore require other types of large-scale dynamic overview panels that 
can present the whole process in parallel.
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Work surfaces and controls must be positioned within easy and comfortable 
reach. This means having an area limited in height, width, and depth, within which 
the most important controls and work surfaces must be placed. Most types of control 
room work need plenty of space for carrying out the various tasks, apart from the 
control tasks as such. One needs, for example, writing surfaces, surfaces on which to 
place books and manuals, and surfaces for coffee and beverages. We look first at the 
heights of work surfaces and then at the surface area requirements.

The height of the work surface is of the greatest importance, whether the opera-
tor works standing or sitting. An incorrect work surface height results in the operator 
assuming a bad body posture, which in the short term is tiring and in the long term 
can cause permanent injury. With this in mind, we shall discuss first the position-
ing of the work surface itself. It should, of course, be pointed out that one should 
not view the work surface as an isolated unit, but the work surface, chair, and other 
equipment should be seen as a whole. Recommendations are given for both sitting 
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and standing work. Sitting or standing workplaces are recommended for different 
types of jobs.

Sitting work positions are to be preferred to standing ones in the following cases:

 1. In order to reduce fatigue. It is easier for an operator to work using his arms, 
and do heavier work with his legs, for a longer time when he is sitting rather 
than standing.

 2. So that the operator can use both feet simultaneously and can develop 
greater force with his legs, use pedals faster, and operate several controls 
with one or both feet.
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Figure �.�(a)  Design of a CRT workstation.
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 3. So that the operator can be protected from vibration while his arms and legs 
are free to use the controls.

 4. When the operator’s workplace is subject to movement. Some additional 
form of support for the body should be provided.

Standing work is to be preferred to sitting in the following cases (standing here 
means that the operator has the ability to move about):

 1. Where greater mobility is required; by taking a step in a particular direc-
tion, the operator can reach considerably more controls.

 2. Where the operator needs to carry out larger movements.
 3. Where movements that require large force over large distances are carried 

out.

It is preferable for the work to be done both standing and sitting in turn, espe-
cially if the operator can choose when and if he or she wants to stand or sit. The 
workplace is then designed for standing work, and a high chair is provided. All 
work surfaces should be adjustable for height, so that they can be set at the height, 
which best suits each individual. If it is not possible to adjust the surface to the 
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Stand that can be
raised and lowered
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50° 
25° 

75° 

25° 45° 
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600 
700 

450 
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Figure �.�(b)  An example of a process control workstation in a power station.
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height required by each person, it is best to set up for the taller person rather than 
the shorter. A shorter person can then raise the chair, and at the same time use a 
footstool. A tall person, on the other hand, cannot become accustomed or adjust to 
working at too low a work height. The recommended heights of working surfaces for 
standing work are shown in Table 6.1. The recommended heights for sitting work are 
shown in Figure 6.6 and Table 6.2.

In the literature, several different heights are recommended for working sur-
faces. This is because sometimes the heights for men and women are differentiated. 
Alternatively, insufficient degree of adjustability may have been allowed for in the 
height of the surface or that a footstool has not been allowed for. In the ‘Total’ col-
umn in Table 6.2, measurements within which the working surface should be adjust-
able are indicated.

For sitting work, the work surface should be a few centimetres lower than the 
elbow height.

Figure 6.7 shows the areas of a horizontal working surface which can be reached 
with and without stretching. A workstation in a control room needs a free table 
surface for drawings, manuals, and handbooks. It must be possible to move the key-
board to increase the available area beside the CRT.

taBle �.1 
recommended Working heights for standing Work

 Work surface height for standing Work (cm)

Work men Women total

Precision work elbow support 102–112 107–117 102–117

Light work, work with small parts 92–102 97–107 92–107

Heavy work, lifting, pressing, etc. 77–92 82–97 77–97

Source: Grandjean (1988).

65–78

10 5

> 13

40–54

cm

28 ± 2

Figure �.�  Workplace for reading and writing.
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�.�  supporting surFaCes

Standing for long periods causes fatigue, reduces performance, and is especially 
stressful for those workers with physical foot, leg, hip, or back problems. Such people 
are dependent on some form of supporting surface to relieve fatiguing and trouble-
some loading on the body. Supporting surfaces for sitting are the most common (see 
Figure 6.8). From a physiological standpoint, chairs should be designed so as not to 
cause pressure on the underside of the thigh. The weight of the body should be taken 
mainly on the ischial tuberosities, the bony points on either side of the base of the 
spine. This will avoid pressure on the underside of the thigh that results in a reduction 
in blood circulation in the legs, and numbs the large nerves that travel down the back 
of the legs. The resultant circulatory difficulties cause the legs and feet to ‘go to sleep’. 
Pressure on the underside of the thigh can be avoided by making the chair sufficiently 
low, and reducing the degree of backwards slope of the seat. The chair should not, 
however, be so low that it causes pressure on the base of the spine. The height should 
be adjustable so that the chair gives suitable support to the tuberosities.

A chair should also be designed so that it gives suitable support to the back 
(particularly the small of the back). The support should not be so great that it hinders 
the movements of the arms and spine. The support should be concave in the hori-
zontal planes and convex in the vertical plane. The back rest gives rise to a force that 
attempts to push the sitter out of his chair, and this may mean that the sitting person 

taBle �.2 
recommended Working heights

 Work surface height for sitting Work (cm)

Work men Women  total

Precision work at close distance 80–100 90–110 80–110

Reading and writing 70–74 74–78 70–78

Typing, handicrafts 65 68 65–70

Source: Grandjean (1988).

100
160

25

50

Figure �.�  Vital measurements for all horizontal working surfaces.
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has to resist this force with the aid of the leg muscles; this in turn produces a static 
loading on the leg muscles. These static muscle forces can be prevented by means of 
a suitable backward sloping of the chair seat and sufficient friction on the seat.

A basic feature for comfortable sitting is that the chair must have a high coef-
ficient of stability—that is, a high resistance to tipping over—which means that the 
base should be as wide as possible. If the floor is uneven, the chair should be adjust-
able, for example, by the use of screwed feet. Preferably, the floor should be level and 
evenly surfaced.

The supporting surfaces that we use may be categorised according to the func-
tion they fulfil. These functions can be divided into the following:

 1. Resting surfaces (e.g., bed)
 2. Looking/listening functions (e.g., TV armchair)
 3. Working function (including looking, listening, speaking and working with 

objects; this may be occasional or full-time)
 4. Special work (e.g., footstools)

6.5.1	 work	funCtion

The functions described in (2) and (3) involve looking, listening, and speaking while 
at the same time working with objects and tools. The function may either be full-
time (such as a chair for typing work) or occasional (such as a visitor’s chair or a 
conference chair). For the full-time function, it is important for the operator to be 
able to adjust every part of the chair so that it is suitable for just that one person. The 
chair does not need to be adjustable for the occasional function. There may even be 
advantages for nonadjustable chairs. For example, in some environments (such as a 

G

H

D

A
C B

I

F

A = Seat height F = Backrest width

I = Backrest radius
(E) = Seat concavity

B = Seat width
C = Seat depth
D = Seat slope

G = Backrest height
H = Backrest centre height

Figure �.�  Vital measurements for a work chair. (E) Note: The concavity of the seat  
cannot be seen in the figure.
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waiting room) difficulties may occur if every user were to make adjustments to the 
chairs. Instead, the chair should be designed so that it is suited to as many of the user 
population as possible. Regarding chair design, there are various seemingly conflict-
ing philosophies. By studying all the arguments for and against these philosophies, 
it becomes clear that they are not in complete contradiction but to a large extent 
complement each other as they represent different types of sitting.

The four different philosophies are:

 1. The ‘classical sitting’ style, first described systematically by Akerblom (1948) 
and later developed by Floyd and coworkers (1958, 1969), among others.

 2. ‘Active sitting’, ‘discovered’ by Mandal (1982), and more recently marketed 
by the Scandinavian furniture company Hag.

 3. ‘Armchair sitting’, proposed primarily by Grandjean (1988).
 4. Culturally-specific sitting.

In this section we describe in detail the principles for these four types of sitting, 
together with some of their advantages and disadvantages.

 1. Classical sitting is best suited to ordinary office work, where the work con-
sists of many different tasks and where it has been possible to design the 
work surfaces to suit the work done on them. The sitting position starts 
from a relatively low (minimum height 35 cm) seat surface, in order to 
reduce pressure on the underside of the thigh, which leans slightly back-
wards to prevent the worker from sliding off. There is a small backrest that 
should provide support for the lower back and to help straighten it up. This 
position gives a limited range of movements and reach. When sitting cor-
rectly, the body is relatively relaxed and balance is achieved by voluntary 
action. The weight of the body is taken mainly on the ischial tuberosities 
(see Figure 6.9).

 2. Active sitting is based on a higher seat tilted forwards, which straightens 
up the back ‘naturally’ (see Figure 6.10). The sitting position gives greater 

37–47 cm

Angle between
seat and things Rounded

front edge

Angled
seat

Adjustable
height

Backrest in the
small of the back

Figure �.�  Classical sitting posture.
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freedom of movement and reach, achieves a better balance, and less room is 
needed for the legs. At the same time, the legs are subjected to a relatively 
high loading, as active sitting gives less support for the body. Recent studies 
show an increase in foot volume and foot complaints for this type of sitting. 
A correct posture for this type of sitting is adopted more or less automati-
cally. The weight of the body is taken on the feet and the ischial tuberosi-
ties. It is well suited to those workplaces where long reach is required (due 
to a large work area) and/or where there is limited leg room. It is also suited 
to situations where there is a frequent change between sitting and standing. 
Combined with a sloping desktop it is also good for handwriting and ordi-
nary reading tasks.

 3. In armchair sitting, the body weight loading is distributed between a large 
part of the back, the ischial tuberosities, and the thighs. There is a large 
backrest and a large seat, both of which lean backwards. The sitting posi-
tion is relatively low, but at the same time allows the best relaxation for the 
body and the best balance. It is best suited to looking/listening functions, 
for example, in conference rooms, control rooms, and for certain types of 
VDU work where the majority of the work is on the VDU with few other 
tasks (see Figure 6.11).

 4. In culturally-specific sitting, there are many different types of traditions. 
Most of these can be related to cross-legged sitting directly on a floor or on 
any type of flat surface. For a person with sufficient flexibility in the legs 
to be able to sit cross-legged, this sitting position has many advantages. 
Automatically, the spine remains erect and in balance without tension in the 

Large angle at
knee joint

Angled
seat

Figure �.10  Active sitting posture.
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back muscles. This is the obvious reason why this sitting position is used for 
mediation and in yoga. Preferably the sitting surface should not be too hard 
or too soft. Some people prefer to sit on a small cushion (a few centimetres 
high).

6.5.2	 speCiAl	funCtions

In those cases where ordinary chairs cannot be used (for example, because the work 
surface is either too high or too low), special chairs can be used. For high work sur-
faces, load can be taken off the feet and legs by use of a ‘shooting stick’. The follow-
ing must be taken into account in the design of these:

 1. They must be able to be raised and lowered.
 2. The support on the floor must not be able to slide away.
 3. The seat surface must have well-rounded edges.
 4. The seat surface must be padded.
 5. The seat material must have good friction.

Figure 6.12 shows a special chair which can be used at both high and low work-
places. It is designed so that it can be easily moved between different workplaces. It 
can be raised from 240 mm to 660 mm above the floor. The seat depth is also adjust-
able and can be turned through ±30 degrees. The seat surface is so designed that the 
operator has support for the ischial tuberosities, while at the same time providing 
relatively good freedom of movement for the legs. The chair is a combination of an 
ordinary chair and a standing support chair/stool.

Chairs for all types of functions are needed in the control room. For normal 
monitoring work where no control or recording function is carried out, the look-
ing/listening chair is perhaps the best. For more intensive recording and keyboard 
work and writing, the chair with the working function is the best. When working for 

37 cm

Figure �.11  Armchair sitting posture.
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longer periods at a panel, where normally only occasional readings have to be taken, 
there may be a need for special chairs of the support type. There is no one combina-
tion chair that fulfils all these three functions. However, attempts have been made 
to produce chairs that satisfactorily fulfil working and certain resting functions (see, 
for example, Figure 6.13).

�.�   examples oF Control room  
  design in a proCess industry

Figure 6.14 shows an example of a layout for a control room. A workplace is placed 
centrally with access to a video display terminal (VDT), keyboard, and special con-
trols. There is also space on the central workplace for writing and for various refer-
ence books. The process, which is assumed to be large, is displayed on the overview 
panel, mainly in the form of static information, but with the insertion of certain 
dynamic information such as the settings of the more important controls, critical 
readings, or deviations from the set values. The overview board is designed so that 
all parts of it are at more or less the same distance from the operator. There is also 
a more traditional office workplace in the control room, where various special tasks 
can be carried out during the daytime.

39

24–76

45

50
39

45

Figure �.12  An example of a ‘standing–sitting’ chair adjustable over a wide range.
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In a control room where several people are working and there is an overview 
panel, it is important that this is positioned so that everyone can see it.

Figure 6.15 shows a more detailed design of a terminal workplace and for many 
ordinary office workplaces. Here, it is important that the workplace really is flexible 
with easily adjustable heights and distances of its various parts. If possible, it should 
also be possible to angle the keyboard and screen as shown in Figure 6.5b.

390–540
430–760

500

400–450

450

130–330

Figure �.1�  Chair for both working and listening/looking, together with certain rest-
ing functions.

Secondary workplace 
with two screens (one 
for alarms) 

Main workplace 
with 3 VDUs 

Overview 
Detail 

Alarms 
Drawing 
board 

Printer 
TV 

Rest area Book shelf 

Overview 
panel 

Restroom Print room 
Coffee,
copying, etc.

Figure �.1�  Example of a process control room design.
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�.1  introduCtion

Environmental factors can be categorised as either physical or chemical in nature. 
Chemical factors usually include dust, gases, vapours, smoke, and various different 
chemicals. This type of problem hopefully has little relevance to most control room 
situations. However, there are a large number of problems that belong to the physical 
category, such as thermal climate (warmth, cold, humidity, and draught), lighting, 
and acoustic climates, which are of particular relevance in the control room situa-
tion. Problems associated with the thermal climate are underestimated in most types 
of control rooms. It is important when dimensioning air-conditioning systems to 
take account of the heat given off by the different pieces of equipment in the control 
room, as these can cause a considerable addition to room heat. This chapter briefly 
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describes various requirements for thermal comfort, lighting, and acoustic climate 
with relevant examples.

Noise arising in the control room can often be distracting, particularly during 
speech or telephone communication. This noise can arise from printers and fans. 
Particular tones may also be given off by different pieces of electronic apparatus, and 
the air-conditioning system can give rise to disturbing levels of noise. Vibration of the 
floor may occur in control rooms attached to a number of industrial processes. Whole-
body vibration of this type may lead to fatigue in the workforce exposed to it.

The most important environmental factor in the control room is usually the light-
ing. Both in the use of visual display unit (VDU) screens and in more traditional con-
trol rooms, the demands on the light fittings are very high. Where VDUs are in use 
it is important to ensure, among other things, that there are no distracting reflections 
on the screen or keyboard. When using a modern VDU screen with diagrams and 
small characters, the light level should be a maximum of 200 to 300 lux, depending 
on the type of visual task occurring in the work. A suitable type of supplementary 
workplace light is often required.

The physical environment should be designed in such a way that the risks of 
injury and health problems are avoided. On the other hand, the environment should 
be designed so that it is comfortable and causes as little trouble and disturbance or 
distraction as possible for the user. The environmental conditions should be designed 
so that they affect people’s working ability as little as possible.

�.2  thermal Climate

The human organism is so designed that it strives to maintain a constant internal 
temperature even during high levels of physical workload. For low physical work-
loads this temperature is 37°C, with certain upward variations in daytime and down-
ward variations at night. If the environmental conditions are such that the body’s 
ability to maintain its temperature at the required level is exceeded, a lack of comfort 
is experienced, and if the stress is sufficiently great there may be detrimental effects 
on health. But problems or lack of comfort can also occur without any change in the 
body’s core temperature. Local cooling or warming can be experienced as uncom-
fortable and help to reduce the level of a person’s mental performance. Local cooling 
may arise, for example, from too great a temperature difference between feet and 
head or between the two sides of the body.

Thermal comfort is a condition where people experience no discomfort from the 
thermal climate, that is, they do not know whether they want it warmer or cooler. 
People are different in their individual preference for climate, and it is therefore 
impossible to create a climate that satisfies everyone whenever there is more than 
one person in a room.

7.2.1	 wHAt	deterMines	tHe	CliMAte?

Human experience of thermal climate is determined by a number of factors in the 
physical environment. It is affected by the ordinary air temperature (Ta), the tem-
perature of the surrounding surfaces (Tg: black globe temperature, related to radiant 
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temperature), air humidity (RH, %), and air movement (V, ms–1). Other important 
factors include activity level and clothing. There are also small differences due to 
gender, race, and age, but these factors are of lesser importance. The metabolic pro-
cesses of the body produce warmth; increasing the workload increases heat produc-
tion. Heat production as a function of activity, clothing, and air speed is given in 
Table 7.1. Control room work with a low loading gives a heat production in the body 
of 100 to 130 W, and 160 to 170 W at high loads.

7.2.2	 teMperAture	indiCes

In order to determine the loading on people from the thermal climate, various types 
of temperature indices can be used. Different climatic indices are used depending 
on whether one is determining the dangers to health or the comfort levels. The index 
most commonly used to determine the effects on health is the wet bulb globe tem-
perature (WBGT) index:

 WBGT = 0.3 Tg + 0.7 Tw (7.1)

where Tg is the globe temperature and Tw is the wet bulb temperature.
Globe temperature is measured using either an electronic or a common mer-

cury-in-glass thermometer mounted inside a black globe 150 mm in diameter, and it 
gives an estimation of the radiant temperature; it is affected by the air temperature, 
the temperatures of the surrounding surfaces, and the air speed. Tw is the wet bulb 
temperature, which is measured with an ordinary thermometer whose bulb is sur-
rounded by a wetted ‘sock’. This should give the ‘natural’ wet bulb temperature.

Where a fan is used to force air past the temperature-sensitive wet bulb, the 
‘psychrometric’ wet bulb temperature is obtained. The natural wet bulb temperature 
represents the air temperature corrected for the relative humidity in the room, and 
with a certain effect from the air movement where this is below about 2 ms–1. Lower 
relative humidities and higher air movements give a lower temperature on the natural 
wet bulb thermometer compared with the ordinary air temperature. Figure 7.1 shows 
the acceptable WBGT values for different time periods and levels of activity.

The area of particular interest in the control room is the ‘comfort region’, and 
a special comfort index may be used to determine this. Many comfort indices have 
been produced. The one with the best foundation is that produced by P.O. Fanger 
(1970), called the Fanger index.

7.2.3	 deterMinAtion	of	tHe	CoMfort	CliMAte

Figure 7.2 and Figure 7.3 show summaries of the comfort criteria according to 
Fanger (1970). The complete calculations and evaluations as produced by Fanger are 
relatively complicated. Here it need only be said that if Fanger’s comfort criteria are 
wholly fulfilled, an estimated minimum of 5% of people will still be displeased with 
the climate (for some people, it will always be too warm or too cold). In other words, 
this is the lowest percentage of dissatisfaction that can be reached. One criterion for 
the climate conditions to be fulfilled is that the climate must be consistent through-
out the whole room, with no variation in different areas or between the floor level 
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and the ceiling level, for example. Neither should there be any cold surfaces in the 
room which could cause cooling or ‘cold radiation’—that is, cold surfaces towards 
which the body emits radiant heat but receives little in return—resulting in a local 
cooling of the body. This can include window areas.

It is most common to find sedentary work in the control room and for operators to 
be lightly clothed. In this case the relative humidity should be around 50%, the maxi-
mum air speed should be 0.1 ms–1, and the air temperature should be 26°C. If it is 

35
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20
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W
BG

T,
 °C

Continuous work
75% work–25% rest/hour
50% work–50% rest/hour
25% work–75% rest/hour

kJ/Time

Figure �.1  Recommended limit values for heat exposure with workload.
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Figure �.2  Proportion of people in any one environment who will be dissatisfied with 
their thermal comfort.
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felt from an economic point of view that this is too high a temperature, the operators 
would have to be asked to wear somewhat warmer clothing such as long trousers and 
a jacket or pullover. With this type of clothing being worn, the conditions should be 
50% relative humidity and 0.1 ms–1 air movement with an air temperature of 23°C.

In control rooms where there is a certain amount of physical activity, such as 
walking between the various control panels and working mainly in a standing posi-
tion, the temperature (with normal clothing) can be dropped to 19 to 20°C and air 
speeds up to 0.2 ms–1 can be accepted. The air speeds in the room will increase in 
any case due to the movement of people in the room.

In many control rooms the work is more sedentary at night than in the daytime 
and it may therefore be best to have slightly higher temperatures at night, 21 to 22°C 
compared to 19 to 20°C during the day.

As different people have varying requirements regarding what is an acceptable 
climate, the operators should be able to regulate the climate. The air humidity should 
be kept between 40 and 60%. If the humidity is low, the air feels cooler, so higher 
air temperatures are needed. Low humidities can cause a drying-out of the mucous 
membranes of the nose and throat, which in turn can lead to an increased risk of 
throat and chest infections.

�.�  lighting Conditions

It is outside the scope of this book to describe in any great detail the basic technical 
concepts behind lighting principles. It is sufficient here to state that the unit used 
for the intensity of illumination at a particular surface—that is, the quantity of light 
falling on a surface from different light sources—is the lux (lumen per square metre 
or lumen/m–2).

An ordinary candle at a distance of 1 metre gives an intensity of about 1 lux; at 
2 m distance, 1/4 lux; at 3 m distance, 1/9 lux; and so forth. In other words, the light 
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Figure �.�  Effect of air speed on optimum comfort temperature.
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intensity is inversely proportional to the square of the distance. Sunlight can give 
light intensities of up to 100,000 lux. The luminance is the ‘lightness’ of a surface. 
This may either be a surface that lights up itself, for example, a VDU screen, a light, 
or a surface that reflects light from other light sources. The usual unit for luminance 
is the candela per square metre (cd/m2). Table 7.2 summarises a number of technical 
terms, units, and relationships.

There are three main areas of human requirements that must be considered when 
designing lighting installations:

 1. Injuries (safety)
 2. Performance effects
 3. Comfort

These requirements are usually considered in other types of ergonomic dimension-
ing work. Both quantitative and qualitative aspects of these three demands will be 
examined in relation to the design of lighting installations.

7.3.1	 ligHting	requireMents	in	tHe	rooM

The lighting intensity in a room must not be so high that there is any risk of injury. 
Considerable problems will arise if the light intensity is high and the light fittings 
are of an unsuitable design that gives rise to glare. Too low a lighting level also 
reduces performance considerably. Research has shown that visual performance 
varies according to different lighting variables (Hopkinson and Collins, 1970). The 
variables that affect visual performance are:

 1. The luminance in the room and especially around the visual object.
 2. The critical size of the visual object, i.e., the smallest element that must be 

distinguished in order for the whole object to be distinguished.
 3. The contrast of the visual object, i.e., the relationship between the dark and 

the light parts of the visual object that have to be distinguished in order for 
the visual object itself to be distinguished.

 4. The viewing time available.

Figure 7.4 summarises the way in which visual performance varies with the dif-
ferent variables.

A suitable illumination level in a control room is about 1000 lux or higher at 
night-time to keep the operators’ arousal at a high level. If VDUs are in use, however, 
the illumination level should be restricted to 300 lux. The luminance distribution in 
the room has to be comfortable. This is determined by the reflection factors on the 
surrounding surfaces. The reflection factors are the proportion of light reflected or 
retransmitted from a surface, varying from 0.0 for totally black to 1.0 for total light 
reflection. The reflection factors of the room surfaces should be about 0.2 to 0.4 on 
floors, 0.4 to 0.6 on walls, and about 0.4 to 0.8 on the ceiling, with the lower values 
being suitable if there is risk of reflections occurring in VDU screens.
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The lighting levels on the working surfaces and control panel should be greater 
than those in the room in general. These surfaces should also have a rather higher 
reflection factor than the room in general in order for the luminance to be higher on 
these surfaces; that is, they should stand out as being brighter than the overall room 
luminance. However, it is important for panels and worktables not to be shiny, oth-
erwise reflections would result. Figure 7.5 gives suggestions for acceptable reflection 
factors in places where VDUs are used.

The design of the light fittings in the control room is very important. In most 
types of control rooms, particularly those with VDUs, it is very important that the 
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Contrast and
luminance
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Size and luminance
constant

Size and contrast
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Figure �.�  Variables affecting visual ability. (From research by Weston, 1962. With 
permission.)

Ceiling R = 0.7 – 0.8 

General lighting 200–300 lux 

Well-shielded 
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R = 0.6 – 0.8 

Adjustable table lamp 

Adjustable VDU screen 
Wall behind VDU screen 
R = 0.4 – 0.5 

Desktop R = 0.3 – 0.45

Ability to reduce
amount of daylight,
e.g., with curtains,
venetian blinds etc.
Opposite wall or 
screen R = 0.3 – 0.45 

Floor: R = 0.2 – 0.4 

Figure �.�  Acceptable reflection factors when using VDUs.
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lights do not cause reflections in the object being viewed. It may often be best to use 
reflective (for example, ‘Paracube’) shading under fluorescent strip lights, as these 
direct the light vertically downwards and give a relatively dark surface when seen 
from the side.

7.3.2	 ligHting	of	diAl	And	Metre	types	of	instruMents

In certain situations a minimal level of lighting is required on older types of dial 
and meter instruments because, among other things, the eyes have to be dark-
adapted while using them. Figure 7.6 shows the possible reading errors due to poor 
luminance on the instrument face. They all should have the same level of lighting. 
A ratio of 7:1 can be allowed between the most strongly and the most dimly lit 
instruments.

Apart from instrument lighting, all direct light towards the operator’s eyes must 
be avoided. Table 7.3 gives recommended values for instrument lighting.

There are two principles in the lighting of instruments, direct and indirect, and 
these will be discussed further.

7.3.3	 direCt	ligHting

This method of lighting is independent of the instrument itself. The lighting can be 
positioned over the instrument and in this way reduce reflections from it. The reflected 
light is directed downwards. The advantages of this method of lighting are:

 1. Lighting is even.
 2. Controls can also be lighted.
 3. The space between the instruments is lit.
 4. Broken bulbs can easily be changed.
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Figure �.�  Reading errors due to luminance.



1�0	 Handbook	of	Control	Room	Design	and	Ergonomics

ta
B

le
 �

.�
 

r
ec

om
m

en
da

ti
on

s 
of

 i
llu

m
in

at
io

n 
of

 i
ns

tr
um

en
ts

r
ec

om
m

en
de

d

u
se

li
gh

ti
ng

te
ch

ni
qu

e
lu

m
in

an
ce

 o
f

m
ar

ki
ng

s 
(c

d/
m

)
a

dj
us

ta
bi

lit
y

M
et

er
 r

ea
di

ng
, d

ar
k 

ad
ap

ta
tio

n 
ne

ce
ss

ar
y

R
ed

 d
ir

ec
te

d 
lig

ht
, d

ir
ec

t o
r 

in
di

re
ct

, o
pe

ra
to

r’
s 

ch
oi

ce
0.

07
–0

.2
C

on
tin

uo
us

M
et

er
 r

ea
di

ng
, d

ar
k 

ad
ap

ta
tio

n 
no

t n
ec

es
sa

ry
 b

ut
 d

es
ir

ab
le

R
ed

 o
r 

w
hi

te
 li

gh
t w

ith
 lo

w
 c

ol
ou

r 
te

m
p.

, d
ir

ec
t o

r 
in

di
re

ct
, o

pe
ra

to
r’

s 
ch

oi
ce

 
0.

07
–3

.4
C

on
tin

uo
us

M
et

er
 r

ea
di

ng
, d

ar
k 

ad
ap

ta
tio

n 
no

t n
ec

es
sa

ry
W

hi
te

 d
ir

ec
te

d 
lig

ht
3.

69
Fi

xe
d 

or
 c

on
tin

uo
us

R
ea

di
ng

 o
f 

te
xt

 o
n 

pa
ne

l, 
da

rk
 a

da
pt

at
io

n 
no

t n
ec

es
sa

ry
R

ed
 b

ui
lt-

in
 li

gh
t o

r 
di

re
ct

ed
 li

gh
t o

r 
bo

th
, o

pe
ra

to
r’

s 
ch

oi
ce

0.
07

–0
.3

C
on

tin
uo

us

R
ea

di
ng

 o
f 

te
xt

 o
n 

co
nt

ro
l p

an
el

, d
ar

k 
ad

ap
ta

tio
n 

no
t n

ec
es

sa
ry

W
hi

te
 d

ir
ec

te
d 

lig
ht

3–
69

Fi
xe

d 
or

 c
on

tin
uo

us

O
pe

ra
to

r 
m

ay
 b

e 
ex

po
se

d 
to

 s
ud

de
n 

br
ig

ht
 li

gh
t s

ou
rc

es
W

hi
te

 d
ir

ec
te

d 
lig

ht
34

–6
9

Fi
xe

d

V
er

y 
gr

ea
t h

ei
gh

ts
, m

in
im

al
 d

ay
lig

ht
 d

ue
 to

 d
es

ig
n 

of
 c

oc
kp

it
W

hi
te

 d
ir

ec
te

d 
lig

ht
 

34
–6

9
Fi

xe
d

D
ia

gr
am

s 
an

d 
ch

ar
t r

ea
di

ng
, d

ar
k 

ad
ap

ta
tio

n 
ne

ce
ss

ar
y

R
ed

 o
r 

w
hi

te
 d

ir
ec

te
d 

lig
ht

, o
pe

ra
to

r’
s 

ch
oi

ce
0.

3–
3.

4
C

on
tin

uo
us

D
ia

gr
am

s 
an

d 
ch

ar
t r

ea
di

ng
, d

ar
k 

ad
ap

ta
tio

n 
no

t n
ec

es
sa

ry
W

hi
te

 d
ir

ec
te

d 
lig

ht
17

–6
9

Fi
xe

d 
or

 c
on

tin
uo

us



Environmental	Factors	in	the	Control	Room	 1�1

The disadvantages with this method of lighting are:

 1. It may be difficult to position the lamp so that it does not block the area 
of view.

 2. Shadows may be produced by the edge or pointer of the instruments.

7.3.4	 indireCt	ligHting

With indirect (in-built) lighting, the lighting is built into the instrument. The advan-
tages are:

 1. The light does not spread to other areas.
 2. The lighting can be tailor-made for each individual instrument.
 3. The light fitting or lamp does not block anything in the workplace.

The disadvantages are:

 1. The area between the instruments is not illuminated, which may make an 
instrument look as though it is ‘floating in midair’.

 2. It may be difficult to achieve even lighting over the face of the whole 
instrument.

The most common in-built lighting systems are:

Indirect lighting—The lighting is placed behind the instrument face, which is 
made of a material which lets sufficient light through.

Edge lighting—This lighting technique works by manufacturing the instru-
ment out of a material, which normally permits light to pass through. The 
instrument is then painted completely black, apart from the figures, which 
are to be read. One advantage for this technique is that different colours can 
be used for different instruments.

Self-illuminating (fluorescent) markings—Here two techniques can be used: 
fluorescent or electro-fluorescent. Electro-fluorescent markings have the 
advantage that they are only illuminated when current is applied. With 
these techniques, only the markings and the numbers/letters on the instru-
ment are seen. The advantages of these techniques are:
1. Even lighting and colour of the markings
2. Ability to change the colours

7.3.5	 ligHting	requireMents	wHere	visuAl		
	 displAy	units	(vdus)	Are	used

Serious visual problems can easily arise in work on VDUs, and this can cause a 
lack of visual comfort, subjective eye troubles, and reduced levels of work perfor-
mance. The problems can be reduced by having a suitable distribution of luminances 
in the room and at the workplace, examples of which are shown in Figure 7.5 and  



1�2	 Handbook	of	Control	Room	Design	and	Ergonomics

Figure 7.7. When working with VDU screens with light text on a dark background, 
the lighting levels in the room must be kept relatively low. However, this must not be 
so low that operators cannot do other visual tasks (for example, reading printed or 
handwritten text). A suitable compromise is a general lighting level of 200 to 300 lux 
with table lighting available which can give a local light level of about 600 lux for 
reading difficult handwritten text or smaller printed text.

Reflections on the keyboard must be avoided. This can be achieved by leaving 
a light-free area over the keyboard. The size of this area is shown in Figure 7.7 and 
depends on the height of the light above the table.

The ceiling lights must also be placed in such a way that they do not give rise 
to reflections in the VDU screen. This can best be done by placing the light close 
enough to the screen so that the reflection occurs below eye height. Practical experi-
ence has shown that there is a limited ‘wedge-shaped’ area (see Figure 7.7) within 
which the lights should be placed. If the lights are installed behind this limit line, 
there is a risk of reflections occurring. This, however, reduces with distance, and the 
risk of reflection is even less if the lamps are shaded (for example, with a Paracube) 
so that they appear dark if viewed from the side. Many lamps suitable for use in 
connection with VDU work have a negligible luminance when viewed from an angle 
greater than 20° from the light axis.

If the limitations regarding reflections on the keyboard and in the screen are 
combined with suitable angles for the light fittings, the result is as shown in Fig-
ure 7.7. Lights should not be positioned within the hatched areas.

In the terminal control room, one can either choose lights that give a mainly 
downwards-directed light, together with sharp edge lines, or ones with ‘softer’ edge 
lines. If the light in the first case is viewed from a sufficiently acute angle, it will 

Desk
Alternative
positions
for VDU

Figure �.�  Ceiling lights must not be placed in the area marked with a vertical stripe for 
VDUs directly in front of the operator, or in the horizontally striped area for VDUs placed 
diagonally to the left of the operator.



Environmental	Factors	in	the	Control	Room	 1��

be seen as being relatively dark and the risk of reflection is relatively small. The 
luminance should be a maximum of 100 cd/m2 at a viewing angle of up to 20°. The 
lighting efficiency of such a lamp is relatively good, but the limiting edge lines are 
very sharp and a small mispositioning of the screen in relation to the light fitting can 
cause severe reflections. If it is known that more flexible furnishing is necessary, it is 
better to choose a light fitting that gives softer shadows and a certain degree of indi-
rect lighting. Table lighting should be arranged so that it does not cause reflections 
on the screen. This means that the table lamp must not be able to be turned in such a 
way that the light source can be seen. The light should instead be able to be adjusted 
by means of movable reflectors placed within the shade. These reflectors can then be 
used to direct the light towards different areas of the table.

It may be necessary to obtain special spectacles for those with visual deficiencies 
in order to provide them with good visual conditions. Ordinary spectacles are often 
designed to allow for reading at a normal distance, ca. 50 cm. Spectacles therefore 
need to be specially ground for reading a VDU screen at a closer distance. If there 
are also overview panels that have to be read at several metres’ distance, a third 
ground area in the spectacles is required for the trifocal or multifocal glasses. When 
ordering spectacles of this type, an optician must be contacted who has a special 
interest in this type of problem. Information on the type and nature of the work 
should be provided in order for the correct grinding to be carried out.

�.�  aCoustiC Climate

The levels of noise present in control rooms are not generally high enough to cause 
hearing damage. Nonetheless, considerable disturbance can be caused by noise. 
Noise is defined as an undesirable sound. It is produced as a succession of pressure 
waves in the air from sources such as vibrating surfaces (e.g., loudspeaker cones, 
equipment panels, or a person’s vocal cords) or air turbulence caused by, for exam-
ple, fans or compressed air outlets. The noise level or ‘sound pressure level’ is usu-
ally measured in decibels (dB).

The full frequency range of human hearing lies between 20 Hertz (Hz) and 
20,000 Hz. As the human ear is less sensitive to sounds at low frequencies and very 
high frequencies, a special weighting is applied to sound measured at different fre-
quencies so that their effect can be compared directly. Known as the A-weighting, 
this mimics both the sensitivity of the ear to sounds at different frequencies and 
also the likelihood of damage occurring to the ear at different frequencies. The A-
weighted decibel is written dBA, although the older notation dB(A) is still seen.

Following a European Directive published in 2002, all countries in the EU now 
have noise regulations that limit the daily average noise levels to which people may 
be exposed at work. The Lower Exposure Action Value (LEAV) is an average over 
the day of 80 dBA, at which point a noise risk assessment should be carried out. The 
Upper Exposure Action Value (UEAV) is set at 85 dBA, and this is taken as the point 
at which the risk of hearing damage starts to rise (with consequent implications for 
health surveillance). The regulations set a daily limit value (ELV) of 87 dBA. Each 
of these criterion values has an associated peak limit level, but sudden peaks of noise 
should not normally be a problem in control rooms.
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7.4.1	 noise	sourCes	And	MeAsureMent

Noise in control rooms can arise from sources within the room, such as fans and 
impact (dot matrix) printers. Fans used to provide cooling to electronic and comput-
erised equipment are often a significant source of control room noise. Impact printers 
have now largely been replaced by inkjet or laser printers, which are generally very 
quiet in operation. External noise sources include air-conditioning systems, where 
the refrigeration pumps, circulating fan, and turbulence in the air emerging from the 
vents can all transmit noise and raise the noise level in the control room. Air turbu-
lence tends to produce higher-frequency noise. Control rooms are often attached to 
the structure of the building in which the industrial process being controlled takes 
place. Where the process produces vibration, this can be transmitted through the 
walls and to the equipment panels in the control room, and this in turn creates noise 
in the room. This type of noise tends to be in the low-frequency range.

In an open space, the noise level reduces by 6 dB for every doubling of dis-
tance from the source in accordance with the inverse square law. In an enclosed 
space such as a control room, however, with sound-reflective surfaces, the level 
drops only while one is close to the source. At a greater distance the noise level 
becomes constant due to the reflections in the room. The noise level will only drop 
by between 3 and 5 dB, even at the corner of the room furthest from the sound 
source. The noise level in a control room can be estimated by the operators using 
a simple rule of thumb as shown in Table 7.4.

Control room operators tend to spend long periods in the control room envi-
ronment. If the noise level in the control room is above 85 dBA, then the operator’s 
daily average exposure is also likely to be above 85 dBA and action would then 
need to be taken to reduce the exposure of the operator. The best solution to this is 
to investigate the origin of the noise and to reduce it at source. This then protects 
everyone in the room, whether operator or visitor. The use of personal ear protec-
tion is not usually recommended in control rooms as it reduces the levels of all 
sounds, not just the background noise, and it can make speech much more difficult 
to hear. There may be situations, however, where the wearing of hearing protection 
may be beneficial.

taBle �.� 
noise in the Workplace en�ironment

test probable noise 
le�el

a risk assessment Will Be needed if 
the noise is like this for more than:

The noise is intrusive but normal 
conversation is possible 

80 dBA 6 hours per day 

You have to shout to talk to 
someone 2 metres away 

85 dBA 2 hours per day 

You have to shout to talk to 
someone 1 metre away 

90 dBA 45 minutes per day 

Source: Hse (2005).
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7.4.2	 noise	And	CoMMuniCAtion

The most important problem with control room noise is that the noise disturbs com-
munication between people and also makes it difficult for the operators to hear the 
various signals from both the control equipment and directly from the process. In 
order for speech to be easily understood, its level must be considerably greater than 
the background level in the room, as some individual speech sounds are much lower 
than the average level of the speech. If the average speech level is approximately the 
same as the background level in the control room, speech would still be mostly intel-
ligible. If it lies at about 5 dB below the background level, it will only be partially 
intelligible even with concentrated listening.

The speech level of operators in a control room will vary widely depending on its 
strength, but a common value lies between 60 and 65 dBA at a distance of 1 metre. 
This means that for speech at a normal conversational level to be heard properly the 
background noise level should not exceed around 55 to 60 dBA. One measure of the 
interfering effect of noise on speech is the Speech Interference Level (SIL) which 
was defined by Beranek as the arithmetic mean of the sound pressure level in the 
octaves: 600 to 1200, 1200 to 2400, and 2400 to 4800 Hz (Beranek, 1954). In line 
with modern sound level metres, the SIL is now calculated as the arithmetic mean 
of the noise levels (in dBA) in the octave bands centred around 1 kHz, 2 kHz, and 4 
kHz. This set of graphs is shown in Figure 7.8.

7.4.3	 noise	And	MAsking

Noise can mask the various signals that it may be necessary for the operator to hear 
as it raises the threshold of audibility of such signals. The effect of masking is very 
complex, and the particular masking effect caused by a noise depends on its level and 
spectral composition. Where a noise consists mainly of a single tone, the greatest 
degree of masking will occur at a frequency one octave higher. It can be seen from 
Figure 7.9, for example, that a tone or a noise with a main frequency of 200 Hz and a 
level of 60 dB will completely mask a signal of 1000 Hz at 25 dB (everything under 
the continuous line is masked).

On the other hand, if the level of the masking noise at 200 Hz is dropped to 40 
dB, the signal will be heard, as only sounds under the dashed line will be masked. 
Figure 7.9 also shows the masking effect of 60 and 30 dB tones at 3500 Hz. Broad-
band noise (for example, ‘white’ or ‘pink’ noise) will cause masking over most of the 
auditory spectrum, although higher frequency noise from fans and air-conditioning 
will affect the intelligibility of speech more than lower frequency noise.

Figure 7.9 shows that the masking effect is greater for frequencies higher than 
the frequency of the masking noise itself. Different types of noise are associated 
with different degrees of disturbance:

More Disturbing   Less Disturbing
High frequencies   Low frequencies
High noise levels   Low noise levels
Intermittent noise   Continuous noise
Unexpected noise   Predictable noise
Unexplained or unreasonable noise Noise that appears reasonable
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Noise is known to cause increased levels of stress in the human body, but although 
the effect of noise on accident frequency has been studied, no clear-cut results have 
emerged. There is a tendency, however, for accidents and mistakes to occur more fre-
quently in noisy workplaces, especially where a certain degree of concentration (on 
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Figure �.�  Masking produced by pure tones. (VanCott and Kinkade, 1972. With permission.)
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Figure �.�  Relations between voice level, distance, and speech interference level (SIL). 
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distance between the speaker and the hearer (x axis) and the maximum background noise 
levels in which speech is intelligible for communication using a normal, raised, very loud, 
and shouting voice.
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machines, screens, and so forth) is required. Noise, especially intermittent or high fre-
quency noise or noise at a high level, will cause more errors in the operator’s work.

7.4.4	 noise	reduCtion

To maintain efficiency and for good communication, the noise levels in control rooms 
should be kept as low as possible. There are three main points at which noise can be 
reduced before it is perceived by the ear: the source, the pathway, and the receiver:

 Source → Pathway → Receiver

The following are three ways in which noise levels can be reduced:

 1. Reduce the noise level at the source: i.e., take action at the source.
 2. Prevent the noise spreading from the source: i.e., take action at the pathway.
 3. Give the person affected some form of hearing protector: i.e., take action 

with the receiver.

Hearing protectors should not be used in the control room. The work is such that 
the use of hearing protectors will cause communication problems and could also 
disturb the work. An attempt should be made to prevent noise from being created. 
The following methods may be used to reduce the noise generated:

 1. The forces that cause the vibration of the different machine or equipment 
parts should be localised as much as possible, reduced, or, if possible, elim-
inated. Rotating parts such as fan blades should be well balanced, and fans 
should be mounted in heavy casings with flexible mountings to minimise 
the transfer of vibration to other surfaces.

 2. Resonance of the various parts of the machine and plates should be 
stopped. This can be achieved by damping material or increasing their 
stiffness or weight.

 3. The noise may be reduced by reducing the area of the vibrating parts.
 4. The noise-radiating characteristics of the noise source can be changed by 

changing the fixing positions of the vibrating surfaces.
 5. Noise from air movement should be reduced using acoustically-absorbent lin-

ings in ducts or by using an ‘acoustic tunnel’ to absorb the noise from the unit.

It is less common in modern control rooms to find noisy items such as impact 
printers. Where these or other noise sources are found, however, a common method of 
noise reduction is to prevent the spread of noise from the source by using an acoustic 
enclosure. This is often also a sufficiently good way of preventing noise disturbance. 
Any noise-reduction enclosure installed should not interfere with the control room 
work to be carried out. Most types of enclosure, for example, hinder visual tasks. 
Enclosure of printers used in computer installations often makes it considerably more 
difficult to read the printed paper. Such a situation may sometimes be ameliorated by 
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installing special lighting inside the enclosure. Enclosures should be provided with 
sufficiently large windows that have some form of antireflection treatment.

The walls between ordinary offices have a sound reduction effect of about 30 dB. 
The walls of control rooms should be provided with at least 35 to 40 dB reduction, 
and restrooms where privacy is required should have a noise attenuation of around 
50 dB.

One general background noise that often occurs in control rooms is the noise 
from fans used for ventilation of both the computer equipment and the room. In the 
worst cases, the noise from the fans can rise to over 70 dBA. The equipment and 
the control room itself should be ventilated to ensure that noise levels do not exceed 
35 dBA. This is usually easily arranged by providing the ventilation ducting with 
internal sound-insulating material or in some cases by installing special acoustic 
baffles.

Infrasound—that is, sounds at frequencies below the audible range—may cause 
subjective problems and perhaps also have a negative effect on the level of alertness. 
Infrasound may occur, for example, in air-conditioning systems, water turbines (such 
as in a power station), silo installations, and dryers.

7.4.5	 vibrAtion

In control rooms, hand-arm vibration is rarely a problem. But significant levels of 
whole-body vibration (WBV) can often occur where the process vibrates and the 
control room is attached to the same structure as the process. This can occur, for 

Figure �.10  Control room mounted on a primary crusher in a quarry. The WBV-weighted 
vibration on the floor of this control room exceeded 1.15 ms–2 on one axis. (Photograph by 
A. Nicholl.)
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example, where shakers are used in the process, or where a control room is mounted 
on a large vibrating machine such as a mobile crusher in a quarry (Figure 7.10). 
Vibrations from the process are transmitted to the floor of the control room, and 
hence to the operator’s chair.

As with noise, regulations produced under the EU Physical Agents Vibration 
Directive (2002) limit the average daily WBV exposure. The limits are based on 
comfort criteria. Vibration in control rooms is usually of low frequency; in the case 
of the quarry crusher, there were also random jolts as the rock was crushed.

The best solution to the problem of vibration is to isolate the control room from the 
process, a solution best introduced at the design stage of a project. Once the control 
room is installed, seats specially designed to reduce the seated operator’s vibration 
level may be needed in order to reduce the transmission of vibration to the operator. 
Such seats need to be designed for the range of frequencies found in the vibration, and 
also to be adjustable for the weight of the operator. They also need to damp vibration 
in the lateral and fore-and-aft directions as well as the vertical direction.

Whole-body vibration can cause a range of musculoskeletal problems. It causes 
the muscles to tense up in order to counteract the shaking of the body, leading to 
fatigue and stress, and it can aggravate back pain. This can lead to a reduced level of 
attention on the task. WBV can also make instruments, labels, and documents dif-
ficult to read, where either the operator or the instrument, or both, are vibrating.
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�.1  Cases oF Control Centres, displays,  
  FunCtionality, and layout

A hundred years ago, control rooms looked beautiful with all copper and brass shafts 
and wheels, and mechanical displays. During the 1970s and 1980s computerisation 
and standardisation became the norm. Every part of an industrial plant had its own 
control room. Everything possible was displayed and logged, and enormous amounts 
of data were stored in files. Proportional, integrational, differential (PID) controls 
were implemented on a large scale, and alarms were installed on an equally large 
scale (Figure 8.1).

The final years of the 1990s and the beginning of the twenty-first century saw a 
centralisation of the control room operations so that the number of necessary con-
trol rooms was often reduced to only one or two in a complete industrial plant. No 
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longer are operators handling a small part of the plant that they know in great detail. 
Instead they work in teams who cover the complete plant, or at least major parts of 
the plant.

This change in control room focus also brought about changes in the need for 
much more automatic controls and decision support tools. It is not enough to collect 
a lot of data. What is important is to be able to make use of these data to enhance 
the production, minimise the quality variations, minimise shut downs, avoid envi-
ronmental harmful emissions from the plant, reduce risks for accidents, and so forth. 
Commercial pressures mean that all this should be done with fewer people. From 
a situation where the focus was on local displays for a smaller part of the plant, 
organisations now need a control room where small displays interact with large dis-
plays and with possibilities for conferences to share and exchange information, and 
a pleasant environment for the operators.

One of the leaders in this area is the multinational conglomerate Asea Brown 
Bouverie (ABB). They have created a concept where a few separate computer displays 
on a desk can be lowered or raised as needed by the operators. Above the desk are a 
number of large displays. There is no possibility for the operators to walk between 
the desk and the large screens, as this might block the visibility of the screen for the 
other operators. ABB realises that it is also important to have information displayed 
on such a scale to be readable from a distance. When a particular operator is working 
with data in the smaller displays and needs a second opinion from colleagues, the 
operator can bring up that part of the process on the large display. Everyone in the 
room with relevant knowledge can contribute to the discussion. When the operators 
need more information to solve a problem, the technology can also display images 
from cameras or videos situated within the plant.

On the smaller displays it may be possible to display, relatively easily, a whole 
section of the plant from one end to the other. This is much better than having a 
series of very small pictures to provide an overview. Data can also be combined by 
displaying the process flow sheet on the large screen while trend displays are dis-
played on the small screens (Figure 8.2).

Figure �.1  The control room at Västerås old power plant (around 1920).
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When the operators need to sit and discuss problems, they are able to do this 
alongside the displays at conference tables (Figure 8.3). These tables intended for 
conference meetings have been designed into the layout of the control room and are 
thus adjacent to the data displays. Restrooms and similar facilities are close so that 
operators can be brought in quickly when needed. An example of such a modern 
control room design is shown in Figure 8.4.

Formerly, everyone using a computer screen received the same information from 
the computer system (Figures 8.5 and 8.6). Nowadays, a new trend is to person-
alise the displays. This is important because each individual person or team should 
receive the information relevant to his or her particular role in the plant operations. 
The maintenance people should get the information relevant for service and mainte-
nance, the production manager should get the overall picture that is relevant for the 
planning of the whole process, and the process engineers should have the possibility 
to go into deeper depth of the process information system to develop the process or 
diagnose the process performance. For the management it may be no technical infor-
mation at all but only some key information about process stability, mainly focusing 
on production level, quality, material flow, and similar tasks, as well as order book-
ing and deliveries.

This differentiation has both advantages and disadvantages depending on the 
perspective. It may give the possibility to differentiate the information so that differ-
ent operators have their own displays. This has the advantage to make each operator 
happy, but the disadvantage is that it may be more difficult to operate the plant in 
the same way for different shifts if everyone is allowed to modify the information 
he or she should retrieve. So decisions must be made on a strategic level about what 
differentiations may be allowed and what needs to be standardised.

Figure �.2  Modern control: The demonstration system at ABB.
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8.1.1	 soMe	experienCes	froM	tHe	field

Starting in 2004, a major rebuild was carried out at a pulp and paper mill, Korsnäs, 
in Gävle, Sweden. The company closed thirteen control rooms and replaced these 
with only two new control rooms. At the same time, the staff was reorganised so 
that the complete production process became the responsibility of only one produc-
tion team. Similarly, only one manager was responsible for the complete production 

Figure �.�  Large screen used to show details for a large group so that discussions can be 
made to solve problems together.

Figure �.�  Modern control room layout at ABB.
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process. Functional departments were replaced. So instead of having departments 
with control engineering, maintenance department, and so forth, these functions 
were integrated in the new production team for the fibre line, and respectively the 
paper mill and the recovery area. The production teams directed how the operations 
should be performed by all shifts. This avoided the problem of different shift teams 
operating in different ways. In this new way of working, the goal is to identify the 
best possible way and then every team should follow that direction.

In 2005, Billerud, an integrated pulp and paper mill located in the town of Skär-
blacka in southwest Sweden, rebuilt its power plant. Using a Distributed Control 

Figure �.�  Siemens system at Billerud, Skärblacka: Large and small screens combined.

Figure �.�  Personalised workplace with filtered information.
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System (DCS) from Siemens, Billerud reconfigured its control rooms in a similar 
manner to those at ABB. The emphasis is on clear, unambiguous process data. Now, 
data can be displayed on large display screens to complement the data displayed 
on smaller monitors. As necessary, the operators can view data from different per-
spectives and with different emphasis. Operators can also combine their specialised 
knowledge in collaborative working and decision making. At Billerud, the process 
displays are configured in a slightly different layout, but otherwise the structure is 
similar. Other, but alike examples are shown in Figure 8.7 and Figure 8.8.

Figure �.�  Old control panels are removed from the Mälarenergi control room.

Figure �.�  After the rebuild in 2005, the new control room has a combination of large 
displays on the wall and a number of small screens for the operators.
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As shown in the figures, the operators have an overview picture of the plant on 
the large screen and to the right there is the alarm list displayed on such a scale that 
it is easy for the operators to read. The small screens display details of the process. 
Operators choose between the two types of displays as appropriate. As in the case 
with the ABB system, there is no possibility for an operator to walk in between the 
small screens and the large screens and restrict the view of colleagues.

Mälarenergi is a power company with its central power production plant in 
Västerås, Sweden. In 2005 Mälarenergi made a major revision of the plant control 
room. The DCS system is primarily an ABB Advant system, although older versions 
also exist. Until 2005, Mälarenergi also used the old ‘pulpit’ type of controls with 
hard-wired controls and displays in parallel to the more modern computerised con-
trols. As part of its plant upgrade, Mälarenergi modernised its control room to give a 
common working environment for the operators and process engineers. At the same 
time, the hardware types of displays were removed, as shown in Figure 8.7. Instead 
the designers installed a combination of large screens and small displays. This new 
configuration gave the operators a much more modern environment according to 
guidelines recommended by ABB. Here each operator station has four screens kept 
together, as seen in Figure 8.9.

After the project manager at Mälarenergi and his team had gained experience 
with the new system, he summarised its advantages and disadvantages. The advan-
tages of the new control room and the new computer system are:

 1. The hardware has much higher capacity.
 2. All parts of the process and all systems have the same layout, which makes 

it easier to recognise what is happening.
 3. You can work only in a Windows environment and do not need to keep up 

with UNIX, OPEN-VMS, or other platforms any more.

Figure �.�  Each operator workstation has four screens to see both overview and detail.
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 4. The new aspect system introduced by ABB makes it easy to find different 
types of information for specific equipment or parts of the process without 
having to navigate from far away.

 5. You have direct access to the Internet and other online resources.
 6. You have a major possibility to customise your own displays with the infor-

mation you really need.

Disadvantages with the new system compared to the old pulpit system are:

 1. Every time there is a new version of software, for example, there is a need for 
upgrading. This was not needed before the controls were computerised.

 2. The software solutions are probably more sensitive compared to the old hard-
ware solutions, although the software solutions also have many new features.

 3. You need to make lots of movements of the mouse to navigate the dis-
play system.

 4. Some of the older operators find it more difficult to learn the new system 
with more functions

 5. The overview of the process is not as good as with the pulpit system.

Even if there are some drawbacks with the new computer-based systems, it 
is also obvious that the functionality is much higher. New types of functions for 
advanced diagnostics and control can be implemented. Also, with the large screens 
on the wall, the overview is significantly better than when there were only small 
screens on desks.

8.1.2	 future	trends

What we can see as a future trend is more of the ‘pump up’ types of functions. As 
long as a process is going well, there is no need for information about it. But when 
something starts to go wrong, an early warning should show up with all information 
relevant for diagnosing the problem. There may also be a need for more advanced 
types of graphics. If you are out in the plant you see everything as three-dimensional 
(3-D), but on the display everything is two-dimensional (2-D). To make it easier to 
see where something is situated, such as sensors, it may be good to have 3-D dis-
plays—for example, an image that zooms in on a sensor when a fault is detected. 
Another future trend will be the display of new types of data and information than 
before. To date, the majority of information has only been available on a ‘stand-
alone’ basis. Trends of change can be observed from separate images. These can be 
filtered to reveal the core of important data. This allows particular segments of data 
to be compared.

In the future it will be possible to produce different types of key performance 
indicators (KPIs) for different parts of the process. It will also be possible to follow 
these step-by-step to understand the process and the symptoms of any faults that 
build up over time. Operators will be able to construct different types of process 
models and then to fine-tune these online using new process data, after verification 
of the quality of this collected data.
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8.1.3	 tHe	Control	rooM	As	pArt	of	An		
	 integrAted	proCess	design:	storA	enso

Stora Enso is an integrated paper, packaging, and forest products company based 
in the west of Sweden.� The group has 46,000 employees in 40 countries. In 2005, 
Stora Enso made total sales of €13.2 billion. Founded at the end of the nineteenth 
century, the company now exports 85% of its production. With a production capac-
ity of 1 million tonnes annually, the company’s paper mill is one of the largest in 
the world. Stora Enso’s paper mill has a thoroughly developed control room that 
is impressive for its merging of environmental design and architecture. Stora Enso 
regards fundamental design as important. The company has thus expended much 
effort on its organisational design with a matching architectural design.

The control room is an integrated feature of the papermaking process and has 
been designed in such a way that, although physically separate from the manufac-
turing area, it seems to be a part of this facility. This is achieved by aligning the 
ceiling height of the control room with the ceiling height of the paper mill hall. 
The high ceiling height and the ceiling height compatibility encourage the operators 
not only to feel physically part of the paper mill but also psychologically so. This 
design makes the environment amenable to operator control of the manufacturing 
process, while allowing verbal communication between the operators in their work. 
Sensitive design has reduced to a minimum the ambient noise and vibration. This 
has been achieved by the use of double glazing, and special locks and door-opening 
mechanisms. Excessive noise and air pollutants are thus prevented from entering the 
control room. A specially constructed floor neutralises vibrations from the adjacent 
manufacturing area and prevents vibrations from disturbing the control room work 
and its electronic equipment. Similarly, lighting design is rather sophisticated. All 
lighting is glare-free. The positioning and direction of lighting fixtures add to the 
psychological feeling of that operators and their work environment are a part of the 
paper mill hall. Furniture design, including chairs and desks, and the positioning of 
displays all meet reasonably good ergonomics standards.

A key feature of Stora Enso’s organisation design is the support of control room 
operators who are ‘all-rounders’ and skilled in multitasks. Specialisation is avoided 
as much as possible, as this restricts an operator’s skills and competencies. Control 
room operators are obliged to work both in the control room and out in the paper mill. 
Their work tasks encompass process servicing and some aspects of maintenance and 
repair work. Control room operators are well-educated engineers; currently, they are 
discussing the need to employ some specialists in information and communication 
technologies (ICT). In this high-tech environment, supervision, maintenance, and 
development of information technology (IT) are of increasing importance.

Control room operators are also involved in development work. To a large extent 
this type of work is done in meeting rooms that are an integral part of the control 
room. Stora Enso also provides continuous training in different job-related areas. 
Although continuous learning is an everyday feature of the operators’ work, there 
are no special simulation facilities in the existing control system. The computers that 

� Data for the case study were generously provided by Stora Enso in face-to-face interviews with selected 
managers, from company documents, and from the company’s Web site.
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are part of the process control system are not directly used in any systematic way for 
training and development.

An area for future improvement is the lack of availability of large-scale over-
view displays. Today the operators use static, paper-based drawings of the whole 
process (observable in the right-hand background in Figure 8.10). Stora Enso has 
investigated this possibility but say they are unable to identify any suitable products 
currently available. As soon as the market can offer some good solutions, they plan 
to develop large-scale overview displays for their own purposes.

�.2  Control rooms For poWer  
  generation and distriBution

Hydroelectric power stations produce the vast majority of Sweden’s production of 
electricity.� The system for production consists of reservoirs and dams in the upper 
parts of Sweden’s network of very large rivers. Reducing the upper water levels in the 
dams produces the static energy used to generate dynamic energy. Turbines convert 
this dynamic energy into electricity via electrical generators. After being transformed 
into an appropriate voltage, the electrical energy is distributed via a vast network of 
power grids throughout the country. In this way, the electricity is carried from the 
remotely situated dams to populated areas and industries. Until fairly recently, the 
cabling was mainly mounted on very high-level pillars. Nowadays, the grids nearby 
populated areas are channelled mainly underground. High volumes of electricity are 
distributed via underwater cables along the coastlines or across the seas.

Power generation—including the dams, dam gates, turbines, and electrical gen-
erators—is supervised and controlled from special control centres, including control 
rooms manned by people. In the past a large proportion of the control and logistical 

� Data for the case study were generously provided by Vattenfall in face-to-face interviews with selected 
managers, from company documents, and from the company’s Web site.  

Figure �.10  Overview of the ‘high ceiling’ control room at Stora Enso.
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manoeuvring was done manually. Successive technical devices have taken over most 
control functions. Mainly responsible for routine monitoring of the system, the oper-
ators have a key role in intervening in order to avoid malfunctions and accidents. 
Over the past decades there has been a separation of the control rooms for function 
of electricity production and the control of electricity distribution.

A central control room monitors and controls the overall production and dis-
tribution of electricity, including the import and export of electricity for the whole 
country. This centralised national control centre could handle (at least in theory) 
all of the monitoring and control functions for the whole country. In practice, it is 
thought wise to maintain a number of regional control centres to supplement the 
local centres and the control rooms for the production of electricity. In 2007, there 
were only three regional control centres. In the future these might be reduced to one 
or two.

In the past the people working in control rooms and at the local control centres 
placed a strong emphasis on the practical value of having personnel close to key 
parts of the distribution grid, including the power production control rooms. Local 
knowledge, in the form of tacit knowledge, is of great value to reduce disturbances 
when there are major fluctuations in electrical supply, such as during large storms. 
When parts of the distribution grid are disrupted and become incapable of electrical 
distribution, there is a risk that the problem will create a local backlog. This could 
result in an overloading of the remaining parts of the network, and might disrupt 
even larger areas of the network. It is not difficult to imagine the knock-on effect 
from a minor problem spreading into larger regions, causing large numbers of people 
and organisations to be without electricity.

Thus one important area of technical and human-technology risk management 
is to define the optimal combination of the automated system in relation to human 
operator support. In the past, a weakness of the system has been in fully understand-
ing the actual capability of the human operators. In this context, a classic dilemma is 
local knowledge versus centralised decision making.

The enormously large dams represent another area of technical risk manage-
ment. In fact, all of the different types of related technologies needed to generate 
and distribute electricity involve degrees of technical risk. The automation system as 
such also represents a degree of risk. The related computer system and its software 
is, to an increasing degree, an important risk factor. To cover this part of the system, 
an appropriate risk management capability is needed. This capability also includes 
available skills and knowledge among the control room operators.

Other sectors of the ‘control room industry’, such as the paper and pulp industry, 
are considering the use of operators specialising in software engineering on twenty-
four-hour duty rosters.

In the past control rooms were more or less allocated near to most power gen-
eration sites. Nowadays, it is only necessary to have a few control rooms cover a 
large number of power generation units and related dams. One consequence of this 
development is the obvious reduction in the access to local knowledge among the 
operators. One control room might control an area of many hundreds of kilome-
tres. An additional problem is that supplementary human visual contact is needed to 
ensure the more direct supervision of dam gates and other areas. In this new context, 
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supervision needs to rely on supplementary use of locally placed video cameras con-
nected to related displays in the control rooms. Today, the quality of video display 
techniques is of rather high quality, but there remains the issue that the video images 
are two-dimensional whereas the real world is at least three-dimensional. The fourth 
dimension (time) has also to be taken into account. For example, an operator might 
have difficulty perceiving slow changes in the environment such as a slowly increas-
ing water level. Even in real life this can be difficult. The on-screen technical repre-
sentation of the real-life environment might make the changing situation even more 
difficult to decode. This does not matter too much if the operators are well acquainted 
with the form and function of the real-world situation and have good local (that is, 
individual) knowledge. Thus equipped, the operators can to some extent mentally 
visualise the third dimension and add this picture to what they see on the screen. 
To some extent, they can also partly (but not fully) visualise the fourth dimension, 
time.

An additional problem is that there is also a need to add on different forms of 
security displays to control illegal entry via gates, doors, and other access points. 
A big difference today compared to previously is that there are increased numbers 
of video displays to handle the control and supervision of all stages in the power 
generation process. One reason for these changes is the increase in the numbers of 
threats by groups with a politicised agenda. However, when localised (individual) 
knowledge is missing, the task becomes even more difficult.

Some decades ago, research into control room work and automation involved 
intensive debate about the need for an overview of the function of the different subsys-
tems in relation to the overall system. The old types of control panels frequently con-
sisted of functional drawings of the related process, including analogue (frequently 
online) instruments for important variables and also some controls (knobs and dials 
for making adjustments and on-off switches). The positioning of the controls, visible 
to the operators, meant that the controls as such also became displays of the current 
control status. In the era of intensive computerisation of the control process, the old 
fixed panels were removed. The old inflexible hardware was replaced by keyboards 
and cathode ray tube (CRT) displays. Obviously the new solutions were much more 
flexible and thus it was much easier to update the changes in the process.

However, at the same time, the advantages of having a good overview of the 
system were lost. A major problem is the fact that the display modality of control 
positioning has disappeared. This means that the operator receives no immediate 
visual feedback from the positioning of the controls’ (knobs and levers) current sta-
tus. A striking example is the use of a manual gear stick of a truck. By looking down 
at the position of the gear stick the driver receives immediate visual feedback. For 
a practiced driver it might be sufficient simply to feel the position of the gear stick. 
This kind of visual feedback is lacking for the operator who is only using a keyboard. 
This is the negative functional trade-off from the flexibility offered by the keyboard. 
In the future this deficiency has to be resolved. It might be difficult to return to the 
old types of controls in the forms of knobs, dials, levers, and so forth. But it might be 
useful to include into the display the control positionings or control status. In some 
special cases it might even be prudent to use ‘old-fashioned’ types of controls.
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In many modern control rooms (not only in power control rooms), the design of 
the information presented to the operator seems to distance itself from the real-world 
process that it should represent. It is important that the information presented gives 
the operator the correct and optimal feeling for the process and its current status. 
This should be the main role of an overview process display. This display should 
continuously support and update the operator’s mental and tacit model of the ongo-
ing real-life process.

It is a risk to put too high a degree of emphasis on local desktop displays. The 
desktop should give detailed information. Frequently, an operator works with several 
desktop displays in parallel. It is important that the different displays represent dif-
ferent modalities. The overview display should show a representation of the status 
of the main process.

Overall, existing displays seem to be orientated more towards rather static infor-
mation in the form of different types of important indicators—for example, numeri-
cal. Ideally, such information should be process and dynamic orientated in a graphic 
image form. New display techniques for macro presentations of overall functions of 
processes could probably improve the operators’ understanding and ability to inter-
vene rapidly and appropriately. Investments in these types of new displays are most 
likely very cost effective.

Earlier in this handbook, Figure 6.14 showed an example of a layout for a con-
trol room. A workplace is placed centrally with access to a display unit, keyboard, 
and special controls. There is also space on the central workspace for writing and 
for various reference books. The process, which is assumed to be large, is displayed 
on the overview panel, mainly in the form of static information. Inserted into the 
display is certain dynamic information, such as the settings of the more important 
controls, critical readings, or deviations from the set values. The overview board is 
designed so that all parts of it are at more or less the same distance from the operator. 
There is also a more traditional office workplace in the control room, where various 
special tasks can be carried out during daytime.

In a control room where there is an overview panel and several people are work-
ing, it is important that this is positioned so that everyone can see it.

A later section (Chapter 11) of this handbook describes the design of learning 
and creativity at work. In most control rooms for power generation the operators are 
underloaded. In such a situation, the work tasks do not prepare the operators for the 
more demanding tasks that occur, albeit infrequently. There might be hours or days 
between major highly demanding tasks. The main reason for having operators in a 
control room is to handle these high-peak critical tasks. It is important for the opera-
tors to prepare themselves for these essential situations. One way is for the opera-
tors to use the existing computer systems to simulate possible breakdowns or other 
types of critical incidents. This will allow the operators to improve their ability in 
handling disturbances. They will also obtain improved knowledge and insight into 
the function of the control system and the processes controlled by the automation. 
As a part of this simulation training, the operators themselves can contribute to the 
development of the system and its automation. If the operators become proactive in 
the development of their own workplace and its related tasks, they will also become 
much more motivated and creative.
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�.�  trading oF energy and environmental issues

In this case study we describe the control rooms and systems employed in the trading 
and brokerage of energy.� We describe a brief history of the growth of trading and 
discuss the roles of trading in current-day commerce. We use a contemporary case 
study to exemplify the trading of energy and associated environmental issues. Using 
this background we discuss how control room design and management contribute to 
an amenable workplace environment in which traders can work. In our conclusions 
we offer a number of proposals for control room design and management.

Our case study example is Vattenfall, a Swedish energy generating and trading 
company. Vattenfall (the name means waterfall) traces its historical roots back to 
1899 when the Swedish Parliament passed legislation to use water rights for indus-
trial purposes and set up an organisation called the Waterfall Committee to man-
age this natural resource. Nowadays, energy trading is a key feature of Vattenfall’s 
business model and is a fundamental part of the company’s value chain. For several 
decades, Vattenfall’s energy production and physical flows have been controlled and 
monitored in the company’s national, regional, and local control rooms. Separately, 
other types of the company’s control rooms monitor financial and informational data 
flows. Together these control rooms monitor the diverse information needed for the 
business processes and help optimise energy supply and energy demand. However, 
the scope of financial trading is much wider than, and independent of, the production 
and distribution of energy. This form of commodity trading exemplifies a business 
environment that depends heavily on highly competent financial traders processing 
diverse information in rapidly changing real-time scenarios. The traders rely on accu-
rate presentation of salient data in order to understand evolving market movements.

8.3.1	 growtH	And	developMent	of	tHe		
	 trAding	And	brokerAge	industries

Traditionally, brokerage and trading services are associated with the financial mar-
kets. Early systems of credit and debit were practiced in Cairo from the eleventh cen-
tury as the city benefited from being at the crossroads of the spice route from Asia to 
Europe. Venice, which had been an international trading centre for several centuries, 
rose to prominence in the twelfth century. Capitalising on its position as one of four 
city-states in Italy and its strategic location on the Adriatic Sea, Venice was ideally 
placed for trading with Byzantium and Asia Minor, which were at the western edges 
of the Silk Road. In 1295, the Venetian trader and explorer Marco Polo (1254–1324) 
returned from his travels with unbelievable tales of distant lands and opportunities 
for trade with central Asia and beyond.

In northern Europe from the twelfth century, debt trading and systems of broker-
age were features of commerce in France and Flanders (now parts of Belgium and 
Holland). In the wake of burgeoning mercantilism, bourses opened in Bruges (1309) 
to service the trade in wool and cloth and in Antwerp (1460) to finance the trade 

� Data for the case study were generously provided by Vattenfall in face-to-face interviews with selected 
managers, from company documents, and from the company’s Web site.
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in diamonds. The following century saw bourses opened in Lyon (1506), Toulouse 
(1549), Hamburg (1558), and London (1571). These were followed, in the seventeenth 
century, by bourses in Ghent, the centre for the trade in wool and cloth weaving, and 
Amsterdam, a centre for maritime trade. The growth of overseas trade links was 
accompanied by markets in commodities and futures. In 1773, London traders who 
had been meeting informally in the coffee houses that sprang up were able to meet 
in a building designated the Stock Exchange.

Trading in commodities such as natural resources has an illustrious heritage. 
Around 2500–2000 B.C.E. Sumerian traders in Mesopotamia (now Iraq) carved on 
tablets of clay records of their commerce in livestock and precious natural objects 
such as stones and seashells. Called cuneiform, this is said to be the earliest system 
of writing.

8.3.2	 trAditionAl	Models	of	trAding	And		
	 brokerAge	And	eMerging	trends

The introduction of the free-market economy from the end of the nineteenth cen-
tury and the past hundred years has had a dramatic impact on trading and broker-
age. Trading is conducted to generate profits for individuals or a single business 
entity. Brokerage is conducted from an intermediary position between buyers and 
sellers. Profits are generated by differentials in prices between the buying price and 
the selling price. In the late twentieth century, brokerage and trading became more 
closely integrated. This was partly driven by developments in technology and chang-
ing global geopolitics. With the breaking down of national borders in the interests 
of trade and the increased power of electronic media, the ‘borderless world’ became 
a reality. In an international and global context, complexity gave way to relative 
simplicity. Databases continue to expand in size and scope. Contextual complexity 
is reduced to standardised commoditisation. The total flows of information and its 
ready accessibility sets an open environment for globalisation.

In the European Union (EU) arena of energy and related environmental trading, 
the main objective is to optimise the access to environmentally friendly energy at 
the lowest possible cost. This process of trading is obviously also dependent on the 
availability of a physical infrastructure. This structure of logistics includes all areas 
of distribution of commodities but the infrastructure for production and distribution 
of electricity is particularly important.

The workplace environments of the trading and brokerage personnel increas-
ingly resemble the control rooms found in industrial settings. At the same time, trad-
ing and brokerage activity in different contexts have become more similar. At times 
it is difficult to identify the optimum environment and setting for any given control 
situation. Free-market concepts are governing the principles and methods being used 
in this daily work. Increasingly, different areas of trading and brokerage use the 
same types of databases. The concepts of corporate social responsibility (CSR) and 
other forms of ethics have been developed in these types of industries. Brokerage 
and trading can be seen as industries of their own accord. Today financial trading 
and brokerage can be found in many different industry sections and with many dif-
ferent applications. In the financial services industry, one area that is growing very 



21�	 Handbook	of	Control	Room	Design	and	Ergonomics

rapidly is related to trading in energy and related environmental issues.� In Europe, 
financial trading and services in the energy sector have been harmonised into one 
conjoined market for all EU countries and many EU-associated countries (such as 
Norway). Obviously, in this financial sector, different forms of ethical rules and 
regulations, such as those regarding insider trading, become very important.� Many 
different actors have been established across this new market. As an example of this, 
we have been looking closely at the Swedish company Vattenfall.

8.3.3	 trAding	And	brokerAge	of	energy:	vAttenfAll

In 1909, the Royal Waterfall Board (Vattenfall) was founded to generate electric 
power from the natural resources of Sweden’s waterfalls.� The company grew rap-
idly, building coal-fired plants for generating hydropower and developing a unified 
grid system to connect different parts of the country. By the early 1950s the whole of 
Sweden was interconnected in a power generation network. In the 1960s, the network 
spread to neighbouring Scandinavian countries. In the light of increased concerns 
about overusage of water resources, Vattenfall developed heavy water reactors and 
subsequently developed light water technology using enriched uranium. Sweden’s 
first nuclear power reactor became operational in 1972. By the mid-1970s, Vattenfall 
owned seven of the twelve nuclear reactors in Sweden. However, by the end of that 
decade political realities saw the scaling back of nuclear energy programmes. In 
1992, following the deregulation of the Swedish energy industry, Vattenfall became 
a public limited company.

Encouraged by EU directives that opened up national energy markets to cross-
border competition, Vattenfall successfully pursued commercial opportunities out-
side Swedish borders. To thrive in this new spirit of competition Vattenfall needed 
to change its business model and corporate mind-set from one of cooperation to 
one in which the company was proactively competitive. Vattenfall thus acquired the 
Finnish network company Häsmeen Sähkö and opened an office in the German port 
of Hamburg. International expansion quickly followed. The number of employees 
in the company’s operations outside Sweden increased from 10% to 40%. With the 
creation in 2002 of Vattenfall Europe, 77% of the company’s employees now work 
outside Sweden. Benefiting from its historical roots in Sweden, Vattenfall tradition-
ally developed its main markets in Scandinavia. Today the company’s market pres-
ence in Germany is of equal size and the company is developing its market presence 
in Poland. Vattenfall (as of December 2006) employs over 32,000 employees, of 
which 493 people work in energy trading, finance-related activities, and other ser-
vices shared by the group overall.� Sales for the year 2006 amounted to €16.1 bil-
lion. Sales within Nordic countries were €5.3 billion, sales within Poland were €0.99 
billion, and sales within Germany were €7.7 billion. Electricity produced by the 

� See, for example, James Kanter, New Climate for Emissions Trading Turns Greed into Green, Inter-
national Herald Tribune, 22 June 2007. 

� See, for example, James Kanter, Stiff Rules Proposed on Carbon Trades, International Herald Tri-
bune, 30 June–1 July 2007, page 14.

� Data from http://www.vattenfall.com, and from personal communication with managers at 
Vattenfall.

�  ‘Personnel employed’ is calculated on the basis of man-years. 
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Vattenfall group is sold to 4.9 million customers: 0.9 million in the Nordic countries, 
1.1 million in Poland, and 2.9 million in Germany.

8.3.4	 vAttenfAll	And	tHe	role	of	trAding

Figure 8.11 shows Vattenfall’s business concept and the role of trading in the Vat-
tenfall value chain. As can be seen, the value chain covers generation of energy, 
trading, transmission, distribution, and sales. From the perspective of its place in 
the Vattenfall organisation, trading is a key centralised function, a fulcrum between 
supply and demand. However, the functionality of trading processes is virtual and 
reaches markets far away from the cabling and pipes carrying the traded commod-
ity. The total traded volumes are much larger than the volume of energy generation, 
transmission, and distribution within the value chain. 

Vattenfall’s vision for financial trading is to be the risk management centre for 
the organisation. In this context, risk refers to financial risk. The mission of the 
financial trading function is to translate trading competence into additional value for 
Vattenfall’s customers. Vattenfall’s customers are the boards supplying power-gener-
ated services such as electricity.

By far the largest traded commodity by volume is electricity. Trading is not 
limited to hydroelectrical commodities, hard coal, gas, oil, and other traditional fuel 
sources. An important part of the trading is related to emissions into the environment 
(measured as CO2 greenhouse equivalents). Different forms of national and interna-
tional regulations such as the Kyoto Protocols and the equivalent EU regulations 
need also to be considered. Other factors to be considered are international transfer 
pricing and exchange rate fluctuations, as errors in these areas can be costly.
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Figure �.11  Role of energy trading in the Vattenfall value chain.
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8.3.5	 Control	Centres	for	energy	And	environMentAl	trAding

Mankind needs to find ways to replicate the processes in which nature by itself 
handles production and disposal of waste materials into a positive circle and balance. 
Individuals and local communities will have important roles in creating this form of 
balance and harmony with nature. They also need to be supported by government 
laws and regulations and possibly also environmental ‘courts’. In the global arena 
the implementation of environmental trading as a part of energy trading might have 
crucial and positive implications.

Trading in this area is, in other words, a very good example of a very complex 
information-processing environment. It includes most diverse areas of traditional 
trading from different sectors. It also uses databases from many different sources 
such as meteorological services, environmental information, and foreign exchange 
data, as well as physical resources such as transportation (for example, oil tankers, 
liquefied petroleum gas [LPG] tankers, and so on). It also needs close monitoring 
of ongoing and evolving situations in energy commodities markets. In addition, 
this form of trading has to be connected to available information sources of energy 
production and distribution. All these types of information need to be available 
online. Critical data and information must be presented in different forms of over-
view displays that simplify for the traders internalisation of their understanding 
of the ongoing financial and economic processes. In practice, the traders also 
need access to a number of smaller displays connected to different kinds of com-
puter systems, including useful computational models. The logic behind all these 
forms of information presentations must be such that they support and enhance 
the operators/traders’ understanding of the ongoing process in the market (see 
Figure 8.12).

Over the past twenty years, these types of models have been studied and 
researched in various types of industrial process control. In this type of situation 
we have a good understanding and knowledge about how to build up information 
displays and related controls to support the operators’ tacit and explicit models of 
the ongoing processes. As the industrial specialist practicing in the control cen-
tre setting, the operator is continuously building up and improving and handling 
the process. In financial systems we don’t have this form of experience about the 
critical issues related to the control centre work and its related processes on the 
financial and trading environments. Today, there is a reliance on the presentation 
of rather simple key information and data. In future scenarios, it might be expected 
that overview displays will be designed in relation to the economic theories related 
to this form of trading and also adopted to the education background of the opera-
tors and the learning facilities available. (See Chapter 11, which describes models 
of learning and creativity in control centre work.) The potential for development 
in this area is enormous, and the economic gains from this type of development 
could be very large indeed. An optimal design of the control centre for this type 
of trading could add skill and ability to the operators. And it will also add to the 
continuous development of the computer systems and computer software used in 
this context.
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From ad hoc studies of a few control centres in this area of financial services, 
it can easily be concluded that there can be improvements in the job organisation, 
physical working environment, ergonomic layout of the workplaces and design of 
furniture, visual environment, displays, controls, and so forth. The cost for these 
additional improvements is marginal compared to the turnover handled by the opera-
tors/traders. Today, the operators in this type of workplace are fairly young and most 
are reasonably physically fit. They are normally not expected to suffer or complain 
about minor deficiencies in their physical or organisational environment. However, 
it only needs one of the top traders to get problems in the lower back or (even worse) 
the neck, which would make him or her more or less incapable of making rational 
decisions due to severe pain. This type of situation can very easily be prevented. We 
have decades of experience of ergonomics design that creates a smart-looking and 
healthy work environment. In a small way this type of environment will also add 
positively to the daily working performance and work outputs. A good ergonomic 
environment will be taken for granted and remain unnoticed. Conversely, its absence 
can be a ‘real pain in the neck’ for the trader.

More critical from the perspective of the traders might be attributes of their 
job design and organisational issues. These types of jobs often require more than 
eight hours of daily work time, and lengthy periods of sedentary inactivity can be 
commonplace. Periods of twenty-four-hour working may not be unusual. Traders 
can be expected to be rather demanding on job-related rewards and remuneration. 
In the long-term, highly competitive salaries in financial terms might be seen as 
inadequate. The characteristics of the job and organisation and the type and form of 
management are also of great concern. For energy and environmentally orientated 
traders, possible beneficial factors (inherent job-related motivators) might be the fact 
that they are potentially making an improvement to the global environmental situa-
tion and making a personal contribution towards reducing global warming.

Figure �.12  Energy and carbon trading at Vattenfall, Stockholm.
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8.3.6	 energy	trAding,	etHiCs,	And	tHe	environMent

Environmental issues are very deeply integrated into all types of the energy industry. 
This very much contributed to the fact that the industry was at the forefront of rais-
ing public awareness of ethics in their business. Successively, this led to a number of 
positive initiatives, and more recently there has been a fast-growing interest in areas 
such as environmental protection, carbon trading, alternative energy sourcing, and 
corporate cooperation with local communities. Increased world-wide awareness of 
the need for good ethical behaviour and corporate social responsibility (CSR) was 
even generated through negative examples such as the high-profile corporate scan-
dals in the early 2000s. The crises that overwhelmed Enron, WorldCom, and Tyco 
helped changed the world of business. The interpretation of the focus of CSR var-
ies greatly between companies and between different parts of the world. For some 
industrialists CSR is similar to a degree of social responsibility that is of benefit to 
the shareholders. Others claim that the CSR concepts encompass wider dimensions 
and have a value in themselves. Large and small companies should have a sincere 
concern for the society in which they operate.

CSR can be traced back to the foundation of the International Labour Organi-
sation (ILO) in 1919. From that time, and continuing today, the ILO is still fight-
ing for decent working conditions and against exploitation of labour, particularly 
against child labour and slave-like working contracts. These remain problem issues 
in most of the world’s fast-growing economies. However, market economy mecha-
nisms require a high degree of openness, transparency, and fairness. Without these 
fundamentals in the free market there will be important impediments to real free-
doms of the market. If, for example, from within their professional life, traders and 
brokers possess insights of a company or a market that are concealed from other 
participants in the market, a competitive advantage is created based on deceit. In 
the energy sector there has to be a careful balance between the more technologi-
cally-orientated production and distribution flows of energy on the one side and the 
energy-traded issues on the other. As in other financial services, it is important to 
separate these two sides of the business and to ensure that they are allowed to operate 
independently of each other.

8.3.7	 ‘CArbon’	trAding:	soMetiMes	it	pAys	to	pollute

Another important CSR issue in energy trading is the handling of environmental 
issues. Decades ago, environmental issues tended to be rather local (the leakage 
at Union Carbide in Bhopal) or at most regional (the Chernobyl nuclear disaster). 
Another historical example is one nation’s massive use of coal fires in each room of 
a house—each grate burning fossil fuels in a most inefficient manner and emitting 
black smoke up each chimney. Fortunately, at least for the governments of Great 
Britain, prevailing winds were north-easterly, making the pollution a problem for the 
governments of the Scandinavian countries to resolve. Today, and to a large extent, 
environmental problems are global issues. It is, however, very important to understand 
that the problems cannot be resolved without thoroughly developed local measures.

In the past, environmental control was related to defining limits to the emission 
of all types of pollutants to the air, to water, and in the form of solid waste. The  
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objective of the environmental control was to create a healthy environment for the 
lives of people and nature as such. At the first UN environmental conference in 
Stockholm in June 1972, there were already discussions about the right to pay for the 
right to pollute. The conference delegates agreed on a number of principles. These 
included: the protection of the environment for future generations (including the pro-
tection of wildlife and its habitat), the conservation of natural resources, the mainte-
nance of the Earth to produce renewable resources (including the guarding of natural 
resources from being exhausted), and the prevention of discharge of toxic substances. 
At that time, there was a widespread consensus about the lack of ethics in this type 
of mechanism. Instead, the use of legislation, rules, and regulations was seen as the 
optimal method to be used in protecting the health of people and the environment.

Since then, the effect from pollution has been much more dramatic and public 
awareness has widened—particularly, the risk for destroying the globe’s environ-
ment. This fact has put a focus on controlling the emissions of pollutions to the 
atmosphere. This has made it attractive to use market mechanisms as a controlling 
agent of air pollutants in order to restrain global warming. The free market has 
evolved and is now more integrated into the development of the society. In February 
2006, the United Nations (UN)-Kyoto Protocols formally established the integration 
of environmental issues as a part of the market economy.

The new business sector of environmentally-oriented trading is the fastest grow-
ing financial trading sector. Very likely it will continue to grow and outstrip other 
sectors of the financial services industry. Conservatively valued in 2007 at US$30 
billion, the market in managing pollution emissions is expected to grow to US$1 tril-
lion within ten years. Carbon trading, trading in emissions of carbon dioxide (CO2), 
is the current leading trading activity. Market growth is particularly fast in Europe. 
As the U.S. government considers fully the effects of global warming, the United 
States will probably soon catch up.

Presently centred on London, the market is ideally placed to respond quickly to 
EU pronouncements on environmental pollution. Traders are evolving systems of 
carbon credit exchange between companies that pollute and their greener counter-
parts. Governments are in a position to set capping rates for different emissions. In 
this context, a cap is the maximum allowed atmospheric emission from industrial 
activity. In Europe this would be a role for the EU Commission; in the United States, 
state legislatures would likely assume this role. In essence, European traders monitor 
the proposed pollutant caps set by the relevant EU bodies. Some industrial processes 
pollute more than others. Polluters can buy credits that are surplus to the needs of 
nonpolluters. Those who pollute, pay; those who do not pollute, earn. This is the 
newest and most exciting segment of the thriving financial market. In its wake is pre-
dicted to follow financing of projects that are energy-efficient and nonpolluting—a 
situation that is good for business and even better for the environment. The pressures 
of rational decisions made within the market economy can be a force for good, given 
the strength of the market economy globally. However, if rational decisions are made 
solely for the purposes of profit-seeking, the force may be more malignant.

One deficiency with the new system of CO2 or equivalent type of trading is that 
sometimes it pays companies to pollute. However, this is not the intention. Using 
market mechanisms to guide debate and action on environmental issues brings many 
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limitations and difficulties in application. However, market forces have proven to be 
a very powerful mechanism for making changes and hopefully in the right direc-
tion. In 2005, the systems of CO2 trading built on the UN-Kyoto Protocols, whose 
main objective is to tackle global climate change. There has to be a combination 
of measures in place that are part of the macro structure—for example, integrated 
into a market-economy type of energy trading incorporating trading related to CO2 
equivalents concerning most different types of air pollutants and related interacting 
and facilitating variables. This type of macro mechanism must be supplemented by 
joint UN-supported declarations such as the Kyoto Protocols. But it is also necessary 
for nations and local communities to have their own systems to control unreason-
able production emitted into the atmosphere, into the seas, and in the form of solid 
waste. It is important to find good mechanisms based on ecological principles in all 
types of man-made activities. We need to learn from nature and its ability to balance 
production and consumption.

8.3.8	 ConClusions

There is great potential to meld emissions trading with energy trading in a symbi-
otic relationship that is mutually beneficial. Here the different traders would work 
together to achieve the maximal benefit for each market (in that same way that a 
fuel-saving device in a vehicle indicates the speed at which fuel is optimally used). 
In this newly developing but fast-growing business sector, there are desirable out-
comes for ergonomic design of processes, systems, and technology. In any data-
driven industry, monitoring, control, and knowledge development are critical areas. 
Success often is decided by design of human-technology interfaces and timely ease 
of access to the databases. However, the additional dimension that the activities of 
the traders contribute to environmental protection means a stress-laden workplace 
situation in which the traders routinely operate. ‘Saving the planet’ is also a very 
strong motivational factor for people. In this way environmental trading is very dif-
ferent from the usual concept of trading.

This does not, of course, mean that features of design can be overlooked or 
skimped; rather, they should be key features of this workplace. A small investment 
will realise large results, as we describe and discuss in our following proposals.

8.3.9	 proposAls

Design of the control centre for use by highly professional traders opti-
mised in terms of furnishings, acoustic, and visual environments. To avoid 
physical strain and, in the worst cases, health problems, a control centre for 
energy trading should fulfil the same requirements as other control rooms 
described in this handbook. In other words, the operators will have access 
to several local displays at their own workplace and at least one major 
large-scale overview display. The visual environment needs to be carefully 
planned to avoid glare and visual fatigue.
Headsets with attached microphones used to avoid overhearing or disturb-
ing general conversations. Obviously, background noise (e.g., from com-
puter printers) should be reduced to a minimum. Noise absorption levels 

•

•
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should be very good. As in all other control room situations, in this type 
of control room, chair design is of critical importance. However, the chair 
should be more designed for active work than for easy chair-type relaxation. 
The latter is often used in traditional control rooms.
The physical design of the display and information devices, including over-
view displays. This type of work uses many different types of databases. 
This makes it important that the trader has access to several different desk-
top displays. In this way, the trader can operate several databases in paral-
lel without start-up delays. A few infrequently-used displays can be placed 
on a higher level, above the line of sight. It is important that an overview 
display presents critical information and important indicators that need to 
be simultaneously available for all operators. The overall display should 
also present a general process overview. This process overview needs to 
be designed in relation to the specific requirement of each trading centre. 
The specific requirements of displays are described in Chapter 4. The main 
control devices are the keyboard and the cursor mover (e.g., the mouse). 
However, in each trading configuration it is important to define critical con-
trol actions and critical incidents that demand control actions. This type of 
control needs to be accessible with minimum time delay. Preferably, this 
type of control should alternatively be carried around by each operator and 
accessible without time delay.
Design of software for information processing and display. For this type 
of trading the traders need to have access to local computers for designing 
their own software or adapting existing software. This software can be used 
for predictions, decision making, and general statistical and probabilistic 
computations. Individual, personalised PCs might be the best solution.
Job design for traders and related personnel. On the one hand, it is very 
important that the traders have as extensive a decision-making authority as 
possible. On the other hand, it is also important that the work is carried out 
with the optimal level of ethics. Some ethical guidelines must be available 
covering areas of insider trading and environmental issues, and computer 
systems should be programmed to give critical warnings.
Design of simulation models. In many process control situations, it is valu-
able to have access to computer-based models of the controlled process. 
This computer model can be used to simulate and predict different states 
of the process. In other words it can be a useful tool for decision making. If 
the background model is good enough it can also be used for training and 
retraining, particularly on infrequent events and scenarios (in the same way 
as the on-board training simulators are used in the cockpits of aircraft).
Design of continuous learning facilities. The simulation models described 
above can be one tool used for continuous training and updating of 
knowledge. It is, however, also important for the traders’ continuous train-
ing and updating to be related to their complex area of operation (see Chap-
ter 11).
Design of schemes for creative development. In their daily work, traders 
are very busy and sometimes also in highly stressful situations. Highly  

•

•
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educated and competent professionals, the traders are very competent to 
be the prime developers of their own development. To be able to use this 
potential, it is essential that they can be relieved from some of their daily 
workload.
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�.1  introduCtion to ship Control Centres

This chapter deals mainly with marine applications of control systems on board 
ships. However, over the past few decades, there has also been a development in the 
technology of management and control of seagoing traffic. This applies to particular 
phases of a sea voyage, for example, in the approach phases and when navigating 
narrow channels such as the English Channel and narrow straits such as the Malacca 
Strait. These types of control systems are increasingly becoming very similar to 
the traditional traffic control systems. In the past radio communications were used 
almost exclusively. Nowadays, these advance systems of traffic control and traffic 
management at sea will hopefully increase safety at sea. They may also change the 
role of pilots and harbourmasters, and their relations to the deck officers. Control 
centres and control rooms on board ships are obviously central to safety at sea. These 
are also a good example of more specialised forms of control centres. There are also 
similarities with developments in other areas of control rooms, in particular those 
applied to traffic control and traffic flow management in general.

�.2  BaCKground

The safe and effective operation of a ship depends upon a coherent set of control cen-
tres. These have evolved with shipping technology and manning; the radio compart-
ment has come and gone, the engine control room grew and then changed focus from 
system control to system management, safety centres for passenger ships are still 
growing, cargo control has become more sophisticated, and the bridge has grown 
from a fairly simple space to a ship control centre filled with computing equipment.

9.2.1	 tHe	bridge

Research into bridge ergonomics and maritime human factor issues began in the 
1950s. Earlier references to ergonomics (in the 1930s and 1940s) in trade journals 
and magazines are brief and infrequent and centre on visibility from the bridge and 
communications on and beyond the ship. In 1959 the British Ministry of Defence 
commissioned a study on integration of systems and layouts of bridges (Millar and 
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Clarke, 1978). A decade later Esso commissioned a study of merchant tanker bridges 
(Mayfield and Clarke, 1977; Clarke, 1978). The first substantive treatment of human 
factors and ergonomics on merchant ships’ bridges seems to be a paper from 1971 
(Wilkinson, 1971), which gives a thorough view on the evolution of bridges and 
bridge equipment, in particular from an ergonomic viewpoint. In Holland, human 
factors on the bridge have been considered and researched since the 1960s (Wal-
raven and Lazet, 1964). In the 1970s there was a great deal of ergonomics research 
and development (Istance and Ivergård, 1978; Ivergård, 1976; Mayfield and Clarke, 
1977; Proceedings of the Institute of Navigation National Maritime Meeting, 1977; 
Proceedings of the Symposium on the Design of Ships’ Bridges, 1978).

At that time, ergonomists believed that maritime ergonomics had ‘made a break-
through’ (Mayfield, personal communication). Unfortunately, this positive trend did 
not continue. According to an official at the Swedish Maritime Authority, at least 
Swedish ship-owners felt swamped by all the new regulations put out by the Swed-
ish Maritime Authority. It was too much, came out too fast, and the development 
of maritime ergonomics more or less ground to a halt around 1980. To be fair, this 
was in part also due to other factors such as the issues not being on the checklist of 
requirements of purchasers. However, the necessity of considering ergonomics on 
board ship, in the context of technology, has been written about for at least 35 to 40 
years. Unfortunately the emphasis still is on making humans adapt to computers and 
technology, whatever their limitations.

Research since then has been more limited. A major string of projects was 
Advanced Technology to Optimise Maritime Operational Safety (ATOMOS) I 
through ATOMOS IV, initially technological but swiftly changing to become human 
centred. Other research has been on the human aspects of the system such as bridge 
resource management (BRM) and fatigue. However, new technology has been 
introduced on the bridge at a fast pace. For instance, global maritime distress and 
safety systems (GMDSS) made the radio operator redundant but at the same time 
introduced distractions to the bridge watch-keeper (Sherwood-Jones et al., 2006), 
automatic identification systems (AIS) added more distractions and complexity 
(Blomberg, Lützhöft, and Nyce, 2005), and direct bridge control of more complex 
propulsion such as combined joysticks increased the mental workload of the opera-
tor. In sum, many systems have been added without a clear focus on the needs of 
the bridge watch-keeper, including some (perhaps too many) that do not ease the 
workload or simplify the task.

9.2.2	 tHe	engine	Control	rooM

In the engine room and engine control room, far less research has been done than 
on the bridge (Andersson and Lützhöft, 2007). However, new technology tends to be 
introduced on board at a rapid pace in the engine control room as well. This implies 
new demands on the knowledge and skills of the engineers, and thus creates a need 
for improvement of the crews’ qualifications. In July 2005, due to an engine failure, 
one of the then largest container vessels, the Savannah Express, made heavy contact 
with a link span at Southampton Docks. One of the main reasons for the accident was 
that the ship’s engineers did not have sufficient knowledge of the main engine control 
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system or specific system engineering training to successfully diagnose faults. The 
subsequent report stated under the heading ‘Training—General Conditions’ that:

Modern vessels increasingly rely on complex, integrated control and operating sys-
tems. Often these systems cannot be separated to enable operation of the equipment 
in a ‘limp home’ mode. The rapid introduction of such technology has placed ever-
increasing demands on the shipboard engineers, who have often not had the requisite 
training with which to equip them to safely operate, maintain and fault find on this 
complex equipment.�

This statement gives clear evidence of how important the design of integrated alarm, 
monitoring, and control system is. Any interface with illogical, ambiguous, or clut-
tered design constitutes an increased risk and may promote errors.

On the positive side, in 2006, Liberia submitted a paper to the International Mar-
itime Organisation’s (IMO) Maritime Safety Committee (MSC), ‘MSC 82/15/4 Role 
of the Human Element’, which proposes a review of specific IMO instruments from 
an ergonomic perspective inter alia the guidelines for engine room layout, design, 
and arrangements described in ‘MSC/Circ.834 Role of the Human Element’ from 
1998. The Maritime Safety Committee stated in ‘MSC-MEPC.7/Circ.3 Framework 
for Consideration of Ergonomics and Work Environment’ (2006) that a significant 
reduction of accidents to seafarers and human error can be obtained through the 
consideration of ergonomics and the working environment onboard ship. The frame-
work considers five key areas on board ship:

Manual valve operation, access, location, and orientation.
Stairs, vertical ladders, ramps, walkways, and work platforms.
Inspection and maintenance considerations.
Working environment.
The application of ergonomics to design.

The first three points are mostly relevant to the occupational risks to the engine 
room crew in modern ships. The fourth area (working environment) is universally 
relevant, since it encompasses also the psychological working environment and 
hence the general ability of the crew to work as a team. The last item, ergonomics  is 
obviously, of particular interest in the current context. In essence, some promising 
initiatives have been taken in the area but much remains to be done. Later sections in 
this chapter strive to elaborate on the possibilities in that direction.

�.�  the situation today

One example of work undertaken to address the issue of bridge ergonomics is the 
integrated bridge. The brief history of the integrated bridge system or integrated nav-
igation system contains a few rather clear influences. A group of captains and pilots 
from Swedish and Finnish shipping companies saw the need for bridge technology 

� Report on the Investigation of the Engine Failure of the Savannah Express and her Subsequent Con-
tact with a Link Span at Southampton Docks, 19 July 2005. Maritime Accident Investigation Branch 
Report No: 8/2006 (2006).

•
•
•
•
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that would help them navigate increasingly larger and faster vessels safely in the 
Swedish–Finnish archipelago. Since the 1960s, this community of practitioners and 
shipping companies have been cooperating with manufacturers. Their collaboration 
is partly driven by recognition of the complexity of the waters in which the ships sail, 
and because everyone recognised the value that new technology can have for sailing 
safely in difficult environments. Another influence towards the integrated bridge 
came from shipyards requiring manufacturers to deliver assembled solutions. The 
reasons were partly economical (cost savings on cabling) and partly for reasons of 
data and information integrity (systems needed to be interconnected). This does not 
mean that an assembled solution necessarily constitutes an integrated bridge, since 
the level of integration—from physical proximity of equipment to full-scale data-
level integration—is mostly dependent on the purchaser’s requirements. Finally, 
administrations from several countries were considering solo watch-keepers. This 
too demanded innovations on the bridge.

In subsequent decades the emphasis has been on designing an integrated naviga-
tion system. By applying the concept of integration work to what humans do, we see 
that humans should be considered a part of these integration processes. Integration 
in this sense is about coordination, cooperation, and compromise. When humans and 
technology have to work together, the human (mostly) has to coordinate resources, 
cooperate with devices, and compromise between means and ends. What seafarers 
have to do to get their work done includes integration of representations of data and 
information and integration of human and machine work (Lützhöft, 2004). This is 
also made clear by Hederström and Gyldén (1992):

When selecting the equipment, it must be borne in mind that it should be compatible 
with the other instruments to form an efficient work system as a whole. This is essential 
not only in the case of totally integrated systems, but also if the integration is to be per-
formed manually by the navigator. (Hederström and Gyldén, 1992, 2; emphasis added)

The issue is also discussed by Courteney (1996) who vividly describes how the captain 
of a ship is torn between stakeholders and has to provide coherence and balance to the 
situation.

Several anecdotes from the maritime domain describe how the placement of a 
piece of equipment is decided not by standards, rules, or human-factor guidelines but 
by the length of electric cable available to the installer when needed. One ship, built 
as a container ship in the 1960s, rebuilt as a cruise liner in 1990, and visited by the 
first author in 2001, had fifteen different manufacturers’ names on the navigation, 
control, and communication equipment. This in itself leads to many inconsistencies 
for the seafarers to overcome. Furthermore, it is common that when new equipment is 
installed, in many cases the older equipment is left where it is. Apart from creating a 
cluttered and perhaps nonoptimal layout, this also entails extra work, such as finding, 
choosing, and evaluating which equipment to use. A related issue is the use of individ-
ual audible alarms in most equipment—the beeps emitted by the various instruments 
sound very similar, and finding the source of the alarm is often complicated. Resolv-
ing these technical issues does not resolve matters completely. Adding to the complex-
ity of operations are issues such as new legislation and crew turnover. Seafarers have 
to perform integration work, since technological resources are never constant.
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Current incident reports still show too many collisions and groundings. The 
problems at ‘the sharp end’ can be very basic, for example, when a single watch-
keeper falls asleep. Furthermore, the reality of current bridges is that many basic 
aspects of control room ergonomics are not addressed, as for example found in the 
MTO-sea project (ongoing 2007). As an illustration, basic console design is an area 
for which there is ample guidance but which is not always used. An example is cur-
rent consoles that are not always designed so that the operator can stand and operate 
the console or sit and look out of the window. Proper sit–stand designs have been 
in the standards for a long time but are not understood or widely implemented. An 
exception is shown later in this chapter.

Colloquially, the engine room is often described as the heart of the ship whereas 
the bridge is seen as the brain. However, neither one can perform anything worth-
while without the other. It cannot be emphasised enough that the engine control room 
and the bridge (and many more workplaces on board a ship) should not be optimised 
separately. By this we mean that the common goals of both should be considered, 
not that they both should be designed in the same way. Planning, organisation, and 
design must be performed throughout with common goals in mind: to ensure com-
munication and a common awareness of what is happening, and ultimately to move 
cargo or passengers from one point to another, while considering the safety of crew, 
passengers, and cargo, as well as of the ship and the environment. Today, maritime 
security is an added concern. In addition, shipping is, of course, a business that 
should be successful from a financial viewpoint. To perform this task, the ship must 
be viewed as a system where all parts contribute to the fulfilment of the task.

9.3.1	 tHe	wAy	AHeAd:	understAnding	eACH	otHer

In order to understand the demands and requirements made by both departments 
(that is, the engine room and the bridge), it is essential to establish common knowl-
edge and an understanding of each other’s working procedures. It is vital that the 
checklists that are to be used in abnormal conditions are discussed by representa-
tives from both departments, for example, the routines to be followed if the main 
engine fails to manoeuvre. The engine department is to be informed whenever the 
situation demands a manned engine control room—for instance, in narrow water-
ways or when approaching or leaving harbour. It is also necessary to increase the 
awareness of the situation for the engine room crew. They can benefit greatly from 
knowing what is happening on the bridge and perhaps even being able to track the 
ship’s position. A cheap and effective solution to increase such awareness may be 
the addition of an outside, forward-looking camera to the closed-circuit television 
(CCTV) system, accessible also from the engine control room. Of course, the engine 
room crew must be trained to perform the correct actions in different situations and 
the bridge must be aware of the approximate time needed to perform these cor-
rect actions. If the acquired approximate time is known, the planning of the right 
action—for instance, to drop the anchor—can be facilitated and accidents can be 
avoided. This puts demands on the design of the equipment in the engine room. All 
emergency running of any equipment must have easy access. As such, it is subopti-
mal to hide important functions behind endless menus in a complicated computer-
based structure.
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During the operation of ships, especially tankers, certain operations are vital for 
the safety of the crew and the ship. One example is the production and distribution 
of inert gas. To be able to produce enough inert gas of good quality, the boiler must 
be operated at high load. This implies that, for instance, turbo generators must be run 
at heavy load. Whenever a cargo tank is empty, the cargo pumps reduce their energy 
consumption, less steam is required, the boiler decreases its capacity, and the quality 
of the inert gas deteriorates (lower load equals an increase in oxygen content). This 
could eventually result in an explosive atmosphere in the tanks if the appropriate 
actions are not taken. Such a situation demands good communication between the 
officer in charge on deck and the officer in charge in the engine room. Any unwanted 
effects caused by any changes in the requirement of steam can be monitored and 
avoided if the engineer is aware and prepared for these changes. Thus, the design of 
the engine room must enable an easy and reliable means of communication with the 
bridge and the navigating officers.

9.3.2	 design	of	sHip	Control	Centres

It is important to take into consideration the influence of some domain-specific con-
textual factors on the ship control centres (SCC):

The size and type of ship.
Crew composition (number of operators, sometimes including a pilot).
For specialised ships intended for specific trades, design could also be 
influenced by, e.g., the:

Predominant weather in the area
Layout of ports used frequently
Type, nature, and specific requirements of the cargo

In a later section we discuss a few ship-specific design aspects, but many aspects 
of the design of ship control centres are similar to other control rooms. Most essen-
tially, operators have to be able to reach and see all the information that they need to 
perform their tasks. This kind of general information and control room design is well 
covered elsewhere, and also in some ship-specific detail, in standards and guidelines 
(IMO, 2000; ISO, 2007).

A brief discussion is included here, which discusses the importance of human 
factors engineering (HFE) for ship control centres, and which is based on the ATO-
MOS projects. HFE in this context means the comprehensive integration of human 
characteristics into the definition, design development, and evaluation of the SCC to 
optimise human-machine performance under specified conditions. Task and infor-
mation analysis of SCC operations should be used to design each application and the 
required data exchange with other applications, considering that SCC applications 
software may be provided to support all ship operations. Examples are: navigation, 
propulsion, communications, manoeuvres, maintenance, alarm-monitoring and con-
trol systems, plus, in some cases, specialised applications such as ship administra-
tion, cargo management, and hull stress monitoring.

The size and type of the ship may restrict the space available for the SCC. Since 
the SCC is manned continuously, the effect of layout, decoration, and design on 

•
•
•

•
•
•
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crew well-being should be considered. The operability of the SCC in both routine 
and emergency operations should be considered. Operability factors include: having 
all instruments at hand, having working space sufficient to allow for easy move-
ment, having ergonomically designed equipment, and having adequate and appropri-
ate surroundings. It should furthermore be considered that the design for increased 
interaction by communication or sharing of information may give operational advan-
tages in both routine and emergency operations.

9.3.3	 regulAtory	support	for	usAbility

�.�.�.1  the Bridge

For the bridge, there exist several documents to support design:

SOLAS (International Convention for the Safety of Life at Sea) Chapter 
V/15 contains seven aims for how the work and workplace on the bridge 
should be designed (IMO, 1974), and these aims will be discussed in Sec-
tion 9.4, ‘Design of the Bridge’.
A comprehensive standard, International Organisation for Standardisation 
(ISO) 8468, contains an abundance of guidelines and recommendations on 
bridge layout and associated equipment.
IMO provides MSC/Circ.982 (IMO, 2000) which contains guidelines on 
ergonomic criteria for bridge equipment and layout.�
An International Association of Classification Societies (IACS) Recom-
mendation (IACS, 2007) is also available and discusses in more detail how 
to meet the aims addressed by SOLAS regulation V/15. The requirements 
in this document cover SOLAS regulations and applicable parts of MSC/
Circ.982 in order for the standard to be useable as a stand-alone document 
for the purpose of approval work during the building process. The doc-
ument discusses the areas addressed by SOLAS regulation V/15: bridge 
design, design and arrangement of navigational systems and equipment, 
and bridge procedures.
The marine sector uses its own ISO TC8 standards, but adoption of the 
IC159 ergonomics standards has still to be achieved.

Furthermore, many classification societies provide guidelines and certification 
of various aspects of ergonomic and human factor issues. One must, however, be 
aware that using guidelines to optimise the usability of many separate instruments 
does not necessarily mean that usability is ensured for the system or SCC as a whole. 
For this, a usability process should be used throughout.

�.�.�.2  engine Control room

Contrary to the situation of bridges, there is no regulatory support which completely 
covers the layout, design, and arrangement of the engine department. As mentioned 

�  Available at http://www.imo.org/includes/blastDataOnly.asp/data_id%3D1878/982.pdf.

•

•

•

•

•
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earlier, IMO MSC/Circ.834 gives only a brief description of the nonmandatory 
guidelines for engine-room layout, design, and arrangement.

The International Organisation for Standardisation (ISO) has developed a stan-
dard, ISO 11064, which gives advice on the ergonomic design of control centres. 
Other ISO standards which might be of interest are for instance:

ISO 9241 ‘Ergonomics of human-system interaction—Part 400: Principles 
and requirements for physical input devices’.
ISO 9355-3:2006, ‘Ergonomic requirements for the design of displays and 
control actuators—Part 3: Control actuators’.
ISO 9241-110:2006, ‘Ergonomics of human-system interaction—Part 110: 
Dialogue principles’.

Some classification societies also offer frameworks to support the construction 
of engine rooms and engine control rooms but this lack of a uniting set of rules and 
regulations implies difficulties to provide an overview of this extensive area. Much 
more research is needed, and this need is currently being addressed in a project at 
Chalmers University of Technology, Gothenburg, Sweden.

�.�  design oF the Bridge

SOLAS V/15 (hereafter used interchangeably with ‘the Regulation’) considers ship 
control as a sociotechnical system (see www.imo.org). The provision of information 
on the bridge and use of information by the bridge team and pilot are covered equally 
in the Regulation, which is concerned with resource management rather than just 
equipment design or training. There are a number of factors that need to be consid-
ered when making a decision so that the aims can be achieved. These factors are 
based on established human factors and safety findings. The factors to be taken into 
account when making a decision are:

Manning operations and procedures
Training
Equipment and system design
Bridge layout

In addition to the above, one should, for specialised ships built for specific pur-
poses, consider any characteristics that may be relevant for the way the bridge is 
used. Although we mainly deal with equipment and system design and bridge layout 
here, it is important to consider the other aspects above to maintain a systems view. 
The Regulation requires that decisions be made with the intention of meeting the 
seven aims. These aims are mostly concerned with the performance of the work 
system, although there are aspects concerned with product characteristics. Table 9.1 
(from the ATOMOS IV project) indicates this.

The development process characteristics column in Table 9.1 is empty, which 
means that SOLAS V/15 does not specifically have any requirements for the devel-
opment process itself but rather for the results of such a process.

•

•

•

•
•
•
•
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The ATOMOS projects (I to IV) studied, among many other issues, the process 
of making a good design. One result was the design and redesign templates to be used 
when designing a new bridge or making changes to an existing bridge. The achieve-
ment of work system performance characteristics can be assessed only at a late stage 
of implementation. However, it is possible to provide guidance on product character-
istics and process characteristics to support the process of moving from a decision to 

taBle �.1 
required Characteristics of solas regulation v/1�

aim 
number

Work system performance 
Characteristics

product Characteristics de�elopment 
process 

Characteristics

1.1 Facilitating the tasks to be 
performed by the bridge team and 
the pilot in making full appraisal of 
the situation and in navigating the 
ship safely under all operational 
conditions

1.2 Promoting effective and safe bridge 
resource management

1.3 Enabling the bridge team and the 
pilot to have convenient and 
continuous access to essential 
information that is presented in a 
clear and unambiguous manner

Using standardised symbols 
and coding systems for 
controls and displays

1.4 Indicating the operational 
status of automated 
functions and integrated 
components, systems and/
or subsystems

1.5 Allowing for expeditious, 
continuous and effective 
information processing and 
decision making by the bridge 
team and the pilot

1.6 Preventing or minimising excessive 
or unnecessary work and any 
conditions or distractions on the 
bridge that may cause fatigue or 
interfere with the vigilance of the 
bridge team and the pilot

1.7 Minimising the risk of human error 
and detecting such error if it 
occurs, through monitoring and 
alarm systems, in time for the 
bridge team and the pilot to take 
appropriate action.

Source: ATOMOS IV Project.
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make a change through to its implementation. These characteristics are the factors 
that will influence the achieved work system performance, and it is possible to set 
ergonomic criteria for these factors to reduce the risk of the implementation of the 
change. As shown in Table 9.2, most factors affect the achievement of most aims. 
The original table also contains guidance on the impact of ergonomic criteria on 
training, manning, and operations. Here, we show only the design-related criteria.

9.4.1	 speCifiC	design	AspeCts

A few aspects are unique for ships and are therefore discussed here. For instance, 
operators could in special cases need a console at which work can be performed both 
sitting down and standing up, in order for the bridge personnel to keep a good look-
out; thus, special consideration must be given to console and chair design. Alterna-
tively, on some ships, typically high-speed craft, all work can and must be performed 
sitting down, necessitated by the often violent motions of the vessel in bad weather.

Another consideration is that work on the bridge is 24 hours a day, 7 days a 
week, daytime and night-time. Thus the displays and instruments must afford the 
dual function of being clearly readable in bright sunlight while also not disturbing 
night vision during darkness. The number of operators can vary from one or two, to 
(at times) up to five or more. During normal sea voyages the bridge crew may consist 
of one nautical officer and at times of darkness or low visibility, a lookout. When 
manoeuvring in restricted waters or port areas, the bridge has to accommodate at 
least a master, a pilot, perhaps two nautical officers, and a helmsman. This places 
high demands on both workplace design and procedures to make sure all team mem-
bers can access relevant information and necessary controls at all times.

Even though ergonomic guidelines exist, they should always be considered in 
context. It is crucial to know about the functions to be performed in the ship control 
centres. An example of a bridge workplace is shown in Figure 9.1. This probably 
works well when manoeuvring normally and looking forward, but we see how it does 
not work well when manoeuvring close to a towering oil rig. One person manoeuvres 
the ship while the other is keeping a lookout. Ergonomics of both working positions 
are less than perfect. The position and posture of the lookout is evidently poor; the 
controller has an overextended elbow and obviously cannot see all he needs to see.

9.4.2	 illuMinAtion	And	ligHting

A satisfactory level of lighting should be available to enable the bridge personnel to 
complete such tasks as maintenance, chart, and office work satisfactorily, both at sea 
and in port, daytime and night-time (IMO, 2000). The following bulleted list and 
table contain an overview of important lighting points (IMO, 2000):

Red or filtered white light should be used to maintain dark adaptation when-
ever possible in areas or on items of equipment requiring illumination in the 
operational mode. This should include devices in the bridge wings.
High contrast in luminance between the work area and surroundings should 
be avoided, i.e., luminance of the task area should not be greater than three 
times the average luminance of the surrounding area.

•

•
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The lighting system should enable the bridge personnel to adjust the light-
ing in brightness and direction as required in different areas of the bridge 
and by the needs of individual devices. Table 9.3 lists the recommended 
general illumination levels and colours.
A light-dimming capability should be provided.
Utmost care should be taken to avoid glare and stray image reflections in 
the bridge environment.
Lighting sources should be designed and located to avoid creating glare 
from working and display surfaces.
Reflection in windows of devices, instruments, consoles, and other reflec-
tive enclosures should be avoided.
Devices should be designed and fitted to minimise glare, reflection, or 
obscuration by strong light.

Related to lighting is the choice of colours for interior surfaces. For the interior, 
unsaturated colours should be chosen that give a calm overall impression and mini-
mise reflectance. Bright colours should not be used. Dark or mid-green colours are 
recommended; alternatively blue or brown may be used. In spite of these guidelines, 
a very common complaint is about the lack of dimming (Lützhöft et al., 2007). The 
bright light destroys night vision, disturbs the keeping of a safe lookout, and distracts 
attention (see Figure 9.2).

•

•
•

•

•

•

Figure �.1  Manoeuvring a ship close to an oil rig cannot be done by one person. (Draw-
ing by E. Jacobson after a photo. With permission.)
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Not only modern displays cause dimming trouble. Many disturbing points of 
light are visible on many bridges, and the problem mainly stems from the amount of 
different manufacturers providing equipment, and the lack of integrated or system 
design thinking. Homemade dimmers abound, some more innovative than others 
(see Figure 9.3).

9.4.3	 Moving	Around

Another aspect to be considered is that this workplace moves. Therefore, to avoid 
slips, trips, and falls, the wheelhouse, bridge wings, and upper bridge decks should 
have nonslip surfaces. Furthermore, there should be no sharp edges or protuberances 
that could cause injury to personnel, and sufficient hand- or grab-rails should be  

taBle �.� 
general illumination for the Bridge 

place Colour/illumination

Bridge, night Red or filtered white, continuously variable from 0 to 20 lux

Adjacent corridors and rooms, day White, continuously variable from 0 to at least 300 lux

Adjacent corridors and rooms, night Red or filtered white, continuously variable from 0 to 20 lux

Obstacles, night Red spotlights, continuously variable from 0 to 20 lux

Chart table, day White floodlight, continuously variable from 0 to 1000 lux

Chart table, night Filtered white floodlight or spotlights, continuously variable 
from 0 to 20 lux

Source: IMO (2000).

Figure �.2  Many modern displays cannot be dimmed enough and disturb night vision. 
(Photograph from MTO-Sea Project. With permission.)
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fitted to enable personnel to move or stand safely in bad weather when the vessel not 
only moves but is liable to list, pitch, and roll. Protection of stairway openings should 
be given special consideration. Attention should be paid to bridge wing doors, when 
present, to ensure they can be opened safely and easily.

9.4.4	 bridge	lAyout

A number of basic functions describe the work on a ship’s bridge. A function can be 
a group of tasks, duties, and responsibilities necessary for the operation of the ship 
and carried out on the bridge. The most basic functions which have to be taken into 
account when designing this workplace are (IMO, 2000):

Navigating and manoeuvring
Monitoring
Manual steering
Docking/undocking
Planning and documentation
Safety
Communication

General guidelines exist for the layout of bridges. These apply both to larger 
ships, which often nowadays use a so-called cockpit bridge, and to smaller ships 
which use a more traditional layout. The workstations for navigating and manoeuvr-
ing, monitoring, and for the bridge wings should be planned, designed, and placed 
within an area spacious enough for not fewer than two operators but close enough 
for the workstations to be operated by one person. As the name suggests, a cockpit 
bridge is based on the cockpit of an aeroplane. All functions and controls needed by 

•
•
•
•
•
•
•

Figure �.�  Examples of homemade dimmers. (Photographs from MTO-Sea Project. 
With permission.)
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a single operator or a team of operators are placed centrally and gathered around the 
operators. An example is shown in Figure 9.4.

Here, the functions listed above are used to describe the workstations. More 
details of what to include and where to the instruments and controls are found in 
IMO, ISO, and IACS documents. The specific design and placement of individual 
instruments and controls will always depend on ship-specific factors such as trade, 
ship size, and crew size, and will not be discussed here in detail. A brief explanation 
of the functions (IMO, 2000) follows.

�.�.�.1  Workstation for na�igating and manoeu�ring

The main workstation for a ship’s handling consists of crew members working in 
seated-standing position with optimum visibility and integrated presentation of 
information and operating equipment to control and consider ship’s movement. From 
this position it should be possible for a crew member to operate the ship safely, in 
particular when a fast sequence of actions is required.

�.�.�.2  Workstation for monitoring

The workstation from which the crew member is operating equipment and from 
which his or her surrounding environment can be permanently observed should be in 
a seated-standing position. When several crew members are working on the bridge, it 
serves for relieving the navigator at the workstation from navigating, manoeuvring, 
or carrying out control and advisory functions by master or pilot.

�.�.�.�  Workstation for manual steering (the helmsman’s Workstation)

The workstation from which the ship can be steered by a helmsman, as far as legally 
or otherwise required or deemed to be necessary, is preferably conceived for work-
ing in seated position.

Monitoring Navigation and 
manoeuvring

Manual steering

Docking Docking

Planning and 
documentation

Safety

Communication

Figure �.�  Bridge layout with suggested work stations and their functions. (Adapted from 
IMO, 2000. With permission.)
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�.�.�.�  Workstation for docking (Bridge Wing)

The workstation for docking operations on the bridge wing should enable the naviga-
tor together with a pilot (when present) to observe all relevant external and internal 
information and control the manoeuvring of the ship.

�.�.�.�  Workstation for planning and documentation

This is the workstation at which the ship’s operations are planned (for example, route 
planning, deck log), and where the crew member fixes and documents all facts of the 
ship’s operation.

�.�.�.�  Workstation for safety

This is the workstation at which monitoring displays and operating elements or sys-
tems serving safety are colocated.

�.�.�.�  Workstation for Communication

This is the workstation for operation and control of equipment for distress and safety 
communications (GMDSS) and general communications (IMO, 2000).

These functions are intended as high-level descriptions and their specific place-
ment (suggested in Figure 9.4) can be discussed. It is also an open question whether 
separating functions in this way gives good usability with regard to the entire system. 
However, the figure should be seen as a guide to what work is to be performed on 
the bridge. It is not a design guide and does not imply that these functions must be 
separated from each other. It is also conceivable that all functions should be placed 
together, gathered near the operator. This will depend on several issues that should 
be discussed by the shipping industry. For instance: Are all these functions really 
the responsibility of the watch-keeper? Should they all be performed on the bridge? 
Who will be working on the bridge, and what competence is needed in the future?

For smaller ships, a different layout may be relevant. It could, for example, be 
due to cost or space limitations. Figure 9.5 is a suggestion prepared by IACS (2007) 
for ships smaller than 3000 gross tonnes.� The layout is traditional with consoles 
across the breadth of the bridge.

When using this layout, careful thought must be put into placement of aids and 
instruments, and adopting a functional view of the work stations. Otherwise an oper-
ator may have difficulty performing tasks while on watch. Figure 9.6 and Figure 9.7 
show photographs of such a bridge on a large ship. Many instruments and aids are 
too far from each other, and the long console does not afford good teamwork. One 
example of this is the inability to reach the VHF radio handset while looking at 
the radar. The same is true for reaching engine controls when working at the radar. 
On board ship, each of these situations is quite conceivable and commonplace. The 
operator may want to talk to another ship or shore station to confirm the position of 
something or someone visible on the radar screen. The second situation may also 

� ‘Gross tonnage’ is a way of describing ship size and refers to the volume of all the ship’s enclosed 
spaces.
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occur, when avoiding close-quarter situations with other ships or manoeuvring in 
restricted waters.

More specific examples of interaction problems and design flaws that could lead 
to risks can be found in the smallest things. Post-Its, notes, and instruction often 
give clues. In Figure 9.8 we see a striking example. To fully understand the impli-
cations, we must understand the context. In this specific example one can easily 
imagine the consequences of not performing this action (start pump), firstly leading 
to a mechanical failure (due to overheating), costly in itself, and secondly in the 
worst-case scenario leading to a grounding or collision after the bow thruster fails 
(Lützhöft et al., 2007).

One function that is missing from the IMO list but that is performed to an increas-
ing degree on the bridge is administrative and office duties. It is not safety critical 
but could conceivably be included in the planning and documentation function. The 

* ECDIS of flat panel type may be included in center console on a narrow bridge 

Planning 

Monitoring, 
conning, chart Radar 

Alarms,
manoeu
-vring*

Radar ECDIS 

Manual 
steering 

Radio, 
safety 

Figure �.�  Bridge layout for ships of less than 3000 gross tonnes. (Adapted from IACS, 
2007. With permission.)

Figure �.�  Traditional long console bridge, view from the starboard to port side. (Per-
sonal photograph of M. Lützhöft.)
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inclusion of such a function should, however, be considered very carefully, since it 
could add disturbance to the bridge operation and reduce vigilance. Hence it would 
be in contradiction to the sixth aim of SOLAS V/15. It is an issue to discuss: who 
performs it and where it is to be done.

Other distractions that from time to time are found on bridges should be dis-
cussed critically and, if found inappropriate, removed. The prime example is mobile 
phones. Private phones are questionable in themselves, but also ship phones need to 
be considered. If not removed, a policy should be discussed for calling in to (and out 
from) the ship, and who answers at what times. It is not uncommon for the phone to 
ring at times when the bridge operators need to focus on their primary tasks. Further 
distractions may be private MP3 players or similar devices, and also radios, TVs, 
and even sofas where often meetings are held by those not on watch.

Figure 9.9 shows a good and well-thought-through bridge solution. In this 
instance, an in-house ergonomist was engaged in the design process together with the 
manufacturer, and prospective users were involved throughout, taking into account 
lessons learned from other ships, adapting the ships to their particular trade and the 
functions to be performed. Special features to note are the consoles where keyboards 
are placed. A problem has always been to design a workplace that functions well 
for work both standing up and sitting down. Here, this is solved by installing tables 
that can be raised and lowered, like the ones now available for offices. We may note 

Figure �.�  Traditional long console bridge, view from the port to starboard side. (Per-
sonal photograph of M. Lundh.)

Figure �.�  Examples of instructions that indicate interaction problems. (Photograph from 
MTO-Sea Project. With permisssion.)
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also that there is available space on the left side of the console where new equipment 
can be installed, if necessary. As mentioned, the evolution of the bridge and new 
technological aids is an ongoing process, which can lead to difficulties if the bridge 
becomes ‘full’, and new aids may get suboptimal placement. However, this does not 
mean that leaving a space affords optimum placement for future equipment but only 
that the designers at least took the issue into account.

Another issue on these ships, and many others, has been that when berthing, the 
captain wishes to see the side of the ship and the berth. At the same time he needs to 
control the ship’s movements. Earlier the captain would have to stand with his back 
to the controls to see the side of the ship and the berth. Now, the console is tilted 
upwards, good ergonomics is incorporated, and the work has been made easier (see 
Figure 9.10 and Figure 9.11).

Even with a good process for including human factors into the design, some 
unexpected changes may well have to be made after the fact. One example is a 
ship designed much like the above. They were trading on East Asian ports, and 
it became obvious that the local pilots wished to stand close to the windows. 
Although the bridge and consoles were designed to allow this, from this position 
they could not reach the VHF radio handset. As the VHF is much used in piloting 
waters, an additional VHF radio handset had to be installed next to the window, in 
front of the main console.

�.�  design oF the engine Control room

As demonstrated previously, there are not many legal requirements to the design 
of the engine control room (ECR) and little guidance for this control centre. Thus 
the discussion in this section will be of a more informal character and based on 

Figure �.�  A modern bridge with fixtures and fittings that can be adapted to different needs. 
(Design by Wallenius Marine AB/Furuno Finland. Photograph used with permission.)
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empirical data (Andersson and Lützhöft, 2007). As an example of the possibilities 
to use bridge guidelines for the ECR, we here present Table 9.4, which shows that 
if SOLAS V/15 were to be adapted to the engine department, its contents need little 
adjustment (compare Table 9.4 to Table 9.1).

We continue with a discussion of problem areas in the design of the ECR, sup-
ported by illustrations. The central piece of equipment here is, of course, the alarm 
system. The information provided by the alarm system must be easily accessible 

Figure �.10  View towards the bridge wing with new console. (Design by Wallenius 
Marine AB/Furuno Finland. Photograph used with permission.)

Figure �.11  New bridge wing console, adapted to work when berthing. (Design by Wal-
lenius Marine AB/Furuno Finland. Photograph used with permission.)
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from every position in the control room. This is also valid for the acknowledgement 
of alarms. The development of technology has led to an increase in the number of 
alarms on board. Alarms will be further discussed in a later section.

In order for an operator to maintain and update his or her mental model of the 
monitored processes both on the bridge and in the ECR, analogue presentations 
are often more helpful than digital. Reading errors are more common on digital 
instruments than analogue instruments. Analogue gauge indicators are in most cases 
preferred by engineers to digital gauge indicators (see Figure 9.12 and Figure 9.13). 
A specific value is more difficult to remember than the position of an indicator on 
an instrument. If the analogue instruments are designed in a way that implies that 
the needles of the instruments have the same position under ‘normal operation’, any 
deviations from the normal are easily detected (see Figure 9.14) (Wagner, 1994).

The instruments also need to be arranged due to their affiliation, the so-called 
functional grouping (see Figure 9.15). The layout must clearly show which knobs, 
switches, and indicator lights belong to a certain piece of equipment. For instance, 
controls for a pair of pumps, starboard and port, must be consistently mapped on 
the control panel in the same way (starboard and port). However, due consideration 
must be given to whether the control room or display surface is facing forward or aft. 
An issue discussed in many control rooms, as well as the ECR, is the loss of mimic 
boards, which often are replaced with computerised overviews. Care should be taken 
to provide operators with good overviews of systems, as well as giving them pos-
sibilities to zoom in on details.

taBle �.� 
suggested adaptation of solas v/1� to the engine Control room 

aim 
number

adaptation

1.1 Facilitating the tasks to be performed by the ECR team in making full appraisal to the 
situation and in running the ship safely under all operational conditions

1.2 Promoting effective and safe ECR resource management

1.3 Enabling the ECR team to have convenient and continuous access to essential information 
that is presented in a clear and unambiguous manner

1.4 Indicating the operational status of automated functions and integrated components, 
systems, and/or subsystems and alarms

1.5 Allowing for expeditious, continuous, and effective information processing and decision 
making by the ECR team

1.6 Preventing or minimising excessive or unnecessary work and any conditions or 
distractions in the ECR that might cause fatigue or interfere with the vigilance of the 
ECR team

1.7 Minimise the risk of human error and detecting such error if it occurs, through monitoring 
and alarm systems, in time for the ECR team to take appropriate action
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9.5.1	 engine	Control	rooM	lAyout

The design of the engine control room should be guided by the functions that are to 
be performed there. A number of basic functions describe the work in a ship’s ECR 
and can be described as a group of tasks, duties, and responsibilities necessary for 
the operation of the propulsion of the ship and carried out in the ECR. The most basic 
functions that should be taken into account when designing this workplace are:

Normal operation
Monitoring

•
•

Figure �.12  Analogue instruments. (Personal photograph of M. Lundh.)

Figure �.1�  Digital instruments. (Personal photograph of M. Lundh.)
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Emergency operation
Planning and documentation
Administrative duties
Safety
Communication
Stand-by area

These functions are based on the functions described by IMO (2000) for the 
bridge, and are to be seen as a suggestion, open to discussion and revision. The spe-
cific design or placement of instruments is not discussed here, as these are dependent 
on the ship’s type and size. As far as ergonomics is concerned, relevant guidance 
for design is available in order to place the equipment within reach and sight. The 
workstation must also be adapted for both standing and seated work positions, as 
applicable. This is so that the working position can be varied during long work shifts. 

•
•
•
•
•
•

Figure �.1�  Deviation from the ‘normal’. (Image from E. Wagner. With permission.)

Figure �.1�  Functional grouping of instruments. (Photograph from E. Wagner. With 
permission.)
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Figure 9.16 shows a suggestion of an ECR layout, taking into account the above 
functions. The division of functions on these figures does not imply that they must or 
should be separated from each other physically. Figure 9.17 shows a good example 
of a well-designed ECR, where engineers are placed centrally with a good view over 
system and alarm status.

�.�.1.1  Workstation for normal operation

This is the main workstation for the operation of the engine room and its auxil-
iary equipment.

Administrative
duties

Safety Communi-
cationMonitoring

Normal operation

Emergency
operation

Planning and
documentation

Stand-by area

Figure �.1�  Suggested layout of ECR, with basic functions.

Figure �.1�  A traditional design of an ECR using analogue techniques. The on-duty 
engineers are located centrally and have a good view of the operational status and the alarm 
status. (Personal photograph of M. Lundh.)
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�.�.1.2  Workstation for monitoring

This is the workstation from which process values and alarms can be monitored.

�.�.1.�  Workstation for emergency operations

This is the workstation from which emergency running of the equipment can be 
performed.

�.�.1.�  Workstation for planning and documentation

This is the workstation at which the operation and maintenance of the engine room 
and engine control room are planned.

�.�.1.�  Workstation for administrati�e duties

This is the workstation at which members of the crew do administrative tasks such 
as e-mail and correspondence, the planning of maintenance work, inventory of avail-
able spare parts, and ordering of spare parts. If at all possible, taking into account 
manning restrictions, these duties should be performed at another location away 
from the control room.

�.�.1.�  Workstation for safety

This is the workstation at which all safety-related duties can be performed. These include 
such duties as the operation of fire pumps and monitoring of the fire alarm systems.

�.�.1.�  Workstation for Communication

This is the workstation from which communication to the bridge as well as external 
communication can be performed.

�.�.1.�  Workstation for the stand-by area

This is the workstation where waiting time can be used.

9.5.2	 sMAll	engine	Control	rooMs

The greatest challenge is, of course, the design of small ECRs. The smaller the avail-
able space, the more thought must be spent in the design. If not, the work in the ECR 
risks becoming restrained through overcrowding (if more than one crew member 
is present) or inefficient (if a solitary crew member cannot reach all the controls 
and equipment needed). Figure 9.18 and Figure 9.19 show a suggested layout for the 
smaller ECR, again fitting in the basic functions.

The tasks that are performed in the ECR have changed in recent years and nowa-
days engineers have to perform more computer-based tasks than before. If the crew 
is so few in number that administrative work must be performed during the control 
room watch, the layout of the ECR must take this into consideration and provide 
a desk. However, one should be aware that this may contradict the suggestions in 
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Table 9.4, aim 1.6: ‘Preventing or minimising excessive or unnecessary work and 
any conditions or distractions in the ECR which might cause fatigue or interfere with 
the vigilance of the ECR team’.

If it is still deemed necessary, the layout should allow administrative work to be 
performed while the engineer still has a good overview of process and alarm infor-
mation and can reach the acknowledgement button to the alarm system. Figure 9.20 
shows an example of the opposite.

Figure �.1�  A narrow ECR where passage is restricted by desk chairs. (Personal photo-
graph of M. Lundh.)

Stand-by 

Monitoring Safety 
Planning

and
documen-

tation

Normal 
operation 

Adm. 
duties 

Communi- 
cation 

Emergency 
operation 

area 

Figure �.1�  Suggested layout for a small ECR, with basic functions.
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It is also important to have a briefing area where meetings with the engine room 
crew can take place. The ECR is the area where discussions and sharing of informa-
tion can take place without risk of misunderstandings due to the noise level in the 
engine room. The engine crew also need a stand-by area where they can relax and 
take a break from the noisy and hot environment, which in many cases the engine 
room represents (see Figure 9.21). The area can, for instance, also be used by a stand-
by engineer waiting for a departure or waiting in a lock.

�.�  alarms

Alarms and alarm management are a growing problem, both on the bridge and in the 
ECR. Many alarms are necessary on the bridge, to indicate the status of safety-criti-
cal equipment or to alert the operator regarding a dangerous situation. However, the 
number of alarms and indications has increased from solely being related to navi-
gation to include engine room/platform systems and now also communication/radio 
station alarms. Many instruments have their own alarm, and systems and alarms are 
not integrated. Many alarms are statutory requirements, but that does not make them 
appropriate all the time. As if this were not enough, much equipment designed for 
land and office use is making its way on to ships. Faxes, printers, and computers on 
the bridge all add to the plethora of alarms, making it even more difficult to judge 

Figure �.20  A narrow desk in the ECR which is in a corner. This leaves the engineer 
with his back to the operating panels and the alarm system. (Drawing by E. Jacobson from a 
photograph. With permission.)



2��	 Handbook	of	Control	Room	Design	and	Ergonomics

where they come from (digital beeps are hard to place in space). It is also very difficult 
to judge the degree of urgency. In the ECR, we also see and hear more alarms, and 
alarm systems are more complex than before. The presentation of alarms (for exam-
ple, long alarm lists on paper or screen) often makes it hard to interpret and prioritise 
the alarms (see Figure 9.22). Especially in emergency conditions, it would be benefi-
cial if the alarm presentation helped operators pinpoint the initiating factors. If it were 
possible it would be helpful to suppress certain less urgent, secondary, alarms.

IMO 982 provides some guidance for alarm management and alarm design, but it 
does not solve all problems. The following list is based on IMO (2000), with some added 
comments, and in most cases applies to both the bridge and the engine control room.

9.6.1	 AlArM	MAnAgeMent	And	design

A method of acknowledging all alarms (i.e., to silence audible alarms and 
to set visual alarms to steady state), including the indication of the source of 
the alarm, should be provided at the navigating and manoeuvring worksta-
tion, to avoid distraction by alarms that require attention but have no direct 
influence on the safe navigation of the ship and that do not require immedi-
ate action to restore or maintain the safe navigation of the ship. In order to 
judge this, alarm information must be available at the same place.
The alarm indicators and controls of the fire alarm and emergency alarm 
should be located at the safety workstation.
Alarms should be provided to indicate failure or reduction in the power 
supply that would affect the safe operation of the equipment.
Alarms should be provided to indicate sensor input failure or absence.
Alarm systems should clearly distinguish between alarm, acknowledged 
alarm, and no alarm (normal conditions).

•

•

•

•
•

Figure �.21  Stand-by area in close vicinity of the operating area. (Personal photograph 
of M. Lundh.)
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Alarms should be maintained until they are acknowledged.
Alarms and acknowledged alarms should only be capable of being can-
celled if the alarm condition is rectified. This cancellation should only be 
possible at the individual equipment.
The number of alarms should be minimised.
Alarms should be indicated in order of sequence and provided with aids 
for decision making. An explanation or justification of an alarm should be 
available (on request).
The presentation of alarms should be clear, distinctive, unambiguous, 
and consistent.
All required alarms should be presented through both visual and audi-
tory means.

9.6.2	 visuAl	AlArMs

Visual alarms should clearly differ from routine information on displays.
Visual alarms should be flashing. The flashing display should change to 
steady display upon acknowledgement.
Acknowledged alarms should be presented by steady display.
Alarm indicators should be designed to show no light in normal conditions 
(no alarm) or should be nonexistent on displays.
Flashing visual alarms should be illuminated for at least 50% of the cycle 
and have a pulse frequency in the range of 0.5 Hz to 1.5 Hz.
Visual alarms on the navigating bridge should not interfere with night 
vision (not applicable in the ECR).

•
•

•
•

•

•

•
•

•
•

•

•

Figure �.22  Alarm list shown on a computer screen. (Personal photograph of M. Lundh.)
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9.6.3	 Audible	AlArMs

Audible alarms should be used simultaneously with visual alarms.
Audible alarms should cease upon acknowledgement.
Audible alarms should be differentiated from routine signals, such as bells, 
buzzers, and normal operation noises.
Under normal working conditions, the alarm signals should be able to be 
heard properly inside the wheelhouse and outside on the bridge wings, and 
their sound characteristics should not be inconvenient to the human ear (not 
applicable in the ECR). This point is underspecified, and difficult to judge 
whether it has been fulfilled.

�.�  health hazards

As an orientation, a list of health hazards is included from the ATOMOS project. 
These are also factors to consider when designing a ship control centre. Any design 
project must deal with identification, assessment, and amelioration of short- or long-
term hazards to health occurring as a result of normal operation of the SCC. The 
following hazards should be considered:

Noise/vibration—Continuous/impulse sound or vibration that causes dam-
age to hearing or vibration injuries in the short or long term. The values and 
references that cover the conditions that spaces on board ship should meet 
are to be found in the IMO Code for ‘Noise levels on board ship’.
Toxicity—Poisonous materials or fumes generated by equipment, capable of 
causing injury or death in the short or long term. Also consider allergies.
Electrical—Equipment that may provide easy exposure to electrical shock.
Mechanical—Exposed equipment with moving parts that are capable of 
causing injury.
Musculoskeletal—Tasks that adversely affect either the muscles or skeleton 
separately or in combination, e.g., lifting of heavy weights, repetitive move-
ments, incorrect disposition of displays and/or commands, etc.
Heat/cold—Sources that provide potential hazards from equipment 
generation.
Optical—Equipment that is likely to provide ocular injury.
Electromagnetic radiation—Other electromagnetic sources; e.g., magnetic 
fields, microwaves, etc.

Many of these considerations are studied under several MARPOL (The International 
Convention for the Prevention of Pollutions from Ships) chapters, where information 
needed to correctly handle dangerous goods is given (ATOMOS, 1998).

�.�  system saFety

A key issue for system safety is to identify and understand the factors that affect 
human performance in relation to the technical systems being operated and the  

•
•
•

•

•

•

•
•

•

•

•
•
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environment in which work is taking place. This task should start from the early 
stage of the SCC definition and should refine its results as the design progresses, 
giving the necessary retrofits at different levels: from changes in concept defini-
tion to requirement modifications/extensions. Human error analysis should also be 
integrated with the traditional engineering approach during the phases of the overall 
safety lifecycle. The activities under this domain should, at least, consider the fol-
lowing key aspects (ATOMOS, 1998):

Error sources—The use of the SCC in general, or of one of its subsystems, 
which is likely to lead to error; for example, long, complex procedures for 
simple operations.
Use behaviour—Misuse and abuse of subsystems that have safety implica-
tions for the user. For example, inadequate materials, skill and attitude of the 
system’s operator, ergonomic design, and the interpretation of information 
received are all aspects that have a direct influence on checking human error.
Surroundings—External environmental conditions that have safety impli-
cations for the SCC user or third parties involved in ship’s operations, e.g., 
piracy, extreme weather, dangerous cargo (chemical, biological, explosive, 
and flammable).

9.8.1	 survivAbility

Personnel survivability refers to using system design features that improve safety 
and operational success while in hostile natural or man-made environments. This 
includes the progression from the integrity of crew and passenger compartments, 
through safety, survival, escape and rescue systems, equipment, and procedures 
(ATOMOS, 1998).

9.8.2	 joint	CoMMuniCAtion

To sum up this chapter, we point out that we have been discussing two units, the 
bridge and the engine control room, with the same goals—safety for the crew, ship, 
and cargo. Other important goals were discussed earlier in this chapter. For these 
reasons, we must take a systems view on ship safety and the design of ship control 
centres. Necessary steps along the way are: continued work to generate more guid-
ance, especially for the ECR design, and providing assistance for adapting existing 
regulations and guidelines to individual ships. This is especially true for human fac-
tors and ergonomics guidelines, as the knowledge about how to design good work-
places does exist today, but not always in a form available and applicable to those 
designing ships. Just as the bridge and the engine room personnel need to com-
municate in order to do a good job, so do naval architects, researchers, and domain 
experts, including those with maritime experience. Put together a good mix of com-
petencies in a project group, make sure they understand each other, and a good ship 
will follow.

•

•

•
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aBBreviations

ATOMOS: Advanced Technology to Optimise Maritime Operational Safety
BRM: Bridge Resource Management
ERM: Engine Room Resource Management
FMECA: Failure Mode, Effects, and Criticality Analysis
IACS: International Association of Classification Societies
SCC: Ship Control Centre
SIC: Station In Control; relates to transferring control between work stations 

or SCCs
SOLAS: International Convention for Safety of Life at Sea
IMO: International Maritime Organisation
ISO: International Organisation for Standardisation
MSC: Maritime Safety Committee
MARPOL: The International Convention for the Prevention of Pollutions from 

Ships
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10.1  introduCtion

The abilities and limitations of the operator in control room work are discussed in 
more detail in this chapter. We aim to give concrete data that can be of use in the 
design of control rooms. Much of the background discussion, motivation, and other 
important aspects is omitted in order to bring about a fully comprehensive solu-
tion, as it is not possible to summarise these in a handbook of this type. For more 
detailed information, the reader should refer to the specialist psychological or socio-
psychological literature, or consult ergonomic or psychology experts in the field (for 
example, Stevens, 1975; Hamilton, 1983; Salvendy, 1986).
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The description of human psychology and physiology is also highly simplified. 
Models of the type given in this book have a certain justification in the planning of 
control rooms and the like. However, they must be used with care. The discussion is 
based on the model shown in Figure 2.17. The operator’s sense organs and percep-
tion are considered first and then the decision and memory functions are examined. 
In conjunction with these, we give examples of decision-making speed, different 
types of decisions, and the problems associated with over- and underloading. Some 
information on the human motor system and ability to carry out various manoeuvr-
ing and control movements is given in the later part of this chapter. Chapters 3, 4, and 
5 provide examples on the design of information and control devices.

10.2  sense organs and perCeption

In order to be able to control a machine of any sort, the operator needs some form of 
‘measuring device’ (sense organs) to receive information from the information dis-
plays. For humans, these measuring devices perceive signals giving the information 
necessary to operate and control the process.

Table 10.1 and Table 10.2 summarise the capacity and types of the human sense 
organs. From these tables it may be seen that there are two characteristics of the human 
sense organs that are very important. First, most human sense organs span a very large 
range of amplitudes. The eye, for example, can cover an amplitude range that is 10 
times higher than the threshold level for sight (the lowest visible light level). The sense 
of hearing can hear sounds that are 10 to 12 times the threshold level.

The tables also show the very wide frequency range that can be sensed by the 
different sense organs. However, despite the great amplitude and frequency ranges 
of the sense organs, there are still stimuli that lie outside the human detection ability. 

taBle 10.1 
some stimuli, the sense organs, and their effects
the stimulus affecting the sense of organ that produces the effect

Electromagnetic radiation of Eye Sight

 wavelengths 300–1500 nm

Pressure variations in the air 
with frequencies between 20–
20 000 Hz

Ear Hearing

Temperature changes Cold and warmth receptors Heat and cold

Movement of the limbs Muscle spindles (Probably no conscious feeling)

Golgi tendon organs (Probably no conscious feeling)

Tendon receptors Limb movement

Many gases Olfactory organs Smell

Touch Touch and pain receptors Pressure
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For the human senses there are certain electromagnetic waves that cannot be seen 
and certain sounds (mechanical waves) that cannot be heard. There are also certain 
types and qualities of stimuli (for example, ionising radiation, relative humidity) for 
which the human sense organs are inadequate.

It is easiest for humans to discriminate a signal if it can be compared with another 
signal at the same time. This is called relative discrimination. Absolute discrimina-
tion, where the size of a signal has to be determined directly without having another 
one to compare it with, is considerably more difficult.

Apart from recognising the frequency and amplitude of signals, human beings 
can sense and discriminate other dimensions such as locational and temporal rela-
tionships. Examples of this are a pulsing sound signal or a flashing light. Table 10.3 
gives examples of the ability to recognise different types/variants of one and the 
same stimulus, and the ability to discriminate quantitatively different types of stim-
uli. More detailed recommendations on these stimuli are given in Chapter 3.

10.2.1	 sigHt	And	vision

The most important factors that determine the efficiency of the sense of sight are:

 1. Luminance Discrimination—The ability to distinguish differences and 
variations in brightness.

 2. Sharpness—The ability to define and differentiate shapes.
 3. Temporal Visual Ability—The ability to distinguish changes and move-

ments over time.
 4. Depth Discrimination—The ability to judge depth (variation in image 

between the two eyes).
 5. Colour Discrimination—The ability to discriminate the wavelength of 

the light.

The first factor is thought to be the most important. The ability to discriminate 
brightness is usually expressed as contrast sensitivity. Contrast can be expressed by 
the following formula:

 K = (LB – LS) / LB  (10.1)

where LB stands for the brightness of the background (luminance) and Ls for the 
luminance of the signal or object that is to be distinguished. Figure 10.1 shows how 
visual performance varies with contrast and background luminance. The visual  

taBle 10.2 
Functional range of the sense organs
sense organ intensity Frequency of Wa�elength

Eye Ca. 3 × 10–10 to 0.3 cd/m2 300 nm to 1500 nm

Ear 10–6 to 10–2 j cm–2 20 Hz to 20 000 Hz

Vibration sense 2.5 × 10–7 to 2.5 × 10–4 j Up to about 10 000 Hz
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Figure 10.1  The relationship between contrast for different performance levels on the ver-
tical axis (95% is taken to be sufficiently good for most tasks) and luminance on the horizontal 
axis. The range of curves is shown for different exposure times and sizes of visual target.

taBle 10.� 
numbers of recognizable variations of different stimuli
stimuli max. recommended notes

Colours

Lamps 10 3 Good

Surfaces 50 7–8 Good

Design

Letters and numbers ∞ ?

Geometrical 15 5

Figures/diagrams 30 10 Good

Size

Surfaces 6 3 Satisfactory

Length 6 3 Satisfactory

Lightness 4 2 Poor

Frequency (flashing) 4 2 Poor

Slope

(Direction of pointer on dial) 24 12 Good

Sound

Frequency (Large) 5 Good

Loudness (Large) 2 Satisfactory



The	Operator’s	Abilities	and	Limitations	 2��

efficiency is normally directly related to the lighting intensity and the luminance of 
the background and surrounding surfaces. It can be seen from Figure 10.1 that for a 
given contrast (for example, K = 0.1), the lighting level must be increased, which also 
directly increases background luminance, if performance is to be improved. This is 
because, among other things, increased intensity of light gives increased sharpness 
of vision.

The requirement of sharpness of vision can be reduced by increasing the size 
of the critical parts of the visual task. For small objects or dim lighting, recognition 
speed (temporal visual ability) may be reduced if the light levels are increased. In 
order to get good visual conditions, it is better to increase the size and contrast of the 
object rather than increasing the lighting level. If it is necessary to increase the light 
level, problems of glare must be taken into account. In particular, one must take care 
to avoid reflections on panels and instrument glasses.

The sensitivity of the eyes changes (adapts) to the average luminance of those 
surfaces to which they are exposed. The adaptation that the sense of sight carries 
out means that humans do not experience the luminance of different surfaces in the 
same way as a light meter. The latter measures only the physical intensity of the 
luminance. The human eye reacts differently. If, for example, it is adapted for a very 
low level of luminance and lighting (such as a very large opening of the pupil and 
very sensitive retina), a surface with a relatively low luminance (but higher than the 
very low adaptation luminance) is perceived as being very bright. If, on the other 
hand, the adaptation luminance is very high (for example, due to sitting and looking 
at a bright sky), even surfaces with relatively high luminances will appear to be dark. 
These relationships are illustrated in Figure 10.2.

In order to work in the dark, total dark adaptation can be achieved if sufficient 
time is spent in a dark place. This may occur in certain types of control rooms, for 
example, on board ships, in certain types of traffic monitoring, and other situations 
where radar screens are used. In practice, this means that the light sensitivity of the 
eye increases considerably, and a certain level of visual ability can be maintained 
despite the darkness. However, it takes up to thirty minutes for dark adaptation to 
be fully achieved.
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luminance. (After Hopkinson and Collins, 1970. With permission.)
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It is important that such areas are sufficiently dark and the eye must not be 
exposed to any direct light. Only red light can be tolerated. The visual acuity (sharp-
ness) is very much reduced when the eye is dark-adapted. This means that only 
large objects can be seen. Direct reading of small details on instruments in the dark 
requires the use of special equipment. Certain recommendations on the design of 
such control rooms are given in Chapter 5.

10.2.2	 Colour	vision

Colour is not a physical quantity but a psychological one (see Figure 10.3). Electro-
magnetic waves are converted by the eyes and the visual nerve centre, including the 
visual parts of the brain cortex, and are experienced by humans in different ways. 
These different experiences are called colour. In the human retina there are thought 
to be three different types of sensitive bodies that convert electromagnetic radiation 
of different wavelengths and brightness, and thereby bring about different experi-
ences of colour.

Table 10.4 gives the approximate relationship between the different physical 
characteristics of the radiation and the parameters in colour vision. The wavelength 
of the light is related to the colour experienced (for example, red, blue, yellow, 
green). The luminance is related to the brightness and the purity of the colour to the 
perceived colour density. But it is important to remember that there is no simple rela-
tionship between the physical characteristics of the light and the mental perception 
of colour. Colour perception is influenced by a large range of different factors and 
some of these are examined below.

Light
source

Visual
system

Visual
centre in
cortex 

Direct

Reflected

Pigmented surface (absorbed and reflected radiation)

Figure 10.�  Relation between light radiation and subjective response to colour.

taBle 10.� 
approximate relationship between physical 
Characteristics and Colour perception
physical Characteristic Colour perception

Wavelength Colour

blue, yellow, etc.

Luminance Brightness

‘Purity’ Colour density
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There are three main sources of colour generation:

 1. Light reflected towards and absorbed by a pigmented surface.
 2. Electromagnetic radiation (including invisible ultraviolet [UV] light) that is 

reflected and absorbed by a fluorescent material and thereby generates new 
light.

 3. Direct light, for example, a lamp or a cathode ray tube (TV or visual display 
unit [VDU] screen).

All these different types of colour generation depend on whether the lighting in the 
room is coloured. Table 10.5 shows how surfaces with different types of colour pig-
ment are experienced when they are exposed to red, blue, green, and yellow lighting, 
respectively. A pigment that is experienced as blue (that is, has a ‘blue colour’ pig-
ment) in ‘white’ light will be experienced as reddish-purple in yellow light.

A similar but less marked effect is also obtained when fluorescent material is 
illuminated with coloured light.

As colour is to a large extent a psychological experience that is formed within the 
human visual system, there are a number of physiological and psychological factors 
that determine how we perceive colours (see Figure 10.3 and Figure 10.4). The fol-
lowing relatively important factors will be discussed in more detail:

 1. Central vision
 2. Focusing of colours in the lens
 3. Colour blindness
 4. Meaning and perception
 5. Age

10.2.3	 CentrAl	vision

Figure 10.5 shows a cross-section of a human eye. The incoming light is focused 
by the lens and falls onto the retina that lines the back of the eye. Different parts of 
the retina have different types of light-sensitive cells on them. In the central section 

taBle 10.� 
Coloured light on different Coloured surfaces

surface/ light

Colour red Blue green yellow

Red Bright red Bluish red Yellow-red Light red

Blue Red-purple Bright blue Dark green-blue Reddish purple

Green Olive green Green-blue Bright green Yellow-green

Yellow Red-orange Reddish brown Greenish yellow Bright orange

Brown Brown-red Blue-brown Dark olive brown Brownish orange

Source: Modified from Woodson (1981).
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(fovea) are cones (see Figure 10.6), which are less sensitive to light. The cones are 
used for detailed imaging, and have a very different ability to distinguish detail from 
the rods that are found more peripherally around the retina; the rods are considerably 
more sensitive to light. The rods are used mainly for night vision and the cones for 
daylight vision. The cones help us distinguish colour.

10.2.4	 foCusing	of	Colours	on	tHe	lens

All types of lenses, including the lens in the human eye, focus light of different 
wavelengths to different extents; blue is focused nearer the lens and red farther away 
from the lens. This means that if light containing a large difference in wavelengths 
is presented to the eye—for example, violet-blue and red on the same VDU screen—
the eye will find it difficult to focus at a suitable ‘distance setting’ from the screen. 
The colours may be perceived to lie in different planes, and the eye will have to work 
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Figure 10.�  Relative sensitivity of the eye for different wavelengths of light.
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Figure 10.�  Cross-section of the human eye.
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constantly in order to focus and achieve optimal clarity. One must therefore avoid 
having colours widely separated in wavelength adjacent to each other.

The perceived colour from a directly radiating light source such as a lamp or a 
cathode ray tube (TV/VDU screen) will not be affected much by the colour of the 
surrounding light. It is, however, important to remember that the colour of light 
perceived on a VDU screen will also be affected by the intensity and colour of the 
room lighting even if this effect is not very marked. This is because the human eye 
is affected directly and indirectly by the light in the room, and will become adapted 
both to its intensity and colour. In addition, there will always be a certain amount of 
light reflected towards the surface of the VDU screen, and this will be ‘mixed’ with 
the light from the screen itself.

10.2.5	 Colour	blindness

Colour blindness is an important factor that must be taken into account in the design 
of colour VDU screens. About 8% of all males and 0.4% of all females have some 
form of colour vision deficiency. Table 10.6 shows the ways in which light seen by 
someone with normal vision as red, green, blue, or yellow would be seen by peo-
ple with various forms of colour vision defect. The different descriptions are sim-
plifications, but they do give an indication of the problems that may arise. People 
with reduced ability of the green receptors (nearly 5% of males and almost 0.4% of 
females) will experience yellow as green-red, and if the red receptors are inactive, 
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yellow is seen as light green and red as whitish. In the total absence of colour recep-
tors, all light is seen as white, and the world is only experienced on a grey scale.

10.2.6	 MeAning	And	perCeption

Colours have different meanings for different individuals. Colours are often described 
as warm or cold, as calming or creating aggression. However, research has shown 
that there is no uniform way in which people interpret subjectively the characteris-
tics of different colours. The meaning of different colours is constrained by cultural, 
social, and educational factors. This is also strongly affected by individual personal-
ity. It is therefore almost impossible to give any general advice in this respect. There 
is, however, a certain tendency for the density of a colour to be associated with rising 
and falling. One could thus use different colour densities of blue to represent differ-
ent gas pressures, and use different densities of red to indicate temperature levels.

10.2.7	 tHe	effeCts	of	Aging

Increasing age brings decrements in various aspects of visual ability. For example, 
speed accommodation (distance setting) is reduced considerably with age. The eyes 
of older people therefore become sensitive to light of widely differing wavelengths on 
the same picture, resulting in an accommodation problem. In addition, the ability to 
discriminate luminance differences and between colours with shorter wavelengths, 
such as blue and green, is impaired.

taBle 10.� 
how Colours are percei�ed by people with different Colour vision defects

type of Colour vision defecta red green Blue yellow

Absence of colour receptors 
0.003% men, 0.002% women

White-grey White-grey White-grey White-grey

Inactive green receptors 
1.1% men, 0.01% women

Red White Blue Light red

Inactive red receptors 
1.0% men, 0.02% women

Whitish Green Blue Light green

Inactive blue receptors 
0.03% men, 0.001% women

Red Green White White

Weak green receptors 
4.9% men, 0.38% women

Red Light green Blue Green-red

Weak red receptors 
1% men, 0.02% women

Light red Green Blue Green-yellow

Weak blue receptors (very rare) Red Green Light blue Light yellow
a8% of men and 0.4% of women have some deficiency in colour vision.
Source: Summarised from IBM (1979).
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10.2.8	 HeAring

The organs of hearing are in certain respects better adapted to receiving signals than 
are those of sight. This applies particularly to the recognition of complex patterns. Even 
in the presence of noise and complex sounds from a machine installation, a trained ear 
can easily detect deviations and diagnose faults. The ability of the ear to differentiate 
frequencies is shown in Figure 10.7. This shows the smallest change in the frequency 
of the sound that can be distinguished against the frequency of the original sound. Fig-
ure 10.7 shows that it is easier to distinguish changes in frequency at lower frequencies. 
Changes in loudness, however, can be heard better at higher frequencies.

In order to hear a sound in a noisy� environment, it is clear that the sound must 
be a louder noise than when there is a quiet environment. Background noise masks 
the sound signals. Low-frequency noise masking occurs when the masking sound 
is of the same frequency. The masking effect is increased if the background sound 
has a lower frequency than the sound to be heard. The masking effect of a noise on 
speech is expressed in speech interference level (SIL) units. SIL values are based on 
octave band measurements and are often the same as the current masking noise. The 
SIL value is the average of the sound pressure levels (in dB) in three octave bands 
with centre frequencies of 500, 1000, and 2000 Hz. Table 10.7 shows the masking of 
speech at different distances between speaker and listener.

A hearing aid can improve reduced hearing ability. However, if there are wide 
variations in noise levels, the hearing aid can actually increase the problem by ampli-
fying all the sound equally.

The need for amplification for those with hearing damage may vary with the 
intensity and frequency of the sound. Certain people with hearing impairments can 

� Noise is defined as unwanted sound. Industrial noise and the quietly dripping tap would both be expe-
rienced by most people as noise. A sound that may be music to some people may by others be consid-
ered as noise.  
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hear loud sounds relatively well, while not hearing softer sounds at all. Amplification 
of the sound can thus mean that the hearing-impaired person would certainly be able 
to hear the weak sounds, but at the same time the loud sounds would all become too 
loud. In work situations, therefore, earmuffs are to be preferred. They will attenuate 
the surrounding noise while the relevant signals will be heard clearly.

10.2.9	 otHer	sense	orgAns

Human beings have a number of other sense organs, such as the senses of taste, 
touch, and smell. These, however, are not of any great use as information channels in 
the control room. Their importance may be for warning—for example, of dangerous 
gases—but one should never rely on the sense of smell for this. Of the other sense 
organs, those found in the muscles are the most complex. These, too, are not of any 
great use as information channels in control room work. However, due to the direct 
feedback they give, they can be of some importance, for example, in keyboard work 
or the use of foot pedals in vehicle driving. A driver pressing the accelerator pedal 
obtains feedback information not only from the gain in speed but also from the recep-
tors in the leg and foot that indicate by how much the pedal has been depressed.

An experienced car driver knows (perceives unconsciously) immediately the 
meaning of a certain movement on the accelerator. The driver thus gets informa-
tion directly from the receptors in the foot and leg that indicate the speed of the car 
a moment later. This means that the driver does not need to wait to see what the 
speed of the car will actually be. In the same way, the skilled manual craftsman 
gets information directly from the various limbs without needing to wait to see the 
consequences of the skilled movements.

10.�  JoB sKills

In the modern control room, the operator will generally have some of the follow-
ing tasks:

taBle 10.� 
the masking effect of noise on speech

voice le�el in sil (dB)

distance (m) normal raised very loud shouting

0.5 71 77 83 89

1.0 65 71 77 83

2.0 59 65 71 77

3.0 55 61 67 73

4.0 53 59 65 71

5.0 51 57 63 69

6.0 49 55 61 67

7.0 43 45 55 61
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 1. Start up/stop the system
 2. Control, manoeuvre, and regulate
 3. Check, monitor (act only when there is a fault)
 4. Keep records and report
 5. Repair and maintain
 6. Plan, programme, and analyse

Different types of skill and knowledge are required in order to do these tasks. 
Job skills may be divided roughly into seven areas. The first, perceptive skill, is 
concerned with the ability to notice and distinguish signals from complex patterns. 
These are normally light or sound signals. One example of a difficult perceptual task 
is radar work. Many inspection tasks, such as the supervision of electronic circuit 
room work, also set high requirements on perceptual ability. In control room work, 
hearing is the sense traditionally used to bring small changes in the condition of the 
process to the operator’s attention.

The demands on perception in control room work are sometimes relatively high. 
They can, however, be reduced if instruments, VDU screens, and light fittings are 
designed to provide an overall solution. It is important that a good perceptual solu-
tion not only enables the various information-giving devices to be easily seen but 
also that their logical relationships enhance understanding of the process.

The demands on different forms of cognitive/thinking ability vary considerably 
in different types of control rooms. Sometimes the requirements are very small, for 
example, when the control room tasks are mainly supervisory. When the job involves 
planning and analysis work, the demand on mental processes may be considerable. It 
is important for these types of demands to be matched to the operator’s abilities, ear-
lier experience, and knowledge. It is also an advantage if the demands are changed 
in line with the increase in experience over time.

Many modern computerised control rooms have reduced the demands on the 
memory and its ability. This is because the computer can store any information, 
tabulations, and coefficients to which the operator may need access. However, under-
stimulation can occur because of the special demands of control room work that 
often involve long periods of low activity. This in turn requires vigilance ability, 
the ability to maintain a certain form of alertness despite the soporific nature of the 
work. In repair and maintenance work, what is known as diagnostic skill is often 
needed. There are different strategies for looking for faults in technical systems; one 
can, for example, test different components according to the level of probability that 
they are faulty. Another strategy is first to test half of the components, and then to 
carry out tests on the others. Diagnosis skill is often defined as:

 1. The ability to find suitable guidelines.
 2. The ability to interpret the guidelines in relation to the situation in hand.
 3. The ability to select effective testing and searching strategies.

Diagnostic ability is associated with the operator’s breadth of job skill. Repairing 
different faults, even electrical ones, requires not just electrical knowledge but also 
mechanical knowledge. The requirement for sensorimotor ability is considerable in 
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many manual jobs and in vehicle driving. The need for motor ability is greatest in 
craft and purely manual tasks. Control room work does require a certain degree of 
motor and sensorimotor abilities, but the motor requirements are relatively limited.

In certain types of control room work, where the operator starts and stops the 
process directly and where the process speed is relatively slow, the demand for con-
trol skill can be very high. Control skill can be seen as a skill that people possess to 
varying degrees depending on their experience and other factors. It is thought that 
the most skilful control operators have some form of ‘intuition’ of what is the most 
suitable control movement to make or not make. It is not always thought, however, 
that it is such people who have the best ability to control and manoeuvre the pro-
cess. This ‘intuition’ may be described as the operators having their own conceptual 
(mental) model of the relationships between control movements and the final result. 
This conceptual model is a simplified and schematic description of the actual func-
tions in the process (see Chapter 2).

10.�  perCeption and simple deCisions

The ability of human beings to discriminate signals and the length of time taken to 
arrive at different forms of decisions are considered in this section. Finally, we dis-
cuss the way in which ageing and training can affect decision making.

10.4.1	 disCriMinAtion	of	signAls

If there are 10 lamps lit in a room, and one more is lit, the increase is perceived as 
being considerably greater than if there had been 100 lamps lit in the room and one 
more had been lit. The same is true for weight; if a 1 kg weight is added to another 
1 kg weight, the weight change is felt as considerably greater than if a 1 kg weight 
is added to 10 kg.

Two researchers, Weber and Fechner (reported in Stevens, 1975), developed a 
law based on these perceptions. They stated that the difference between stimuli that 
were just perceptible (JND, just noticeable difference) were always of the same psy-
chological strength. A certain psychological JND should thus cause the same psy-
chological effect as another JND under different conditions. If the JND in weight 
increase above 1 kg is 1 g and 100 kg is 100 g, the psychological effect of the first 
increase (1 g) should be as great as the second increase (100 g). In practice, this 
means that a small increase in a low-intensity stimulus creates the psychological 
experience as a considerably greater increase in a high-intensity stimulus. The law 
produced by Weber and Fechner from this background can be expressed thus:

 n = K log I (10.2)

where I is the signal intensity and n is the number of JNDs and K is a constant that 
depends on the type of signal. In other words, n is a form of index of the psychologi-
cal perception of the signal.
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The psychologist, Stevens, designed another index that is somewhat easier to 
use. According to Stevens (1975), the relationship between the psychological percep-
tion P and the intensity of the signal can be expressed thus:

 P = LIa (10.3)

L and a are two coefficients that depend on the characteristics of the signal. As Fig-
ure 10.8 shows, L represents the point at which the curve meets the vertical axis, and 
a is the slope of the line.

Stevens’ law has been used for describing the psychological perception of a num-
ber of different factors such as light signals, sound signals, and lifting of weights. 
Some examples of the values of the exponent a for various types of tasks are shown 
in Table 10.8.

10.4.2	 siMple	deCisions

The time taken to react to a stimulus by carrying out a certain action is called reac-
tion time (also called response time). This could be, for example, pressing a button 
when a lamp lights. The greatest part of the reaction time is taken up centrally in the 
brain, that is, in making the decision to press the button. The time it takes for the 
signal to get from the eye to the brain and from the central parts of the brain out to 
the muscles that are to be contracted constitutes only a small part of the total reaction 
time. Variations in reaction time vary with different sense organs. For hearing and 
touch, the reaction time is about 140 ms. For vision it is about 180 ms if the person is 
prepared for the signal. If someone is not prepared, the reaction time increases con-
siderably. Reaction time for smell and taste are about 500 to 1000 ms. For warning 
signals where a rapid response is important, it is best to use the senses of hearing or 
touch, or to use these two senses together.

Reaction time (RT) reduces when the amplitude (strength) of the signal increases 
(see Figure 10.9a). The degree of motivation also affects RT (Figure 10.9b). If it 
is important for the operator to respond quickly, RT is reduced. Rapid reactions 
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Figure 10.�  Stevens’ power law on logarithmic scales.
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can also be trained. Figure 10.9c shows how the reaction time is reduced for each 
repeated attempt. Figure 10.9 also shows that the variation between different opera-
tors can also be reduced by training. The difference between the best and the worst 
will thus be less after more training (Figure 10.9c). Reaction time is also dependent 
on age (Figure 10.9d).

The factor that most affects reaction time, however, is the characteristics of the 
information to which one has to respond. Shorter reaction times are alarm signals 
(sound or lamp). If, on the other hand, one has to decide which alarm is active when 
there are several to choose from, then the reaction time will increase considerably. 
The same is true if instruments have to be read before a decision can be made. In 
a simple case, where the choice is between a number of alternatives (for example, 
choosing between different alarms), the reaction time increases with the logarithm 
of the number of possible alternatives (Figure 10.9e).

There is also a relationship between reaction time and how important it is to react 
correctly when choosing one signal from many. If it is important to be correct, the 
reaction time will increase. Similarly, if one has to respond to several rapid signals 
consecutively, reaction time increases successively. In order to be able to maintain 
the short reaction time, the signals must not arrive more often than three short reac-
tion times, three per second, and if the signals are difficult to manage there should 
be only two signals per second. This is because the situation is rarely simple enough 
that it is only a question of reading off a signal and making an immediate decision.

In the inspection of sawn timber, several seconds are needed to sort each plank 
into different groups using a very simple classification. If the signals—the planks—
are fed in automatically at too high a speed, the number of errors will increase.

taBle 10.� 
examples of values of the exponent for various types of tasks

sensation exponent stimulus

Sound level 0.67 Sound pressure from 3000 Hz tone

Vibration 0.6 Amplitude at 250 Hz on finger

Visual length 1.0 Drawn line

Visual area 0.7 Drawn square

Taste 1.4 Salt

Smell 0.6 Heptane

Cold 1.0 Metal contact on arm

Heat 1.6 Metal contact on arm

Muscle power 1.7 Static contraction

Weight 1.45 Lifting weights

Electrical shock 3.5 Current through finger

Luminance 0.3 Point source

Taste 0.8 Saccharine

Visual speed 1.0 Moving light object
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Human beings have a limited decision-making capacity, being able to make only 
one decision at a time. The human decision-making function is usually described as 
a one-channel system with a certain limited throughput rate. Signals that follow too 
quickly after the previous ones have to await their turn in the short-term memory. 
Decisions are made on groups of information—‘parts’. In a control room setting, 
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the size of these groups depends on the operator’s skill. This is clearly noticeable in 
keyboard work. A person with long experience of keyboard work and who uses touch 
typing does not respond to individual signals (letters) but reads groups of symbols 
and letters and makes decisions on the basis of these. If the operator notices that 
something is wrong while typing in, the whole decision is carried out and any cor-
rections made afterwards.

In summary, it may be said that people cannot deal with more than a maximum 
of one signal per 300 ms, or about three signals per second. Discontinuity is also 
evident when people attempt to follow a curving line that is continually varying in 
position. They work with small bits of the curve at a time and produce something 
similar to a polygon. Somewhat simplified, it can be said the people work in steps, 
where each step takes about 3/10 of a second. In order to follow a changing curve 
such as a sine wave, about six steps are needed in order to produce a recognisable 
likeness. As each step takes 3/10 of a second, it therefore takes 2 seconds per period. 
In other words, a human being cannot follow variations that have a higher frequency 
than half a period per second (Hz). As there are 2π radians/cycle, the human band-
width is limited to between zero and three radians/second. It is important to note 
the fact that human beings work relatively slowly and lack the ability to follow rapid 
excursions. This is of great importance when a human element is used as the control-
ler in control systems of different types. Where control events occur faster than three 
radians/second, the controller cannot cope with them and cannot therefore be used as 
the controller in such situations.

In order to monitor movements where each movement is a response to a signal, 
the human limit for movement speed lies at three responses/second. This, however, 
is not the absolute upper limit for movement; if several movements are programmed 
with well-trained tasks, the periodic speed can be considerably higher. Typing speeds 
can be up to about 10 cycles/second. In this case, the typist makes a decision on the 
movement programme, where each programme contains several movements. Up to 
three programme decisions can be made per second. In practice, however, decision 
speeds are considerably lower, but in certain cases at least two decisions per second 
can be made.

For very rapid movements, the muscles work differently, physiologically speak-
ing, from when slow movements are made. Among other factors, some of the internal 
feedback mechanisms that exist in muscles and that help to make movements stable 
and controlled are disconnected in very fast movements. This means that precision 
and reliability are lower in fast movements than they are in slow movements.

10.4.3	 CHAnges	witH	Age

Various aspects of both physical and mental performance decline with age (see Fig-
ure 10.10, continuous lines) with maximal ability occurring between 18 and 25 years of 
age. However, some comprehensive research (Forsman, 1966) has shown that certain 
types of mental abilities remain fairly stable until a relatively advanced age. In certain 
cases, some of those types of mental abilities may even show an improvement.

The factors that usually decline with age are known as unstable factors, while 
those that do not change are called stable factors. Unstable factors include those  
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concerned, for example, with short-term memory, such as the immediate repetition 
of a number of digits. A young person can usually remember six or seven digits 
without difficulty, and repeat them a short time later; for the same person 10 years 
later it can be considerably more difficult. The stable factors are those that depend on 
experience and for which there is no particular time limit for carrying them out.

The sense organs are also affected by increasing age; for example, visual acuity 
and dark-adaptation ability are reduced, the ability to differentiate tones decreases 
markedly, and the hearing threshold rises with increased age. Central processes such 
as reaction time increase and the ability to react to several signals at the same time is 
very much reduced with age. Physical strength drops and older people are also more 
sensitive to stress from their surroundings.

Older people have more difficulty translating from one code to another than 
do younger people. It is, for example, harder for an older person to start driving a 
left-hand drive car if he or she has always driven a right-hand drive car. It should, 
however, be emphasised that it is possible to teach new jobs and skills to older people 
if the teaching methods are suitably designed for their needs. In particular, one must 
remember that older people need a longer time for training. One must also be careful 
not to put up social barriers to training; for example, the types of books used in the 
education of schoolchildren should not be used with adults. Older people also have a 
greater need to test and prove themselves in their training.

Even though the sense organs and the motor functions change and deteriorate 
with the years, it is not these input and output mechanisms that are the most impor-
tant factors for reduced performance in older people. These can very easily be com-
pensated for with good ergonomic design of the environment and control panels and 
with individual aids such as spectacles and hearing aids. Increasing age does not 
particularly affect the greater part of attention and motor organisation. For certain 
types of job skills, it is possible that the abilities may be maintained relatively well 
because of increased experience.
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Figure 10.10  Changes in performance level with age.
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The most important changes for the older person occur in the central processes. 
Decision making in different situations takes considerably longer for the more elderly. 
It is in this area that the greatest limitations occur for the older person in his or her 
working life, but it is also in this area that ergonomic measures can make it easier.

Age has relatively little effect on more complex decisions where there is little 
time limitation for carrying out the task, which is common in control room work. 
Instead, experience and motivation are the most important factors for efficiency. 
Older people can thus, in practice, often make difficult decisions as well as or better 
than younger people. There is also much to suggest that the character of the work 
can aid in the maintenance of a high-effectiveness capability with increased age. 
An interesting, stimulating, and variable job increases the likelihood of maintaining 
efficiency. Reduction in productivity also varies much from person to person and 
these variations are especially great at higher ages (over fifty-five to sixty years).

10.�  overloading and underloading

In this section we examine some general aspects of fatigue and alertness. Then we 
discuss problems of underloading, which are especially common in control room 
work. Finally, we give a short example of the need for variety in the job and the risk 
of monotony due to lack of variation.

10.5.1	 fAtigue	And	Alertness

Fatigue is a difficult concept to define and there are several different types (Astrand 
and Rodahl, 1977). Purely muscular fatigue is due to the build-up of lactic acid in 
the muscles that is experienced in more severe cases as pain in the muscles. In addi-
tion, the function and efficiency of the muscles is reduced, particularly the ability to 
perform ‘precision’ work. The risk of muscular fatigue is limited in modern control 
rooms, where the degree of muscular loading is usually low. The work can normally 
be carried out from a sitting posture, or in a combination of sitting and standing. 
Changes in the degree of alertness are another form of fatigue that occurs due to 
changes in the central nervous system.

One factor affecting the degree of alertness is the time of day. ‘Productivity’ or 
efficiency varies with the state of alertness, although different aspects of efficiency 
vary with time of day and degree of alertness. Normally, alertness is lowest early in 
the morning and highest later in the evening. There are, however, large individual 
variations here too. For some people, the times of lowest alertness is earlier, for oth-
ers, later. For other people, the variation between the lowest and highest levels of 
alertness is relatively small. Figure 10.11 shows how efficiency and ability vary with 
the time of day. Another important factor that affects the state of alertness is the 
character of the task. This will be discussed in more detail later.

Figure 10.12 shows how performance ability varies with degree of alertness. 
This shows that there is an optimal degree of alertness, where the performance abil-
ity is at its best. If the degree of alertness is low, performance is also low; if, on the 
other hand, the level of alertness is very high, performance ability may also be low. 
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Figure 10.11  Efficiency and ability variation with the time of day.
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Tasks containing very little variation or jobs with very low levels of loading cause in 
turn a low level of alertness, and thereby reduced performance ability.

The alertness level can be affected by factors other than those connected with 
the job. In monotonous work with a low level of stimulation, alertness can be kept at 
a high level by means of a secondary stimulation, such as music. On the other hand, 
where the job provides a certain level of stimulation, and thereby a relatively good 
level of alertness, a secondary stimulation may result in too high a level of alertness 
and a reduction in efficiency. Music and other secondary stimuli while people work 
is thus only of value in tasks that are monotonous or where the mental load from the 
job is low.

Purely physiologically, the degree of alertness is affected by areas in the cortex 
of the brain. Signals from the various sense organs go first directly to their special 
areas in the cortex. In addition, signals go via a secondary route to the brain stem 
and bring about a general stimulation of the whole cortex. This general stimulation 
prepares the brain to receive signals and information from the various sense organs. 
If the secondary stimulation is too intense, there is a risk that it will not just stimulate 
but overstimulate and cause confusion in the interpretation of the primary informa-
tion (see Figure 10.13).

Control room work is often characterised by low mental loading over long peri-
ods, thereby producing a low level of alertness. In addition, this type of work is often 
done on a shift basis, which means that people are often working during the early 
morning hours when alertness is naturally and physiologically low. The risk of poor 
performance is thus very great.

10.5.2	 underloAding

Monitoring work is a typical example of a task causing a low level of loading. The 
tasks need an operator’s level of attention to be kept relatively high, while at the same 

Direct to the cortex
(primary information)

Cortex

Activation of the
reticular formation

Figure 10.1�  Diagrammatic cross-section of the brain showing secondary activation of 
the cortex via the reticular formation in the brain stem. At first, the activation causes an 
increase in alertness but then disturbs the primary information.
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time there is relatively little for the operator to do and very little is happening. This 
is usually known as vigilance work. It is typical of vigilance tasks that performance 
drops significantly after only a short time at the job.

Figure 10.14 shows the performance ability in a typical vigilance working situ-
ation. In the alert situation, where there are plenty of signals from instruments and 
test lamps, the number of signals read and detected correctly may perhaps lie in the 
region of 99%. If, on the other hand, there are few signals, and these arrive randomly 
and are weak, the performance will start to drop considerably to 60% to 70% of its 
original level after as few as 20 to 30 minutes. The characteristic of the vigilance 
working situation is that the number of signals (such as relevant pointer movements 
and alarm signals) is very small. In addition, the signals are relatively weak and 
irregular. A common feature of control room work is the monitoring of signals that 
occur seldom and irregularly. On the other hand, the strength of these signals may 
be relatively powerful. Performance may thus be consciously raised by making sure 
that all important signals are particularly clear-cut. The risks occur when, for exam-
ple, one has to be attentive to small changes on an instrument pointer. If such small 
changes are important to the operator, they should be provided with alarms. In this 
way, the special problems associated with vigilance can be avoided.

In a control room, work loading is commonly very low, often lying below the 
level required for the job itself to provide a certain degree of stimulation and alert-
ness. Occasionally, however, there are peaks in the loading. These peaks are sudden, 
often cause load levels well above the suitable level, and are even sometimes above 
the handling abilities of the operator (see Figure 13.5 in Chapter 13). Peak loadings 
usually occur in conjunction with some form of disruption in the system. Lower 
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Figure 10.1�  The ability to perform a vigilance task can be kept high where signals are 
expected (so-called alert performance) but drops rapidly when signals are not expected (vigi-
lant performance).
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levels of increase occur with different types of recording and reporting work, for 
example, during the start-up of the installation.

It is difficult for people to cope with these sudden peaks when disruption occurs. 
The difficulty is also greater because the previous loading has been at a relatively 
low level. These factors produce a lowered level of readiness to handle the loading 
peaks. If instruments and equipment are unsuitably designed from an ergonomic 
point of view, or there are different types of environmental loading in the room, such 
as glare from lighting or disturbing noise, these will make it even more difficult for 
people to cope with the sudden peak loads. Good environmental design and suitable 
design of instruments and controls in accordance with ergonomic principles make it 
easier for the operator to cope with these peaks. It is better to try to reduce the size of 
the loading peaks so that the operator can organise the tasks into an order of priority 
during peak load. The working situation should provide clear indications of the jobs 
to be done first at such times.

Work with a very low level of loading is experienced as being monotonous. But 
there are also other reasons why jobs can be felt to be monotonous. If the variations 
in the tasks are low, they will be experienced as monotonous even if the loading level 
is relatively high. Such is often the case in control room work. In order to raise the 
loading level in the control room, it is common for the operator to carry out various 
supplementary tasks, such as reading off and recording from various instruments 
or filling in various reports and log sheets. However, in themselves, these tasks are 
rather tedious and are felt to be monotonous. Thus they do relatively little to increase 
operator alertness. Such tasks should not be expected to aid increased efficiency or 
job satisfaction.

Supplementary control room tasks given to raise the loading level during low-
load periods should be work that provides sufficient variation for the operator. It is 
important for the extra tasks to be relevant and they should not interfere with other 
parts of the job. These additional tasks should preferably prepare the operator to 
cope with the workload peaks. In practice this means that they in some way allow the 
operator to work on the system and the process. For example, planning work regard-
ing future running of the process may be suitable. Certain maintenance and service 
work in the process or control system may also be meaningful.

10.�  motor FunCtions

In control room work, demands on motor functions are relatively small. Specialised 
control rooms such as cockpits on aircraft or bridges on ships have very particular 
operator requirements. Motor tasks comprise the turning of levers and wheels, fill-
ing in forms, pressing keys on a keyboard, and dialling (telephones). As seen from 
Chapter 5, there are also ergonomic guidelines for how different types of control 
devices should be designed in order to suit the majority of people. In certain cases 
the operators need to make fine adjustments. There is often plenty of time in which 
to do such tasks. One can thus make sure that the control device has sufficient gear-
ing for fine adjustments to be made without too great a motor demand. Some types 
of work on VDU screens also demand fine adjustments for the positioning of cursors. 
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In these cases, too, the ‘gearing’ should also be sufficiently large so that not too great 
a motor demand is made.

Concrete recommendations on these points are given in Chapter 5. Where rapid 
movements and fast reactions are required, the muscles work in a different way from 
slow movements. Keyboards and press-buttons are thus better than wheels and levers 
where fast control manoeuvres have to be carried out.

Training of motor functions requires mainly practical training in simulators or 
in real on-the-job situations. Many modern control rooms rely completely on the use 
of ordinary computer keyboards. In most situations this might be acceptable. How-
ever, one important disadvantage with keyboards is the lack of qualitative sensory 
motor feedback (the only feedback they provide is done/not done). In high workload 
and critical or emergency situations, this can become very important. Training in 
rare and critical situations demanding sensory motor actions should preferably be 
done in simulators and by the use of specially designed controls that are capable of 
providing sensory motor feedback.
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11.1  similarities BetWeen learning and Creativity

There is much evidence that learning is facilitated by a free and open environ-
ment. This is what is often called a ‘high-ceiling’ or an error-tolerant environment 
(Florida, 2006). Many authors and researchers claim this type of environment 
will also facilitate creativity and innovation (Ekvall, 1996; Florida, 2006). It is 
therefore understandable that in the minds of many people learning and creativity 
are one and the same. In a modern way of looking at learning we understand that 
learning has to be a kind of creative process. The learner needs to reinvent the new 
knowledge to internalise this in order to obtain the ownership of the knowledge. 
The iterative intellectual enquiry as an inherent part of a creative process is in 
many ways similar to our understanding of an efficient process of learning (Schön, 
1982; Ivergård, 2000).
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11.1.1	 perspeCtive

In this chapter we describe the environment of control centres from the perspective of 
facilitating learning and the creation of new knowledge and skills. We are also look 
at the perspective of functional and process engineering development. The sources 
of this learning and creativity are the control centre individuals themselves. Daily 
experiences in the control centre allow the operatives ideal opportunities to learn 
and apply that learning towards improving work tasks, the work environment, and 
system design. Such learning opportunities increase when operatives work in teams 
and have the possibility of seeing work tasks from several related perspectives.

We describe briefly the development of control rooms, from the add-on work 
resources of past generations to the high-technology control centres of the current 
day. Although the physical environments and work conditions may have changed, it 
is noticeable that, in general, there has been a lag in making improvements in how 
control rooms are managed. Nowadays, control room operatives and technicians 
may be educated to higher levels of abilities and have the benefit of belonging to the 
Internet generation that regards itself as technology-savvy. However, too frequently 
neglected is the possibility of using these skills to optimise the environment for 
control room work.

11.1.2	 sHifting	tHe	pArAdigM:	froM	Control	rooMs	to	Control	Centres

Sixty years ago control rooms did not exist. In manufacturing industries workers and 
supervisors together spent all their work time out on the shop floor. Forty years ago, 
in the 1960s, separate control rooms didn’t really exist in the sense we understand 
this concept today. In the noisy industrial workplaces of the day, operators and main-
tenance workers worked for short periods from a purpose-built cabin. These cabins 
were stand-alone additions to the industrial shop floor. Often constructed of wood 
or metal, these cabins allowed the maintenance crews to store their equipment. The 
main purpose of the cabins was to protect the crews from noise and air pollutions of 
the surrounding work environment.

Constructing separate work cabins for workers with specialised duties satisfied 
the very important objectives of protection from the noisy environment. This was 
especially so in the Scandinavian countries. Here, legislation existed to protect the 
health and safety of industrial workers, building on long-standing traditions of trust 
and cooperation between workers and employers. In this environment, acceptance 
of such legislation was ensured as its intent was mutually understood. However, one 
disadvantage was that by working in the cabins, the workers or operators became 
distanced from the ‘shop floor’ and the machinery and processes they were sup-
posed to supervise and maintain. Contemporary research showed that there were 
differences in behaviour between old and young workers: older workers spent much 
more time out on the shop floor than their younger workmates (Ivergård, Istance, 
and Günther, 1980).

Twenty years later, in the 1980s, we began to see special control rooms where 
operators could supervise, and to some extent control, industrial processes. Early 
examples were electrical power production and distribution. Inside the control room 
the process flows were represented in visual displays. When process flows reached 
a critical stage (for example, when pressures became extreme or a risky situation 
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was imminent), the control panel alerted the operator by emitting visual or auditory 
warnings such as flashing lights and/or sounds. At about this same time, control 
centres in the pulp and paper industries also came along on a large scale. In most, if 
not all, of these uses, the main driving force was to improve process control and reli-
ability and to avoid total breakdown of the process. In industry, restarts are time con-
suming and very costly. In countries where electrical supply is inconsistent, power 
outages are obviously extremely costly and disruptive.

11.2  eduCation, training, and    
  learning as a part oF daily WorK

A definitive characteristic that differentiates humans from machines is the human 
ability to adapt to different situations. While some adaptation takes place instantly, 
such as when a person withdraws his or her hand from a hot surface, some adaptation 
may take place over a relatively long time. When adaptation is done systematically 
and according to a particular methodology, the concepts of education and training 
are used. In an education and training programme for job skills, the first stage is 
usually the ‘needs’ analysis during which the requirements of the job in question 
are determined. Traditional work-study methods may be of some use here regarding 
the job content and requirements. However, in control room work the traditional 
work–study methods are of little use as most work takes place inside the heads of 
the operators and is difficult to observe. In order to determine the coverage of the 
tasks in the job and its character, interviews must be carried out with the operators 
involved. Judgements may also be made based on studies of performance and abili-
ties in similar situations. In this respect, it is also helpful to observe operators at their 
work. Observation converts tacit knowledge (the innate skills of the operators in 
practice) into codified knowledge (the observer’s new knowledge of how work tasks 
are carried out by the practitioners). When the practitioners are prepared to share 
their tacit knowledge by explaining their rationales for making certain decisions and 
taking certain actions, then the tacit knowledge is processed in double-looped learn-
ing (see Schön, 1982; Raelin, 2001; Edmondson, et al., 2003).

The analyses of the job and job requirements that form the basis for the deter-
mination of the education and training programme are often the same as those that 
form the basis of the whole of the personnel planning process. These analyses are 
also involved in the optimal ergonomic planning. In this connection, it is worth 
emphasising that the job descriptions and the job requirement analyses can form the 
basis for selecting the technology used and identifying the best interface (between 
the machine and the people). One must not therefore bring any prejudices or pre-
conceived notions to the design of training. It is counterproductive to consider how 
a job or work task must be taught in order to be done under certain definite condi-
tions. Instead, using principles of ergonomics, one could change the conditions and 
thereby place more focus on the job or task—and thus simplify the learning process. 
For example, it may be necessary to take steps to change a working situation if it is 
unsuitable to design a training programme for a certain type of job and a certain type 
of person. Here the fundamental issue to consider is the match of human operator to 
the machine. Two key issues relate to the design of training programmes. First, it is 
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important to design effective training that is simple in the sense of easy to follow and 
understand. Secondly, the training programme should be suitable for the individuals 
involved in the training. The investigation of needs, operator interviews, and (ide-
ally) observation of operators at work are intended towards this outcome.

Sometimes a related problem is solved by laying off the existing personnel and 
recruiting newer, often more highly-educated people to fit changes taking place in 
the production technology. This is a strategy driven by the technology. Obviously, it 
would be more cost effective to adopt the technology to the people, augmenting their 
perceived potential, if necessary, by additional training. This approach will be particu-
larly cost effective for the organisation. The approach can also benefit the local society, 
for example, in sparsely populated areas of a country where employment opportunities 
are scarce and where there is a limited supply of suitably-educated workers. In this 
type of situation, it may be difficult to recruit locally a sufficient number of highly-
educated workers. One possible alternative might be to encourage personnel to migrate 
from major cities. However, this will only be a stopgap solution. Over time, this type 
of personnel may wish to relocate back to their region of origin. To rely on the existing 
workforce and invest in a kind of continuous lifelong learning is likely to prove a much 
more efficient and reliable solution in the longer term. This investment in localised 
skills is likely to bring benefits to the individuals, to the area, to the employer investing 
locally, and to the government in terms of skills development.

11.�  aiming For suCCess in eduCation,  
  training, and learning

In the design of an education and training programme of learning, the best results 
are likely to stem from following a number of ground rules:

In general, people can only absorb a limited amount of information at any 
one time. For some types of learning, the content and process of training 
should therefore be divided up in some way into stages, so that not too 
much information is presented at once. However, there are exceptions to 
this general rule of thumb. When learners are expected to build up a tacit 
knowledge model of an industrial or administrative process, then the con-
tent can be holistic and highly information-intensive. This point will be 
discussed later.
The demands made on speed and accuracy must be selected very carefully 
for the different training stages. For certain types of work where accuracy 
is very important, it is better to insist on high accuracy right from the start; 
speed can come later as skill level increases. In this case, exemplification 
of ‘good practice’ and feedback on the learners’ efforts to replicate good 
practice should clearly focus on accuracy. A good example here is learning 
a foreign language, where beginners need to make themselves understood 
to interlocutors at a basic level of pronunciation, vocabulary, and grammar 
as well as learning the basic sounds and shapes of the new language. For 
other types of work (including speed skills), the reverse may be better, i.e., 
to require the highest possible speed at the start and allow low accuracy and 
to let this improve as learning progresses (Clay, 1964).

•

•
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Feedback is of critical importance. The trainee must be informed continu-
ally during training of his or her performance at different levels of learning. 
Over time, some trainees can become adept at using feedback to accelerate 
their learning.
As far as possible the trainee must be prevented from using incorrect meth-
ods. If a trainee makes a mistake at some point, the trainer should ensure 
that this is used as feedback to show where improvements can be made. 
It is not overly helpful if errors are repeated as these may act as negative 
reinforcement and adversely influence the learning. Only in exceptional 
cases should the incorrect method ever be demonstrated (and then clearly 
indicated as ‘how not to do it’), as this can easily become entrenched in the 
learner’s memory and mixed up with the correct method.
The trainee should be able to control the teaching pace in order to match it 
to his or her own learning progress. This is often overlooked, but is a key 
feature of so-called learner-centred approaches. The trainees’ learning is 
often positively influenced when the learner has greater control over the 
pace of learning (see Paulsson, Ivergård, and Hunt, 2005).
Motivation is also essential for a successful process of learning.

For the learning of mainly manual motor skills (in this context including feet, legs, 
and other limbs), the ordinary five sense organs do not play an especially large role. 
More important are other feedback systems such as the natural sensors included in 
the human muscles that are able to sense changes in tension, speed, and accelera-
tion (a kind of tacit experience melded with tacit knowledge). Thus from the very 
beginning, it may often be suitable to insist on accuracy being as high as possible. 
Allow a slow speed to start with, to facilitate the learners’ confidence in their perfor-
mance. As training progresses the speed can be increased (again bearing in mind a 
learner-centred approach in which learners have control over the pace of learning). 
In sensory-motor work (for example, a combination of touch and muscular recep-
tors), there are complex control problems that play an active role in coordination of 
hand movements and muscle activity. In such situations it is often better to maintain 
a predetermined speed from the start and to let accuracy improve as skill improves. 
In such a ‘lockstep’ approach, development of the two skills in parallel will be mutu-
ally supportive of the learning.

In mainly intellectual training, it is especially important to be able to control 
one’s own learning pace. Part of the benefit of learners controlling their own pace is to 
allow reflection on accumulated knowledge (see, for example, Kolb, 1984). Naturally, 
people have their own preferred styles of learning and it is helpful if trainers can iden-
tify these at an early stage. This also assumes that the trainer knows how to facilitate 
different styles of learning and how best to accommodate these in, for example, syl-
labus and curriculum design, teaching style, and in practical learning assignments.

There is relatively little information on training and the process of learning for 
control room operators. However, research has shown that performance of certain 
types of control room tasks increases if the operator has some technical and factual 
knowledge of the functioning of the process (Ivergård, Istance, and Günther, 1980).

•

•

•

•
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Another description of training and learning in control room work emphasises the 
importance of not dividing up the work into too much detail. In one type of process it 
may be self-evident to the trainee operators what one does when starting up a certain 
process unit. In such a case it may only be necessary to say ‘Start up process X’ in the 
specification. Most people will know how to attend to turning knobs and operating 
keyboards. It is therefore unnecessary to divide these subtasks into even smaller units 
such as open the cover, turn the knob, slacken the nut; one need only say ‘Change 
printer page’ instead, if this is the job in question. Figure 11.1 shows an example of 
suitable division of jobs at different levels in order to give a basis for training.

Regarding training programmes for older people, it is important to remember 
some simple rules:

 1. Allow plenty of time for training.
 2. Allow self-determination of learning pace.
 3. Combine verbal and written information; verbal instructions alone are 

often inadequate.
 4. Provide opportunities for practical work early in the training process (learn-

ing by doing).
 5. Avoid mistakes occurring early in the training (correcting mistakes/errors 

by doing it right).

Operator 

etc. etc. 

etc. 

Reporting Monitoring 

Run Order Adjustment 

(a) Receive 
         Run Order 

(b) Control 
       of Limits 

(d) etc. 

(c) Choose 
       Suitable 
       Number 

         of Fittings 

Controlling 

Repairman 

etc. 

Level 1 
Position, e.g. 

Level 2 
Function 

Level 3 
Job 

Level 4 
Elements 
(in sequences) 

Figure 11.1  Division of jobs at different levels to facilitate training.
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11.3.1	 siMulAtor	trAining

An operator can be influenced and changed in different ways in order to improve the 
performance of the human-machine system. One method is to use various types of 
selection processes in order to try to identify and select those people who are best 
suited for the particular type of work. The question of selection will not be dealt 
with here, primarily because in most cases it is a difficult method to apply, and one 
whose value is highly disputable. If selection tests are to be used, these need to be 
properly evaluated with known validity and reliability. However, tolerance to stress 
might be a personality factor to be considered. More difficult is the issue of intro-
verted and extroverted personalities in control room work. Only relevant case-valid 
systems should be used. On the other hand, a refined training method is often of 
great value. Many of the guidelines found in the common educational literature are 
also applicable to the training of control centre operators. In this context, therefore, 
the emphasis here will be on the form of training that is of particular interest to the 
training of operators in process industries.

Traditionally, it has been possible to identify three types of learning: factual 
learning, attitude modification, and job skill training. To these can be added: skills 
for lifelong learning, training for team working, skills for self-directed learning, 
learning how to learn, and creative skills development. It is also important to con-
sider one’s own preferred style of learning and being creative. Over the past decades 
different forms of technology have been developed to support processes of learning. 
The past decade has seen an explosive development of e-learning and other forms 
of Web-supported and self-directed learning. This has partly emerged from distance 
learning using radios, TV, and ordinary postal services. Historically this is also 
related to simple early technological aids for learning, for example, the introduc-
tion of computers created computer-based training (CBT). The more sophisticated 
techniques were also developed earlier in the form of simulations of processes. Quite 
soon the nascent aviation industry made use of the early simulation technologies. 
Aircraft pilots used the first types of simulator training, which were forms of shadow 
techniques and were used to prepare the pilots for night-time flying. In this technique 
the learners learned from ‘controlling’ their own vessel or aircraft in relation to the 
shadow images of other craft or buildings displayed in front of them. Similar tech-
niques were later also used for the shipping industry and simulating the manoeuvr-
ing of ships in difficult approaches, and navigating vessels in narrow archipelagos. In 
the era of computerisation there have emerged extremely sophisticated simulators for 
aviation and shipping training. Today there is a very rapid development in the area of 
using simulators for training and learning.

Use of simulators in aviation training is probably one of the most important 
areas of applications. For commercial aviation, simulator training has taken over 
a very large proportion of the training of commercial pilots. In theory they can 
be used for more or less 100% of the training input. However, in practice, this is 
not feasible. Traditionally the strength of aviation simulators has been in dynamic 
skills training. Nowadays simulators are also used for factual learning, for example, 
in navigation training for both maritime and aviation applications. More recently, 
simulator training has begun to be used increasingly in more diverse application 
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areas. It has become more common, for example, in maritime training, but its use 
has also been increasing within other industries, for example, nuclear power facili-
ties, power plants, and electrical distribution centres. Simulator training has a high 
potential to be used in most types of modern control centres. Simulators can also 
be used for redesign and development of industrial and administrative processes. 
Other examples include simulations that replicate market movements in an economy 
and simulators on which trainees may hone their skills in trading currencies, stocks 
and shares, and other financial instruments. The potential in this area is very large, 
particularly if the simulator training or related development tools integrate the use 
of advanced stochastic mathematics combined with modern software for the creation 
of simulation programmes.

However, the main use and experience of simulators is in aviation training and 
development. Here, scientific evaluation has been carried out in order to determine 
the advantages and disadvantages of using simulators. In other areas, similar scien-
tific research is found only to a more limited extent. A large part of the experience 
from within aviation can be transferable to other areas with a certain degree of con-
fidence. Experience within simulator training shows that the advantage of simulators 
is in the training of sensory-motor job skills and the ability to handle different types 
of procedures (read off instrument A; if the value exceeds X adjust 4, and so on). 
On the other hand, simulator training has been regarded as less suitable for the more 
classic types of factual learning or for attitude modification. Nowadays, we know 
differently (see below).

A prime advantage of simulator training is economic. In simulator training, 
learning periods can be considerably shortened. This is an attractive feature in 
industries, such as aviation, where time is money—a factor that is increasingly so 
in all industries. Simulator training is also important in that it enables training in 
unusual or dangerous situations that are seldom encountered in real life. By their 
nature, simulators allow training in especially important situations that could, for 
instance, lead to serious accidents in real life. Obviously, there is very high potential 
for simulation training of extreme and very rare situations in economics, in trad-
ing, and in energy distribution. Simulator training can be used both for the initial 
learning and training, and for follow-up training, especially in connection with the 
unusual real-life situations.

It is, however, important to remember that simulator training can replicate ele-
ments of the real world but it can never wholly replace training on the real system. 
In spite of sophisticated technical advances, a simulator will only be a replication 
of reality. It will never be the same as the reality itself. A simulator for training in 
particularly dangerous tasks must resemble reality as closely as possible. In other 
words very good mathematical models need to be incorporated into the programme 
design. On the other hand, if it is to be used for training job procedures and routines, 
the simulator can in most cases be considerably simpler. It may sometimes even 
be sufficient just to have a simple mock-up without electrical connections (that is, 
without any realistic responses on instruments to different control movements by 
the operator). This simple mock-up type of simulator can also be used for factual 
training, such as memorising start-up routines, names and design of instruments and 
controls, or emergency procedures.
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In the early 1980s, Scandinavian Airlines used simulators for team training 
and management learning. In this situation, the simulator training proved to be 
a very good method for attitude changes. In this context, it became possible to 
educate cockpit crews to accept role demarcation, for example, between the co-
pilot and the captain. This usage of simulators for team training has also spread to 
other areas of learning how to work in groups. In control rooms and other control 
centres, this is a very important organisational skill in which employees need to be 
trained. In new types of control centres—for example, in energy trading or other 
financial centres—this type of training can enhance efficiency and output of the 
whole organisation.

When planning simulators for training, it is important to take account of edu-
cational expertise from simulator training. There is always a risk that in such train-
ing one may build in small deviations from reality, which could lead to a ‘negative 
transfer’ effect in the training. This may result in someone handling the real system 
as though it were the simulator, which in turn could result in the operator making 
critical errors. This risk of negative transfer seems to be larger in very high-tech 
applications where the simulation very closely resembles real-world experience (that 
is, the simulation is so good that the user doesn’t expect any deviations from real-
world conditions).

The training officer who designs the training programme on the simulator must 
therefore carry out a very careful skills analysis of the real-life job at the beginning, 
in order to determine which factors in the job are critical from the point of view of 
education or training. Of particular importance is to be conscious of the long-term 
need for new skills and also as a process of lifelong learning. Only then is it possible 
to determine how the education and training programme should be put together. 
Furthermore, a simulator designed for learning can easily also be used for creative 
work and for the development of the work process and of the simulator process itself. 
In the beginning, we discussed the relationship between creativity and the process 
of learning. Simulator training can to a large extent be combined with creative work. 
To make this form of combined learning and creativity meaningful, it is necessary to 
create a high-ceiling environment that at the same time facilitates teamwork.

11.3.2	 tHe	ConCept	of	Control	Centres

Control centres are ideal places in which to encourage individuals and work teams 
to develop their own work space. Control rooms usually comprise a tight community 
of like-minded individuals who usually have similar work backgrounds and experi-
ence. This work environment is most likely separate from other work areas and usu-
ally allowed to be self-managing. The configuration of the work teams themselves 
is very important. This makes it possible (even desirable) for the teams to create the 
knowledge that the team itself needs to function optimally in the work. Impediments 
to this knowledge creation are likely to originate from outside this close working 
environment—for example, from the existing practices of the particular workplace, 
the extant thinking paradigms of the workers themselves, or a mixture of both. Here, 
we describe an environment of ‘high ceilings’ where managers practice a high toler-
ance for ideas that at first might appear outlandish.
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In many ways, we use ‘high ceiling’ as a metaphor for extending the figurative 
space made available to employees to think and conceive new approaches to their 
work. Creative thinking (otherwise known as ‘out-of-the-box’ thinking), is stifled 
in environments where employees are expected to follow existing behaviours and 
where managers ‘keep the lid on’ the work environment. For creativity to thrive, it 
is necessary to break through the barrier of traditional ways of thinking and doing. 
Obviously, in most control room situations one cannot compromise on safety issues. 
This is clearly a reason why the use of simulators is so important, as it is possible in 
a simulated environment to train and prepare for risky situations.

Control centres using advanced computer systems based on advanced mathe-
matical modelling have only just begun to be developed incorporating the human 
factor. A key word in this context is financial engineering as taught at schools of 
advanced engineering and mathematics. This blending of analytical finance, sto-
chastic mathematics, and mathematical modelling with process engineering is an 
excellent example of what we can expect of many types of control centres in the very 
near future, not only in the domains of finance and trading but in most control centre 
applications. Modern techniques of software development will make it possible to 
design and redesign simulation models. In this way simulation models can be used 
for development purposes at the same time as they are used for training and also in 
daily operations. When simulation models are used for training they can initiate cre-
ative thinking and innovations that will lead to advanced system development.

The energy sector is likely to create a visionary future. There are enormous 
potentials, opportunities, and ramifications in such diverse areas as energy conserva-
tion and environmental protection as well as in the optimisation of business functions 
and processes. This new trend will give rise to increased concerns about corporate 
social responsibility (CSR). Most likely it will be important to clearly separate busi-
ness-related systems from the operational systems. The operational systems can be 
very large and cover nations or a group of nations. The Scandinavian countries have 
a highly coordinated system for electrical power production and distribution. At 
the same time there are large energy business systems operating over the whole of 
Europe. In the local market there are many other business operators serving the end 
consumers. For any organisation, the introduction of new technologies is a linch-
pin for both technological change and for organisational-wide process development 
and change (see Hope and Hope, 1997). This is particularly so when technologies 
develop and evolve with such speed as to aid and abet an organisation’s activities and 
encourage a paradigm shift.

11.�  some theoretiCal perspeCtives oF  
  learning and Creativity at WorK

We regard action learning as an opportunity to stimulate reflective learning from 
critical inquiry into the organisation. Four components—conceptualisation, experi-
mentation, experience, and reflection—accord with standard models of learning (for 
example, Schön, 1982; Kolb, 1984; Raelin, 1997). One such model (Raelin, 1997) is 
shown in Figure 11.2.
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The Raelin (1997) model shows two axes: knowledge and learning. Knowledge 
is explicit or tacit. Tacit knowledge is the knowledge (know-how, but not know-why) 
possessed by an individual. Such knowledge is often difficult to explain, to codify, 
or to set down in media that is accessible by others. Conversely, explicit knowl-
edge can be captured (codified) in databases, instruction manuals, and handbooks. 
Codified knowledge is available to more people than the people who had the original 
knowledge. The other dimension of this model is learning, which has theoretical and 
practical components.

Learning needs to balance between theoretical knowledge (how processes are 
ideally executed) and practical knowledge (how processes are in fact executed by the 
people who carry them out as part of their job). The resulting 2x2 matrix has four 
cells. Conceptualisation is explicit knowledge processed through theory. Experi-
mentation is the application of theory into tacit knowledge. Experience is the practi-
cal application of tacit knowledge. Reflection is the practical application of explicit 
knowledge. Progressing through the four-stage learning process (as show by the 
arrows in Figure 11.2) completes the learning cycle. Peer groups are important to 
learning. Peer groups provide inputs through evaluation of the work of other people, 
and offer advice, criticism, and support. In a work group, the inputs from peers aid 
discussion and encourage mutual learning through constructive criticism, trial and 
error, and discovery of how others work. A key feature of work groups is the possi-
bility of members learning from each other. In the real world of ‘practice’ and ‘expe-
rience’, ‘tacit knowledge’ overlaps with practical experience of ‘explicit knowledge’. 
Practice learning of explicit knowledge is not only from processes of ‘reflection’; in 
reality, reflection is a part of an iterative process with its focus on learning in the 
area of explicit practice. As presented, the model is cyclical and systematic. This is 
helpful as an exemplar of the stages in the learning process. However, to facilitate 
creativity it is helpful to take a more ad hoc approach to these stages, for example, 
by backwards, forwards, and random ‘leap-frogging’ mental processing of the four 
different parts of the matrix.

In the work environment of the control room, this model of learning helps to 
encourage and develop employee-generated learning. Through the efforts of their 
employees, organisations can develop by learning about learning. Traditionally, 
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Figure 11.2  A model of the learning process. (Raelin, 1997, p. 565. With permission.)
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organisations that encourage and facilitate employees to learn from themselves 
and each other have a means of self-generating new knowledge. The knowledge 
and skills of employees themselves provide the engine for generating new ways of 
working and thinking about work. Peer-group learning also has a great potential to 
facilitate creative and innovative work by the operators, who have valid insights into 
their workplace. If the organisational and workplace environments are supportive, a 
mutual learning process could encourage creativity.

However, this potential is only effective if employees are allowed to propose 
solutions to work-based problems. Through their everyday work roles and tasks, 
employees have valid insights into their workplace. Organisations have opportunities 
to establish processes of learning that encourage the development of these insights. 
One example is via processes of collaborative inquiry with others. A key factor in 
this process is collaborative reflection so that shared learning and shared knowl-
edge generates new knowledge. Collaboration and reflection can transform insights 
into strategies for action. Workplace teams are able to create and share knowledge 
among the team’s members. These encompass the individual members of the team, 
the team as a collective unit, and other colleagues who may be members of other 
similar teams. This in itself might also limit their ability for creative out-of-the-box 
thinking. Traditional ways of thinking and paradigms will easily limit the scope of 
thinking. It is necessary to break this barrier. The process of action research must 
include an approach that allows ways of proposing new ideas and new thinking. The 
phrase ‘high ceilings’ is used to describe environments that have a high tolerance 
for ideas and concepts that at first might look outlandish. This also requires mutual 
trust among co-workers. It also demands that leaders and managers adopt a more 
consultative role. To be avoided is the ‘I know best’ mentality, as this precludes 
constructive dialogue.

11.�  the environment oF modern Control  
  Centres For Creativity and learning

The environment of modern control centres is well-suited for creativity and learning. 
For most of the time, the available computer power has an enormous surplus capac-
ity available for other types of application. By default, computer capacity contains 
surplus dimensions to cover peak loads, for example, system breakdowns or major 
errors. Apart from being held ‘in reserve’ to cover such occurrences, this overcapac-
ity can be used for simulations of different types of process applications or pos-
sible scenarios of breakdown and errors. For example, simulations could be used for 
operator training in which the operators practice for future possible scenarios. Simu-
lations could relate to updates of new equipment and systems, including computer 
systems for process control. However, the control centre operators should also be 
able to use the available computer capacity for development of the existing produc-
tion system and also the computer control system, including the related peripherals. 
Management should emphasise creating a good and motivating high-ceiling envi-
ronment to facilitate high creativity in this type of development work. Figure 11.3 
shows the Raelin model with our addition of the high-ceiling tolerance to encourage 
learning and creativity.
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Added to the model are two possible ceiling heights. In an environment of low 
tolerance (designated in Figure 11.3 as –1), organisational environments are such that 
employees are not encouraged to think outside the box (and often, not even to think 
for themselves). In these types of environments employees become automatons who 
follow set patterns of work based on extant practices and top–down instructions. 
New knowledge emanates from the top down, and often remains the preserve of 
senior managers. Employees are routinely starved of the knowledge they need to 
fulfil their job tasks. Conversely, in an environment of high tolerance (designated in 
Figure 11.3 as +1), organisational environments are such that employees are given 
freedom of thought and action. These types of environments are characterised by 
employees proposing new solutions to workplace problems. New knowledge is gen-
erated from the bottom–up and shared between people who can benefit from that 
knowledge. New knowledge, in the form of solutions to business problems, is often 
acted upon by the employees themselves.

11.�  the Chain oF Causality For  
  learning and Creativity

We now discuss the chain of causality that leads from a high ceiling and tolerance for 
error to learning and creativity. Figure 11.4 shows the chain of causality.

The chain of causality begins with an organisational environment of high ceil-
ings in which trial and error, experimentation, and the making of mistakes and 
errors are not only tolerated but are an accepted way in which employees conduct 
themselves. In such an environment employees are afforded freedoms to make 
improvements to the ways in which they work. Trial and error and experimentation 
are two of the ways in which employees discover improvements to their job tasks. 
Toleration of errors and mistakes are the ways in which the organisation encourages 
further experimentation. Experimentation in an environment in which mistakes are 
tolerated leads to two pathways. The first of these, explicit knowledge, is knowledge 
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Figure 11.�  Adding tolerance as the third dimension for learning. (Developed from Rae-
lin, 1997, p. 565. With permission.)
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available to all employees because it is captured explicitly in documents, computer 
programmes, handbooks, process diagrams, and other guides to workplace practice. 
Because this knowledge is explicit and available for all employees to use, it leads to 
innovations within the company. The second pathway, tacit knowledge, is knowl-
edge available to individual employees in their personal skills, competences, and 
intellect. Thus, this form of knowledge is unavailable to all employees because it is 
in the minds, hands, and hearts of individuals. Although this form of knowledge is 
personal rather than public, it nevertheless can lead to creativity. And, as we have 
described earlier, individual creativity can be shared in work groups to create shared 
knowledge that is more widespread.

The organisation has three possible pathways to sustainable entrepreneurship. 
The solid arrows indicate the conventional pathway to sustainable entrepreneurship. 
One set of dotted arrows leads to sustainable entrepreneurship via innovations gener-
ated through explicit knowledge of the collected workforce. The other set of dotted 
arrows leads to sustainable entrepreneurship via creativity generated through the 
tacit knowledge of individuals in the workforce.

11.�  artiFiCial intelligenCe, simulation, and Creativity

Control centres themselves will have built-in advanced artificial intelligence (AI) 
that will support sustainable entrepreneurship. This will demand a completely new 
understanding of control room work and its need to be transformed from an envi-
ronment for supervisory tasks to one where creativity and learning take place in an 
open environment.

Our working definition of AI is: the ability of machines and other devices to 
perform activities normally associated with humans, including the ability to modify 
behaviours on the basis of learning from errors and experience. In the long term, AI 
could support the operators to build up a database and related systems for process 
optimisation. It can also provide decision aids for error handling. In this way oppor-

Sustainable Entrepreneurship
vs. Sufficiency Entrepreneurship

Innovations 

Tolerance Facilitates Creativity 

Explicit knowledge and Tacit knowledge

High Ceilings of Tolerance Facilitate Learning

Figure 11.�  The chain of causality for learning and creativity.
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tunity will be available for the operator’s own creativity and development work that 
might be outside the scope of AI. It is important to alert the operators to the risk of 
becoming too dependent on the AI system, because this system will always (or at 
least mainly) act within the current paradigm (that is, thinking within the box). The 
big advantage of human operators is their potential to be proactive, creative, and out-
of-the-box thinkers. However, a basic condition is that the organisation and its top 
management and managers on all other levels are willing to accept the challenge of 
creative thinking. There is always a risk that creative thinking will be perceived as 
odd, unrealistic, and perhaps (in this context) dangerous. The use of simulations will 
be an obvious alternative to allow creative thinking and experimentation without 
intervening in the real system. In other words we are here focusing on the top right-
hand box in Figure 11.3. Simulation is a very good example of experimenting with 
new ideas and theories with the use of tacit knowledge (in this instance, a kind of 
feeling of new possibilities, which from time to time come into the heads of creative, 
experienced operators).

11.�  learning From the sCandinavian experienCe

In international ratings, Sweden is one of the top countries in the world in the area 
of creativity, innovation, and knowledge. A report by the World Bank ranked four 
Scandinavian countries (Sweden, Denmark, and Finland) in the top for knowledge 
creation (World Bank, 2008). In this same report, Norway and Iceland, other Scan-
dinavian countries, ranked fifth and twelfth. Table 11.1 shows the ranking of the top 
12 countries in terms of knowledge creation and innovation.

Richard Florida and Irene Tinagli ranked three Scandinavian countries (Swe-
den, Denmark, and Finland) in the top five places for Euro-Creativity (Florida and 
Tinagli, 2004). The Euro-Creativity Index is based on three indicators: Technology, 
Talent, and Tolerance. An amalgam of these factors, together with other measures, 
indicates trends in creative capacity. 

The Scandinavian countries have relatively more multinational corporations 
(MNCs) than most other countries in the world. Sweden is frequently at the top. 
While these types of ratings invariably have weaknesses, they nevertheless provide 
an overall indication. 

11.8.1	 soMe	sCAndinAviAn	leAders	in	CreAtivity	And	innovAtion

A large number of Scandinavian MNCs founded their business operations and prod-
ucts on the basis of some unique innovations. Founded in 1876, Ericsson has become 
a world leader in communications technology with a business philosophy that com-
munication is a basic human need. With a history of over 130 years of technological 
innovation, Ericsson has over 20,000 world patents and files over 500 patents per 
year (see http://www.ericsson.com). In the field of innovative service management 
and business innovations, Scandinavian Airlines System (SAS) is well renowned. 
From its first transatlantic flight in August 1946, the airline introduced innovations, 
including the introduction of tourist class and transpolar routings (see http://www.
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flysas.com). Later (in the early 1980s) Jan Carlzon introduced the Businessman’s 
Airline and in 1989 SAS University (a place where people learn and develop as a 
part of their daily work). Founded in 1950 by Ruben Rausing, Tetrapak is a world-
class innovator and producer of liquid packaging with technologies and processes 
that blend hygiene, convenience, and cost saving. The company’s motto, ‘Packaging 
should save more than it costs’, reveals the company’s vision to minimise adverse 
impacts on the environment (see http://www.tetrapak.com).

From its first showroom in 1953, Ikea (Ingwar Kamprad Elmtaryd Agunnarad) 
rapidly became a recognised global brand of low-cost furniture that is well designed 
and functional. Ikea’s innovative manufacturing and supply processes ensure that its 
products satisfy consumer needs (see http://www.ikea.com). Nokia has built well-
deserved success on its reputation for consumer design blended with technological 
innovation. From its beginnings, Nokia has focused on technology leadership and 
consumer-driven design (see http://www.nokia.com). Each of these companies has 
developed its position of global leadership over a relatively short time span. In the 
past decade or so, sustainable large companies continue to be created.

11.8.2	 underlying	rAtionAles	for	leArning	At	work

A key mission of learning at work is to expose control centre operators to an open, 
fun, and stimulating environment of learning and creativity. While this is intended 
to be an enjoyable environment, it is also very demanding on both the individuals 

taBle 11.1
top 12 Country rankings for Knowledge, Creation, and 
inno�ation (World Bank data) 

rank Knowledge Creation rank inno�ation

1  Sweden 1 Switzerland

2 Denmark 2 Sweden

3 Finland 3 Finland

4 Netherlands 4 Denmark

5 Norway 5 Singapore

6 Australia 6 Netherlands

7 USA 7 USA

8 Canada 8 Canada

9 Germany 9 Israel

10 Switzerland 10 Taiwan

11 New Zealand 11 UK

12 Iceland 12 Japan

Source: Table constructed from World Bank KAM data for 2008 
(http://info.worldbank.org/etools/kam2/KAM).
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and the group. The content and structure of any work initiative relating to learning 
at work is to ensure that operators will be inspired, encouraged, and feel empowered 
to explore the passion of discovering their own potentials. The learning environment 
will be a reflection of an environment to excel in creativity and innovation.

The main means of a learning environment is through action learning in project 
teams. The operators will need to be exposed to different methods and techniques 
to stimulate creativity and innovation. In this way, they will get insights into how to 
exploit new ideas and innovations and turn these into successful business opportuni-
ties. Professor Emeritus Göran Ekvall from Lund University in Sweden has carried 
out decades of research on creativity and organisational climate (see, for example, 
Ekvall, 1997, 2000). In a journal article, Ekvall (1997) identified ten dimensions of 
organisational climate that influence organisational creativity:

Challenge
Freedom
Idea time
Dynamics
Ideas support
Trust and openness
Playfulness and humour
Conflicts
Debates
Risk-taking

Ivergård and Hunt evaluated an organisation based on these factors and con-
cluded that organisations with high productivity also have a better organisational 
climate (see Hunt and Ivergård, 2007).

11.�  summary and ConClusions

In our introductory overview we discussed how nations need to be creative as a 
way of ensuring investment in their future. Individuals too need to feel they have 
opportunities to develop and grow. After all, the collective activities of individuals 
form the backbone that supports the development of a good society. The creativity 
and innovations of individuals provide a foundation for national development. Com-
panies, governments, and international nongovernmental organisations (NGOs) play 
important roles in establishing high-ceiling environments in which creativity and 
innovation can flourish. In high-ceiling environments people feel able to realise their 
dreams and achieve their potential. 

In organisations that emphasise creativity and innovation, the prevailing work 
environment is an important feature of the workspace. Sensitive managements aim 
to create an environment where routine practices encourage individuals to develop 
new ways of thinking and acting. A critical task for management is therefore to 
establish such an environment and to encourage workers to engage in creativity and 
innovation. This is best done through example and a commitment to ‘walking the 
talk’, that is, putting into practice the message from management. To encourage such 

•
•
•
•
•
•
•
•
•
•
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an environment, managers should allow employees freedoms of thought and action. 
This includes setting expectations that do not insist on existing paradigms. Outside-
the-box thinking can then become an accepted part of workplace behaviour. In such 
high-ceiling environments, errors are tolerated as it is recognised that errors are a 
positive result of experimentation. When their employees make errors, managers in 
high-ceiling workplaces find ways to reward rather than punish. The new generation 
of control centres envisages the creation of such an environment as a way of encour-
aging participants to change their worldview and free their creative passions.
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12.1  introduCtion

Although the pulp and paper industries have used balancing calculations and process 
control for a very long time, the scope of modelling and simulation applications is 
not yet as complete as it could be. One reason is that we seldom have steady-state 
conditions and we lack adequate measurements for on-line control for many qual-
ity variables. Also the final quality of paper depends on many process elements in 
a complicated and nonlinear way. Control actions for these processes are usually 
based on skill and experience of the operators. There is a need to improve paper 
machine performance to increase the competitiveness of the mills. In turn, this 
makes necessary the application of operator decision-support tools based on dynamic  
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optimisation in order to allow process operators and engineers to manage complex 
dynamic problems in an efficient and ecologically sustainable manner.

New techniques, such as multivariate statistics, soft-sensors, that is, regression 
algorithms made from process signals and lab measurements of quality variables, 
and general stochastic distribution modelling and control in combination with physi-
cal models will be used to enhance the controllability of the process. By using and 
combining these techniques, it will be possible to make further improvements in the 
papermaking processes. Some of these techniques have already been explored in the 
pulp and paper industry for data analysis tools, improved process efficiency, devel-
opment of soft sensors, and stochastic distribution-control algorithms. However, the 
complexity of the papermaking process makes it difficult to achieve robust models 
that can be used without frequent work with updating. Producing robust models is 
therefore a key issue for researchers and suppliers of control systems.

As this is a key issue for the industry, the COST Action E36 ‘Modelling and 
Simulation in the Pulp and Paper Industry’ (COST, 2005) was established in order to 
facilitate the coordination of activities and the exchange of knowledge at the Euro-
pean level. The main objective of the COST Action is to advance the development 
and application of simulation techniques in the pulp and paper manufacturing pro-
cesses in order to minimise the environmental impact and to increase mill produc-
tivity and cost-competitiveness. Among the benefits will be a better understanding 
of the operation of the processes and their involved control loops. At the current 
time, the paper industry has a number of pending issues such as increasing stability, 
improving product performance, achieving higher paper quality, optimising wet end 
chemistry, better runnability, and lowering environmental impact.

At this moment, 50 researchers from more than 20 organisations from 12 coun-
tries participate in the Action. There is also close cooperation with industrial and 
academic research partners. The following aspects have been considered: avail-
able modelling and simulations tools, current use of these tools off-line and on-
line, recommendations on the exchange of know-how contained in models, research 
needs, and main requirements for further software development. There is also a 
book entitled The Use of Modelling and Simulation in the Pulp and Paper Industry, 
(Dahlquist, 2008).

12.2  modelling and simulation oF  
  pulp and paper produCtion

Pulp and paper production processes are complex and cover most of the unit opera-
tions known in chemical engineering. Due to the large amount of water and the low 
efficiency of most of the separation steps, many recycling streams are required in 
the process. This is true for water, fibres and fillers, air, and energy. Due to this, the 
effort to produce a simple steady-state balance can be very high. Over the past two 
decades, heat balances have been handled with varying success, as have contami-
nant balances such as, for example, chemical oxygen demand (COD) or macro-stick-
ies. More difficult problems—for example, the simulation of the effects of various 
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contaminants, such as the deposition of pitch and stickies—have not yet been han-
dled successfully within the industry. Simulation of pulping processes has further 
advanced and can contribute some experience in handling multicomponent balances 
including complex chemical reactions. Still, an improved steady-state modelling is 
the key to a better design of pulping and paper production processes.

The paper production process is highly dynamic and although many academic 
papers have been published in relation to dynamic simulation and paper machines, 
only a few approaches to the dynamics of the paper machine at an industrial scale 
have been published. Some studies focus on the dynamics of white water (Orccotoma 
et al., 1997) and on the dynamics of the wet end at the paper machine (Hauge, Slora, 
and Lie, 2005). Wet end can be considered as one of the most complex combinations 
of hydrodynamics and colloidal chemistry. No simulation model has yet been able 
to fully describe the processes taking place in the wet end. Process simulation is an 
optimisation tool and only if the dynamics is understood can the dynamic optimisa-
tion of the paper production process be addressed (Laperriere and Wasik, 2002).

The activities within this scientific area cover all topics concerning the model-
ling and simulation of the entire paper production process. This includes the modi-
fications of fibre properties in the stock preparation, the modelling of the complex 
wet end chemistry, and the modelling of water loops, including chemical reactions 
and energy balances. Special attention is given to use of dynamic process simulation, 
real-time simulation tools, and model validation tools.

12.2.1	 AvAilAbility	of	dAtA	As	An	iMportAnt	suCCess	fACtor

The availability of data is an important success factor for any modelling and simula-
tion project. Nowadays mills have access to extensive process data. While there have 
been high levels of investment to install and operate databases, data management 
software, and process monitoring systems, the value currently derived from these sys-
tems tends to be low. This puts pressure on the promoters of the investment and their 
common belief that this high amount of data will be a value in itself. In many cases 
this proves to be wrong. Typical reasons besides a lack of expertise to properly anal-
yse data are that parts of the process are not available to the database system or that 
the process is not equipped with some perceived need to solve a specific technological 
question. The ‘old-fashioned’ sampling technique is still the best practise, especially 
when dealing with complex wet end problems and when setting up mill balances for 
pulp, water, energy, and detrimental substances (Hutter and Kappen, 2004)

12.2.2	 MetHods	for	tHe	AnAlysis	of	dAtA

Process monitoring systems facilitate the study of historical data and establish 
trends. However, the possibilities of advanced data treatment for process control 
and optimisation are not always well known or exploited by papermakers. The first 
step is to classify the data and the second step is to analyse them in order to answer 
a specific question. Depending on the final aim, different analysis techniques can be 
applied, methods being quite often complementary:
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 1. Classic statistical analysis techniques, time series analysis, experimental 
design, D-Optimal design, and trial-and-error methods are often used for quick 
and adequate solution of isolated problems (Box, Hunter, and Hunter, 1978).

 2. Building physicochemical deterministic models is the optimum approach 
when the overall behaviour of the process or one of its sections must be 
modelled, in order to, for instance, design new equipment or study the 
kinetics of flocculation (Blanco et al., 2002; Negro et al., 2005; Thomas, 
Judd, and Fawcett, 1999).

 3. The third approach is a combination of approaches (1) and (2) above. Some-
times the physics and/or chemistry of the phenomenon are not known, but a 
general model has to be built to predict process evolution, optimise process 
variables, or simulate scenarios. Advanced data analysis tools—e.g., mul-
tivariate analysis techniques and artificial neural networks—can provide 
models with better performance than techniques from approach 1, if the 
behaviour of the process, section, or equipment to model is complex and 
unknown (Miyanishi and Shimada, 1998; Masmoudi, 1999; Parrilla and 
Castellanos, 2003, Blanco et al., 2005).

12.2.3	 Modelling	And	siMulAtion	softwAre

For modelling and simulation purposes there are numerous software packages cur-
rently in use in the pulp and paper industry. In general terms, it is possible to subdi-
vide them into three groups:

System or process level modelling—Object-oriented software is used to 
conduct flowsheet-based mass balance calculations. Balances and function-
alities are often based on first principles and include water, pulp, energy, 
etc. This is the most commonly-used approach to process description and 
simulation. In most cases, the approach to process optimisation is still 
empirical. Many software packages are available. Klemola and Turunen 
(2001) have published a complete report on Finnish modelling and simula-
tion software. A recent COST report also gives an overview of the current 
use of software by COST E36 members (Alonso, Blanco, and Negro, 2004). 
The unit operations are defined as objects in libraries that can be positioned 
on a worksheet. The relationships between the objects are defined by lines 
drawn between the objects. The functionality is defined within dialogues 
of the individual objects. The equation system built in the background is 
typically calculated with a sequential or a matrix solver (Mathworks, 2002; 
Goedsche and Bienert, 2002).
Unit operation level—High fidelity models of single pieces of equipment 
or smaller functional groups. Typical examples are paper machine dryer 
models. These pieces of software are typically written in plain code like 
FORTRAN or C++. They either originate from the scientific community or 
from the equipment suppliers. A new trend is that suppliers try to incorpo-
rate these models into the flow-sheet-based software. A breakthrough was 
achieved by Andritz linking its submodels as .dll files to the process model 

•
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and thus providing the full functionality and at the same time safeguarding 
the undisclosed code (Mayböck, 2004). In line with this, big equipment 
suppliers like Andritz and Metso have bought companies that develop flow-
sheet-oriented software. Now, only a few software suppliers are indepen-
dently active on the market.
Software for data analysis and data-based modelling and simulation—
This type of software is typically applied in cases where no physical models 
are available or even the question of cause and effect is unresolved. Data 
analysis followed by modelling can be performed as described earlier. Typ-
ical examples are wet end chemistry modelling issues. A typical example 
for this type of software is Matlab (mathworks) (Mathworks, 2002, 2005).

12.2.4	 off-line	use	of	siMulAtion	And	siMulAtion-bAsed	optiMisAtion

Perhaps the most typical applications of off-line simulation in pulp and paper pro-
duction processes are various design problems starting from defining elementary 
mass and energy balances for a process concept with steady-state simulation to using 
dynamic simulation to integrated design of process and control (Kokko, 2002). As 
the design task progresses, the model fidelity increases but the scope of simulation 
often decreases from plant-wide models to subprocesses or individual unit opera-
tions. Unit operation development is often supplemented by model development. In 
this application, models are not necessarily used for getting quantitative results but 
rather for increasing knowledge on the underlying phenomena behind the unit opera-
tion. Examples include use of computational fluid dynamics (CFD) for head-box 
design (Hämäläinen and Tarvainen, 2002) and wet-press models (Gustafsson and 
Kaul, 2001; Honkalampi and Kataja, 2002) for press section.

A second important application is operator training using simulators with all the 
process functions alone or normally also including the complete distributed control 
system (DCS). In this way the operators can train both to understand the processes 
as well as the interaction between the processes and the control system (see Chapter 
4). The third application is to use modelling and simulation for production support 
and optimisation. Techniques and challenges for these applications are covered in 
detail in the next section on on-line simulation. Typical off-line applications include 
periodic tracking of material balances and process operation improvement, like opti-
misation of grade changes (Lappalainen et al., 2003). Steady-state tools can be used 
to keep track of material balances, but for most applications dynamic simulation 
is the tool of choice. One recent application is maximising total profitability with 
dynamic production planning (Vänni and Launonen, 2005).

As design and operational problems are often multiobjective by nature, multiob-
jective optimisation techniques have been lately applied to pulp and paper problems 
(Hakanen et al., 2004). These techniques allow optimising simultaneously against 
several criteria and finding balanced solutions without having to constrain some of 
the criteria a priori. One of the most important design and operation criteria is prod-
uct quality, and models linking the process conditions to the end-product property 
are still very much under development. Statistical models have been built to estimate 
the effect of process conditions on the product properties, but due to their nature they 

•
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are suited for optimisation of an existing pulp or paper production line where enough 
data can be collected for the models (Blanco et al., 2005; Scott and Shirt, 2001).

One of the complicating facts in defining mechanistic quality models is the com-
plex chemistry of pulp and papermaking. Cooking and bleaching chemistry has been 
traditionally modelled with kinetic expressions (Andersson, Wilson, and Germgard, 
2003), whereas multiphase equilibrium chemistry has been applied successfully 
lately for scale formation and metal management in pulp manufacturing (Bryant, 
Samuelsson, and Basta, 2003; Räsänen, 2003; Sundquist et al., 2004) as well as for 
pH control in neutral paper production (Ylen, 2001).

One of the recent joint efforts in the process modelling and simulation com-
munity is to define standard interfaces for the various simulation software compo-
nents, like solvers, unit operation models, and thermal packages (Computer-Aided 
Process Engineering [CAPE-OPEN] Laboratories Network, CO-LaN, 2005)). This 
development makes it, from the user’s point of view, possible to mix and match 
software components from various sources without having to purchase a complete 
set of software packages. From the vendor’s point of view, it obviously gives the pos-
sibility to specialise in, for example, model development for the different platforms. 
Some major players in process simulation, like Aspen Plus, are already partially 
CAPE-OPEN compliant but to our knowledge no compliance yet exists in the pulp 
and paper software.

In addition to already referenced papers, some additional off-line applications 
of simulation models are: maximising total profitability with dynamic production 
planning by combining production planning and scheduling tools with cost manage-
ment (Vänni and Launonen, 2005); optimal reutilisation of waste heat in paper mills 
(Kappen, Mueller, and Kamml, 2004); identification and removal of stickies (Kap-
pen, Hamann, and Cordier, 2004), and so on.

It has to be noted that the above-mentioned examples have been solved using 
different types of models and tools, and so far no single general tool or set of models 
exists that can be used for every type of problem. Instead of attempting to build a 
general tool that would be nonoptimal for most applications, information and model 
transfer between the tools should be improved to avoid tedious redefining of data. 
Often process models are built for a specific purpose only—for example, process 
retrofit—and not utilised later. The biggest advantage of models would be obtained 
if they were utilised through the whole life-cycle of the plant. The plant model would 
be then built in the design phase of the project and subsequently used to:

Check the dimensioning of equipment and the feasibility of control loops.
Train operators on a system that is based on the simulation model.
Verify DCS logic; perform DCS checkout based on the model connected to 
the DCS instead of the real process.

The benefit of this approach is a rather steep start-up curve providing the payback 
of an investment of US$500,000 to $3 million (Bogo, 2004). Further use could be 
made in using the model to check on-line sensors and identify the deviation from 
the set point of individual equipment or the process as a whole. This would call for 
the model run in real time in parallel to the process itself. A model that covers the 

•
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whole life-cycle of the plant would require a well-defined and uniform data structure 
behind it to incorporate both design and operational data and to communicate with 
process design tools, automation systems, data repositories, and so forth.

12.2.5	 online	use	of	siMulAtion	And	siMulAtion-bAsed	optiMisAtion

Due to the complexity of the pulping process and the dynamics of the paper pro-
duction process, process control systems have widely been established in the pulp 
and paper industry. For a typical application the number of the input/output (I/O) 
connections can vary between 30,000 and more than 100,000. In most cases con-
ventional control technology is used. Operators see the actual values displayed on 
process displays, proportional, integrational, differential (PID)-controllers help to 
operate the plant.

Various approaches can be followed to manage these complex systems in an 
optimal way. The first issue to be addressed is how to handle the huge amount of data 
available within the system. Fast data acquisition, high-dimensional data analysis, 
and dimensional reduction play a major role in providing the right data set. In addi-
tion, new sensors that have become available within the past few years have to be 
evaluated as additional sources of information.

Based on the available and digested information, two approaches are to be fol-
lowed depending on the issue addressed. The first approach is an open-loop deci-
sion making supported with simulation. Nonlinear system modelling combined with 
multivariable system optimisation is one of the basic principles to be used here. 
Models are calculated based upon calibration with real-data scenarios. The results 
are available to the operators and the engineers who will then decide about the next 
steps to be followed, as shown in Figure 12.1.

The second approach is closed-loop control. The performance of all quick 
control functions—currently carried out with simple PID controllers—is to be  
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Figure 12.1  Modelling and simulation as decision-making support tools.
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evaluated. Then, it can be decided whether there is a potential for improvement with 
advanced control techniques, such as multivariable process control.

Up to now few on-line simulation applications have been realised in industry. 
Most of the software tools have been developed in other process industry sectors. 
The petrochemical industry is the leader in applying simulation on-line. Applica-
tions in the paper industry are the multivariate model-based optimisation (multiple-
input multiple-output–model predictive control [MIMO–MPC]) of paper machine 
quality control (basis weight, filler, moisture, and so on) in both machine and cross 
direction that is currently widely implemented in commercial systems (Metso, ABB, 
and Honeywell). The optimisation of basis weight, coating weight, and moisture in 
the cross direction of the sheet were actually one of the first (if not the first) high-
dimensional MIMO-MPC even though the model of dynamics was rather simple.

These applications serve as a good starting point for optimisation based on 
advanced simulation. Such ideas have recently been explored in an EU-funded 
research project (Ritala et al., 2004). The main goal, therefore, is to identify new 
applications and to use all know-how concerning the dynamic description of paper-
making processes to adapt other available solutions to the paper production process.

Some examples described in the references are:

Wet end stability—Multivariable predictive control to model the interac-
tions in the wet end and in the dry section in order to reduce sheet qual-
ity variations by more than 50% and to keep quality on target during 
long breaks, during production changes, and after broke flow changes. It 
is achieved by coordinating thick stock, filler, and retention aid flows to 
maintain a uniform basis weight, ashy content, and white water consistency 
(Williamson, 2005).
At an integrated mill in Sweden, multivariate analysis (partial least squares 
[PLS]) was used to form a model to predict fifteen different paper quality 
properties. First, 254 sensors were used, but 80% of them turned out to be 
not reliable due to poor calibration, so only 50 were used. After a further 
analysis we identified twelve variables as most important, of which five 
were varied in a systematic way to form good prediction models for the fif-
teen quality variables. The sensors for the twelve most important variables 
were calibrated frequently during the experiments. The models were made 
by measuring online data for a certain volume element of fibres flowing 
through the plant, and adding off-line quality data for the final product. The 
model then was used online as a predictor to optimise the production. The 
problem was that the models started to drift after some weeks and became 
less good. This is a problem with statistical black box models, at least for 
many variables (Dahlquist et al., 1999).
An alternative is then to use a grey box model approach, where the model 
building starts with a physical model, which is tuned with process data. 
This type of model was shown to give very reliable values on a ‘ring crush 
test’ on liner board for several years without any need for recalibration, and 
was thus used as part of a closed-loop control at several mills (Dahlquist, 
Wallin, and Dhak, 2004).

•
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A physical deterministic digester model was made including chemical reac-
tions in a continuous digester as a function of temperature, chemical con-
centration, and residence time. Circulation loops and extraction lines were 
included as well. This was used as part of an open-loop MPC and the set 
points were implemented by the operators manually. The optimised pro-
duction increased earnings of US$800,000/year in relation to the results 
if the ‘normal production recipe’ had been used for the same wood quality 
and production rate (Jansson and Dahlquist, 2004).
Web-breaks diagnosis was carried out using feed forward artificial neural 
networks (ANNs) and principal component analysis. Variable selection and 
further modelling resulted in several improvements: first-pass retention and 
first-pass ash retention improved by 3% and 4%; sludge generation from 
the effluent clarifier was reduced by 1%; alum usage decreased; and the 
total annual cost reduction was estimated around €1 million (Miyanishi 
and Shimada, 1998).
At a Spanish paper mill, multiple regression techniques and ANNs are being 
used to predict paper quality. From an initial set of more than 7500 process 
parameters, only 50 were preselected for modelling. Statistical analysis has 
allowed reducing the number of model inputs to less than ten. Predictions 
for different quality parameters have been very accurate (e.g., R2 for paper 
formation predictions over 0.74). The next step is to optimise model useful-
ness and robustness through appropriated validation procedures and reduc-
tion of the amount of inputs (Blanco et al., 2005).

Figure 12.2 shows how sampling frequency may affect the perception of the 
information. If the frequency of sampling is low, then true changes may not be deter-
mined and lead to an incorrect conclusion of the process performance. The infor-
mation we have gathered can be used in a decision support system as a Bayesian 
Network. An example of this is shown in Figure 12.3 and the process display of the 
same data is shown in Figure 12.4. 

In dynamic optimisation carried out in parallel with the process, the quality 
of on-line data and the dynamic validity of the models are of utmost importance.  

•
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Figure 12.2  Sampling frequency and its effects on information.
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Quality of data is severely compromised by the slow changes of the characteristic 
curve relating the signal (in 4 to 20 mA) to the item measured, such as consistency. 
The common practise for maintaining measurement quality is that occasionally 
samples of the processed intermediate or final product are taken to a laboratory to be 
measured. When the on-line measurement deviates considerably from the laboratory 
value, the characteristic curve is updated for better correspondence. Unfortunately, 
the updates are made in a rather haphazard manner. Recently, methods to systemise 
the updating (Latva-Käyrä and Ritala, 2005) or for detecting the need for proper 
determination of the characteristic curve (Latva-Käyrä and Ritala, 2005) have been 
presented.

The validity of the models is monitored similarly to validity of online sensors: 
comparing laboratory measurements and model predictions. This is because most 
simulation models can be considered as multi-input soft sensors with rather complex 
characteristic curves. The dynamic model validation is in its beginning, in particu-
lar, for models with considerable nonlinearity.

As available data is extensive, the probability of a data set containing false or 
missing values is rather high, although the reliability of the sensors was high. For 
example, if the reliability of sensors were 99%, the probability that a set of 1000 
measurements would not contain false values at any given time is only 8%. Therefore 
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any extensive data analysis or simulation system must be able to detect false values 
and then be able to provide the users with analysis results and predictions with such 
incomplete data.

12.�  human soFtWare and maChine interaCtion needs

The new functions will be implemented on a larger scale successively after extensive 
testing at different sites. A common issue for success is that the operators understand 
and accept the functions. This means that the functions must be robust and reliable, 
and tuning and maintenance also must be easy to do by the operator themselves, 
automated, or applied from remote by experts from the supplier, or a combination of 
these in a structured, well-defined way.

To make the functions understandable they need to be explained in a visual way 
with intuitive graphics and text support. How to do this is a key task for success. 
Researchers at universities, in industry, and at the suppliers have to cooperate in dif-
ferent ways by developing ideas and then test how these are accepted by the opera-
tors. We also need good documentation and help functions for the engineers who 
support the functions. It is not self-evident that they will easily understand complex 
functions, and especially not some time after the functions were developed.

 

Figure 12.�  The Bayesian Network of the Danish company Hugin. (With permission.)
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So as a conclusion, this development work needs to be performed as a comple-
ment to the function development. If it is successful, we can foresee a strong impact 
on the profitability of the industry—which, of course, is the major driving force for 
the development.

12.�  researCh needs

One thread of current activities to be intensified in the future is following the objec-
tive of predicting and controlling paper properties based on process variables. All 
approaches are generally data based. Specific outcomes currently available are sev-
eral soft sensors and model-based control loops operated in paper mills as described 
earlier. These projects accumulate complex knowledge about the way in which 
the process has an impact on product quality. To date these projects are individual 
approaches. An overview and a holistic scientific approach are still missing, these 
being future tasks for research.

A second thread is dealing with the calculation of paper properties based on the 
properties of the components defined by the recipe, such as pulp, fillers, and chemical 
additives. In this field most approaches are fairly generic and include deterministic 
models. Capabilities of available solutions are very limited. Clearly this is a research 
area in which a high number of projects are required to cover ground unknown 
today. One hindering factor for an open scientific exchange in this field seems to be 
that any breakthrough would give any industrial or scientific player a big edge over 
competitors. At the same time, despite high investments, none of the research teams 
has reached a satisfactory level of results within the past 20 years. This in the end 
could be an impetus towards collaboration in future research.

Looking farther into the future, the main objective of research will then be to 
interweave these two threads of process- and product-related research into a com-
mon web of knowledge. Deterministic process descriptions are currently being used 
and further developed. As a third strand of research activities, these could help to 
further improve the applicability of the knowledge gained.

As pulp and paper is based on natural materials processed in a complex way, 
another task will be to cope with random effects in order to minimise tolerances in 
mill-level operations, stabilising both product quality and the process. To do this it 
is required to interpret process data in a statistical context, to do further research 
to interpret the margin errors, and to more clearly understand process limitations. 
By combining mathematical models and lab tests, the way from lab to full-scale 
implementation can be significantly shortened and the possibility to shift between 
different qualities rapidly increased.

The focus of another area of research will be to describe and optimise the com-
plex pulp and paper value chain on a model-based approach. As a side effect this 
will bring along the integration of process models with cost models. In the end, this 
could even prove to be a fourth thread, complementary to the ones described above. 
The task of future research would be to unveil currently-hidden factors that have an 
impact on the economic balance of the individual mill as well to interpret the inter-
actions on the socioeconomic and macroeconomic level.
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12.�  ConClusions

Optimal mill operations result in the optimal use of resources and in an increase 
of productivity, which means substantial financial benefits. While existing control 
methods are mainly based on staff experience, models providing better predictabil-
ity and controllability of the processes would be of considerable value. Therefore, 
modelling and simulation are important tools to reach the two primary goals of the 
pulp and paper industry: the decrease of production costs and the increase of the 
product-added value.

During the past few years many applications for improving the process perfor-
mance based on controlling different process variables have been implemented at an 
industrial level; however, the development of models to predict and optimise product 
properties based on process variables is still in progress. The main difficulty is that 
papermaking is a highly dynamic process and, in particular, the dynamics of the wet 
end are still not fully understood. Looking into the future of a knowledge-based pro-
cess it seems that the interest in model-based control and optimisation will increase, 
modelling and optimisation of paper properties and model-based paper design will 
have a very high increase, while process simulation and off-line optimisation will 
remain the same from the production point of view. However, the equipment and 
chemical suppliers and consultants will increase the use of these tools to develop the 
processes and control strategies.
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Paper Engineerś  Association PI, 1–3 June, Helsinki, Finland, 55–62.

Scott, W., and Shirt, R. (2001), Potential Application of Predictive Tensile Strength Mod-
els in Paper Manufacture: Part II–Integration of a Tensile Strength Model with a 
Dynamic Paper Machine Material Balance Simulation. TAPPI Papermakers Confer-
ence, 879–87.

Sundquist, A., Jakara, J., Aksela, R., Kaijaluoto, S., Pajarre, R., and Penttila, K. (2004). Mod-
elling the Chemical Effects of Cumulating Metal Content in Bleach Plants with Closed 
Water Circulation. Proceedings—PulPaper 2004 Conference, Energy, Coating, Effi-
ciency, Helsinki, 129–33.

Thomas, D.N., Judd, S.J., and Fawcett, N. (1999). Flocculation Modelling: A Review. Water 
Research 33, 7, 1579–92.

Vänni, P., and Launonen, U. (2005). Maximising Total Profitability with Dynamic Produc-
tion Planning. Appita Journal 58, 3, 177–79.

Ylen, J.P. (2001). Measuring, Modelling and Controlling the pH Value and the Dynamic 
Chemical State. PhD thesis, Helsinki University of Technology, Espoo, Finland.

Williamson, Mark. (2005). Paperloop.com.





�2�

13 System	Design
An Overview

Toni Ivergård and Brian Hunt

Contents

13.1 Introduction ................................................................................................. 327
13.2 Designing New Systems .............................................................................. 328

13.2.1 The Traditional Approach ............................................................. 328
13.2.2 Systems Analysis........................................................................... 328
13.2.3 Goal Analysis: An Example .......................................................... 331
13.2.4 Function Analysis ......................................................................... 331
13.2.5 Allocation of Functions ................................................................. 332

13.3 Holistic View of Planning ........................................................................... 335
13.4 Organisation of the Design Process ............................................................ 336
13.5 Job Organisation and Alternative Forms of Automation ............................ 338
References and Further Reading ............................................................................ 341

1�.1  introduCtion

In this section we first consider the development of computerised process control 
systems. We then discuss some of the problems that the operator of an automated 
system may experience. Next we describe the advantages of involving the users in 
the planning process and offer some suggestions for project organisation. A more 
advanced form of participation in design is action research (AR). This methodology 
is discussed in a later part of this chapter.

It is clearly important for the planning and design engineering of new control 
rooms to be carried out in stages. This process should preferably be seen as a contin-
uous ongoing task in the organisation. In such a process, the extent to which changes 
are made varies. Sometimes the changes are small and incremental; at other times, 
the changes many be large, more comprehensive, and revolutionary. Presented here 
are a methodology and a philosophy for the development of process control systems 
and control rooms. The most important points in this philosophy are:

 1. The work must start with an unprejudiced and unconditional analysis of 
goals and functional requirements.

 2. Planning for personnel in different job positions must be done in parallel 
with the technical planning.
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 3. A systematic method must be used to determine which functions should 
be done by machine and which by human operators in order to achieve the 
given aims.

 4. Great emphasis should be placed on the design of the interface between the 
machine and the human operator.

Figure 13.1 shows a schema of a project planning system, which includes the 
roles of the human factors specialist.

1�.2  designing neW systems

13.2.1	 tHe	trAditionAl	ApproACH

When designing new systems, factories, and products, it is usual to follow the pro-
cedure shown in Figure 13.1(a). The designers usually first determine the aim or 
goal of the system and then decide its technical design. This process is often done in 
several stages. The overall principal design comes first, followed by a more detailed 
technical design process. This process produces finished drawings and specifica-
tions. Construction can then get under way. Usually during the construction stage, 
the organisation begins to seek new staff, conducts recruitment activities, and hires 
new staff as appropriate. Existing staff may also be retrained where staff relocation 
or transfer to a new system is involved.

Problems occur most often when personnel begin to use the new system. Some 
people may need further training and various types of instruction and others may 
be incapable of using the new system. If a large number of personnel cannot use 
the technology to do the work it may be necessary to alter the technology. Another 
common problem area concerns environmental issues. It is not unusual for issues in 
this area to be overlooked. Consequently, environmental requirements may not be 
fulfilled, and technical measures must also be taken.

13.2.2	 systeMs	AnAlysis

The traditional process is spread over several stages, is ineffective, and often gives 
poor results (see Figure 13.1b). This construction design is sometimes referred to as 
the ‘relay race’ model, referring to the stages that are as sequential as the passing 
of the baton in a relay race. One alternative is the ‘rugby scrum’ approach, where 
the expert teams collaborate to execute several stages in parallel, as shown in Fig-
ure 13.1b. We first present an overview of Figure 13.1b, and then describe each of its 
subelements in more detail. Figure 13.1b should be regarded first as a philosophy of 
work; it cannot be treated as a concrete and general work model that can be applied 
directly to different circumstances.

The goal of a project is defined in accordance with traditional practice and 
defined in terms that are as concrete as possible. This is followed by a very impor-
tant element, namely an unprejudiced description of the functions required for the 
system to fulfil its goal. It is important for the function analysis to be as detailed 
as possible. It must, however, be phrased partly in abstract terms, because in the 
next stage decisions will be made in the way in which the various functions will be 
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carried out—and whether these are done by a human operator or a machine. The 
allocation of functions to human or technical components is done in such a way as to 
fulfil the various criteria regarding health, safety, and comfort. This is a very impor-
tant element in the planning work, enabling the best possible system to be obtained. 
The degree of automation in the final system, for example, is determined through 
allocation of functions in this stage, and the form of technology to be selected is 
also determined at this point. Allocation of functions indicates which tasks in the 
system will be done by the human operators, in accordance with the left-hand side of 
Figure 13.1b. Descriptions of the different tasks involved determine which job and 
craft skills are required for each one.

Starting with the descriptions of the tasks and job demands, a suitable allocation 
of tasks is made to the various posts. These in turn will then form the basis for the 
design of the education and training programmes, organisational plans, instructions, 
and different types of job aids. In certain cases, and for particular systems, it may 
also be necessary to have special selection programmes. The technical design work 
is carried out in parallel. First, the designers decide upon the technology to be used 
in the process itself, then which control systems are to be used, and how the informa-
tion and communication systems are to be designed.

At the same time as these two activities are going on, there is close coopera-
tion between the design of the various personnel programmes and the design of the 
various technical programmes. This collaboration results in the design of the area 
of contact, or interface, between personnel and technology—that is, the design of 
instrument and control workplaces (such as work surfaces, tables, and chairs). This 
work normally uncovers certain unsuitable or incorrect allocations of functions. For 
example, it may be discovered that functions which are seen to be difficult to carry 
out or unsuitable have been inappropriately allocated to personnel. These need to be 
transferred to the technical side, and a technical solution for the functions sought. 
Alternatively, functions for which it is difficult to find technical solutions may have 
been allocated to machines. In such cases these are transferred back to the personnel 
side. In this way, the technical and the personnel sides of the work operations can be 
worked through and both systems brought together. After this, it may be apparent 
that there are shortcomings in the degree to which the goals are fulfilled. In such 
cases, various corrective actions must be made. By following this process, the need 
for corrections at a later stage will be reduced.

It is important to note that if environmental factors are taken into account from 
the beginning of the design process, most of the problems normally encountered 
can be avoided or resolved. This means that the planning must be carried out in 
accordance with the ‘ergonomic system’ model, shown in Figure 13.1b. Without such 
a systematic working method, the planning process cannot create a good working 
environment in the finished system. This model has also proven to be an advanced 
way to stimulate creativity and thereby discover new innovations and solutions to 
problems. Allocations of functions fulfil an important role in this process. At the 
same time, it has also proven to be a useful tool through which to structure and to 
optimise the balance between human operators and technology.
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13.2.3	 goAl	AnAlysis:	An	exAMple

The importance of formulating the goals in as concrete a form as possible has already 
been emphasised. Analysis of the system’s goals can best be done under the follow-
ing three headings:

 1. System Task
 2. Criteria
 3. Limitations

The task of a system may be to convert raw oil into various petrochemical products. 
It may also be to convert potential energy in the form of a stored mass of water 
into kinetic energy, and then to electrical power. A number of criteria apply to this 
task, for example, those of an economic nature. From the ergonomic viewpoint, the 
important criteria are to create a safe environment for the people in the production 
process and for those in the community. It is also important to create interesting and 
meaningful jobs as well as comfort and well-being for those involved.

Limitations are factors that are constrained by the environment and society as a 
whole. Examples of limitations are laws and regulations. The context in which the 
system is to function also gives rise to a number of limitations and conditions. Before 
a system is developed, therefore, it is important to determine how the system can 
function together with other systems (which can also affect the system in question).

A system for converting water storage energy into electrical power is, of course, 
dependent on which other types of power production it will be working in conjunction 
with. It is also dependent on how the electrical power is to be distributed. One prede-
termined background factor is also the design of the water system. By taking these 
various parameters into account, a number of factors that are important to the system 
itself may be enumerated, together with all the limitations on the system.

13.2.4	 funCtion	AnAlysis

Function analysis often leads to a form of function diagram. One basic rule in this 
work is that it should be free from preconceptions and not bound by any special com-
ponents or solutions worked out previously. As an example, consider the transport of 
goods through a supermarket checkout. The question is whether this should be done 
mechanically or manually with the aid of a conveyor belt for use by the customer or 
the cashier. This choice should only be made at the function allocation stage, and 
then only on the basis of certain given criteria (those produced at the goal-setting 
stage and ergonomic factors are of primary interest in this case). The function analy-
sis must be achieved without prejudice as this is the basis for the resultant allocations 
being the optimum solutions. The unprejudiced function analysis can then help to 
create new solutions that are better for mankind.

Thinking without preconceptions is difficult, as it involves having to think in 
abstractions. When we think, we generally prefer to be concrete. Abstract thought 
allows us to think about the things we are used to seeing or noticing from a new  
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perspective. If we consider the cleaning of textiles we immediately think of the 
physical objects that we connect with this task, such as the washing machine, spin 
drier, or a person in a specific role. But we do not necessarily have to have these 
components to fulfil the given task in the way stated in the goals. Figure 13.2 shows 
a simplified function for the task of cleaning textiles.

The various subfunctions needed for the execution of a particular task can each be 
treated as subtasks with their own criteria and limitations. In this way it becomes eas-
ier to think in abstractions, as the tasks and goals are expressed in abstract terms.

In general, it may be said that function analysis should be carried out in as much 
detail as possible. From the ergonomic point of view, however, it is not desirable to go fur-
ther than the level determined by the human operator’s inherent method of functioning.

Let us take the hypothetical case where all functions to be defined must be able to 
be carried out by people (if this is thought to be desirable in the subsequent function 
allocation process). It will not then be necessary for these functions to be expressed 
in such detail that it is possible to say beforehand that several different subfunc-
tions must necessarily belong together, for example, for physiological reasons. The 
visual centre and decision centres in the human brain are, of course, connected. It 
is therefore meaningless to separate these functions. If it is decided to let the person 
carry out a visual function, such as identifying the price on an item, the subsequent 
decision functions (for example, which keys are to be pressed) must also be carried 
out by a person.

It may be desirable from the technical point of view to carry out a more detailed 
function analysis after the first allocation of functions. This is because during the 
choice between the various technical solutions it may be necessary to go into con-
siderably more detail.

13.2.5	 AlloCAtion	of	funCtions

Allocation of functions can be done in more or less detail. If ergonomically-orien-
tated function allocation is used, it is relatively simple to specify the level of detail 
at which the functions allocation should be carried out. In the function allocation 
stage that follows function analysis, the functions are allocated between humans 
and machines/personnel technology. In this way, one can specify which functions 
are to be performed by the human element and which by a technical component. It 
is therefore not meaningful for a function allocation to be written in terms that are 
too abstract. This can result in all the functions following function analysis needing 
a combination of both human and technical solutions.

An allocation of functions according to Figure 13.2 is thus far too general. It 
probably requires both human and technical work in the form of controlling and 
at the same time it requires technical equipment for water. One should therefore 

Sorting Load (input) Processing and
subinputs Unload 

Figure 1�.2  Simplified system for cleaning textiles.
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divide up the functions into considerably smaller units. Ergonomic allocation of 
functions is concerned primarily with the distribution of functions between human 
and machine. This later stage is the first time that a further allocation is carried out, 
between the different technical solutions on the one hand, and the allocation of dif-
ferent tasks between different job holders on the other. In the textile cleaning system 
discussed above, therefore, the question is then asked whether the sorting of dirty 
textiles should be done with technical aids, and whether feeding-in should be done 
by hand or by technical means. The various sections in the process can be covered 
in the same way.

Function allocation is carried out on the basis of certain criteria. In the United 
States, various forms of productivity criteria are used in function allocation in the 
development of technical systems and methods for product development. The attempt 
is made to determine which is the more efficient at carrying out a particular function, 
a human or a machine. Special tables have been worked out that allow one to read off 
when man is more suitable or when one should use a machine. One such table is the 
well-known ‘Fitts’ List’, which is reproduced in Table 13.1. This narrow selections 
method is much too limited today to fulfil any practical function. Such efficiency cri-
teria are, of course, important, but considerably more detail than that given in Fitts’ 
list is required. However, Fitts’ list can be used for a rough classification.

It is also important to take economic criteria into account but this is beyond 
the scope of this book. The most important factor we are concerned with is to cre-
ate meaningful work that does not cause injury or fatigue to people; that is, we are 
concerned with the various forms of human criteria. The criteria should be decided 
at the same time as defining the system goal. The criteria are used in the evalua-
tion of the human versus the technical alternative for the performance of different 
functions. We now look at some examples of how this form of discussion may be 
carried out in an allocation of functions.

Machines are often best at performing certain types of physical activities. This 
is particularly true of very simple operations with no fine manipulation, and where 
the work is monotonous and repetitive. The machine is almost always to be preferred 
over human beings for heavy physical lifting tasks, both from the efficiency and the 
human viewpoints. The technical solution, however, can be very costly if operations 
involve more complex and fine manipulations. In our example of textile cleaning, the 
feeding-in, unloading, and transport tasks should preferably be done mechanically, 
especially if the system is also to be suitable for an older population.

The human sense organs are in all cases superior to technical equivalents, par-
ticularly if the cost aspect is taken into account. In addition, different types of control 
work—where the person needs to use vision and hearing, for example—usually also 
involve important operations that people prefer to control themselves. For certain 
simpler types of sensory work, however, technical aids can be the best alternative. 
For simpler decision making, it is relatively easy and cheap today to use technical 
devices as an alternative to human inputs. But even here it is important to remember 
that human beings get satisfaction from controlling a process. In addition, a human 
being has considerable advantages when it comes to making simple decisions. For 
example, a person can make small adjustments to the decision process without hav-
ing to use programmed information. A washing drum can be allowed to rotate a few 
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minutes longer if the human operator sees (from sensory inputs) this as desirable, for 
example, due to the quality of the textiles being processed. It would be very costly to 
get a technical device to make such small modifications automatically. In complex 
decision making in systems with high inertia (for example, manoeuvring large ships, 
administrating parts of financial systems, or energy systems), operators obtain great 
benefits from using simulators and mathematical modelling of systems.

In general, it may be stated that a human being is a very poor monitor, and there-
fore should not be given the job of monitoring technical systems. On the other hand, 
a machine often makes a tireless monitoring device.

A good allocation of functions between humans and machines for the job of 
cleaning textiles may be as follows. The operator sorts the textiles according to qual-
ity and dirtiness and puts them into different bins. The machine is preprogrammed 
to handle the material from the different bins in different ways. Depending on the 
type of textile and type of water, the machine itself regulates the temperature, water 

taBle 1�.1
 relati�e ad�antage of man and machines
Characteristic machine man

Speed Outstanding Soon slows down

Power Constant and large Maximum of a few h.p. for a few 
seconds

Repetitive ability Ideal for routine and repetitive jobs Unsuitable, should be done by 
machine

Complex activities Multichannel, can do several things 
at once

In general single channeled (except 
for kinaesthetic information)

Memory Large short-term memory and 
suitable for exact reproduction

Good long-term memory, suitable 
for principles and strategies

Decision-making Good at drawing simple conclusions 
from large amounts of data 
(deduction)

Good at drawing complex decisions 
based on small amounts of data 
(induction)

Calculation Fast and accurate. Bad at correcting 
own faults

Slow and inaccurate. Good at 
correcting own faults

Input sensitivity Some types of stimulus man cannot 
sense, e.g., radioactivity, light

Large amplitude range. Ability to 
determine several quantities from 
one stimulus, e.g., the eye 
luminance

Poor pattern recognition Very good pattern recognition. Can 
extract information against very 
noisy backgrounds

Intelligence None Can deal adequately with unforeseen 
and unpredictable situations

Manipulation ability Rigid (only for certain 
predetermined tasks)

Flexible (can carry out many 
different types of tasks)

Source: Modified from Fitts and Posner (1967).
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quantity, and type and quantity of the various cleaning chemicals. After the textiles 
have been processed with water and chemical additives and centrifuged to remove 
excess moisture, they are transported down into a drum for drying. Removal of the 
dried textiles is done manually.

The different forms of function allocation can be discussed in a preliminary 
stage in this way. One can then analyse the different alternatives in more detail in 
order to find the ‘optimal’ solution. It is clear that, for the parameters in this case, it 
is very difficult to make any sort of quantification that would allow an exact form of 
optimisation procedure to be produced. This may be possible in certain cases, while 
in others it is considerably more difficult. Efficiency criteria can often be viewed in 
economic terms and thus allow a certain degree of comparability with other criteria. 
The result is a quantifiable evaluation system.

It is considerably more difficult to measure the human criteria (in terms of com-
fort, fatigue, and accident risks, for example) in such a way as to be comparable 
with other criteria. The difficulty of taking account of the human criteria in a more 
quantifiable way during function allocation must not result in their being dismissed 
altogether, as these aspects are often of the utmost importance. Within the field of 
technical production research, an attempt is made to translate the various forms 
of working efficiency into economic terms. However, it is not generally an easy 
method, and it is important to create a method in the future where other than just the 
economic criteria are taken into account. Only under these circumstances will we 
be able to build up a technology that is suited to people. In other words, it is impor-
tant that a methodology for product development is used that allows us to steer the 
technology in the required direction, whilst also taking full account of what is best 
for the operator.

1�.�  holistiC vieW oF planning

A starting point for the development of computer software should always be to 
obtain an understanding of the stereotypical expectations of the operators. There 
are, however, critical difficulties with this method. Different individuals have differ-
ent mental models and therefore different stereotyped expectations. Thus, it is not 
relevant for the software designer to use himself as a reference in the prediction of 
plausible mental models in the mind of the intended operators. Instead the designer 
needs to refer to his basic knowledge in perceptual, cognitive, and social psychology 
using people who are as similar as possible to the real users of the system.

To obtain a structure, an analysis of the manual and mental tasks involved must 
be carried out. These tasks (functions) in turn comprise many different subtasks 
(subfunctions) that also have to be described. When this has been accomplished, one 
has to carry out an allocation of the tasks to the operator and to the computer. The 
operator should have a general understanding (not a detailed knowledge) about the 
tasks allocated to the computer and the compatibility of the operator’s mental model 
related to this situation. Two different complementary approaches are used for this 
process: the systematic, and the holistic and participative. The systematic approach 
is explained in Section 13.2.2 (Systems Analysis).
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Traditionally, dialogues are designed last in the process of developing a new 
computer system. This is not advisable. The dialogue design should be regarded as 
a design process of its own party separated from the total system development and 
initiated from the outset. The result of the dialogue design should be a specification 
to be used in the rest of the system development.

The holistic approach implies that the design work is carried out to some extent 
on an ad hoc basis. This form of design process is claimed to give room for more 
creativity but is, of course, less predictable and might be difficult to use for very 
large projects. The holistic approach often also implies that one is working in close 
cooperation with the intended users of the system. Participative design is especially 
important in the design of dialogues. Working with the users would give access to the 
users’ knowledge and expertise about their own working conditions. This will help us 
to carry out the task analysis and to define the operator’s ‘mental models’. To include 
the operators in the development will also increase their motivation and willingness 
to cooperate in a positive and constructive way in the implementation of the system. 
The operators can also be used as subjects in different forms of expert evaluations. 
Expert evaluations can be done on either the whole or on parts of the dialogue.

It is, however, often difficult to involve users in a traditional process of system 
design. The users normally do not have sufficient levels of programming skills nor 
are they used to abstract thinking. The design procedure has, therefore, to be changed 
so that instead of using different theoretical development tools, it can be visualised 
in a more practical and realistic form. At a very early stage of the design, one can 
use ‘mock-ups’ of the dialogues. These mock-ups could simply be paper-and-pen-
cil exercises that describe and illustrate the different dialogues. Another alternative 
might be to present the different dialogues on a personal computer. However, this 
form of dialogue consists only of visual illustrations and does not allow any real-
time interaction.

The next refinement could be the use of prototypes. The prototype is a simplified 
version of the final system developed on a personal computer. The prototype will 
allow some real-time interaction between the system and the operator but it does not 
cover, or does not incorporate, the use of a complete database.

1�.�  organisation oF the design proCess

Recently, there has been considerable emphasis on the rights of users to have an input 
into product/system development. To achieve an effective input from employees, it 
is necessary to establish an organisation for the planning work as a complement to 
the planning philosophy presented in Figure 13.1. This organisation is probably best 
determined in the company’s safety committee. Figure 13.3 shows one suggestion 
for how such an organisation might be set up for the development of a new, large 
system such as a new control system for a process.

A central steering group is needed for the project within the company. The steer-
ing group would include the safety committee and anyone in the company who has 
responsibility for long-term planning. The central steering group also includes a 
project leader who is directly responsible to it. There is, at the project leader’s dis-
posal, a project leader’s group that includes representatives for the more important 
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experts. This ‘expert group’ would include representatives of the operators affected 
and representatives for safety and company health functions, as well as the various 
technical specialists. The various experts and expert groups will work under the 
project leader. Among the experts and expert groups there should be special groups 
that deal with various personnel questions, for example, the production of job con-
tent analysis and job descriptions. Another group should be responsible for the selec-
tion and training programme, one for the instructions, manuals, and job aids, and 
one for organisational questions. If the project is a small one, some of these groups 
can be combined.

The central steering group decides upon and works out the goal analysis in 
conjunction with the project leader. Then the project leader, in coordination with 
the project leader’s group, carries out a suitable allocation of functions. This group 
also produces a preliminary proposal for function allocation. The proposal is then 
sent for consideration through the various groups in the company such as the safety 
committee and company management. Only after this stage can the central steering 
group decide on the first suitable allocation of functions. Any substantial changes 
from the first proposal for allocation of functions must again be discussed by the 
central steering group, which will then determine whether the approval of the vari-
ous groups is again required. Figure 13.3 shows an organisation chart focusing on 
planning work.
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Figure 1�.�  Organisation chart of planning work.
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As time is often short when the actual planning work gets started, a high propor-
tion of the responsibility for the first part of the work (that is, that concerned with 
personnel and technology) lies with the project leader and the project leader’s group. 
Only the larger and more important matters are given to the central steering group. 
In order to have a last chance to assess whether the project shall be carried on to 
completion, a preliminary evaluation is made. This first major evaluation is made 
using a model or a pilot plant; if this is found to be impossible, drawings and progress 
charts can be used instead. The groups involved in dealing with personnel matters 
include employees’ representatives. These matters are also of concern to the central 
steering group and in the project leader’s group. It may also be desirable to include 
employees’ representatives in certain of the more critical technical groups.

Ergonomic and/or industrial psychology expertise is needed, for example, in the 
group working on the interface between the personnel and the technological system 
and equipment. Such special expertise may also be required in the groups working 
on instructions and manuals, in the finalising of the job descriptions, and also pos-
sibly on the production of a selection and training programme.

1�.�  JoB organisation and alternative  
  Forms oF automation

Advanced technology for control and information processing, often computerised, 
has infiltrated almost explosively into more and more areas. In spite of optimis-
tic expectations, this has often led to deteriorating work conditions for the people 
involved. This has been described in a large number of ergonomic and social/psy-
chological studies.

Within the process industries, it is found that the U-shaped curve expresses the 
relationship between work motivation on the one hand and technical development on 
the other (see Figure 13.4). It seems as if work motivation in the modern, computerised, 
highly-automated process industries is rather low, and in many cases is approaching 
that of ‘assembly-line’ jobs. It is also found (Figure 13.5) that variations in work load 
have become even greater and that the low-load periods have become longer and even 
lower. Automation has often led to a severe reduction in job content and an increased 
degree of outside control (due, among other factors, to the increase in the degree of 
continuity in process control) with the introduction of computer technology.

Figure 13.6 attempts to show in a highly simplified way how computerisation 
is traditionally carried out. Figure 13.6 is not just relevant to the process industry, 
but probably has considerable validity in general application. The reason for this 
is mainly that technical people working on automation development have hitherto 
worked fairly conventionally. As such, they have taken a much-too-limited view of 
people and their work requirements. The view was perhaps even mistaken. The start-
ing point has been the old technology, what it knew and what it did. The developers 
considered the tasks the old technology could carry out and then determined the 
jobs of the human operators. Using this as a background, advanced computerised 
technology has been allowed to take over the work both of the conventional tech-
nology and of the person. One obvious consequence of this is that the content of 
people’s jobs is drastically reduced.
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It is interesting to note in this connection that the new computerised technol-
ogy has intrinsically more ‘power’, and the ability to do much more than could be 
done by the old system and the human operator. In order to control a technical pro-
cess optimally, there are theoretically an infinite number of functions available. The 
human operator and traditional technology, with their limited abilities and resources, 
can only make use of a small part of these. Modern computer technology has the 
potential to do other tasks; it is therefore possible to utilise functions that were not 
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earlier used (see Figure 13.7). With a little imagination, new and unconventional 
solutions for controlling processes could thus be found.

In our research (Ivergård et al., 1982; Hunt, Burvall, and Ivergård, 2004) we have 
shown examples of how it has been possible, with the aid of computerisation, to give 
the operator refined information on the functions, strengths, and weaknesses of the 
process. New, advanced computer technology can give the operator better informa-
tion, and at the same time new abilities in the controlling of the process. In this way, 
the operator can be included right in the centre of the process. Actually the operator 
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is the most central function. The operator is given a decisive role in determining the 
production function and the production results in terms both of quality and speed. 
The operator should thus be able to become even more important than before.

In addition, the operator can be given the opportunity to build up new forms of 
job skill and also the possibility of reinforcing the old, traditional job skills based 
on his or her personal knowledge and experience of the process. In other words, the 
operator does not need to be a mechanical cog in the process but can take the central 
control function. With this form of alternative development, the job will become at 
least as interesting and meaningful as the previous work—that is, the job becomes 
of value.

Apart from making the design of the job interesting and meaningful for the 
individual, the operator can, with the aid of computerisation, get a better insight and 
overview of the whole process. The computerised system can provide an overview 
of the production results and economic aspects within the company, which increases 
the operator’s ability to take a meaningful part in the overall decision-making pro-
cesses in the company.

It is outside the scope of this short review to discuss in any more detail the 
background as to why this line of reasoning is actually true. Some of the reports 
published by Ergolab (Ivergård et al., 1982) give a somewhat better exposition of 
this background and the reasoning behind it. Comparative studies of the effects of 
computerisation within manufacturing industries have been carried out in Great 
Britain and Germany (Sorge et al., 1982). These studies also show that computeri-
sation does not need to lead to any downgrading of jobs on the factory floor. Some 
related aspects about learning and creativity in control room work are also discussed 
in Chapter 11.
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1�.1  old KnoWledge and sloW implementations

It is very difficult to change people to fit machines, and it is of course not desirable to 
do so. After all, machines are made to serve humanity and not vice versa. It is there-
fore better to design the machine from the very beginning to fit the human user. That 
this does not happen more often depends largely on the fact that many engineers 
lack factual knowledge of human characteristics. There is a need for a new type 
of engineer with a basic knowledge of the human being—in other words, one with 
knowledge of the relevant aspects of psychology, physiology, anatomy, and a certain 
amount of medicine. An engineer with this background is known as an ergonomist.

The concept of ergonomics was introduced in 1949 as a title for the inter-
disciplinary teamwork between various human scientists. It was started by a group 
of British scientists, primarily psychologists and physiologists, and the originator 
of the name was the marine psychologist K. F. H. Murrell (see Murrell, 1967). The 
word is derived from the Greek ergon, meaning work, and nomos, whose nearest 
meaning is natural law or system. The conjunction of ergon/nomos was also used 
in classical Greek times for a workers’ protection law, probably the world’s first 
Health and Safety at Work Act. The Ergonomics Society was founded in 1949. The 
journal Ergonomics was founded in 1957. In the 1960s there was a fast growing 
interest in the physical aspects of ergonomics (for example, the physical design of 
workplaces, such as chairs, tables, or desks) and the physical environment (such 
as noise and acoustics, thermal visual conditions, and lighting design). During the 
1970s and 1980s there was a rapid increase in research and development in the social 
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and psychological perspectives of people at work, and the term information ergo-
nomics was coined (see Ivergård, 1982). During the 1980s to the end of the 1990s 
there was a change of focus from human beings at work to job and organisational 
design, knowledge, and the human/intellectual capital, including issues of learning 
at work. From the year 2000 macro aspects of work and knowledge come in focus 
(a new kind of labour economics). Richard Florida (for example, 2004, 2005) and 
others (for example, Ivergård and Hunt, 2007) claim that creativity will become the 
most demanded skill and valued ‘class’ of talented people. Discussions about the 
importance of participation, involvement, and empowerment were reinvented. As in 
this handbook, the need for holistic and broader approaches is in focus. This need 
involves a combination of real work practices, while at the same time concerns itself 
with individual learning and developing as well as an individual’s need to be a cre-
ative contributor to the development of his or her own work, workplace, and firm.

The old edition of this handbook was published in 1989. To a very large extent 
it was a product of the development and research during the period from 1970 to the 
end of 1980. At that time a new and much deeper understanding of how human intel-
lectual and perceptual capacity could be used in control room and systems design. 
This new edition of the handbook aims to integrate the new perspectives from the 
end of 1980 to 2008. But we can also notice from our studies of new control rooms/
centres that the knowledge of the old edition still has great relevance to 2008.

1�.2  the human user as a Component

The degree of success when planning human/machine systems, and in particular 
monitoring and control systems, is entirely dependent upon being able to predict the 
consequences of different design solutions. The ability to predict the consequences 
of a specific solution is dependent in turn upon the designers’ insight, knowledge, and 
experience of the various components that influence the final function. In a human/
machine system—that is, in every system where people work—it is essential to con-
sider people as a significant cognitive, emotional, and feeling part of the system.

In certain cases, solutions can be found through common sense, but when plan-
ning more complex human/machine systems, common sense alone is seldom ade-
quate. Instead, it may create completely the opposite effect. When planning new, 
advanced technical solutions, interaction with people is not always easy to predict. 
This is in total contrast with day-to-day situations, where our daily experience pro-
vides us with much more information.

In something of a cookbook style, we have attempted to provide the majority of 
basic recommendations about people as a component in complex human/machine 
systems. The ability to predict the final functionality of the system will improve by 
using the knowledge presented in this book. This should lead to a better working sys-
tem. In this context ‘better working’ means a system where the final result, the final 
product, is that which was originally intended. In many instances, great demands 
have been placed upon factors such as production safety, product quality, and general 
safety. The possibility of achieving these goals will hopefully be increased by apply-
ing the recommendations presented in this book.
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There are still people who, when planning, do not believe in the necessity of sys-
tematically and seriously taking into account the people who will work with and use 
the machine and its technology. There are those who believe that a human being as 
an individual can be taught to fulfil and to adapt to all types of behavioural criteria. 
This is incorrect. It is important to understand that the human is a highly reliable 
system component and functions according to predetermined ‘laws’. This reliability 
is considerably superior to the reliability of the technical components. Let us illus-
trate this point.

A tram quite suddenly makes an unscheduled stop at a very busy crossroads; 
for what purpose? The least likely answer is that the operator—the driver—left the 
tram to pick flowers. Alternatively, it is highly likely that a technical problem has 
arisen. The probability of total breakdown of the human component is considerably 
less than that of corresponding technical parts. On the other hand, humans display 
many variations and smaller deviations. This is characteristic of the human factor. 
This is also one of the reasons why errors are attributed, often unfairly, to people 
rather than technology, which is often the real cause. As technology is often poorly 
adapted to the individual, the human (with his or her prerequisites and qualifica-
tions) has difficulty in achieving certain given performance demands. One often 
hears about ‘human error’, but these types of errors in fact originate from poor tech-
nological solutions. These poor solutions in turn can be attributed to the person who 
has designed the system and this person’s lack of knowledge in designing systems.

1�.�  Business ConCepts and system development

There can be many and varied reasons behind planning a new process industry or a 
large reconstruction project. The underlying reasons are often associated with gov-
ernmental industrial policies, employment policies, and so on. Normally there is 
also some form of business strategy based upon a business concept. If limited to 
development projects of new computerised control systems with an increased level of 
automation, the definition of goals often becomes more diffuse. When Ergolab car-
ried out a series of investigations in Swedish process industries, the operators often 
questioned the motivation behind the introduction of new computerised systems. It 
was quite obvious from interviews carried out during the investigations that the rea-
sons were rather diffuse and not particularly precise—nor, in the industries studied, 
had any effort been made to establish to what extent goals were fulfilled. This was 
partly due to goals being unclear, which led to the inability to follow up and measure 
goal achievement.

In order to succeed with computerisation it is, of course, a prerequisite to define 
what the new computerised control system is to achieve. Often manpower reduction 
is put forward as an important goal or subgoal for an increased level of automation. 
As emphasised earlier in this handbook (for example, Figure 1.2), reducing the num-
ber of employees is a questionable basis for automation. There is, of course, a relation 
between automation levels and staffing requirements, but it is equally obvious that 
there is a clear staffing minimum irrespective of the level of automation.

Staffing demands increase again once beyond a certain level of automation. Here, 
it is important to consider the entire picture and not just the manning of the control 
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room. High levels of automation can lead to increased demands on service and main-
tenance staff. Further, very high levels of automation demand extremely large invest-
ments in planning, programming, and other essential factors. The most important 
and realistic reasons behind automation are those that concern increased production 
safety, increased product quality, and the like. Further, significant improvements in 
the working environment can be achieved when designing control automation. This 
in turn can have positive secondary effects on factors such as job skills and staff 
turnover. New technology is not of value per se and might only be the latest technical 
‘toys’ to please the advanced engineers.

It is always important to follow the traditional planning stages as presented 
below, even when planning a new control system for a process industry:

Formulate a clear and well-defined business concept. The concept is 
achieved by a number of tangible and measurable goals.
Define various strategies in order to fulfil these business goals.
Specify those activities and processes and the type of equipment intended 
for procurement based upon the business strategies.
Develop a human resource (HR) concept that supports the business con-
cept. This should be developed at the same time as the business strategies. 
The HR concept should be tangible and defined in measurable terms.
Formulate a number of HR strategies based upon the HR concept.

Human resource strategies form the basis for those activities, processes, and equip-
ment found in the completed design. Further, HR strategies lead to other internal 
personnel activities, for example, management training, leadership development, 
systems for staff developments, operator training, and last but not least, the develop-
ment of people (the users) into experts.

Only once these five stages have been thoroughly completed is it possible to 
decide which functions should be automated and which should be carried out by 
the human element. It is not possible to discuss suitable forms of automation before 
knowing which goals should be achieved. However, once this information is avail-
able, decisions can be made about the way and level of investment in the human 
factor, and it is here that a handbook of this type is an integral part of the planning 
process. Some important conclusions and recommendations are summarised in the 
following section.

1�.�  some reCommendations in summary

Work in control rooms can either be organised around maintenance, engineering/
field service, and error/fault handling, or around planning and process optimisation. 
In the first case, work in the control room is in some way combined with maintenance 
and service tasks carried out in the plant itself. In the other case, the control room 
operator is given the task of carrying out more advanced planning and optimisation 
work. Here, for example, computers are used to control and monitor the process and 
also to carry out other tasks, such as simulating various process conditions. These 
simulations can form the basis either for controlling the process, planning future 
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tasks, or replanning or redesigning the process. It can also be used for learning and 
development of the operators’ skill and development, including tacit knowledge and 
mental models.

There are no simple rules about the manning of control rooms, for example, in 
relation to the number of monitored control units. In general, a pure on-line process 
without any elements of batch grouping is the most difficult to control. The charac-
teristics of the work to be carried out in the control room depend partly on the type 
of process and partly on the type of staff available. The latter type of work—that is, 
planning and optimising—demands access to staff with a more theoretical educa-
tion and training. If emphasis is placed on service and maintenance, control room 
operators can be recruited from plant employees. The optimal is often a combination 
of a rather advanced theoretical background with a good practical experience gained 
from in-the-plant maintenance work.

Many and varied types of visual display units (VDUs) are used in modern control 
rooms. Often this means great advantages, but one should not be overconfident about 
the large flexibility that visual display units offer. Further, there is nearly always a 
need for some form of general or overall display of the process. Sometimes it can 
even be of value to keep the old, more traditional type of control panel with both 
instruments and controls. An alternative would be to simulate some of the control 
settings on the overview display.

With the transition from traditional controls to keyboards, the modern, comput-
erised control room is in danger of losing an important source of information. Clas-
sical control panels or modern simulated versions are often vital in order to achieve 
efficient production. Other aids, such as knobs, the light pen, joystick, mouse, and so 
forth can be of additional value. Colour displays should be used with some caution, 
and for valid purposes. Colour should not be the primary source of information, and 
the use of colour should be very clear and unambiguous. The use of voice control 
and speech (and other auditory) information can be of value, particularly for various 
forms of emergency situations.

Do not overload the visual senses of the human operator. Human beings have more 
senses than vision. In the next generation of control rooms we will see more use of all 
the other sense organs. Using the whole range of senses has the potential for the opera-
tors to improve their tacit knowledge and mental models of the system. And, in turn, 
this will improve the total system performance (including the human component).

The control room in its entirety should be designed with a high level of comfort. 
Low comfort levels result in operating staff becoming unnecessarily fatigued more 
quickly, which will lead to a reduction in monitoring ability. Sometimes the oppo-
site argument is put forward: if the control room is too comfortable, the vigilance 
of staff is reduced. This is simply not correct. A comfortable and cosy environment 
increases the possibility of operators remaining awake and alert. It is also important 
to create a varied information situation in the control room, for example, easy access 
to radio and television. However, this secondary source of information should be 
designed and located so that it does not in any way disturb the primary work tasks, 
especially during periods of high work stress.

Comfortable, adjustable chairs and an ergonomic layout of the control room fur-
niture are very important issues, and a great deal of consideration should be given 
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to lighting conditions. Visual display units place great demands upon the design and 
location of light fittings. In order to avoid serious visual problems it is recommended 
to seek advice from a qualified lighting specialist. Glare can very seriously impede 
visual performance. Considering the unique conditions found in control rooms (for 
example, 24 hours of continual operations), it may even be desirable to use full spec-
tral lighting, that is, lighting that provides ‘daylight’ conditions.

When planning a new control system it is important to create situations where, 
in an unbiased way, alternative forms of automation can be tested. The planners 
of the system must realise that their way of thinking and thus their concept of the 
system is often very different from that of the process operator. For example, a solu-
tion that seems obvious and correct to a systems designer may be quite alien to a 
control room operator. Therefore, when planning new systems, new methods must 
be found in order to bridge the differences in conceptual thinking between designers 
and operators. The literature, including this handbook, provides us with much infor-
mation about the operators’ capabilities and limitations. There is also considerable 
knowledge about the capabilities and limitations of the different senses. Further, 
there are data about perception, cognition, and decision-making processes, and also 
about learning, training, and education. By consulting each of these areas, operators 
can attain a suitable level of skill for control room work.

The trends that are predominant today with regard to the design of control rooms 
and control systems are not synonymous with a development that creates an opti-
mal system from a human/machine point of view. An increased understanding of 
humans can result in new products and new systems when developing the process 
control systems of tomorrow. This will increase safety significantly and enable better 
production, which is also in harmony with the environment.

Those manufacturers who systematically invest in development of systems and 
equipment that place humans in the centre have found a business concept that can 
make the organisation a leader in its field. Over the past hundred years we have 
learnt that technology more and more balances on the edge of what is possible and 
desirable from the human point of view. A more humane technology is not only a 
human demand; it is also a prerequisite if we are to reap further rewards with regard 
to improvements in productivity and quality from technology usage.

1�.�  summary oF a neW perspeCtive

Why is it necessary to discuss the role of people in control rooms? For many of us 
it has been obvious for decades that we need to create a harmony between technol-
ogy and the people involved in steering, controlling, and managing the technology. 
Countless accidents with very dramatic and severe consequences have been blamed 
on ‘the human factor’. The human and environmental tragedies of Bhopal, Brent 
Spar, Chernobyl, the Exxon Valdez, MinaMata, and Three Mile Island show what 
can go wrong when humans engage with machines. However, very early we learned 
and understood that the operator was not to blame. The reasons for the catastrophes 
were defined as the lack of compatibility between people and technology. In essence, 
the interface between technology and people did not match. Today we talk about a 
lack of usability and ergonomic considerations. Earlier we used words like ‘human 
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factors’ and ‘human engineering’. If some human agents need to be blamed it is the 
designer and the purchaser of the systems for overlooking the critical importance 
of technology/human factors. Most readers of this book are aware of these factors, 
but in some parts of the world this remains a little understood area of knowledge. A 
‘nice-looking’ control room is more prized as a place to show and impress visitors. 
This seems to imply that form is of greater importance than functionality and use. 
This is obviously not so. A careful design of the interrelationship between the opera-
tors and the control systems and its controlled processes is essential for a safe and 
optimal operation.

Every 15 to 20 years we see a paradigm shift in industrial and technological pro-
cesses. The introduction of new technologies into organisational processes requires 
organisations (and their members) to ‘change paradigms’ about how they work and 
behave (Clarke and Clegg, 1998). The inertia in this process of change is related to 
many factors, but probably the most important is the need for return on investment. 
Rapid developments in technology (including information technology [IT]) create an 
urgent need for organisations to develop new skills, competencies, and knowledge 
(Ivergård, 2000; Paulsson, Ivergård, and Hunt, 2005). The three elements of tech-
nology are: as a driver of organisational transformation, as an enabler to deliver that 
transformation, and as a change agent of the organisation to include new skills and 
competencies. For many (if not all) organisations, a critical issue is not in keeping up 
to date with the development of technology per se but in developing competencies to 
enable the organisation to gain full advantage of the technology.

The full potential of technology will only be realised if the organisation suc-
ceeds in adopting new business processes and working routines into the organisa-
tion as new ways of doing things (McKenney, 1995; Clarke and Clegg, 1998). Thus 
it becomes critical for organisations to develop new competencies in employees who 
use the new technology in their work. Introducing technologies into organisational 
processes requires organisations (and their members) to ‘change paradigms’ about 
how they work and behave (Clarke and Clegg, 1998). This includes learning the 
skills needed to utilise new technologies in the workplace (Edmondson et al., 2003). 
Technology is thus a key driver for workplace learning as employees need to develop 
skills for managing and operating the newly-adopted technology (Pisano, 1994; 
Paulsson et al., 2004). Learning the skills to perform using the new technology is 
critical if the technology is to be used for optimum benefit.

However, primarily, the new technology in itself has to be adapted to the existing 
competence and knowledge infrastructure of the organisation. This is the ergonomic 
approach to technological change. The importance of this symbiotic relationship 
between technology and people in organisations is discussed by Ivergård (2000). 
Technology is normally not an aim in itself but a means to achieve other aims, for 
example, to improve efficiency of learning or to reduce cost of learning. Inherent 
in learning at work are many possibilities of integrating learning technologies as 
a part of the control system of industrial and administrative processes. As such, 
technology has been a key driver for learning at work (Pisano, 1994; Edmonson et 
al., 2003). Intelligent technologies need to learn and adapt to the skill, knowledge, 
habits, and culture of the operators. Artificial intelligence (AI) is a good example. 
AI is a new and potentially very fruitful area of application. However, it is obvious 
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that e-learning and other forms of learning technologies can never—or, at least, very 
rarely—‘stand alone’ for learning process. Rather, it has to be combined with other 
methods to create a holistic process of learning.

To build a good society we need to create harmony and balance between people 
and between people and technology. To create a good production environment in 
balance with nature we also need a good harmony and balance between people and 
technology. It is important for decision makers to understand these points. It is nec-
essary to define the problem, to recognise the benefits of worker participation and 
motivation to design and create, and to take appropriate action to engage these.

In less than a generation, we will probably see different ‘new generation’ con-
trol centres. One technological development is likely to be a vertical high-tech 
AI-supported centre automatically capable of optimising the processes according to 
preset control variables. The main task of the operator will be to continually update 
and upgrade the computer software and its survival systems.

The second might be an organic control system continuously supporting the 
operator’s tacit knowledge base and mental models of the process. It will be a bal-
anced symbiosis involving a harmonious relationship between the human operator 
and the technological system. Here the operator uses all senses to support learning 
and systems knowledge. This will in turn be used to upgrade the systems software 
and hardware. In both cases the system will include corporate social responsibility 
(CSR) and environmental and business considerations.

In this handbook we have made the case, from various perspectives, of the need 
for usability and ergonomic design to be incorporated into control room design and 
use. With the increasing importance of control rooms as key components in the 
operations and management of businesses and governments, the competencies of the 
operators take on a new leading role. In this new and evolving situation the operator 
is not only handling a limited industrial process. The work in the control room is 
becoming a focal point for the success of many different types of organisations in, 
for example, business, trading, energy, environment, and government. From many 
of the latest control centres we have been investigating, it is clear that the levels of 
competence and necessary education of operators has increased. It is also clear that 
control centre tasks cover a larger perspective than in the past. As we have discussed 
elsewhere in this handbook, creative development tasks have become integrated into 
control centre work.

This trend is likely to continue and to expand. The advanced control centre of the 
future will also include top-level experts and senior executive decision makers. This 
will most likely be the case in government organisations as well as in business-ori-
entated industries. This might also be the case in international organisations, such as 
the United Nations, the World Bank, and the Asian Development Bank. It is easy to 
see the advantage for top-level executives such as managing directors and presidents 
of large public and private organisations to have direct access to extensive databases 
and real-time process information presented on very large-scale wall displays.

Furthermore, the availability of simulation programs of macro-perspectives 
of business relations and business actions will help decision makers improve the 
quality of their decisions and predictions. This future type of control centre is also 
likely to create its own architecture—both physical and functional. The physical  
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architecture of the control centre of the future will be a very challenging task for 
architects and designers.
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 computerisation studies in, 341
 knowledge creation in, 306
 Vattenfall in, 218–219, 219
Ghost-images, 115, 128

Glare
 large screen systems and, 88, 98
 lighting design and, 185, 211
 onboard ships, 240
 plasma displays and, 118
 readiness level and, 288
 sharpness of vision and, 269
 at standing work stations, 165
 VDU background color and, 78
Global maritime distress and safety systems 

(GMDSS), 229, 244
Government, 8
Grammar, 68, 69–70
Graphic mosaic displays, 101–102
Graphical user interface (GUI), 123, 124
Graphics controllers, 121–125, 121, 128
Great Britain
 brokerage/trading in, 217, 223
 coal burning in, 222
 computerisation studies in, 341
 innovation in, 306
 ship’s bridge studies in, 228–229
 Southampton Docks accident, 229–230, 230n
‘Grey box’ technique, 318
Gross tonnage, 244n
Group starts, 24–25
GUI; See Graphical user interface

h
Hand push-button, 136, 138, 139
Hand-rails, 241–242
Hard edge projection, 103
Hatches, 242
HDTV, 129
Hearing; See also Ears
 age and, 283
 aids for, 275–276
 patterns and, 70, 275
 protection for, 194, 197, 224, 276
 response time, 139, 279
 speech vs. tones, 56
 variation recognition of, 72, 268
 via touch, 71
HFE; See Human factors engineering
High-ceiling environments
 in chain of causality, 304
 creation of, 299–300, 307–308
 definition of, xi
 learning in, 291
 in Raelin learning model, 302–303, 303
High gain diffusion screens, 109, 111
Histograms, 62
Holistic approach, 336
Holland; See also Netherlands
 brokerage/trading in, 216
 ship’s bridge studies in, 229
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Hornbeck, Larry, 112
Hugin, 321
Human factors engineering (HFE), 233
Human resource strategies, 348
Humidity
 guidelines for, 183–184
 health issues with, 184
 large screen systems and, 126, 127
 sensing of, 267
 temperature and, 178–179, 184
Hydroelectric power, 14, 212–215, 331

i
IACS; See International Association of 

Classification Societies
IC159 standards, 234
Iceland, knowledge creation in, 305, 306
Identification method, 19
Ikea, 306
ILO; See International Labour Organisation
Image format, 115–117
IMO; See International Maritime Organisation
India, Bhopal Union Carbide plant, 222, 350
Industrial revolution, 3
Inertia, 24, 37, 66, 334
Information
 analysis methods, 313–314
 controls for, 143
 decisions and quality/quantity of, 87, 204
 presentation of, 39
 in pulp/paper industry, 313–314, 317
 sampling frequency and, 319, 319, 320
Infrared beams, 146
Infrasound, 198
Instructional control, 14–15
Instructions
 basis for, 330
 flaws, problems, and, 245, 246
 guidelines for, 67–71
 knowledge in, 301
 planning for, 329
Instruments
 alarms on, 57, 255
 applications for, 57
 classification of, 47
 computerisation and, 162–163, 214
 dimming of, 189, 240–241, 242
 frequency and sequence analysis of, 39, 

160–161
 function of, 160
 importance of, 160
 lighting of, 189–191, 190
 planning for, 329
 positioning of
  functional grouping, 249, 251

  for sitting work, 166–167
  for standing work, 165
  viewing angle, 161
  in workstation design, 39, 160–168
 reflectivity of, 189
 signs near, 161
 tasks and, 65–67
 VDUs; See Visual display units
 viewing of, 63–65
 visibility of, 160–161
 visual; See Visual instruments
International Association of Classification 

Societies (IACS), 234, 244
International Convention for the Prevention of 

Pollutions from Ships (MARPOL), 
258

International Convention for the Safety of Life at 
Sea (SOLAS)

 engine control rooms and, 248, 249
 on ship’s bridges, 234, 235, 236, 238–239
International Labour Organisation (ILO), 222
International Maritime Organisation (IMO)
 on alarms, 256–258
 engine control rooms and, 235, 251
 Liberian engine room paper to, 230
 on noise, 258
 on ship’s bridges, 234, 237, 241, 242–244
International Organisation for Standardisation 

(ISO), 234, 235
Ionising radiation, 267
Iraq, writing in, 217
ISO; See International Organisation for 

Standardisation
Israel, innovation in, 306

J
Japan
 innovation in, 306
 MinaMata, 350
Joystick, 143, 147, 229
Just noticeable difference (JND), 278

K
Keyboards
 ambient light and, 192
 assessment of, 143
 chord, 149
 colour of, 150
 design of, 148–150
 disadvantages of, 135, 148, 289
 experience using, 282
 feedback from, 150, 289
 layout of, 148–149
 vs. levers, 289
 with lighted keys, 145
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 numeric, 149, 149
 positioning of, 165
 with predetermined functions, 144–145
 pressure on keys, 145
 profile of, 150
 QWERTY, 148
 sensory abilities and, 90
 on ship’s bridge, 246
 thickness of, 149–150
 typing on, 30
 with variable functions, 145
 vs. wheels, 289
Key performance indicators (KPIs), 210
Knock-on effect, 213
Korsnäs mill, 206–207
KPIs; See Key performance indicators
Kuhn, Thomas, 7
Kyoto Protocols, 219, 223, 224

l
Lamps
 activation of, 134
 applications for, 51
 colour of, 72, 268, 273
 light from, 271
 in mosaic displays, 100–101
 in schematics, 64
LAN; See Local area network
Large screen system
 advantages of, 87
 applications for, 84–87
 budget for, 88–89, 99
 CRTs for, 100
 display for, 118–119, 120
 environment for, 88, 126–127
 factors affecting, 118
 glare and, 88, 98
 graphics controller for, 121–125
 image quality of, 95, 98–99, 99
 installation of, 125–127
 integrated system, 101
 in LAN, 120, 122
 location of, 88, 127
 mimic panel display, 100–102, 129
 mullion, 118, 126
 planning for, 88–89
 preparation for, 126–127
 purpose of, 86
 reading distance for, 88
 redundancy in, 125
 requirements for, 88–89
 schematic of, 122
 selection of, 93
 servicing of, 127
 software for, 122–125
 surface formats for, 88

 VDU-based, 102–106
 wall display, 101
Layout
 analysis stage, 156–160
 design of
  ABB systems, 204–205
  engine control room, 250–255
  evolution of, 203–204
  for financial/trading services, 220–221, 

224
  IACS on, 244
  objectives, 157
  operators and, 156
  for process industry, 174–175
  ship’s bridge, 231, 242–247
  stages in, 156
 drawings of
  connections/links, 159
  engine control room, 252, 254, 255
  from IACS, 245
  for process industry, 175, 215
  production of, 156
  ship’s bridge, 240, 243, 245
 full-size mock-ups
  ABB systems, 205, 206
  production of, 156
 models of
  ABB systems, 206
  production of, 156
 photographs of
  Billerud, 207, 208
  engine control room, 252, 254
  Mälarenergi, 209
  ship’s bridge, 241, 244–247, 245, 246, 

247, 248
  stand-by area, 256
  Stora Enso, 212
  Vattenfall, 221
LCD; See Liquid crystal displays
Learning; See also Creative development
 AI and, 304–305
 in chain of causality, 303–304, 304
 components of, 300–301
 environments for; See High-ceiling 

environments
 models of, 300–303, 301, 303
 peer groups and, 301–302
 stages of, 301, 301
 style of, 295, 297
 training programme design and, 293–296
 types of, 297
 at work, 306–307
LEAV; See Lower Exposure Action Value
LEDs; See Light-emitting diodes
Letters
 categorisation of, 69
 errors reading, 73, 249
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 recognition of, 72, 268
 touch typing and, 282
 viewing distance for, 96, 97
Levers
 applications for, 136
 assessment of, 143
 vs. buttons, 289
 guidelines for, 141–142
 joystick, 143, 147, 229
 vs. keyboards, 289
 limits of, 136
 location of, 138
 movement of, 162–163, 162
 positioning of, 162
Lewin, Kurt, 37
Liberia, IMO MSC paper, 230
Light-emitting diodes (LEDs), 57, 58
Lighting of control rooms; See Ambient light
Light pen
 applications for, 59, 146
 assessment of, 143
 CRTs and, 60, 146
 description of, 146
 disadvantages of, 135, 146
Linear mosaic displays, 100–102
Link analysis, 158–160, 159
Liquid crystal displays (LCD)
 basic, 111–112
 classification of, 57
 disadvantages of, 104
 image quality of, 98–99
 memory effect with, 115, 116, 128–129
 with narrow bezel, 116, 119
 vs. plasma, 128
 response time of, 129
 TFT, 114–116, 115, 116, 130
Local area network (LAN), 122
Low gain diffusion screens, 109, 111
Lower Exposure Action Value (LEAV), 193
Luminance
 adaptation level and, 92, 95, 269, 269
 brightness and, 90, 95, 128, 270
 colour and, 76–78, 128
 contrast and, 76–78, 128, 267
 for CRTs, 60
 definition of, 128, 185
 errors from, 189
 mathematical modeling of, 186–187
 onboard ships, 237
 perception of, 90–91, 91
 performance and, 185, 188, 268, 269
 reflection factors and, 185–188
 Stevens’ law on, 279, 280
 symbols for, 186–187
 units of, 185, 186–187
 viewing angle and, 130, 192–193
Luminance discrimination, 267

m
Magnetic fields, 115, 117, 128
Malacca Strait, 228
Mälarenergi plant, 208, 209–210, 209
Maritime Safety Committee (MSC), 230, 234, 

235
MARPOL; See International Convention for the 

Prevention of Pollutions from Ships
Mathematical models
 of ambient light, 186–187
 of contrast, 267
 of control systems, 11, 12, 19–21
 decision making and, 334
 of humans, 27
 of luminance, 186–187
Memory effect, 115, 116, 128–129
Mental models
 abstract/functional models and, 39–40, 65
 control skill and, 278
 decisions and, 28–30
 discussion of, 34–35
 of financial systems, 220
 future capabilities and, 352
 motor skills and, 30
 onboard ships, 249
 overview process displays and, 215
 participative design and, 336
 Rasmussen on, 30
 reality and, 39
 research on, 63–64
 simulations and, 349
 software and, 335
 tacit knowledge and, 30n
 touch screen and, 146
 updating of, 29, 39
 vision and, 64
Mesopotamia, writing in, 217
Metso, 315, 318
Mimic panel display, 100–102, 129, 249; See also 

Mosaic display
MIMO−MPC; See Multiple-input multiple-

output−model predictive control
MinaMata, 350
Mock-ups, 156, 205, 206
Model predictive control (MPC), 319
Moore, Gordon, 89n
Moore’s law, 89, 89n
Mosaic display, 100–102, 129; See also Mimic 

panel display
Motor skills
 age and, 283
 feedback and, 276
 learning of, 295
 mental models and, 30
 Rasmussen on, 31
 senses and, 29–30, 295
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 tasks requiring, 278, 288–289
 voice identification instruments and, 147
Mouse, computer, 143, 147–148
MP3 players, 246
MPC; See Model predictive control
MSC; See Maritime Safety Committee
Multiobjective optimisation techniques, 315, 317
Multiple-input multiple-output−model predictive 

control (MIMO−MPC), 318
Murrell, K. F. H., 345
Music, 246, 286
MySQL database, 123

n
Natural language, 68
Negative feedback, 21
Netherlands; See also Holland
 brokerage/trading in, 216–217
 innovation in, 306
 knowledge creation in, 306
Network operating centres (NOCs), 86
New Zealand, knowledge creation in, 306
NOCs; See Network operating centres
Noise
 accidents and, 196–197
 assessment of, 194
 broadband, 195
 definition of, 193, 275n
 disturbance from, 195
 errors and, 197
 EU regulations on, 193
 in financial/trading centres, 224–225
 health issue with, 196, 198
 IMO on, 258
 large screen systems and, 119, 127
 layout and, 156
 LEAV, 193
 masking by, 195, 196, 275, 276
 mathematical modeling of, 194
 onboard ships, 258
 production of, 193
 readiness level and, 288
 reduction of, 194, 197–198, 211
 sources of, 5, 178, 194
 speech and
  decibel levels, 195
  machine recognition/generation of, 

78–80, 79
  masking effect of, 195, 275, 276
  SIL and, 195, 196, 275, 276
 UEAV, 193
 units of, 193
 work cabins and, 292
Nokia, 306
Norway
 energy trading in, 218

 knowledge creation in, 305, 306
Notices, 67–71
Nuclear power, 218, 222, 298, 350
Numbers
 categorisation of, 69
 errors reading, 73, 249
 recognition of, 72, 268
 time to read, 74
 viewing distance for, 96

o
Open control, 20, 20, 317, 319
Operators
 abilities of, 277–278
 aiding mechanisms and, 23
 behaviour of, 30–32, 32, 292
 characteristics of, 16
 competence level of, 13–14
 in computerisation models, 15–18, 15, 16, 17, 

18
 connections between, 157–160, 159
 in constant regulation, 22
 vs. controller, 22
 decision making by
  age and, 284
  on alarms, 257
  capacity for, 281–284
  data quality/quantity and, 87, 204
  in financial/trading centres, 149, 221, 223, 

225
  human-machine interface, 28, 134
  local knowledge and, 213
  vs. machine, 332–335, 334
  mental models and, 28–30
  Rasmussen on, 32, 32, 33
  response time, 279–282, 281
  simulations and, 317
  SOLAS on, 236
 equipment/furniture position and, 156–160, 

159
 ethical guidelines for, 225
 feedback for, 14, 294–295
 information processing by, 37, 63, 279–282
 instruction control of, 14–15
 job aids for, 37
 lighting and, 185
 models of, 11, 12, 27–35, 28, 31
 in product/system development, 336–337
 quickening mechanisms and, 23–25
 rationales for, 64–65
 responsibilities of, 5, 338–341
 roles of, 13–17, 15, 27, 341
 selection of, 297, 330
 senses of; See Senses
 skills of; See Skills
 VDUs and, 5, 60, 191
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 front projection, 103, 104
 rear projection, 106–107, 109–110, 109, 110, 

111
Organisation
 climate for creativity, 307
 orientation of, 36
 product/system development in, 336–338, 337
 technology and, 351
Organisation plan, 36, 330
Overview panels, 66–67

p
Paradigms
 AI and, 305
 high-ceiling environments and, 308
 knowledge creation and, 299
 Kuhn on, 7
 rational man approach, 17
 technology and, 7, 351
 timeline for shifts, 351
 traditions and, 302
Parallax errors, 56
Passive vision, 63–64
Pedals, 134, 136, 136n
Peer groups, 301–302
Perception, 89
Perceptual organisation, 27–28
Perceptual skills, 28–29, 31, 277
Petrochemical industry, 318
PID controls; See Proportional, integrational, 

differential controls
Pixel, 129
Plasma displays, 57–60, 115–118, 128, 129
PLCs; See Programmable logic controllers
Plotters, 58–59
Poland, Vattenfall in, 218–219, 219
Polo, Marco, 216
Positive feedback, 21
Practical knowledge, 301, 301, 303
Pragmatic approach, 6
Printers, 5, 58–60, 178, 194, 197
Process
 batch vs. continuous, 14, 36–37, 349
 complexity of, 36
 decision ladder for, 32, 33
 mental model of; See Mental models
Process industries
 codes in, 69
 computerisation of, 6, 16, 18, 338, 340
 concept of, 3n
 controls for, 143
 design of control system, 174–175, 348
 layout for control centre, 175
 models of, 19
 operators in, 5

 parameters for, 27
 time-bound control in, 14
 variables in, 36
 work motivation and, 338, 339
Production capacity, 12–13
Productivity criteria, 333
Products, 12, 327
Programmable logic controllers (PLCs), 130
Project planning systems
 allocation of functions in, 332–335, 332, 337
 flow diagram, 329
 function analysis, 331–332
 goal analysis, 331–333, 337
 philosophy of, 327–328
 system level analysis, 328–330, 335
 traditional, 328
Proportional, integrational, differential (PID) 

controls, 203, 317
Prototypes, 336
Psychological perception, 279
Pulp/paper industry
 Billerud mill, 207–209, 207, 208
 computerisation in, 13, 16, 213
 control centres in, 293
 COST on, 312, 314
 information in, 313–314, 317
 Korsnäs mill, 206–207
 modelling/simulations in, 311–323, 317
 operator’s work place in, 14
 software for, 314–315
 Stora Enso mill, 211–212, 212
 training in, 14

q
QSXGA resolution, 129
Quickening mechanisms, 22, 23–25
QXGA resolution, 129

r
Radiation
 absorbed, 270
 cold, from surfaces, 183
 electromagnetic, 258, 266, 267, 270–271
 heat
  from equipment, 5, 177
  from humans, 5, 179, 180–182
 ionising, 267
 in plasma displays, 116
 reflected, 270
 from TFT LCD monitors, 115
Radio
 intelligibility of speech on, 79
 personal, in control centres, 246, 349
 on ship’s bridge, 228, 229, 244, 245, 247
Rational man approach, 17
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Rausing, Ruben, 306
Reaction time; See Response time
Red, 161n
Red, green, and blue (RGB) sources, 121–123
Reflection, 301, 301, 302
Relative discrimination, 267
Relay race model, 328
Remote terminal unit (RTU), 130
Resolution
 CRT guideline, 61
 definition of, 129
 displays vs. plotters, 59
 HDTV, 129
 information presentation and, 93
 of plasma displays, 117–118
 QSXGA, 129
 QXGA, 129
 for streaming video, 123
 SVGA, 129
 SXGA, 97, 129
 UXGA, 129
 VDU range, 103
 VGA, 129
 XGA, 96, 129
Response time, 129, 279–283, 281, 283
Reuters, 7
RGB sources; See Red, green, and blue sources
Rotary switches, 136, 140–141, 141
RTU; See Remote terminal unit
Rugby scrum approach, 328

s
Safety
 automation and, 12–13
 control centre displays and, 85
 instruction control and, 14–15
 onboard ships, 244, 253, 258–259
Savannah Express, 229–230, 230n
SCADA systems; See Supervisory control and 

data acquisition systems
Scandinavian Airlines System (SAS), 299, 

305–306
SCCs; See Ship control centres
Seamless plasma displays, 117–118
Semantics, 68–69
Senses
 hearing; See Hearing
 human vs. machine, 333
 motor skills and, 29–30, 295
 sight; See Sight
 smell, 276, 279, 280
 stimuli chart, 266
 taste, 276, 279, 280
 touch, 70–71, 276, 279, 280
Sensorimotor skills
 age and, 283

 chord keyboards and, 149
 definition of, 28
 learning of, 295
 Rasmussen on, 31
 simulator training for, 298
 tasks requiring, 277–278
Servo-regulating systems, 21
Set value
 active vision for, 64
 in constant regulation, 21, 22
 defining of, 37
 description of, 20
 deviation from, 174, 215, 316
 on information devices, 59, 164
 as memory, 28
 in open control, 20
 presentation of, 58, 59
Shapes, 267
Ship control centres (SCCs)
 alarms in, 231, 248–249, 253–258
 bridge; See Bridge, ship’s
 design of, 232–234
 engine; See Engine control room
 MSC on, 230
 overview, 228
 safety in, 259
 simulations in, 334
Ships
 berthing of, 247
 CCTV on, 232
 decks, 241
 equipment upgrades on, 231
 gross tonnage, 244n
 hand-rails on, 241–242
 hatches, 242
 health hazards on, 258
 inert gas on, 233
 lighting on, 237–240, 241
 safety onboard, 258–259
 SCCs; See Ship control centres
 simulators for training, 297–298
 survivability of, 259
SIC; See Station In Control
Siemens DCS, 207–209, 207
Sight; See also Eyes
 active vs. passive vision, 64
 age and, 283
 colour and, 46, 64, 92–93, 270–274, 272
 contrast and, 91–92, 269
 factors affecting, 267–270
 luminance and, 90, 91, 269, 269
 patterns and, 275
 peripheral vision, 63–64
 response time for, 279
 scanning with, 63–64
 Stevens’ law and, 280
 threshold level for, 266
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 variation recognition by, 72, 268
 warning signals and, 71
Signal intensity, 278–279
Signs, 161
SIL; See Speech Interference Level
Simulation
 applications for, 334
 in aviation, 117, 225, 297–299
 for brokerage/trading, 225, 298–299
 in control centres, 302, 305, 348–349
 design of, 225, 299
 discussion of, 297–299
 in frequency analysis, 158
 in petrochemical industry, 318
 in pulp/paper industry, 211, 311–323,  

317
 purpose of, 37, 215, 225, 289, 300, 305
 in shipping, 297
 at Stora Enso, 211
Singapore, innovation in, 306
Single-element optical screens, 107, 109, 109, 

110, 111
Sitting workstations
 chairs for; See Chairs
 design of, 164–168
 at Mälarenergi plant, 209
 office, 175, 176
 onboard ships, 232, 237
 vs. standing, 166–167
 VDU position in, 166–167
 work surface height for, 166–167, 168, 169
Skills
 cognitive, 29, 31, 277
 diagnostic, 19, 277
 motor; See Motor skills
 perceptual, 28–29, 31, 277
 planning for, 330
 sensorimotor; See Sensorimotor skills
 simulations and, 349
 training for, 29, 31–32, 293–295
 vigilance; See Vigilance skills
Smell, sense of, 276, 279, 280
Soft edge projection, 103
Software
 CAPE and, 316
 development of, 335–336
 emergency vs. normal use of, 232
 for financial/trading centres, 225
 future capabilities, 210
 for large screen system, 122–125
 for pulp/paper modelling, 314–316
SOLAS; See International Convention for the 

Safety of Life at Sea
Sound signals
 advantages of, 70
 alarms, 57, 231, 256, 258
 applications for, 56–57

 A-weighting for, 193
 for buttons, 138
 guidelines for, 72
 masking of, 195, 196, 275
 recognition of, 195, 231, 277, 283
 for rotary switches, 141
 routine, 258
 speech; See Speech
 Stevens’ law on, 280
 for toggle switches, 139
 tones, situations for, 56, 57
Soviet Union, Chernobyl nuclear plant, 222,  

350
Speech
 decibel level of, 195
 hearing glove for, 71
 machine recognition/generation of, 78–80, 

79, 147
 noise and
  decibel levels, 195
  machine recognition/generation of, 

78–80, 79
  masking effect of, 195, 275, 276
  SIL and, 195, 196, 275, 276
Speech Interference Level (SIL), 195, 196, 275, 

276
Stable factors, 282, 283
Staff
 automation and, 5, 5, 13, 347–348
 centralisation of control and, 206
 computerisation and, 5, 12–14, 347–348
 layout and, 156
 operators; See Operators
 planning for, 329
 qualifications of, 12–14
 in system level analysis, 328–330
Standard white screens, 103, 104
Standing workstations
 design of, 164–168
 dimensions of, 165
 keyboard profile for, 150
 onboard ships, 232, 237
 vs. sitting, 166–167
 work surface height for, 165, 168
Static information, 46, 163–164, 215
Station In Control (SIC), 260
Steering group, 336–338
Stevens’ law, 279, 279
Stora Enso mill, 211–212, 212
Structure of Scientific Revolutions, The (Kuhn), 

7
Supervisory control and data acquisition 

(SCADA) systems, 85, 130
SVGA resolution, 129
Sweden
 Billerud mill, 207–209, 207, 208
 bridge studies in, 230–231
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 energy trading in, 216, 218–219
 in Euro-Creativity Index, 305
 hydroelectric power in, 212–215
 innovation in, 306
 knowledge creation in, 305, 306
 Korsnäs mill, 206–207
 Mälarenergi plant, 208, 209–210, 209
 Maritime Authority regulations, 229
 Stora Enso mill, 211–212, 212
 Västerås power plant, 204
 Vattenfall, 216, 218–219, 219, 221
Switches
 applications for, 51, 136
 comparison of, 136
 guidelines for, 139–141, 140
 limits of, 136, 140
 positions of, 136, 139–141, 140
 rotary, 136, 140–141, 141
 toggle, 136, 139, 140
Switzerland, innovation/knowledge creation in, 

306
SXGA resolution, 97, 129
Symbols
 for ambient light, 186–187
 categorisation of, 69, 69
 colour and, 77
 in dynamic devices, 164
 guidelines for, 68–71, 72
 for lathe chuck, 70
 for luminance, 186–187
 production of, 134
 recognition of, 72, 268
 SOLAS on, 236, 238

t
Tables, 62–63, 67–68
Tacit knowledge
 availability of, 304
 in chain of causality, 304
 codified knowledge and, 293
 definition of, 293
 development of, 294
 double-looped learning and, 293
 experience and, 301
 experimentation and, 301, 305
 feedback and, 148
 future capabilities and, 352
 local knowledge as, 213
 mental models and, 30n, 31, 220
 process displays and, 215, 220
 in Raelin learning model, 301, 301,  

303
 senses and, 90, 295
 simulations and, 349
 touch screens and, 146
Taiwan, innovation in, 306

Tasks
 alertness level and, 286
 allocation of functions for, 332–335, 334,  

337
 analysis stage, 293
 in control centres, 276–277
 criteria for, 331–333, 335
 decision ladder for, 32, 33
 equipment/furniture position and, 157
 functional analysis for, 331–332
 future capabilities and, 352
 goal analysis for, 331–333, 337
 planning for, 330
 process model and, 40
 software for, 335
 system level, 331, 335
 training for, 293–296, 296
 visual instruments and, 65–67
Taste, 276, 279, 280
TC8 standards, 234
TDC2000 system, 16
Telephones, 246
Televisions
 CCTV; See Closed-circuit television
 colour, 271, 273
 in control centres, 175, 349
 high-definition, 129
 information on, 46
 large screen systems and, 121
 plasma displays for, 129
 on ship’s bridge, 246
Temperature
 air speed and, 179, 184
 discussion of, 177–184
 dissatisfaction with, 179, 183
 equipment and, 5, 126–127, 177
 guidelines for, 183–184
 human heat production, 5, 179, 180–182
 WBGT vs. work-rest/hour, 183
Tests, selection, 297
Tetrapak, 306
Text
 alarms with, 60
 categorisation of, 69, 69
 colour and, 77
 on CRTs, 60–62
 in dynamic devices, 164
 equipment for, 59
 errors reading, 73, 249
 guidelines for, 60–62, 68–71, 72, 93
 in instructions, notices, and forms, 67, 95
 letters; See Letters
 numbers; See Numbers
 on plasma displays, 60
 production of, 134
 recognition of, 72, 268
 SOLAS on, 236, 238
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 speech algorithms for, 79–80
 symbols; See Symbols
 time to read, 74
 touch typing and, 282
 viewing distance for, 96, 97
TFT LCD monitors; See Thin film transistor 

LCD monitors
Theoretical knowledge, 301, 301, 303
Thin film transistor (TFT) LCD monitors, 

114–116, 115, 116, 130
Three Mile Island, 350
Time histories, 58, 59
Tinted screens, 103, 104
Toggle switches, 136, 139, 140
Touch, sense of, 70–71, 276, 279, 280
Touch screen, 143, 146
Trackball, 143, 147, 148
Trading services, 216–224
Training
 age and, 283, 296
 in analysis stage, 293
 with DCS, 315
 design of programmes, 293–296, 330
 factual, 31–32
 on keyboards, 148–149
 learner-centred approach to, 295–296
 path diagram, 296
 planning for, 329
 readiness and, 32
 response time and, 280
 on ship systems, 230
 simulations in; See Simulation
 for skill development, 29, 31–32, 2 

93–295
 at Stora Enso, 211
 in system level analysis, 328–330
Transfer function, system, 19
Transmission control protocol/Internet protocol 

(TCP/IP), 124
Trends, 58, 59, 62

u
UAVs; See Unmanned aerial vehicles
UEAV; See Upper Exposure Action Value
Ultraviolet (UV) light, 61, 271
United Nations (UN)
 environmental conferences, 223
 Kyoto Protocols, 219, 223, 224
United States of America (USA)
 innovation in, 306
 knowledge creation in, 306
 Three Mile Island, 350
Unmanned aerial vehicles (UAVs), 86
Unstable factors, 282–283
Upper Exposure Action Value (UEAV), 193
UXGA resolution, 129

v
Valves, 230
Västerås power plant, 204
Vattenfall, 216, 218–219, 221
VDUs; See Visual display units
Venice, trading in, 216
VGA resolution, 129
Vibration
 assessment of, 198–199
 ATOMOS on, 258
 chairs and, 199
 of equipment, 194, 197
 EU directive on, 199
 of floors, 178, 199, 211
 frequency/intensity range of, 267
 sitting workstations and, 167
 Stevens’ law on, 280
 at Stora Enso, 211
 walls and, 194
 WBV, 178, 198–199, 198
Vigilance skills
 administrative duties and, 245–246, 254
 computerisation and, 17
 definition of, 277
 performance and, 287–288, 287
 SOLAS on, 236, 238, 249
 time of day and, 285
 work situations calling for, 28
Visual display units (VDUs)
 advantages/disadvantages of, 63–65
 alarms on, 164, 257, 257
 ambient light and, 76–78, 88, 178, 185–193, 

192, 273
 applications for, 58–60
 armchair sitting and, 172
 arrays of, 103
 attributes of, 46
 brightness and, 102
 characteristics of, 66
 colour on, 76–78, 272–273
 contrast and, 102–103
 control state on, 133
 CRTs; See Cathode ray tubes
 description of, 57
 design of, 57–58
 dimming of, 240–241, 241
 in financial/trading centres, 225
 front projection, 102–104, 102
 glare and, 78
 health issues with, 5, 60, 191
 with integrated optical lens system, 103
 keyboards and, 150
 in large screen system, 102–106
 LCD; See Liquid crystal displays
 light from, 271
 for onboard ships, 237
 overview from, 163, 164
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 personalisation of, 205, 207
 positioning of, 163, 164, 192
 rear projection, 58, 102, 104–107, 105, 106
 reflectivity of, 185–189, 188, 192–193
 resolution of, 103
 screens for, 102–104, 104, 106–107, 164
 tasks and, 65–67
 tiling of, 102, 103
 touch screen with, 146
 vs. traditional visual instruments, 65
Visual instruments
 applications for, 51, 58–60, 62
 bars, 59
 characteristics of, 66
 colour in, 46, 56, 191
 counters, 51
 dimming of, 189
 frequency and sequence analysis of, 160–161
 lamps; See Lamps
 lighting of, 189–191, 190
 normal operation of, 249
 pointers
  advantages of, 59
  applications for, 51, 62
  design of, 56
  direct lighting and, 191
  fixed, with long scale, 50
  movement of, 162, 162
  normal position of, 249, 251
  slope of, 72, 268
 positioning of, 160–162, 161
 reading distance for, 53–54
 scales and markings on
  absolute value, 52
  applications and, 46
  design of, 55
  discussion of, 48–56
  divisions, 53, 54, 55
  fluorescent, 191
  illumination of, 55
  large range, 50
  luminance of, 190
  moving, 49
  percentage, 52
  size of, 53
 tasks and, 65–67
 types of, 46, 48–49, 48
 vs. VDUs, 65
 viewing of, 63–65
 visibility of, 160–161
 window, 51
Voice identification, 78–80, 79, 147

W
Walls
 reflectivity of, 185, 188
 sound reduction by, 198
 vibration of, 194
WAN; See Wide-area network
Warning signals, 160, 210, 225
WBGT; See Wet bulb globe temperature
WBV; See Whole-body vibration
Weber & Fechner’s law, 278
Wet bulb globe temperature (WBGT), 179,  

183
Wheels
 applications for, 136
 assessment of, 143
 vs. buttons, 289
 colour, in DLP, 112, 114
 comparison of, 136
 guidelines for, 142–143
 vs. keyboards, 289
 limits of, 136
Whole-body vibration (WBV), 178, 198–199,  

198
Wide-area network (WAN), 125
Workstations
 in engine control room, 251–253
 free space at, 168
 on ship’s bridge, 242–246
 sitting; See Sitting workstations
 standing; See Standing workstations
Work surfaces
 colour of, 72, 240, 268, 271, 271
 horizontal dimensions, 169
 lighting on, 188
 luminance on, 188
 onboard ships, 240
 positioning of
  planning for, 165–168
  for sitting work, 166–167, 168, 169
  for standing work, 165, 168
 reflectivity of, 95, 97–98, 185–188,  

188
 requirements for, 157
 size of, 72, 268
 sloping, 172
World Bank, 305, 306

x
XGA resolution, 96, 129





Figure 4.1  Variations in the seeing ability of the human.

Figure 4.2  Perception and the human eye.

Figure 4.5  The colour spectrum.



(a)

(b)

Figure 4.6  (a) An image in 3200 Kelvin. (b) The same image in 5600 Kelvin.



Figure 4.21  Cube display wall.



Figure 4.23  Large screen cube wall installed in a curved arrangement.



Figure 4.24  Installation of a very large DLP cube wall.

Figure 4.29  DLP optical semiconductor chip.
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Figure 4.31  Single-chip DLP projection system.

Figure 4.32  Control room with an LCD wall, graphics controller, and wall manage-
ment software.



Figure 4.33  CCTV surveillance control room for a city centre.

Figure 4.34  Simulation control room for helicopter training.






	Front cover
	Contents
	Preface to the First Edition
	Preface to the Second Edition
	Acknowledgments
	Editors
	Contributors
	Part I: Intrroduction: Work in Control Rooms and Models of Control Room Work
	Chapter 1. Work in Control Rooms
	Chapter 2. Models in Process Control
	Part II: Design of Information and Control Devices
	Chapter 3. Design of Conventional Information Devices
	Chapter 4. Design of Large and Complex Display Systems
	Chapter 5. Design of Controls
	Part III: Design of Control Rooms and Their Environment
	Chapter 6. Control Room Layout and Design
	Chapter 7. Environmental Factors in the Control Room
	Part IV: Case Studies and Applications
	Chapter 8. Industrial Applications and Case Studies
	Chapter 9. Maritime Application of Control Systems
	Part V: The Human Dimension in the Control Room
	Chapter 10. The Operator’s Abilities and Limitations
	Chapter 11. Learning and Creativity at Work
	Chapter 12. Modelling and Simulation in the Pulp and Paper Industry; Current State and Future Perspectives
	Chapter 13. System Design: An Overview
	Part VI: Conclusions
	Chapter 14. Conclusions and Recommendations in Summary
	Index
	Back cover

