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Sixty, suddenly ...

"And suddenly you are 60 ..." - with these words Gunnar Johannsen invited colleagues
and friends to his birthday party in September 2001. This anniversary - officially in Decem-
ber 2000, but celebrated nine month later - was accompanied by two other important
events: The 8" IFAC Symposium on Analysis, Design, and Evaluation of Human-Machine Sys-
tems and the Workshop on Supervisory Control in Engineering and Music.

The Eighth Symposium is important to mention here, because it is (like the first and
several others) organized by Gunnar Johannsen and (like the first and no other yet) located
in Germany.

The Engineering and Music Workshop (maybe, we will call it the 15t in the future) is
important to mention here because it resembles some of the recent changes in the field
of Human-Machine Systems.

The shop floor worker left his previously manual controlled machine and moved to a
distant centralized control room. The workload changed from muscles to brain. At the same
time, the close contact to work with its sound, vibrations, visions, and smells (of cause: also
its dirt, heat, and danger) was lost: Today's control rooms are clean, silent, distant, and safe.

Much work was performed at Gunnar Johannsen's Laboratory for Human-Machine Sys-
tems at the University of Kassel from the mid-80ies to the mid-90ies to support operators
in their distant control rooms as well as pilots in their highly automated cockpits to build a
suited mental model out of the information perceived from computer-generated displays.
During the last years, however, the dramatic increase in processor speed and memory size
accompanied by decreasing prices for computer systems and components made the multi-
media computer a standard on the home and entertainment sector. This development will
bring elements from multimedia, games and entertainment, and finally musical perform-
ance also to the process control room. Multimedia and music may bring back the close con-
tact to the process that had been lost before; operators’ attention will shift from displays to
music.

The title of this book - From Muscles to Music - should resemble these changes. Changes,
that accompanied the life of Gunnar Johannsen and changes that were initiated by him.
Thus, it was not suddenly but a process from a first personal meeting of some of the key

figures of human-machine systems in Urbana-Champain 1976 (and the International



Symposium on Monitoring Behavior and Supervisory Control in Berchtesgaden in the same

year, see the Chapter of Henk Stassen in this book) to these three events 25 years later were

the HMS community will meet.

Long before, however, we started this endeavour of compiling a Festschrift that should
give an overview of his work, seen with the eyes of people who know him. This would not
be possible without the support of many of his friends and colleagues that contributed to
this Festschrift and we thank all authors who supported this work.

Another important change is the global connectivity and accessibility of worldwide
information. This changes the structure of work organizations and finally of society. Guy
Boy calls it From Army to Orchestra in his contribution to this book, mentioning that the
availability of information to everybody is a key issue in these coming changes. From this
background, this festschrift for Gunnar Johannsen is also an indicator of changes as it the
first publication compiled in his Laboratory for Human-Machine Systems that is available
on-line and distributed by the publisher via the Internet.

As professionals in the field of human-computer interaction, we know, on the other
hand, about the drawbacks of the virtual world. Consequently, this book is also available as
a real, conventionally printed book. This would not have been possible without significant
financial assistance and we, editors and authors, want to thank Professor Dr. phil. Heidi
Kromker (Technical University of llmenau, formerly Siemens AG, Corporate Tech-
nology - User Interface Design, Miinchen), Dipl.-Ing. Ulrich Jonas (RESOTEC Realtime Soft-
ware GmbH, Baunatal), and Dr. Wolfgang Gottlieb (DaimlerChrysler Research Centre, Berlin)
for their kind support.

Kassel and Miinchen, September 2001
Bernd-Burkhard Borys and Carsten Wittenberg

11 Sixty, suddenly ...
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Preface
Anton Matzenmiller
Dean, Department of Mechanical Engineering

University of Kassel

This volume is dedicated to Prof. Dr.-Ing. Gunnar Johannsen
on the occasion of his 60th birthday. The book contains papers
written by his friends in the field of human-machine systems.

Dr. Gunnar Johannsen founded the Systems Engi-

Anton Matzenmiller is Professor for
Computational Mechanics and Dean of
he was appointed professor and joined the faculty of  the Department of Mechanical Engineer-
ing of the University of Kassel.

neering and Human-Machine Systems Group after

Mechanical Engineering at the University of Kassel
in 1982.

The group with its Laboratory for Human-Machine Systems is one of the units of the
Institute for Measurements and Automation (IMAT). Dr. Johannsen served as dean of me-
chanical engineering in 1987 [ 1988. We all appreciate his many activities for the depart-
ment of mechanical engineering in Kassel.

The study of human-machine systems and systems engineering has become part of the
curriculum for engineering education in Kassel.

The research of Gunnar Johannsen is in the field of task analysis and knowledge based
systems, cognitive systems engineering, design and evaluation of human-machine inter-
faces just to name a few of his areas of interest. His research is in the fast developing topics
of cognitive science, ergonomics, systems engineering, and information technology. He
applies his models and methods for control to technical systems like helicopters, power
plants, chemical plants, robots, and traffic guidance systems.

His research activities led him to longer stays at the University of Illinois at Urbana
Champaign, USA in 1977-1978, to the Kyoto Institute of Technology and the Kyoto Univer-
sity, Japan in 1995, and to the Technical University in Vienna, Austria 1999. He is author of
the monograph "Mensch-Maschine-Systeme" and the scientific editor of the international
journal "Monitoring Behavior and Supervisory Control". He is the director of the 8™ sympo-
sium on "Analysis, Design and Evalation of Human-Machine Systems” of the International
Federation of Automatic Control (IFAC) at Kassel in September 2001.

13 Preface, Anton Matzenmiller
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To Gunnar Johannsen -

Celebrating his recent 60" Birthday

and his Long Term Commitment to Systems Engineering
and Human-Machine Systems at Kassel University
Wolfgang Holzapfel

Director, Institute of Measurement and Automation

University of Kassel

In December 1982, almost coinciding with his 427 birthday, Gunnar Johannsen started
from scratch leading the new branch Systems Engineering and Human-Machine Systems of
the Department of Mechanical Engineering at Kassel University. During the following years
he has successfully built up and run teaching and research in his scientific field.

In this festschrift, dedicated to his 60t anniversary, his scientific significance and reputa-
tion are mirrored in contributions by distinguished international researchers.

It is not an overstatement to say that Gunnar Johannsen has very successfully con-
tributed towards leading his field of research to international recognition by further devel-
oping this fairly new scientific discipline. Working alongside in a friendly and cooperative
atmosphere in our two adjacent fields at the Institute of Measurement and Automation, |
can competently acknowledge his constructive work and his achievements, building up an
extremely good reputation for his branch.

His field of research has a fascinating multidisciplinary character and, in addition, it is
clearly application-orientated. Therefore, his research team consists of students and gradu-
ates of mechanical and electrical engineering as well as information scientists, psychologists
and designers who all successfully cooperate for the benefit of the common tasks.

Under these favourable conditions, graduated students and doctorate candidates can
acquire both a broad and thorough qualification and grow to be successful scientists in
their later professional life. Quite a few of his former students are now working in responsi-
ble positions.

Gunnar Johannsen has written numerous articles on the subject of Human-Machine Sys-
tems and related problems in esteemed national and international technical magazines and
is the author and editor of several specialist publications. He was responsible for the organi-

zation of numerous international IFAC congresses.



Various universities and research institutes from
abroad appreciated his work so much that they invited
him for extended researches. Gunnar Johannsen suc-
ceeded in acquiring considerable financial support for
his research projects, particularly from the German
Society of Research (DFG) and the European Commu-
nity. For many of those projects he and his team coop-
erated with industrial partners and national and inter-
national research institutes. Thus he has ensured
employment and further qualifications for many
young scientists on a broad level.

For the coming years, the members of the Institute
of Measurement and Automation sincerely wish Gun-
nar Johannsen happiness and welfare for his personal
life as well as for the continuation of his creative and

successful work.

Wolfgang Holzapfel received his PhD
(1970) and his qualification as a univer-
sity lecturer (1978) at the faculty of
Mechanical Engineering at the Technical
University of Berlin. From 1967 to 1972
he and Gunnar Johannsen worked as
research assistants at the Institute for
Flight Guidance and Air Traffic at Berlin
University. From 1976 to 1980 Holzapfel
was the head of Avionics with Honey-
well, Germany. Since 1980 he has been
a full professor for measurement science
at Kassel University. In 1988 together
with Gunnar Johannsen he founded

the Institute for Measurement and
Automation which he has managed

as the director since then. His activi-
ties in teaching and research deal

with measurement, sensors, optics,
signal and image processing.

Holzapfel is a member of several
scientific and engineering societies
(SPIE, IEEE, VDI/VDE).

15 To Gunnar Johannsen - Celebrating his recent 60 Birthday, Wolfgang Holzapfel
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On the Contributions of Gunnar Johannsen

to Human-Machine Systems Engineering, Cognitive
Ergonomics, Human-Computer Interface Design and
Human-Centered Automation

Andrew P. Sage

Gunnar Johannsen was born in Hamburg, Germany, in 1940. He received his Dipl.-Ing.
degree in 1967, with a major in communication and information engineering from the
Department of Electrical Engineering, and the Dr.-Ing. degree in 1971, with a major in flight
guidance and manual control from the Department of Transport, at the Technical University
of Berlin, Germany. In 1980, he habilitated, through receipt of the Dr. habil. degree and
became Private Docent in the teaching area of human-machine systems of aeronautics and
astronautics in the Department of Mechanical Engineering at the Technical University of
Aachen Germany. In addition to this technological education, he studied music for three
years within the sound engineering curriculum at the University School of Music, Berlin
Germany. He has continued this ancillary love of music and his contributions to music and
the arts are documented elsewhere in this volume.

From 1967 to 1971, he was a research assistant in the Institute of Flight Guidance, Tech-
nical University of Berlin. From 1971 to 1982, he was division head in the Research Institute
for Human Engineering near Bonn, Germany. During much of this time, 1974 through 1982,
he was also a lecturer of manual vehicle control as the Technical University of Aachen Ger-
many.

The major long term professional position for Professor Johannsen is as University Profes-
sor of Systems Engineering and Human-Machine Systems, and Head of the Laboratory for
Systems Engineering and Human-Machine Systems in the Institute for Measurement and
Automation of the Department of Mechanical Engineering in the University of Kassel, Ger-
many. He has held this position since 1982.

During the years 1977-1981, he was a visiting faculty member in the Department of
Mechanical and Industrial Engineering and in the Coordinated Science Laboratory of the
University of lllinois at Urbana-Champaign, USA, where he also held an appointment as
adjunct associate professor. He has also held a number of other visiting appointments. For
example, from April to October 1995 he was recipient of a Japanese-German Research
Award granted by JSPS, the Japan Society for the Promotion of Science, working on a
research project in Knowledge Based Multi-Human Machine Interfaces at the Kyoto Insti-
tute of Technology and at Kyoto University, Japan.

Both through the many professional visits he has made throughout the world and
through the large number of professionals visiting his university, there have been numerous

opportunities for strong cross fertilization and interaction with many of the best contempo-



rary minds in areas of interest to Professor Johannsen. His research
interests are in human information processing, multimodal percep-
tion, cognitive systems engineering, manual and supervisory control,
problem solving, human error, mental workload, task and knowledge

analyses, integrated automation, human-machine function alloca-

tions, decision support systems, human-machine
interface design, multimedia interfaces (2-D and 3-D
graphics, hypertext, video, sound, music),
multi-human machine interaction, audio and music
technologies, co-operative work, knowledge-based
systems, software systems engineering, and informa-
tion management - with applications in such domains
as traffic systems, aircraft, chemical plants, power
plants, cement plants, as well as information systems
in public, service and consumer sectors.

Under Gunnar's leadership, the teaching activities
The Systems Engineering and Human-Machine Sys-
tems Group at the University of Kassel have interests
and accomplishments in all major subjects of systems
engineering and human-machine systems. The
research areas of the Laboratory for Systems Engi-
neering and Human-Machine Systems involve four
major categories:

® human task performance and knowledge

analyses;

® cognitive systems engineering;

¢ design and evaluation of human-machine

interfaces; and

® design and evaluation of knowledge-based

decision support systems.

Thus, his major interests and those of his group

involve a mixture of cognitive science and ergonomics, systems engineering, and software
and information engineering. Engineers of very different disciplines - including computer
scientists, systems engineers, and psychologists - work together in the Laboratory.
Gunnar's research leadership at his university has resulted in many documented achieve-
ments for himself as well as for the members of his team. He has personally made very sig-
nificant and successful contributions to research and scholarship in human machine sys-

tems in several application domains and has achieved much international recognition for

Andrew P. Sage was Lawrence R. Quarles
Professor of Engineering Science and
Systems Engineering at the University of
Virginia 1974-84 and the first Chair of
the Systems Engineering Department. In
1984 he became First American Bank
Professor of Information Technology and
Engineering at George Mason University
and the first Dean of the School of
Information Technology and Engineer-
ing. He is an elected Fellow of the Insti-
tute of Electrical and Electronics Engi-
neers (IEEE), the American Association
for the Advancement of Science (AAAS),
and the International Council on Sys-
tems Engineering (INCOSE). He received
several outstanding awards. prizes and
medals e.g. from IEEE, IEEE Systems,
Man, and Cybernetics Society and ASEE.
He was editor of the IEEE Transactions
on Systems, Man, and Cybernetics
1972-98 and of the IFAC Journal Auto-
matica 1981-96. He is currently editor of
the John Wiley textbook series on Sys-
tems Engineering, the INCOSE Wiley
journal Systems Engineering, and the
journal Information, Knowledge, and
Systems Management. He was President
of the IEEE Systems, Man, and
Cybernetics Society 1984-85 and

Chair of Section M (engineering) of

the AAAS 1990.

His current interests include systems
engineering and management efforts

in a variety of application areas.
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these efforts. This research has been performed over a period of more than 30 years and has
considerable breadth and depth. His research is, methodologically, very interdisciplinary and
transdisciplinary in nature. It has great relevance to systems engineering, cognitive science
and ergonomics, and software and information engineering. The application domains of his
research and development projects dealt with such dynamic technical systems (machines) as
aircraft, power plants, chemical plants, cement plants, robots, automobiles, aircraft guidance
systems, telematics and information management systems.

His laboratory at Kassel is now celebrating its 15™ Anniversary. The Laboratory co-oper-
ates successfully with a large number of industrial and academic partners, with the industri-
al partners mainly from countries of the European Union but also including world wide con-
tacts, and with numerous academic partners throughout Europe, Russia, the USA, Canada,
Japan, Korea, China, and Australia. Several international conferences were organized by
members of the Laboratory, particularly the IFAC Symposium on Analysis, Design and Evalu-
ation of Man-Machine Systems in 1985 and 1989, the European Annual Conference on
Human Decision Making and Manual Control 1993 and 1997, the IFAC Conference on Inte-
grated Systems Engineering 1994, and the 8th IFAC / IFIP [ IFORS [ IEA Symposium on
Analysis, Design, and Evaluation of Human-Machine Systems in September 2001.

Among the many research projects of the laboratory, the following might be noted.

1. ESPRIT P600 was a one-year pilot study in 1984 [ 85, consisting of a user survey
and a literature survey. It was undertaken to identify the ‘real’ operator problems
associated with process supervision and control systems, as well as the possible
technical solutions to these problems. The user survey pointed to opportunities
in the fields of knowledge processing, human-computer interaction, and cogni-
tive modeling for solving these problems.

2. GRADIENT was an ESPRIT project of the EU (European Union, Brussels) in the area
of Advanced Information Processing. The objectives of this 100 person year proj-
ect which took place over the five-year period 1985-1990, included investiga-
tion of the use of knowledge based systems to support the operator of industrial
process supervision and control systems, primarily to enable the operator to con-
duct an intelligent graphical dialogue with the system. The GRADIENT project
considered functions needed to support users in these tasks and resulted in the
development of several specific advances this area.

3. Error-Tolerant Control Input Systems. In this two year project, a model of the

tasks to be performed by a pilot was developed. This model runs in parallel to the
execution of tasks and checks the consistency of the inputs of the pilot. The
pilot is also allowed to select separate parts of the model, which are to be per-
formed automatically, thereby enabling freedom of choice relative to the degree

of automation support. This system was implemented in a fixed-base flight sim-



ulator and experimentally validated with professional pilots in a navigation task
scenario.

. FANSTIC, or Future Air Traffic Management, New Systems, and Technologies Inte-
gration in Cockpit. The main objectives of FANSTIC were to increase airspace
capacity while maintaining or improving safety, to optimize crew workload, and
to reduce operational costs. The implications of changes in Air Traffic Manage-
ment expected for the future were evaluated.

. Support of Fault Management Tasks. The main aim of this four year research proj-
ect was to enable human operators to better verify proposed solutions to detect-
ed faults within the context of related knowledge, thereby resulting in very flex-
ible human-machine co-operation.

. Information Presentation in the Visual Periphery. In this project, a new approach
was developed for the presentation of system parameters of helicopters in the
peripheral visual field. Simulator experiments were used to show that the per-
ception of peripherally arranged information can be improved significantly by
means of new dynamic display components. Active professional pilots were
involved in the design, refinement and validation of the display concept. The
results of this project indicated that the diagnosis of failures in the cockpit can
be facilitated and the distribution of the necessary information over the whole
visual field can be achieved.

. Participative Design. This four year, 1992-1996, project concerned the interactive
design and evaluation of operator interfaces. Different methods for user inter-
face design in process supervision and control engineering were developed that
allowed human operators to participate interactively in the design process itself.
The methods and techniques developed during this project were evaluated and
tested with a simulated chemical distillation process developed at the Institute
of System Dynamics and Control Engineering of the University Stuttgart.

. Advanced Man-Machine Interfaces for Industrial Process Control Applications. This
project took place during 1993 to 1996 and was supported by the European
Union in Brussels. Knowledge based human-machine interfaces for supervision,
and guidance and control, of dynamic technical systems in power plants and
cement industries were developed. These interfaces contain graphical presenta-
tion interfaces, knowledge-based dialogue, tracking interaction and explanation
components, as well as technical systems and user models. The prototypes have
been tested and evaluated, first with simulators in the laboratory and later,
under real conditions in field studies.

. Process Visualization using Means-Ends Hierarchies. In this project, alternative

interfaces were developed for a cement grinding mill and a steam generator of a

19 On the Contributions of Gunnar Johannsen, Andrew P. Sage
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fossil fuel power plant. These interfaces were developed using two relatively
novel techniques, Multilevel Flow Modeling (MFM), developed by Lind, and Eco-
logical Interface Design (EID) by Vicente and Rasmussen. Application of these
techniques results in interfaces that are an alternative for the current method-
ologies of display design. Current designs show a topological view, for example a
synopsis of the plant or of a part of the plant. Such a view shows the connection
between various components, but not the functional relation between the com-
ponents. MFM and EID both use a means-ends hierarchy to visualize the process.
In a means-ends hierarchy, the ends are the goals that must be obtained and the
means are the ways to obtain those goals. This potentially results in improved
insights into the functioning of the plant, better fault diagnosis and reduction
of operator learning time.

Robust Human-Machine Interaction. This EU supported collaborative research
project taking place from 1994 to 1996, brought together researchers from six
European countries who shared an interest in addressing issues in the design of
Human-Machine Systems.

DIAMANTA. The goal of this EU supported project, taking place in 1995 and 1996,
was to confirm the suitability of a software development methodology DIADEM
(Dialogue Architecture and Design Method) as a means of developing graphical
user interfaces that inherently satisfy user needs. The project is important as user
interface development has become more and more an important economic fac-
tor for software development companies. Experience shows that the user inter-
face software requires about 20% to 50% of the total software development
costs. On the other hand, a well-designed user interface improves the usability
of the product and, by this, the efficiency of its use and its acceptance by the
users. The project results provide support to user interface development in three
major tasks: defining roles of humans, including tasks and sequences of activi-
ties; developing graphical formalisms to support information exchange between
humans; and identifying a basic set of rules for optimum human-machine inter-
faces. This developed process allows adaptation to specific application and
development environments.

Approximate Knowledge-Based Process Visualization. This research concerned
fuzzy logic for achieving user-oriented human-machine interfaces in process
control. It concerned a novel design technique for the construction of
human-machine interfaces applied to a distillation column. It allowed for
increased user orientation through development of human-machine interfaces
that were adapted to the cognitive structures of human operators. Fuzzy logic

was used to translate natural language procedures acquired from operators into
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14.

15.
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objects in a knowledge base that enabled visualization of approximate symbolic
technical system values, thereby enabling technical systems to be controlled
from different viewpoints.

Virtual Process Visualization. This research project is based on the observation
that process control is often characterized by centralization and estrangement of
the human supervisory controller. Often today, more and more processes have to
be controlled and supervised by fewer operators. The aim of this project is devel-
opment of a concept and visualization techniques from the virtual reality, imple-
mented as virtual process elements, that enable objects to be modeled based on
typical manifestations. This process visualization supports formation of a correct
mental model for planning of actions by the operator. Visualization of process
variables and relations between process elements, such as time dependencies, are
needed for correct supervision and control of processes. A user interface for
supervision and control of a distillation column is implemented in this project
and its efficacy evaluated.

Situation-Dependent Human-Machine Interface. This interdisciplinary research
project started in 1996 and its major objective is qualitative improvement of
human-machine interaction by means of a dynamic representation of technical
systems involving supervision and control systems software. The objective of this
project is the development of a task-oriented human-machine interface concept
for the integration of presentation techniques and knowledge structures, and its
testing and evaluation through a use case.

Cooperative Airport Operations. The objective of this project, supported by the
German Research Council since 1997, is optimal realization of flight and dis-
patching operations on a modern commercial airport under the constraints of
extant airport capacities. It seeks optimal accomplishment of airport operations
through coordinating actions of all the involved operators and use of required
resources in an optimal manner. There are major needs for information presenta-
tions decision support systems, particularly during heavy air traffic or in excep-
tional situations, in efforts of this sort in order both to reduce the mental stress
of the operators to an acceptable level and to guarantee optimal performance of
the airport operations.

Multimedia Process Control Room. The centralized control rooms of large industri-
al plants have often separated people from the processes they should control.
Multimedia equipment can bring operator effectively back into the plant while
bodily keeping him in a comfortable and safe control room. This involves video
and audio transmission from process components as well as sights and sounds

artificially generated from measurements. Groupware systems support interac-
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tion between operators, engineers, and managers in different locations are also
included. The resulting Experimental Multimedia Process Control Room is com-
prised of high-performance graphics workstations, and such multimedia periph-
ery as video, audio and teleconferencing equipment and vibration and
three-dimensional sound generation systems. The resulting control room will be
used for several future research projects.

One of Dr. Johannsen's truly major research and scholarly accomplishments has been the
demonstration that the need for improved human-machine communication increases,
rather than decreases as is often thought, with increased amounts of automation. High lev-
els of safety, performance, and efficiency have been achieved by means of the increased use
of automatic control. However, increased automation does not replace the human users who
necessarily must interact with machines, but shifts the location of the interface between
both. As part of an automated system, a machine becomes more a complex element in a
system than is the case with less automation. This leads to more sophisticated structures of
supervisory control. Higher complexity and more sophisticated control structures require
improved quality of communication and co-operation between humans and machines. He
has continuously contributed over three decades to a better understanding of the compli-
cated interactions between human and machine, human and automation, and human and
computer. His influence in industrial applications was significantly supported by cooperative
efforts with a large number of companies and consortia associated with several European
research and development projects.

As also indicated in the foregoing commentary, Gunnar is also a successful Educator. He
teaches courses in Systems Engineering, Human-Machine Systems, Knowledge-Based Sys-
tems, Process Supervision & Control Engineering, Human-Computer Interaction, Analysis
and Evaluation Methods, and Modeling Techniques. It is especially notable that Gunnar
wrote the first comprehensive text book on Human-Machine Systems written in German. It
was published by Springer-Verlag, Berlin in 1993.

It would be impractical to document the entire list of scholarly accomplishments and
publications of Dr. Johannsen. It is perhaps fitting here to conclude these observations with
a listing of some of the more relevant of these, with a brief commentary on what are per-
sonally regarded as the three most significant of these. Arguably from among his many
scholarly and research papers, the three following are most notable.

Johannsen, G., "Towards a new quality of automation in complex man-machine systems,”.
Automatica, Vol. 28 (1992), pp. 355 - 373. Applicability of the human-centered approach
towards automation is demonstrated. This is achieved by means of an integrated conceptual
structure and a mathematical framework for describing the human-automation synergism

in technical systems, based on an extended User Interface Management System (UIMS) to



dynamic tasks. Four case studies are elaborated, including heuristic control of industrial
processes.

Johannsen, G., ,Cooperative human-machine interfaces for plant-wide control and com-
munication,” In, J. J. Gertler (Ed.) Annual Reviews in Control, Vol. 21. Oxford, Pergamon, Else-
vier Science, 1997, pp. 159-170. Human-machine interfaces for cooperative supervision and
control by several human users, either in control rooms or in group meetings, are consid-
ered. The information flow between the different human users, and their overlapping infor-
mation needs, are explained. The case study example of a cement plant illustrates this in
detail.

Johannsen, G., ,Knowledge based design of human-machine interfaces,” Control Engi-
neering Practice, Vol. 3 (1995), pp. 267-273. Cooperation and communication among differ-
ent people have become more and more important for industrial, transportation, and service
sectors. The design principles and the components of human-machine interfaces are pre-
sented, including such issues as user participation, traditional and knowledge-based compo-
nents, and multi-media.

But, these are only three among many works of significance. These include, but are surely
not limited to the following:

Johannsen, G., Mensch-Maschine-Systeme (Human-Machine Systems) Berlin,

Springer, 1993
Johannsen, G., Integrated systems engineering - The challenging cross-discipline,
Control Engineering Practice, Vol. 6 (1998)
Johannsen, G., S. Ali, and R. van Paassen, Intelligent human-machine systems.
In: S. Tzafestas (Ed.), Methods and Applications of Intelligent Control. Dordrecht,
Kluwer, 1997, pp. 329-356

Johannsen, G., Conceptual design of multi-human machine interfaces, Control
Engineering Practice, Vol. 5 (1997), No. 3, pp. 349-361

Johannsen, G., Computer-supported human-machine interfaces, Journal of the
Society of Instrument and Control Engineers (SICE) of Japan, Vol. 34 (1995),
pp. 213-220

Johannsen, G., A. H. Levis, and H. G. Stassen, Theoretical problems in man-machine
systems and their experimental validation, Automatica, Vol. 30 (1994),
pp. 217-231

Fejes, L., G. Johannsen, and G. Straetz, A graphical editor and process visualisation
system for man-machine interfaces of dynamic systems, The Visual Computer,
Vol. 10 (1993) 1, pp. 1-18

Johannsen, G. and J. L. Alty, Knowledge engineering for industrial expert systems,
Automatica, Vol. 27 (1991), pp. 97-114
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Stassen, H. G., G. Johannsen, and N. Moray, Internal representation, internal model,
human performance model and mental workload, Automatica, Vol. 26 (1990),
pp. 811-820
Alty, J. L. and G. Johannsen, Knowledge based dialogue for dynamic systems,
Automatica, Vol. 25 (1989), pp. 829-840
Borys, B.-B., G. Johannsen, H.-G. Hansel, and J. Schmidt, Task and knowledge
analysis in coal-fired power plants, IEEE Control Systems Magazine,
Vol. 7 (1987) 3, pp. 26-30
Johannsen, G., J. E. Rijnsdorp, and A. P. Sage, Human system interface concerns in
support system design, Automatica, Vol. 19 (1983), pp. 595-603
Johannsen, G. and W. B. Rouse, Studies of planning behavior of aircraft pilots in
normal, abnormal, and emergency situations, IEEE Transactions on Systems, Man,
and Cybernetics, Vol. SMC-13 (1983), pp. 267-278
Johannsen, G. and T. Govindaraj, Optimal control model predictions of system
performance and attention allocation and their experimental validation in a
display design study, IEEE Transactions on Systems, Man, and Cybernetics,
Vol. SMC-10 (1980), pp. 249-261
Sheridan, T. B. and G. Johannsen (Eds.), Monitoring Behavior and Supervisory
Control, New York, Plenum Press, 1976, pp. 538
In recognition of his many achievements, Dr. Johannsen was elected a Fellow of the Insti-
tute of Electrical and Electronics Engineers effective January 2000. | had the honor of nomi-
nating Dr. Johannsen for this most deserved award which represents a fitting compliment to
his many other recognitions, and this commentary is based in large part upon the material
gathered for this nomination. The overall and simple summary to this commentary must
surely be “Well Done Gunnar.”



Gunnar Johannsen's Vision
on the Human Control of Complex Systems
Henk G. Stassen

During the academic year 1976-1977 | served as a visiting faculty
member at the Massachusetts Institute of Technology at Tom Sheri-

dan's Machine Systems Laboratory. During that period | decided to

pay a visit to the University of lllinois at Urbana-Champain, lll., USA,
in order to meet one of Tom’s old students Bill Rouse. .+ stassen is Professor and former
It was there, that | met for the first time a young Ger- Head of the Man-Machine Systems

man scientist working in the field of Man-Machine and is one of the oldest friends of Gun..

Systems, Gunnar Johannsen, who spent a year as a nar Johannsen. However, you may read
visiting lecturer at the Department of Mechanical and yourself ..

Industrial Engineering and as a visiting research associate professor at the Coordinated Sci-
ence Laboratory. Gunnar's interest was, at that moment, the development of a nonlinear
model of human, manual control behaviour in traffic (Johannsen and Rouse, 1979). During
the eighties his interest moved from Manual to Supervisory Control (Johannsen, Rijnsdorp
and Sage, 1983) ending in the nineties with research on the design of knowledge-based and
intelligent human-machine interfaces (Alty and Johannsen, 1989, Johannsen and Alty, 1991).
Johannsen has shown to be enthusiastic about the application of informatics and multime-
dia techniques in the field of man-machine systems. His interest is very broad, and covers
among others the process industry, the control of power plants, as well as the control of any
type of vehicles.

Johannsen is a system and control engineer, who is convinced of the limitations of the
human operator as well as those of the automatic control of complex industrial systems. He
is especially interested in the exact balance between the capabilities of the human being
and the machine. His research was not only fundamentally oriented. Many projects were
applications of his knowledge in a multidisciplinary approach. It was Johannsen who pro-
moted the concept of human-centered design and who was aware of the relation between
the classical Man-Machine Systems and the Human Reliability Analysis.

He showed his passion for music already in 1960 when he followed an additional, sec-
ondary university study for sound engineer at the University of Berlin. So, his interest is
not only in the technical sciences, in the Netherlands called the B-sciences, but also in the
a- and y-sciences. Therefore, it is not surprising that at the end of his professional career
his love for music became a part of his professional activities. In 1998 at the 7! IFAC / IFIP |
IFORS / IEA Symposium on Analysis, Design, and Evaluation of Man-Machine Systems he
enlightened a plenary session on Kansei Science and Man-Machine Interaction in the Per-

forming Arts: A first direct relation between science and arts (Oohashi and Nishina, 1998).

Group of Delft University of Technology
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Here it is worthwhile to make a comment on what happened in The Netherlands. In 1998 it
was exactly 150 years ago that the Royal Dutch Academy of Sciences and Arts was estab-
lished. 50 years later, one decided to restrict the activities of the Royal Dutch Academy of
Sciences and Arts only to the sciences. Then, in the year 1998, on the 100™ anniversary of
the Royal Dutch Academy of Sciences, a symposium was held on the contribution of arts to
science: The final conclusion was that it was very worthwhile to add the arts again as a field
of interest of the academy (KNAW, 2000). Johannsen, being the chairman of the 8t IFAC /
[FIP / IFORS / IEA Symposium on Analysis, Design, and Evaluation of Man-Machine Systems,
did take the opportunity to organise directly after the symposium a workshop on the
Human Supervision and Control in Engineering and Music. At this four-day workshop he
was able to get participants for a variety of disciplines. The disciplines involved musicology,
computer music, composition, musical performance at the one hand, and disciplines such as
engineering, computer science and psychology at the other. The workshop might become a
new trend in the multidisciplinary field of human-machine interaction. The broad interests
in the a-, B- and y-sciences characterizes the man Gunnar Johannsen.

Personally, | appreciate his multidisciplinary approach, since | strongly believe that
progress in future will be at the boundaries of many different disciplines. However, my
interests are not in music - | do not understand music very well - but | see the challenge in
the integration of engineering at the one hand and the biology application area of medicine
at the other. | have tried several times to encourage Johannsen to start a transfer of his
knowledge of manual and supervisory control to the field of biomedical engineering, but |
never succeeded in doing so. | am convinced that many problems in biomedical engineering
will yield analogous difficulties such as the different research approaches and methodolo-
gies, cultural and ethical differences (Stassen, 2000) as will be recognized in the integration
of engineering and music. It is amazing to see how well knowledge in the field of manual
and supervisory control can be transferred to the biomedical field (Stassen, 2001). Moreover,
it is important to realise that the biomedical field is a growing field of interests for society,
industry and research institutes (CAETS, 1999). | would like to emphasize this important fac-
tor. The economic growth of the non-biotechnological industry is estimated to be about 2%
per year, that of the biomedical technology will be about 7%, whereas the growth in the
field of tissue engineering is estimated to be about 20% (CAETS, 1999). The facts, and my
personal interests, make that | would like to focus the attention of the man-machine sys-
tems discipline to enter the field of biomedical engineering. Many examples can be given of
very interesting man-machine system interactions.

In the first place, | will mention the activities in the field of minimally invasive surgery
(Stassen, et al., 1998; Cushieri and Stassen, 2000). In open surgery the surgeon opens the
body by making an incision of the skin over a large area to reach the organ to be operated
on. This yields a rather large open wound, however, it provides a surveyable and easy work-

ing area. Figure 1 gives a block diagram of the interaction of the surgeon and the patient.



Disturbances

Perceptive information l
—>

3D-task —»{ Instruments
P >
Pre-operative | Surgeon Patient
information _ _
e Manipulation by hand >

—>

3D-visual information —‘

Perceptive information

Figure 1: Block diagram of the classical open surgery.

In minimally invasive surgery, the surgeon injects the abdominal area with CO,-gas in
order to provide a surveyable working area, then he makes several very small incisions into
the skin of about 15 mm. In the incisions he inserts trocars; via the trocars he is able to
insert, for instance, an endoscope into the abdomen in order to provide an image of the
area to be operated on, Figure 2. Via the other trocar he is able to insert instruments to per-

form the operation.

Figure 2: The minimally invasive surgery set-up
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The approach is highly beneficial to the patient:

Less damage to his [ her bodly.
A shorter stay in the hospital.
Much earlier able to start working again.

A smaller chance to get a wound infection.

However, from the viewpoint of man-machine systems interaction it demands very

special skills of the surgeon. The following difficulties can be mentioned
(Stassen, et.al., 1998):

The proprioceptive feedback of the surgical instruments is degraded seriously.
The number of degrees of freedom of the instruments used is decreased
significantly.

The visual feedback is only 2D, whereas the surgeon has to perform a 3D-task.
The endoscope is controlled by an assistant, so the point of view is different
from that of the surgeon.

The pre-information the surgeon receives is different from the information the
surgeon obtains from the endoscope due to the influence of the CO,-gas
injection and the gravity force. Hence, the surgeon has to translate the
pre-information of CT-scans and MRI-images to the actual information he

obtains from the endoscope.

Figure 3: Block diagram of the minimally invasive surgery.
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Figure 3 gives a block diagram of the minimally invasive approach. This block diagram

shows the particular man-machine system difficulties. The diagram clearly shows the inter-

esting man-machine problems.

Many other interesting man-machine problems in the field of biomedical engineering

can be given. Just to mention a few, based on the experiences of my research group:

The description of the dynamics of the control of robotic systems is of great help
in the development of a three dimensional dynamic model of the upper
extremities (Pronk, 1991 ; Van der Helm, 1991). Such a model is needed for the
development of Computer Aided Surgery protocols in the fields of orthopaedics
and rehabilitation.

The Critical Instability Task, well-known for the measurement of mental load of
operators in manual control (Jex, 1966) could be transformed into a diagnosis
tool for patients with Huntington's Chorea (Schmid, 1977).

Concepts used in developing an expert system as a Human Decision Support
System for the detection and classification of alarms during the supervision of
an industrial plant (Sassen, 1993) could also be used to create an expert system
as a Medical Support System in the diagnosis of patients with a laesion of the
plexus brachialis (Van Daalen, 1993).

The Optimal Control Model (Baron and Kleinman, 1967) as developed to describe
human manual control tasks could be used to describe the control of the
shoulder muscles during goal directed movements (Happee, 1992).

The 3D display technology as used in the control of the European robotic arm
(Breedveld, 1996 ; Buiél, 1998) as well as the 4D tunnel in the sky displays
(Mulder, 1999) have given a number of concepts to be used in minimally invasive
surgery, in particular in brain surgery.

The use of identification and modelling techniques in order to predict the path
of Very Large Cruide Carriers, VLCC's, could be used to predict the results of the
treatment of patients with a laesion of the spinal cord. It turned out that by
observing the patient treated, it was possible to model the treatment process, so
that the expected results of a treatment could be estimated (Stassen, et.al.,
1988). This approach shortened the time needed to be in the rehabilitation

center for about 15 to 20%.

The examples just mentioned illustrate that in the field of biomedical engineering many

man-machine system challenges exist, and although | know that Johannsen's interest is not

particularly in this area, | believe that he also will observe that many analogous problems

can be found in this field of interest - the integration of engineering, multimedia and

music.
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Finally, another important aspect of Johannsen's professional activities should be men-
tioned. Johannsen was and still is a very active and invigorating member of the Internation-
al Federation of Automatic Control, the IFAC. In fact, he caused the control engineers to
focus at the relation between the human operator and the technical complex systems. He
was the initiator of the former IFAC Technical Committee on Man-Machine Systems, TC-6,
the committee that focussed the attention on the human functioning in complex technical
processes. For a long time he was the chairman of TC-6 in order to provoke the control
community. Johannsen was the symposium director of a series of IFAC international sym-
posia on Analysis, Design and Evaluation of Man-Machine Systems, such as:
® The International Symposium on Monitoring Behavior and Supervisory Control in
Berchtesgarden in 1976.

® The IFAC International Symposia on Analysis, Design and Evaluation of
Man-Machine Systems in Baden-Baden, 1982, Varese, 1985 and Xi'an, 1989.

® The IFAC Conference on Integrated Systems Engineering in Baden-Baden in
1994.

® The coming IFAC Symposium on Analysis, Design and Evaluation of
Man-Machine Systems in Kassel, 2001.

Moreover, he was the Chairman of the Sub-International Program Committee for
Man-Machine Systems during the IFAC World Conferences in Budapest (1984), Tallin (1990),
Sydney (1993) and San Francisco (1996).

In the USA during the period 1965-1985, the NASA University Conference on Manual
Control, known as the Annual Manual, was a very popular yearly conference. It intended to
review the university research sponsored by NASA that was mainly executed by PhD-stu-
dents. In 1981 Johannsen supported my initiative to set up a European Annual Conference
on manual and supervisory control, similar to the existing American Annual Manual. The
European annual conference set-up differed from the American mainly because the Euro-
pean conference was not only focussed on aviation and space problems, but on a much
broader field. It included manual control as well as supervisory control with applications in
transport, biomedical engineering, and industrial process industry, it was called the Euro-
pean Annual Conference on Human Decision Making and Manual Control. Johannsen
chaired the European conference three times, i.e. in 1982, 1993 and 1997.

It is difficult to compete with the powerful IEEE organisation in the USA, the IFAC is not
that much appreciated in the USA. Yet, Johannsen has achieved that the IFAC is well-recog-
nized and the Americans are still contributing to the IFAC. | hope that he will continue to
put his energy in the world-wide contribution to the IFAC. In fact, Johannsen has promoted
one of the major goals of IFAC, i.e. to bring the system and control engineers world wide
together. He realised that the European countries and the USA had many contacts, but the

relations with the Asian countries were poor. Johannsen initiated to have an extra



IFAC-symposium on the Analysis, Design and Evaluation of MMS in Xi'an in 1989. This sym-
posium and his growing interests in the Asian culture brought him to spend half a year at
the Kyoto Institute of Technology and the Kyoto University in 1995. Since that time he has
spent many days building up the interaction between research in the USA, Europe and Asia.

Johannsen's research unit and the Dutch Man-Machine Systems group have many things
in common, but there are also differences. Common interests are the evaluation of
human-machine systems, human centred design methods, cognitive systems engineering,
user interfaces, decision support systems, etc., whereas the differences are in particular the
fields of application. Given these facts, | feel that | may state that Johannsen's contribution
to the human machine interaction is significant. His vision on human centered design and
the integration of the different disciplines is very valuable, and should be promoted exten-
sively.

Finally, it is a pleasure to know Gunnar Johannsen, to work and to discuss research topics

and the IFAC, an | hope we will continue the nice collaboration in the future.
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The GRADIENT Project

and its Contribution to Man-Machine
Systems Design

James L. Alty

Abstract

The GRADIENT project, which was supported by the

Jim Alty is Professor of Computer Sci-
ence, Dean of the Faculty of Science of
described and its impact assessed. The Pilot Study is Loughborough University, and Director
of the Interactive Mechanisms for
Process Control & Communications
quent main project assessed. The contribution of the  Technology Research Group (IMPACT).
With Gunnar Johannsen he shares the
interest in both human-machine systems
and music.

European Commission in the later half of the 1980's is

first examined and the achievements of the subse-

project to Man-Machine Systems Design is assessed.

Introduction

In 1983, a group of Engineers and Scientists concerned with Human Interface Design and
Process Control considered how the developing operator problems in the control of large
scale industrial plant might be approached and solutions found. The consortium had been
brought together by Jens Langeland-Knudsen of CRI International in Denmark, but it also
involved Olav Holst (CRI), Peter Elzer (of Brown Boveri & Cie Aktiengesellschaft), myself
from the University of Strathclyde HCI Centre (UK), Stuart Savoury of Nixdorf Computers
and Gunnar Johannsen of the Man Machine Systems Group at the University of Kassel.
Later, people like Erik Hollnagel (CRI) and Marcel Rijkaerts (University of Leuven) would
become involved as well.

The group proposed a novel research project to the European ESPRIT programme involv-
ing Artificial Intelligence techniques and Human Computer Interaction research to develop
improved interfaces for the operators of Supervisory and Control systems. In particular they
planned to use expert systems techniques to provide the right information at the right time
to the operator, and use intelligent graphical techniques to present the information in the
most understandable manner. The approach was so novel that the ESPRIT coordinators asked
the consortium to carry out a one-year feasibility study and report back. The pilot phase
was labelled P600 and its main task was to develop a state of the art report to ascertain the
key problems to be solved and to develop the original proposals.

The pilot study involved interviews with operators, engineers and academics over a wide-
ly differing set of application areas in a number of EU countries (Denmark, Germany and
the UK). The applications studied ranged from Railway Networks, Air Traffic Control and

Ship Control to Electrical Power Distribution.
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Findings of the Pilot Study

The report traced the root cause of the developing interface problem to the digital ana-
logue controller. Such controllers contained algorithms and worked under the assumption
that the process was deterministic and could be described by a complete model. All knowl-
edge about the process and its behaviour was assumed to be built into the algorithm and
human intervention was limited to changing set-points and handling emergency situations.
Another, related cause was the "dumb” data-logger which had been introduced at the start
of computerisation. Such devices did nothing more than log process events and store them
for later evaluation.

The introduction of analogue controllers had progressively improved the performance of
Supervisory and Control systems under normal conditions and had reduced the number of
failures. Paradoxically, this had resulted in operators having less experience of dealing with
emergencies (De Keyser, 1986), and in such situations they were thrown back onto purely
manual or intuitive control.

Thirdly, with the development of the Visual Display Unit (VDU) the nature of the dialogue
between the operator and system had changed, but the opportunities and problems arising
from these new dialogues had not been fully appreciated. For example, the new VDUs pro-
vided the operators with very different views of the system compared with the traditional
mimic board. In some aspects the new situation was better (for example the ability to dis-
play in context) but in other aspects it was problematic (the limited information that can be
displayed on a VDU). The introduction of VDUs had started to raise consciousness about the
"human engineering" aspects of the interface design. For example, it was about this time
that the first Man-Machine Systems conference was organised through IFIP and IFAC. The
concept of what constituted an “operator error" was also beginning to change. It was

realised that operator errors could actually be an artefact of poor initial design.

The Importance of a Process Knowledge Base

The report suggested that the purely deterministic view of control needed to be supple-
mented by knowledge of the process that the system could access when rendering informa-
tion to the operator. Data and trends could be provided “in context” which would assist in
the diagnosing, locating and repair of faults. The report concluded that “there is strong evi-
dence that the proper use of knowledge based system techniques can result in a major break-
through”. It was suggested that the Knowledge Based System approach would enable the
building of “causal chains and can extend the knowledge base incrementally as knowledge
about the process increases ... A major breakthrough can therefore be expected in the area of

fault analysis and system recovery”.



Improvement in VDU design

The survey criticised many current VDU devices and identified the importance of
1024x1024 colour devices rather than the 480x540 (often black-and-white) devices com-
monly in use at the time. The crucial importance of "flicker-free" displays was noted partic-
ularly for animation. A plea was made for large screens with higher resolution and better
colour. This time was an interesting one for VDU design. Most implementations relied upon
processing implemented in hardware. Although the possibility of software implementations
was well known, it was difficult to obtain the required performance in software. The first
high performance Unix based VDUs from SUN had just reached the market.

It is interesting to read the discussion in the report on Graphical Display. Many pointers
to future developments are in there. For example, the importance of different levels of
abstraction is noted, and the relative merits of “reality” versus "abstraction” are discussed. A
plea is made for better iconic representations supported by intelligent graphical editors and
the use of colour in reasoning processes. Out of these discussions came the requirement for
an Intelligent Graphics Editor - the GRADITOR.

Operators wanted immediate response, the ability to overwrite the actions of the graphi-
cal system at will, operator customisation, good graphics and, overall, wanted to be in

charge. Things have not changed.

The Dialogue between Operators and the System
Dialogues were thought to be too inflexible and non-adaptive giving the operators the
feeling that they were not in control. Dialogues were unnatural and caused sequencing
problems. Often the operator knew what was to be done but was constrained by the dia-

logue. The importance of "undo” facilities (where possible) was highlighted.

Possible Use of Expert System Technology in Future Systems
The report concluded with an analysis of the potential use of Expert Systems in providing
operators with better support. Two key areas were identified
® The Advisor Model in which the operator interacts directly with the process and is
provided with expert advice when required by an expert system
® The Intelligent Front End in which the operator interface interfaces through an
expert system to the process.
The latter was thought to be problematic in that the expert system stood between the
operator and system. The first area was considered to be the more productive.
One aspect that concerned the working group was the performance of existing expert
systems. Whilst operators in Industrial Plant were not usually involved in split second deci-
sions, they did have to act quickly to stabilise the system at fault, thereby enabling more

detailed reasoning to take place. Given that any process model would be quite extensive, it
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was thought that any substantive reasoning system might take a considerable time to reach
conclusions and offer advice.

The group eventually came up with an interesting idea - that of splitting the knowledge
based support into two distinct systems - a Quick Response Expert System using a small
knowledge base being supported by a larger (slower) system that could take a longer-term
viewpoint. These rapidly became labelled QRES and SES. At the time of writing, no work had

been published on such a combination of slow and fast systems.

The Main Submission for the GRADIENT project
The P600 report was well received by the ESPRIT Directorate. The Literature Review was
published and ranged over 84 pages with 210 references. The report (Alty et al, 1993) was
very widely read in the process control community and often quoted at the time. As a result,
the original partners (with the exception of Nixdorf) but with the addition of the Chemical
Engineering Department at the University of Leuven in Belgium led by Prof. Marcel
Rijkaerts, submitted the full proposal "Graphics and Knowledge Based Dialogue for Dynamic
Systems" (GRADIENT for short) and it was planned to last for five years. The proposal was
accepted in the summer of 1985 and called Project P857. The Technical Annex details the
total cost as 14,158,000 ECUs with CRI as the lead partner. Labour took the main share of
cost - 10,420,000 ECUs and the Travel Budget was 588,000 ECUs. Equipment was also
expensive by modern standards, a total of 2,331,000 ECUs. It was planned to use the newly
announced SUN workstations that would provide the opportunity of testing a software
approach to Graphics provision.
The objectives of the project were to
® |nvestigate the use of knowledge based systems to support the operator of
industrial supervision and control systems
® Enable the operator to conduct an intelligent graphical dialogue with the
supervisory and control system, supported by a graphical expert system.

The project passed all its reviews and lasted the full five years.

Achievements of the GRADIENT Project

What did GRADIENT achieve? It was probably the first project to fully implement a varia-
tion of the Seeheim Model (Pfaff, 1985) in Process Control. The first project to use a sophis-
ticated form of mathematically based dialogue analysis and one of the earliest projects to
use software driven VDUs in the Control Room. It also implemented a two-stage (Immediate
and Longer Term) response Expert System (QRES and SES) to provide the operators with
advice, and an Expert system to detect and correct operator errors (RESQ).

A particularly interesting aspect was the dialogue control system and its front end pres-

entation system. These were fully described in a paper by Gunnar Johannsen and myself,



(Alty and Johannsen, 1989), written in the third year of the project. It had a number of
interesting and novel features.

a) Separation of Application, Dialogue and Presentation

b) The concept of Dialogue Assistants

¢) Support for Presentation using Object Oriented approaches

d) An analysis tool which could check the consistency of dialogues

e) A sophisticated Graphics Editor.

The system was designed as a “User Interface Management System” or UIMS. All the
modules could communicate and shared common knowledge.

In order to clarify the roles of each of the components the Seeheim Model is shown in
Figure 1. It must be stressed that at the time the functions of some modules were not well
understood, particularly the User Model. The actual control aspects of the interaction are
separated out into what is called a Dialogue System.

The Presentation System is responsible for the actual presentation aspects of the interac-
tion, i.e., how a particular request or interaction is carried out in the available displays and
control devices. It does not concern itself with why a particular presentation technique has
been chosen. The presentation system can have some "intelligence” of its own, for example

it can do reasonability checks on data or define relationships between presentation objects.

Tasks to be —* Application [—¥Dialogue —®Presentation—*
performed |4 | Model «—-System | -System PR
F Y “ F Y # F Y
User
Model
h 4 h 4 ¢ h 4

Shared Knowledge

Figure 1: Schematic View of a User Interface Management System

The Application Model is an explicit representation of the task. It involves the plans of the
application, crucial data structures, current instantiations and links to actual application
code. The whole of the application need not be explicit, only those parts of relevance to the
user. The Application Model may well contain deeper knowledge about the process in the
form of a process model.

The User Model (or Operator Model in the case of process control) advises the Dialogue
System on which of a number of interaction styles ought to be used (e.g., icon or text,

Command or Direct Manipulation) to communicate with a particular operator or category
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of operator, dependent upon its knowledge of the operator or category of operator in ques-
tion. It might re-interpret the plans of the application in terms of operator plans. It could
also be involved in tutorial interactions with the operator in times of difficulty, explaining
ill-understood task aspects for which the user requires explanation. Plans in the User Model
would, of course eventually map onto application plans.

The Dialogue System controls all the interactions between the modules. As well as being a
form of telephone exchange it also contains general dialogue knowledge about the objects
being manipulated, presentation styles available etc. It will normally have some applica-
tion-dependent information. It has access to knowledge about users (in the User Model)
and about the application (in the Application Model). Usually a Dialogue System will mainly
contain shallow knowledge about procedures.

The full GRADIENT system can be seen in Figure 2 (taken from Alty and Johannsen, 1989).
The separation between Presentation, Dialogue and Application Model (SES, QRES and

RESQ) can be clearly seen.

Figure 2: The GRADIENT system as a User Interface Management System

tasks | |Channel Interrupt Handler/ Scheduler v
Soq (k) ! t b |, ,
Dialogue D U
Process.ae ot » K o [ | T —
Asgsistant I . ",
SES | M 4 : E 8 v
© 7| Dialogue L 5 ¥
Assistant CH E g - D ||
[T & |[°F N T v .
H TE 2
QRES » Dialogue | Ji . L
Assistant L v
I
| 4[] EE o D e >
RESQ-‘- . Dial.()gl.le g | VR - U [
Asgsistant E 3
F 3 N
T v
“«——> 4 >
L]
c 4
To /From Process 1
i ey ¥ L 4
Knowledge Pool

8¢



This was probably the first attempt to implement the ideas of the Seeheim Model on a
large scale (It was only four years after the Seeheim Conference). However, there was one
deviation from the model that would later be adopted in revised Seeheim approaches. This
is the direct connection between the operators and the process. This was done for two rea-
sons. Firstly, for safety reasons, the operators needed direct contact with the process. It is
not sensible to have many layers of software between them and the system. Secondly,
because of the very large number of variables that need to be updated, they need to be
routed directly to the presentation, or the system would become overloaded. This was done
using Object Orientated Techniques (OOPS) that were just coming into use at that time.

There are three other interesting points to be noted from Figure 2. Firstly, the dialogue
interactions are handled by a number of Dialogue Assistants. These are discrete packets of
knowledge that handle individual conversations with operators on particular tasks. They
have their own knowledge bases separate from other Dialogue Assistants, but can commu-
nicate through the common knowledge pool. These were also implemented using OOPS
technology. We did not realise it at the time, but these are what are now termed “Software
Agents” and they probably predate the invention of agents in Artificial Intelligence. The sec-
ond point is that conversational knowledge in these agents was in explicit form (actually in
the form of transition networks) so they were amenable to analysis. Thirdly, the diagram
does not show a later development in GRADIENT - the Intelligent Graphical Expert System
(GES) for advising on presentation aspects (and its related module, the intelligent Graphical
Editor). These were a consequence of the need for supporting a variety of information in the
presentation system (Johannsen et al, 1986).

The representation of the dialogues as explicit knowledge enabled Path Algebra Tech-
niques (Alty and Mullin, 1989) to be used to analyse them. The dialogues were represented
as transition networks. Path Algebras were defined which analysed the networks for partic-
ular properties - consistency, termination etc. Although such Dialogue Specification tech-
nique had been suggested before, and transition networks had been used to represent dia-
logues, this was the first really successful application of the technique. The technique
worked well for network type dialogue, but the interface world was changing. At the time
there was the rapid introduction of Direct Manipulation Techniques that had been suggest-
ed earlier (Shneiderman, 1982) and these were now being introduced into MacIntosh and
PC computers. Such dialogues are very flat and are not amenable to network representa-
tions.

The GRADIENT project was very much concerned with Knowledge Engineering. Although
such techniques were in regular use in Artificial Intelligence, they were not so well known
at that time in Process Control. Indeed, there was a nervousness about the use of Al tech-
niques in complex processes. One output from GRADIENT was a substantive review paper on

Knowledge Engineering, which extended the discussion about the merits of using Artificial
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Intelligence techniques into Industrial Systems (Johannsen and Alty, 1991). Another impor-
tant contribution, already briefly mentioned, was the idea of separating the Knowledge
based support into a Quick Response Expert System (QRES) and a “slower" more comprehen-
sive Expert System (SES).

This arose out of worries about the likely response times of expert systems. It was thought
that that reasoning time required would simply be too lengthy. The idea therefore was to
have a "quick” response system which consisted of a set of production rules and which
could recommend actions to stabilise the system (QRES). Once stabilised, the more compre-
hensive system (SES) would then be brought into play based upon deeper knowledge of the
plant. The approach had some similarities with Rasmussen's Ladder Model (Rasmussen,
1984), corresponding perhaps to the Rule Based and Knowledge Based Reasoning levels. The
idea proved to be very useful, and later, an additional expert system (RESQ) was added to

cope with operator errors.

The Industrial Impact of GRADIENT

It is always interesting to reflect on how the activities in research projects can influence
industrial practice in the longer term. The ESPRIT directorate were naturally concerned that
the funding was used not only to carry out research but also to influence industry into util-
ising that research. In the area of process control this is difficult because of the huge invest-
ment required in plant, the long lead times for designing and building Power Stations, and
the difficulty of carrying out realistic experiments in situ. Although EPSRIT sought to ensure
that our demonstrators were realistic, in retrospect it really is not possible to do this.

We learned from this project that research in this area can influence thinking and pro-
duce change, but the mechanism is by example and persuasion. In fact many of the ideas
emerging from GRADIENT were taken up. Certainly, Asea Brown Boveri implemented some
of the ideas in their next generation control rooms, and the research output when added to
that of many other research centres around this time (for example Matsumura, 1989; Sak-
aguchi et al, 1986; Ogino et al, 1986) did have an eventual impact on industrial design. The

time-scale for this however is probably 5 - 10 years.



Conclusions

So how successful was GRADIENT? Well, the reviewers at the final project meeting in
1991 thought it had been a most successful project and we were grateful to them for their
considerable and valuable input throughout the project. They were not easy reviewers, but
they were fair, and constructive at all stages. Secondly it was a joint project across country
boundaries in which all the participants made significant contributions. There were no pas-
sengers, only crew. Judged from its output and interesting ideas, it was successful and did
influence the future path of Industrial Control Rooms. Thirdly, the ideas generated in the
project were reasonably novel yet implementable. The project also gave a boost to a set of
struggling research laboratories who were trying to establish themselves in the relatively
new field of Man-Machine Systems. As a result, the research groups at Kassel under Gunnar
Johannsen, at Strathclyde (later Loughborough) under myself and at Leuven under Marcel
Rijkaerts were strengthened and the group now at Clausthal under Peter Elzer was estab-
lished. Without the GRADIENT input at this time, the groups may have foundered in this

crucial stage of development for Man-Machine Systems research.
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15 Years Research and Experiments
in Aeronautics in the Laboratory for

Human-Machine Systems
Bernd-Burkhard Borys

VAX and MEGATEK:
The Error-Tolerant Control Input System

Hardware
When | joined Gunnar Johannsen in 1984, we

belonged to the network pioneers in the University,
building in cooperation with three other groups from
mechanical and civil engineering the "Process Com-
puter Network B", based on Digital Equipment hard-
ware and yellow-cable Ethernet. We operated a DEC
VAX 751 with 1 MByte of memory, one 134 MByte
disk, and four ASCII terminals. The VAX was equipped
with a MEGATEK 7255 graphics system, drawing vec-

Bernd-Burkhard Borys joined Gunnar
Johannsen and the Laboratory for
Human-Machine Systems as Senior Sci-
entist in 1984. He assisted building up
the laboratory, in particular the techni-
cal, computer and network infrastruc-
ture. He worked in and / or managed
several projects, among these GRADI-
ENT, FANSTIC, and FANSTIC II. His cur-
rent research interest are auditory dis-
plays, in particular 3-D sound to support
aircraft and vehicle control.

tors in four (out of 16) colours on a 1024 by 1024, 19" pixel display. At that time we paid for
the initial version of the VAX 166000 € and another 118000 <€ for the MEGATEK system.

With support from different sources, we extended the system to 4 MByte of memory, a

floating-point accelerator unit, 16 colours and a multi-channel analogue-digital converter.

The system was the core of the first flight simulator, used to evaluate the Error-Tolerant

Control Input System (FTBS: Fehlertolerantes Bediensystem, HeBler 1989).

Figure 1: Vax 751
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The idea of the FTBS was the following: Aircraft automation can handle complete flight
phases automatically. If, however, the pilot decides to fly manually, the automation can be
used to detect pilot errors. The Deutsche Forschungsgemeinschaft supported this project
from 1985 to 1990.

Figure 2: FIBS Cockpit and Controls

For the evaluation, HeBler build a fixed-base flight simulator with sufficient hardware to
operate flight controls, flaps and gears, radio navigation equipment, and engines. Hardware
controls were mechanically linked to variable resistors that provided input signals for the
analogue-digital converters. On the computer side, a FORTRAN coded model of a small busi-
ness jet aircraft (HFB 320 Hansajet) computed flight path, system state, and IFR instrument
readings. The simulator hardware and the pilot's seat were mounted on a small cart that
was positioned in front of the MEGATEK terminal displaying the instruments and the FTBS

messages.

Experiments

Professional airline pilots performed a navigation scenario in the experiments with sever-
al repetitions, covering one complete day for each pilot. The scenario started with level
flight at 210 KT in 3000 ft GND followed by an approximately four minutes holding. The
pilot than received radar vectors to the localizer intercept while he had to keep the assigned
altitude and to reduce speed to 180 KT until receiving the ILS approach clearance. The final
approach ended with either landing or go-around. The FTBS controlled flight path, speed,
and operation of gear and flaps.

The experiments should give answers to three questions: (1) Is the FTBS useful? (2) Is it
accepted? (3) How does it influence workload? These were the dependent variables that
were expected to depend from the factors (a) type of presentation, (b) workload induced

by flying task, and (c) degree of automation. Factor (a) covered a conventional cockpit vs.



textual vs. graphical FTBS messages and factor (b) was varied by introducing one or two
technical problems. Factor (c) was either manual or automatic.

Subjectively experienced workload was measured online by verbal questions and answers
during the experiment and offline with a questionnaire afterwards. Relating FTBS messages
to pilot actions produced a classification of events as positive (action follows message), neg-
ative (action before message issued), and simultaneous. Results showed that the FTBS pre-
sented the right messages at the correct times and that pilots responded faster to informa-
tion from the graphical interface than to text messages. HeBler (1989, 1992) and HeBler and
Ridlhammer (1991) report the results in detail.

Sun and Linux: Experiments in Peripheral Vision

Hardware

VAX and MEGATEK were the main computer system for nearly ten years. With support
from the European Union during the project GRADIENT (described by Jim Alty earlier in this
book) a MicroVAX and two Symbolics LISP machines extended the equipment, and we
entered the UNIX world, starting with a SUN IV in 1988. Finally in 1993 we moved com-
pletely to UNIX when receiving a grant of 105.000 € from the University and the Federal
Government in the Scientists’ Workplace Programme (Wissenschaftler-Arbeitsplatz-Pro-
gramm WAP) that provided us with a Cluster of five Sun SPARC workstations and an Evans
+ Sutherland graphics accelerator. The experiments for evaluation of new displays optimised
for peripheral vision used this equipment as well as software for prototyping avionics equip-
ment purchased with support from the FANSTIC project.

The need for peripheral displays in helicopters arises from the fact that a helicopter pilot
has to focus to the outside world while still regarding the interior instruments. Typical heli-
copter mission considered were landing at a
accident site between obstacles in an urban
environment in a rescue mission or flying
close to trees for calcification of forests to
prevent problems of acid rain. While foveal
vision is necessary to react on the outside
threads, helicopter instruments are per-
ceived only in the visual periphery, 30 to 60
degrees to the left. To evaluate the benefit
from the instruments Jorg Hartz (1993,
1995, 1997) created, he build simulation

environment around a helicopter mock-up.

Figure 3: Helicopter Cockpit
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Figure 4: Canyon View

Experiments

This was the first distributed simulation environment and the first time, that elements
from computer games software were used in our lab. A LINUX PC provided the helicopter
simulation and freeware add-ons for the game DOOM created and displayed outside vision:
A narrow valley winding its way between vertical mountains. Using a LCD display and an
extra-bright overhead slide projector, the image was thrown on the wall in front of the hel-
icopter cabin. Commands from the helicopter controls (two-axis stick, pedals, collective, and
a trigger button) were received by an analogue / digital converter of a Sun SPARCstation 10.
The Sun sent controls information to the PC, controlled the experiment, logged the data,
and generated the peripheral instruments graphics. The first independent variable was the
type of display: one conventional (dial-und-pointer) display, and four new displays, among
these open shapes like an >H<, and closed shapes like a hexagon or octagon. Events were
indicated by motion of the pointer, an arm of the open or a corner of closed shape. The dis-
tance of the peripheral display was the second independent variable: An additional com-
puter screen was mounted 30, 45, or 60 degrees off to the left. The last independent vari-
able was the distinction between "movement starts" and “"amplitude increases” to signal an
event.

Helicopter pilots from Bundesgrenzschutz (the German boarder patrol and federal police)
with experience in ambulance flights were included in the 30 hours of experiments. The sce-
nario was a SAR mission: Fly as fast as possible through the valley to reach the victim at the
end and confirm changes on the peripheral display by pressing the trigger button. This nar-
row design of the valley forced the pilots to look on the outside display, which was verified
with an eye-tracking camera before the experiments; the camera turned out to be too

heavy for use throughout the experiments.



Dependent variables were the time to react, number of missed events, time to complete
mission (including penalty for leaving the centre of the canyon), and reported difficulty to
detect events (on a 10-point scale). Results, as reported in detail in the PhD thesis of Hartz
(1997), showed the superiority of the new displays over conventional instruments.

We used the UNIX workstations until the end of the 90's, finally as file-, web-, and

e-mail-servers while PCs became standard for scientific work.
PCs and Visual Basic: The Multi-Attribute Task Battery

Project FANSTIC

From the years 1990 to 95, the Laboratory for Human-Machine Systems participated in
FANSTIC and FANSTIC II. Europe's leading aeronautics companies worked together in this
project to increase air traffic safety. We conducted task analyses in the beginning of the
project and later were main responsible for coordinating the subtask on the Implications of
future Air Traffic Management on the work in the cockpit and on the ground. Research
showed that future technology would result in improved information exchange between
participants in air traffic and that a new as well as a more flexible distribution of functions
between air and ground as well as between man and machine would be reasonable. Howev-
er, human controllers and human pilots will remain the key elements in the system and the
final responsibility will remain with the pilot (Borys 1997).

In these years, several incidents and some accidents in air traffic were related to inade-
quate function allocation to the pilot. In the need not to overload the remaining two pilots
in modern glass cockpits, aircraft automation took over ever more functions. As a result, in
several known cases pilots lost the necessary close contact to the aircraft, were surprised by
automation, unaware of system states, overlooked hidden functions, or lost track of devel-
oping situations. It was also feared that continuous increase of automation would result in
a dangerous loss of familiarity of pilots with the basics of aviation. Consequently, one key
to increased safety was not to reduce pilots' workload by increasing automation but to find
an optimal distribution of functions between man and machine.

A promising vehicle for evaluating the influence of different function allocation was the
Multi-Attribute Task Battery (MATB) used by Parasuraman (Hillourn 1993).

Hardware
During the years of FANSTIC, our hardware environment changed from the few UNIX
workstations to a network of Windows 3.1-PCs. Using Visual Basic and TCP/IP, we imple-
mented a MATB by combining four interconnected PCs - one for controlling the experiment
and three driving three independent screens showing five windows with five independent
tasks. The screens were arranged consistent with glass cockpit environments together with

input devices.
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Figure 5: MATB Mockup

Experiments
To find out how combination of functions assigned to the human influences perform-
ance, we implemented the MATB with five different tasks approaching typical work in an
aircraft cockpit: A compensatory tracking task (manual control (C)), stepwise selection of

way points (navigation (N)), a fuel tank selection and pump switching task (system manage-

ment (M)), instrument monitoring (1), and simple arithmetic calculations (A).

87

i

Figure 6: MATB Screens

Two experimental series involved eleven pilots and five students of mechanical engineer-
ing. Three pilots held commercial licenses, the others licenses for single-engine planes, some
with additional IFR or instructor ratings. We had discussions with our partners from aircraft
industry about the validity of an experiment with non-commercial pilots and without using
a certified flight simulator. We can take the group of students as a control group: Indeed,
students showed different performance on the tasks. Mainly in the manual control task,
tracking error (RMS of deviation) was much lower for the students on the cost of higher
joystick activity (RMS of deflection — influence of video games?). In addition, the measure

for scanning irregularity (described below) was significantly lower for pilots. However, we



were not interested in absolute values of performance, but in changes of performance and
behaviour on variation of function allocation. Thus, using a Z-transformation we normal-
ized the measures taken for each subject into a score of zero mean and unit standard devia-
tion, using this score for calculating differences for the experimental set-ups.

Interested in workload, besides a questionnaire, we used the calculation task as a second-
ary task and took two measures. The first was the inverse of the workload indicated by the
number of calculations performed during one experiment. A larger number of calculations
suggested more spare capacity unoccupied by the other tasks. The second was a measure of
scanning irregularity versus periodicity. We calculated the time differences between two
consecutive calculations and the standard deviation of these differences. Small standard
deviation means similar time differences and work that is more regular. The idea behind this
was that work in an aircraft cockpit should follow a reqular scanning pattern, performing
one task after the other in regular intervals.

The number of correct calculations was no useful measure, as nearly all results were cor-
rect and no error was made in half of the experiments. Using the scores of workload and
scanning regularity the experiment showed, that workload when performing two tasks in
parallel cannot be estimated from single-task measurements. Taking the calculation score as
an objective workload measure, it indicated maximum workload (lowest score) for the man-
agement task, while the other three (navigation, monitoring, and control) showed lower
workload when performed as a single task.

Bringing together two of these low-workload tasks also results in a low-workload
two-task combination. But combining the management task with other tasks showed exist-
ing mutually dependency of tasks: Although navigation as a single task produced the lowest
workload it is not the optimum choice when adding a second task to the management task.
An evaluation of the scanning irreqularity shows analogous results; those combinations
showing good results with respect to workload also show regular scanning patterns. For a
transition from the two- to the three-task-situation comparable results could be expected.

More details are included in Tiemann and Borys (1995) and Borys (2000).
Multimedia and DirectX: Auditory Support for Pilots

Hardware
Since 1999, the Laboratory for Human-Machine Systems evaluates the use of auditory
displays to convey information in human-machine interaction. The equipment used is part
of the Multi-Media Process Control Room described by Borys and Johannsen (1997), made
possible by grants from the State, the University and several industrial companies totalling
166 000 €.
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The core of the auditory workstation is a Pentium I, 350 MHz PC with 128 MB memory,
running Microsoft's Windows 95. Besides ordinary computer peripherals (mouse, alphanu-
merical keyboard, monitor), this workstation is equipped with a piano keyboard and micro-
phones for input as well as speakers, headphones, and a synthesiser for output. Piano key-
board and synthesiser are connected by a MIDI multiplexer with each other and to the
computer. Regarding the signals we use we need to distinguish between music and sound.
Musical signals are generated by the piano keyboard, processed by the sequencing software,
and reproduced by the synthesiser; Johannsen (e.g., 1999, 2000) described the experiments
with musical signals. My focus, however, are sound signals.

For sound signals, stored as a series of digital numbers, several different media players
exist, but none of them gives the necessary control over sound playback necessary in exper-
iments. However, sophisticated sound is essential in modern computer games. Microsoft sup-
ports using computer games on Windows by providing DirectX as an interface between gam-
ing software and the operating system and the DirectX Software Development Kit for game
developers. Components of DirectX are DirectSound, providing necessary means of playing
sound samples and DirectPlay for network games. A typical processing sequence for an
acoustical display is: Selecting a sound according to the measurement to be displayed, read-
ing this sound from a wave file into a sound buffer, manipulating the sound according to
the measurement to be presented, and playing the sound buffer. Using DirectSound routines
and Borland's C++ development environment, we developed a set of object-oriented rou-
tines to generate, store, read, and manipulate sound signals. Other routines allow adjusting
sound level, panning stereo signals, fade in and out, and finally play the sound, providing all

necessary means to control pre-recorded or synthetic sound during experiments.

First Experiments

We currently work on several experiments using auditory displays (Borys, 2001). The first
dealt with perception of office sounds, the next used auditory cues in a tracking task. Final-
ly under development is an environment for evaluating auditory cues in an aeronautical
environment.

When purchasing software products, these are often accompanied by collections of
sounds that are triggered by events like programme failures, informative messages, or just
an audible click for each mouse click. What does the user feel when hearing a single, isolat-
ed sound? Does it give a clue for the event the software developer thought it should be
connected with?

We used a set of about 50 sound files provided with Microsoft Office 97 for Windows.
Sounds were played in random order and the subjects hat to rate each sound in four

dimensions, each on a 7-point-scale. The dimensions were (originally in German)



(1) annoying ./. comfortable, (2) alerting ./. calming, (3) o failure ./. a success, and (4) a begin-
ning ./. an end. Results show a strong correlation between the first three judgements. Thus,
we combined these for a distinction between nice and ugly sounds. Sorting out those
sounds were subjects cannot decide and those, were decisions did not agree leaves two
small set of nicest and ugliest sounds. The nice sounds seem to be soft, structured, and of
high quality (e.g., 16 Bit, 22 kHz), while the ugly sounds are loud, simple, and low quality
(e.g., Windows 3.1 standard). We tried to correlate the subjective decisions with technical
measurements like power, overall spectrum, or frequency distribution over time. Only the
power measurement (root-mean-square of signal samples) distinguished between nice (low
RMS power) and ugly (high RMS power value) sounds.

The second experiment used four different displays and a two dimensional compensatory
tracking task. In display version A (standard visual), the target was visible on the screen and
the subject had to compensate deviations from the screen centre using a joystick. In the
other versions, the target itself was no longer visible. Instead, a signal showing the direction
of the deviation is triggered when the deviation is above a fixed threshold. Display Version B
(threshold visual) uses large arrows visible on the screen. Version C (threshold auditory) uses
voice output commands (/eft, right, up, down) and version D (continuous auditory) uses the
same sounds, but increases sound power with larger deviations.

Results showed significant lower performance of the versions B to D compared to A. They
also showed, that signalling amount of deviation using sound power does not increase per-
formance.

The low performance of acoustic displays over visual displays can be attributed to two
facts: Firstly, the visual stimulus is continuously available while the spoken word, although
short (520 ... 720 msec), needs some time to be completed until it can be repeated. Second-
ly, the spoken command must be perceived, understood, and translated into the necessary
manual action, while the relation between deviation of a cursor and the required action on
the control is more direct. This reminds of the Picture Superiority Effect mentioned by Wit-
tenberg in another chapter of this book. Consequently, in further experiments we will eval-
uate directional acoustical cues to signal deviations in a process control environment and to

signal threads in and aeronautical scenario.

Planned Experimental Set-Up
Acoustical signals in current aircraft cockpits do not provide spatial information. Pilots,
however, need to know about the own aircraft's position in relation to the given flight path,
navigation fixes, and other aircraft. Currently we prepare for investigation of directional
sound use during ILS approaches and for TCAS warnings. The mock-up uses the helicopter

cabin mentioned in Section 2, several networked PCs, Microsoft's Flight Simulator, and own
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software that makes use of DirectPlay to track the flight simulator. The PC running the
flight simulator provides two video signals, one connected to a video beamer providing
outside vision in flight direction, the other sent to a digital flat panel display showing the

instruments.

Conclusion

The Laboratory for Human-Machine Systems, created by Gunnar Johannsen, now exists
for nearly 20 years. We have seen great changes in technology during this time. In three
generations our equipment developed from one single computer over few workstations to
multiple PCs, while the interfaces improved from text and simple graphics to multi-screen,
multi-window, and multimedia systems. The technological development faces the human
with an ever more complex environment. Fewer people need to control larger systems on
more abstract levels. We still hope, that new capabilities of interfaces enable us compensate
for inflating demands on the human operator. Our research goals remain the same: Provid-
ing the interfaces that keep the human in the loop and provide the means to master the

demands of technology.
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Mental Workload, Mental Models,
and Supervisory Control
Neville Moray

Abstract.

Twenty five years ago Sheridan and Johannsen (1976) introduced the concept of supervi-
sory control. Since then the rise of automation has made the concept even more important,
and has emphasised the need to understand how humans adapt to their role in such sys-
tems. In this paper two important issues are briefly examined, the nature of operator mental

workload in supervisory control and the nature and role of operator mental models.

Supervisory control

This festschrift is in honour of one of the founders of the field of Supervisory Control.
Indeed the NATO meeting organised by Gunnar Johannsen and Tom Sheridan in 1976 marks
the public emergence of the discipline, and the launching of the term (Sheridan and
Johannsen, 1976). It is a pleasure to have the opportunity here to acknowledge the debt
owe to Gunnar's work in the field over many years.

The chief characteristics of Supervisory Control have been well summarised by Sheridan
in a number of papers and books (1992, 1997). As a result of automation, (the replacement
by a machine of the role of a human operator,) the prevalence of manual control has
decreased. Under normal operating conditions little intervention is required for periods
which may last for many hours. Intervention may from time to time be required to assist the
automation in dealing with perturbations beyond that foreseen during system design, or to
take advantages of "windows of opportunity” to improve performance beyond the bounds
of long horizon optimisation (Seiler, 1994). Sustained intervention is often required during
the start-up and shut-down of a complex industrial plant, and intervention may be
required to reprogram automation in just-in-time response modes.

Sheridan (1997) has suggested that the human operator has five roles to play, teaching
(that is, programming and adjusting the automation), learning (understanding how the sys-
tem works, discovering constraint boundaries for operation, forming a mental model of the
system), monitoring (keeping track of the system state from moment to moment), interven-
ing (taking back control if the automation is unable to cope), and planning (setting long
term goals and defining ways to achieve them). Of these, it would seem that monitoring is
the only task that must be performed more or less continuously, and may be the major
source of continuous mental workload. Monitoring also supports, but does not guarantee,
learning, and learning itself will be source of load, since it typically involves "knowledge

based"” thought on the way to building up a set of rules that will support more common and



less demanding “rule based" thinking and operation

ogy, University of Surrey
Workload in Supervisory Control “Be well, do good work, and keep in

The period of the most concentrated research into touch.” (Garrison Keillor)
the nature and measurement of mental workload was
the two decades between about 1975 and 1995. While there was considerable effort made
to develop theory, the most important outcome was the development of several practical
and validated measures which seem to relate reasonably well to aspects of behaviour and
performance such as performance efficiency and the probability of errors. The two best vali-
dated subjective measures were the NASA TLX scale (Hart and Staveland, 1988) and the
SWAT scale (Reid and Nygren, 1988). Both are multi-dimensional, and measurements using

them correlate well. Table 1 shows the TLX dimensions.

Table 1. The dimensions of the NASA-TLX scale

for measuring subjective mental workload

* Mental demand

® Physical demand

e Satisfaction with own performance
® Time pressure

® Frustration level

¢ Mental effort

The many behavioural measures such as dual task techniques are far harder to use than is
generally accepted, and have often been used without due regard of the warnings given
many years ago by Sanders (1979) and others (e.g. Wierwille, 1983). Because of the low
bandwidth of most industrial supervisory control tasks and the high degree of automation,
it is not likely that dual task methods will be useful.

Apart from the rarity of practical techniques for predicting mental workload which have
emerged from the period of intensive research, three other characteristics stand out. First,
very little work was done in the setting of very large industrial plant involving automation.
Second, there was little systematic theory generated to account for the origins of mental
workload. Thirdly, little attention has been paid to underload as a source of mental work-

load. Mental workload usually increases when attention must be switched rapidly between
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sources of information, and when decisions must be made rapidly. Also, when information
must be processed rapidly, perceived load tends to increase, although only occasionally have
quantitative measures such as Information Theory been successful as a metric. We are thus
left with a rather weak basis on which to examine how the nature of supervisory control
will generate workload problems.

The relation of Sheridan’s tasks to the subscales of the NASA TLX scale is not immediately
obvious. Physical demand tends to be slight, being mainly concerned with entering com-
mands at a computer keyboard, touch-screen, or by manipulating a mouse or trackball.
Under normal operating conditions time pressure should be slight, since the bandwidth of
automated systems, as perceived through the human-machine interface, will usually be low.
Frustration level should be low if the system is well designed, although opinions differ. For
example, it is common for people in the US nuclear industry to suggest that a highly auto-
mated NPP would be boring ands frustrating for the operating crews, although conversa-
tions with Canadian NPP operators does not reveal any such feeling, although CANDU reac-
tors are far more automated than are those in the USA. (Probably this reveals the
importance of cultural differences in NPP operation.) With a well designed interface, esti-
mating the system state and understanding its implication should neither be highly
demanding nor require much effort. Thus overall one might expect supervisory control to be
inherently a situation of low mental workload.

On the other hand, workload must greatly increase during failures of automation, that is
in situations where the normal parameters of system performance are extensively violated.
But supervisory control can occur in many different systems which imply a variety of kinds
of workload, and it is useful to consider how workload may change as a function of the
type of automated system encountered.

Figure 1 is based on a classical taxonomy of automation proposed many years ago by
Sheridan and Verplanck (1978) and recently elaborated by Parasuraman, Sheridan and Wick-
ens (2000). The figure shows the interaction between operator and automation at several of
the levels of automation proposed by Sheridan and Verplanck, from fully manual control to
fully autonomous automation. The right hand column shows the flow of information and
control between the human and automation. Several levels have been omitted from the
original figure.

It is clear that at the highest and lowest level there is considerable computational load
for the single operator, be it human or automation. At intermediate levels we might expect
the load on the human operator to be progressively reduced by advice as intelligent control
is passed progressively to the automation,. But while the mental load involved in decisions
and control actions is reduced, a new source of mental workload appears, namely the com-

munication load as information passes between the operator and the automation.



Level of Human-Machine
interaction Human Functions Machine Functions

1. Whole task done by DETERMINE possible actions
human except for actual SELECT action

operation by machine INITIATE action
——————————— > PERFORM action
2. Computer displays IDENTIFY possible actions
best option Lmmmmm DISPLAY options
e PROPOSE an action

ANALYSE proposals

SELECT action

(perhaps a different one)
INITIATE action

——————————— > PERFORM action
3. Computer chooses an IDENTIFY possible actions
action and performs it <mmmmm PROPOSE action
if human approves ANALYSE proposals

APPROVE action

——————————— > PERFORM action
4. Computer chooses an IDENTIFY possible actions
action and performs it <mmmmm PROPOSE action
unless human disapproves (DISAPPROVE action)

——————————— > PERFORM action
5. Computer does IDENTIFY possible actions
everything autonomously SELECT action

INITIATE action

Figure 1: The Sheridan-Verplanck Taxonomy of human-machine interaction.

Actions in parentheses indicate implicite or optional steps.

To consider advice and decide whether to accept it is itself a task involving complex cog-

nitive activity. Indeed Conant (1976) has shown that filtering information (in this case

deciding whether to act on advice) requires as much information to be processed as trans-
mitting information. There may well be no nett reduction in mental workload at intermedi-
ate levels of artificial decision aids. In some situations the mental workload on the operator

will indeed be reduced - above all at Levels 3 and 5 of Figure 1. At Level 3 the operator nor-

mally does whatever the automation suggests, and at Level 5 the operator's task is even

less, just to monitor the decisions made by the automation, in case intervention is needed.

Providing that the automation is reliable Level 5 should provide the minimal operator work-

load.

In order to estimate the reliability of the automated advice the operator needs a deep

understanding of the system and an up to date estimate of system state. If the system is

perceived as reliable, the operator's trust in the system will increase, and this will cause
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monitoring to decrease (Muir and Moray, 1996), giving rise in the limit to what has been
called complacency, or a tendency to over-rely on automation (Parasuraman and Riley,
1997; but see also Moray and Inagaki, 2001(a)). To ensure appropriate calibration of trust
the process must be monitored frequently, and the relation between system state and pro-
posed actions analysed. If operator trust in reliable automation is well calibrated, then time
pressure in the NASA TLX sense will tend to be low, as will effort. Physical load will be low,
frustration will be low unless boredom occurs (and as we have seen this may depend on the
culture rather than on the task itself), and indeed workload on all the scales will drop.

The main steady state source of load will be monitoring. There will, in a large system, be
many variables to monitor, and because of the limited rate at which attention can be
directed to multiple sources, it will be very hard to keep an up to date estimate of the sys-
tem state. This is largely independent of the type of control room. In a large conventional
control room eye movements or body movements are required to allow the operator to scan
the many instruments. In a computerised system it will be necessary to switch between
many pages of computer displays. In such tasks humans are well approximated as single
channel monitors, and several general models are available to predict monitoring behaviour
(see, e.g. Moray and Inagaki, 2001(b)). As operators gain experience of the dynamics of a
system monitoring will tend to become automatic and skill-based, and will tend to
approach an optimal strategy if one exists, with a progressive reduction of workload.

Very little research has been done on workload under different levels and styles of
automation. Moreover, the situation changes dramatically when faults occur in the automa-
tion or in the controlled process. There may be drastic changes in the bandwidth of the sys-
tem, requiring changes in the frequency of monitoring. The transfer functions of parts of
system may change, and some functions may no longer be. At such times operator behav-
iour will tend to be driven back to knowledge based reasoning, with the concomitant
increase in work load.

A special problem is what has been called c/lumsy automation, which has been identified
particularly in aviation (Wiener and Curry, 1980). In clumsy automation the actions required
to interact with the automation are very demanding on the operator. Since such reprogram-
ming is most likely to be required under abnormal or rapidly changing situations, the
automation becomes a source of increased workload just at the point where operators
would hope it to be reduced. In advanced civil aircraft pilots frequently complain that the
automation is most effective in en route control, where there is little load on the pilot any-
way, while during approach and landing the extra load of programming the automation
increases the load to such an extent that they may try to inactivate it. The pilot of one of
the Airbus series of aircraft told the author that it was a wonderful aircraft to fly, but only
very experienced pilots should be allowed to fly it because it was so difficult to understand

the automation - surely the ultimate “irony of automation” (Bainbridge, 1983).



Mental Models

Because of the limitations on the rate at which variables can be sampled, and the limita-
tions of running memory, it is obvious shown that no operator with conventional displays
can keep track of the state vector of a high dimensional dynamic system. It is often said
that what enables operators to handle large and complex automated systems is their pos-
session of a mental model of the system, and that they use this model as a substitute for
direct knowledge of system state.

Although the notion of a mental model is attractive there have been few attempts to
analyse formally what such a model could be. Indeed the literature is extremely confused,
and it is often unclear whether to say someone has a mental model is to say anything more
than that they know what to do in various situations (Wilson, and Rutherford, 1989); and
the different research paradigms which examine the concept of mental models have little in
common. Recently Moray (1997, 1999) has attempted to show the relation among the vari-
ous meanings of the term, and has tried to show how the idea of a mental model might be
formalised.

In supervisory control we have to think of the operator through training and experience
as constructing a series of mappings from the properties of the system into his mind. The
most important mapping represents perceived causal relations among the system variables.
A mapping is the construction of a many-to-one representation in the mind of the causal
properties of the supervised system. Once such a representation has been built, the causal
redundancy in the physical system becomes represented in the mind as a series of correla-
tions, many of them extremely strong. Hence a subset of variables is sufficient during moni-
toring for a sufficient estimate of those that are unobserved. This accounts for the reduced
workload of the expert, and of the latter's ability to understand the evolution of system
state on the basis of a relatively incomplete sampling of the state variables.

The notion of a model as a mapping (Ashby, 1956) reveals how the effective workload of
a supervisory controller can be reduced during normal system operation. The initial learning
maps a subset of the physical system variables into a representation in the mind, and subse-
quent mappings can be made from that representation to more simplified and abstract rep-
resentations of system properties. Thus a collection of variables such as flows and pressures
are mapped into a representation of a component, such as a pump. The representations of
several pumps are mapped into a cooling system. At each re-mapping the number of ele-

ments in the resulting set is smaller than the original, and the new set becomes semantical-

ly richer and more meaningful from the point of view of the goals and purpose of the plant.

Those familiar with Rasmussen's Abstraction Hierarchy will see that in this series of mental
models of mental models of ... a mental model of the physical system we are in effect

showing how the operator constructs the abstraction hierarchy. Because the number of
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elements is smaller as the mental model becomes more abstract there is literally less work-
load as the operator thinks in more abstract terms.

There is more than meaning of causality, and the modern idea of causality is often
impoverished. Classically, (in Aristotle and in mediaeval philosophers such as Aquinas,) there
were several logically distinct kinds of causality. One might reply to the question, “Why did
the steam temperature rise?”, with any of the following answers: "Because the operator
turned the control clockwise.”; “Because the operator increased the neutron flux."; "because
the operator wanted to produce more electricity.”; or even "Because the thermometer read-
ing increased.".

It is probable that each of these kinds of causality is represented by a different mental
model, a different set of mappings. For example the first, classically called "efficient causali-
ty", is the kind of causality learned typically by an apprentice. The second, classically called
"material causality”, is what is taught at universities. If each of these kinds of knowledge is
represented by a separate mental model, created by mappings from a different set of vari-
ables, it may account for the well-known difficulty of improving trouble shooting by teach-
ing theoretical knowledge. The mapping from the physical system into the lattice of materi-
al causality is not isomorphic to the mapping from efficient causality; and indeed there may
be, in training, no attempt to match them, that is to provide a cross mapping. Hence what is
thought in one model cannot be mapped onto, cannot “make contact with" what is thought
in the other model and theoretical training does not help operators who have a strong men-
tal model based on field experience. Note also that in fault diagnosis there are two proper-
ties of mental model that may give rise to a massive increase in workload. Firstly, in order to
identify the exact nature and location of a fault, the operator must “unpack” the abstrac-
tion hierarchy from the high level, low dimensional model back to the original model that is
closest to the real system, and ultimately match a feature of the model to a physical com-
ponent in the plant. This involves a great increase in the number of elements to be consid-
ered. Secondly, in unpacking the models is a one-to-many mapping, and there is no logical
guarantee that the correct route back down the lattice will be followed. Both of these fea-
tures, (which can be seen in Rasmussen's charts of Abstraction Hierarchy vs. Part-Whole
Decomposition during fault diagnosis, (Rasmussen, 1986),) will usually greatly increase
workload. In teamwork, only if operators’ mental models are isomorphic to one another can
knowledge be effectively shared.

It is interesting no speculate about the properties of future systems in which artificial
intelligence may progress to the extent that software agents will not merely control plant
processes but also try to form their own models of the properties of the human operators so
as to adapt to a better symbiosis. In such systems there will be a possibility for both human
and computer to misunderstand the other, and to misunderstand system functions, especial-

ly when the plant is modified without the control software being appropriately upgraded.



By definition models are always simplified representations of the original, and hence they
represent a loss of information. This can be useful, because models allow extrapolation and
prediction from current state, but models are also a potential source of danger and misun-

derstanding. Figure 2 shows some of the problems that may arise in such systems.

Human Knowledge

ap,
OQ S
e B

OO
1 2O O

Automation
Knowledge

Figure 2: A Venn diagram describing communication supervisory control. The two
dark boxes contain all knowledge possessed by the human and the automation
about the system's properties. The light boxes are quasi-independent subsystems.
The ellipses are components such as pumps, valves, etc. Shared knowledge and
understanding are indicated by the degree of overlap. The properties of subsystem A
are known only to the human, of E only to the computer; of C to both. Fis unknown
to both. Some aspects of D are understood by both human and computer, some only

to the human, and some are not known to either.
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A final problem which adds to the operator's workload arises from the question of
responsibility in supervisory control. A well designed automated system should be optimised
for performance in automated mode and hence the operator should seldom intervene. But
the operator is also regarded as the last line of defence against system failure and accidents.
As with interaction among humans, ambiguities in regard to responsibility and authority
can cause delays in decision making, which may exacerbate the severity of problems. It is
undesirable that humans should have the added burden of negotiating authority in time
critical events. It has usually been said that human operators should retain ultimate respon-
sibility in supervisory control, but it has been shown that in some situations, particularly

time critical ones, this is undesirable (Inagaki, 1995).

Summary

Twenty-five years after Johannsen and Sheridan organised the first international meet-
ing on the human factors of supervisory control, we can see considerable progress. But there
remains much to be done to ensure both productivity and safety in such systems. We do not
have either a thorough empirical knowledge of the origins and effects of operator mental
workload in supervisory control, nor a good understanding of what is the most appropriate
level at which to aim to best assist operators and achieve a good human-machine symbiosis,
nor do we understand how best to capitalise on the effectiveness of operator mental models.
However it is a particular pleasure to note the riches yet to come in this field of research, to
acknowledge the lead that has given by Gunnar Johannsen in this field, and to have the

opportunity to contribute this essay in his honour.
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Internal Models
versus Cognition in Context

M. M. (René) van Paassen

Abstract

Models of the human operator can be used to evaluate prototype
designs of systems, as a means to provide and convey insight into

human operator behaviour, and as a tool to identify possible

improvements to the controlled systems. Models of human cognition

often incorporate an “internal model”, a model of the
controlled system that captures the knowledge the
human operator model has about the controlled sys-
tem and / or the environment. These models invariably
model the cognitive processes as something internal
to the human operator. Cognition at the workplace
however often takes place at the boundary between
the operator, the system and the environment. Inter-
mediate results of cognition can for example be
stored in the system (c.f. the use of an abacus for cal-
culations). If the purpose of a model of the human
operator is to provide insight or to aid in improving
the interface and workplace, adequate modelling of
cognitive processes that cross the boundary between

the operator, system and environment is needed.

Introduction

The design phase of a complex system, such as an airplane, power plant, a multimedia
device, a website, starts with the desires of the “client” and the constraints of the environ-
ment. These are translated into the goals for the system, and ways are found to satisfy these
goals through existing, modified or new designs. Any good design should consider the

interaction between the system and its users, and try to determine the behaviour of the

combined human-machine system.

One valid approach to achieve this is the formulation of models for the human operator
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that are compatible with the models and descriptions of the system being built. The behav-
iour of the human operator is modelled in the same domain that is chosen to represent the
knowledge of the new system, for example as a computer model, or as a mathematical
description, often in the control theoretic domain. This brings knowledge about the “user”

or operator and the system together in a compatible representation.
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Note that there are also other ways to find the answer to the question of how the com-
bined system will perform. Most notably, prototyping and the development of simulations in
which the users can be confronted with the system in an early stage, and solicitation of the
opinion of “experts”, who know both the work domain and have engineering and human
factors knowledge can evaluate a design.

Models of human operator behaviour have been applied successfully in the past to
describe the interaction of a human operator and the system he is controlling. If one takes
the three levels of interaction proposed by Rasmussen (1983) as a meaningful classification,
then one must say that we have been most successful at modelling the human operator's
skill-based behaviour. Models of rule-based behaviour and knowledge-based behaviour
have also been developed, but in general these models are less generic; they have to be fed
with a considerable base of knowledge about the specific application domain.

Any meaningful interaction between the human operator and his surroundings, i.e. the
system he is controlling and the environment, requires that the behaviour of the human
operator is adapted to these surroundings. It is assumed that the human operator has
knowledge about the state of his surroundings. This knowledge is called the “internal repre-
sentation” (Stassen, Johannsen, & Moray, 1990).

Often the knowledge that a model has about its surroundings (in this case the modelled
system and the modelled environment) is captured in a so-called “internal model" (Stassen
et al., 1990). The state of this internal model tracks the state of the environment, and oper-
ator control actions are based on the state of the internal model. Depending on the domain
of the model, techniques from control theory (for modelling of skill based behaviour) or
from artificial intelligence (for rule and knowledge based behaviour) are used to drive the
update of the internal model and the formulation of control actions.

This paper signals two disadvantages with this approach. The first is that the cognition is
modelled as a process that is internal to the human operator. Accounts of “cognition on the
job" indicate that this is often not true, cognitive work is being performed in a continuous
interaction between the operator and his surroundings, and often these surroundings play a
significant role in obtaining the cognitive result or storing intermediate results. The second
disadvantage is related to the first, and that is that the modelling of the interface between
the operator and his environment does not always get the attention it deserves, simply
because the model of the operator and his surroundings have already been brought to the
same “language”, and information exchange between operator model, system model and
environment model can be done directly. However, in the case that cognition takes place
across the border of the interface between operator and surroundings, then the properties
of this interface are likely to be important for the resulting cognitive process, which requires

that these properties are correctly reflected in the model as well.



Operator models for skill-based interaction

A set of successful and widely applied models, in this case for the description of manual
control tasks performed by human operator, are the models developed by (McRuer & Jex,
1967). These models describe the behaviour of a human controller, given a control systems
model of the system that is controlled by the human. The restrictions are that the controlled
system is a continuous, linear, not time-varying single-input, single-output system, or that
it can be considered to be a good approximation of such a system.

One of these model variants, the “simplified precision model" consists of a simple transfer
function, with a lead term, a lag term, a time delay and a gain:
I+1,jo oo
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The human operator can adapt his control behaviour to the task at hand, and in the sim-
plified precision model this is reflected by the fact that the parameters of the model can be
adjusted to produce the desired control behaviour. The general rule is that the human oper-
ator adjusts his control behaviour so that combined open loop of the human operator and
the controlled system has characteristics in the region of crossover, which is defined as the
cross-over model:

e "
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In order to obtain this behaviour for the simplified precision model (Eg. 1), a set of six
rules is given to determine the parameters of that model of Eq. 1. For the application of
these rules, one needs knowledge of the controlled system and of the disturbances on that
system.

Thus, as most models of human behaviour, the simplified precision model requires knowl-
edge of the system that the human interacts with and knowledge of the environment,
which is in this case coded in the choice of the pilot equalisation parameters. This is some
form of internal model, but in this case the internal model is not made explicit in the mod-
elling process.

Many models go one step beyond this, and capture the knowledge of the system and
environment as an explicit internal model. An example of this is the optimal control model
(OCM), (Kleinman, Baron, & Levison, 1970). Here an internal model is used in a Kalman filter
that forms a state estimate of the state of the controlled system. An optimal controller, also
part of the human operator model, then uses this state estimate to control the system. The

internal model is usually a full copy of the model used by the modeller for the real system,
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which implies that the operator model has full and correct knowledge of the system struc-
ture, and of the statistical properties of any disturbances on the system. To account for limi-
tations of the human operator, sensor noise and motor noise are postulated for respectively
the observations made (input to the state estimation) and the control outputs.

An explicit internal model captures only a part of the knowledge about the controlled
system that the model of the operator needs. Consider for example Figure 1, which presents
a model of the neuromuscular system (Paassen, 1994). In the human (or any other animal's)
neuromuscular system, the signals travelling to and from the muscles are subject to time
delays introduced by the neural system. If these time delays are taken into account, fast
movements as in sports or in playing musical instruments would not be possible, control of
the muscles would be slowed by these delays. It is therefore hypothesised that humans use
an internal representation of the neuromuscular system and load to generate control signals
in an open-loop fashion (Schmidt, 1981). Experiments with disturbances applied during fast
movements provide supporting evidence for this (Happee, 1992). The model in Figure 1 cap-
tures the ability of a human (or other animal) to generate fast “open-loop” movements, and
combine it with the feedback from sensors in the limb and muscle to correct for external
disturbances. The internal model is explicit here, and taken to be exactly the "true” external
model for the manipulator that is moved by the operator's hand. However, aside from the
knowledge that is put into the model by means of the "internal model”, also the parameters
of the equalisation filter for the internal model and of the equalisation filter for the neural

feedback must be adjusted to the characteristics of the manipulator to be used.



Figure 1: A model of the pilot's control behaviour, with detailed modelling of the
neuromuscular system. This model uses an explicit internal model. In addition, the
parameters of the equalisation filter for the internal model and the equalisation
filter for the neural feedback must be tuned to the properties of the combination of
muscles, limb and manipulator. Here, m is the moment exerted on a manipulator, X,
s the position of the limb, q,, is the control signal for the muscle, and is the sum of
the control calculated on basis of the internal model, q,, and the neural feedback q,..
X, Is the predicted limb position of the internal model, uy, is the visual input of the

pilot, m, is a disturbance on the limb.

Rule and knowledge-based behaviour

The optimal control model and the crossover model both describe an aspect of the
skill-based behaviour of the human operator. Following Rasmussen’s widely used distinction
into three levels of human operator behaviour, i.e. skill-, rule- and knowledge-based behav-
iour, operator models for other types of behaviour are also made.

One of the earlier examples is PROCRU. This is a model based on the optimal control
model, which has been enhanced with a set of (deterministic) rules that describe the
rule-based behaviour of a pilot. Rule-based actions are started as soon as the observed
state from the Kalman filter matches a rule. It is assumed that any rule-based actions,
which have an associated time slot, temporarily stop the observation of the controlled
process, leading to increased uncertainty in the state estimate and a corresponding error in
the control input.

An example of a model that should support a mix of rule and knowledge-based behav-
iour is MIDAS (Corker, 2000). This is an extensive model of human operator behaviour, of
which the modelling system can be operated via a graphical user interface. This model uses
an explicit internal model, termed the "Updateable World Representation”

A model that can, with the proper addition of knowledge and reasoning, function as a
model of knowledge and rule-based behaviour, is IDA (Smidts, Shen, & Mosleh, 1997). IDA,
(which stands for Information, Diagnosis [ Decision, Action) has been applied in probabilistic
risk assessment for nuclear power plant operations. It does not use an explicit internal
model, but the necessary knowledge for interaction with the world is captured in a long-

-term memory database. It explicitly includes limitations for memory and processing speed.
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Limitations of the “internal model” approach

Overseeing the range of human operator models created in the past decades, one cannot
fail to notice a parallel between the development of human operator models on the one
hand and the development of control theory and - for the more cognitive models - soft-
ware and knowledge engineering on the other hand. In particular, advanced cognitive mod-
els can be admired as a work of state-of-the-art software engineering by themselves, fea-
turing tools such as knowledge bases, symbolic and semantic processing and goal-oriented
behaviour.

7 N
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Figure 2: Two display presentations for pitch and roll angle that are both clearly

readable. The cross-over model would not be different for these configurations.

These models are often successful in mimicking human operator behaviour. However,
mimicking behaviour is not enough to make a model useful. Several uses of a human opera-
tor model can be distinguished:

® As a means for the verification and testing of a system design. This is for

example the purpose of the IDA model; the mechanised description of human
operator behaviour in IDA makes it possible to perform for example probabilistic
risk analyses.

® As a vehicle for understanding. For this purpose the model should give insight

into the functioning of the human operator.

® Asan aid in design. For this purpose the model should have a predictive

capability, so that the overall system performance can be calculated for a
specific design. The cross-over model by McRuer, in combination with the
adjustment rules, can fulfil this function in some cases.

For the first use, mimicking of human operator behaviour is enough. For the second and
third purpose, the model should not only mimic behaviour, but also imitate the underlying
processes that generate this behaviour. The tendency in combining a model of human oper-

ator behaviour and a model of the controlled system is that one removes the interface.



What is easier than starting up Matlab, entering a transfer function for the controlled sys-
tem, entering (an approximation of) Eq. 1, and calculating the combined system perform-
ance? However, this omits the fact that signals from the system have to be presented on a
display, and that control inputs from the pilot have to be transferred to the system. This is a
well-known deficiency of for example the cross-over model, any of the displays of Figure 2
for example would - according to the model - deliver the same performance. In theory, if
the "noise” inherent in observations from a specific type of display could be adequately
expressed as observation noise, the optimal control model could be used to predict the
effect of display characteristics. However, the problem of this model is that it does not pre-
dict human limitations; optimal control models of arbitrary complexity may be applied,
while it is not guaranteed that human operators will be able to behave as the model. Also,
in practice it appears that the OCM still requires considerable tuning to match observed

operator behaviour.

Figure 3: Reading off a scale to the degree, when ten-degree intervals are presented

in numbers, is a cognitive task with multiple steps (from Hutchins, 1995).

In models of cognitive behaviour, such as IDA, one can see that the cognition fully takes
place inside the human operator, something appropriate for a chess player playing a blind
match. IDA's information module picks up all relevant information from the environment
and places it in working memory, and rules from the knowledge base (modelling long term
memory) that are recalled into working memory can apply transformations to this informa-
tion. It is doubtful that such a characteristic is typical for cognition at the workplace.
MIDAS relies even more on this paradigm, because it uses an explicit internal model. How-
ever, it appears wrong to assume that everyday cognition at the workplace is a matter of

internalising the relevant information and then performing all cognition “on the inside"
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A different view on the nature of cognition by operators is given in the description of the
cognitive processes for navigation on board navy ships, by Hutchins (1995). From this
description, it becomes clear that:

® Cognitive tasks are approached in small steps. For example reading off a scale

such as the one in Figure 3 could be described as (1) reading of the major
numbers to the left of the heading mark, (2) estimating the decimal fraction, (3)
combining the two.

* Cognition takes place in the context of the operator's surroundings, and

continuously crosses the boundary between the operator and the system and
environment. For example, aligning an alidade (a sight used for determining lines
of position on a ship) with a landmark means that the orientation of the
landmark with respect to the ship is coded into the alidade.

The point that has to be made here is that cognition at the workplace is not a sequence
of: (1) Observation of external variables, conversion into an internal representation. (2) With
the internal representation, search for the applicable procedures / rules or apply knowledge
inference to obtain the conclusion. (3) On the basis of the updated internal representation
of the system, act. (4) Return to 1.

Rather, it appears to be a sequence of coordinating chunks of information that may
reside in the system, the environment or the operator's mind or which may be coded as a
combination of these three. To summarise an example from (Hutchins, 1995), when looking
for a landmark on a shoreline, a sailor would coordinate his knowledge of the landmarks on
the shore (e.g. a high-rise building, a tower, a pier) with the shoreline he is seeing. The result
of this cognitive action is not some piece of abstract knowledge in the sailor's mind, instead
it is the physical orientation of the sailor in relation to the environment, in other words, the
fact that he is looking at the landmark in question. The following step in this cognitive task,
already quoted above, is that he will align his alidade with the landmark. Now the informa-
tion is coded in the position of the alidade, and he can take his eye and attention from the
landmark, to carry on with the remaining elements of his task.

This example shows that cognition crosses the border between the operator, the system
and the environment. Not just at the point where the dials are read and the reasoning
starts, but, at least in a well-designed system, continuously, all the time. Such behaviour
cannot be caught with operator models that are based on explicit internal models of the
system and environment, because in these models all cognition will be done within the

operator's head.



Situated Cognition

The fact that cognitive processes often take place at the border of the human operator
and his surroundings also signifies that there is a large influence of the surroundings on the
cognitive process. The design of the system, which in the context of human-machine inter-
action includes the design of the displays, support systems and in general of the combined
human-machine system, can therefore strongly influence the cognition that will take place.
Here it is not an issue of answering the question whether the numbers or other indications
of a display can be read, it is an issue of answering the question whether the information
on a display is useful in the context of the cognitive steps that have to be taken in the task.

An approach that exemplifies the design of an interface and support for cognition is Eco-
logical Interface Design (Vicente & Rasmussen, 1990, 1992). Interfaces designed with this
technology show the relations between the control functions available to the operator, and
the goals to be achieved with the system, usually displaying the process at intermediate lev-
els of abstraction. The interface then forms a template for goal-oriented reasoning, the
relation between the control inputs and the functioning of the system is then visualised on

the screen, instead of only represented in the experience of an operator.

Conclusions

Development in models of the human operator progresses along with the development of
computational power and our ability to describe complex processes in a form that can be
processed by a computer. This leads to models that, with increasingly accuracy, describe and
capture the complex behaviour a human operator can display. One purpose of these models
is to mimic human behaviour, so that predictions of, for example, reliability of the com-
bined system can be made. Without such models, the evaluation of the system reliability
would become prohibitively expensive in terms of manpower and time.

However, two more uses that might be more important may not be neglected, namely
the models should provide further insight into human behaviour, and they should be useful
in improving a design. Modelling approaches that are based on the assumption that human
cognitive behaviour takes place "on the inside”, i.e. only in the human's brain, fail to ade-
quately address these uses. Cognition is often shared between the operator and his sur-
roundings, and intermediate steps in cognitive tasks may have a result that is coded in as
information in the operators head, as information in the system or as information diffused
between the system, operator and the environment. Modelling approaches that consider
this distributed aspect of cognition are needed for the design of systems that support cog-

nition at the workplace.
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Human Process Control and Automation —
still compatible concepts?

Reiner Onken

Introduction
There is no doubt, since its introduction automation has led to

great increases of process control productivity, comprising both

L.‘\

process [ cost effectiveness and safety aspects. The functional blend )| {},

of human work capacity and automatic aids has been
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a permanent success. This is true across the applica-

control, for example. Throughout the evolution of

by automated functions, also as a consequence, the

tems has been increasingly flourishing, too
[Johannsen, 93].

With progressive impact of automation in human-controlled processes, however, we are
encountering new kinds of problems, in particular regarding the human operator's resource
management and situation awareness. The wording “lronies of automation” [Bainbridge, 87]
has become a common catch phrase. Experiences with highly complex automation in mod-
ern systems are revealing inevitably troublesome properties like brittleness, opacity, literal-
ism and clumsiness [Billings, 97]. Thereby, new types of process collapses and accidents have
come up. It is a fact that there is no significant decrease of relative accident rates in com-
mercial air traffic (accidents [ departures) since 15 years despite of heavily increased
endeavours in cockpit automation. The crash of a commercial airplane close to Cali, Colum-
bia, in 1995, professionally described by [Baberg, 00], is just one of many striking examples
for the new types of mishaps which can be related to the aforementioned upcoming prob-
lems of automation.

Does that mean that the concept of automation has come to its limits?

In the following of this article it will be worked on this question. It is true that conven-
tional automation technology does not seem capable to get rid of the limiting problems.
New approaches on the basis of information technology, however, lead to new promises
under a different notion of automation, which is called “cognitive automation”, based on
cognitive engineering. The focus of cognitive automation is on the whole system including
the processes in the deeper layers of interaction between man and machine and, thus, not

solely on problems at the surface of the interface (“.. you will not correctly assess the iceberg
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tremendous underwater mass of ice”, [Fabre, 97]). Cognitive automation lends itself to inter-
act more efficiently with human cognition in terms of cognitive cooperation. This also leads

to a revised definition of automation as such.

What is cognitive automation?

The difference between cognitive and conventional automation can be easily illustrated
by Rasmussen's scheme of human cognitive behavior (see Figure 1) which became widely
known in the eighties [Rasmussen, 83]. As shown in this figure, conventional automation
covers only about half of the functional elements which are part of human cognition. In
particular, the formation of a comprehensive picture of the situation, which takes all three
behavioral levels (feature formation, recognition, identification), is very sparsely covered in

conventionally automated systems.

Cognitive Automation Gclals
Knowledge Based |denti- Decision .
(Symbols) [™  ficaon ™  ofTask [ =  Planning
Rule Based . Association of Stored Rules
(Signs) Recognition ==» " gate jTask > for Tasks
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T

Sensory Input Signals Actions
Conventional Automation

Figure 1: Conventional vs. Cognitive Automation

Therefore, it is not surprising that conventional automation cannot do much to support
human operators regarding situation awareness. A conventionally automated function only
detects those features of the situation which are dedicated to this particular part function.
Usually, this is a small number of the whole of relevant features describing the semantics of
the actual situation of the work process. The autopilot altitude mode, for instance, senses
the altitude but does not recognize the mountain in the way. Conventional automation also
does not incorporate explicit knowledge about the governing productivity objectives perti-
nent to the work process. Consequently, the features which are specified by the designer to
be detected and displayed to the operator as part of automated functions cannot reliably be
associated to the process objectives in terms of importance or urgency. Therefore, conven-

tional automation can either warrant reliable identification of the situational relevance of



those features. In turn, harmful outcomes of automated functions cannot be avoided reli-
ably, unless the designer has taken care of it or unless the human operator is detecting the
corruptive effects in due time. All this, in the light of the other aforementioned problems
makes it not easier for the human operator to maintain situation awareness at all time. This
makes it necessary to look for system requirements to ensure situation awareness of the
human operator.

In contrast, cognitive automation, by definition, has got knowledge-based capabilities

® to independently assess and keep ready necessary situation-relevant information

about the objectives the human operator is pursuing, about his intents and
activities, about the work object and tools, and about the relevant process
environment

* to understand the situation by independently interpreting it in the light of the

objectives

® to detect the operator's errors

® to know which information the operator needs

® to support necessary re-planning and decision making

and

® toinitiate human-like communication to ensure that the operator's situation

awareness is evened up with what is detected as conflicts or opportunities by
the systems, not to leave him alone with presentations which do not care about
what he has understood about the situation and what he actually perceives or
does not perceive.

Cognitive automation works in similar ways as the human operator, founding its activi-
ties on the knowledge about the governing process objectives as they are known by the
human operator, too. Cognitive automation, though, should not be aimed at copying human
behavior and excellencies. It should rather take advantage of dissimilarities in performance,
in particular it should complement performance properties, where the human operator may
show weaknesses, may be at the expense of performance drawbacks, where the human

operator's excellencies are.

The Cognitive Process
To implement the cognitive approach as a technical process human cognition provides a
good guideline. The following functional core elements can be identified:
e Situation monitoring (perception and interpretation)
® Diagnosis of the situation
e Decision making and [ or planning

e Execution [ activation

77 Human Process Control and Automation, Reiner Onken



These functional elements are forming the cognitive loop as shown in Figure 2. The envi-
ronment of the cognitive process, which is named the real world, presents stimuli, which
can be detected by different kinds of sensory systems. All relevant stimuli from the environ-
ment of the cognitive process are taken into account. This represents the functional element
of perception of all relevant elementary situation features. It is closely interrelated with the
process of situation analysis in order to achieve a certain level of abstraction, thereby estab-
lishing situation-relevant "objects" which help to understand what is different between the
expected and actual situation. These differences are dealt with in a higher level of abstrac-
tion by the so-called situation diagnosis process. The differences are evaluated against given
objectives, the relevant goals, which are known to be pursued during the work process, and
which are the same the human operator has in mind. Only the knowledge about these goals
makes situation awareness possible in the technical cognitive loop. Thereby conflicts and /
or opportunities may be detected which may call for immediate actions or some action plan

changes.
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Figure 2: The Cognitive Loop

In the latter case a planning process is activated to generate alternatives for
interim-goals, plans, and actions. In compliance with the given overall objectives, the most
appropriate ones are chosen for proposals.

Concerning the cooperation aspect, also the execution element of the cognitive process

plays a very central and important role, as it includes the communication with the crew.

8L

Communication is carried out on the basis of profound internal knowledge about what



information the human operator is looking for, why and when. On the other hand, the
human operator should at any time be able to ask for certain information within the sys-
tem. A sophisticated, multimodal MM is required which adapts to the mental models of the
human operator and his interaction to accomplish this task.

It also takes into consideration that the human operator may react differently compared
to what the system has proposed. There is only the consequence that new stimuli result for
the cognitive loop, which in turn starts over again and copes with the operator's action. The
feedback via these stimuli creates a kind of implicit communication.

Further details of realization can be looked up in [Onken, 00], for instance. This is the
change needed which will provide really effective means for the sake of work process pro-

ductivity.

The changing role of automation

The role of automation, when going for cognitive automation, will change as technologi-
cal potentials grow. In the following it will briefly be dwelt on this potentially expanding
role.

The human interaction with the real world happens in so-called work processes. A work
process is described by the functions performed to obtain a desired product [Winter et al,,
95]. Figure 3 shows, with great similarity to the cognitive loop in Figure 2, the generic cycle
of subfunctions pertinent to each domain-specific main function of a work process, includ-
ing sensing, information processing and effecting functions. All of these functions draw on

domain knowledge.

Figure 3: Generic subfunction cycle, pertinent to all main functions of

domain-specific work processes

Environmental Stimuli

Domain Knowledge

3
rd

Displays, Communication

79 Human Process Control and Automation, Reiner Onken



08

Another way of viewing at human work is the system representation. This leads to the
so-called work systems. The work system is to pursue the same objective to accomplish a
desired product. It consists of the following components: Human operator, work object and
tool(s). The work object can be any kind of object, people, machines or any kind of natural
or artificial object, also abstract ones. The tools are technical devices or machines and
should be helpful to accomplish the objective. In general, the operator can directly interact
with the work object or he can deploy tools.

Looking at these representations, both can be used to describe the role of automation
[Johannsen, 93]. The representation by work processes, however, is better suited for this
purpose, since it directly reflects the activities associated with automation. The system rep-
resentation may contribute to the misleading conclusion that automation is represented by
the tools only. Of course, the tools are pertinent to the automation components in the work
system and are clearly recognized as such by the operator, but automation goes beyond
that. For example, considering the ABS system in cars, this is pure automation and it is obvi-
ously part of the work object, since the driver cannot use it as a tool by activating or deac-
tivating it. On the other hand, since the work is shared by the operator and automated
functions, there have to be additional work processes taking care of the interactions
between automated functions and the human operator. Those can also be represented in
accordance to the functional scheme in Figure 3, for both the human operator's activities
(tasks) and the automated interface functions.

Staying with the work process representation, then the role of automation can easily be
described by fulfilling certain functional needs within the work process and by the degree
of authority which is given to each of these automated functions by either the system
designer or the operator.

Regarding conventional automation, this has led to the firm allocation of automated
functions in the work process, activated by the human operator or automatically released as
laid down by the design specifications. As an automated function is activated, this function
is completely carried out by automation. Thereby, the human operator is freed of a task and
has no longer to be involved in that. Vice versa, if the human operator decides to cover a
certain work process function by himself, which could be taken over by an automated func-
tion, this automated function stays deactivated. It is at the disposal of the operator for the
particular piece of work it is designed for. It is carrying out something it is charged for, not

knowing explicitly whether this is of any benefit. The role of conventional automation is



that one of a servant only knowing about how to carry out a certain instruction without
intentionally caring for the overall consequences.

Considering cognitive automation, the automated functions as part of the work system
are upholding a role of automation as a subordinate electronic teammate for the human
operator (Figure 4). Taking this role of a teammate like the role of a human teammate, it is
not only carrying out instructions of the human operator but understands also why this
instruction was given and has even got the knowledge to reason, whether, from its own
point of view, this instruction is complying with the governing objectives of the work
process. Thus, with cognitive automation, both the human operator and the electronic cog-
nitive teammate have got similar cognitive capabilities, however usually with different per-
formance levels with respect to each of these capabilities in order to rather complement
each other. Therefore, cognitive automation can be exploited for a role as an electronic
teammate to function in parallel to the human operator in the work process in order to be
able to offer advice if wanted by the human operator, or to take over, if the human opera-
tor so decides as the team chief. In its ultimate case, for instance in a situation, when the
human operator would not be able to avoid a catastrophe, there can be even the exception-
al role of taking over without specific authorization by the human operator. Within this
range, the role of cognitive automation may change considerably throughout the course of
the work process.

On the basis of the preceding considerations about the changing role of automation, also
some redefinition of automation is appropriate. As a result, one can conclude in general
terms (close to [Billings, 97]):

Automation is a technical resource to improve the productivity (usually regarding
process [ cost effectiveness and safety) of a work process by making use of its own
capabilities to carry out low level as well as high level cognitive functions which are
needed along the work process and which otherwise the human operator would have to
perform without any aid.

Automated functions, whether on the basis of conventional or cognitive automation,
have to be specifically authorized, either by the design, when implemented as built-in
automated functions or by the human operator.

This covers automation of

¢ information gathering functions (sensing, communication)

¢ information processing function (management, control)

e effecting functions (information presentation, actuation).

There is still the question about how to measure the level of automation. So far, the level
of automation (LoA) was the range of functions in the work process, for which the human

operator is replaced by automation. This can be called dimension 1 of LoA.
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On the basis of the aforementioned general redefinition of automation, however, includ-
ing cognitive automation, two additional dimensions have to be supplemented:

With the dimension 2 of LoA one has to account for the level of cognitive capabilities
within the automated functions (competency level).

With the dimension 3 of LoA one has to account for the range of those automated
functions in the work process, which both the human operator and the automation part
of the work system might simultaneously and cooperatively work on. These functions
typically involve cognitive capabilities and inter-communication initiatives from both
sides for performance enhancement.

The latter dimensions of LoA are good indicators for the ongoing change of the role of

automation towards an electronic teammate providing cognitive cooperation.

Cognitive Cooperation

The role of cognitive automation as an electronic teammate (Figure 4) for the human
operator can be exploited for cognitive cooperation. If it can be accomplished that this
electronic teammate has got sufficient knowledge about the work domain, the governing
objectives of the work process and the human team chief, mutual understanding can be
achieved on the cognitive level which is unprecedented. Foremost, dimensions 2 and 3 of
level of automation give an indication how far cognitive cooperation can be extended, for
instance to balance out discrepancies in situation awareness. Thereby, the LoA provides an
indication about the depth of situation awareness, for instance, as it can be achieved by the

electronic teammate in parallel to the human operator.

Figure 4: The cooperative cognitive approach by use of a cognitive assistant system
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Consequently, two basic functional requirements can be formulated for use of automa-
tion in the sense of cognitive cooperation with the human operator:

e Basic requirement (1)

It must be ensured full situation awareness of the human operator, including
that the attention of the human operator is guided towards the objectively most
urgent task or subtask as demanded in the actual situation.

® Basic requirement (2)

A situation with overcharge of the human operator might come up, even when
situation awareness has been achieved. In this case, automation has to transfer
the situation into a normal one which can be handled by the human operator in
a normal manner.

These requirements are in line with what is defined as human-centered automation by
[Billings, 97] and others.

It takes a technical cognitive process as shown in Figure 2 in order to fulfill these require-
ments. There are a number of developments of cognitive design which are in some compli-
ance with the requirements and which partially already have proved the effect of produc-
tivity increase in simulator and field tests as described in [Lizza et al., 91; Champigneux, 95;
HeBler, 89; Dudek, 90; Funk, 98; Gerlach et al., 95, Kopf, 94; Johannsen, 97; Frey et al., 99;
Borys, 00]. Further developments will follow with refinement in situation feature percep-
tion, refinement in the knowledge bases about situational objects, hierarchy of work process
objectives [Walsdorf, 00] and behavior of the human operator [Sundstrom, 93; Stiitz, 97;
Strohal, 98; Jiirgensohn, 97; Kriiger et al., 00], partially by automatic learning [Grashey, 99;

v. Garrel et al., 01], and refinement of system structure.
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CAMA - a prototype for cognitive cooperation

CAMA, the Crew Assistant Military Aircraft [Frey et al., 99], is a cognitive assistant system
prototype for the domain of military transport aircraft. It is based on its predecessor CASSY
(civil transport aircraft domain, flight tested in 1994 [Gerlach et al., 1995]) and was devel-
oped in close cooperation with DLR, EADS, and ESG.

Situation data is fed into a Central Situation Representation and situation interpretation
modules like a Tactical Situation Interpretation and a Terrain Interpreter (Figure 5). On the
basis of the expected individual pilot behavior (using Petri net representation and Case-
-based Reasoning) is established and compared with actual behavior by a fuzzy-neuro
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Figure 5: Functional structure of CAMA

If conflicts are detected by the Situation Diagnosis module, problem solving modules like
a low level flight planner inside the mission planning module are started. Problem solutions
are communicated between CAMA and the pilot crew through a Dialogue Manager module
which uses speech communicaton in multimodal combination with situation displays and
touch screen input.

CAMA was intensively tested in the flight simulator and and successfully flight tested
[Frey et al., 01]. The main scenario was characterized by a typical military transport mission

with both low level and civil-IFR (Instrument Flight Rules) flight phases.



The evaluation contained subjective ratings, regarding usability and realism of the test
environment, influence on pilot's situation awareness, assistance quality of the system and
pilot's acceptance. The results were highly convincing. Cognitive cooperation appears to be

the salient solution to keep the human-electronic team well productive.

Conclusions

As a conclusion, referring to the title of this article, human process control and automa-
tion are still compatible concepts, if automation is designed appropriately.

The advances in cognitive engineering technology have brought about means to system-
atically reflect requirements for human-centered automation into clear-cut specifications.
The basis for this is a new notion of automation, the so-called cognitive automation. Cogni-
tive automation in turn results in a changing role of automation and a revised general
definiton of automation and level of automation.

There is the prospect that cognitive automation can indeed lead to cognitive cooperation
as it is required since long. Unprecedented enhancement of situation awareness, handling of
multifunctional tasks and situation-dependent balancing of workload for the sake of work
process productivity (process | cost effectiveness and safety) may become possible.

Cognitive automation has been pushed since some time and appears to be a more and
more viable means to ensure that human process control and automation remain compati-
ble concepts. New developments, already tested in field tests, give ample indication that
information technology leads the way how to design the cognitive process which is capable
to work in a manner as needed for cognitive cooperation. The prototype of CAMA is one

example.

References
Baberg, T. W. (2000): Man-Machine-Interface in modern Transport Systems from an
Aviation Perspective. 4t |EEE [ IFP International Conference BASYS 2000, Berlin
Bainbridge, L. (1987): Ironies of Automation.
In: New Technology and Human Error, Ed. Rasmussen, Duncan, Leplat, Wiley
Billings, C. E. (1997): Aviation Automation - the search for for a human centered
approach. Erlbaum, Mahwah, NJ
Borys, B.-B.; Gudehus, T. C. (2000): Supporting Co-operative Work in Apron Control
and Resource Management Offices on Airports. EAM 2000, the 19" European
Annual Conference on Human Decision Making and Manual Control, Ispra, Italy
Champigneux, G. (1995): Development environment for Knowledge-based Systems.
Some Examples of Application: The Copilote Electronique Project. AGARD LS 200
Dudek, H.-L. (1990): Wissensbasierte Pilotenunterstiitzung im Ein-Mann-Cockpit

bei Instrumentenflug. Dissertation, Universitat der Bundeswehr Miinchen, LRT

85 Human Process Control and Automation, Reiner Onken



98

Fabre, F. (1997): Methods for approval of the interface for new cockpit equipment
where there is no certification precent. In: Human Factors for Flight Deck
Certification, JAA Human Factors Steering Group, London

Frey, A.; Lenz, A.; Onken, R. (1999): Core Elements of the Cognitive Assistant System
CAMA. In NATO RTO System Concepts and Integration Panel Symposium,
Florence, Italy

Frey, A.; Lenz, A.; Putzer, H.; Onken, R. (2001): In-Flight Evaluation of CAMA - The
Crew Assistant Military Aircraft, DGLR-Jahrestagung, Hamburg, (in press)

Funk, K.; Suroteguh, C.; Wilson, J.; Lyall, B. (1998): Flight Deck Automation and Task
Management. IEEE Conference on Systems, Man and Cybernetics, San Diego

v. Garrel, U.; Otto, H.-J.; Onken, R. (2001): Adaptive Modellierung des fertigkeits—
und regelbasierten Fahrzeugfiihrungsverhaltens (Adaptive Modeling of the
Skill-based and Rule-based Driver Behavior). VDI [ SAE [ JSAE Conference on
Der Fahrer im 21. Jahrhundert, Berlin

Gerlach, M.; Onken, R.; Prevot, T.; Ruckdeschel, W. (1995): The Cockpit Assistant
System CASSY - Design and In-Flight Evaluation.

In: Anzai & Ogawa (Eds.), Proceedings of the 6™ International Conference on
Human-Computer Interaction (HCI 95), Tokyo

Grashey, S. (1999): Ein Klassifikationsansatz zur fertigkeitsbasierten
Verhaltensmodellierung beim Autofahren. Dissertation, Universitat der
Bundeswehr Miinchen, LRT

HeBler, C. (1989): Einsatz eines Aufgabenmodells zur Erkennung von Bedienfehlern
in der Flugfiihrung. In: Gértner, K.~P. (Hrsg.): Anwendung wissensbasierter
Systeme in der Fahrzeug- und ProzeBfiihrung

Johannsen, G. (1993): Mensch-Maschine-Systeme. Springer, Berlin

Johannsen, G. (1997): Cooperative human-machine interfaces for plant-wide
control and communication. In: J. J. Gertler (Ed.): Annual Reviews in Control.
Oxford: Pergamon, Elsevier Science

Jirgensohn, T. (1997): Hybride Fahrermodelle. Dissertation, ZMMS Spektrum Band 4

Kopf, M. (1994): Ein Beitrag zur modellbasierten, adaptiven Fahrerunterstiitzung fiir
das Fahren auf deutschen Autobahnen. Dissertation, Universitat der Bundeswehr
Miinchen, LRT

Kriiger, H.-P.; Neukum, A.; Schuller, J. (2000): A Workload Approach to the
Evaluation of Vehicle Handling Characteristics. SAE, 2000-01-0170

Lizza, C.S.; Rouse, D.M.; Small, R.L.;; Zenyuh, J.P. (1991): Pilot's Associate: An
Evolving Philosophy. Proceedings of the 2" Joint GAF [ RAF [ USAF Workshop on

Human-Electronic Crew Teamwork, Ingolstadt



Onken, R. (1993): Funktionsverteilung Pilot Maschine: Umsetzung von
Grundforderungen im Cockpitassistenzsystem CASSY, In DGLR-Tagung des
Fachausschusses Anthropotechnik

Onken, R. (1998): Die zwei Gesichter der Automation. In 3@ Workshop
Verbundvorhaben Cockpit, University of German Armed Forces, Munich, Institute
for System Dynamics and Flight Mechanics, Neubiberg, Germany

Onken, R.; Walsdorf, A. (2000): Assistance Systems for Vehicle Guidance: Cognitive
Man-Machine Cooperation. BASYS 2000-4™" IFIP / IEEE International Conference
on IT for balanced Automation Systems, Berlin

Rasmussen, J. (1983): Skills, rules and knowledge, signals, signs and symbols, and
other distinctions in human performance models, In IEEE Transaction on Systems,
Man Cybernetics, volume SMC-13, pp. 257-266

Romahn, S.E. (1997): Wissensbasierte Unterstiitzung bei der Benutzung komplexer
technischer Systeme - angewendet auf die Arbeit von Piloten mit dem Flight
Management System. Dissertation an der RWTH Aachen

Strohal, M. (1998): Pilotenfehler- und Absichtserkennung als Baustein fiir ein
Cockpitassistenzsystem mittels eines halbautomatischen Verfahrens zur
Situationsklassifikation. Dissertation, Universitat der Bundeswehr Miinchen, LRT

Strohal, M.; Onken, R. (1998): Intent and Error Recognition as part of a
Knowledge-Based Cockpit Assistant, In SPIE's Aerosense [ Defense Sensing
Simulation and Control Symposium, Orlando, Florida, USA, 13.-17. April

Stiitz, P.; Onken, R. (1997): Adaptive Pilot Modeling within Cockpit Crew Assistance,
In 7t" International Conference on Human-Computer Interaction, San Francisco,
CA, USA

Sundstrém, G. A. (1993): User modeling for graphical design in complex dynamic
environments: concepts and prototype implementations. International Journal of
Man-Machine Studies, Vol. 38, pp. 567-586

Winter, H.; van Hood, R. (eds.) (1995): Knowledge-based Guidance and Control
Functions. AR 325, AGARD (Advisory Group for Aerospace Research and
Development)

Walsdorf, A., Onken, R. (2000): Cognitive Man-Machine Cooperation: Modeling
Operator's General Objectives and ist Role within a Cockpit Assistant System,

IEEE International Conference on Systems, Man and Cybernetics, Nashville, USA.

87 Human Process Control and Automation, Reiner Onken



88

Human Factors in Modern Technology:
The Role of Accident Analysis and Databases

Pietro Carlo Cacciabue

Abstract
This paper focuses on importance of Human Factors in modern technology and on the
need of improving safety by recognising the existence of human errors and developing
means for their management rather than eradication. In particular, the contribution of
databases to error and accident prevention is discussed with reference to recording and

retrieving information from data reporting systems.
Introduction

Human Factors role in Modern Technology

In the last 30 years, the technology has expanded enormously especially for the scope
and efficiency of the operations that can be performed by machines alone, exploiting their
imbedded autonomous “decision making" rules and mechanisms. Similarly, the role of
human beings has undergone tremendous changes and human operators are mainly super-
visors and monitors of procedures carried out automatically, once these have been set up by
the operators themselves (Sheridan and Johannsen, 1976; Johannsen, 1992; Sheridan, 1992).
In particular, the design of automatic systems and the control of the interaction with
human operators have become much more complex. Moreover, the consequences of a
"human error” or of a "misunderstanding” between human and automation can be unrecov-
erable and catastrophic (Nagel, 1988).

Two main factors contribute to this new situation: the enormously improved reliability of
hardware, and the extensive use of automation. In particular, advances in hardware technolo-
gy have vastly reduced mechanical faults and enabled the management of a plant, even in
the presence of system faults and malfunctions. In this way, the contribution of human fac-
tors to safety analysis has been enhanced and human error has become the primary “cause”
of most accidents. However, nowadays automation controls plants and systems of various
levels of complexity. Human-centred design principles are utilised to varying degrees of
accuracy by manufacturers when designing control systems and interfaces. These principles
aim at maintaining a central role for the operator in the management (supervisory) control
loop and require that operators are constantly “ahead" of plant's performance, controlling
and supervising the automatic system in all its functions and procedures (Johannsen, 1992;

Billings, 1997). However, designers do not always respect this fundamental requirement.



Systems behave and respond via the automation, which follow

the rules and principles provided by their designers and these are
not always totally known or familiar to front-line Carlo Cacciabue is head of the Human

operators. Moreover, in accidental conditions, the Factors Sector of the Institute for Protec-
tion and Security of the Citizen in the EC

Joint Research Centre, Ispra, Italy. His
to the inherent complexity of the situation and fur- activities include accident investigation,
design of interfaces and procedures,
safety assessment, and training.

dynamic characteristics of the sequence of events add

ther complicate the decision making process If the
expected response does not occur, a mismatch occurs
between the operator's situation awareness and the automatic system (Bainbridge, 1983).
Thus, the working environments are much more demanding in terms of cognitive and rea-
soning abilities than simple sensory-motor skills (Rankin, and Krichbaum, 1998; Hollnagel,
1993). In summary, while automation reduces and can successfully control most human
errors at behavioural-activity level, it increases the impact of consequences of “errors” of
reasoning or cognition, as these are deeply rooted into the socio-technical context, and
become very difficult to contain.

Current statistics show that accidents in technological environments are very rare, but, in
many circumstances, catastrophic events with considerable human contribution to their
evolution and scenario. Further reduction of these accidents is seldom possible and usually
very expensive. What is preferable is the development of means and techniques that recog-
nise the existence and possible occurrence of human errors, and aim at supporting the man-
agement of such errors by offering ways to:

® Prevent them and detect them at early stages;

® Recover the system performance early after their occurrence; and

® (Contain them by minimising the consequences in terms of protection for people

and environment.

This goal can be achieved by focusing on human-machine interaction issues during four
main phases of development of a system, namely (Table 1):

1. the design of interfaces and procedures;

2. the training of operators for plant management in normal and emergency condi-

tions;

3. the safety assessment of the socio-technical system and organisation; and

4. the accident / incident analyses of real occurrences for generating data and
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The consideration of Human-Machine Interactions (HMI), or human interactions, during
the design process implies the conservation of the basic principles of human-centred
automation. Improving training aims at increasing the ability of operators to capture and
notice those factors and indicators of the context that favour the occurrence of errors or
mismatches between human situational awareness and automation performance. Imple-
menting an accurate safety assessment of a system and an organisation represents a basic
requirement for evaluating the soundness of a design and for preventing possible accidents.
The performance of accurate accident / incident analyses is the way in which new risk
sources and indicators can be identified and discovered, as consequence of changing con-

texts and working-environments.

Phases of
system Type of Assessment
development

® Development of Normal and Emergency
Design Procedures

® Design of human-machine interfaces

® Theoretical Human Factors training (non-
Training technical training)

® Plant management in normal and emergency

® Human contribution to Design Basis Accident

(DBA)
Safety
Assessment ® Human contribution to Risk Assessment
(QRA/PSA)
® Regular Safety Audit (RSA)
® Human contribution to Accident aetiology
Accident (insight on accidents)
Analysis

® Data for design, safety assessment and
training

06

Table 1: Application and Basic Requirments for HEM

A process that may be considered as integral part of safety assessment and combines all
elements of all lines of analysis is what may be called Regular Safety Audits of Organisations
(RSA). A RSA of an organisation consists of the development and recursive application an
appropriate and specific method for the evaluation of the safety level of an organisation.

By such an approach it is possible to achieve safe and efficient management of a complex



system and to identify quite early the degradation of the safety level and therefore to pre-
vent the likely occurrence of accidents.

In order to develop and make operational these lines of error prevention, recovery and
control, the effort of several disciplines must be combined, such as engineering know-how,
psychology and sociology principles, fundamentals of information technology, practical skill
in normal and emergency operations and acquaintance with real system behaviour. In such
scenario, it is quite obvious that the design and assessment of safe and effective technology
assets is no longer the sole responsibility of engineers, but implies the consideration of dif-
ferent perspectives and the contribution of a variety of specialists, especially from the

human related sciences.

Human Error Management for Safety Improvement

The above discussion lies on the principle that human error can not be completely elimi-
nated and should be considered as an integral part of the life of a system. Therefore, it is
essential that appropriate means are devised during all phases of a system development that
support prevention and recovery and containment of errors and their consequences. This is
the essential contribution of Human Error Management (HEM) to ensure and improve sys-
tem safety.

Considering the means provided by current technology to HEM for the different phases
of development of a system (Table 2), it can be said that alarms, emergency and protection
devices represent a well established set of support systems that are universally utilised for
preventing accidents and managing inconveniences. The design of this type of systems and
associated interfaces is a major endeavour and requires continuous update in order to keep
pace with the advances of control systems technology and techniques (Johannsen, 1995,
1997).

Table 2: Means for Human Error Management

HEM Prevention Recovery Containment
Phase of
development
Design Alarms Emergency Protection
Systems Systems
Training CRM Technical CRM, Tech.
Training Train.
Safety
Assessment ORA/PSA/RSA - -
Accident Datab
Analysis atabases
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The need to expand training of plant operators to cover "non-technical” issues, such as
team-work, leadership, stress management, communication etc., has been only recently
accepted as integral part of the processes for improving safety and reducing human errors.
In particular, the development of Crew (or Cockpit) Resource Management (CRM) courses is
nowadays included in the formal training practice of pilots and operators of aviation sys-
tems (maintenance, cabin assistants, air traffic management) (Wiener et al., 1993). In this
way, by technical and non-technical training it is possible to offer a valid support to opera-
tors in managing accidents and their own inappropriate behaviour.

Safety assessments are mostly focused on the prevention of accidents, even if the evalua-
tion of the risk associated with an accident implies the consideration for many different
aspects including the possibility of recovery and containment of consequences. Safety
assessment approaches are well-established techniques and represent integral part of the
development of any plant and technical system (DOD, 1984). Regular, or Recurrent, Safety
Audits (RSA) are more recent methodologies and cover all aspects of accident scenario, even
if they are basically oriented to the prevention aspects.

The role of human errors in accident analysis is also essential for understanding the caus-
es, defining the evolution of events and for identifying possible means of early detection
and prevention of future similar occurrences. An accident investigation strongly depends
on the methodological approach adopted by the analysts and usually it results in a very
extended report containing a list of critical “findings" and root causes. These are then con-
densed in a database for statistical assessment and for future uses. Such databases are
structured according to taxonomies that should reflect the theoretical grounds, i.e., the
methods, on which investigations are based. Moreover, they are very simplified and codified
descriptions of the basic findings of investigations. In principle, an accident database should
contain the essence of each accident and should allow the reconstruction of basic events
and causes by combining the different itemised elements.

In the remainder of this paper we will concentrate on the contribution of databases to
error and accident prevention and, in particular, on the recording and recollection processes

of information from data collection and reporting systems.
Human Factors Role in Accident Databases

Human Models and Taxonomies
The way to analyse the sequence of events and to structure findings into a set of data is
a key issue of accident investigation. The definition or selection of a formal method for the
evaluation of the causes of an accident is crucial for the organisation and evaluation of fac-
tual information. Equally important is the definition of a set of keywords, or taxonomy, that
reflect the essence of the adopted theoretical method and allow the structuring of collected

information into a database. The richness of information contained in a database and the



depth of findings from an investigation depend on the quality and completeness of the
adopted method and associated taxonomy.

In the case of human errors, the problem is thus the availability of an adequate model of
Human-Machine Interaction and associated taxonomy for classifying human erroneous
behaviour. In the context of modern human-machine systems, modelling human behaviour
entails considering primarily cognitive processes and system dynamic evolution, i.e., mental
activities, resulting from the time dependent interaction of humans and machines. The
demand to focus on mental processes and the development of computer technologies gen-
erated, in the early 70s, the metaphor of the operator as Information Processing System (IPS)
and the first formulations of theoretical models of cognition (Neisser, 1967; Newell and
Simon, 1972). A variety of paradigms of human behaviour have been developed, inspired by
the IPS metaphor (Johannsen and Rouse, 1979; Rouse, 1980; Stassen, et al., 1990; Sheridan,
1992; Rasmussen, 1986). In more recent studies, the focus of research on individual per-
formance has broaden to include also the socio-technical environment affecting behaviour,
especially including the management and organisational issues (Reason, 1990, 1997;
Edwards, 1972, 1988).

Several taxonomies have been developed in correspondence with human behaviour mod-
els. In particular, some taxonomies focus on the cognitive functions and processes that
characterise the behaviour of the human being, and thus account for the detailed, or
"microscopic”, levels of the HMI. Other taxonomies, instead, reflect a more global represen-
tation of human interaction with the environment, and can be said to describe the “macro-
scopic” level of HMI relations. By both these types of taxonomies it is possible to explain
causal and logical links between individual behaviour and errors and the underlying factors
and contextual circumstances that lie at the core and are the primary causes of unwanted

events and accidents.

Microscopic Type Taxonomy

A typical microscopic type taxonomy is based on an /PS model of human behaviour that
considers four main cognitive functions as basic stages to describe mental and behavioural
performance and certain critical cognitive processes that govern the four cognitive func-
tions (for example see Rasmussen et al., 1990, or Hollnagel, 1998). The cognitive functions
are Perception, Interpretation, Planning and Execution, and the cognitive processes focus on
Memory / Knowledge Base and Allocation of Resources. These functions and processes are not
chosen at random, but they reflect the consensus on the characteristics of human cognition
that has developed over many years (Sheridan and Ferrell, 1974; Pew and Baron, 1983;
Johannsen and Rouse, 1983; Sheridan, 1985; Hollnagel, 1993).

A taxonomy based on an IPS model supports the evaluation of the cognitive functions

and contextual conditions that have lead to the manifestation of behaviour and errors. For

93 Human Factors in Modern Technology, Pietro Carlo Cacciabue



instance, the erroneous operation of a control may be due to an incorrect interpretation of
the information perceived by the operator. By microscopic type taxonomy this can be logi-
cally identified. The fundamental characteristic of the approach requires a formal procedure
by which the model and taxonomy are applied for the construction of sequences, carefully
linking causes, effects and manifestations of behaviour in a circular dynamic interaction.
Starting from some erroneous manifestation (cognitive function Execution), it is possible
to search for "generic causes” and “specific causes” that triggered the error of execution, at
the immediately higher level of cognitive functions, i.e., Planning (Figure 1). Generic causes
consist of a list of causes related to the cognitive function immediately linked to the func-
tion under analysis, while "specific causes" are essentially made of the environmental and
contextual factors that may affect behaviour. This process of identification of causes /
effects carries on from Planning to Interpretation and continues until only specific causes

are identified as explanation of an erroneous performance.

Yy Specific
Causes

Generic
Causes

Y Specific
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Figure 1: Application of a microscopic type taxonomy

As an example, an erroneous manoeuvre may be the result of some specific cause
appearing during the execution of the manoeuvre itself, or may be the result of an inappro-
priate performance of one of the cognitive functions associated with the decision process
(planning, interpretation or perception of information) leading to the execution of the
manoeuvre.

This process that is applied in a retrospective analysis for the recognition of root causes

of erroneous behaviour, may be utilised in the reverse order to support prospective studies



for the evaluation of possible manifestation of errors resulting from certain contextual and
external factors and inappropriate performance of cognitive functions.

From this short description, it clearly appears how the application of a microscopic type
taxonomy focuses on the detail processes that lead to erroneous behaviour and allows the
identification of specific environmental and contextual conditions that generated the error.
It requires a very precise identification of the dynamic interaction between human and
machine and can be applied when specific individual factors need to be analysed or defined.

On the other hand, it becomes very difficult to apply the method to a whole accidental
sequence, during which several events and episodes usually combine to generate the whole
sequence. Therefore, for the analysis of the sequence of events occurring during an acci-
dent, it is necessary to apply a different methodological approach, that reduces precision

but favours the assessment of the accident from a wider perspective.

Macroscopic Type Taxonomy

In macroscopic type taxonomies, the human behaviour is framed within the realm of
relations and dependencies that exist between an individual and the surrounding
socio-technical context. In particular, the links existing between persons, organisations and
society are of particular interest to the analysis of accidents, especially in recent years. A
model of human and environment that captures both individual characteristics and their
effects on behaviour, as well as organisational and contextual factors, has been developed
as an expansion of a previous model, and is called SHELL (Figure 2) (Edwards, 1988; Hawkins
1993).

Figure 2: The SHELL model for macroscopic type taxonomies

S Software

H Hardware

E Environment
L Liveware
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In this model the human being (Liveware, L) plays a central role in a system made of
other humans (1), environment (£), hardware (H), and software (S). Liveware represents the
human beings in the immediate contact with the central person under analysis. Environment
consists of external and internal aspects affecting work, including physical characteristics
of workplace and social factors such as the management, national and organisational cul-
ture. Hardware is made of the machinery and equipment, such as controls and interfaces.
Software represents documentation, procedures, symbols and training affecting human
behaviour.

In this way, the central role of the human with the respect to the other components is
preserved, and the influence of the socio-technical environment on human behaviour is
given particular emphasis. The macroscopic type taxonomy that can be developed from the
SHELL model is able to capture the most recent theories of human-machine interaction and
root cause analysis, that focus on the role played by the context and organisational issue on
human erroneous behaviour (Reason, 1997).

In aviation, for example, a taxonomy specifically dedicated to this domain, called
ADREP-2000, has been developed by the International Civil Aviation Organisation (ICAQ,
1997) and will be the reference system for collecting data about accidents and serious inci-
dents in the forthcoming years. In the next section, the correspondence of the ADREP-2000

system with theories of organisational factors will be discussed.

Insight on Human Factors from Accident Databases

In the domain of aviation, the ADREP-2000 data collection scheme of ICAO follows its
predecessor in many respects, except for the human factors part, which has been totally
revised, primarily for its theoretical background, which is based on the SHELL model. ADREP
registers all factors and findings, identified in the investigation according to “events" struc-
tured in a temporal sequence. Most accidents consist of several inter-related events, each
one characterised by a “phase”, indicating the stage of flight. For each event, a free number
of "“descriptive factors" can be identified, and, to explain descriptive factors, a number of
“explanatory factors" can be inserted (Figure 3). Descriptive factors should tell what hap-
pened during an event by listing all phenomena. Human actions can in some cases represent
a descriptive factor. Explanatory factors give details on why the event happened, only when
human performances or causes can be associated with the event. A detailed taxonomy has
been developed for the definition of the items of ADREP-2000, with reference to the model
SHELL.



OCCURRENCE
Accident/Incident

Event 1
Type of event and phase of operation)

Descriptive Descriptive
Factor Factor

| Explanatory | Explanatory
Factor Factor

_| Explanatory | | Explanatory
Factor Factor

| | Explanatory
Factor

Figure 3: General structure of ADREP-2000

The process of classifying an accident according to the SHELL / ADREP-2000 model / tax-
onomy allows to classify actual manifestations of errors made by humans while performing
their tasks. This may be done in consideration for contextual and organisational factors
affecting errors, and, considering the temporal sequence of events, which is essential for a
deep understanding of the accident evolution. In this respect, ADREP-2000 should be able
to reflect the combination of causal links depicted in modern theories of root cause analysis
that looks into the whole organisational structure, such as Reason's paradigms of organisa-
tional related errors (Reason, 1990, 1997; Maurino et al., 1995).

In short terms, Reason's approach for accident causation correlates human manifesta-
tions of errors (active failures) to a possible adverse contextual conditions, to personal fac-
tors, and [ or to a variety of “latent conditions". The latter (latent conditions / errors) can cor-
respond to inadequate or erroneous practices, procedures, policies, and philosophies existing
within a company, or to errors made in other circumstances, such as at design and mainte-
nance level. This theory can be expanded so as to associate latent errors with system [ hard-
ware failures, in addition to human active errors (Caprignano and Piccini, 1999). When
focusing on the actual error manifestation the theory can refer to a detailed model of cog-

nitive behaviour in order to catch the psycho-physical factors affecting overt behaviour.
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Figure 4 shows the structure of the accident causation model based on the theory of
latent / active failures of Reason, which has been overlapped with the structure of
ADREP-2000 / SHELL model, showing where and how the two frameworks meet. In particu-
lar, the definition of Event is common to both approaches and represents the actual circum-
stance that has resulted from a combination of several human and systemic factors. An
accident is made of a (temporal) sequence of events (“event time line"). "Active Errors" and
"System Failures”, in Reason's accident causation framework, correspond to "Descriptive
Factors" of ADREP-2000, as they represent what has happened that led to the event and it
is usually represented in terms of “failure of certain defences, barriers and safeguards”. The
rest of the accident causation framework, i.e., active [ latent failure structure and associated
factors affecting human errors and system failures are well captured by the model and tax-

onomy of ADREP-2000.

Figure 4: Accident Causation Model
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In more detail:

® "Personal Factors" are characterised in the taxonomy of ADREP-2000 by a

complete set of items referring to "Physical”, Physiological”, and Psychological”
conditions and to "Workload management”;

® "“Contextual Factors" and “Casual Factors" and the association with latent

failures can be found in ADREP-2000 taxonomy at level of L-H, L-E, L-S and L-L

interactions. In particular:

— The L-H makes reference to design errors as well as inappropriate [ poor /
missing operational material that may generate System Failures or Human
Active Errors;

— The L-E part considers inadequate and unhealthy working environment, as
well as lack of regulations, bad management and organisational effects;

— The L-S items account for insufficient or inappropriate training and
procedures;

— Finally, the L-L section represents problems derived from the interaction of
different actors during the performance of the same task, and issues related
to teamwork.

The ADREP-2000 taxonomy as been developed at a very fine level of detail. It attempts
to reach high precision in the definition of causal factors of human errors, as it identifies
the cognitive functions that have failed during the HMIs and associates to them also the
organisational and latent aspects that may have influenced active errors. In this sense, it
attempts to combine a microscopic and macroscopic type of taxonomy.

The evaluation of completeness and accuracy of information contained in ADREP-2000
has been carried out by performing the study and classification of a number of accidents

(Perassi and Cacciabue, 1998). Nine major aviation accidents were analysed and the results

of this study, with respect to the assessment of ADREP-2000, can be summarised as follows:

* ADREP-2000 is able to capture human factors aspects much better than the
previous classification scheme. Moreover, it matches very well other theories of
HMI and enables to identify errors or deficiencies at cognitive level.

® The classification process with ADREP-2000 remains quite complex and
cumbersome to complete, especially for the part relative to explanatory factors,
even for a human factors specialist. For this reason there is a very significant
need to develop support tools that would provide appropriate guidance in the
application of the taxonomy.

® The contribution of ADREP-2000 to provide data for risk assessment and design
of safety management systems in terms of probabilities or failure rates is very
limited due to the fact that the data contained are too scarce and dispersed to

offer a real contribution.

99 Human Factors in Modern Technology, Pietro Carlo Cacciabue



Indeed, accidents in the domain of aviation are very rare and by a database on accidents
alone it is not possible to identify real indicators of incipient failures of defences or condi-
tions of latent errors. Other data, for instance from voluntary reporting systems on
near-misses and incidents, are much more appropriate for this purpose, as they are richer in

information content, as long as the collected information is properly analysed.

Conclusions

This paper has tackled the issue of Human Factors contribution to the development of
technological systems and it has been proposed to consider human errors as part of the sys-
tem, which need to be managed by prevention, recovery and containment of consequences.

These three lines of intervention have to be tackled at level of design, training, safety
assessment and accident investigation. The latter has been considered in detail, by analysing
effectiveness, accuracy and degree of applicability of information contained in the ICAO
database system for mandatory accidents.

ADREP-2000, although able to describe the accident from an organisational and
socio-technical point of view, was shown to be largely insufficient to offer in-depth
insight. It does not offer a solid base for definition of "indicators” of safety state within an
organisation, and is not able to provide a consolidated set of data for risk assessment. This
is mainly due to the scarcity of the data that can be collected focusing only on mandatory
reporting events, while the of theoretical approach was shown to be in line with most
recent approaches of human factors analysis.

The exploitation of other sources of investigation and information, such as voluntary
reporting, task analysis and, specially, reqular assessment of work and safety practices, is
suggested as a promising way to obtain real and more effective information and insight

about human factors contribution to safety.
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Supervisory Control
and Decision Making
Toshiyuki Inagaki

Abstract

This paper discusses how human decisions can be
normative or recognition-primed under time-criticali-
ty in human supervisory control. Necessity of a careful
investigation on the continuum of decision problems
is suggested to clarify what kind of decision aid or
training should be given to human operators and
when. This paper also argues the need for dynamic
trading of decision authority between human and
automation for assuring safety of human-machine
systems. It is not always appropriate to assume that
"human must have the final authority over the

automation” at all times and on every occasion.

Introduction
Human supervisory control is a model to represent
human-computer interaction in semi-autonomous
systems where computers control the process accord-
ing to directives given by a human operator (Sheridan
and Johannsen, 1976; Sheridan, 1992). The human
operator plans what task to do and how to do it, gives

the computer directives to execute the plan, monitors
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the computer's automatic action, and interrupts the automatic control, when necessary, to

specify a new goal state. Decision-making is thus required at various phases in human

supervisory control.

Theory of decision-making has been one of main research issues in systems engineering.

A conventional decision theory assumes that a decision-maker generates an exhaustive set

of decision alternatives, evaluates every alternative, and then picks up the alternative with

the maximum benefit (or minimum cost). These models discuss “what people ideally could

do" or "what real people should do" (Sage, 1992), and are called normative decision models.

Descriptive decision models, on the other hand, try to describe, “what people do" and are

‘concerned with the way in which human beings in real situations actually make decisions”

(Sage, 1992). Naturalistic Decision Making (NDM) research is one of such approaches and has

been gaining much attention (Klein, Orasanu, Calderwood, and Zsambok, 1993; Zsambok,
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1997; Klein, 1998). NDM researchers say that normative decision models do not represent
well expert decisions in natural environments. Recognition-primed decision (RPD) model has
been proposed to describe an expert decision making in dynamic, time-compressed settings
in which diagnosing a situation plays much more an important role than selecting a course
of action (Klein, 1998).

This paper argues that normative and recognition-primed decision frameworks are not
necessarily mutually exclusive. Suppose a decision problem must be solved in a specific con-
text in human supervisory control. The problem can be recognition-primed under a certain
set of parameter values, and can be normative when some other set of parameter values is
given. Investigation is necessary to clarify when and where a normative decision theory is
needed and in which circumstances a recognition-primed decision-making becomes more
appropriate. A continuum of decision problems is suggested for such a parametric investiga-
tion.

An issue of decision authority is also significant in the research of human-machine sys-
tems. It is often said that, “the human must be at the locus of control”, or, “the human must be
maintained as the final authority over the automation” (Woods, 1989; Billings, 1997). These
statements are sensible and reasonable, because it is not realistic to assume that machine
intelligence is perfect, although it is often highly capable. However, it may be too strong to
claim that, "human must be maintained as the final authority over the automation at all
times and on every occasion." Operating environments change with time, and it may not be
easy for humans to make a correct decision in a highly dynamic environment, especially
when available time or information is limited. This paper argues that the final authority for
decision and action may be traded flexibly and dynamically between humans and automa-
tion, and that there can be cases in which automation may be given the final authority for

ensuring the safety of a system.

Decision Making Problems

The following is a conventional mathematical programming formulation for a normative
decision-making.

(MP) minimize f{x)

subject to xe D

where it is requested to find an "optimal” decision x that minimizes the objective func-
tion f{x). In the above model f{x) may represent the cost (or, the expected cost for cases of
decision making under uncertainty). Every option x in the set D of feasible solutions is eval-
uated in terms of f{x), explicitly or implicitly, and they are compared with each other to seek
for an optimal solution. It is easily seen that the model (MP) is suitable for investigating

what a “rational” decision-maker should do.



Researchers of naturalistic decision making say that how people actually make decisions
differ from what the normative decision model (MP) represents. For instance, Orasanu and
Connolly (1993) claim that the NDM models differ from normative ones in at least the fol-
lowing points:

1. Much effort is devoted to situation assessment or figuring out the nature of the

problem.

2. Single options are evaluated sequentially through mental simulation of out-

comes.

3. Options are accepted if they are satisfactory (rather than optimal).

We will see in the next three sections, however, how normative models can be useful
under risk and time-criticality. Especially, it is shown that there can be cases in which an
expert may have to adopt a normative way of thinking when efforts through 1.-3. in the

above could not find a satisfactory option.

Go / NoGo Decision

Let us take, as an example, a Go / NoGo decision upon an engine failure during a takeoff
roll. The standard decision rule for the Go / NoGo decision making is stated as follows:

(i) If the aircraft speed is below V1, then reject the takeoff, and

(ii) if V1 has already been achieved, then continue the takeoff.

In 14 CFR 25.107, V1 is called the takeoff decision speed that is defined as the speed at
which the pilot must apply the first retarding means to abort the takeoff (FAA, 1992).

The most important decision for the pilot, when she faces with some abnormality during
takeoff role, is a situation-diagnostic decision. Once the situation is diagnosed (say, that an
engine is failed and V1 has been already achieved), a course of action decision (to continue
the takeoff, or to abort the takeoff) is automatic. The pilot's Go [ NoGo decision is thus
recognition-primed (Orasanu and Fischer, 1997). However, that does not mean that a nor-
mative model is useless for the Go / NoGo decision problem. On the contrary, the normative
decision model plays an essential role. It is important to remember how the decision rule for
the Go / NoGo problem was developed. The decision rule was established and validated by
experts who constitute a team for flight safety, such as engineers in manufacturers or air-
lines, via a normative theoretic investigation where both action alternatives, "Go" and
“NoGo", are evaluated and compared with each other explicitly for every possible situation.

An engine fire in the takeoff phase may make the Go / NoGo decision complicated. If the
fire could not be extinguished soon after climbing up to a certain altitude, its associated
outcome may be more severe than an overrun due to a NoGo decision after V1. Even
though situation-diagnostic decision (i.e., the engine got a fire) is done correctly, a course
of action decision might not be automatic or straightforward, and comparison between

action alternatives may still be necessary.
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Thus it would be possible to say that, although pilots themselves do make their Go /
NoGo decisions in a recognition-primed manner, somebody in their team of experts really
need a normative investigation to support pilots by letting them have a reasonable decision
rule or guideline. Pilots' recognition-primed Go / NoGo decision is a rule-based behavior. As
long as pilots make their decisions by following the normatively developed decision rule, we

have to respect the value of a normative decision theory.

Decision With Uncertain Alerts

The automated alerts, such as GPWS (Ground Proximity Warning System) and TCAS (Traf-
fic Alert and Collision Avoidance System), are meant to signal real threats or emergencies
that demand an immediate response. Due to some causes, alerts may not be trusted blindly.
However, a thorough validity analysis of a given alert may not be possible under time-criti-
cality. Thus there can be cases in which a pilot is uncertain whether the alert is correct or
not, or in other words, the pilot's situation-diagnostic decision has not been completed.
Nevertheless, the pilot has to decide what to do. If this were the case, it would not be possi-
ble for the pilot to make her decision in a purely recognition-primed manner.

Consider a case in which a GPWS warning sounds, “Pull-up, Pull-up, Pull-up” when an
aircraft is making a final approach. Suppose the Pilot-Flying (PF) is not very sure whether
the warning is correct. Suppose the warning was correct. If the PF decided to disregard the
warning, then a CFIT accident may occur. Suppose, on the other hand, the warning was
false. If the PF took a pull-up maneuver, then she would realize some time later that the
go-around was unnecessary. An important point to note is that, once an action was taken,
no “undo” might be allowed. Even when situation-diagnosis has not been completed, the PF
must take some "appropriate” action. To do so, she needs to compare two possible action
alternatives, to pull-up or not, which is a normative way of thinking. Or, as discussed earlier,
a normative analysis needs to be done in advance by some team members on the ground to
develop a decision rule.

Inagaki and Parasuraman (2000) have proven that a course of action decision for TCAS
may be harder than that for GPWS. Suppose that the TCAS gives a resolution advisory (RA),
“Climb, Climb, Climb," and that the PF failed to judge whether the RA is correct or not. If the
RA was correct and if the PF disregarded it, a collision against an intruder's aircraft may
occur. If the PF made a climb due to a false RA, her aircraft would deviate from an original
flight path, which might produce a new threat of collision with other aircraft or cause
inconvenience in continuing its flight. No recognition-primed decision is possible in this cir-
cumstance, because a situation-diagnostic decision is not fully completed and Level 2 situa-
tion awareness (Endsley, 1995) is not attained properly.

A normative model does not always give a definite answer to whether to climb or not,

when a pilot was not sure of a given RA to climb. Inagaki and Parasuraman (2000) have



shown that the “best" policy varies depending on situational parameters, such as reliability
of TCAS, possibility of encountering aircraft other than the original intruder aircraft, cost
associated with improper decision or delayed action. Parametric investigations based on a
normative model would be necessary to develop guidelines for pilot's course of action deci-
sions. It must be noted that thus developed decision guidelines would include some situa-
tional parameters that must be evaluated in real time. The pilot's situation-diagnosis finally
determines a course of action when she was not very sure of validity of a TCAS alert. This

implies, a recognition-primed decision aspect can be found in a normative decision model.

Where to Divert

Consider the following fictitious situation.

“While cruising at 35,000 feet, a two-engine passenger aircraft got a trouble on its left
engine. The captain recognized that the engine was damaged seriously, and shut it down.
The destination, Airport Y, is rather a small provincial airport, reported weather of which
at that time moment was not good and is becoming worse. The weather conditions at the
planned alternate, Airport Z, are also reported badly. The captain has to pick up a suitable
airport to divert as soon as possible.”

In the selection of an airport to divert, the following factors are usually taken into
account:

1. Fuel endurance

2. Weather conditions

3. Airport facilities (such as, runway length, ATC facilities, navigation aids, waiting

lounge for passengers)

4. Maintenance facilities

5. Passenger handling capability (such as, provision for refreshments, money for

refunds, medical facilities, ground transportation)

Once an immediate landing becomes necessary, it is a common practice to pick up the
nearest airport as the first candidate. When the first option were judged to be acceptable
through mental simulation, the captain usually adopts the option. The second option is
generated only if the first option was not acceptable: Options are evaluated sequentially,
and are not compared with each other. These are typical characteristics of
recognition-primed decisions (Orasanu and Connolly, 1993).

However, the decision process of the captain can be a bit complicated. The following is
such a circumstance.

“The nearest airport is Airport U, located within 30 miles. It has a 3200-meter-long run-
way, but only a non-precision approach facility is available. The weather conditions are
poor; visibility may go below the minimums for landing. The captain is not satisfied with

Airport U, and tries to look for a better alternative.
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The second nearest airport is Airport V, located 50 miles away. The runway of the airport

is just 1800-meter long. The weather conditions are reported very well. Airport V has nei-

ther a passenger terminal nor maintenance facilities. Moreover, the 1800-meter-long

runway is not long enough for a one-engine-inoperative landing. She has to investigate
the third option.

Airport W, located 100 miles off the airway, is an international airport with a 3500-meter

runway, where approach radar, ILS, and a passenger terminal are available. The airport is

famous for being very busy. The weather conditions are currently reported bad, “crosswind
factor 15 knots, visibility 1/4 mile, ceiling indefinite 200 feet obscured,” though gradual
recovery is expected. The captain is not very sure of recovery of the weather before they
get there. If the weather might be still bad, they would have to divert again to some other
airport, which is not feasible, because of fuel endurance. Thus Airport W is not a readily
acceptable option.

Now the captain notices that there is no more possible option available. Even though the

captain cannot be fully satisfied with the three options, U, V, and W, she has to select one

of them. The captain thus begins to compare those three options carefully. Since there is

no option that is superior to any other in every respect, the captain must investigate

tradeoff relationships among option characteristics.”

At the final stage, the captain has the complete set of alternatives {U, V, W} and has to
select the "most appropriate” option, where comparison among options are inevitable. This
is a normative decision-making. Precisely speaking, the problem is a typical multi-objective
programming (MOP) problem, where the decision-maker should pick up the “most appropri-
ate" solution by taking into account tradeoff relationships among objectives. The (MOP)
usually seeks for an option that is "good enough” rather than "optimal.” This fact suggests
that a normative and the recognition-primed decision frameworks are not necessarily

mutually exclusive.

Continuum of Decision Problems
The discussions in the previous three sections suggest the need for a continuum of deci-
sion problems that ranges from a pure normative decision model to a purely recognition-
-primed decision model, as depicted in Figure 1. The continuum expresses the following
points:
1. Some decision-making problems in human supervisory control exhibit both
aspects of normative and recognition-primed.
2. Assingle decision making problem may change its nature from
recognition-primed to normative, and vice versa, as parameters in the problem

change their values.



It is thus important to investigate when and how decisions of an operator may change
their nature to design an appropriate support.
Decision problem

under a
certam circumstance

Purely Pl_lr_ely
. recognition
normative .
-primed
[ E

Figure 1: Continuum of Decision Problems

Trading of Decision Authority

In the crash of a Boeing 757 aircraft near Cali in 1995, pilots performed a terrain avoid-
ance maneuver immediately upon a GPWS alert. However they failed to stow the speed
brake which they had extended some time before under their previous intention to descend
(Dornheim, 1996). The CFIT accident could have been avoided if there had been an automat-
ic mechanism to retract the speed brake if it had not yet been stowed when the maximum
thrust was applied. It is highly unlikely to apply the speed brake and maximum thrust at the
same time. When automation detects such a contradiction, it seems reasonable to let the
automation adjust the configuration automatically so that the new configuration may fit
well to the human's latest intention.

A similar discussion may be made regarding the crash of an Airbus 300-600R aircraft at
Nagoya in 1994. At some point during the final approach, the pilot flying gave a Go-Around
directive to the automation unintentionally. The automation started its manoeuvre for going
around. However the pilot decided to descend for landing. The pilot knew that the autopilot
was in the Go-Around mode, but he did not follow an appropriate procedure to cancel the
mode. Once the automation was ordered by the human to go around, it tried to achieve the
go-around at any cost. For the automation, the human's input to descend was simply a dis-
turbance that must be cancelled out by applying larger control input. From the viewpoint
of the pilot, the aircraft did not descend smoothly and thus he applied larger control input.
Thus the aircraft was subject to completely contradictory controls by two agents with
opposite intentions. If the automation had been given the right to adjust its goal of action
automatically so that the new goal fitted well to the human's latest intention to descend,
then the conflict leading to the crash could have been avoided. However, if we assume that
final authority may be granted only to humans, then all the automation could do was to
stick to its current maneuvering policy since it was not told by the human to forget the

earlier directive.
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The above discussions lead to the following conclusions. The automation may be given
the right to take an automatic action to maintain system safety, even when an explicit
directive may not have been given by an operator at that moment, providing the operators
have a clear understanding about the circumstances and corresponding actions which will
be taken by the automation.

The issue of authority can be discussed in terms of the level of automation (LOA). Table 1
gives the scale of LOA suggested by Sheridan (1992). If it is assumed that the human must
be in authority, then LOA must stay within the range of 1 through 5, because the human
will not be in full authority with LOA set at 6 or higher. However, we have already seen the
need of high LOA for attaining system safety. By using mathematical models, Inagaki (1993,
2000) has shown that final authority may be traded flexibly between human and automa-
tion. More precisely, LOA may be altered dynamically depending on the situation encoun-
tered, and LOA at level 6 or higher may be adopted when judged to be necessary to attain
system safety. Some experiments (Inagaki, Takae, and Moray, 1999; Moray, Inagaki, and Itoh,
2000) have confirmed the efficacy of the situation-adaptive autonomy in time-critical con-
ditions.

Dynamic alteration of LOA and its effects have been actively studied by many researchers
in adaptive automation (see, Mouloua and Parasuraman, 1994; Parasuraman and Mouloua,
1996; Mouloua and Koonce, 1997; Scerbo and Mouloua, 1999). The trading of authority
closely relates to the issue who is given control over invoking automation. See Scerbo
(1996) for a thorough review of adaptive automation studies and issues of automation

invocation.
Table 1: Scale of Levels of Automation (Sheridan, 1992)

1. The computer offers no assistance, human must do it all.

. The computer offers a complete set of action alternatives, and

. narrows the selection down to a few, or

. suggests one, and

. executes that suggestion if the human approves, or

. allows the human a restricted time to veto before automatic execution, or

. executes automatically, then necessarily informs humans, or

o N o OO b~ W N

. informs him after execution only if he asks, or
9. informs him after execution if it, the computer, decides to.

10. The computer decides everything and acts autonomously, ignoring the human.

Introduction of automation described above may be controversial. We have learned
through past accidents or incidents that automation can bring negative consequences to

—.humans, such as the out-of-the-loop performance problem, loss of situation awareness,

o1



automation-induced surprises (see, for example, Sarter and Woods, 1995a, 1995b; Wickens,
1994). From a mathematical point of view, however, there is a rationale for investigation of
the trading of decision authority. Suppose we want to maximize system performance, f(x),
subject to constraints, where x denotes a decision variable that determines a LOA.

Assume DD E. Then it is obvious that,
max{f(x):x eE}<max{f(x):x €D}

Assuming that, "human must be maintained as the final authority over the automation
at all times and on every occasion” gives a stricter constraint than assuming “human and
automation may be allowed to trade the final authority depending on the situation.” Why
do we have to solve the problem under stricter constraints?

Suppose the analysis draws a conclusion that automation must be given the final author-
ity for decision and control under some mathematical condition. If the conclusion was not
acceptable, the mathematical condition itself may be analyzed to seek for a way to avoid
usage of automation. A typical example of such an analysis can be found in Inagaki (2000)
that discusses a rejected takeoff (RTO) problem: A mathematical analysis has proven that
the final decision authority must be traded dynamically between humans and automation.
A further analysis has shown that, for a human pilot to be given decision authority all the
time, human-interface must be changed so that human can be supported Go [ NoGo deci-

sion directly and explicitly.

Conclusion

This paper has argued that decision in human supervisory control can either be norma-
tive or recognition-primed. To which category a decision problem is classified depends
heavily on contexts, dynamic nature of the problem itself, and surrounding environments.
Even for a single decision problem, detailed investigation would be needed to clarify when
and where a normative decision theory is needed and in which circumstances a naturalistic
or a recognition-primed decision-making becomes more appropriate. A close investigation
on the continuum of decision problems would be necessary to identify what kind of deci-
sion aid or training should be given to human operators and when.

This paper has also discussed the need for situation-adaptive trading of decision authority
between human and automation. It is argued that the so-called human-centered automa-
tion needs more careful investigation regarding the decision authority. If human was to be
the final authority over the automation at all times and on every occasion, safety of the
human-machine system might not be assured. Dynamic and flexible trading of authority
may be needed especially for human-machine systems in which a non-professional human

(who may not always be well trained) serves as an operator.
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Musings on Music Making and Listening:
Supervisory Control and Virtual Reality
Thomas B. Sheridan

“Information Theory, Photosynthesis and Religion" was an imaginary title used by the MIT
information theorists Peter Elias and David Huffman a half century ago to deprecate efforts
to generalize certain mathematical theories to just about everything. Perhaps we are guilty
of doing the same, with a symposium tying supervisory control to music. With that precau-

tionary caveat let us consider the topics at hand:

Music as supervisory control: A three level hierarchy

At first glance the very idea that supervisory control and music have any significant
relation one another seems far-fetched. And | have no idea what connection Prof. Dr. Ing.
Johannsen has in mind. But upon reconsideration, | find that the connection is quite natural
and even rich for consideration.

Supervisory control has been defined as the situation where "One or more human opera-
tors are intermittently programming and continually receiving information back from a
computer that itself closes an autonomous control loop from its sensors and through its
actuators to the controlled process or environment.

Let me modify that definition just a tiny bit to make it more general: substitute “infor-
mation processor, living or artificial” for "computer.” Then we can use the notion of supervi-
sory control to characterize a music-making system as:

1. a human, acting as composer, conductor or teacher, "programming” another

human to play an instrument, or

2. a human programming his or her own body to play an instrument, where in the

latter case the conscious brain programs and exercises a lower-than-conscious
semi-automatic nervous system to perform on an instrument,

3. 1. and 2. in combination

Since the combination 3. subsumes 1. and 2. let us consider it in detail. It is depicted in
Figure 1. U, U, and U, represent successively higher level command variables, while X, X,
and X, represent successively higher state variables (the state of each right-hand element

intended to be controlled by the left-hand element.

Figure 1. The hierarchical cascade of cause-effect relationships in music.

u2 u1 uo
composer [ ™| musician's [ ™| musician's [ ™ musical
or conscious autonomic .
. . instrument
conductor |—— activity t—— activity -

X2 X1 X0



First, what might be gained by considering the
relationship in these terms? | believe a greater under-
standing of what music-making is, at least with
respect to communication (between participants and
with their instruments), biomechanics (the relations of
forces and kinematics of the human body), dynamics
(the study of forces and movements of the elements
of a system in temporal relation to one another), and

control.

The 0™ level of control:
biomechanics
The Oth (Uy X,) level of control is biomechanical.
This is the level at which we know the most with
respect to manual control. Depending on the instru-
ment the musician must move her fingers, hands and
arms and possibly her lips and lungs in programmed
patterns. The combined mass, damping and elastic
characteristics of these body parts as well as the bow,
percussion device, keys (on a piano or wind instru-
ment) etc. constrain the relationship between the
driving forces U, (from muscles) and the body seg-
ment displacements X.
For any physical body in the known universe there
is an approximate relation

Uy/ X, = MD? + BD + K (1)

which holds, otherwise known as Newton's law. D in

the equation stands for time derivative (or rate), D?
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for time second derivative (or acceleration), M for mass, B for viscous damping, and K for

stiffness. B and K can be non-linear parameters, so for that reason the (linear) differential

equation above is only a first approximation. From this equation we can determine that the

natural frequency of a simple spring-mass system with negligible damping is

®, = (K/M)°5

¥
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This determines the frequency of a vibrating string or a vibrating column of air in an
organ pipe of a woodwind instrument (e.g., a tighter string increases frequency, a longer
and heavier string decreases it). As damping, the B in equation (1), increases, the frequency
of vibration gets proportionately lower. Equations (1) and (2) also determine the natural
rhythm of human body movement, the pace that the body naturally falls into with minimal
forcing, and the temporal pattern that requires the least effort to sustain it. In the case of
human body limbs we have a rotational spring-mass-damper systems, meaning the mass
elements (limbs, head, etc.) are rotating around various joints. But the same rules apply, the
muscles serving as both springs and dampers, their coefficient values depending on how
loosely or tightly the agonist and antagonist muscle pairs are flexed.

One can freely (with muscles relaxed) wiggle the wrist, wag the head, swing the arm,
swing the leg, walk, run, dance and very easily discover these natural frequencies. One finds
from experiment that the natural frequency of wrist wiggling is slightly faster than that for
arm swinging, because, for fixed K, the distance L from the associated joint to the equiva-
lent mass concentration point is longer (where rotational inertia, the equivalent of M in
equation (2), is ML2). One also discovers that the range of natural frequencies is quite small,
say between 1 Hz (a slow walk) and 4 Hz (wrist wiggling).

If a limb is hanging vertically and freely (muscles are very relaxed, so that both damping
and stiffness of the muscles are near zero) the limb forms a pendulum. In this case the force
of gravity provides the more dominant restoring (spring) torque, pushing the pendulum
toward its neutral (vertical) position. Since the restoring torque (rotational equivalent of K)
is proportional to M and pendulum length L, and the rotational inertia (rotational equiva-
lent to M) = ML?, the natural frequency of the pendulum is proportional to

(ML/MLI?)%% = (1/1)%5 3)

This means that the range covering pendular natural frequency of wrist, arm and leg
pendula is again quite small, perhaps again only between roughly 1 and 4 Hz.

So is there some significance of this for music? Yes, tremendous significance, in the sense
that the biomechanics absolutely constrain the spectrum of rhythmic pattern which we call
music. The musician, depending on the instrument, moves his or her limbs, coupled also to
the controllable parts of the musical instrument, according to a musical “"beat.” The fre-
quency range of this "beat” lies in this same narrow range, roughly between 1 and 4 Hz. The
pacing is actively controlled by the muscles, where the damping is not so small that the nat-
ural limb resonances “fight" the active control - unless the muscles try to drive the limbs
faster than approximately 4 Hz. (Note that the range of musical pitches is governed by the
organs of hearing, the most sensitive range of the basilar membrane lying between roughly

50 and 5000 Hz, a factor of 100 between lowest and highest frequency. We know that ele-



phants and other large creatures communicate at much lower frequencies, perhaps for some
analogous biomechanical reasons.)

Theoretically music could be made at any other range of rhythm or pace, from one “beat”
per hour (or some maximum duration of sitting) up to a frequency that becomes a sound
rather than a beat. But musicians do not employ these frequencies, for it would not be

“natural”.

The 15t level of supervisory control:
putting the notes together

Referring back to Figure 1, muscle forces U, drive X, into conformance with U, com-
mands, one note at a time, under the above timing constraints. This servomechanism can
be called the lowest level of sensory-motor skill. At this biomechanical level U, and X are
essentially below the conscious level, except for the raw beginner instrumentalist.

The U, pattern is the output of a mostly conscious higher level process which has X, the
musician's hearing, as its feedback. What is heard is the guide to what is next ordered by the
brain in the form of U,.

We know from early experiments in manual control (McRuer and Jex, 1967) that the
low-level brain and neuromuscular system (from U, through U, and back to X, and then
to X, has a round-trip time delay of at least 0.2 seconds. So what is heard from one's own
instrument is delayed 0.2 second or more from the time the action to produce a given note
is initiated in the brain. But how can that be, for surely there is no instability of other irreg-
ularity in the controlled response. The fact is that U, anticipates the sound feedback be-
cause there is a succession of musical notes which the musician sees (Uz) on the score by

“reading ahead.” This has been called preview control.

The 2" level of supervisory control:
composing and conducting the synchronization of musicians
The writing of music is essentially the programming of the instructions (U,) to an intelli-

gent musical production process. The lone musician then performs from reading those
instructions (the score) or from memory (after practice). The writer gets feedback from
performing the music himself or from listening to initial performances and revising, given
some memory of how it sounded (X,). The memory of musical patterns, especially among
those gifted and experienced in music, is prodigious. It is common for writers and soloists to

remember a whole musical piece.
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With multiple musicians, of course, a conductor sets the pace and brings them into syn-
chrony with his baton, a second meaning of U,. Both the writer and the conductor adjust
their renditions to the capabilities of the musicians and their instruments, much as the
manual controller quite naturally adapts his control actions to the dynamics of the process
being controlled. Conductors are also known for their incredible memories. This writer has
had the pleasure of watching Seiji Ozawa conduct the Boston Symphony Orchestra on many
occasions using no musical score whatsoever.

We are beginning to understand the neurobiology of how with practice the inter-neu-
ronal connections are established so that hearing and playing one note or pattern of notes
automatically triggers in the brain the playing of the ensuing pattern of notes. But full
understanding of memory and performance of music or anything else at this level will take

many more years.

Music as virtual reality: the power of metaphor
The phenomenon of virtual reality has become relevant to the control community and it

should become relevant for the music community.

Telepresence and virtual reality

Those of us interested in human control, particularly remote control, know that these
days it is becoming increasingly practical for a person to do a task anywhere without actu-
ally being there; this is called teleoperation (Sheridan, 1992). Further, by use of special new
interface technology a person can see, hear, and possibly touch an environment that is arbi-
trarily remote in space — and actually feel present in the remote location; the latter is called
telepresence.

With respect to vision, telepresence is accomplished by wearing a head-mounted video
display which drives a video camera at the remote location, so that, whatever the position
and orientation in the local space (where the observer is), the video camera assumes the
same relative position in the remote space. Thus the observer sees what he or she would see
as if present in the remote space. The sense of telepresence is dramatic.

With respect to hearing, telepresence is accomplished by means of two microphones at
the remote site which are positioned in correspondence to the positions of the observer's
two ears. These transmit sounds back to earphones on the observer's head. By further use
of a head-related transfer function (which duplicates the front-back and up-down spectral

filtering of the outer ear), one can locate sound sources with respect not only to left-right



but also to front-back and up-down. This technology is well developed but is still a bit
expensive for the commercial market.

With respect to touch, telepresence is accomplished by connecting the hand to a
mechanical device that exerts differential force back on the skin duplicating the forces that
are being transmitted and applied to objects in the remote environment. This technology
began with force-reflecting master-slave manipulators and is now pushing in the direction
of producing more subtle haptic feedback (e.g., data gloves) (Durlach and Held, 1995).

Now consider that instead of head, ear and hand position producing sight, sound and
tactile images that are generated by events in an actual remote environment, the head, ear
and hand positions cause the sight, sound and tactile images to be produced artificially, i.e.,
by computer. This, of course, is technology under active development. The experience of
using such technology, and the field itself, are commonly referred to as virtual reality
(though that being an oxymoron, virtual environment or virtual presence are probably

more appropriate terms).

Suppression of disbelief; music as metaphoric existence

The MIT Press journal Presence: Teleoperators and Virtual Environments has seen an active
discussion in recent issues on the nature of “presence,” virtual and otherwise (one is remind-
ed of the various other uses of that term, e.g. ontological physical presence, divine presence,
stage presence).

Psychophysical measures have been proposed, ranging from simple subjective rating
scales, to measures based on the tendency to make natural bodily responses to virtual
events (e.g., closing one's eyes or "ducking' one's head if a virtual object is seen to be on a
collision course), to the use of visual or auditory masking noise to determine how little noise
is required before one can no longer discriminate virtual from real (Sheridan, 1996).

The "presence” research community agrees on this empirical fact: the sense of “presence”
in the virtual environment is enhanced by voluntary suppression of disbelief (that a virtual
environment is not a real one). This is probably the same phenomenon that allows a person
to be hypnotized, or to have a religious experience (Sheridan, 1998). Actually there are
many forms of virtual reality in which people participate and can let themselves be “carried
away," and most have been around for centuries: story-telling, theater, photography, televi-

sion, etc.
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And here is where music comes in. | would argue that music (which physically is just
patterned sound), whether live or recorded, engenders an auditory virtual reality. (I am not
referring here to the virtual reality of stereo or surround sound recording, though that helps
create the virtual presence). Music is music because it stimulates imagination, provokes
moods, and puts the listener “in another world." Of course that is nothing new for musi-
cians, since they intentionally try to capture the sound patterns of running brooks, flutter-
ing birds, or thunder claps, as well as the much harder-to-describe gamut of human emo-
tions (from Pathetique and Blues to Ode to Joy and the 1812 Overture).

The sound patterns, in other words, strike not only a mechanical resonance with the nat-
ural frequencies of the human body, making us want to dance, but also strike an emotional,
even spiritual, resonance through use of musical metaphor.

The technology of virtual reality, now much influenced by control engineering, has truly
triggered a new interest in the very old ontological problems: What is real? What does it

mean to exist? What is music? Where does it take the listener?
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Shaping Time in Music

Horst-Peter Hesse

Introduction

The shaping of time in music highly determines its character of
movement and expression. This topic is an extensive field, which has
been treated in musicological studies from different points of view,
for instance Kurth (1931), Behne (1972), and Epstein (1995). | would

like to focus upon some special aspects, in particular new methods

of measurement and graphical representation.

Composers from the baroque era to the present
have emphasized in particular the importance of
determining the »right« tempo in the performance of
any composition. Richard Wagner, for instance, wrote
in Uber das Dirigieren (1869): “From the choice of tempo
you'll immediately see whether the conductor did realize
the music or not.”

From that statement it seems that there is only one
adequate tempo for every piece. But in practice con-
ductors and players choose very different tempos, and
these are correlated to different character of expres-
sion. From this discrepancy arises questions about the
liberty and the limits of tempo option in musical per-
formance.

In any case the choice of tempo must not be guid-
ed by arbitrariness but should be accurately controlled
by intention. We at the Mozarteum in Salzburg have
therefore developed a special training program for

musicians studying conducting.

Theoretical background

Horst-Peter Hesse was born in Hamburg,
Germany, in 1935. He studied, among
other instruments, piano and organ as
well as conducting at the Konservatori-
um Hamburg, directed a choir and led a
private school of music in Hamburg. At
the University of Hamburg, he studied
music science, psychology, philosophy
and phonetics and received his PhD with
the thesis Die Wahrnehmung von Ton-
hohe und Klangfarbe als Problem der
Hortheorie <The perception of pitch and
tone quality as problem of the hearing
theory, in German>. He was sound engi-
neer at the Hamburg State Opera and
scientist at the University of Gottingen.
After his habilitation in the area of sys-
tematic music science, he taught at the
universities of Hamburg, Hildesheim,
and Salzburg. Since 1988 he is Professor
for Theory of Music at the University
Mozarteum Salzburg and leads the
department for basic musical research.

First, let us have a look at some theoretical implications: A crucial point for the solution

of tempo problems is the distinction between the composed work of music, the opus, and

the performance of music, the execution. The execution is unfolding in absolute time, it is

part of the physical world, while the opus is a spiritual creation, which is existing — even if

not being performed — outside the physical world. The opus indeed comprises time —

shaped time — but this time structure exists outside the absolute time space. The Polish

philosopher Roman Ingarden (1962) called the opus an intentional object.
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The opus is a structure defined by pitch and time relations, and these are transposable
gestalt qualities. Elements of the relational pitch space are intervals rather than absolute
frequencies. If you put intervals in sequential order, you'll get melodies; if you put them
in simultaneous order, you'll get chords. In melodies or chords every frequency can be
changed, but the melody or the chord are kept unchanged, if the relational order in pitch
space — the intervals — is preserved. If you go to perform an opus, you have to transform
the pitch relations into absolute frequencies, you have to choose a tuning standard, for
instance a = 442 Hz.

The same facts are essential in the time domain, which we call relational time space. The
conductor is free in choosing that absolute tempo, that — from his point of view — will
make the best representation of the music. But — just as the pitch relations — he has to
preserve the time relations, which represent the opus. The opus comprises different kinds of
time relations. These relations are subdivided in micro-order, the metric / rhythmic system,
and macro-order, the field of proportional tempo. Let us have a look at the latter.

Take, for example, a change of tempo whithin a piece of music. In tempo “one" the beat
duration may be 1.0 second, in tempo "two" 0.75 seconds. That means an acceleration. The
proportion of the beat durations reads as follows: beat duration in the second part to beat
duration in the preceding part of the piece is 3 : 4. If you express the tempo by the metro-
nome markings, the marking of tempo Il is 80, and of tempo I is 60. Now it is the inverse
relation: The proportion is 4 : 3. The difference between the perceived tempos correspond
to the proportion of the metronome markings.

The difference between both metronome values is 20. If you take the same difference
downward from 60, the result is 40. That means a slowing down in proportion to tempo | of
2 : 3. The same differences do not mean the same facts. The steps whithin the metronome
scale are not equal. Therefore you cannot use the metronome markings in statistical calcula-

tions. But some people did.

Method
For reasons mentioned we use a logarithmic scale for tempo measurement:
T(x) time distance to the preceding pulse in milliseconds
p(x) number of pulses per second

1000
p(x) = )

Id(p) tempo measure (dyadic logarithm)

lo X)
ld(p) = % 1

M Id(p) mean tempo

2 [ld(p) - Tx)]

MIdP) = =5 1



If x is a point of time and T(x) is the beat period, that is the time distance from one beat
to the preceding beat, p(x) is the number of pulses per second. Differences in perceived
tempo correspond to the proportion of pulses per second. We do express this proportion by
the dyadic logarithm. — We add 1 to this logarithm to shift the zero point of the scale to
the beat period of 2 seconds. That is equivalent to the metronome marking 30. The result is
our tempo measure |d(p).

This tempo measure is representing the perceived tempo and tempo differences in inter-
val scale quality, that is: the same differences in tempo are represented by the same differ-
ence of Id(p). Every doubling of tempo results in an increase of the tempo measure by one.
That means: the metronome marking 60 is equivalent to the tempo measure 1, metronome
marking 120 is equivalent to tempo measure 2 and so on.

With the aid of this tempo measure it is possible to represent tempo and changes of
tempo graphically. In Figure 1 you see the original tempo instructions of Beethoven for his

symphony no. 8, transformed from metronome markings to the logarithmic tempo measure.
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Figure 1:
Beethoven: Symphony No. 6. F major, op. 68

Beethoven's Metronome markings

First: In the diagram you can see the course of absolute tempo within the symphony —

the change of tempo from movement to movement — as it was intended by Beethoven.
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Secondly: You can easily identify tempo relationships. For instance: From first movement
to the second movement and from fourth to fifth movement you see tempo reductions. In
both cases the differences of the tempo measure Id(p) are equal. This means the same tempo
proportion. The absolute tempos are different, but the proportion is equal. In this case the
difference of ld(p) means a reduction to 75 percent of the preceding tempo. The tempo
factor (TF) is 0.75. This is equivalent to the proportion 3:4.

p(x,)
p(x,)

Thirdly: It is easy to compare different interpretations. For instance Michael Gielen

TF =

(Figure 2): The first movement in his interpretation agrees with the tempo determined by
Beethoven. The tempo changes are in the same direction, but the proportions are enlarged.
The tempo factor second to first and fifth to fourth movement is nearly 0.66, that means

the proportion is 2:3 instead of 3:4.

M ovements

Figure 2:
Beethoven: Symphony No. 6. F major, op. 68
Michael Gielen, Sinfonieorchester des SWF (1989)

Claudio Abbado's interpretation (Figure 3) does show the same tempo profile in general,
but you see a shift of the absolute values and different proportions, especially in the first

and second movements.
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Figure 3:

Beethoven: Symphony No. 6. F major, op. 68
Claudio Abbado, Berliner Philharmoniker (1989)

Wilhelm Furtwingler's interpretation (Figure 4) in contrast to Gielen's and Abbado's is
very different, the tempo profile of the whole symphony as well as the absolute values and
the proportions. In the first movement he has chosen nearly the same tempo as Abbado, but
this tempo is only 2/3 of Beethoven's tempo. Beethoven indicates slowing down in the sec-
ond set, Furtwéngler accelerates in the same amount. The first part of the third movement
is slower, the second part faster than Beethoven's markings. Last movement is running

exactly in Beethoven's tempo.

i owements

Figure 4:
Beethoven: Symphony No. 6. F major, op. 68

Wilhelm Furtwdngler, Wiener Philharmoniker
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Arturo Toscanini's interpretation (Figure 5) does show some similarities to Furtwiingler's
at the beginning. But his absolute tempos are more similar to Beethoven's with the excep-
tion of the last movement, which accelerates. The observations outlined could be the basis

for a detailed comparison of interpretations.

M ovements

Figure 5:
Beethoven: Symphony No. 6. F major, op. 68
Arturo Toscanini, NBC Symphony Orchestra

Application in music education

At the Mozarteum we use these kinds of diagrams for the training of students, who study
conducting. For example we play music comprising different tempos and challenge the stu-
dents to reproduce the piece and keeping the same tempos. Or the task is to produce a ver-
bally given tempo profile including accelerando and rallentando. Another task is to change
the absolute tempo but keep the proportions constant and so on.

We do record the musical tempo a person produces by using the tapping method. The
tested person himself or another person listening to the performance of the person being
tested taps the beats of the music on a MIDI-keyboard. The MIDI-files recorded by a
sequencer get transformed to calculatable ASClI-dates by an auxiliary program and are

subsequently evaluated.



It is obvious that the person, who is tapping the beats on the keyboard, should be a
well-trained musician. But for musicians there are no considerable difficulties, because the
ability to play synchronously with a given music is a basic achievement. But the capability
of producing even or equally spaced movements of the hand is of course limited. See for

instance this record:

z.u-«W\vwvwwv\J\/\MM/\Mv“\j\v/\W»MV

T T T T T T T T T T T T T T T T T T
o 4 7 11 14 18 21 25 24 a2 a5 a9 a2 L] 49 | a6 &0 4] &7

Position in Seconds
Figure 6: Tapping, keeping equally spaced beats, Id(p)=2

The task was to tap on a keyboard synchronously with a Metronome giving equally
spaced beats. In this case the Metronome mark was 120, that means the beat period is 500
milliseconds. It can be seen that the time structure of the tapped series is not perfect. The
slight inaccuracy of the tapping resulted in fluctuations of the tempo measure. But most
deviations of the tapped periods compared with the desired values were below 30 ms, that
is below 6 %. These deviations are not consciously recognizable in practice.

Another task is to continue the beat series of a Metronome after the Metronome stops.
In this case the deviations are more marked, and you sometimes find a slowing down or
acceleration in the course of time dependent on the given tempo.

Naturally there are large differences between the abilities of individual people. In the
first task one can use the standard deviation of the tempo measure to compare their

abilities. If one set other tasks perhaps other evaluations are efficient.
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Summary
Despite the crucial importance of shaping time in music there are relatively few results of
experimental research investigating this phenomenon quantitatively and interpretating it in
a rational way. This paper discusses a new technique allowing registration of musical tempo
and its variations in time. The method has been developed to help conductors or soloists
evaluate their ability to keep accurate time, but it could be transferred to other fields Being
very effective, this technique facilitates detailed investigation of time perception up to the

limits of human differentiational ability.
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Automation and the Making of the
Violin: Some Thoughts
on Systems Design Methodology

Kensuke Kawai

Abstract

The purpose of this paper is to describe the design
process of continuous improvements both for automa-
tion and violin-making. Although these design prob-
lems seem to be quite different in nature, there are
many common factors pertaining to the design
methodology. The Voice of Customer (VOC), in particu-
lar, plays a very basic role for successful creation of a
new systems and [ or new products, since it is always
so difficult to identify all the functional / structural
details well in the upper front of the design phase.
The evolutionary design approach based on the sound
initial concept will leads to a remarkable result in
automation design as well as in the making of the
violin.

Keywords: Automation, Design, VOC, Composer,

Performer, Violin, Violin-Making

Introduction

In the field of HCI (Human Computer Interaction)
studies in music, there are many approaches going on
such as creation of new generation of musical instru-
ments and new session systems.

Automatic accompanying systems, in particular, are
also studied in order to realize new level of interaction
between human performer and computer "accompa-
nist". Although there are some successful experimental
systems reported, there still needs a breakthrough in
autonomous feature of playing on the part of comput-
er accompanist (Katayose, 2001).

A few years ago, some Japanese newspaper said that

Kensuke Kawai is now TC chairperson of
IFAC Human-Machine Systems, and an
editor of IFAC Control Engineering Prac-
tice. Mr. Kawai met first Prof.
G.Johannsen at Baden-Baden of the
Man-Machine Systems (now it is called
Human-Machine Systems) Symposium
in early 1980s. Since then, Mr. Kawai
visited Kassel University for IPC meet-
ings of this

symposium, while Prof. Johannsen visit-
ed Fuchu works of Toshiba located out-
skirts of Tokyo. In addition to the IFAC
related meetings, Prof. Johannsen and
Mr. Kawai met several times or more
personally in Japan as well as in Ger-
many. Mr. Kawai has been working in
the design and development of control
and computer systems used in the power
generating plants, both nuclear and
thermal power. Mr. Kawai was involved
in the development projects such as
“optimum steam temperature control of
boiler (AR Model Method)”, “turbine
vibration monitoring and diagnostic
Expert System”, “advanced automation
systems for start-up, shutdown, and
normal operation” and “operator
training simulator systems for ther-

mal and nuclear power plants”. Those
results were discussed with him on
several occasions to exchange the

latest developments of theory and
practice. Mr. Kawai has developed
systems design methodology for the

last three years, which is utilized
throughout Toshiba Corporation,

while he is now responsible for the
strategic planning of Thermal Power
Systems €& Services Division.

automatic violin-playing apparatus

was reconstructed by a German technician and installed as well as made open to the public

at Hall of Halls in Kiyosato village located at a central part (Yamanashi Pref.) of Japan. This
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apparatus is called “Phonoliszt Violin", which consists of three violins and a piano as an
accompanying instrument. This phonoliszt violin is invented originally in the late eighteenth
century, all the mechanisms adopted here are basically ones of mechanical nature. As a
hardware system, as shown in Figure 1, the level of completion is very high, but the author
could not enjoy the performance and interaction between violins and a piano. Lots of works
are still left to complete this apparatus as an excellent messenger of a composer to the clas-

sical music fans.

Figure 1: Phonoliszt Violin at Kiyosato

o€l




There is an interesting book available titled, "Aria-Eighty Years Old: A Story of
Violin-Making over Forty Five Years" (in Japanese) by H. Itokawa (Itokawa, 1992). The
writer of the book was a famous professor of Tokyo University specializing in Aeronautical
Engineering and Systems Engineering. During the days of World War Two, he designed the
fighter airplane named Hayabusa, which was realized according to the Voice of the Pilots.
Since the end of the war he started the study on violin-making with his colleagues for some
years. He retired from Tokyo University in 1967, establishing the institute of his own to con-
tinue his study or to write some popular books for the public. The book of Aria is written
about the life cycle of his peculiar violin-making from its birth to its completion in 1992.

The author of this paper is a system engineer [ designer in the field of instrumentation
and control including automation system for power generating plants for more than twenty
five years (Kawai, 1999), although he used to play a violin very enthusiastically for four
years in the student orchestra. During the days of university orchestra, he enjoyed the violin
concerts performed by Ruggiero Ricci, David Oistrakh, and Yehudi Menuhin, for example,
while he also enjoyed playing the violin himself such pieces as violin concerto composed by
Mozart, Bruch, and Mendelssohn and so on. Although he has some knowledge on the music
and the violin, he is only an amateur player of this instrument, so the expertise knowledge
related to music and the violin will be utilized mainly for the analysis and evaluation of the
contents described in the book by Dr. Itokawa.

After graduation, the author had an intention to bridge the gap between theory and
practice in the field of modern control theory. In addition to the long-lasting automation
systems, he was involved in the systems development such as optimum steam temperature
control of boiler process, turbine vibration-monitoring and diagnostic expert system, and
operator training simulators for power generating plants. His automation system was devel-
oped within the social and technical conditions of the past power generating plants in
Japan, and proved to be indispensable system for modern power plants there. He also
expanded this advanced automation systems to those utilized in Australia, Canada, China,
India, and the Middle East. In a different cultural [ social conditions, the role of the operat-
ing staffs needs to be re-designed and re-evaluated in order to be economically feasible,
technically viable and socially acceptable.

In a sense, the author had made every efforts to design an automation system to be wel-
comed and accepted as much as possible by the human operators throughout the world.
Autonomous use of automation functions was the design goal of the automation system,
which begins with identifying and listening to the Voice of Human Operators. In this paper,
the author would like to review the vision of the next-generation automation system
through the evolutionary design approach, comparing the design process of violin-making
and automation based on the Voice of Composers and the Voice of Human Operators,

respectively.

131 Automation and the Making of the Violin, Kensuke Kawai



(43}

According to Prof. Itokawa's comments in his book, his violin was designed through such
steps as follows:

e Step 1: Investigation of the intentions of the composers

e Step 2: Analysis of the frequency of sound patterns

e Step 3: Measurement of the sound-performance of the violin

(a famous Stradivarius)

e Step 4: Analysis of the inner structure of the violin by wave mechanics

e Step 5: Reduction of the weight of the violin for the performer

e Step 6: Improvement of maintainability of the violin adjustment

e Step 7: Trial performance and evaluation by a world-class violinist

(Yehudi Menuhin)

There was a criticism, during the course of the development, on his violin-making on the
part of a traditional violin-maker (Murata, 1975), and it was difficult to find out the latest
evaluation on his violin by other parties. The systematic design process, which created the
unique violin, will be utilized here in order to validate the systems design methodology
starting from the VOC -Voice of Customers (Ishii, 2001).

Who is the Customer?

Variation A:
Violin-making based on the Voice of Composers

Dr. Itokawa developed a fighter airplane called Hayabusa, whose performance of a circu-
lar-flight was extremely high those days, based on the Voice of Fighter-Pilots. In order to
collect the voice of the pilots, he lived with them to learn the true meaning of what they
expressed using a metaphor. When he wanted to take a similar approach for violin-making,
he and his staffs started to soliciting and analyzing the classical music for the violin of
radio-broadcasting of NHK (Japan Boadcasting Corporation) and FEN (Far East Network) of
the U.S. Armed Forces.

They analyzed all the pieces they had listened to and collected all the related scores in
order to take data-driven approach. According to the frequency of the sound-appearance,
they came to the conclusion that some sounds were more important than others from the
composers point of view. It is quite unique that they analyzed those pieces from the
Human-Machine Interaction viewpoint between the Composer and the Instrument. Later he
realized the importance of the Voice of Violin-Performers and maintenance-technicians as
well.

According to the opinion of the author of this paper, his approach might have been
much more complete, if he adopted the composer-performer-instrument framework, in
stead of a simple composer-instrument relationship. Even a world-class performer can be

classified either as a good Strad player or a good player of Guarnerius. Just to indicate an



example of the necessity to introduce the Voice of Violin-Performer, Y. Menuhin, a famous
violinist, wrote the process towards the completion of a new unaccompanied violin sonata
by B. Bartok in his book (Menuhin, 1977);

"Bartok mailed me the score from Asheville, North Carolina, where he had been sent by
his physicians, under sentence of death from leukemia. He had accepted an invitation to
spend the summer of 1944 at my home, and was also interested in a proposal from the
University of Washington at Seattle to continue his study of fork music with the Indians
of the Northwest. Alas, both musicology and myself were robbed of the experience by his
wasting disease. He could not travel so far. Instead he wrote to me:

I'am rather worried about the “playability” of some of the double-stops, etc. On the last

page | give you some of the alternatives. In any case, | should like to have your advice. |

sent you two copies. Would you be so kind as to introduce in one of them the necessary
changes in bowing, and perhaps the absolutely necessary fingering and other sugges-
tions, and return it to me? And also indicate the impracticable difficulties? | would try

to change them.” (P. 223)

Akiko Suwanai, a young Japanese violinist, who won the Tchaikovsky's musical contest
in 1990 at the age of 18, wrote in her book (Suwanai, 1995), that she was advised by Isaac
Stern the necessity to study the original score written by the composer to find why the
“trill" should be played like that, and why the "bowing"” should be like that. According
to Stern, it is also important for the performers to be able to express the results of this
why-why approach in words. This story is very interesting and stimulating from the sys-
tems-design-methodology view point, since the methodology of externalizing in words
is advocated and utilized in the field of collective creation (Nakakoji, 2001).

One of the most difficult tasks or the most difficult question in his approach is how
to identify the Voice of Composers in the future. Even today, it is usually said that the
best-in-class violins are mainly those from Italian violin-makers such as the Amati, the
Guarnerius, and the Stradivarius in the late 17t century. Did all these gifted violin-makers
listen to the future voice of composers? Or their violins improved much higher than the

level intended by the makers as a result of maturity improvement in time?

Variation B:
Automation design based on the Voice of Human Operators
In addition to the comprehensive automation system, which covers all the major opera-
tions during start-up to shutdown including normal and emergency operations, there was
a project to apply and develop the new control algorithm of optimum steam temperature
control using auto regressive model and dynamic programming in a boiler process. The
development project itself proved to be successful to bridge the gap between theory and

practice in control and operation of fossil fueled power generating plant. During the com-
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missioning of this project, however, there was an incident and its quick recover was needed
in plant major equipment, which led to the formation of "Automation review committee”
(Uchida, 1981) by the engineers both from the power company and plant [ automation
suppliers.

During discussions after the plant disturbance,

® the final goal and objectives of the automation system,

® requirement definitions of human-machine interface,

¢ functions of the automation system, and

® the role of operators

were reviewed again to re-establish the real Voice of Human Operators.

Especially, how to give the necessary information at an appropriate time to the human
operator was one of the major design-review items of automation system. The messages
given by the automation system shall be output serially, considering the human operators
single-channel structure of information processing capability.

The clear distinction between automatic and demand message output during start-up
and shutdown, were reviewed just from the beginning again. The result of the analysis and
its revised automation design were applied to this project, which improved the usability by
the human operator and the safety and reliability of the power generating plant. Those
aspects for engineering and maintenance, other than those of plant control and operation,
were also analyzed to identify the management aspects of power generating plants, review-
ing the voices of commissioning engineers, maintenance engineers and those of managers
of the power company.

Although the voice of human operators in the past might be analyzed from historical
perspectives, it is quite interesting to note that the voice of future customers in control and
instrumentation shall be fully understood, since the similar phenomena named Innovator's
Dilemma (Christensen, 1997) had happened in this fields such architectural transfers as:

® from process computers to engineering workstations,

* from engineering workstations to personal computers,

® from real-time operating systems to UNIX operating systems, and

from UNIX operating systems to Windows operating systems.

What's coming next is still an open-ended question, although Norman advocated
the concept of the information appliances in his book titled “The Invisible Computer”
(Norman, 1999).

el



Definition & Focus

Variation A:
Definition of a good violin and its focal points

The first three steps of violin-making by Itokawa corresponds to these steps.

e Step 1: Investigation of the intentions of the composers

e Step 2: Analysis of the frequency of sound patterns

e Step 3: Measurement of the sound-performance of the violin

(a famous Stradivarius)

Even if his approach to investigate the intentions of the composers might be very good
in principle, but was it really appropriate that the population of their music selection repre-
sented the optimum sources of voices of composers for violin-making? In the next step, the
frequency of sound patterns could be analyzed by the proposed method, it is still an open
question that the frequency of sound patterns could be utilized as an effective measure of
composer's intention on which sounds he might have put a vital importance.

In the third step, how to measure a small displacement indirectly was a main theme
without affecting the sound-performance of the violin. The theme of his doctoral thesis
was actually on this measuring methodology. He identifies two important conditions for a
famous violin, i.e.

® the tone sounds beautifully,

® the sound can be transparent and heard even in a distant location in a hall.

He used, for his analysis, violins of both ordinary-class and world-class, which was a
Strad borrowed from a female violinist in Tokyo.

In order to strengthen the violin-making approach, the voice of performers is introduced
as in the previous section. Just as an example by the comments of performers, Menuhin
wrote as follows in “Unfinished Journey" (Menuhin, 1977):

"What is the interpreter's role? Certainly he is more than a simple transmitter. Between
composer and audience he brings the living element and restores the pulse of life to the

dry notes on the stave. What creates an interpretation is a very slight unevenness, origi-

nating in personal feeling, which recognizes that life does not proceed at an unchanging

pace, but that blood and breath must quicken or slacken according to circumstance.”

(P. 428)
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Variation B:
Definition of a good automation system and its current practice

The first steps to reach to the successful automation are

* to define the objectives of automation system,

® to determine the scope and depth of automation including automation modes

available, and

® tointroduce the patterns of requlating methods such as direct digital control,

supervisory set point control and the like.

The goal of automation should never eliminate the human operator, but rather it shall
establish the automation with autonomous nature, which means that the human operator
welcome the automation, or he or she has a positive attitude to use the automation inter-
actively.

The objectives of automation system in Japan, were decided based on the social condi-
tions of 1970s and 1980s and the scope and depth of automation were also subject to the
technology level available, then. Starting from just a turbine run-up system, the automa-
tion system focused on the automatic operations during both start-up and shutdown of
turbine and boiler, and it also focused on reduction of labor during normal operation, and
restorative operations after plant emergencies such as FCB (Fast Cut Back) operation.

Although some important concepts were introduced such as changeover between control
mode [ sequence-monitor mode, the matching of plant operational mode with schedule
calculation parameters, and advanced features of improved human machine interfaces, no
overall measure was defined as a means of judging the appropriateness of the automation
design, which corresponds to the objectives of automation. Very limited subjective evalua-

tion was conducted as a usual practice, although there were few exceptions.
Design Target & Analysis

Variation A:
Analyzing the Approaches of Violin-Making
In the step 4, analysis of the inner structure of the violin by wave mechanics was
conducted.
As a result of this analysis, he came to the conclusion that important sounds for
violin-making were found as A4, E4, D4 and A3. Out of these four kinds of sounds, both
E4 and A4 are the sounds at high positions on E string, which must be played more conspic-
uously with ease. It is generally said that when playing the violin in its high positions, it is

necessary to play the violin a little bit stronger with the bow coming closer to the bridge.



As a result of his analysis he made the belly of his violin much thinner to strengthen the
sound of high positions with ease, and introduced the second bass-bar for E string in addi-
tion to the conventional bass-bar as a support of his unique violin. He also described his
way of selection of wood and aging method to accelerate the age or maturity of his violin
much faster, while he disregarded the characteristics of varnish relying upon the analysis by
wave mechanics.

Now, coming back to the voice of performers Menuhin wrote, as an example, (Menuhin,
1977):

“The interpreter must of course create, but there are degrees of creation and no doubt
composition is the highest. My compensation is to commission music, an activity which
offers many pleasures. For the composer there is the satisfaction of working for someone
willing to risk the results; for the interpreter, to be associated with the act of creation ful-
fill a part of his nature which may otherwise be frustrated. The creative, | firmly hold, is
the normal human condition, whether displayed in the kitchen, in house-keeping, in vio-

lin-playing or in any of a hundred ways." (P. 430)

Variation B:
Analyzing the Approaches of Automation Design

In our approaches to a successful automation design, the author and his colleagues
needed in-depth analysis of a new concept of “chain of triggers upon plant events" In this
concept automation knowledge can be described by state space expression of N-inputs and
1-output combination, All the analog-type input could be treated as digital-type status by
introducing the appropriate limit values to them. This means that we can treat in a consoli-
dated way both the analog value with its limits and digital value now.

The next basic framework depends on the logical expressions by PANS (Pre-conditions) /
CANS (Complete-conditions) / TANS (Timing conditions) as explained elsewhere (Kawai,
1999). This is a sort of production system, which specifies the knowledge of automation
efficiently and effectively. In order to make this knowledge more understandable, packages
of expressions were introduced, which defines plant master status (PMS), macro status
determiner (MSD) of pre-conditions / complete-conditions, and the like.

Separation between the production rules and the procedural expression of feedback con-
trol was another consideration to accelerate the re-use of the automation knowledge from
one project to the next. Visualization of automation logic and on-line real-time accessibili-
ty to automation logic were also important features for the human operator, which intensi-

fies the situation awareness of the status of the plants.
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Detail Design & Implementation

Variation A:
Detail design and evolution of violin-making

e Step 5: Reduction of the weight of the violin for the performer

e Step 6: Improvement of maintainability of the violin adjustment

Step 5 and Step 6 of his approach correspond to the detail design and refinement of the
violin-making. He was so confident of his violin, and he went to show it to the performers
several times, but most of them did not even try to play his violin. One day he realized that
his violin was 50 grams or so heavier than that of typical violins, whose weight is usually
from 370 to 380 grams. Due to his extra bass-bar for E string his violin had more weight
than the other one.

For several years he was involved in the solution of this problem with the help of a
traditional violin-maker. They made every effort to reduce the weight of the violin without
affecting the sound-performance of the instrument. Further reduction in the violin weight
was needed. During the joint efforts he realized the importance of listening to the voice of
technicians, who will conduct adjustments of the violin regularly. His violin has extra
bass-bar, which made the maintenance work rather difficult.

Time has already passed by forty five years since he started the violin-making as a study
of his research. One day the traditional violin-maker proposed to Dr. Itokawa that he would
like to move sound-post from the original position to under the extra bass-bar directly
in order to improve the maintainability of his violin. Although he was astonished at the
idea, but he ran the risk of this approach and let his technician to do the task of this
modification.

Let's listen to, now, the voice of the performer, i.e. interpreter again (Menuhin, 1977):

“The interpreter’s duty is threefold. First he must master the numberless muscular pres-
sures which in every position on every string will produce every quality of sound. Then,

having learned the phonetics of his language, he must put them together to convey a

message, and to do this must have a fullness in himself to express before the composer's

fullness finds a response. Lastly, he needs an understanding of the composer’s style, a cor-
rective to the urge to express himself rather than the music. Thus, he puts all his equip-

ment, his skill, the raw material of his whole life at the service of another man's vision - a

vision which has become his own without, at the moment of performance, the need for

thinking about it." (P. 429)



Variation B:
Detail design and evolution of automation design

As the journey of violin-making of 45 years is drawing near the end of its time period,
so the automation design of 25 years is also coming to its close. As a variety of available
technologies for this automation increases, automation design evolved into a better one to
solve those problems encountered during commissioning and after the taking over of the
power generating plants. Especially, human-machine functions were reviewed again and
again to achieve the evolutionary improvement over the long period of design improve-
ment. Although the very basic design concept were unchanged, this evolutionary approach
enabled the introduction of advanced features of automation.

The followings are some typical improvements in automation design:

® higher reliability of automation by duplicated system configuration,

¢ realization of duplication of CPU, shared memory, and controller backup,

® introduction of network architecture for distributed system configuration,

® introduction of operator-station concept, enabling all alarming and operation

functions on a single client (Workstation / PC), and

® improvements of schedule calculation method, covering wider scope and depth

of unit start-up operation and unit shutdown operation as a cycle.

The maintainability consideration was one of the important aspects of successful
automation. Not only the editor called Background processor used for the maintenance of
production rules of automation logic, but also the following maintenance functions were
made available during the last 25 years of continuous improvement:

® maintenance function for data base and calculations,

® maintenance function for graphics and tables,

® maintenance functions for performance calculations,

® maintenance function for control procedures and operations, and

® maintenance function for commissioning.
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System Evaluation

Variation A:
Overall evalution by a world-class violinist

e Step 7: Trial performance and evaluation by a world-class violinist
(Yehudi Menuhin)

As a final evaluation Dr. Itokawa asked Mehuhin to play his violin of 45 years of evolu-
tion. After the trial performance Mehuhin commented that the sound of the E string of this
violin was very good. Almost 45 years has passed since he and his staffs started the research
of creating a new type of violin. Although the author could not find the latest information
on this violin, it was reported in a newspaper that a manufacturer of music instruments
succeeded in copying a Strad very economically using high-tech type of manufacturing
technology.

Finally, Menuhin wrote in his book (Menuhin, 1977):

"Perfection cannot be achieved unless its pursuit becomes a way of life. My goal has

been so to play the violin that whatever | play is an exercise for whatever | might play.

Concentrated observation and practice minuteness are gradually absorbed; the conscious

brain is short-circuited;” (P. 402)

Variation B:
Overall evalutaion in different cultures and countries

As a part of final evaluation of the automation design, the basic design of this automation
was applied to realize the plant automation in different cultures and countries, such as Aus-
tralia, Canada, China, India, and Kuwait. Needs for flexibility of automation in these coun-
tries were not so strong compared with the case of Japanese utilities (where super-critical
once-through boiler is used), since in these countries they introduced limited level of
automation into the plant with sub-critical drum-type boiler.

In the next decade, gas-fired combined cycle plant will increase much more as a result of
innovation in the field of power generation. Although the control of the gas turbine (GT)
might be very complicated, they are carried out by a dedicated controller attached to GT.
Other operations for HRSG (Heat Recovery Steam Generator) and BOP (Balance of Plant) as
a part of comprehensive automatic operation are essentially simple, and the focus of the
control and operation will be on the revolution in safety and security of human machine
systems and the development in intelligent and critiquing systems for human operator

assistance.



Conclusion

Ms Suwanai released this year a new CD named Crystal (Suwanai, 2001), which covers
best pieces of her performance including Bach's Partita No.3 in E, BWV1006: 1. Preludio.

In this CD additional video is included, which shows the scenery during recording with her
comments. She commented in this video that, to her surprise, the target level of her per-
formance improved much more even while recording!

The author has an old French violin made by Audinot, who is the apprentice of Vuillaume,
who is sometimes called "Stradivarius in France”. The author does not know which method-
ology of variation, Variation A or Variation B, might be helpful for the improvements of his
violin-playing, he might start his violin practice again, accompanied by his wife Yasuko

based on the voice of human “accompanist”.
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Invention and Innovation in Technology & Art

William B. Rouse

Abstract
Technology and art are usually viewed as two very different domains of human endeavor.
The latest leading-edge computer technology and the current cutting-edge jazz, for exam-
ple, would seem to have little in common. In this essay, however, it is argued that invention
and innovation in technology and art involve similar behavioral and social processes. This
assertion is evaluated by contrasting innovations in transportation and computing with

innovations in jazz and modern painting.

Introduction

Technological innovation has received much attention in recent years as a central source
of economic prosperity. This claim is far from a new insight and could easily have been
made during most past eras. Technology has long been a “lever of riches" (Mokyr, 1990).

Innovation in a much broader sense is central to social and cultural prosperity. Innova-
tion in art - music, theatre, painting, etc. - enables the intellectual and aesthetic growth
that are central to a thriving society. Further, innovations in different domains of activity
affect each other, in part lowering the barriers between C.P. Snow's two cultures (1965).

In this essay, | explore the nature of invention and innovation in technology and art. My
thesis is that the behavioral and social nature of these phenomena is quite similar in these
two domains of activity, both involving creative and motivated people who try to escape
the constraints of the past. Further, art is every bit as inventive and innovative as technolo-
gy, often in surprisingly similar ways.

This exploration first addresses the nature of innovation and differentiates the concepts
of invention and innovation. | then consider how innovation can be viewed as a process of
identifying new patterns which gain broad acceptance beyond their originators. These pre-
liminaries provide the basis for exploring two streams of technological innovation - trans-
portation and computing - as well as two streams of innovation in art - jazz and modern

painting. Finally, | speculate on the implications of the parallels drawn.

Invention & innovation
Innovation via technology has in recent years become an increasingly popular topic in
the business literature, in part because of large enterprises' perceptions that it is quite diffi-
cult to do new things both quickly and well (Christensen, 1997; Rouse, 2001). As noted by
The Economist (1999), “Unlike cutting jobs or making an acquisition, innovation does not hap-

pen just because the chief executive wills it."



The many debates and discussions of this topic often stum-
ble over definitions of innovation. The following alternatives
capture how innovation is viewed in this essay:

* “Innovation is the introduction of change via

Bill Rouse first met Gunnar Johannsen
in 1971 at the Annual Conference on

of one or more inventions, but these inventions are Manual Control in Los Angeles. Gunnar
had just completed his Ph.D dissertation
and Bill was in the middle of his. Their
inventions and good ideas in general do not result next encounter was in 1976 at the NATO
Supervisory Control Workshop in
Berchtesgaden, followed in 1977 at the
services in people’s hands, being used to be NATO Mental Workload Workshop in
Mati, Greece. In 1977-78, Gunnar spent
a sabbatical at the University of Illinois
enjoyment.” (Rouse, 1992). working with Bill’s research group. In
1979-80, while Bill spent a sabbatical
at Technical University of Delft, he trav-
from discovery. You can only manage discovery by eled frequently to FAT to continue his
collaboration with Gunnar. Since then,
Bill and Gunnar have continued their

something new. Many innovations take advantage

not the innovations. The vast majority of

in change. They do not become part of products or

productive, make life easier or safer, or bring

® “One must be careful to distinguish innovation

setting direction and hiring people to work in that

direction with the hope of great discoveries. relationship via occasional meetings at
Innovation, the process of taking a discovery or ~ Various international conferences and
workshops.

idea to the market, is something that must be
managed carefully, and we work hard to do this.”
(Brinkman, 2000).
* “My definition of innovation is invention, or doing things differently, that leads to
business success. By this definition, without a business success, there is no
innovation." (Heilmeier, 2000)
® “Research is the transformation of money into knowledge; innovation is the
transformation of knowledge into money." (attributed to Bayer).
The distinction between innovation and invention or discovery is very important. Many
enterprises consider themselves to be innovative, despite flat sales and sagging profits.
In such situations, it is often the case that they are reasonably inventive, but not as innova-
tive as they perceive themselves to be. Xerox's failure to translate it's personal computer
inventions to market innovations - discussed later — provides a good example (Smith &
Alexander, 1988).
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Presented with this observation, people often say, “But, our employees are full of good
ideas and have created lots of neat things." This assertion is almost always correct. Their
perceptions that their employees are inventive is usually well founded. However, at the same
time, this plethora of inventions has seldom resulted in change in these companies’ markets
or, in general, for these organizations' constituencies. Value provided to the marketplace or
for constituencies has not increased. Their inventions did not result in innovations.

This distinction between invention and innovation directly translates from technology to
art. Whether it be a jazz session or an art exhibition, you frequently encounter much inven-
tion. Certainly you also encounter much imitation. However, the same is true for technology
where good ideas are used again and again.

Occasionally, inventions are adopted by others, replicated and improved, and become part
of the mainstream within some genre. In the process, these inventions change the main-
stream, usually displacing older inventions which now become curiosities for collectors of
various types. In this way, the new inventions have succeeded in becoming innovations.

There is perhaps, at this point, an important distinction between technology and art that
should be noted. Displaced technology usually no longer is employed to do the work for
which it was originally intended. Artistic innovations, in contrast, can become more valuable
despite their lack of currency with contemporary artists.

For example, the value of a van Gogh painting increases with age, while the value of a
vacuum-tube radio does not. Classic paintings, symphonies, etc. remain popular to the pub-
lic's eye and ear, but classic technologies remain interesting only in museums. In both cases,
however, inventions that fail to become innovations disappear.

The distinction between technology being used and art being appreciated pertains to the
evolution of an innovation subsequent to achieving this status. If we follow this evolution
far enough, we find that technology innovations, while no longer used, become appreciated
as art. One need only visit the technology collections of the Smithsonian in Washington or

the Deutsches Museum in Munich to appreciate this conclusion.

Patterns & innovation

Innovations in microelectronics and jazz, for instance, appear to have little, if anything,
in common. However, if my thesis about the commonality of invention and innovation
across domains is to be supported, they must have something in common. Building on the
seminal work of Christopher Alexander (1964, 1977), numerous commentators have argued
that patterns and pattern languages are the common threads across domains.

A pattern is a rule or guideline. The rules by which patterns connect are termed pattern
languages. Such languages can be represented by a prose description or often by a directed
graph depicting the relationships among patterns. Alexander originally developed pattern

languages to communicate proven solutions to architectural problems.



Pattern languages have particular structural properties associated with directed graphs
(Salingaros, 2000). Beyond architecture, they have been applied to a wide range of disci-
plines, e.g., computer software design, human-computer interaction, and musical composi-
tion (Borchers, 2001). For this reason, it appears that the notion of patterns is the key to
crossing the apparent boundaries between technology and art.

Patterns are reqularities that are discovered in nature or invented by humans. There can
also be "natural” human-made patterns created, for instance, by mathematicians with frac-
tals. Patterns can characterize relationships among forces, structures, time, etc. in technolo-
gy or among form, color, texture, time, etc. in art.

New patterns are discovered or invented. Those patterns that "work" and hence create
change beyond the originators become innovations. Most new patterns do not work and,
consequently, are not broadly adopted to become innovations. Nevertheless, the invention
process is essential to creating a "funnel” of ideas, the spout of which will yield occasional
innovations.

New patterns involve new rules of the game, whether the game is technology or art. Pat-
terns that involve no rules may seem attractive, but they inherently cannot work because
the broader community will not know how to adopt them. Thus, as amply illustrated later in
this essay, patterns that become innovations involve rules that work and can be broadly
adopted.

Where does creativity fit into this process? Several years ago, | compiled all the studies
| could find on creativity in engineering (Rouse, 1986). Looking for the characteristics of
engineers judged to be creative in these many studies, two conclusions emerged:

® C(Creative people consume large amounts of wide varieties of information

o C(Creative people see connections and distinctions not seen by others

A behavioral explanation of these characteristics, especially the latter, can be drawn from
the constructs of psychological integration and differentiation (Csikszentmihalyi, 1990).

People with the above characteristics tend to be very inventive - full of ideas that imply
new rules or patterns. On rare occasions, their inventions will eventually become innova-
tions, although history has shown that seldom will these originators be the agents of these
innovations (Burke, 1996). Nevertheless, their inventions will have been key inputs to the
wide end of the aforementioned funnel.

Inventing new patterns often involves breaking real or imagined constraints, for exam-
ple, the notion that paintings should be limited to subjects in formal poses indoors. The
Impressionist painters moved outdoors and captured subjects in natural settings behaving

naturally. Modal jazz artists broke chordal constraints to focus on scales.
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Of course, new patterns inevitably encounter new constraints. For example, Monet fre-
quently complained about the weather not cooperating with his desires to paint outdoors.
More seriously, new constraints often prompt discovery or invention of new patterns and,
when these inventions work, eventual innovations.

Summarizing briefly, | am arguing that invention and innovation in both technology and
art involve discovery of patterns that work and are eventually broadly adopted, if only for a
period of time until new constraints are encountered. Further, the behavioral and social
processes underlying this discovery and adoption are common to all people whether they
are engineers or artists.

This assertion that the nature of invention and innovation is essentially similar for tech-
nology and art is best evaluated by considering several examples. The next section elabo-
rates these examples, first for technology in the realms of transportation and computing,

and then for art in the domains of jazz and modern painting.

Examples of innovation
Innovations in transportation and computing have dominated economic development for
the past 200 years. Innovations in music and painting have reflected the social and cultural
changes that have accompanied this economic development. Jazz and modern painting,
which are reviewed here, provide compelling examples of how society has broken with the

well-structured, more formal past.

Innovations in transportation

The examples from transportation and computing are drawn from my book Start Where
You Are (Rouse, 1996), which provide extensive case studies of technological innovation. The
references to many of the developments and events noted here can be found in this book.

Before the early 1800s, the dominant forms of transportation — horse, stagecoach,
sailing ship, and so on — had not changed substantially in centuries. Then, within roughly
100 years, we had steamboats, railroads, automobiles, and aircraft. In the process of moving
from stagecoaches and canal boats to jet planes, humankind changed the speed at which it
traveled by a factor of 100. Trips that once took days, now take minutes.

Robert Fulton is traditionally credited with the invention of the steamboat. He was fortu-
nate, however, to be able to build on a variety of earlier efforts. For example, several steam-
boats were demonstrated following James Watt's improvements of the steam engine in
1775. Nevertheless, with Fulton's demonstration in 1807, the steamboat industry blossomed.
By 1819, a steamboat had sailed from Savannah, Georgia to Russia. The first all-steam
crossing, without the use of supporting sails, occurred in 1827. By the mid 1800s, transat-

lantic steamboat lines were competing.



The first reported self-propelled steam land vehicle was in the late 1600s and, by the late
1700s, a French-built steam car had been demonstrated in Paris. Soon after, an English built
car was demonstrated. The first practical and successful locomotive was built in Britain by
John Blenkinsop in 1812. The beginning of the railway industry is usually reported as start-
ing with George Stephenson who created the Stockton and Darlington Railway in Britain
which opened in September, 1825. Soon after, it is argued, the railway era really began with
the opening of Liverpool and Manchester Railway in Britain in September, 1830. By the
1850s, the railroad's effects on the American economy were pervasive. Uniform methods of
construction, grading, and bridging emerged. Much of the design of rails, locomotives,
coaches, and freight cars was close to what we have today, at least in terms of appearance.

The first true automobile was designed by Frenchman Nicolas-Joseph Cugnot in 1769.
This automobile was a steam-powered tricycle and was capable of 2.25 mph for 20 minutes.
Germans Carl Benz and Gottlieb Daimler are credited with the first gasoline-engine auto-
mobile in 1885. In the U.S., George Selden filed a patent for the automobile in 1879. Charles
and Frank Duryea created an American gas-powered automobile in 1892-93. By 1898, there
were 50 automobile companies. Between 1904 and 1908, 241 automobile companies went
into business. Interestingly, steam propulsion retained a dominant position for quite some
time - at the turn of the century, 40% of U.S. automobiles were powered by steam, 38% by
electricity, and 229% by gasoline.

Serious speculation about flight occupied such thinkers as Roger Bacon in the 13 century
and Leonardo da Vinci in the 15" century. After a wealth of attempts over several centuries,
Orville Wright, in 1903, flew for 12 seconds and landed without damage. In 1914 the Census
Bureau listed 16 firms as aircraft manufacturers with combined total output for the year of
49 planes. By 1918, the American aircraft industry was delivering 14,000 aircraft with
175,000 employees. However, after the signing of the World War | armistice, production
dropped to 263 in 1922.

Commercial aviation eventually diminished the dominance of military customers in the
aircraft market. Until the late 1950s, over half of the commercial aircraft in the world were
built by Douglas, having continually built upon the success of the DC-3. However, Boeing
quickly moved into jet aircraft, mostly due to military contracts. Using the military KC-135
as a starting point, Boeing introduced the 707 commercial transport in 1958. Douglas was
much slower to shift paradigms. Boeing's “bet" on jet aircraft provided the basis for its
strong position in commercial aviation today.

The patterns of innovation just outlined for steamboats, trains, automobiles, and trains
are closely linked to propulsion - steam, internal combustion, and jet engines. Combined
with inventions in mechanical systems, aeronautics, and manufacturing - including many,
many inventions that never gained broad acceptance - these patterns moved us faster and

higher, both literally and economically.
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Innovations in computing

The evolution of computer technology and the computer industry took hundreds of
years. The first mechanical adding machine was built more than 300 years ago by French-
man Blaise Pascal. German Gottfried Wilhelm Liebniz, after seeing Pascal's machine, created
the Stepped Reckoner in 1673. Charles Babbage conceived the first digital computer in the
1830s. He envisioned this computer — the Analytical Engine — as powered by steam which,
as noted in the last example, was "high tech” in the 1830s.

Babbage got his idea for a digital computer from Frenchman Joseph-Marie Jacquard's
punch-card programmed looms, developed in the early 1800s. Jacquard's punched card
method for controlling looms also influenced American Herman Hollerith who invented a
card-based system for tabulating the results of the 1890 census. Hollerith's venture led to
what would later become IBM.

During the latter half of the 19t century and first half of the 20t century, IBM, NCR,
Burroughs, Remington Rand, and other companies became dominant in the business equip-
ment industry with tabulators (IBM), cash registers (NCR), calculators (Burroughs), and type-
writers (Remington). The dominance of these companies in their respective domains set the
stage for their becoming primary players in the computer market.

The emergence of digital computing and the process of maturation of the computer
industry starts with John V. Atansoff of lowa State who built a prototype of an electro-
mechanical digital computer in 1939. By 1946, John W. Mauchly and J. Presper Eckert at
the University of Pennsylvania had completed the Electronic Numerical Integrator and Cal-
culator, ENIAC, which was the first all-purpose, all-electronic digital computer and led to
Remington-Rand's UNIVAC.

Remington-Rand had some early success including selling UNIVAC machines to the
Census Bureau, which displaced IBM tabulators. However, IBM eventually beat out Reming-
ton-Rand because IBM recognized the tremendous potential of computers and how they
had to be marketed. IBM recognized what was likely to happen in the business machines
industry and responded by developing a customer-oriented strategy that helped their cus-
tomers to deal successfully with trends that were affecting them.

In the late 1950s and early 1960s, a whole new segment of the computer market
emerged - interactive rather than centralized computing. IBM dismissed and then ignored
this segment. They apparently could not imagine that customers would want to do their
own computing rather than have IBM support and possibly staff a centralized computing
function. Later IBM tried to catch up, but did so poorly. By the late 1960s, Digital Equip-

ment Corporation (DEC) dominated interactive computing with their minicomputers.



By the late 1970s, Apple was putting the finishing touches on the first microcomputer
which would spark a new industry. DEC, in a classic business oversight, failed to take inter-
active computing to the next logical step of personal computing. Apple, exploiting the
aforementioned pioneering inventions at Xerox, created the Macintosh in the mid 1980s.
The Mac became the industry standard, at least in the sense that its features and benefits
were adopted throughout the personal computer industry. Microsoft and Intel were the
primary beneficiaries of this innovation.

Microsoft prospered when IBM chose them to create the operating system software —
DOS — for IBM's personal computer. DOS soon became the industry standard, except for
Apple enthusiasts. Microsoft Windows replaced DOS as the standard. With the introduction
of Windows, Microsoft was able to create software applications for word processing, spread-
sheets, presentations, and databases and now controls these markets.

Now, of course, the Internet is dominating attention. Microsoft is battling with a range
of competitors, hoping to transform a variety of inventions into dominant market innova-
tions. The rules of the game have changed substantially as this industry has moved from
mainframe to mini to micro and now Internet. Most inventions will not become innovations,
but certainly a few will.

The patterns of innovation in computing revolve around power and speed. More and
more computing operations, faster and faster, differentiate the mainframe, mini, and micro
eras. Increasing user control has also been an element of these patterns, although this has
resulted with increasing numbers of layers between users and computation. Further, it has
been argued that pervasive networking is only possible with increased centralized control
of standards, protocols, etc. (Rochlin, 1997). Thus, the latest pattern of innovation may

inherently borrow from old patterns.

Innovations in jazz

Louis Armstrong, with his trumpet, brought jazz into the modern era. Arriving in Chicago
from New Orleans in the early 1920s, he was a pioneer of “hot jazz" with a new tempo and
sound (Crumpacker & Crumpacker, 1995; Sudhalter, 1999). Armstrong was also known for
his vocal creativity in scat singing where the voice is used to mimic a musical instrument.

Hot jazz transitioned to “swing” in the mid 1930s. Swing involved much larger ensem-
bles, highlighted by dancing which led to great popularity. Duke Ellington, with his breath
of experimentation and accomplishment, is generally viewed as the leading innovator of
this period (Crumpacker & Crumpacker, 1995; Stearns, 1956), although Count Basie, Benny
Goodman, and Artie Shaw are also well recognized (Sudhalter, 1999). In contrast to hot jazz,

this era has been characterized as "big jazz" (Lees, 1988)
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Bop or bebop emerged in the late 1940s, as a reaction to jazz musicians feeling they were
becoming old fashioned. This led to "cool” jazz, as a reaction to earlier "hot" jazz, with
behaviors such as musicians turning their backs to audience while playing (Stearns, 1956).
Dizzy Gillespie, on the trumpet, and Charlie Parker on the saxophone, led this movement
with changes of scales and cords combined with a driving style, shattering previous bound-
aries (Crumpacker & Crumpacker, 1995).

Miles Davis, who earned his early reputation as a bebop and cool jazz trumpeter, led jazz
to new directions (Crumpacker & Crumpacker, 1995). Kind of Blue, released by Columbia
Records in 1959, became the best-selling jazz recording ever and still continues to sell well.
In Kind of Blue, Davis collaborated with pianist Bill Evans (Petttinger, 1998) to introduce
modal jazz, moving from an emphasis on chords to scales and dispensing with bebop's pro-
fusion of notes to use fewer notes and make them matter more (Kahn, 2000). Davis went on
to cross the boundaries from jazz to pop to create "fusion,” best exemplified by his success
with Bitches Brew.

Thus, these streams of innovation in jazz began with hot jazz, moved to big jazz (swing),
then to cool jazz (bebop), and on to modal jazz and fusion. With each movement, the rules
of the game changed - the patterns on the sheet were different. However, there were rules.
An absence of rules, such as pursued by recent attempts at “free jazz," has hindered innova-

tion, some have argued, precisely because of this lack.

Innovations in modern painting

The revolt of the Impressionist painters set the stage for modern painting. Rejecting the
sentimentality and rigidity of hundreds of years of realist tradition, the Impressionists paint-
ed the fleeting moment, capturing their subjects - people and nature - as they were with
vivid colors and brushstrokes. They captured light with their paints, and unabashedly cele-
brated the dashes of paint themselves (Keller, 1975).

Eduoard Manet was perhaps the first Impressionist, shocking audiences with the reality
of picnics and courtesans in the mid 1860s. Camille Pissarro was the pure landscapist.
Claude Monet perfected the breakup of light and color that epitomized the Impressionist
style (Gordon & Forge, 1983). Pierre-Auguste Renoir, Edgar Degas, and Henri de Toulouse-
-Lautrec were also major Impressionists.

The Impressionists provided a technical point of departure for Georges Seurat, Paul Gau-
guin, Vincent van Gogh, and Paul Cezanne, collectively called the Post-Impressionists - or
perhaps the Pre-Modernists - in the late 19t century. They no longer constrained them-
selves by realistic conceptions of art. They delved into the subjective and emotional, not just

of their subjects but of themselves.



Seurat with his Pointillism combined the Impressionists’ techniques with color theory of
relationships between emotions and hues to create chromatic tour de forces. Gauguin creat-
ed color and line images of his personal dreams. Van Gogh strove to “console humanity"
with his colorful portrayals of emotion (Walther & Metzger, 1993). Cezanne could see
nature as composed purely of cylinders, spheres, and cones, thereby anticipating Cubism.

Early in the 20t century Pablo Picasso and Georges Braque pioneered Cubism, decompos-
ing three-dimensional forms into flat areas of pattern and color, overlapping and interlac-
ing shape and parts of the form so that they are seen from multiple perspectives at the
same time. They completely rejected being constrained to imitate nature. The rules of the
Cubist game were constraining in themselves, however, leading to numerous offshoots and
variations.

In a similar time period, Fauvism emerged in which the elements of the subject of a
painting become a riot of colors. Henri Matisse is perhaps the best-known painter in this
movement (Elderfield, 1996). He claimed that his works aimed to discover the essential
character of things beneath their superficial appearance.

Surrealism came on the scene after World War I, most notably with the works of Salvador
Dali, Joan Miro, Rene Magritte, and Max Ernst. These painters sought to create explorations
of the unconscious mind, merging dreams, fantasy, and reality. With its emphasis on content,
Surrealism provided a counterpoint to the very formalistic Cubism.

Many other “isms" have flourished in modern painting, e.g., Expressionism. All of these
movements invented new rules and thereby new patterns associated with subjects, form,
color, texture, etc. As these rules were explored, accepted, and elaborated by painters
beyond the originators, these movements became innovations in modern painting, bringing

fundamental change and moving the whole endeavor forward.

Summary
Discovery and invention of new patterns, some of which become more broadly accepted
to become innovations, are pervasive in these four examples. The abilities of creative and
motivated people to see new connections and distinctions underlie these many instances of
invention and innovation. Thus, the common threads across technology and art are quite

apparent.

Conclusions
Despite the common threads, there are a few differences that are quite important. One
of these differences concerns the simple fact that innovative patterns in art persist, while
innovative patterns in technology are eventually replaced or at least disappear from view.
Classic technology primarily persists by becoming art. It is appreciated, perhaps enjoyed, but

no longer used.
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This important distinction serves to emphasize differences in the intentions of technolo-
gists and artists. Beyond common behavioral and social underpinnings, technologists are
trying to solve problems and satisfy markets while artists are trying to express essential real-
ities of human experience. Technologists and artists have much in common, but not every-
thing.

Another important difference concerns the scope of innovations in technology and art.
Most of the technological innovations discussed earlier were attributed to organizations,
while most of the artistic innovations were attributed to individuals. Technology innova-
tions often draw upon the inventiveness of many people. However, they seldom sign their
creations. Clearly, the social and economic rules of the overall game are quite different in
these two domains.

Nevertheless, the fundamental conclusion of this essay is that invention and innovation,
as psychological and social processes, are quite similar across domains of human endeavor.
Perhaps, we can conclude that we all simultaneously reflect aspects of the technologist and
the artist. More modestly, we can certainly conclude that learning and exercising creativity
- being inventive and, if persistent and lucky, occasionally innovative - are quite the same

regardless of the domains we pursue.
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Advanced Interaction Media as a Component
of Everyday Life for the Coming Generation’
Guy Boy

Abstract
The information society has become an economic reality. Advanced Interaction Media
(AIM) are an integrating part of our every day life. They enable people to interact with vari-
ous types of databases, i.e., credit card machines, as well as with other people, i.e., email.
Knowledge management is key in our changing society where people are provided with
much more information than before. AIM have two apparently opposite properties such as
dematerializing the relations to things, e.g., credit card machines enable people to handle
business without using bank notes, and materializing the relations to things, e.g., email
enables people to communicate even when they don't interact in the same location and at
the same time. These machines perform many of the
'A first (quite different) version of this
paper was presented for the Dialexis routine tasks that were allocated to humans. However,

Company in December 1991 at the IMA  sjnce it is difficult to design machines that can handle
Marketing World Congress in Tokyo,

Japan, when the author was the Presi- unexpected situations, human will need to remain in
dent of Dialexis S.A., France. It was the control loop. This paper addresses new issues on
initially written when he was the Leader . L .

of the Advanced Interaction Media interaction with intelligent agents, human and [ or

Group at NASA Ames Research Center,  machines. In particular, problems like cooperation,
California, U.5.A. communication, and education are discussed.
Introduction
The information society is an economic reality. Television, e-mail, the Web, and e-com-
merce are some of the visible traits of the information revolution. In particular, they allow
exchange of information from remote places that were hardly accessible before. A deeper
transformation of our societies is ongoing.

“We are indeed in the stages of a major technological transformation, one that is far
more sweeping than the most ecstatic of the futurologists yet realize, greater even than
Megatrends or Future Shock. Three hundred years of technology came to an end after
World War Il. During those three centuries the model for technology was a mechanical
one: the events that go on inside a star such as the sun ... Since the end of World War I,
however, the model of technology has become the biological process, the events inside an
organism. And in an organism, processes are not organized around energy in the physi-
cist's meaning of the term. They are organized around information” (Drucker, 1985).
Generally, when speaking about information science, we already have in mind computer

science as a logical support. The reality is that current products and trends in information

. transfer and processing are superseding conventional computer products. These new prod-

¥a



ucts include, for example, electronic publishing (i.e., electronic
books and self-personalizing electronic newspapers, magazines
and television broadcasts). Advanced techniques are being
used to improve the quality of communication, e.g., advanced
television research, real-time computer animation, movies of

the future (3D special effects and computer-generated pic-

tures), computer games, visual design, speech recogni-
tion, Web technology, computer music, research on
the psychological and sociological aspects of comput-
ers in schools. Such Advanced Interaction Media (AIM)
are becoming part of our technological civilizations.

Air traffic control systems, various kinds of cockpits
and control rooms, and office automation tools are
already-established examples of AIM. In this paper,
| consider that AIM are based on different kinds of
approaches and technology such as human-computer
interaction (HCI) and artificial intelligence (Al). In
particular, AIM supported the development of HCI
research and development for the last two decades.
HCl and Al developed different perspectives that could
be partially summarized in the debate opposing direct
manipulation to agent technology. On the one hand,
computers are used to ease interaction, with complex
systems in particular. On the other hand, computers
are used to delegate complex tasks to the machine.
An appropriate combination of these approaches
leads to the design of intelligent assistant systems
(IAS: Boy, 1991).

Cognitive engineering has grown from the need to
better understand human-centered design of infor-
mation-intensive systems such as new generation air-
craft cockpits. In an aircraft cockpit, a human copilot
shares the work, but not the ultimate responsibility,
with the captain. The captain is the master on board:

he may consult his copilot whenever he likes during

Guy Boy: I met Gunnar in the early
eighties when I started my post graduate
studies. After my PhD in Automation
and Computer Science, I started to study
psychology. This was the period I started
at NASA in the United States. I had the
great opportunity to meet with Gunnar
during a workshop organized at Ispra,
Italy. This workshop on cognitive engi-
neering in complex systems was the
basis of a book and a special issue of the
International Journal of Man Machine
Studies. After that I started to organize
the series of conferences called Interna-
tional Conference on Human-Machine
Interaction and Artificial Intelligence in
Aerospace (HMI-AI-AS) that led to the
current HCI-Aero conferences. Gunnar
participated in a couple of these confer-
ences organized in Toulouse, France. We
met again when we were involved in the
FANSTIC European project where we
proposed models of human pilots and
cognitive methods to analyze and

assess Air Traffic Management. We

also were involved, during three

years, together in the RoHMI (Robust
Human-Machine Interaction) net-

work of Excellence funded by the
European Commission. We co-super-
vized the PhD work of Markus Durs-
tewitz who produced a remarkable
thesis that is an example of a suc-
cessful French-German scientific and
technical cooperation. I always had
intense and productive working rela-
tionships with Professor Johannsen,

and at the same time a great human
relationship with my friend Gunnar.

the flight but will take the ultimate decisions. If the captain delegates a part of his respon-

sibility to the copilot, then the copilot will take this delegation as a task to be executed.

In addition, the captain may, at any time, choose to stop the execution of a task by the
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copilot, if he judges this to be necessary. However, a copilot may have personal initiatives,
for example, testing parameters, keeping current with the evolving situation and predicting
deducible faults. A copilot may process the knowledge included in the operation manual, on
his own initiative or at the request of the captain. He should be capable of explaining, in an
appropriate amount of detail, the results of his processing (Boy, 1991).

Advanced human-computer interaction should be designed according to the principles
that emerge from the above description of what a human copilot is about. People now
interact with cognitive artifacts that have social affordances. The analysis of the concept of
social affordances leads to a functional view of human cognition. Cognitive functions that
are useful for the use of artifacts are defined along with three attributes: a role, a context
of validity, and a set of resources (Boy, 1998). Cognitive function allocation among human
and machine agents is a key issue that leads to the definition of co-relability of human and
machine agents in terms of co-operation, co-adaptation, co-dependency and situation
awareness. The cognitive function analysis (CFA: Boy, 1998) was developed to cope with
cognitive function allocation and congruence. Advanced interaction media are incremen-
tally designed and refined by a series of usability and usefulness evaluations. CFA is being
used to rationalize these evaluations.

This paper presents an approach to better understand the evolution of AIM going from
what the aerospace brought to what computers can bring, and the integration of software
technology in our everyday lives. Since information transfer and processing has become
crucial today, technology such as teleconferencing, email, computer integrated documen-
tation and computer-supported cooperative work are analyzed in the framework of the
emerging Web technology. Finally, | conclude on the organizational evolution from army

to orchestra.

A Glance at Our Socio-Technical Evolution

A general trend in our technological society is that automation transforms painful jobs
into easier, even boring, jobs. We also start to notice that this transformation of jobs intro-
duces a new factor: the unanticipated failure that is very difficult to diagnose and repair.
This evolution “from pain to failure” is a no-end automation process, i.e., even if we can
design an automated system that will detect and repair failures, we will have to design
another automated system that will detect and repair failures on it. It would be wishful
thinking to imagine that we can design complex systems that never fail. We thus have to
accept the fact that human beings will stay in control to detect and repair failures. One
solution would be to say: “thus let's design simple systems!" Simplicity is a goal that is

never easy to achieve.



Based on past experience, there is every reason to expect that automation will keep
increasing in the coming decades. In particular, intelligent assistance will become more and
more sophisticated, with increased autonomy sharing between human operators and assis-
tant systems. The idea of a multi-facet artificial copilot in an aircraft cockpit has become
a reality with the integration of autoflight modes, flight management systems, collision
avoidance systems, and enhanced situation awareness systems for example. It is thus very
important to address the problem of human-centered automation, for better understanding
of triangular interactions (system being controlled - human operators - assistant systems)

and for implementing suitable information technology.

The Aviation Experience

An important data source on real-world information transfer problems is the Aviation
Safety Reporting System (ASRS) which has been in operation at NASA Ames Research Cen-
ter since 1976 (Billings, 1981). We here mention early results presented in 1981 and based
on 28,000 reports from flights occurring during the period 1976-1981. These confidential
reports were submitted by pilots and air traffic controllers. Nearly 70% of the reports men-
tion information transfer problems, primarily problems in verbal communication, but there
are also many examples of poor transfer of visual information. Even if technology has
greatly improved during the last two decades, these issues are still relevant today. Most
of the information on which the safety and efficiency of aviation operations depends is
highly dynamic. Neither pilots nor controllers can make adequate decisions without clear
and sufficient information. Deficiencies in information transfer therefore have direct safety
implications. These deficiencies can be attributed to the poor definition of interface filters,
inadequate design of machine agents, and sometimes to inappropriate training of person-
nel. It should be noted that analyses of subsequent data reinforced these results.

Information has two necessary conditions: existence and availability. The first condition
involves the emitter of the information and perhaps an on-board receiving instrument in
the cockpit. The second condition involves the human receiver of the information. Informa-
tion must be available at the right time for the person who needs it. Many information
transfer problems are attributable to the inadequacy of the message transmitted and to

its occurrence at an inappropriate moment.

What are Computers able to do?

Accidents in commercial aviation and in nuclear power plants have demonstrated dra-
matically the extent to which excessive automation can lead to a decrease in the vigilance
of human operators. Moreover, it has been shown that when human operators act, they are
excellent at surveillance and supervision. Automation has then to be designed in order to
improve the overall performance of the resulting human-machine system by keeping

human operators in control. Computers are good at monitoring independent subsystems,
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presenting goals and causal explanations to the human operator, and implementing simple
simulations based on rules, such as diagnosis and scheduling tools. Such software tools
implement standard procedures and are unable of any imagination or creativity. They are
systematic. This is their strength and weakness at the same time. They are stronger than
people because they are more reliable for the task that they are design to accomplish in a
limited context of use. The reliability of safety-critical computer systems is currently very
high compared to human reliability. They are weaker than people because they are unable

to create new solutions in unexpected situations.

Towards the Abolition of the Computer Myth

Ten years ago, computers were still a myth for most people who did not understand what
they were for. Today, computers are being used to create new ideas by using text processing
and new communication means such as email and the Web, for example. Paul Heckel (1984)
mentioned that:

“Movies did not flourish until the engineers lost control to artists—or more precisely,
to the communications craftsmen. The same thing is happening now with personal
computers.”
Donald Norman wrote in his foreword to Brenda Laurel's book (1991):
"It is time for engineers to go back to engineering. To develop these new technologies,

we need a new breed of creative individuals, most likely those associated with poetry,

writing, and theatrical direction.”

We could add marketing and organization specialists to this list.

A question remains however: will computers keep their status as tools for specialists?
They are more and more integrated into appliances. Computers are becoming invisible (Nor-
man, 1999), i.e., integrated into our everyday life. User-centered design of these appliances
is the key issue. Software should not be developed by engineers for engineers anymore. A
smart software application is not a complex piece of code that specialists can only admire.
It is a tool that people can use without noticing it. For most people, the goal is to enjoy the
music not the engineering of the instrument for example. We think that the evolution of
computer technology will force us to take a wider, broader perspective on the nature of
human activity. Technology can improve our experience and fun only if we use it in a proper
way. In this view, computers will become new media routinely used by everyone around the
world to exchange and process information. Brenda Laurel (1991) shares this idea when she

claims that we should “Think of the computer not as a tool, but as a medium.”



Information Transfer and Processing

Teleconferencing

The process of information exchange and group meetings of professionals involves a
great deal of physical energy if we look at it from the point of view of people gathering.
First, professionals who do not generally work in the same area have to commute when they
need to meet. Another way of gathering professionals is to use teleconferencing systems
that are available nearby your work place. In the current systems, for instance, you see the
person you are talking to on one part of the screen, and other materials such as handouts
on the other part.

If current teleconferencing systems are useful, the next generation will be even more so.
It will very probably include electronic meeting systems (EMS) to support group work. EMS
will abolish the notion of physical distance between people. Furthermore, EMS should pro-
gressively become a new form of meeting environment. J. F. Nunamaker et al. (1991) argued
that

“EMS facilitates group work in many situations because it:

e enables all participants to work simultaneously (human parallel processing);

® provides an equal opportunity for participation;

® (discourages behavior that can negatively impact meeting productivity;

® enables larger group meetings which can effectively bring more information,

knowledge, and skills to bear on the task;
® permits the group to choose from a spectrum of structured or unstructured
techniques and methods to perform the task;
® offers access to external information; and

® supports the development of an organizational memory from meeting to meting.”

Electronic Mail

Information access has become very critical during the last decades, it will be crucial in
the next century. In his recent book about the Massachusetts Institute of Technology (MIT)
Media Laboratory, Stewart Brand (1988) wrote:

"A personal computer without a telephone line attached to it is a poor lonely thing. So

far about a quarter of the 10 million computers in American homes have plugged into

the phone system and tied into electronic mail (‘e-mail’), computers teleconferences, and

online databases. Even more of the same thing is going on in offices, where e-mail is

becoming a way of life in some businesses.”
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E-mail provides an incredibly communicative medium that is currently used to exchange
quick information between remote places distributed all over the world. Every morning, the
first thing | do is reading my 10 to 20 messages that are waiting in my mail box. This is
actually a major problem when you start to allow non-personal (non-private) e-mail to
reach your mail box. Subscribing to too many bulletin boards can be very overwhelming.
Intelligent assistants such as information filters decide what kind of information would
be interesting to you.

French people have experienced the Minitel (personal electronic phone books) for more
than 15 years. Minitel turned out to be exceptionally successful. People do their shopping,
banking, hotel and airline reservations at home using Minitel. Today, the Web is replacing
the Minitel as a world-wide communication and documentation tool. Personal computers
are sold with integrated communication capabilities. The main idea is to communicate with
others using natural (i.e., non-obstructive and [ or painful) media. These media should allow
remote transmission and not distort intentions, questions, needs, feelings and acknowledge-

ments, for example.

Computer Integrated Documentation

Everyone recognizes that text and graphics are common media for transmission of
knowledge between people. In large organizations, such as NASA, an enormous number
of documents are produced to transfer knowledge from designers to manufacturers, or
from manufacturers to operations people, for instance. These documents are generally
paper-based.

Documentation is very labor-intensive, requiring a great deal of expertise and develop-
ment time. One significant problem that interests us is that expert developers may no
longer be available by the time a very large documentation project is nearing completion.

If a user needs help from documentation developers, they may have been assigned to a
different project or changed employment. In the former case, they have to carry out a
tremendous amount of problem solving activity to understand and retrieve the information
needed by the user. In the latter case, the user usually does not try to go further in the doc-
umentation. An important question is: how can we capture knowledge in a way that it will
be useful for users in the future? Hypertext (Conklin, 1987) provides a technology for incre-
mental annotation, this is part of the answer to that question. Hypermedia is an extension
of hypertext that incorporates other media as well as text, such as graphics, animations and
sound (Yankelovich et al., 1988).

The Computer Integrated Documentation (CID) system developed at NASA Ames Research
Center is a hypermedia system that allows users to share hierarchies of documents of differ-
ent forms, retrieve information stored in them, and add personal annotations (Boy, 1991).

CID provides an intelligent interface for browsing large documents. Sharing information is a



complex task. It depends on context, i.e., when someone writes a report, draws a picture, or
tells a story, he [ she does it within a given context. Readers, watchers or listeners do not
necessarily share the same context as people who have generated documents. This is usually
a source of misunderstanding. One of the main questions is: how to capture context when
documents are generated? Even if this is still a research topic, the ability of CID to automat-
ically acquire the context in which strategies are appropriate is significant. First, it allows
the system to provide a tailorable browsing facility. Indeed, the system will learn which ref-
erents are to be presented for which user. Second, it shows that it is feasible to immediately
incorporate the user's feedback into the system's knowledge, with the possibility of improv-
ing the system'’s performance. In this way, there is no need to collect and analyze large
amounts of information about how users interact with the system because the system
performs this task itself. Third, with CID we are explicitly specifying a systematic domain
(Winograd and Flores, 1987), i.e., development and use of technical documentation. To para-
phrase Winograd and Flores, the impact of CID comes not because the programs it includes
are "smart” but because it allows people to operate effectively in a systematic domain that
is relevant to human work.

The CID approach can be extended to include television documents. The concept of
videotaped documents that can be accessed and processed on a “personal” television can
be seen as a computerized extension of present videocassette recorders (VCR). Stewart
Brand reported a very interesting statement by Media Lab scientist Alan Kay:

“The only way I will watch TV is if it's been videotaped. | haven't watched live TV in years,

except for football games, which | don't care about. | want to be able to do all the things

I do when I read — | want to be able to stop, to go back, | don't want to be taught by it.

I find VICRs liberating.”

We can extend this statement by saying that advanced VCRs will include capabilities that

are already available in CID, such as context sensitive search, and graphical browsing.

Computer Supported Cooperative Work

The idea of a computer-enhanced meeting is at least as old as the room developed by
Douglas Englebart in 1968. This room was equipped for computer-supported meetings.
Several scientists and engineers have developed methods and prototypes in the area of
computer supported cooperative work (CSCW). The simplest tool and media of cooperation
is the spreadsheet. Using computer spreadsheets people can enter data and immediately see
repercussions on other variables dependent on this data. Spreadsheets are almost trivial to
program and are widely used by managers. Kum-Yew Lai, Tom Malone, and Keh-Chaing Yu
(1990) from MIT developed Object Lens, a spreadsheet for cooperative work. In this system,
a personnel folder containing objects corresponding to employees might be viewed as an

organizational chart or a list of employees' names and salaries. It is able to send messages
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and move objects into folders. Actions of the system are triggered by events such as the
arrival of a message meeting certain criteria.

Another system called graphical Issue Based Information System (gIBIS) has been devel-
oped at the Microelectronics Computers Corporation (MCC) by Jeff Conklin and his team
(1988). The IBIS method establishes a framework for design problems in which design issues
can be discussed by formulating positions that respond - to them. Group members state
arguments which support or object - to a position.

Recently, Douglas Englebart started the Bootstrap Project at Stanford University (1991).
This project is driven by the fact that organizations and individuals are faced with an
exploding need to share and manage knowledge more efficiently. "Bootstrapping” describes
a strategy for organizational evolution to cope with this need, based on a pragmatic
co-evolution of technology and human processes; these processes are both the objects to
be improved and the tools we must use to bring about this improvement — thus the boot-
strap metaphor. A key technology is to improve the collaboration among widely distributed
knowledge workers, helping people in diverse fields (e.g., specialists in design, manufactur-
ing, management, marketing, etc.) to work more easily and efficiently as groups.

The CSCW community developed during the 1990's within the ACM-SIGCHI framework.
Olson and Olson (1997) provide an excellent review on CSCW research. Computer scientists,
human factors specialists and anthropologists contributed in the development of com-
puter-based meeting systems, electronic conferencing systems, chat systems, as well as
cooperation and coordination tools. The Web technology greatly influenced the evolution
of CSCW. Languages such as HTML, XML and JAVA have been designed to support the
development of CSCW technology.

Recently, Preece (2000) introduced new issues on on-line communities:

“Internet communities are here! In fact, they're everywhere. from New York to London,

Singapore and beyond, trillions of messages bounce from screen to screen, every second

of every day."

She insists on sociability and usability. Sociability is concerned with issues such as “the goals
and roles of the individuals in a community, and policies generated to shape interaction
[that] all influence social interaction in the community.” Usability is typically concerned
with developing computer systems to support rapid learning, high skill retention, and low
error rates (Preece et al., 1993, 1994, 2000; Nielsen, 1993, 2000).

A New Road for Education
Computers can enhance education if they are used appropriately. Exploration of video
databases (VDB) for instance can be fun and really educational. During his invited talk at
the 1990 conference of the Cognitive Science Society, Roger Schank insisted on the fact

that “thinking means analyzing events so that they become stories and creating indices to



retrieve stories.” For him, “intelligence is telling the right story at the right time.” On one hand,
education is not linear, i.e., learning by turning pages. On the other hand, discovery has to
be guided by a real purpose. Nicholas Negroponte, who is the founder and director of the
Media Laboratory at MIT, said (Brand, 1988):

“There are children who are registered as ‘learning-disabled’ who are in no sense learn-
ing-disabled at all. Their cognitive style just doesn't fit the method of teaching or the way
schools are run. It's tragic, because some very creative children are then literally disabled
for the rest of their lives.”

Use of VDB allows learning by doing which enhances remembering. That does not mean
that we have to use exclusively the computer to learn. On one hand, it is easier to learn
by doing when a good teacher is nearby. On the other hand, human communication and
knowledge (especially common sense) will always be necessary. If a computer is used as a
repository of knowledge, a medium to browse into this knowledge, and an intelligent assis-
tant that helps you retrieving the right piece of knowledge at the time, then it will allow
people to learn "almost” by themselves. Then, computers tend to individualize learning.

According to this rationale, | developed an approach to the design of software agents
for cooperative learning (Boy, 1997). This approach is based on a careful analysis of current
education practices, e.g., user needs and cultural constraints, bearing in mind the techno-
logical possibilities and goals. | claim that information technology (IT) should be designed
to preserve a reasonable continuity with current practice, to facilitate knowledge transfer
and access, to show a good cost [ benefit ratio, where cost includes financial cost as well
as additional workload. In the ACTIDOC environment, active documents are generated and
managed using current learning documents improved with a pragmatic layer of appropriate
software agents. Such agents for cooperative learning are proposed and discussed using

typical examples.

Discussion

All the approaches and technologies that we have mentioned in section 3 are leading
towards the same goals: improve cooperative work, easily retrieve information, improve
communication between people, and support education. The major trend is very well sum-
marized by the bootstrap metaphor introduced by Douglas Englebart. By designing and
using new machines, people improve communication among themselves, and this better
communication then improve the understanding of how to improve the design and use of
the machines. Thus, people (i.e., users) are central in this incremental design process. This is
a major reason to develop studies and research in the cognitive science area. Understanding
human behavior and cognitive mechanisms is crucial, if the goal is to improve communica-
tion. Education will play a major role during the next decades, especially because the evolu-

tion of our technological society is likely to speed up.
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From Army to Orchestra

Up to now, most people were educated in the expectation of pure hierarchical structures
in society. With the evolution of the technological society, especially with the development
and use of modern media, people tend to realize that their way of interacting with other
has changed. In particular, as information become more available to everyone, hierarchical
structures, where most of the information was owned by top management people, are tra-
versed laterally. Electronic mail and Web technology are responsible for a major part of this
lateral information flow. The result of this process is that professionals will have to know
more about others' knowledge. Knowledge management is a real issue. There is a real need
to have a holographic view of the world surrounding our own business. In this sense, we are
moving from army to orchestra. To pursue this metaphor, people are evolving from isolated
nodes in a hierarchical tree structure to intelligent agents who have their own view on the
world and can communicate with others. In an orchestra, musicians know how to play their
own instrument, but, even if they do not know how to play another instrument, they share
music theory and the overall musical score with the other musicians of the orchestra. In
modern companies, for instance, workers share objectives, and work philosophy and prac-
tise. They cooperate to achieve global objectives. Similarly to an orchestra, this creates an
envelop that gives the style of the company. | claim that advanced interaction media, as
described in this paper, will become predominant and constitute a main communication,

cooperation and coordination support for the next generation of people.

Acknowledgements
| dedicate this paper to Gunnar Johannsen who developed very valuable research on
human-machine systems for the last three decades. In addition to this mastered profes-
sional activity, Gunnar is an excellent musician. He knows better than most people how

technology and art influence each other towards harmony.

References

Boy, G. A. (1991). Intelligent Assistant Systems. Academic Press, London, U.K.

Boy, G. A. (1991). Computer Integrated Documentation. In The Social Creation of
Knowledge: Multimedia and Information Technologies in the University, Edward
Barrett (Ed.), MIT Press, Cambridge, MA

Boy, G. A. (1997). Software Agents for Cooperative Learning. In Software agents.
J. Bradshaw (Ed.). AAAI [ MIT Press, Cambridge, MA

Boy, G. A. (1998). Cognitive Function Analysis. Ablex Pubishing Corporation,
Greewood

Brand S. (1988). The Media Lab. Inventing the Future at MIT.
Penguin Books, New York



Conklin, J. (1987). Hypertext: An Introduction and Survey. Computer, September

Conklin, J. & Begeman, M. L. (1988). gIBIS: A Hypertext Tool for Exploratory Policy
Discussion. In Proceedings of the Conference on Computer-Supported
Cooperative Work, pp. 141-152

Drucker, P. (1985). Innovation and Entrepreneurship. Harper and Row, New York

Englebart, D. C. (1991). The Bootstrapping Project. Seminar at Stanford University

Heckel, Paul (1984). The Elements of Friendly Software Design.
Warner Books, New York

Lai, Kum-Yew, Malone, T. & Yu, Keh-Chaing (1990). Object Lens: A ‘Spreadsheet’ for
Cooperative work. ACM Trans. Off. Inf. Syst. 6, 4, pp. 332-353

Laurel, B. (1991). Computer as Theatre. Addison Wesley, Reading, MA

Nielsen, J. (1993). Usability Engineering. Boston, MA: Academic Press

Nielsen, J. (2000). Designing for Web Usability: The Practice of Simplicity.
Indianapolis, IN: New Riders Publishing

Norman, D. A. (1999). The Invisible Computer. The MIT Press. Cambridge, MA.

Nunamaker, J. F, Dennis, A. R., Valacich, J. S., Vogel, D. R. & George, J. F. (1991).
Electronic Meeting Systems to Support Group Work. Communications of the
ACM, Vol. 34, No. 7, July, pp. 40-61

Olson, G. M. & Olson, J. S. (1997). Research on computer-supported cooperative
work. In M. Helander, T. K. Landauer, & P. Prabhu (Eds), Handbook of
Human-Computer Interaction (2nd Edition) Amsterdam: Elsevier

Preece, J. (Ed.) (1993). A Guide to usability. Human Factors in Computing.
Wokingham, UK: Addison-Wesley

Preece, J., Rogers, Y., Sharp, H., Benyon, D., Holland, S. & Carey, T. (1994).
Human-Computer interaction. Wokingham, UK: Addison-Wesley

Preece, J. (2000). Online Communities. Designing Usability, Supporting Sociability.
John Wiley, New York

Winograd, T. & Flores, F. (1987). Understanding Computer and Cognition. Addison
Wesley, Reading, MA

Yankelovich, N., Smith, K. E., Garrett, L. N. & Meyrowitz, N. (1988). Issues in
Designing a Hypermedia Document System. In Aubron, S. & Hooper, K.
Interactive Multimedia: Visions of Multimedia for Developers, Educators, &

Information Providers. pp. 33-85, Microsoft Press

165 Advanced Interaction Media as a Component of Everyday Life, Guy Boy



991

Action Interface: A Non-Touch Interface
Using Video Captured Image
Yu Shibuya

Abstract

Action Interface, a non-touch interface using video-captured image, is introduced in
this paper. It detects user's action with checking the colour of some sensing regions in the
video-captured image, and then makes reactions depending on the user's action. Action
Interface is easy to configure and has high flexibility so that it is usable and adaptable for
various purposes. Some applications using Action Interface are introduced. They are a menu
selection system, a virtual musical instrument, a multiuser interaction system, and a pres-
entation support system. As an extension of Action Interface, Action View is also introduced.
Action View is an interaction system which detects and tracks user's viewpoint and makes
suitable visual feedback to the user. Action View would be usable to look around the large

information field through the small display.

Introduction

In the modern human-machine interaction, some equipments, such as mice or keyboards,
are commonly used to point to target or to input commands. In this case, the user should
use such equipment, in other words, he [ she should adapt him [ herself to the machine.
However, it might be more comfortable for the user that the machines adapt itself to the
human. In such human-machine interaction, the user should operate the machines without
any special equipment and he / she directs the machines without any special knowledge
about the operation manner. As the new type of human-machine interaction, non-touch
interfaces using video captured image have been studied (Segan 2000, Cipolla 1998).

Action Interface is a sort of non-touch interface using video captured image (Shibuya
1999a, Shibuya 1999b). It makes reactions depending on the user's actions or gestures. It
detects user's action by checking the colour of some sensing regions located in the video
captured image. Since Action Interface is easy to configure and has high flexibility, it is
usable and adaptable for various purposes.

In the followings of this paper, firstly, a system configuration of Action Interface and
process of detecting user's action are described. Then several applications of Action Inter-
face are introduced. They are a menu selection system, a virtual musical instrument, a multi-
user interaction system, and a presentation support system. Furthermore, as an extension of

Action Interface, Action View is introduced.



Action Interface Yu Shibuya, Dr. Eng., Associate Profes-
sor at the Kyoto Institute of Technology,
Japan was Guest Researcher at Gunnar
shown in Figure 1. As shown in this figure, the system  Johannsen’s Institute during 1997-1998

A basic system configuration of Action Interface is

consists of a video camera and a PC. If the visual feed-

back image is needed, there should be a display. A user's live body image is captured by the
video camera and processed by PC in real time. Depending on the usage, computer graphics
are overlapped on the user's body image and they are displayed to the user. PC is also usable
to make an auditory feedback to the user or control other devices such as a video camera, a

VCR, another PC, and so on.

Video Camera

Captured Image O

Overlapped

Personal | Image > )>>

Computer

% ¥ Control
. | Signal Display

User,

Figure 1: Basic system configuration of Action Interface

The system detects a user's action by checking the colour of the sensing region, which is
located on the captured image. Two methods are adopted to check the change of colour of
the sensing region. One method is to find a predefined colour in each region. For example,
supposing that the user's skin colour is measured and stored previously. After that, if the
system finds the stored skin colour in the sensing region, the system can recognize that
there is the user's hand or face in that sensing region. Another method is to check the dif-
ference between current colour of the sensing region and former one. If there is a definite

change of colour, the system recognizes that there should be movement such as the user's

167 Action Interface: A Non-Touch Interface, Yu Shibuya



891

action. Depending on the purpose or environment, one of above two methods is adopted for
detecting the user's action.

In order to detect user's action faster and more accurately, some ideas are introduced
into Action Interface:

® Using HSL format for expressing colour instead of RGB format.

* Monitoring only a sensing region not whole part of captured image.

® Using a mosaic image to shorten the image processing time.

When an image is captured by a video camera, colour of each region is expressed in Red,
Green, and Blue level respectively. However, RGB colour level changes sensitively depending
on the environment. For example, the RGB colour level is dynamically changed depending
on the brightness. Such changing of the brightness is often occurred in general environ-
ment. In order to avoid such unexpected sensitivity, HSL (Hue, Saturation, Lightness) format
is used to express the colour. In this case, if the brightness changes slightly, both saturation
and lightness levels change widely but the hue level does not change dramatically. There-
fore, in order to monitor the changing of colour, it is better to use HSL format to express
colour.

Quick response is important to avoid the user's stress during the interaction with
machines. In order to make the image processing faster, monitoring region is restricted to
a part of images. Furthermore, before checking the colour changing, captured image resolu-
tion was reduced. For example, in current Action Interface, size of a whole captured image
is 320-pixels width and 240-pixels height (320x240 pixels). Inside of this image, several
sensing regions are set and the image of each region is transferred to mosaic image. Using
mosaic is equivalent to reducing the number of pixels of the sensing regions. As a result, it

is enough fast to respond to the user's action.

Applications of Action Interface

In the followings, some applications of Action Interface are introduced.

Menu Selection

In order to make practical interfaces, it is important to include a menu selecting function
in Action Interface. Because of the restriction of the display space, most of menus used in
computer desktop system are difficult to use in Action Interface. When the user touches a
menu button on the screen, menu items appear surrounding that button. In Action Inter-
face, it is not so good to overlap the menu item on the user's body image so that a quasi-pie
menu is adopted.

In usual menu operation, at least two procedures are needed. They are selecting a menu
item and deciding that selection. In Action Interface, it is easy to select the menu item on
the display by touching one. In order to distinguish the deciding action from the selecting

action, a pull-in selection procedure is introduced.



When a user touches the menu button, menu items appear surrounding it and the menu
button is changed to the decision button. Then the user selects the desired menu item and
that menu item is highlighted. If the user wants to decide the selection, it is simply done by
pulling the menu item into the decision button that located at the centre of the quasi-pie
menu.

By the way, hierarchical menu is needed for more advanced use. For such purpose, Raijin
Menu was introduced. In Raijin Menu, if the user select the menu item which includes fur-
ther menu items, selected menu item shifts to upper left side and further menu items are
appeared on the same position where previous menu items were displayed. Then, if the user
selects menu items including further menu items, there happen same procedure as previous
case. Until the final selection, such procedure is continued. With this manner of menu selec-
tion, Action Interface is usable for hierarchical menu. Raijin is the God of thunder in Japan
and there are drums surrounding him. The arrangement of those drums is similar with the

allocation of the shifted menu item so that this menu was named Raijin Menu (Figure 2).

Figure 2: A visual feedback image of Raijin Menu
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Musical Instrument
One of the entertainment uses of Action Interface is to play sound with a virtual musical
instrument. In Figure 3, a visual feedback image of the system is shown. In this figure, there
are 8 icons on the display. If the user touches one of the icons with his [ her hand, assigned
sound will be played. The user can touch more then one icon at a time. In such case, a chord

will be played.

Figure 3: A visual feedback image of a virtual musical instrument.

Multiuser Interaction System
In order to use Action Interface in the multiuser environment, it is important to distin-
guish each person from others. That is, the system must identify each person respectively.
The system configuration of multiuser interaction system is shown in Figure 4. The system
consists of a video camera, a PC, a video projector, and a rear projection screen. The video
camera and the rear projection screen are located in front of the users. Users' body images

are captured through the video camera and processed by the PC in real time.



Rear Projection Screen

Region for «¢
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E Video Projector
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Camera »
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Figure 4: System configuration of multiuser interaction system

using video captured image

The PC detects each user's action and makes reactions, such as making sounds, changing
the colour or shape of visual feedback marks, and so on. The PC is also used for making
visual and auditory feedback image to users. CG images are overlapped on the video cap-
tured image and the composite video image is projected to the rear projection screen. Users
would see their visual feedback image on the screen as if there was a large mirror in front
of them.

In order to identify each user, two methods are adopted in this system. In the first
method, the video captured image is divided into small regions, and each small region
is assigned to each user respectively. The system can identify the user depending on the
region where the user's action is happened.

Another method is asking the user to have different coloured goods, e.g., to put on a
coloured glove. The system can identify the user by checking the colour.

Furthermore, depending on the purpose, it is suitable to use both methods. For example,
when a team game is made using this system, it might be suitable that each team is located
at the team region and each member of the team puts on coloured gloves as shown in the

Figure 4.
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An application of multiuser interaction system has been constructed in our laboratory.
The system is a sort of team games, named Poko Poko 2. In Figure 5, visual feedback image

of Poko Poko 2 is shown.

-Poko Poko 11 ¢

L

B

e
=,

E? B3l 29.7 6

Figure 5: A visual feedback image of Poko Poko 2, an application of

multiuser interaction system.

In this application, there are two teams and each team consists of two players. There are
many balloons in the display. If a player touches a balloon, the balloon bounces in the gen-
eral way. That is, the balloon changes the moving direction and speed depending on the
player's hand moving. Its shape is changed dynamically when the player touches it. There
are needles at both side ends of the display. The balloon bursts when it touches the needles.
The purpose of this game is to push the balloon to the competitor's region and to burst
10 balloons in that region as fast as possible.

One team is located at a half region of the display and another team is located at anoth-
er half region. Each player of the team puts on different coloured gloves. The system can
identify the team and player depending on the location of the player and the colour of

the glove.



Some experimental uses of Poko Poko 2 indicated that the user identification methods
introduced in this system were useful and enough. The system correctly detected user's
action and made reaction in real time.

Furthermore, from the subjective evaluation, Poko Poko 2 was attractive to users. They
were enjoying not only to play game but also to make interaction among users. This system
might offer a multiuser interaction environment which is useful to stimulate a communica-

tion among users.

Presentation Support
Recently, the combination of PC and projector is commonly used for oral presentation.
In such presentation, the presenter must operate his [ her PC by him [ herself for changing
slide, otherwise, he [ she must ask someone to change slides. In order to make a presenter to
concentrate his [ her presentation, Action Point, a presentation support system, is developed.
The system configuration of Action Point is shown in Figure 6 and the scene of presenta-

tion using Action Point is shown in Figure 7.

Figure 6: System configuration of Action Point.
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Figure 7: A scene of presentation using Action Point.

A presenter can change the slide with simple gesture using Action Point. For example, if
the presenter wants to change the slide forward, he [ she points to the forward mark on the
screen and then points to the decision mark. Then, the system detects his [ her action and
changes the slide as he [ she wants. On the other hand, if the presenter wants to change the
slide backward, it is possible by pointing to the backward mark first and moving pointer to

the decision mark.

Action View

Action View is a sort of non-touch interface using video captured image and is aiming
to establish the interaction environment in which the user can look around the large infor-
mation field through the small display. In Action View, the window metaphor is used for the
operation manner (Figure 8). For example, when a user stands at the left side of the window
he [ she can look at the right side of the scene through the window. It is easy to learn and
understand how to use Action View because its interaction method depends on the ordinary
manner in our daily life. When a user wants to look at his [ her desired information with
Action View, he [ she changes his [ her viewpoint. As the result, he [ she would be able to

look at the information through the display.



Figure 8: Concept of "window” metaphor.

Interface of Action View basically consists of a video camera and a display as shown
in Figure 9. The video camera captures user's face and is used for detecting the user's
viewpoint. Action View tracks user's viewpoint and makes a proper visual feedback on

the display.
Figure 9: Basic interface of Action View.
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In order to find a user's viewpoint, firstly, the system tries to find a face region in the
captured video image. The system detects the skin colour regions and checks the shape of
them. Some tips are used in this process and, basically, the oval region is adopted as the
face region. Then the system tries to find the user's viewpoint. For such purpose, the system
checks the brightness along the circle path as shown in Figure 10. In Figure 11, brightness
along the circle path is shown. If the circle is on both the user's eyes and eyebrows, the
waveform of the brightness will be the particular pattern as shown in Figure 11. After
repeated trial and error, finally, the system finds the user's viewpoint as shown in Figure 10.
After that, it is not so difficult to track the user's viewpoint because the system can predict
the location of user's viewpoint from the history of the movement. Depending on the user's

viewpoint, Action View makes a visual feedback.

Figure 10: Viewpoint detection and tracking.

Figure 11: A waveform of brightness around user's forehead.

angle



As applications using Action View, a cellular phone with small display and a character
input system are proposed in the followings.

In Figure 12, a design of cellular phone using Action View is illustrated. This cellular
phone consists of a video camera, a small LCD, and some numeric buttons. The user can
look around the large information field through the baby face interface of cellular phone
in intuitive manner. That is, if the user wants to look at the left side of the information
field, he [ she just changes his [ her viewpoint to the right of the display. Such movement is
usually done in our daily life. If we want to look around the outside of the room we stand

in front of the window and move our viewpoints.

Figure 12: A design of cellular phone using Action View.

As another usage of Action View, a character input system is introduced. Recently, cellular
phones are broadly used as a kind of PDA (Personal Digital Assistant) for writing or reading
email in Japan. Until now, the user inputs characters by numeric key on the cellular phone
and reads the email through the small display. It might not be so comfortable for the user.
It might be better to use large display and keyboard but there is restriction that the cellular

phone should be enough small to be carried with the user.
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It is important to develop an effective method to input a character or word using the
small equipment. Action View is also usable for Japanese character input method. In Fig-
ure 13, a snap shot of selecting a Japanese character on the small display is shown. Japanese
characters are located in the matrix style on the sheet. The user tries to find his [ her desired
character on the display. When he [ she changes his [ her viewpoint, the sheet of the char-
acters is moved. A character, which is nearest to the centre of the display, is regarded as the
current selected character and is emphasised on the display. When the user wants to decide

the character, he [ she might push a decision button of the cellular phone.

Figure 13: A Japanese character input system using Action View.

Conclusion
In this paper, a sort of non-touch interface, named Action Interface and its some appli-
cations were introduced. Furthermore, as an extension of Action Interface, Action View was
also introduced. Action Interface has so high flexibility and adaptability that it would be

usable for various purposes.
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An Integrated Method

for Model-Based Knowledge Acquisition

for Knowledge-Based Diagnosis
in Dynamic Systems

Sabine Borndorff-Eccarius

Abstract.

In knowledge acquisition for knowledge-based sys-

tems, two different proceedings can be distinguished:
the model-based approaches and the rapid prototyp-
ing. In this article, the advantages and disadvantages
of both types of approaches are described. A new
model-based method was developed to lessen the
disadvantages of the rapid prototyping and the
model-based approaches for developing knowledge-
-based systems. It integrates three methods: the
model-based method of cognitive task analysis, the
method of models based on strong problem solving
methods, and rapid prototyping. This method can be
supported by the interactive knowledge acquisition
tool TEMPO with a graphical user interface. It enables
the expert to build and to adapt the domain model to
the problem solving model of state-based diagnosis.
Examples of cases of failure support the expert in
reproduction of his or her problem solving behaviour.
The generalization of these cases is supported by
TEMPO with a learning method. TEMPO considers the
temporal aspects of the symptoms and information

necessary for diagnosis.

Introduction

Sabine Borndorff-Eccarius studied
computer science at the University of
Dortmund. She has worked in the Sys-
tems Engineering and Human-Machine
Systems Group, led by Prof. Dr.-Ing.
Gunnar Johannsen at the University of
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Automation (IMAT). In the ESPRIT
research project ,Graphical and Knowl-
edge-based Dialogue for Dynamic Sys-
tems” (GRADIENT), she developed and
implemented a knowledge-based diag-
nosis system as a part of the GRADI-
ENT-system. She earned a doctoral
degree in engineering from the Universi-
ty of Kassel. Her dissertation focussed on
,Computer-Supported Knowledge Acqui-
sition for Knowledge-Based Diagnosis
Systems in the Domain of Dynamic
Technical Systems.” Currently, she is
working as an IT-Professional for
T-Systems GEI GmbH in Miihlheim,
Germany.

Experiences with the development of different kinds of knowledge-based systems for

industrial applications have shown that one reason for the failure of knowledge-based

systems in practice is that the demands of the tasks are not sufficiently considered (Roth,

Woods, 1989). This is often the case, when the rapid prototyping considers only a few

examples but not the complete task. Before the necessary knowledge is analysed, the archi-

tecture for the knowledge-based system is determined. To reach the design goal in the
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development of knowledge-based systems, the improvement of the man-machine system,
an analysis of the demands of the complete task is necessary.

One of the main problems in building knowledge-based systems is the acquisition of
knowledge. On the one hand, the knowledge often exists only implicitly and, therefore, it is
difficult to gain. On the other hand, the application domains, in which a knowledge-based
system is useful, are complex and need the acquisition of a large amount of knowledge.
Two groups of persons are involved in the knowledge acquisition process: knowledge
engineers and experts. One of the tasks of the knowledge engineer is to collect knowledge
from different sources of knowledge like for instance experts, specialist literature, or other
documentation to analyse, interpret, and implement the knowledge. Due to the fact that
knowledge engineers have to acquire the knowledge by themselves, before they analyse,
interpret, and implement it, communication and transfer failures can arise. Knowledge
acquisition is very time-intensive and expensive. Therefore, it is sensible and necessary
to improve the effectiveness and quality of the knowledge transfer from the expert to

the knowledge-based system.

Knowledge Acquisition for Knowledge-Based Systems
In knowledge acquisition for knowledge-based systems, two different proceedings can be

distinguished: the rapid prototyping and the model-based approaches.

Rapid Prototyping
In the rapid prototyping approaches, a prototype of the knowledge-based system is built
after collecting a relatively small amount of examples of cases. Examples of rapid prototyp-
ing approaches are those of Buchanan et.al. (1983), Harmon, King (1989), Freiling (1985)
and Grover (1983).
Rapid Prototyping has the following advantages:
* Knowledge engineers and experts can check very fast, if the knowledge transfer
was performed correctly.
* The expert can review the assumption about the structure of knowledge and
inference strategies, the behaviour of the system, and if knowledge is missing.
* The relative short feedback cycles can be motivating for the expert and

management.



Disadvantages of the rapid prototyping are:

® The architecture of a system has to be determined before all the necessary
knowledge is collected and analysed.

¢ Therefore, the interpretation and representation of the knowledge is to a great
extent influenced by implementation formalisms.

* The world of terms of the expert is not corresponding to the implementation
language of the knowledge bases.

® Changes proving to be necessary later, or extensions of the system'’s architecture

can be costly.

Model-Based Approaches

The most important difference between the rapid prototyping approaches and the
model-based approaches lies in the separation of the interpretation and analysis from the
representation of the knowledge. Using the rapid prototyping approaches, the model of
expertise results at the end of the development process. In the model-based approaches,
first, a model of expertise is built which is independent from the implementation. This
model of expertise describes the knowledge on a higher level as the implementation level.
Such a model allows a representation in terms of the expert, which types of knowledge are
necessary for carrying out a task, and how the knowledge is used for it.

The model-based approaches own the following advantages:

® With the separation of the interpretation and analysis from the implementation,
the model has a larger closeness to the world of terms of the expert.

® After the interpretation and analysis phase, a relative complete description of
the expertise exists. It can serve as a basis for the specification for the
implementation of the knowledge-based system.

* To support the knowledge engineer, generic models can be provided which leads
the interpretation. A generic model means inference structures and types of
knowledge. Analysis and categorization of knowledge will be relieved by the
abstract framework. Recognition of missing and incomplete knowledge will be
easier.

® |t takes less effort to change and to extend the model than to establish changes
and extensions for the implemented system.

Disadvantages of the model-based approaches are:

® The models, except for implemented problem solving methods, are not
operational so that the dynamic running of the model can not be checked
directly.

® The advantages of the rapid prototyping approaches lapse.
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In the model-based approaches two main directions exist: approaches which allow gen-
eral new development or adaptation of non-operational models and approaches with pre-
defined, specialized and implemented problem solving methods. Examples for approaches of
the first main direction are KADS (Breuker, Wielinga, 1989) and the cognitive task analysis
(Roth, Woods, 1989). An example of an approach with predefined, specialized and imple-
mented problem solving methods is the approach of models based on strong problem solv-
ing methods (Puppe, 1993). The approaches of the first main direction have the disadvan-
tage that the models are not operational. Therefore, only the implemented model at the
end of the modelling phases is able to run. For this reason it is possible that failures in the
design are recognized only in the implemented system. However, in the approaches of the
second main direction, operational models are received very quickly so that a combination

of rapid prototyping and modelling is possible.

An Integrated Method for Model-Based Knowledge Acquisition

To lessen the disadvantages of the rapid prototyping and the model-based approaches
for developing knowledge-based systems, a new model-based method was developed
(Borndorff-Eccarius, 1998). It integrates three methods: the model-based method of cogni-
tive task analysis (Roth, Woods, 1989; Borndorff-Eccarius, Johannsen, 1993), the method
of models based on strong problem solving methods (Puppe, 1993), and rapid prototyping.
The problem solving method mentions how the domain knowledge is used for solving the
problem. The stronger a problem solving method is, the more the representation and the
function of the domain knowledge is prescribed.

First, the knowledge engineer performs cognitive task analysis (see Figure 1). In the
initial phase, the knowledge engineer builds the competence model. The competence model
describes the requirements for competent performance in the domain. In the next phase,
the knowledge engineer investigates how experts and less experienced practitioners perform
their tasks. In this phase, the performance model is developed. It describes knowledge and
strategies that characterize good and poor performance in the actual environment. Based
on these two models, the most appropriate problem solving model is selected. The problem
solving model consists of the problem solving method and the types of knowledge. The
domain model is built based on the problem solving model. Knowledge contained in the
performance model flows into the domain model which is completed with additional

knowledge.



Knowledge

Cognitive task and
knowledge analyses

Competence and
performance
models

Building of the
domain model

Selection of the
problem solving model

Problem solving Domain model
model

Knowledge model

E Knowledge-based system

Figure 1: Integrated Method for model-based knowledge acquisition

The problem solving model and the domain model, with application domain specific
knowledge, form the knowledge model. Using an appropriate tool, the problem solving
model can be operationalized. Whereas the cognitive task analysis, knowledge analysis,
and the selection of the problem solving model are performed by the knowledge engineer,
the domain model can be built to a large extent independently by the expert using an

appropriate computer-aided knowledge acquisition tool.

Knowledge Acquisition Tool TEMPO

The interactive knowledge acquisition tool TEMPO with a graphical user interface
supports the expert in building and adapting the domain model to the problem solving
model of state-based diagnosis. TEMPO uses representations of knowledge in terms on the
abstraction level of the expert. This enables the expert to build, to expand, and to adapt
the domain model to a large extent independently by himself. For this purpose, plant data
and data from the process database can be used. Examples of cases of failure support the
expert in reproduction of his or her problem solving behaviour. The generalization of these
cases is supported by TEMPO with a learning method. TEMPO considers the temporal aspects

of the symptoms and information necessary for diagnosis.
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The knowledge model becomes operationalized by the state generator, the rule generator
and the rule compiler of TEMPO. Hence, for the rapid prototyping an executable prototype
can be generated with TEMPO and the process-independent version of CAUSES. CAUSES is
a knowledge based system using the strong problem solving method called “state-based
diagnosis.” For the validation of the knowledge bases, the expert can examine the prototype

experimentally. Subsequently, he or she can revise the domain model using TEMPO.

Problem Solving Method State-Based Diagnosis

In the domain of dynamic technical systems, a problem solving method is needed which
considers multiple faults and the changeability of symptoms and information necessary for
diagnosis over time. Such a strong problem solving method is the state-based diagnosis
(Borndorff-Eccarius, 1990; Borndorff-Eccarius, 1992). The state-based diagnosis was de-
veloped based on cognitive task and knowledge analyses (Borndorff-Eccarius, 1993).

The state-based diagnosis consists of three steps:

1. Determining system states based on particular state transition indicators.

2. Generating hypotheses and determining the rule classes for step three.

3. Testing the hypotheses using the determined rule classes.

The state-based diagnosis uses 14 different rule types which can be divided into 4 groups:
rules determining and generating states, rules for generating hypotheses and determining

rule classes for step three, rules for testing the hypotheses, and auxiliary rules.

Types of Knowledge for the State-Based Diagnosis

The strong problem solving method called state-based diagnosis prescribes different
types of knowledge:

® structure of the plant and the automation system,

e functional relationships between states of components and process variables as

well as the behaviour of the process in normal and in failure situations,

e states and state transitions,

® causes and their diagnosis.

The different types of knowledge can be acquired from different sources of knowledge
like piping and instrumentation diagrams, data bases containing results of the planning
phase of the plant, process data bases, handbooks, simulations, and experts. For more details
see (Borndorff-Eccarius, 1993:; Borndorff-Eccarius, 1998).

Domain Model
Each type of knowledge is represented by a different intermediate representation. In
computer-aided knowledge acquisition, the intermediate representations consist of the
models which are parts of the domain model (see Figure 2) and of the graphical representa-

tions of the models. The graphical representations serve to the communicate with experts.



The structure model can be represented graphically by a plant diagram, functional rela-
tionships and behaviour of the process in time-lines, states and state transitions in state
transition diagrams, causes and their diagnosis in causes diagrams. Time-lines are tables in
which different types of information are represented against time flow. The state model and
the diagnosis model are described by directed graphs. For building the models of a domain
model different editors are provided.

To aid the expert, the plant diagram can be built by the knowledge engineer or a pro-
grammer. But for the other three types of knowledge, the expert is necessary. To help the
expert to reproduce his or her problem solving behaviour, data from failure situations are
provided. The expert selects typical and atypical examples of failure situations. The infor-
mation which the expert needs for the diagnosis are represented in the time-line. Adding
states, causes and their diagnosis, the time-line is then completed by the expert. The

time-lines worked on in this way form the case base.

Knowledge
Model
editors

Model level 1

Diagnosis
model

State
generator

Structure
Case base
model

Structure

Rule
generator

generator

Model level 2

Rule
compiler

Structure

knowledge
base

Rule
knowledge
base

State

knowledge
base

Figure 2:Intermediate representation and rule generation

From these four intermediate representations of the knowledge, the knowledge bases

are generated by the structure generator, the state generator, and the rule generator (see

Figure 2).
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Generalization of Cases and Rule Generation

The rule generator uses the structure model, the case base, state model and the causes
for generating the rules. This is done in the following steps:

1. Initializing of the causes graph with cases.

2. Generalization of cases.

3. Generating rule classes.

4. Generating rules.

Before generating rules, the rule generator assigns the cases to the causes diagram (see
Figure 3) and generalizes the cases. The cases described in the time-lines are related to
causes nodes in the causes diagram via the causes given in the corresponding column. In
this context, a case description consists of symptom relationships, checks, a test procedure,

or any combination of them necessary for the diagnosis of a cause in a state.

Disturbance
drain controller
HPP A7

Drain controller
HPP A7
"manual”

Disturbance
actual value of both

drain controllers
HPP A7

Disturbance
set point
drain controller
HPP A7

5 6

Case
7

| ‘ Case

I ‘ Case

Figure 3: Example of a causes diagram

During the generalization, the succeeding nodes of each node with several successors
are investigated. If for each successor at least one case exists with the same symptom rela-
tionships, the same checks, or the same test, then these are removed from the cases and
assigned to the corresponding generalized case of the node under consideration. Starting
from the sinks of the graph, this is continued until the sources of the graph are achieved.
An advantage of this generalization is that the expert needs not to create cases for each

node in the causes diagram.



This algorithm can be considered as a simple machine learning method of the type
“learning from examples" (Michalski, 1986; Michalski, 1987). The learning effect of the
generalization is that the description of the diagnosis of a causes node is independently
extracted from the descriptions of the diagnosis of its successor nodes. In this way, new
descriptions of the example set are created. The advantage of this learning method is that
generalized cases and also generated rules remain comprehensible for experts. This is a
difference from the other methods of the type "learning from examples.”

After the generalization of cases, the rule generator creates rule classes for the different
types of rules and for the different functional domains of the plant. Using particular frames
and their slots from the models, rules are generated. For the intermediated representation
of the rules (see Figure 2), the formal language TEMPO-RL was developed. It enables a rep-
resentation in a form comprehensible for the expert and independent from a particular
implementation language or development environment. In addition, TEMPO-RL permits
descriptions of the changeability of information over time and relations between the
information in regard to time.

The compilation of each rule into the implementation language of the knowledge-based
system is done directly after its creation. Each time when the slot value of the frame repre-
senting the rule is overwritten, the compiler is activated by a demon. The advantage is that
only the newly created rules are compiled.

The rules are taken over into the knowledge-based system, after they are checked by
the expert. For this purpose, the expert uses the rule editor. If he or she does not agree with
some rules, he or she can change the models and recall the rule generator. In this way, the

knowledge bases are generated in several iterations.

Evaluations

TEMPO was developed using the method of rapid prototyping. At different points in
time, two subjective evaluations were executed. A first evaluation was done before the
implementation of the tool. A walk-through using the draft of the user interface on paper
was done with an expert. Variants of menus were proposed and discussed. The results were
considered in the revision of the tool before implementing it.

A second subjective evaluation with an expert was performed after the prototype was
implemented. The goal of the evaluation was to get assessments of the effectiveness (Rouse,
1991) and the usability with the aspects comprehensibility, learnability, and satisfaction
(Nielsen, 1993). The result of the evaluation was altogether positive with some proposals

for improvement and extensions. For more details see Borndorff-Eccarius (1998).

187 Model-Based Knowledge Acquisition, Sabine Borndorff-Eccarius



881

Conclusions

With the modular construction of TEMPO, it can be extended for other strong problem
solving methods, for example for model-based diagnosis or case-based diagnosis. Therefore,
additional editors for other intermediate representations can be implemented. For additional
rule types, the rule generator, TEMPO-RL, and the rule compiler can be extended. Another
possibility for an extension of TEMPO is an additional editor for hierarchical task analysis
representations (Kirwan, Ainthworth, 1992). In this case, TEMPO can already be used in
the first phase of the cognitive task analysis. During further development of the prototype
of TEMPO, additional evaluations and usability tests with a larger number of users are

necessary.
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Electronic Handbooks Supporting Fault Diagnosis Tasks
Martin Hollender

Abstract
The combination of an automatic fault diagnosis module and an electronic troubleshoot-
ing manual results in a support system which allows a close interrelation of human and
machine fault diagnosis performance. The electronic manual acts as a cognitive interface
and puts the suggestions of the automatic fault diagnosis module into the context of

related knowledge so that they can be easily verified by the human diagnostician.

Introduction

Modern technical systems are highly complex, and product life cycles are extremely
short. Therefore, it is impossible for operators to know all the necessary information for
troubleshooting by heart. Instead, they have to consult external knowledge sources which
are often delivered on electronic media (Boy, 1992).

This chapter presents an approach on how to combine a diagnostic expert system with a
troubleshooting handbook. The diagnostic expert system tackles the symptom related side
of fault diagnosis whereas the structures of the electronic book support the topographic

reasoning of the human troubleshooter.

Human Fault Diagnosis

Methods based on mathematical principles are no more than a precondition for a suc-
cessful fault diagnosis support system. To be really helpful for its users, the support system
has to be related to the ways humans actually do fault diagnosing.

Rasmussen (1981) distinguishes between symptomatic and topographic search. The first
is pattern and cue oriented, whereas the latter is a more systematic screening of the system.
Empirical studies in the medical (Elstein et al., 1975) and technical domain (Bereiter and
Miller, 1989) emphasize the central role of hypotheses in human fault diagnosis. First the
hypotheses are generated and then they are verified. This approach is called "Hypothesis &
Test". The cognitive explanation (Elstein et al. 1975, Wickens 1984, Reason 1990) is that
hypotheses act as central memory organizers of the problem solving process. Hypotheses
transform an indefinite problem (Which failure is it?) into a definite one (Is it failure A, B
or C?). Because of the limited size of human working memory, more than 5 hypotheses are
rarely considered in parallel. The network of hypotheses guides the gathering of new infor-
mation. If new evidence contradicts the current network, the network should be modified

accordingly.



This way of diagnosing faults is normally very pow-
erful, but also imposes some well-known problems:
e Confirmation bias or cognitive tunnel vision
(Wickens, 1984). Diagnosticians seek (and

therefore find) mainly information which fits
Martin Hollender joined Gunnar’s group

in 1990 and worked on electronic hand-
dictory evidence is often overlooked or wrongly ~ books and co-operative design. He left
after completing his PhD in 1994 works
now as an independent Software Consul-

explained with the high amount of cognitive tant in Heidelberg, Germany.

into the current network of evidence. Contra-

interpreted as supporting. This bias can be

efforts necessary to change the current network
of hypotheses. Especially in complex abnormal
situations with high workload operators tend to
act according to this bias (Rasmussen, 1981).

® Anchoring (Kahneman et al., 1982). The first problem solving steps inadequately

influence the whole further problem solving process.

e Overconfidence. Human diagnosticians are often too certain that their current

set of hypotheses covers the actual fault.

* Availability / Recency. The ease of recall from long term memory is taken as a

measure for the probability of an event.

According to Rouse (1984), it is very difficult to humans to utilize information about
what has not failed. Another problem is that diagnosticians often do not have enough
knowledge about the technical system and about how to diagnose it. This knowledge gap
cannot be closed with a simple Information Retrieval (IR) mechanism because the diagnos-
ticians normally are not able to exactly specify their current information needs. The biases
listed above show how important it is also to remind the diagnosticians of information for

which they were not looking originally.
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The Cognitive Interface of "Book Technology”

Today, external knowledge for complex troubleshooting tasks is still acquired in most
cases from classical documentation - be it in paper or electronic form. What is the reason
for this fact? Humans have developed powerful skills and methods for communicating
knowledge with the help of "book technology”. The mere ability to read words and sentences
is only the most basic mechanism. For communicating complex facts, many more mecha-
nisms like paragraphing, layout and table of contents support the authors in expressing
their ideas. The essence is that "book technology” offers an attractive interface for
presenting knowledge highly compatible to human cognition. Modern hypertext systems
(e.g. based on Web, HTMLHelp or PDF technology) add powerfull search capabilities, but all
try to emulate the classical paper book. In fact, it is a major current research goal to bring

electronic book technology closer to its paper model (Gates, 2001).

Situated Learning

Troubleshooters consult a support system because they need some additional knowledge
to perform a specific diagnostic task. This situation is a fruitful basis for learning (Lave and
Wenger, 1991; Brown and Duguid, 2000). The troubleshooters are highly motivated because
they want to perform their task, and the successful repair of the technical system is a pow-
erful intrinsic reward and a kind of self-evaluation. Of course, learning requires extra efforts
and time, which is not available in some situations. But if the employing company is inter-
ested in highly qualified troubleshooters, learning on the job is one of the most effective
training methods. Well suited electronic manuals are an important means to enable this
learning by doing. Therefore, future Computer Based Training (CBT) and Decision Support

System (DSS) technologies will move close together and eventually even merge.

Imperfect Fault Diagnosis Support
Automatic fault diagnosis modules for complex technical systems often are very complex
themselves. In many cases, a cost-effective engineering of such fault diagnosis modules
means an imperfect fault diagnosis performance. Such a module can make valuable contri-
butions to the fault finding process in many cases, but in other cases the contribution

might be less valuable or even wrong.



In the Information Retrieval (IR) field systems are evaluated with the help of recall (the
ability to find relevant documents or solutions) and precision (the relevant [ irrelevant ratio).
Of course it is much more difficult to evaluate automatic fault diagnosis modules, but it is
very important to note that in analogy to the IR field, even imperfect fault diagnosis sup-
port can be valuable (nobody expects that a keyword of a book always leads to an inter-
esting page, but if it does, it is helpful). The construction of a perfect automatic fault diag-
nosis module might require too much effort for the value it can offer. The lacking accuracy
of the automatic fault diagnosis module has to be carefully considered in the design of the

overall support system.

Implementation
The ideas presented in this chapter have been implemented and tested in a program
called Electronic Diagnosis System, EDS (Hollender, 1995). EDS runs on standard Personal
Computers and is a so-called “expertextengine” (Rada and Barlow, 1989) because it provides
the basic hypertext and Case-Based Reasoning (CBR) mechanisms without any reference to
a technical system. The system-specific information is stored in “troubleshooting files" (in
analogy to knowledge bases of expert systems). EDS files are one of the first approaches
where data is stored in a SGML-based format, an approach that is now common place with
the highly successful XML technology.
EDS offers three support mechanisms:
¢ The Fault Diagnosis-Network (FD-Network) is a hypertext troubleshooting
manual with standardized presentation formats and cross-references especially
suited for fault diagnosis.
¢ The automatic fault diagnosis module generates hypotheses. It measures the
similarity between the information needs (or symptoms) currently specified and
each page of the electronic book.
® The pathfinder module relates the results of the automatic fault diagnosis
module to the FD-Network.

The three modules will be described in the following sections.

Fault Diagnosis Network
One of the main goals of structuring fault diagnosis information is to offer “predictable
paths to expected information” (Herrstrom and Massey, 1989). In technical domains the hier-
archical structure of system components is an intuitive structuring method. A hierarchical
structure of the information is also suggested from a human factors point of view (Herrstrom
and Massey, 1989). Especially in hypertext systems, disorientation of the readers (termed
“Lost in Hyperspace") has to be carefully avoided. The top level of the FD-network visualizes

the component hierarchy. In addition, this hierarchy lists all possible faults locations.
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In the second level, standardised tables are used to summarize the fault diagnosis knowl-
edge of each component. In EDS, these tables provide a column each for faults, causes,
effects and countermeasures.

If necessary, each item can be expanded to a third level offering detailed information.

This rigid structure can be extended by intermediate levels or non-hierarchical cross-ref-
erences. For example, causally connected components can be cross-referenced with "cause”

and "effect” links.

Automatic Fault Diagnosis Module

The diagnostic module can be seen either in an Information Retrieval or Case-Based Rea-
soning tradition. Each page of the electronic book has an attached symptom vector. This
vector describes which symptoms or keywords point to the page. Both three-point scales
(no, don't know, yes) and five-point scales (never, very unlikely, don't know, very likely,
always) can be used for the input of symptoms. The use of a five-point scale is very impor-
tant, because some symptoms are connected closer to a page than others. Results presented
in (Elstein et al., 1978) and (Peng and Reggia, 1990) indicate that a five—point scale should
be enough to express the relevant fault diagnosis knowledge.

If users want help from the automatic fault diagnosis module, they first have to specify
their current situation. This can be done by building a symptom vector with the same struc-
ture as the vectors describing the single pages. From an Information Retrieval point of view,
this vector stands for the user's information needs and is called query-vector. Again, a
five-point scale is necessary because the users may want to express their degree of certi-
tude about the individual symptoms.

The automatic fault diagnosis module then computes the similarity between the vector
describing the current situation and each page of the book. The verbal expressions (i.e., no,
yes) are first transformed into numbers (0, 1). The similarity between the vectors can be eas-
ily computed with the help of the standard cosine product. After this procedure the pages
of the electronic book can be ranked by similarity to the user's information needs. The pages
on the top of the list are probably interesting to read. A threshold decides from which value
of similarity on the pages are no longer considered possible solutions of the problem.

The approach is very similar to the vector space model (Salton and McGill, 1983) coming
from the Information Retrieval field. It also fits to Case-Based Reasoning methods (Pfeifer
and Richter, 1993). Although very powerful in dealing with complex and imprecise relations,
the approach has to be modified to accomodate the special aspects of fault diagnosis. If for
example a page (= a hypothesis) is definitely connected to a symptom which is definitely
absent in the current situation, this should not only result in a lower rank, but this page has
to be totally excluded from the resulting list. The modified method is strongly influenced by
the set theoretic ideas of Peng and Reggia (1990).



The direct presentation of the results produced by the automatic fault diagnosis module
is included in EDS as one possibility. A ranked list of all hypotheses is offered for direct
access to the different pages. One issue is, however, that these often very specific and
detailed solutions should be integrated into the structure of the electronic book. If only
the page with the solution is presented, the relation to important other information may

be unclear. In the following a method of how to avoid disorientation is presented.

Pathfinder Module

Ideally, the solutions found by the automatic fault diagnosis module are very specific and
detailed pages. That implies that the suggestions of the automatic fault diagnosis module
are often not starting points for reading, but finishing points. While those pages should be
read last before acting, other more general pages should be read before. EDS finds paths
through the structure of the electronic book leading to the solutions found by the auto-
matic fault diagnosis module. Each cross-reference of the type "Pointing-to-detail” leading
directly or indirectly to suggested information is graphically emphasised, i.e., with a change
of colour or a special symbol. EDS was one of the first implementations of coloured hyper-
text links, which means links that change their behaviour and [ or appearance according to
the current context.

The computed paths ensure that the solutions are presented in the context of the overall
book. The given context enables the readers to verify the suggested solutions. The structure
of the electronic book supports hypothesis testing. On their way towards the solution,
readers might pick up some interesting information not looked up for originally (incidental

learning).

Solutions in Context
How can the combination of a fault diagnosis module and a hypertext manual present
solutions in context? Context is defined as problem context, emphasizing the progression
and environment of a problem solution. Not only the solution is important, but also the
way towards this solution, and possible alternative solutions are considered as integral
parts of the decision support. Context is needed because human operators have to under-
stand the solution so that they can effectively test the hypothesis. Two examples shall

demonstrate how context can help to introduce important related hypotheses.
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The alternator of a car is driven by the cone belt. Both components are causally connected
because the alternator cannot work without the cone belt. Suppose that the symptoms at
hand are indicating a specific problem with the alternator. The automatic fault diagnosis
module therefore suggests a page dealing with very specific alternator problems. The
pathfinder module now generates the path

1) General Overview

2) Summary alternator

3) Specific problem alternator.

The second page "Summary alternator” has the standardized column “cause” which con-
tains a link to the cone belt. This reminds the diagnostician that cone belt and alternator are
causally connected. Checking if the cone belt is loose or missing is easy and fast. This check
is highly recommended before going into the details of the alternator. Bereiter and Miller
(1989) showed an expert troubleshooter falling into a similar trap in their field study.

Figure 1 shows how the “cause" and "effect” cross-references of an intermediate page

support reasoning about function and therefore may entertain alternative hypotheses.
Figure 1: Causal context
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2" Example: Differential diagnosis context

To verify a hypothesis one should also verify all differential diagnoses, because differen-
tial hypotheses have very similar symptoms but may require different countermeasures.

In EDS this can be solved with an intermediate page listing all differential diagnoses
placed before pages with specific diagnoses.

This ensures that all paths leading to a specific diagnosis pass the page containing the
differential diagnoses. If the users are not interested in differential diagnoses, they can
easily follow the highlighted cross-reference pointing to the specific diagnosis, and ignore
the differential diagnoses. If they are interested, the intermediate page offers access to the

verification of all differential diagnoses.

Co-operative Support of Diagnostic Tasks

It is very important that the support system does not dominate the diagnostic problem
solving process. Troubleshooters can only be responsible for decisions they understand (Of
course, understanding is often connected with effort). If the automatic fault diagnosis mod-
ule cannot be guaranteed to be perfect, the human operator should control the problem
solving process and have the last word. That is why the opportunity to verify the suggestions
of the automatic fault diagnosis module is crucial. The automation of routine diagnostic
tasks makes not much sense if the more difficult problems remain for the human operator
(Rouse, 1984; Johannsen, 1993).
In EDS, it is up to the human operator to ignore the automatically generated hints (in this
case only the electronic book is used), or to always follow the hints (which is similar to
using a diagnostic expert system). Maximum co-operation is reached, if the operators verify
the advices via the help of the context offered through the electronic book, and decide case
by case if they should follow the suggestions or ignore them.

Architecture

EDS consists of a book and an index layer (Frisse and Cousins, 1989).

The index layer can be quite complex containing hundreds of keywords. The conventional
alphabetical structure of the index is only one very basic possible structure. A better practice
is to group together task-related keywords. An example would be to combine all keywords
dealing with visual inspections in one group. The index layer can be used for two purposes:

e Connect each page of the book layer with specific keywords.

® Specify the user's information needs with a query-vector.
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The book layer contains the FD-Network and therefore the main information of the
troubleshooting support system. As in the paper world, a book without index can be
valuable, but an index without book makes no sense.

Both layers are designed with the structure and content editor. This editor allows to spec-
ify the links and nodes that make up a troubleshooting file. The nodes can contain pictures,
sounds or text. Very often standardized tables are used for the presentation of information.
The links can be linear (like the pages of a book), hierarchical (like the hierarchical structure
of the technical system) or web-like, which is necessary for example to model cause-effect
links.

The basic architectural elements for the book and index layer are two complex object
types. "Formsheets" store all the data necessary for building up pages. In addition, they store
the connected index-vector. Each “Formsheet” can contain several "Textltems" which contain
a short text and links to other "Formsheets". Additionally, each “Textltem" has a “type label"
which can be transformed into complex behaviour. The type label “pointing-to-detail” for
example is used by the pathfinder-algorithm and, if appropriate, translated into a graphical
hint. Both "Textltem-" and "Formsheet-" objects are manipulated with the structure and

content editor. The persistent storage for the objects are the “troubleshooting-files".

Applications

The electronic manual approach was used for building a fault diagnosis support system
for the photovoltaic inverters of SMA, an electronics company located in Kassel. These
systems are installed decentrally and feed photovoltaic energy into the public net. The
troubleshooting file is used to document the fault diagnosis know-how. The support system
is currently being tested inside the company. In the future, a troubleshooting file might
accompany each device as a decentral troubleshooting aid.

Another support system was built for two different motor management units used in the
Volkswagen Golf lll. The modern motor management units impose a new level of complexity
requiring both a better fault diagnosis training for the mechanics and better fault diagnosis
tools. The approach presented in this chapter offers an integrated solution for both prob-
lems. This support system is only a prototype for demonstration and test purposes because

it covers only a small subset of the faults occurring in the daily work of a motor garage.



Evaluation

First experiments with more than 50 subjects were carried out inside the laboratory with
typical fault diagnosis scenarios. As stated in Wickens (1984) it was observed that the use of
the support system first requires additional skills and efforts. That means that a good intro-
duction of and basic training for the support system is very important for its acceptance.
Because user-friendliness has been a major design goal, the subjects needed only half an
hour to learn how to use the support system. Subjects aided by the automatic fault diagno-
sis module found the faults significantly faster and in a more focused way than those using

only a simple electronic book.

Conclusion

EDS demonstrates the use of an electronic manual as a cognitive interface for a fault
diagnosis support system. The pathfinder algorithm puts the suggestions of the automatic
fault diagnosis module into the context of an electronic manual. The suggestions are not
presented in isolation, but can be verified step by step, from overview to detail. This
approach emphasizes the responsibility and skills of the human operator. In fact, EDS can
be viewed as a "Tutor on the job" Because electronic manuals are rapidly spreading into
the aviation, automotive and computer industry, the presented “smart manual” approach

will be of great further interest.
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Approximative Process Visualization
based on Qualitative Knowledge
and Fuzzy Logic
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Abstract
A novel design technique for the construction of

human-machine interfaces is presented. This tech-

nique strives after increased user orientation adapting
human-machine interfaces to the cognitive structures
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knowledge that are available in analogous or concep-

logic is used for translating natural language proce-
dures acquired from operators into objects in knowl-
edge bases. Thus, technical systems can be considered
and controlled from different viewpoints.

Keywords: process control; human-machine interface; knowledge-based systems;

object-oriented software design, fuzzy logic.

Introduction

In the following, an integrated approach with new design methods for human-machine
interfaces in process control will be presented. All methods and techniques developed
during this research work supported partly by the German Research Foundation (DFG) were
evaluated and tested with a simulation of a chemical distillation process. This simulation
was developed at the Institute of System Dynamics and Control Engineering of the Univer-
sity Stuttgart. It represents a typical, highly complex system and is thus very suitable for
demonstrating the methodology.

Technical systems are mostly visualised by conventional user displays based on topologi-
cal representations and flow diagrams (VDI/VDE 3695, 1986). For large and complex installa-
tions, views in these kinds of user displays are split up according to system [ sub-system
hierarchies. Such views become intricate if complex plants have to be visualised. The design
method and technology of this study is based on different models of human operators and
the technical process. These models are acquired from experienced operators through task
and process analysis must be used in integrated way to achieve a powerful work environ-

ment for human operators.

201 Approximative Process Visualization, Salaheddin Ali



(4014

Presentations of the different models containing analogous and conceptual knowledge
are considered, both in the graphical design of the user display as well as in the construction
of software structures realised in the from of object-oriented modules (Johannsen, 1993).
With this type of visualisation, adapted to the cognitive structures of human operators,
process control and supervision can be supported on different cognitive behaviour levels
(see Rasmussen, 1986; 1987). A high transparency is accomplished and thus, it is possible

to visualise malfunctions and process violations in an intuitive manner.

Models of knowledge presentation
as fundamental design materials
In the human-machine interface, different models of the technical process and of the
operators, describing their supervisory- and control behaviour, are used to represent the
process on different levels of abstraction and from different viewpoints. The different mod-
els are applied to both the design of the graphical user display and the development of the
information management system of the human-machine interface. Both sub-systems are
adjusted to the cognitive structures of human operators. Experiences with human-machine
interfaces have shown that the visualisation of process states through the graphical user
display can be a substantial aid to operators (Ali, 1997). It is essential that the human
operator can observe the state of a technical process without wasting a lot of time in
observation and identification of process variables. The knowledge that is required for
this development is acquired through task- and process analyses and contains the
following models:
® A model of the human information processes involving human decision making,
adopted from (Rasmussen, 1988). This model is not explicitly used in the design
of the user interfaces, but it is applied in the design philosophy.
® A state-task model containing a hierarchical order of elements obtained by task
and process analysis (see Figure 1). A technical system is first divided into critical
subsystems. Relevant process states are determined for these subsystems. The
state-task model defines the mapping between these process states, and the
tasks that have to be carried out by the operator. A similar description is
represented in Matern (1984). The manner in which such model can aid a human
operator in his task is discussed at the hand of the information- and decision-
-ladder model by Rasmussen (1988), which describes human cognitive processes
as a sequence of information processing stages A human-machine interface
using the state-task models should relieve and support the operators by their

activities of information processing, such as observe information and data,



identify present state of the system and, last but not least, define task; select

change of system condition. The human-machine interface mediates to the

operators not only the final result of the knowledge states system state and task

computed by the information processing system but also the necessity for doing

tasks. As shown in Figure 1, the state-side includes elements about the state of

the technical systems. On the task-side, levels containing elements about tasks,

activities and actions are modelled. These task elements are categorised in task

classes such as process goals, strategies and security classes.
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Figure 1: State-task model of the distillation column

® A qualitative causal model of the technical system (Funke, 1992). This model

consists of the important process variables that are sufficient to describe

qualitative process behaviour (the qualitative part of the model) and the causal

relations between these variables (the causal part). It will be shown that causal

models are partly used in the graphical design and as a basis to define the

different knowledge elements in the fuzzy knowledge base.
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Approximate Knowledge-based
Process Visualisation with Fuzzy Logic
The different models mentioned above are used to design knowledge objects located and
managed by the information processing system as well as the corresponding graphical mod-
ules that will be presented on the user display. These models contain both descriptive or
declarative knowledge, and operational or procedural knowledge. This knowledge is mostly
available in the form of natural language. For the construction of qualitative models, this
knowledge must be recorded and converted into a computer representation. Fuzzy logic is
especially suited for this second step (Zimmermann, 1991).
Followings describe the reasons why fuzzy logic is suitable for converting and processing
the knowledge used in approximate knowledge-based human-machine interfaces. For more
detail information see (Ali, 1998):
* The knowledge acquired from human operators is available in a colloquial form.
The application of a means, i.e. fuzzy logic, for the direct conversion of this
knowledge into a computer representation leads on the one hand to shorten the
development time. On the other hand it will be possible to create new kinds of
display elements which correspond to the ways of human thinking (Ali, 1998).

® On higher levels of process control and supervision, users think not only in
specific values, but also in linguistic terms (Kahlert, 1995).

e Undisputedly, display elements with symbolic information contents represent
a central constituent of advanced user displays (Johannsen, Ali, Heuer, 1995;
Johannsen, Ali, Van Paassen, 1997). To mention graphic items for the
representation of states, alarms, fulfilment-grades of process goals and
strengths of the urgency for doing tasks and actions (Ali, 1997).

® A further important problem with the use of graphical elements for the
visualisation of process states or fulfilment-grades is the characterisation of
value ranges of process variables used to describe these process information.
Display elements, which are based on such values, strongly depend on the way
of interpretation of the appropriate intervals.

The fuzzy rules used within the objects of the knowledge base take linguistic variables
as their input. To prepare these input variables, values from the controlled process are
converted into fuzzy sets. The values of the output variables of the knowledge base are
ulfilment-grade values for process goals as well as strength values for states, necessity for

determining which tasks are relevant.



Different inference mechanisms for calculating approximate values about the whole

human-machine system are realised within the information management system. In the

following, one of these mechanisms will be discussed. This method converts the fuzzy result

set as it is calculated by the inference machine into a concrete value. Such values are then

used to animate graphical objects on the user display, in this example for the visualisation

of fulfilment - grades of process goals. Figure 2 illustrates the principle of the inference

mechanism at the hand of the example process goal of the feed.
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Figure 2: Inference process for output variables of fuzzy knowledge-base for

visualisation of a fulfilment-grade.

For the defuzzification of fuzzy result sets, the centre-of-gravity method is used. This

results in concrete values called fulfilment - grades. The fulfilment-grades of the goals

on the user display are approximate. This means that a goal can get values with different

strengths, e.g. 60 % fulfilled. The goal value is represented on the display by a small

pie-chart, displayed in the (circular) goal icon.
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Approximate knowledge-based process visualisation

During this research work, a complete human-machine interface containing both a soft-
ware management system and a graphical user display has been developed. This tool allows,
technical systems to be considered and controlled through different representations such
as topology, causal coherence, process goals, states, necessity for doing tasks and security
classes. In this section, some visualisation aspects of the approximate knowledge-based user
display, the PRISMA user display, will be presented. Figure 3 shows the PRISMA user display
during the visualisation of approximate states and goal fulfilment-grades of the chemical
process distillation column. In the upper portion of the screen, various information about the
process such, as operational situations and security classes, as well as states and process goals
of the critical subsystems of the technical system are presented, by means of an overview.
This overview window cannot be covered by other displays and, thus, the operators are
always informed about the current process state. The goal icons visualised by pie-chart
symbols mediate whether the goals of the influence-function units in the different critical
subsystems are fulfilled or not. As illustrated above, the calculation of every pie-chart value
is based on fuzzy rules and is executed by a local fuzzy inference machine.

Details of a critical subsystem can be enlarged to get more information about the
macro-states (sub-states) and necessities for doing tasks. Moreover, detailed information
about the fulfilment-grades of component functionalities within a function unit can also
be visualised. These icons can be used to activate the corresponding topological views of
the process. The operator can select any given macro state represented by a gauge icon to
gather information about the rules underlying this specific macro-state. These rules are

presented in the window shown on the lower right side of Figure 3.
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Figure 3: The knowledge-based user display PRISMA

during visualisation of approximate states and goal fulfilment-grades

of the chemical process distillation column
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Another possible representation form supported by the PRISMA user display is the
task-dependent state visualisation managed by a rule-based module called security classes.
Within this object-oriented module, process violations describing illegal or undesirable
combinations of process values are modelled. These combinations of process values are not
related to one specific state. This means that these process violations can occurred during
all operational situations. Figure 4 represents the task-dependent state visualisation sup-
ported by the PRISMA user interface by means of the example security class: warning. As
shown in Figure 4, two process violations with different strengths are visualised by a graphi-
cal rule-based process view located on the left-middle side of the desktop. Approximate
values for terms of security classes represented in the overview of the technical process are
calculated by means of the MAX operator (Zimmermann, 1991). The MAX operator combines

all results of fuzzy rules belonging to a class to a single value.

Figure 4: The knowledge-based user display PRISMA

during task-dependent state visualisation
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Furthermore, locations of process violations can be achieved by sub-premises of rules
represented by icons. These sub-premises containing process variables and values margins
can be selected to activate topological views, and so to go to the location of the compo-
nents that must be controlled and handled. As mentioned above, this state visualisation is
task-dependent. This means that after completion of correct actions, a process violation

will disappear although the state variables are still have undesirable values.

Evaluation

The usability of this human-machine interface was evaluated in a comparative investi-
gation (Kopecny, 1996). Two other user displays using different concepts were used for the
evaluation after software and cognition-ergonomic aspects, which reflect the requirements
at man-machine interfaces for dynamic processes. The first user display is oriented on the
guideline VDI/VDE 3695 (1986) and structures the information topological and hierarchical
such as outlines, sub-systems, areas, groups and measurement-points. The other user dis-
play visualises functional coherence and is based on the multilevel flow modelling theory
(MFM) by Lind (1988, 1993). These user displays were implemented to be acquainted with
the status of man-machine interfaces in process control and for evaluation purposes. The
results of the laboratory experiments show that approximate knowledge-based process
visualisation is very suitable for the support of human operators during their control and

monitoring activities (see Ali, 1998; Kopecny, 1996).

Conclusion

This contribution presents a new kind method for the design of human-machine inter-
faces in process control. By means of this method a graphical user display called PRISMA
was developed and compared with other two displays. Through these displays that based
on different design philosophies, the same technical process distillation column can be
controlled and monitored. The purposes for developing these user displays were to analyse
supervision problems in process control as well as to use them as reference systems in the
evaluation mentioned above. The visualisation technique achieved through this method is
called approximate knowledge-based process visualisation. The main goal of this visuali-
sation is the optimum integration of the operator in the whole control loop of the
human-machine system. This will lead to better work satisfaction of the human as well

as more security and economic efficiency.
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Evaluation of a Modern Approach

to Process Visualisation

using Multilevel Flow Modelling (MFM)
and Ecological Interface Design (EID)
Andreas Vilkel

Abstract

The continual development of industrial processes implicates an increasing strain for the
operators of such plants. There is also an increasing level of automation due to increasingly
powerful and cheaper automation hardware. The consequence is a decreasing number of
operators for driving a process with a concurrent rise of information that has to be observed
by the separate operator (Thierfelder, 1997; Herbst and Rieger, 1997). The increased automa-
tion level involves a loss of manual skills in leading a process, while the area of responsibility
for the operators increases (Reinig et al., 1997; Bainbridge, 1983). So there is the question
whether newer modelling techniques like MFM (Multilevel Flow Modelling) or EID (Ecological

Interface Design) can improve the controllability of industrial processes.

Introduction

Machines should be adapted to the needs of man and not the other way round. A con-
venient configuration of the systems which perform the information flow in both directions
(this is the interface between man and machine) can achieve this adaption. Newer model-
ling techniques were developed to realise the demand of a user centered modelling. One of
these newer ways to model complex systems is the Multilevel Flow Modelling (MFM) by Lind
from Denmark. Another modern modelling technique, the Ecological Interface Design (EID),
comes from Kim Vicente from Canada. Both visualisations can be used for modelling a
process at different levels of abstraction. MFM uses objects like goals, functions and physical
components for the description of a system. EID applies the conversion of mathematical
relations into geometric objects for the reproduction of a system where not only trivial
relations are shown, but also more complex coherences, e.g. between fill and energy levels.
Common visualisation techniques use the Single-Sensor-Single-Indicator (SSSI)-Philosophy
(Goodstein, 1981). Physical information is shown on displays (e.g. pointer and scale). This
assumes a strongly distinct capability of deductional thinking by the operator, i.e. psycho-

logical processes running on a high cognitive level. Furthermore, the models based on
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Multilevel Flow Modelling MFM

The Multilevel-Flow-Modelling MFM suggested by Lind (1990), deals with the represen-
tation of a system by multiple descriptions at different abstraction levels. A system will be
described by terms of goals, functions, and physical components. At the same time, each
of these descriptions can be treated on different hierarchical decomposition levels. The
goals are the purpose or the intentions of the designer the system was made for. For the
modelling of the system's functions, simple functional perceptions are used, which relate
to the control of linked mass, energy or information flows. The suggested functions are
sources, transports, balances, storages, barriers, sinks, and, in addition to information flows,
observers, decisions, and actors. All types are realised by symbols as part of a graphical

representation language. They can link together into structures in consideration of different
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syntax rules. The symbols do not represent physical components as in common RI-Pictures,
but show functional coherences. The physical components realise the flow functions in

MFM, and by implementation of the functions, a goal can be fulfilled (Lind, 1990). Accord-
ing to Larsson (1992) MFM shows the functional structure of a system as a number of flow
structures relating to each other at different abstraction levels. The abstraction levels again
are connected by different relations (e.g. achieve relations or conditional relations). Table 1

shows the MFM objects, their meanings, and an example for the object.

Table 1: MFM Objects: Goals and flow functions

Symbol |Indication|Meaning Example

C) Goal Purpose a system was See things by night
made for

Flow functions for mass, energy, and information flows

(:) Source Infinite output Provide energy

Transport |Transport between sys- |Deliver mass
tems

Barrier No transport between Do not deliver mass
systems

information

Balance Equal input and output |Provide same in-
rates and output

Sink Infinite input Extract energy from
material

(::} Storage Store mass, energy, or |Save information

Flow functions only for information flows

CE) Observer Bringing Observation Transform measured
to Information value
LEQ Decision Decision making Generate desired
value
(? Actor From Information to Transform infor-
physical consequence mation into action

Function for resource management

Management |Organisation Control a system

D
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Figure 1 shows a small example for an MFM-Model. The main goal of the modelled sys-
tem is to see things by night. To achieve the goal, you have to implement some functions.
First there must be energy (source), which can used by pressing a button (transport) and
finally a lamp (sink) will be activated. The flow functions of these energy flow structure are
linked to the main goal by a achieve relation. This means a goal is reached, if all flow func-
tions of the linked flow structures are enabled and are working well. The source in Figure 1
is also linked to another goal, which means that you can only provide energy if there is a
production of electric energy. This kind of connection is called condition relation and tells
the user that the flow functions state depends on the goal's state. All flow functions can
have such relations to goals. In the example the sub goal can be reached by another energy
flow structure. Source is the nuclear reaction in a nuclear power plant. The heated steam

transports the energy to a turbine, which transform the heat into electrical energy.

Figure 1: Example for an MFM-Model
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Ecological Interface Design EID

With the Ecological Interface Design (EID) developed by Vicente, there is another possi-
bility to build cognition related man-machine-interfaces. The basis for EID are th