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within its member countries and to encourage technology transfer to developing nations. As
its mission statement clearly states,

IFIP’s mission is to be the leading, truly international, apolitical organization which
encourages and assists in the development, exploitation and application of information
technology for the benefit of all people.

IFIP is a non-profitmaking organization, run almost solely by 2500 volunteers. It operates
through a number of technical committees, which organize events and publications. IFIP’s
events range from an international congress to local seminars, but the most important are:

« the IFIP World Computer Congress, held every second year;
* open conferences;
* working conferences.
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contributed papers are presented. Contributed papers are rigorously refereed and the rejection
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conducive to innovation and development. Refereeing is less rigorous and papers are
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Publications arising from IFIP events vary. The papers presented at the IFIP World
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Preface

Virtual Prototyping - a new keyword from the applications point of view!

Based on the enormous developments in the areas of CAD, CAM or CIM as well as in visual-
ization and interaction techniques, a development towards virtual environments is on its way.
The computer technology more and more provides the possibilities to support the needs of
industrial applications. Design support, planning and simulation tools, presentation and inter-
action mechanisms, and group work support are building the environment for product design
and manufacturing. The major goal is the integration of the product development process with
the support of the CA- techniques.

A Virtual Prototype is a major interim step towards the final product. Based on the design
information, like geometry and topology, simulation results, like FEM or kinematic calcula-
tions, combined with material, tolerances and other information, it will be possible to generate
a prototyp with the computer ready for realistic presentations as well as interaction with the
product even in an early stage of the development.

Developing this technology and the integration in the product development process promises
major advantages for the industrial process:

* Reduction of time - the time parameter is somehow the most important factor today, as
time-to-market is a key marketing issue related to the competitors.

 Saving cost - virtual prototyps will reduce the number of physical prototyps needed, which
reduces not only the development time, but also the manpower as well as the tools and
material. Also early prototyping results can feedback to the design stage in time before the
production costs are already fixed.

* Increase of quality - the evaluation of different alternatives of the design can be realised in
the virtual environment much faster and cheaper. This allows for a better evaluation of the
appropriate solution to serve the given requirements best.

To support these developments the Working Group 5.10 of IFIP TC 5 (Computer Applications
in Technology) organised two workshops in the fall of 1994.

The first one addressed the more general issue of "Virtual Environments and its Applications".
Topics like simulation, interaction, concepts and tools, as well as support services were
addressed besides the application perspectives of Virtual Reality. This workshop was orga-
nized by the Centro de Computacao Grafica (CCG) and took place in Coimbra, Portugal on
October 24 and 25, 1994.

The second workshop was more focussed on the application of the "Virtual Prototyping". From
this point of view the conceptual design and framework aspects of an environment, new mod-
elling and data management needs for an integrated product modelling, and the basic technolo-
gies for rapid prototyping, interaction and virtual environments were presented. These
presentation sessions were followed by small group discussion sessions on specific topics. This
workshop was organized in cooperation by the Fraunhofer-Institut fiir Graphische Datenverar-
beitung (IGD) in Darmstadt, Germany and the Fraunhofer Center for Research in Computer
Graphics (CRCG) in Providence, RI, USA. It took place in Providence, RI on September 21 -
23, 1994.
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As the two workshops addressed related areas and covered common topics of interest, after the
events it was decided to put the two results together in one volume of an IFIP publication, as it
is presented in here.

The book is set up in six separate sections:

Perspectives for Virtual Prototyping

This section describes the developments towards the use of Virtual Prototyping. A historical
view towards virtual reality, information technology as an enabler for process optimization
and going beyond manufacturing technology are basic aspects leading to new architectures
for cooperative environments supporting virtual prototyping.

Advanced Product Modelling Techniques

Two major aspects are addressed in this section. First, the importance of an integrated prod-
uct model, as under development with the STEP standard, was stated to support a virtual
prototyping system on the data integration level. Second, new modelling techniques for
semantic modelling were presented from different perspectives. The further needs for geo-
metric representations and the integration of features in the object specification, as well as
the needs to integrate in a concurrent engineering and virtual prototyping environment were
discussed.

Architectures for Distributed Systems

With the perspective to allow the use of virtual environments also for distributed applica-
tions, the support of cooperative work among the users was discussed. This section presents
different architectures based on the application requirements for cooperation, real-time
needs and network support.

Advances in Virtual Reality Technologies

Interaction with and presentation of the information in real-time are the major goals to dive
into your immersive environment. This section addresses these issues and describes some
advances in interaction techniques in a 3D environment and in using simulation results in
the virtual world. Also the task performance using 3D displays and the enhancement of
computer vision using virtual reality and vice versa are covered by two papers.

Industrial Applications
This section demonstrates the potential application scenarios for Virtual Prototyping.

In addition, the issues of system and data integration of different applications in the virtual
environment are addressed in these papers. The scenarios are showing a variety of applica-
tion areas of virtual prototyping, from visual evaluation, design and product development to
robot or kinematic simulation, vehicle motion planning and assembly.

Workshop Summaries

This section is summarizing the results of the two workshops and is reflecting the discus-
sions during the workshops.

Both of the workshops had a good international participation from 8 different countries and 56
respectively 35 participants. Based on the review of the submitted papers, the programme
committees selected 15 and 17 papers for presentation at the workshop, as a mix of scientific
and application oriented contributions. The papers as well as the discussions offered a great
opportunity for this field of development.
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Virtual Prototyping, using virtual environments for the product development process, seems to
have an enormous potential for future applications in the industrial areas. Because of the prom-
ising results of the workshop the participants agreed to plan for a follow-up workshop, which
is currently planned for late 1995, to take place in Arlington, Texas in the US.

The editors would like to express their gratitude to all those, who supported the two workshops
and helped to get the book ready for publication. First of all, those are the speakers, partici-
pants, and the authors.We also would like to thank the members of the programme committees,
the sponsors of the workshops, and Chapman&Hall as the publisher, namely Susan Hodgson.
Our gratitude also apply to IFIP and especially to Prof. Encarnagéo, the chairman of the work-
ing group 5.10, for initiating the two events. Finally, many thanks to Ms. Podlich and Mr.
Quester for their effort to put the final document together.

Darmstadt, Providence, Coimbra May 1995

J. Rix, S. Haas, and J. Teixeira
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PART ONE

Perspectives for Virtual Prototyping



About ''Plato’s Cave''

J. C. Teixeira

CCG/z6pv - Centro de Computagdo Grdfica

Rua de Mogambique n° 17, R/C Esq., 3030 COIMBRA, PORTUGAL
email: teixeira@ccg.uc.pt.

V. B. Murtinho
Departamento de Arquitectura - Univ. Coimbra
Largo D. Dinis, 3000 COIMBRA, PORTUGAL.

" Imitation is, therefore, away from truth, and if it moulds
up all the objects it is as it seems, only because it respects
a minimum portion of each one of them, which is nothing
more than a shadow."

Plato, Book X, The Republic

Abstract

Every investigation is vivified through the constant search for sublime. The development of a
mimetic illusion goes until the limit of the virtuosity allowed by each techniques related with
its own time. Man wants to feel himself as being the Nature’s Pencil! . However, in the
application of new working methods, what couid be expected from each one remains on a
lower level comparing with the discoveries based on themselves.

In this paper, based upon an historical evolution of the methods, means and representational
spaces, we would like to stress that Virtual Reality is a decisive step to the conquest of the
perceptive space. Man, throughout his life, operates the reality in different ways, feeling
always the need of immersing in the representation of the surrounding reality. Therefore, it is

! The pencil of Nature (1844-46) Is the title of a book by Fox Talbot, one of the photograph’s pioneers.
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important to settle down the effective conscience of the trajectory, described by the human
geniality during the conquest of representational processes to create illusions of the reality.

1 INTRODUCTION

When the utensil became instrument? and the plain surface has offered itself as a support, the
spirit, the eye and the hand could finally converge to the translation of the already seen into
the new visible. It was always man’s intention to produce images which he intended to be
close to the visible ones. He always wanted to cause the effect of impression of the reality.
Nevertheless, the man soon realised that the technical means available were quite limited. In
other words, the image as an equivalent is determined by its environment in which it is
expressed. Therefore, any system or method that represents the real is, certainly, another step
into ingenious artifice of the illusion of the senses; visual, tactile or audible. Such an advance
in the illusive process was always due to a convergence between human geniality and
scientific techniques.

We believe that the cavern men’s amazement before parietal paintings was certainly the
same that was caused by the paintings of the Greek Parrhasius, the panels of Brunelleschi, the
daguerreotypes of Mister Daguerre, the first film projection by the Lumiére Brothers, the first
television live program or the first virtual environments. Let it be the écran, a wall, a vetro
tralucente, a projection panel, a monitor or the retina itself one thing is for sure: they all
support images of great amazement.

2 THE REPRESENTATION AND SPACE APPROPRIATION

Since Lascaux, man make an effort to control the real. Initially, because he could reproduce it,
he had a gift of magic and repetition. The magician-artist can draw certain objects many times
as he wishes. He could reinvent the real, but he has always been restricted in participating on
the created environment. The drawing materialises the retina image and gives physical
existence to mental image, convergence point between the sensitive and the intelligible.
Parietal images, the first inventory of the world, are remarkable testimonies of the changes
and the new knowledge of Palaeolithic man. As Bergson decidedly claimed, it was in
prehistory and due to “intelligence, a step into the original”, that “the capacity to manufacture
artificial objects, in particularly tools to make tools, varying indefinitely the manufacturing”
(Bergson, 1911) was propitiated.

2 One must clarify the distinction thar it is made in our work between utensil and instrument. Utensil must
contribute to external actions, while instruments are sued to adequate sensorial perception to phenomenons,
allowing a better observation off things.
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Figure 1 Lascaux caverns - France (about 15.000 a.C.) (Gombrich, 1989).

It was in Greece culture, as the cradle of the western culture and also a culture of the
image, that the representation’s aporia had an enormous liveliness. All art in ancient time is
founded on a model, or idea, as Plato says, which can be placed in front of the artist or
simply, the artist can have it in his mind (Seneca, 1991). Every time the artist copies the
model he evidences its truth, that means, he certifies its consistence and allows a model’s
better knowledge. In representation, once we are limited to the plan, it becomes impossible to
"reproduce” or "copy" the things. We can only execute an imitation by simulacrum. One
example of the reproduction of "equivalent” signs or simulacrum is the painting of grapes’
bunches from the Greek Parrhasius: This painting has such a skilfulness that it is said that real
birds would attack it, thinking those bunches were real.

In his book, The Sophist, Plato defines two forms of imitation: a copy as reproduction of
the real in its proportions of length, width, depth and suitable colours and, simulacrum
towards something resembling the thing when it is seen from a unfavourable position. Maybe
this critic was not only addressed towards painting, as one clearly understands by reading the
mentioned excerpt. It certainly was also addressed to the famous Phidias statue’s question: the
inferior part of the sculpture was too short when seen at close distance but its dimensions
seemed correct when it was placed on the level of the sight>. This episode shows the
importance of the artifice, in what concerns the subjectivity of vision. In reproducing the
external shape, the model is built not only by the relation with the real object, but mainly
through the way in which the object will be perceived.

From Roman-Hellenistic culture came the idea of representation as a consequence of the
object’s real image seen by the artist. The real image itself is no longer considered. Plotinus

3 According to Pliny, Alcamenes and Phidias have on a building of a statue of Athena. This statue was to be
placed on a column: Phidias made an elongated and apparently deformed figure, that was judged as inferior to
the one of Alcamenes but, when Phidias statu was placed on the pedestal, it was the one that gare the better
seeing thanks to counter-perspective effect.
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Neoplatonism* reassures this idea which would influence all representation in most Middle
Ages and Renaissance through Alberti‘s philosophic reflections. Nevertheless, in Seneca‘s
epistulae morales it is still indifferent the fact that imitation can born from an "idealised" and
interior image or from a natural object.

Christianity brought a generalised movement in western world, a movement of symbolic
representations which were absolutely esoteric and which evoked a superior and super-
sensible reality. Generalised disinterest towards sensible was settled. Consequently
representation broke with the process of life — abjection for the visible — and stopped
working with materiality and "physical supports”, becoming an aprioristic and privileged way
of subjective experience, a support of diffusion of the massesé feelings.> If in Ancient time
the Gods participated in daily life, becoming promiscuity between mythology and humanity a
commonplace, in the subsequent historical period an hierarchical superior world was elected
and any event of the under-world was attributable to divine will. Every representation on this
period is "more a symbol than an image, more a convention than a vision" (Murtinho, 1993).

As a result, any biblical image has an implacable, mesmerising effect. It is a kind of open
window below Heaven and it maintains an exclusive relationship with the divine, through
spiritual and doctrinal contents. Such is the reality creatures conceive and try to explore.

When Giotto, a Florentine painter used a natural scenery on the life of S. Francisco, he
proposed a sensitisation of the visible in what concerned representation. Maybe because that
whole scene was somewhat contemporaneous — it is said that Giotto actually met S.
Francisco — it produced great astonishment which resulted from a big similitude between .
figures and real persons. Images are not allusive: they are solid, tangible and vigorous in
expression and  gesture. S. Francisco was "in fact" S.  Francisco
(Battisti, 1990). The naturalistic quality of Giotto is attested in post-classic art, on introducing
"the insect that deceives in the eyes"6.

4 About Neoplatonism and Plotinus, we sugest the reading of “Le Neoplatonisme” from Jean Brun PUF, France,
1988.

5 In Arras Council (1025 b.C.) the aims of painting are: the catechetical, the historical and the aesthetic ones.
From here a maxim is born, the same one that would justify christian themes: Quod legentibus scritura, hoc
idiotis pictura (Painting is a way of bringing God’s word to the illiterate people).

6 According to Vasari on his Vites, Giotto would have painted on a nose of a recent made figure by his master
Cimabue — a fly, which was tried to be repeatedly performed by his master Cimabue. This quality of a notable
performer is certainly the one which is exalted on Dante’s (Divine) Comedy.
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Figure 2 S.Francisco - Giotto (1296-1297) (Battisti, 1990).

A century later, Filippo Brunelleschi, while elaborating a pair of panels representing
Baptistery and the Palace of the Landlord, achieved an unequalled deep, through a precise
and attentive study of reality and through rigorous geometry: with the aid of a fixed mirror
and the look on a certain determined point, the image of the real reflected on that mirror
would be the image of the painting itself when reflected on the mirror. Certainly, these were
images of amazement.

The mirror will acquire a strong demonstrative slope, giving, in practice, a comparison
between the real shape in space and the seen shape. In principio erat speculum...

Through images, pictorial or specular, life and the world become duplicated. The mirror is
the judge. Only with "the judgement of the mirror" (Hollanda, 1549) can the validity of the
relationship be determined: “if you want to see if your painting faithfully reproduces the real,
you take up a mirror and try to reflect the living thing on it, and then you can compare this
image with your painting. You must pay attention if both are in compliance with each other.”
(Vinci, 1943)

Renaissance brings the attraction by reflection on nature and the observation method as a
real way leading to science. Representation offers direct relations between the objective real
and its registry seen from a particularly point of view. Man sees the world depending on his
knowledge, and it is with his own knowledge that man represents it.
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Objective illusionism is the underlining form of affective communion — empathy — and
it is an accomplice between man and the world. The artist shares the experience he had with
the visible and awakes the energy of seeing. The Albertian vetro tralucente allows the
representation of things and perspective is the exact method leading works to perfezzione; that
is the universal judgement. Representation covers the reproduction of reality or the projection,
as an anticipation, of a reality to come. Painting rectifies life and the world and it is a means
of triumph over nature. Therefore, "the second way of the Renaissance which would represent
the art’s decisive moment in a process of conquest of perfect composition, carries itself the
seeds of distrust over the value of objective rules. These rules would generate the interest on
pretended representation of the space. Now it is the art of pretending. That is when Leonardo
da Vinci begins the process of discovering the psychology of shapes” (Tavares, 1994). The
trompe-I’il effect and its simulated architectures propitiate a transparency illusion of the
screen and the ephemeral stupefaction of look.

i

Figure 3 Albrecht Diirer (1525) (Wright, 1983).

Inexorably, the insatiable appetite of vision leads to certain limits, such as laboriously
perspectives founded on the most vigorous geometric constructions of, for instance, Paollo
Ucello. Another example is met on Albrecht Diirer. He tried to build entangled projection
mechanisms of body figures on a plain surface; mathematization of representative
constructions or the elaboration of artifices which materialise the visible experience.
However, as Panofsky showed in a well-known essay (Panofsky, 1927), perspective is a
symbolic — or conventional — form of representation of a retinical (spherical) image on a
plain surface (Panofsky, 1927). Consequently imitation is a "cultural codified" process which
presupposes “a relationship of equivalence or similitude between image and imitated object”
(Modica, 1992).
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Figure 4 San Romano Battle (1450) (Gombrich, 1989).

Karl Popper’s pertinent critic towards David Hume’s belief in science infallibility
recognises the provisional value of conclusion. Science is not an absolute truth, but it is the
absolutely relative truth. Available technology constitutes inevitably a formulative limitation.
Interpretation or representation are conditioned by the previous knowledge of the thing and
the world. That is why one can understand Kepler’s definition: “vision is produced by the
painting of the visible thing which builds up itself on the white and concave retinic wall.””
Certainly three centuries later Kepler would compare vision to photograph but in his time
painting was the art drawing near retinic image.

On seeing, mixed with the will to observe, visibility must take its place, “painting itself on
the receptive surface of the retina though the action of the most insignificant, colourful light
brushes” (Frade, 1992). Kepler, taking his camarae obscurae as a model of vision, observes
the most fundamental act of vision and his mechanic eye enables the tracing of the imago
rerum visibilis captured on the inside of the equipment.

When Niepce and Daguerre succeeded in a chemical fixing on a sensible emulsion, that
means when they invent the photograph film, they gave viability to the promise of infinitive
duplication of world’s appearances through the simple action of a shaft of light reflected on a
support. Photographic images soon become a certain type of objects virtually omnipresent.
Photograph, almost obligatory in modern society, becomes the most confortable way giving

7 In the original, "Visio igitur per picturam rei visibilis ad album retinae et cauun parietem”. (Kepler, Ad
Vitelli Paralip quibus astre jae pars optica traditur, 1604; Extracted from Figuras de Espanto,
Pedro Miguel Frade, Asa Edigdes, Oporto, Portugal, 1992, p. 37).
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access to the world; photograph is the proof which satisfies visibility, the certificate of
existence and the guarantor of authenticity. It is a miniature and a fragment of the world. The
camera imposes, according to Moholy-Nary in Photography Film (1925), the hygiene of the
optical and it eventually limits our standard of pictorial and imaginative association which
was recorded in our vision by great painters (Sontag, 1986).

Each image propitiates a revelation that gives us back the lost vision8; the vision is the
omnipresent witness. Fixed images work as captured experiences, where the camera is the
privileged instrument on the acquisitive act. Image establishes an obvious relationship of
similitude with the referent, and it is, therefore always a presential symbolic form. Humanity,
hopelessly attached to Plato’s Cave — as Susan Sontag declared — begins to delight itself
with images of truth.

However, the discoveries in the field of the technologies of visible unveil the possibility of
motorization of the snapshot® — 17 images per second and later 24 images per second
allowed an optical illusion on film projection. The art of the engine is the possibility of
reproduction in its real time. The effect is born when the rhythm of the succession of images
makes an image appear while a precedent image is still recorded on the sensorial impression
of the retina. Still, in the translation of the illusion of movement, a steady dimension is always
necessary. Movement is a relationship between phenomena: movement exists because fixed
points also exist.

The first projection of the history of film making, L’entrée du train en gare de Ciotat by
the Lumiére brothers, projected in the Salon Indien in 1895 frightened the audience before the
optical illusion, nowadays risible, that a locomotive was precipitating towards them. Certainly
the audience didn’t feel outside the action when confronted with a mechanical transposition of
the external world to the screen . Initially, it were the places of the images with the images of
the places which amplified and rectified our vision of the world.

Also Vladimir Zworyki’s Iconoscopel® was, according to him, a means to raise vision,
but it soon became a precise means of communication of the masses. With a sender, a
receiver, broadcasting by Hertzian waves to a long distance, image can reach even the most
recondite place.

8 More than twenty years over the mission of Apollo 11, Edwin Aldrin confessed that he remembers more
clearly his mission to the Moon through the pictures that immortalized the event than what he saw with his own
eyes. The adventure belonged him more intimately because it had been transformed into a patrimony of
Humanity than a patrimony of his own.

9 Long before cinema appeared, experiences on the persistence of the retinic image had already made — the first
experiences were made in the end of the 10th century. From this experience, Joseph Plateau, a Belgian physicist,
invented the phenaquistiscope, in 1832, which allowed to vision the illusion of movement through a minimum of
ten images per second (in Histoire du Cinéma, Gérard Betton, Presses Universitaires de France, 1984).

10 Jconoscope is the first designation to electronic television.It was invented by Vladimir Zworykin and
presented thr first time in 1933.
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The television set is the witness lamp which one can switch on and off in order to see the
"transparency” of the world. The speed-limit of electromagnetic waves guarantees a
transmission in real time; video is no longer the most modernised representation of the fact,
but a live presence of the place (Virilio, 1990).

Side by side with sensible reality, there is from now on the presence of a telereality. In the
box that changed the world, the real is a reference of a non-thinking reality. From a
epistemological point of view, truth was guaranteed when the things had its presence before
the eye. Video gives visibility and the potential presence and also the abolition of the distance.
In the cone of the visibility of appearences one has a vertigo of the revelation of the extensive
space.

The video, as Paul Virilio said (Virilio, 1990), is the active participation in the constitution
of an instantaneous and interactive localisation of a new concept of "space-time", which has
nothing in common with the topography or Euclidian geometry, but with implications on the
vision and perception of the world.

The live tele-vision on planetary scale depends on the performances of the satellites. The
speed of the events and the fact that they reach us in real time — remember, for instances, the
war of the Gulf — place doubts in the concept of reality. For a long time, the idea of reality
was a slow process of progressive assimilation. The idea of the real is mostly a presential
genesis. One must still see before he believes. With the acceleration of time and mutations,
and the dematerialization of informative supports, the concept of static reality does no longer
functions. There is a crisis in the concept of reality and a loss towards the value of experience.
The image is more and more the opium of the world. Solid world is more and more a fluid
world.

3 VIRTUAL REPRESENTATION OF REALITY

It is clear that modernity brought the rupture with the idea of reality legated from the past: the
idea of a space and homogeneous and isotropic time in which lays down a reality well
implanted in the solidity of the materials of which objects are made (Manzini).
Contemporaneity consecrate vulgarisation of instruments such as the photograph or
television. Systematic intimacy with a simulated reality, daily apprehended alters the idea of
things. The idea of things is constructed not upon a physical reality but, most of times, upon
images.

Since the primordium, the real thing representation was always subordinated towards its
own image — see, for instances, the unfruitful efforts on the Plato’s model. Never in history
was the thesis of Feuerbach on its 2nd edition (1843), The Essence of Christianity so actual.
This thesis makes a critic of the society of the 19t century, because it “preferred image than
the thing, copy than the original, representation than reality, the looks than the being”
(Feuerbach, 1992).

Nowadays, images are considered substitutes or interpretations of things. In this sense,
images are of two types: one, considers image as an emanation (of light waves or shafts) or as
a material vestige (kind of trace); the other sees image as a representation or a simulacrum.
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One example of the first type are photographic or video images; objective painting or
computer environments are examples of the second type. Through images such as
photographic ones, one looks for a substitute for the world, while through artificial images,
such as cybernetic images one tries to build a substitute world.

Image and thing are two different forms of existence. Therefore, or the thing remains itself
because coincides with the object, or the image is the object, despite referring to referential
object. The presence of image appeals for a memory effort this means that every time we are
confronted with a certain image, its nature-sign is directly proportional to our subjacent or
pre-existent culture. The richer our information remains, richer will be its decodification. An
image simply by itself doesn’t mean anything.

Our experience in inhabit the world tells us that the truth is transmitted by our senses. The
act of seeing, listening or feel converge to a redefinition of the visible and the sensible. Our
coupling to the real world is made through sensorial organs. It is through the senses, mainly
through vision, that a way of access to the world is propitiated. “In experience things are no
longer subjects of vision; they become seen things. What we call vision belongs, now to the
potency of thinking which attests that this appearance has answered to our eye‘s movements”
(Merleau-Ponty, 1992). In vision, man is not.aware of the eye; things come straight into his
brain. Therefore, our vision is not wide, what we see are merely perspectives, and our reality,
as Descartes pointed out, is the thought.

Greek culture‘s imagetic axiality, as Umberto Eco said on an interview to the Nouvel
Observateur, made intelligence go through an intuition of the image. Things and the world are
the object of thought. Also, Knowledge is based on a visual process, even on a visuality of
abstraction: reasoning. The great divulgation of painting in the Midde Ages was a way of
bringing God‘s word to illiterate people. One must make a critic at this point because the
spiritual must not necessarily be translated into images, or internal images materialised in
external images. “The power to create needs a point of support the crutch of reality” (Pessoa,
1986).

In virtual systems, visual sensations and physical stimulus converge to the effect of reality.
The new Virtual Reality Systems problematize concepts such as: the exterior and interior,
mental and material. Cybernetic simulacrum cancel the epistemological difference between
the concepts of exterior and interior. They interiorize any form of exteriority.

Traditionally the sensible and the intelligible are opposed and any sensation belongs to a
model: there is, on one side, the model, and, on the other side, the idea. In virtual
environments, every time the image is projected on the retina, those two spheres are
connected in an operative way. “From now on, sensible images are potentially able to modify
models, the same ones that had generate them. Images and models are, in fact, of the same
nature: they are two faces of the same reality, a sensible and a intelligible face”!!.

As Ovid suggests, Pygmalion a legendary sculptor of Cyprus, has fallen in love with a
statue from his chisel and asked Aphrodite to give a woman made from that statue’s image.
The goddess promptly satisfied Pygmalion‘s wish, giving life to that statue. In this episode,

! in an interview of Phillippe Quéau, special dossier of the magazine La Recherche, May 1994.
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Aphrodite as a transcendental potency becomes a potency that give life and provokes a
metamorphosis of the figure in the reality of her model. The work is usually conceived on the
image of the being, but, with Galathea, the being exists as the work’s image. As a threshold
phenomenon, it is the copy that originate the being on a efficient excess of the image. It is the
formulation of a “vow which can not subsistute the representation of a being, even an ideal
one, for a double‘s presence in the real” (Marin, 1993). It is Pygmalion’s Power, the hyper
simulacrum power, that humanity aspire since Ancient time.

Photograph achieved the perspective in real time. It was only surpassed by the video,
because video allowed a real perspective in time. Technological developments in post-
modernity, together with cybernetic models, are expected to bring a certain expectation on the
elaboration of models close to those of Pygmalion. But, here, model and its graphical
representation is not a double of the object; the goal is that the graphical representation could
be seen as something that has all the characteristics of objects and could operate as stimulant
field which could be accessed. Simulation is the capacity to pretend existing what doesn’t
exist, creating a situation of the real perception being replaced by the real of the assisted
perception — Virtual Reality. “The mirror of the beings and the appearances of real and its
concept no longer exists. Imaginary coextensivity doesn’t exist no longer anymore: genetic
miniaturisation is the dimension of the simulation. The real is produced from miniatures of
cells, from matrix and from memories, from command models and, from here, it can be
reproduced an indefinite number of times. It doesn’t have to be rational anymore, because it
can’t be compared with any ideal or negative instance. It is merely operational. Indeed, it is no
longer the real because it is no more entangled in an imaginary. It is a hyper-real, a synthesis’
product that irradiate combinatory models in a hyper-space without atmosphere” (Baudrillard,
1981).

In these representations there is an artificial resurrection of the bodies. These bodies
acquire a kind of ductile condition that through geometric combinations of lines and surfaces
have the capacity to transform themselves in objects of experimentation, conditioned by the
environment around them. Through protocol, the truth-record (computer) enables the realistic
immersion in a synthetically and interactive world. The “visitor” immerges on the screen and
inside it an unlimited and non-dimensional world appears.

The computer is a substitute of the world, which can be neutral, extensive (as the lens) or
intrusive (as the Periscope). The first case deals with the translation of things as they are seen
before one’s eyes, for instance the virtual visits to domestic spaces. The second case intends
to lengthen the reach of sight, as when one simulates certain molecular reactions, and the third
case deals with the possibility of penetration in areas where one cannot physically enter, such
as the interior of human arteries.

As an illusive phenomenon, virtual environments resemble a dream. Only the dream is not
observable. The dream is the illusion to see what we don’t see, video is the illusion of seeing
and not having what we see. As Merleau-Ponty said, “the illusion of the illusions is to
believe” (Merleau-Ponty, 1992).

Through synthetic images one can build a world of possible or non-plausible situations
which can suggest various perceptions and emotions in a reserved environment: that is the
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deed of Alice. One is transported to that world in Lewis Carrol!2 brilliant tale, Alice’s
Adventures in Wonderland. By Alice’s hand, dream gives place to the perception of multiple
appearances of the world or to the experiences of truth. There, likelihood is the more
believable as experiences of truth are the more better. Cyberspace is the "materialisation" of
Alice’s deed, that is mirror’s crossing.

In his Essay on Mirrors, Umberto Eco refers to the mirror as being a threshold-
phenomenom that settles the limits between the imaginary and the symbolic. Any specular
experience belongs to the imaginary domain, because it is an illusory phenomenon. As an
illusory phenomenon it can be integrated in the symbolic system, in order to be potentially
operative. It is the mirror that profiles the passage of the image to the thing (Eco, 1989).

If we look into the mirror, cybernetic device confine us in “representative and symbolic
illusions that give it consistence and specular nature on its appearance” (Rodrigues, 1990).
Cybernetic and specular images are real because they can be accepted as a physical and
consistent object and they can be fixed on a surface (one can take their photograph). They are
also virtual images because they are apprehended as if they existed inside the screen, despite
the screen — a kind of Odin’s record (Borges, 1975). — having only one face. That is virtual
reality’s paradox.

Available technical means soon propitiate proliferation of generalised simulacrum
production inside reality. Cybernetic electronic devices are an example of what has been said:
they enables the figure of simulacrum which with a plain and reticular form, is at the same
time irradiate and impulsive. But, beyond simulacrums of the real, new models of closed
significance to themselves start to emerge. They are not open to any referential sense. The
computer of War Games does not make a distinction on the game of reality, “between total
war simulation and its effective beginning, because the real and the simulacrum confound
themselves on the discursive order of the programme”. The figure of simulacrum provokes an
“impossibility of distinction between the figure and the real and a deadly dissuasion of the
representation itself” (Rodrigues, 1990).

In Escher’s lithography, Magic Mirror, figures cross a mirror and freely emerge on a
surface supposedly rigid. A real dog crosses a mirror, and while he moves away from the
mirror, his specular image withdraws to the opposite side. On the other hand, when a reflected
image reaches the limit of the mirror, it acquires autonomously reality contours. The real is
duplicated throughout specular image and this same image gets a new real. At the end, the
real and image bear a phenomenon of objective duplication of the thing.

12 Lewis Carroll is a pseudonym of Charles Lutwidge Dogson. It’s interesting the distinction between mentioned
and real authory.



About “Plato’s Cave” 15

Figure 5 Magic Mirror - M. Escher (1946) (Ernst, 1991).

One of the problems that is subjacent to cybernetics and to the real is the definition of
reciprocal frontiers. In the mirror world of Alice, this obstacle is dissolved provoking a
conscious fusion between the two realities, one appearing following the other (Alice enters
wonderland throughout a burrow). In a Virtual Environment that frontier is a physical
conscious barrier, because when the user immerses in the environment, he cuts the stimulus of
the outer world. Only through illusion one can reach the virtual environment. In the
conscience of illusion, imagination is operative.

The objective of virtual systems is the relaxed co-operation between the visitor and the
scene. The scene should be mediated by an easy handling machine less and conscious to the
user. One might talk of transparency of the system which supports an illusive effect. In other
words, interesting technology is the one that vanishes itself. Therefore, the more invisible
technologies are and the more they embody themselves in the processes and in navigation
practices, a better resolution one can take from illusive suggestion. When an artist draws, we
doesn’t feel his hand or the drawing object, the spirit must be directly attached to the drawing
surface. Such must be the sensation of a user of any system: he doesn’t have to feel the
machine or the technology. That technology must be a passport that cancels the frontier.

An interesting point is the way one proceeds towards the knowledge of the object trough
an interacting relationship between subject and object. The subject can act on the object and
formulates, by this way, his own knowledge or, possessing already a certain knowledge of the
object, it is the object itself that acts on the subject, causing a new knowledge of the object. It
is why this relationship is interactive. In Cyberspace knowledge is provisional. It can be,
however mould in the relationship of virtual subject/object — and vice versa — and adjusted
in the relationship of real subject/object.
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Related to this fact is also the question of knowing and of recognition. Or the thing is
recognisable and in virtual system one needs external experience of the subject to validate
action/reaction with the object, or it will be the thing itself that later will validate the interior
experience one had on the virtual environment. As pure experience, virtual system only
validates the virtually of the “experience” itself. Nowadays, sometimes is the simulacrum
itself that validates the thing; it is familiar the usage of the expression “it almost looked like a
movie” to narrate a situation and to make it true. Other times this expression appears in the
movie itself and has the objective of transporting ourselves into reality.

Virtual Environments are like means of transport: they withdraws us from the
environments where we physically are and takes us to other “spaces”. Virtual Reality as a
medium, symbolically allows to accede to physical object, despite it dispenses it. In real, the
bodies are substituted by an illusory but operative artifice, functioning as a dissuasion process
of that real: image becomes real and the real is imaginary. Through the suppression of truth,
the systems of virtual reality create an illusion of supplementary truth by attesting what is
credible. The virtual is an intervention work which seeks in reality the control over
perception, replacing world’s materiality by the dematerialization of “our reality”. In
cybernetic devices, apparently permeable, one operates with immaterial material and one
moves in a non-dimensional space. This is a form of absent presence.

Virtual environments confine themselves a world to which one cannot demand more than
to what the system has on its programme. In other words, this discovery will be always
“controlled”. Virtual environment are made with a key to experiment things. These
environment presupposes always the total immersion of the subject by voluntary contract and
always denunceable. All interactions between subject and the machine must be simulations in
real time. It is through emotion and not through reactive interactivity that one are transported
into spaces.

In this symbiosis man/machine/virtual environment a double presential genesis is
established: physical presence on the real and virtual presence in Cyberspace. This is the gift
of ubiquity.

If with the sentence Johanes de eych fuit hic written under the wall mirror of the nuptial
camera which reflects the visible and invisible space (situated beyond the painting which
canvas is “transparent mirror” and the painter stands still) the author of Giovanni Arnolfi and
his Wife, signalises the ubiquity of the producer subject and of the represented subject (?) —
eye and witness. In Las Meninas of Veldsquez such an artifice is suppressed when the artist
contemplates the model and he focuses his look on an external point outside the scene,
coinciding with the eye of the spectator. There is, objectively, an inversion of roles: the
spectator is the painter’s model and the model on the linen is the audience represented on the
scene. The artist is portrayed on the painting and the canvas made by the painter is not seen.
In the moment that the painter places the spectator in his sight, he projects his image on the
canvas is has turned is over and which has a visible reverse. But, surreptitiously, in the
painter’s atelier back window, among a series of suspended pictures, a mirror is found which
offers the real image of the canvas, the one canvas marginalizes; the mirror gives back the
invisibility of the painting (Foucault, 1966).
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Figure 6 Giovanni Arnolfini and his Wife - Jan van Eyck (1434) (Gombrich, 1989).

The two examples we present (Figures 6 and 7) attest the problem of ubiquity in what
concerns psychological and representative issues. They are, therefore worthy witnesses of the
artist’s skills. They also point out another important question: the symbolism of self-re-
presentation and the abolition of the frontier that the painting constitutes between the world
represented and the physical world.

Ubiquity is subjacent to virtual world. Cyberspace is an ubiquitous world of physical and
mental immersion on image, where we can sail through virtual universes created by
communication. But the most surprising thing is that one can choose between look at virtual
world through his own eyes or with somebody else’s in extra-corporeal experiences —
impartiality principle — and one can, without any mirror, re-examine oneself. Through
stereoscopic laser helmets capable of stimulating the retina, one creates a sensation of
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immersion and navigation on a controlled environment, capable of interacting and handling
images.

Figure 7 Las Meninas - Velazquez (1656) (Gombrich, 1989).

The effort of seeing is no longer needed, the image meets the eye and settles down on the
inside of the retina. Mutual attraction between the eye anxious to see and the object anxious to
be seen, always mediated by the image, becomes a state, as Paul Virilio would say, of Polar
Inertia where active image dispenses the object of which it is referential and gives attention to
a passive observant. Traditionally it is the look that reveals the identity of the figure, in
Cyberspace it is the image that reveals itself over the look. The image of synthesis assumes
itself as an objectual latent potency.

As Paul Valery wrote:

“The desire of realism search more and more for the powerful means of reproduction.
Reproduction leads to technique. Technique leads to classification and order. Order leads to
the systematic, to the complete exploration of the most generous employment of all the
resources, to his largest freedom, above anything else to fulfil. And taking exact reproduction
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of a concrete fact as a basis one will reach a kind of gymnastic which includes false and
true.”(Valery, 1994)
It is this duplicity that the painter René Magritte caricatures:

Figure 8 Ceci n’est pas une pipe - Magritte (1928/1929).
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Abstract

Rapid product development and virtual prototyping are fast becoming commodities of
world class companies. In order to maximize their effectiveness, one must be able to
measure and change business processes.

Efforts like Business Process Reengineering (BPR) and Concurrent Engineering (CE)
that help define process improvement methodologies are being adopted by more and more
organizations. This paper will cover a small array of information technology (IT) tools
that aid the paradigm shift from traditional, functionally-oriented operations to process-
oriented ventures. Software tools are plentiful but cannot be used as stand-alone
resources. Successful utilization is dependent upon a holistic approach to change
management with adequate planning, personnel and financial resources, know-how and
information technology.

Analysis of organizations in terms of processes and process flows increases our
understanding of core competencies and weakness enabling business success. This paper
addresses issues raised when implementing IT as a catalyst for finding process-oriented
solutions. BPR and CE are initiatives that bear similar attributes and are equated to be
different sides of the same coin. The two have been freely intermixed in the following

paper.
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1 INTRODUCTION

The demise of protected market structure due to recent political revolution, and
multinational trade agreements (i.e., GATT) have not only opened gates of once restricted
markets, but also created new challenges for organizations on a global scale. Technology
has provided and continues to provide solutions to a series of information related
problems. The cost of technology (Figure 1) is decreasing at a phenomenal rate.

The rapid change in technology has also created an environment where the market
life of a product has decreased due to the introduction of new and more advanced
products on a regular basis. Companies that cannot meet the challenges of decreasing the
development time cycles to a level comparable with product life without losing quality, are
bound to end up like dinosaurs.

6 product groups Capital Equivalency Ratio

g.z:\tl:'lenc 1.4 X Improvement cost of technology/
q y Iin 10 years cost of labor
Ratio
0.5 Information technology Assumption:
} 25 X improvement Cost of information decreases
in 10 years 30% annually
Cost of labor increases
30 % annually
0.1

5 10 years

Figure 1 Cost of Information Technology (Benjamin and Yates)



Information technology, a catalyst for process optimization 23

High
I Five:Business scope redefinition I
I Four:Business network redesign I
Degree of
business | Three:Business process redesign I E:::::tb""y
transformation
| Two:integral IntegratlonJ Evolutionary
Levels
Low l One:localized exploitation I
Low High
Range of potential benefits

Figure 2 Five levels of IT induced reconfiguration (Venkatraman)

2 BPRANDCE

The extent of change an organization attempts to induce reflects the extent of failure or
benefit that may be realized. (Figure 2) BPR and CE are inter-related. “At the heart of
business reengineering lies the notion of discontinuous thinking -- identifying and
abandoning the outdated rules and fundamental assumptions that underlie current business
operations.”(Hammer and Champy) CE deals with cross-disciplinary groups working
together with the aim of achieving the goal of rapid product development. The key to
both CE and BPR is the understanding of “What is a Process?”. “In definitional terms, a
process is simply a structured, measured set of activities designed to produce a specitied
output for a particular customer or market.”(Davenport)

2.1 Process awareness and understanding

Before undertaking an improvement initiative a company must understand its current
situation. The area of process analysis is becoming more scientific -- focusing on hard
data and metrics to identify the weaknesses and strengths of an organization. Not only is
IT a catalyst for CE, but it also allows for effective change management associated with
CE and BPR initiatives. Effective change management enhances functional agility,
translating into rapid new product introduction, quicker customer response time, prompt
service and other factors that characterize successful organizations.
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2.2 Reengineering demystistified

Reengineering the Corporation, by Hammer and Champy, alerts industry to the need for a
change from task based thinking to a process-oriented focus. Task based thinking -- the
fragmentation of work into its simplest components and their assignment to specialist
workers has influenced the organizational design of companies for the last two hundred
years. The shift to process based thinking is already under way, and is illustrated in the
radical changes that mainstream companies have made. Not all BPR and CE engagements
succeed. It is estimated that 70% of all so-called efforts fail. (Datamation) Failure can be
attributed to socioeconomic, sociotechnological and humanistic reasons.

«0rgd IMPLEMENT
Prot| ¢ Continuous
Improvement

THINK
+New Mentality
+Necessary
Changes

BENCHMARK
+ Weakness/

_| Strength Analysis
1“51" # Comparison

REENGINEER
# Organization
+Processes

IMPLEMENT
#+Restructuring
(Organization, IT

S Infrastruclure) .

Figure 3 A simplified view of steps that an organization follows to analyze its processes
and perform CE-based reengineering.

The first three steps require a series of brainstorming sessions to define how the
organization should conduct its business. These steps, though driven by human input, must
be aided by process optimization software and process modellers (e.g. Siemens PMG
PEAT methodology and SNI GRAPES tool). These tools use predefined matrices to
identify the cost and attributes of the processes which make up an organization. These
tools do not eliminate the thinking involved, but merely make it easier to play the “what if”
game. The results of the analysis are operational benchmarks for processes and process
flows, as well as a series of guidelines on how business should be conducted.

The latter steps identify the need for an IT-supported structure that allows the
recommendations of the first three steps to be implemented, incorporating also the
mechanism for capturing execution matrices, thus aiding in the continuos improvement
process. It is at this stage that most engagements fail due to the difficulty in merging
methodology with technology.

3 IT REQUIREMENTS

The first three steps call for the analysis and simplification of processes. IT is the gateway
to successful process-oriented change management, and is an catalyst for fast process
analysis, simplification, and optimization. This requires three distinct steps which must be
performed sequentially.
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3.1 Process mapping

The technique of flowcharting processes using IT. Mapping exercises begin with an
interview of the process owner -- the individual with the most intimate understanding of
the flow of the business. It is critical that issues of time, cost, staffing and value be
addressed accurately for each step in the process. A well constructed map should illustrate
all the steps in a specific process regardless of the number of functions involved or their
geographic locations; as well as, salient subprocesses, interactions, hand-offs, loops,
decision trees and case statements. The map is the prerequisite for all future improvement
steps. The success of the reengineering endeavor is directly linked to the accuracy of the
diagram. (Figure 4)

3.2 Process evaluation and analysis

The second step is a metrical diagnosis of data in the process map, cost and time being the
key criteria. The diagnostic outputs provide the organization with an empirical assessment
of its current operational status. The data allows the organization to examine how the
process flows [normal vs. best and worst case scenarios] which leads to internal
benchmarking and/or the articulation of quantifiable goals for process simplification and
improvement. Information extracted during the analysis stage becomes the basis for
process simplification and reengineering. The IT structure must support the realization of
the goals and recommendations identified at this stage.

3.3 Process simplification, optimization and reengineering

Process simplification, true to its name, is the examination and potential elimination of
non-value-added steps in a process. An “optimized” process falls out of simplification.
Non-value added activity can be identified by asking the question: Is the customer willing
to pay for this? Note that not all non-value added work should be automatically
eliminated and should not be confused with cost added. It may be critical to the process.
If the task in question does not add value, then it must be ruthlessly examined and if
possible changed or eliminated. Simply cutting and pasting steps in a process is
detrimental to the initiative. Optimization is a prerequisite to reengineering, and mandates
the obliteration of superfluous, cost/time adding steps and the adoption of a progressive
way of thinking. Perhaps the greatest obstacle to this paradigm shift is “unlearning” bad
practices. IT is a catalyst for identifying why are we doing what we are doing and making
recommendations for improvement.

Given the removal of excessive non-value added steps, the initiative ascends to the
next level, reengineering. This is the culmination of all diagnostic work and the beginning
of a rearchictecture of key business elements: methods, metrics, processes, and
organization.

Without adequate IT support, reengineering is an impossible endeavor, requiring
elaborate calculations and exorbitant time and personnel costs. Effective software catalysts
have become essential, and therefore must be examined. SIEMENS PEAT package,
tabulates relational data rapidly and generates summary outputs of process maps. Built in
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flexibility allows the user to analyze probable reengineering strategies without jeopardizing
the financial or operational well being of the organization.

incoming Inspection

Material sits on dock
10100

ls=1 e=0 d=16 o=1/wk.

- Inspector
available?

Assign to backlog
h 10300
s=1d=.25 d=1 o=1/wk.

Inspector assigned to
shipment
10200
s=1 ¢=.50 d=1 o=1/dy.

Inspector unpacks
material
10250
s=1 =8 d=16 o=1/dy.

Defects
found?

Put on lift
s=1e=1d=2
o=1Avk.

l

Put part on shelf
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Log into system
s=1e=1d=1
o0=3/wk.

Quarantine material
10220
s=1e=3 d=3 o=3/wk.
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Fill and file
documentation
s=1e=.5 d=2 o=3/wk.

Figure 4 Process map example

3.4 Process mapping criteria

Figure 4 represents a snapshot of a much larger process map. Each box in the

diagram represents a separate task and includes:

effort (e) or the focused, "hands-on" work time

duration (d) or the total time for the step from start to finish
staffing (s) or the number of persons involved

and occurrences (o) the frequency of the step
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3.5 Data aggregation and analysis

Data from the map, as well as additional statistics gathered during the interview are
tabulated by PEAT and include the following summary outputs for each discrete process.
(An aggregate process analysis can also be done with the same results): Total Duration,
effort, occurrences, staffing, value-added activity, non-value added activity, functional
interactions, process owners, hand-offs, major task category (i.e. shipping, receiving,
installing, manufacturing, engineering, etc.), minor task category (i.e. communicating,
validating, preparing, core action, reformatting, etc.)

The reengineering team or cross functional CE task force examines the process flow
and cross references it with summary PEAT outputs. Tasks are scrutinized discretely and
collectively. Finally, points of entry into the process are identified, so that the change
initiative can begin in earnest. Decisions to change should be based on indisputable
evidence not on emotional ties. This scientific approach to process simplification and
reengineering provides an objective portrayal of an organization with little attention paid
to functional blocks. Furthermore, the “why me?” victim mentality common to CE and
BPR initiatives can be confronted with honest, empirical feedback. The realization must
also be flexible enough to allow for ongoing changes, as neither the market place nor the
technology used are stagnant in nature. CE and BPR initiatives by their nature induce
drastic, holistic change but continue to evolve after goals are met.

4 CRITICAL SUCCESS FACTORS

Any IT realization of the recommendations of process analysis will need to address four
major issues in a very flexible yet disciplined manner:

Process
Teamwork
Tools
Data
Information Flows
Design Manufacturing Sales

Figure 6 Functional Blocks
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4.1 Process

In an organization based on Tayloristic philosophies, the functional blocks, manned by
specialists are responsible for performing independent tasks without much outside
influence. The designers in the design block perform their function without the influence of
either the marketing or manufacturing blocks. This structure leads to higher development
costs and delayed product release. In the past, the issue of quality and customer
satisfaction was not dependent upon the organizational structure, rather on the abundance
of resources.

Today, in order to obtain maximum return on investment, product development must
be organized in terms of processes, identifying the best possible techniques for achieving
organizational development goals. The processes chosen to achieve the organizational
goals must be both flexible and cross functional.

The flexibility of the processes defines the organization’s capability to react to
changing market needs. The dynamic and diverse state of the market demands that
organizations with long presence potential must be both proactive and reactive.

In a functionally based architecture, borders between the functional blocks as well as
dissemination of information among hierarchical levels leads to time and resource waste.
By only addressing functional processes, the above stated problem is not removed. To
realize improvement, processes must be cross functional.

4.2 Teamwork

The main challenges to cross-functional teams is communication. Often times, individuals
from different functional areas develop independent languages and systems. IT provides a
catalyst for finding a solution to the communication issues. The IT structure supporting
cross functional teams must allow free communication on a common plane.

IT systems supporting team behavior must provide concurrent access to global
information.

4.3 Tools

Tools are instruments used by people to perform their tasks more effectively and achieve
organizational goals. This can range from simple word processors to complex artificial
intelligence applications. Investment in IT tools can only be justified when tools are used
to optimum capacity. IT system should help reduce the learning curve as new tools are
introduced.

4.4 Data

Data generated during the reengineering of an operation reveals information about
performance and for process improvement. In the product development process, data
generated pertains to innovation and technology used in design, manufacturability, service,
etc. The aerospace industry requires the storage of airplane design and construction data
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for decades. IT structures must provide the capability and flexibility for storing
information and allow easy retrieval and access.

Use of relational databases (RDBMS) has simplified storage aspects. Nevertheless,
lack of distributed IT architecture has not allowed for their extensive use in an enterprise
wide solution. Siemens PEAT package uses a simple relational database to store a
multioperational company's process data in one repository. This allows simplified and
continuously updatable benchmarking information.

The lack of distributed databases, however, results in islands of independent, non-
connected repositories, resulting in inconsistency and maintenance overheads. Only
recently, with the introduction of distributed databases is this problem being addressed.
The introduction of Object Oriented Database Management System (OODMS), allows for
a more realistic, flexible and abstract repository design. Companies are still reluctant to
use the new database technique in their IT solution due to the lack of international
standards. The emergence of new standards (e.g. CORBA ...) will have a profound effect
on this.

5 SYSTEMS

The previous sections covered the Siemens PEAT package used to analyze and simplify an
organizations processes. The subsequent sections covered the four factors to be
considered in the implementation of an IT structure. The following sections cover two
types of tools used to provide an IT solution.

5.1 Product data management systems (PDMs)

PDMs are in essence data vaults based either on a RDBMS or OODBMS technology.
PDMs offer powerful functionality for classification, management, access and control of
data stored in the databases. This allows users to manipulate and manage data in a very
flexible manner. PDMs use a non distributed database as the underlying repository --
creating database islands, and rendering the information exchange difficult.

Most PDMs encourage teamwork via the use of locking mechanism, be it on an
individual or cooperative level. This form of interaction is not sufficient for it does not
provide project clarity for all participants.

Some PDMs are emerging with adhoc workflow management systems. A workflow
in general refers to the execution of jobs according to particular rules. The workflow
incorporated within PDMs allows data to be grouped into work packets. This work packet
is transmitted electronically to users per rules identified during the think, benchmark and
reengineer phase of BPR/CE.

PDMs allow for a collection of independent workflows, offering only a partial view
of the project. Furthermore, it is not possible to interconnect these partial views into a
matrix of processes that define the project in its entirety. As well, workflow systems are
sequential in nature and cannot guide users in determining the downstream effect of
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process execution. Workflows do not provide an effective mechanism to capture process
metrics nor aid in the continuos improvement process

5.2 Process management systems

Systems are available which use processes as the basis for modeling, unlike PDMs which
use data. PEAT allows organizations to analyze their business in terms of processes and
identify a simplified model, a network of interconnected, interrelated business flows.
Systems are appearing where the network process model can be addressed and
implemented directly. Siemens Nixdorf’s SIFRAME is one such system.

SIFRAME’s emphasis on processes allows work to be broken down into its discrete
parts. Each work element is assigned to a team, associated with a process flow, that
defines work procedure. Each process is further associated with tool(s), its environment
and related data set. In this manner, four aspects of processes, team, tool and data are
covered in a unified domain.

6 CONCLUSION

This paper addresses an array of issues concerning the relationship between IT and
process improvement. It is designed to give the reader a broad overview of the subject.
Suffice it to say that the key to successful BPR, CE, process simplification, and other
related topics, is an awareness, understanding, and utilization of the four critical factors:
process, teamwork, tools, and data.

The above sections have only covered a single IT package aiding in process analysis
and simplification and two IT packages used to implement recommendations from the
process analysis phase.

There are other tools available that also provide IT solutions to the above mentioned
problems but were not addressed in this paper.
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Abstract

This paper defines Rapid Prototyping as a new approach to reducing cycle times in product
development, thus going beyond the view of Rapid Prototyping as a collective term only for
the class of new, generative manufacturing technologies. In particular, the use of different cat-
egories of prototypes for the development of new products, and the organizational impact of
Rapid Prototyping are shown to form a holistic framework for evolutionary product develop-
ment. Depending on the extent to which the organizational principle of Rapid Prototyping is
implemented, and depending on the individual utilization of specific prototypes, there may be
a tremendous benefit in terms of the factors time, quality, and costs of the entire process. Fur-
thermore, these benefits are not only due to the availability of physical prototypes. In all areas
where virtual prototypes can provide answers to the core questions of a development process
in the same manner as their physical counterparts, virtual prototypes perform at least as well
(e.g., through reduced building time or cost reductions).

Before the influence of prototypes on the development process is discussed, there will be some
general remarks on classes of prototypes and purposes they are used for. The need for a new
organizational form is then derived from the requirements of designing, manufacturing, and
evaluating the described prototypes, with cooperation and the respective enabling technologies
turning out to be the essentials to the success of Rapid Prototyping in product development.
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1 Current Situation and Meotivation

International competition is characterized by an increasing dynamics of innovation. The grad-
ually decreasing time of product marketing - in single cases, it is even shorter than the time of
product development - requires enterprises to establish a growing number of new product
developments and faster prototype development cycles in order to compete on the international
market successfully. Thus, customer-oriented products which are tailored to the needs of par-
ticular target groups, as well as the early advertising of products gain more importance. The
strategy of taylorization of work processes and the resulting, highly-specialized work distribu-
tion lead to deeply structured, hierarchical forms of organization, inhibiting not only fast reac-
tions to changing customer requirements and short iteration cycles in product development, but
also disabling innovation in enterprises. Consequently, such enterprises are not flexible enough
to adapt to today‘s market‘s dynamics [Bull92].

Consequently, individual enterprises have to specialize their product lines while shortening
iteration cycles during product development and maintaining a high innovation rate. Shorter
product life cycles reduce monetary gains and lead to manufacturing sites moved off to coun-
tries offering cheap labour. As a direct result, the mutual interdependencies between and within
companies become more and more significant and require the underlying organization to pro-
vide for a well-coordinated collaborative development process. As traditional tayloristic
approaches quickly reach their limits due to the increasing complexity of the resulting pro-
cesses, new methods for organizing the product development process are called for ([Bull93],
[Bull94]).

However, not only the organization form has to be blamed for the decreasing success of many
companies. There is also an insufficient support of the development process by information
and production technology. Prototypes are still manufactured manually because of a missing
CAD description, or worked out in a time-consuming milling or casting process, whereas a ste-
reolithography apparatus could do it much quicker. Especially with regard to the increasing
complexity of new and innovative products, prototypes play a key role for sharing ideas in
multi-disciplinary teams. If this does not work, people fail to identify themselves with the
product and become demotivated, which has tremendous influence on the quality not only of
the work process, but also of the products.

All these problems mark simultaneously the goals and guidelines for a successful company.
There is no doubt about the competitive edge of a faster time-to-market, but in order to fulfill
all individual customer needs, increasing quality and decreasing costs of the products have to
be considered as well.

Approaches like CIM (Computer-Integrated Manufacturing) or CSE (Concurrent/Simulta-
neous Engineering) deal with some of the described problems by introducing a high degree of
information integration and well-defined information flows and processes. While such
approaches are suitable for at least partially well-known tasks like the redesign of an existing
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product in order to improve functionality or quality, complex engineering tasks in the develop-
ment of innovative products do not follow rules which can be modelled in the required, strict
ways.

Innovation is closely related to creativity, i.e., a highly flexible work environment is needed to
facilitate innovation and to eliminate constraining systems and rules, especially in the early
phases of conception, where a formal product as such does not yet exist. It can be concluded
that a integrative approach granting high flexibility is needed for product development
[Bull94].

2 Goals of Rapid Prototyping

The Rapid Prototyping approach attempts to solve these problems by introducing into the
product development process from the earliest stages

* an organizational form of distributed, autonomously responsible expert teams,

« techniques for the holistic integration of all knowledge along the product development pro-

cess,

« methods for providing an integrated development and testing environment with both virtual

and physical prototype manufacturing technologies, and

« techniques for networking all involved team members by means of intelligent cooperation

and communication systems.

The key issue of Rapid Prototyping is the tight organizational and information-technological
integration of the development team and all knowledge required to fulfill the development
task, despite spatial separation, in order to shorten development iteration cycles, to decrease
development cost by employing virtual as well as physical prototyping technologies, and to
increase the utility of individual cycle steps through collaboration.

As a prerequisit for the right definition and design of a development process we first want to
point out the use of prototypes, and how they can benefit in general the critical success factors
of a company (i.e., time, costs, quality, flexibility).

3 Prototypes in a Product Development Process

3.1  Classes of Prototypes

A prototype is the result of the design and generation of one or more product characteristics
which help the design team to test them against user requirements. According to this definition
almost everthing can be a prototype. A classification is therefore recommended [Steg94] (see
figure 1):
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» Design prototypes: They serve first and foremost for a design review under the consider-
ation of optical, esthetical and ergonomical requirements, whereas mechanical aspects or

accuracy are normally neglected.

» Geometrical prototypes: They are employed for testing accuracy, form and fit of the later

series parts. Therefore the focus is on geometry and not on material aspects.

+ Functional prototypes: They represent a set of features which allow the test of some fun-

tional aspects. A functional prototype is usually a subsystem of a product.

+ Technical prototypes: They cover all functional aspects of the part and can be used as such,
but the manufacturing process is usually different from the one which will be later used in
series production. The technical prototype may also consist of different material.

Design v . # Design review under the consideration
prototypes . of optical, esthetical and ergonomical
=l requirements
Geometrical Employed for testing accuracy, form

and fit of the later series parts. The
focus is on geometry and not on
material aspects.

Fur;cttional .S ) Functional aspects which are represented
prototypes =y as a set of features are reviewed (sub-
. system of a product)

prototypes

All functional aspects of a part but the

Technical manufacturing process is different from
prototypes e the one which will be used in the series
— g[groductlon__ _
he material may be different.

Figure 1: Classes of prototypes

However, not all prototypes have to be available in a classical sense as physical parts. For an
example, take a CAD system which allows to visualize first design drafts, FEM software for
the mathematical analysis of part structures, or a virtual reality machine that is envisaged to
become an important design, evaluation and co-operation tool in the future. All these systems
provide a non-physical, virtual prototyping, for all above mentioned classes of prototypes.

3.2  Use of prototypes

The benefit of prototypes emerges out of their use (see [Poll94], [UIri94]); four different cases
can be identified (see figure 2).
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Figure 2: Use of prototypes

Tool for communication:

Design is a process where a lot of people with different skills and views have to work
together on the same product. For example a member of the top management has to explain
his requirements to a designer, a mould maker and an expert for assembly tasks and vice

versa. A prototype acts as a catalyst for such a discussion process.

Expression of actual experience:

Maybe that the customer’s requirements are very well defined at the beginning of a devel-
opment process. Some uncertainty, however, may exist on how each requirement is full-
filled by a set of individual product features and how they can be put into reality. A
prototype is therefore a tool for validation and verification, it expresses in each stage of the

process the consolidated experiences of the customer and supplier.

Platform for integration:

As we remember a functional prototype represents a subsystem of the final product. All
subsystems have to be integrated and tested where constraints of assembly and co-operation
have to be considered as vital. Such prototypes are well known as alpha- or beta-prototypes.

Expression of mllestones:
The management and/or customers normally want to evaluate the progress of the develop-
ment process at some stages. Only in case of a positive evaluation the project may go on.
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3.3  Benefits of Prototypes for a Development Process

Regarding the classes and the use of prototypes there can be indentified again four situations
how a prototype can positively influence the development process (see [UIri94]). An interest-
ing point is that only in the first case the speed of the prototyping process impacts directly the
development process; in all other cases the mere availability of a prototype (instead of having
none) is responsible for a shorter and - due to less iteration cycles - cheaper development.

traditional and sequential development process

planning| prototype i cogg;g::"i prototype | | drafting | prototype k | design prototype |

conceptua]

planning|prototype design

prototype | drafting |prototype § design |prototype

traditional and sequential development process with rapid prototyping technologies

time reduction |

time (days) o

Figure 3: Acceleration of the prototyping process

3.3.1  Acceleration of the prototyping process

By virtual prototyping prototypes can be made more quickly then with traditional physical
methods (see figure 3). Yet the benefit depends on the complexity of the prototype and the set
of requirements which should be evaluated. Furthermore there is a large number of prototypes
in industry which encorporate electrical or hybrid (both mechanical and electrical) issues. Vir-
tual prototyping, however, concentrates more on mechanical characteristics (geometry, esthet-
ics, stress, fatigue, etc.) and can - at least within a short-term view - only apply in a phase of
the development process which addresses these issues.

3.3.2 A prototype influences later development phases

In this case the prototype acts as a communication tool within the team and improves the deci-
sion finding. For example tool design can be done more quickly if a 3d description of the part -
instead of a set of 2d drawings - is available (see figure 4) or a complex physical prototype may
be no longer necessary because a computer simulation provides the desired results (e.g., crash
behaviour simulation).
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Figure 4: Influence of a prototype on later phases

3.3.3 A prototype improves the success rate of a development process

Especially an early prototype allows a quick verification of the assumptions of the product
development process. The reliabilty of these information, which serves as input to the next
development phase, increases and also the probability of cost consuming changes in a later
stage decreases (see figure 5). The costs of a prototype, however, have to be compared with
those of a product change. Therefore prototyping is only recommended for risky and expensive
products.
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Figure 5: Increase of the success rate of a development process
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3.34 Prototypes influence the sequence of the development phases

The conventional sequence of the design of an injection mould is explained in figure 6. Tests of
the mould can be done only after it has been almost finished. Final assembly and test are influ-
enced in line by a sequential process. A prototype (physical or virtual) helps to test the tool at
an early stage and reduces both development time and uncertainty.

traditional development process

I part design tool production test *| assemblly / final test

re-organised development process with prototypes

y

y

tool production assemblly / final teEI
[ Y

part design

A

tool prototypel——ﬁl test 4]——

Figure 6: Reorganisation of the development process by prototypes

The following section will focus on the organizational framework required to gain the optimal
utility from each of the described prototypes by applying Rapid Prototyping requirements to
cooperation structures. In particular, a sketch of a future information-technological back-
ground directly facilitating this form of expert cooperation is described.

4 Cooperation in Rapid Prototyping

The inherently contradictory requirements of ideally maximizing quality while minimizing
time and costs for both, development and production of prototypes or products, necessitate
trade-offs to be made in most decisions regarding which prototypes may be designed and built
in a particular stage of product development, in order to yield the desired results.

+ Often, limitations on the development process are imposed by the availability of resources,
e.g., supercomputing facilities. In such cases, simple prototypes may be used to investigate
simple cases, while complex cases need to be studied in more detail, which requires more or

a different type of resources.
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« In virtual prototyping, some features of a prototype design may not be demonstratable using
entirely virtual prototypes, so a hybrid combination with a partially physical system may be
required in order to combine the advantages of both approaches.

« In physical prototyping, the need to plan and to determine the utility of combinations of
manufacturing technologies for a certain prototype arises as individual technologies implic-
itly define different physical properties and characteristics. For example, stereolithography
may not be feasible if the thickness of separators lies below the manufacturable limits.

» Last, but not least, the managerial coordination of a development project requires trade-off
decisions if several feasible alternatives exist but resources determine that only one or a few
alternatives can be carried through. A similar situation can also be found in the evaluation
phase of prototypes, where each aspect which was planned to investigate on a particular
prototype, is examined. The gained results in the respective interation cycle step then need
to be evaluated in a following exploitation step.

There is one common property in all of the above examples: two or more of the involved
experts have to collaborate in order to obtain the desired results or decisions. The predominant
reason for this is that whenever a decision involving even only partly opposing alternatives
needs to be made, any single person will very likely be unable to make the best decision possi-
ble if the domain of alternatives is characterized by a significant amount of complexity. There-
fore, the domain and decision complexity has to be reduced by letting individuals with specific
know-how arrive at a partial interpretation of results or at a partial decision, and have these dis-
cussed in a team to check their mutual consistency or feasibility.

4.1 Types of Complexity in Product Development

Four distinct types of complexity can be identified in product development.

4.1.1 Product complexity

New products in mechanical and electronic engineering (e.g., trucks, cars, aircrafts, space-
crafts, ships, electronic devices supporting mechanical or thermodynamical systems) may
involve thousands of parts. Even with a much smaller number of individual parts, fully under-
standing the interdependencies of functions of different components or assemblies usually
requires thorough knowledge from a number of different engineering domains. With innova-
tive products, this problem is even more significant, as there may be no long-standing know-
how as there is for conventional products.
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4.1.2  Technological complexity

The development of innovative products in fields of engineering implies the use of innovative
technologies or the use of well-known technologies in new applications. Either way, the well-
defined behaviour of new technologies or new combinations of manufacturing processes may
not be well researched. In that case, product development also implies the first-time or refined
development of stable and consistent characterizations of the processes in question.

4.1.3 Knowledge complexity

Given product and technological complexity, it is clear that several experts have to collaborate
by providing expert knowledge on particular aspects of the entire product or prototype. The
task of only partially integrating these different types of knowledge into a common pool in
order to arrive at a common understanding and basis for investigations of possible solutions is
one of the most difficult endeavors in multi-disciplinary work. The failure of traditional depart-
mentalism with a plethora of formal interfaces, information-passing protocols, and release pro-
cedures stems from the lack of the common basis for discussing results.

4.1.4  Organizational complexity

Hierarchical development project structures oriented on the departmental structure of a com-
pany may imply a separation of work tasks that is not beneficial to reaching common goals by
collaboration. The departmental or organizational separation of experts whose joint knowledge
would be even more beneficial to the development process than each one‘s by itself causes
artifical barriers where information reduced to mere data has to be passed. Clearly, well-
defined results of work units are a prerequisite for a manageable project in terms of progress
monitoring and controlling. However, this does not necessarily imply that those have to be the
pieces of information passed between departments. They may as well be other, jointly
achieved results which are defined based on the goals of the development project, not on the
particular departmental structure of an organization.

4.2  The Need for Cooperation

The examples given above clearly indicate that a close collaboration between the different
experts involved in achieving a common goal is required in order to facilitate

« an efficient exchange of information,

« the consideration of as many facettes of a problem as possible, and

« the time-effective accomplishment of a task.

Due to their inherent complexity, advanced development projects present problems of unpre-

dictability (i.e., the product specification and work plan cannot be stated definitively at the out-
set) and concurrency (i.e., many interdependent subtasks are performed in parallel and may
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need to continuously exchange information). As a result, modifications of the original work
plan or product specifications may be required within or after each iteration cycle. This type of
work organization clearly cannot be accomodated by traditional management hierarchies
[Amad93], but call for ad-hoc group decisions in conferences among the involved experts.
This style of organization has been called ,the networked organization* [Malo91].
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Figure 7: Cooperative work in Rapid Prototyping as a group process
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Collaborative work is defined as the process of two or more individuals working together
towards a common goal (e.g., a design, a prototype, an evaluation result, a managerial deci-
sion), with each individual contributing to the ultimate result. This organizational form
requires all participating individuals to share a common stock of knowledge aiding in commu-
nicating essential information between them, and to reach a common understanding of subjects
(figure 7). Consequently, expert training has to take a ,,T model“ into account: the horizontal
bar symbolizes general knowledge needed to facilitate the understanding and participation in
cross-domain, group decision processes, while the vertical bar represents detailed knowledge
in an area of specialization. In order to contrast this type of experts to those found in tayloristic
organizations, the term ,,generalist” or ,,generalistic expert” is used.

Computer-aided systems for various specialized fields of product development have been
broadly employed during the last two decades. Despite the principal possibility of networking
them together into an integrated environment, application programs (e.g., FEM, CAD) are sin-
gle-user oriented, with only limited capabilities for data sharing and cooperation between users
[Toye92]. As a result, they further solidify the work organization based on high specialization,
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and inhibit ad-hoc on-line cooperation. However, cooperation and communication are espe-
cially important in early phases of product design, where product data in the conventional
sense only start to evolve as a result of team creativity and cooperation.

Rapid Prototyping is based on intensified collaboration. The most important prerequisites for
effective cooperative engineering in distributed expert teams are

« the ability to utilize the flexibility gained from implementing the organizational form of
teams of generalists, i.e., experts with a broad overview of not only their own field of spe-

cialization, but also that of others, and

« the support of the complex product engineering process by information and communication
technology to achive an integration on the data, the application, and the team level.

The following section will elaborate the differences between the Rapid Prototyping approach
and traditional development methods.

4.3  Rapid Prototyping vs. Traditional Development Methods

Rapid Prototyping can be viewed as an evolutionary process combining all technological,
methodological, and organizational tasks from product conception to manufacturing into a sin-
gle framework. In opposition to traditional approaches ([Bull92], [K6ni93]) assigning specific
prototypes to particular development phases, in Rapid Prototyping, the product of the develop-
ment process evolves as a whole from early prototypes to the final product. This way, different
dimensions of interest can be investigated in each iteration step, yielding information on par-
ticular aspects of the respective prototypes.

The rapidity of Rapid Prototying is achieved by the utilization of fast prototype manufacturing
technologies (virtual prototypes, generative technologies), but also through the intensified
cooperation of the development team. The constant interaction of team members guarantees
dynamic, cross-functional links on demand, facilitating ad-hoc coordination and planning in
direct response to questions and problems arising during the process of evolutionary product
development. Clearly, this close interaction of developers also requires a seamless integration
of tools.

Rapid Prototyping is orthogonal to sequential (conventional) or parallelizing (Concurrent
Engineering) approaches suitable for development projects with mostly well-known structures.
The strength of Rapid Prototyping shows in projects requiring the holistic, creative develop-
ment of new, complex products, i.e., products where neither product nor project structures can
be defined well in advance because they are subject to development within the project itself.
However, a resonable combination of the three approaches proves to be the key to success:
Rapid Prototyping may be used in the product definition and early design phases, including (in
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particular, virtual) prototype manufacturing and testing, whereas sequential and Concurrent
Engineering methods may be employed in the subsequent refinement and optimization phases
of the then well-defined product.

44  IT Support for Rapid Prototyping

In analogy to the different areas of complexity identified in a product development process,
information and communication technology support must be granted to the development team.

44.1 Product Design and Evaluation

Major sources of product complexity are the number of components involved and the proper-
ties of functional or geometrical interdependencies between components. A Rapid Prototyping
environment must accomodate this by integrating aids for appropriately organizing and intelli-
gently retrieving these pieces of information. For retrieval, the individual needs of different
experts have to be taken into account, i.e., it is essential that design and evaluation tasks may
be performed cooperatively while allowing for individual views on commonly manipulated
data. The acceptance and adequacy of a computer-based system significantly depends on its
capability to provide each expert with the data representation or visualization he or she is used
to work with.

44.2 Prototype Manufacturing Technologies

A correct supply of information is essential to all implementations of technology. The neces-
sary information integration described for product design and evaluation also pertains to tech-
nological knowledge for manufacturing virtual and physical prototypes. A close cooperation of
experts on candidate technologies for building a particular prototype is essential for a best-
choice selection among alternatives.

443 Knowledge

The integration of active knowledge facilitates not only a simplified exchange of information
between experts from different domains, it also allows for an evolution of the knowlegde base
from a first manual cooperation model to a more and more automated environment monitoring
and controlling responsibilities and roles of development team members. This way, violations
of imposed knowledge constraints (e.g., the modification of a diameter which also unknown to
the designer affects the dimensioning of certain other components) can be handled by an emer-
gency exit to a CSCW (Computer-Supported Cooperative Work) component of the Rapid Pro-
totyping environment, letting the affected developers solve the problem, rather than trying to
automate every decision. In fact, some decisions may require changes or relaxations to previ-
ously defined constraints, so an automatic treatment of these cases would not have been possi-
ble. However, by incrementally automating certain propagations of knowledge and decision
guidelines, developers may delegate trivial aspects of their work to the IT support, concentrat-
ing on the creative task of designing the product.
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44.4 Organization

On the organizational level, there are three principal issues to be considered:

Project Management components need to accomodate the autonomous, spatially distributed
work of team members and subteams. The project organization is likely to be flat, as opposed
to deeply hierarchical structures in conventional organizations. Also, classical workflow
approaches as provided in many Engineering Data Management Systems are not suitable to
refine project tasks to a tool level, as they tend to impose a too rigid form on the product devel-
opment process, incapable of accomocating rapid changes.

Computer-Supported Cooperative Work techniques need to be employed to support the syn-
chronous or asynchronous interaction of humans through or with the aid of computer-based
systems. The benefits of ad-hoc meetings for immediatly tackling problems, as opposed to fil-
ing engineering change requests or resorting to weekly meetings, have to be used in order to
shorten communication paths between people. The ,,natural* character of synchronous interac-
tions with shared applications and audio (optional video) will also create a subjective feeling
of togetherness within the team, despite spatial and temporal separation. In particular, once a
»team spirit* can be created, the readiness to accept the joint responsibility for the product
development as a whole increases, thereby improving the motivation and quality of the work
environment. An important role will play multi-media as an intuitively appealing, simple way
of representing even complex information [Fran91].

Team Qualification is an important issue when an existing development team needs to be tran-
sitioned from the old departmental organization to a team organization. It may be necessary to
offer special training courses in cooperation and team management, in order to facilitate effec-
tive team work. In contrast to group work in production, the social aspects and human factors
involved in the collaboration of experts are widely unresearched.

5 Conclusion

This paper presented a view on Rapid Prototyping that includes all organizational, knowledge
and technological aspects of product development.

Some key conclusions can be drawn:

+ Rapid Prototyping as a process covering all stages of product development draws its rapid-
ity in individual development cycles not only from technologies allowing engineers to
quickly manufacture prototypes. It is vital for the success of a product development process
to take as well Human Factors and organizational issues into account, and to specially
encourage and support cooperative work. Cooperation is the key to effectively managing
different types of complexity in product development.
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The benefit of pretotypes for development processes comes merely from the fact that we
use prototypes without regard whether they are physical or virtual, but rather considering
the degree to which new knowledge can be obtained from their evaluation. The organisation
of the development process (i.e., in particular which prototype has to be used in which
stage) has to be identified therefore as a critical point. There is, however, no generic organi-

sation of a development process. It depends on the individual product.

A flexible, fast, cost- and quality-effective development process combines a series of proto-
typing technologies. Virtual methods (CAD, simulation, FEM, Virtual Reality, etc.) and
physical techniques (stereolithography, laser sintering, conversion tools, etc.) should both
be applied dependent on the specific tasks in the process.

The integration and best practice of many technologies requires a set of enabling technolo-
gies (e.g. expert systems, CSCW, adaptive information systems, databases and knowledge
bases, product and process modelling). Both, the development of the enabling technologies
and the prototyping technologies themselves have to be taken into account.

Many of the open research questions presented in this paper will be investigated within the
Special Research Field (Sonderforschungsbereich) SFB 374 — Development and Testing of
Innovative Products (Rapid Prototyping) — at the University of Stuttgart, which is partially
funded by the German National Research Foundation (Deutsche Forschungsgemeinschaft —
DFG).
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Abstract

Virtual Prototypes allow the product development process to concentrate on a fully digital
basis. Unfortunatelly, most CAD environments do not support concurrent data access of
several users. This makes it necessary to include refinement loops, an often time consuming
process.

In this paper, we define an CAD framework which allows coopertaive working of multiple
users using different tools. This enables a new working paradigm, we call COOPERATIVE
ENGINEERING. Instead of time consuming refinement loop iterations, intercative multi-
disciplinary work is introduced. The benefits of this new working paradigm are manifold.
Most important are the shortening of the design cycles and quality improvements due to
the enhanced information contexts build by the shared sessions.

Keywords
Virtual Prototyping, Reengineering, Concurrent Engineering, Cooperative Engineering,
Cooperative Working, Multi-Disciplinary Work

1 INTRODUCTION

In the last decade, computer-aided (CAx) and computer-integrated (CIx) technologies
had a strong influence on the product development process. Prototypes are needed for the
feedback of evaluation experience back into the electronic design.

Physical prototypes need a refinement loop of design, preparation and evaluation, step-
by-step. Fully digital prototypes overcome this refinement as discussion and modification
can take place at the same time.
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Figure 1 Environment considered for Virtual Prototyping
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This cooperative working (CSCW) is the next step for making the product develop-

ment even faster and efficient. In contrary to most basic CSCW applications, an open
environment with heterogeneous application (see fig. 1) has to be considered.
Therefore, certain assumptions have to be made:

® cach user may use a different (specialized) application

® virtual prototypes are more than a single digital files but rather a collection of data
structures with overlapping contents

® coordinating design activities has to create a common u understanding about objects
and activities

® frameworks have to glue existing applications by providing global services

Therefore, this paper focuses on the definition of these advanced global services and their
usage within existing frameworks to show the benefits of cooperative engineering.

2 PROTOTYPING FRAMEWORK

The Virtual Prototyping Environment is based on a framework and integrated applica-
tions, as indicated in figure 2. The task of the framework is to offer libraries for the
application development process and to provide a set of services for the applications du-
ring runtime.

The global services extending existing frameworks are:

® Cooperative communication and conferencing
® Multi-media documentation and mail

® 2-D/3-D user interface

® Distributed object oriented data management

Cooperative Communication and Conferencing

This service provides on the one hand an asynchronous broadcast and point to point
message service for communication. On the other hand a synchronous communication
service can be used for conferencing and handshake request. The asynchronous service
is used by heterogeneous applications to exchange messages, thus informing each other
about a special topic. Here it is important, that the applications are independent each
application can select those messages individually which are considered important for the
application and the kind of reaction.

The synchronous service is also used to support applications in the area of CSCW. Here,
the basic services like group management in a conferencing session are provided.

Multi-Media Documentation and Mail

Integrated documentation becomes an important part of the product development process.
The framework provides support for integrated documentation and enables the handling
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Figure 2 Extended Framework for Virtual Prototyping

and exchange of multi-media objects and the conversion and integration of different for-
mats.

2-D/3-D User Interface

The user interface system provides services necessary for the development of homogeneous
2-D and 3-D user interfaces. Homogeneous user interfaces at the integrated applications
raise the acceptance of the end users and help them working in the virtual prototyping
environment.

Together with the communication and conferencing system, these services enable and
simplify the development of wrappers to transfer single-user systems into conferencing
application.

Distributed Object-Oriented Data Management

The data management component offers all services for handling with objects of the
distributed environment. The basic goals for the component are to hide the location of an
object for the application and to enable a uniform working with transient and persistent
objects.

Advanced concepts, like working data bases for user session, enabling concurrent access
to objects, and advanced check-in/check-out facilities are also topics of this service.

These services are necessary to improve the virtual prototyping environment for the end
user in several directions. First off all, they are the basis for a common look and feel of
the applications, necessary for the acceptance of the end-user.

With sharing the same data and sending information between, applications are not longer
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isolated, they are an integrated part of a homogeneous product development environment.
Thus, the different steps of the product development are not longer separated and the
problems of data exchange between the different phases could be solved.

3 APPLICATION DOMAINS

The integrated applications cover all aspects of virtual prototyping and are grouped in
application domains. The virtual prototyping environment consists of the following do-
mains:

e Product Design

This domain consists of the CAD-systems involved in the design of the product. These
systems can either be geometry-based or feature-based. The purpose of this domains’
applications is to create and modify the design entities of the product.

e Simulation

The simulations domain embraces applications for the physical simulation and also for
the analysis of the product.

¢ Virtual Reality

The modeled products are put into the virtual reality domain to be presented and ex-
amined in an advanced virtual environment. The virtual reality domain provides also the
environment for the compound visualization of physical simulations or analysis results
together with the correlated shapes of the design parts.

e Manufacturing Process Design

The domain covers all applications for the computation of the manufacturing process.
Here, based on the designed and simulated product data, the data for the real manufac-
turing process are computed. These domains will help to reduce the time for prototype
development and will help to improve the quality of the last domain, Manufacturing.

4 COOPERATIVE WORKING TOOLS

The main task of the communication system is to deliver messages between homogeneous
and heterogeneous application and/or framework components throughout the environ-
ment. Hereby, different scopes of the messages must be supported by the communication
system, according to the purpose of the message.

One basic requirement is the communication between heterogeneous applications. In con-
trast to CSCW applications (computer supported cooperative work) where different in-
stances of the same application exchange messages, communication between heterogeneous
application means the communication between applications with different purposes.
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Figure 3 Similarities between domains

For example the message exchange between a presentation application ,e.g., a Virtual
Reality System, and a constructive application ,e.g., a CAD-System. Here, picking an
object in the presentation system could lead to an corresponding action, e.g., highlighting,
in the constructing system (see fig. 3).

A basic requirement hereby is the common understanding of the objects and activities.
This common understanding can be established by an application-independent message
set, e.g., as used for desktop messages [Fra91b] or software development [Dig92].

ToolTalk Message Set

Tooltalk [Fra9la] has defined a message set for Desktop services which unifies many of
the window and process based informations, such as

Created/Deleted,
Iconified/DeIconified,
Mapped/UnMapped,
Modified/Reverted,
Quit and
Started/Stopped.

These messages can be mapped to any kind of window system and window manager ma-
king it an ad-on to existing software components. These messages are mostly broadcasted
to all other applications in the local runtime environment.

For applications performing Document and Media Ezchange messages such as

® Abstract,
® Display and
® Edit

can be used to inform about multi-media objects and their usage.
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Similar effort has been taken to unify message in CASE systems, based on the software
development systems requirements.

The CFI message set [CFI92] is a first step towards unifying messages for CAD systems.
This can be taken as a basis for a the common understanding spanning several other
domains.

For virtual prototyping, these messages have to be generalized in a domain independent
way. This can be done as many of these messages appear in similar forms also in other
domains, e.g. select and pickin fig. 3.

This strategy also results in requirements for the data management component of the vir-
tual prototyping framework which has to keep track of the corresponding object instances
in the different applications. e.g., a particular patch in the CAD’s NURBS model and a
corresponding triangle mesh in the VR system.

Based upon a common topological structure, appropriate mappings have to be found
to translate entity identificators, e.g, names or numbers, to other representation forms
[JKSU94].

Considering the case, that the shape was made using NURBS, the simulation using FE
rasters and the visualization using triangle meshes (see fig. 3), a mapping can be difficult.
In any way, this mapping, based on the deltas to be applied, is much easier and far more
effective than running the conversion several times and invoking a manual search from
the scratch.

5 SCENARIO

Virtual prototyping in a distributed working environment is extending the basic meaning
of having a prototype that no longer needs to be physically present to having a prototype
that is not even represented as a single entity but rather as a collection of information
that all together comprise the prototype.

This situation is already common in every existing prototype development environment as
different applications deal with different entities and formats. Up to now, the underlying
framework can keep track about the used data types and formats but hardly ever takes
care about the heterogeneous nature of the prototype.

Basically, a virtual prototype is characterized as

comprised by several and even redundant informations,

partial information stored at different locations,

accessed by different users and applications,

consists of roughly the same topology but may have different structure,
entities may be handled differently but applications,

all of them represent the prototype, but through different views.

The virtual prototype frameworks offers global services to meet these advanced require-
ments of heterogeneous and open environments. They are globally available and no longer
restricted to a single environment, but rather can link any application in every runtime
environment of the virtual frame work that comprises the different sites involved (see fig.
4).

A major task to enable distributed interactive work based upon variable bandwidth net-
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work is a graceful message delivery, the main task of the communication server. Depending
on the available network connections, an appropriate connection has to be established.
Depending on the kind of message, e.g, frequency, message size (memos, images, video
etc.), appropriate basic network services, have to be used.

The network services can be

® socket programs for specific applications
® customized RPC calls

® smnp (e-mail)

® fip

® X11 client messages

® ToolTalk
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® other framework specific communication components

The global communication service will select an appropriate line to the applications in
the current session. Depending on the kind of message, e.g., broadcast messages or point-
to-point request exchange, asynchronous or synchronous delivery, each connection may
use a different transport mechanism (see fig. 5).
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Figure 5 Server architecture

Also the messages itself have to take care of this delivery situation. In a situation where

a remote partner can only reached via e-mail, only very few messages should be send

to inform about the final state. It would not make much sense, if every interaction is
transmitted that way, except for an off-line session replay. A similar services can be used

to obtain initial information for new participating members to an already started session.
Besides the elementary inter-tool-communication (ITC) service, an inter-session-communication
service has to be provided. Its task is to monitor all sessions and the usage of appropriate

ITC modules (see fig. 5).

The heterogenouity thus also reflects on the network structure of the participating app-
lications. In fig. 6, a request message from application 1 in environment 1 is transmitted
to its recipient, application 5 in environment 2, and vice versa the reply to it. Other app-
lications may be passive listeners at either or other sites, each having it’s own connection
to the local communication server of the local runtime environment.
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Figure 6 Distributed message delivery

6 CONCLUSION

The virtual prototyping framework offers significant extensions to existing product deve-
lopment frameworks in the areas of

® concurrent and cooperative engineering,
® open and distributed environments and
® heterogeneous data activity and user environments.

This advantages help decreasing the product development times (time-to-market) as well
as customization times (time-in-market) for plain prototypes and mass production pre-
paration.

In times of rapidly increasing requirements for faster and cheaper development these
factors can cut development costs before they arise, e.g. due to refinement cycles.

The versatility of digital communication and data exchange help to make better use of
machine and human capabilities in extending networkability towards cooperative working.
Information translation is also essential in such system as it can consume serious amount
of valuable human capital especially in open environments with multitudes of information
types and formats.

Graceful handling of network services and their bandwidths enables interactive coopera-
tive work even with application which have never been designed for these goals.

This shows the capabilities of an integrated framework which can be used with existing
applications by add-on global services.
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Abstract

Conference system support communication and collaboration among geographically dispersed
user groups. In our contribution we introduce an environment that allows users to cooperate
with the help of an electronic conferencing system. During a conference, the users can start all
kinds of applications. I describe different approaches to offer a solution to integrate these
applications in a conferencing system. At last I will introduce our new conferencing system
WIDE (Workstation Integrated Distributed Environment). In this system we have tried to
implement some of the integration approaches.

With these applications, the engineer can perform his interactive cooperative work in the
conference scenario. Some of these applications are truly distributed, some were especially
developed for industrial designer, others are standard tools.

In the future, most product prototyping work will be done on computers with all-digital data
bases, interfaces, and output. The emphasis on concurrent engineering, total quality manage-
ment, manufacturability, just-in-time manufacturing, and life-cycle costing makes prototyping
a group collaborative effort. Similarly, the emphasis on virtual enterprises that span the world
with their customers and suppliers make prototyping a truly distributed activity.

Keywords

CSCW, Conferencing System, Teleconference, Communication
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1 Motivation

The increasing development of local and wide area networks and multimedia workstations
allow the realization of interactive communication tools for conferencing environments. These
distributed software systems use improved hardware and network features to enable synchro-
nous communication.

An electronic conferencing environment enables the replacement of face-to-face meetings
by computer supported conferences. This can be two people meeting, as well as organized con-
ferences. Interactive communication and information exchange between geographically dis-
persed users is of great interest in different application areas like medicine, office organization,
education and teaching, or the product development process. We want to describe the product
development process as an example for the necessity of synchronous interactive communica-
tion tools provided by a conferencing environment.

One of the main goals in the product development process is to shorten the product develop-
ment cycle by reducing the designing and manufacturing time period. To achieve this goal,
hierarchical organization structure within the product development process must change to
parallel organization and collaboration between different departments to improve parallel
product development. One restriction for cooperation, communication and teamwork is that
especially complex products are developed and manufactured by different companies at differ-
ent locations. The realization of teamwork and parallel development needs sophisticated tech-
nologies to enable the involved persons to communicate and cooperate in a flexible and time
efficient way. Short response time, feedback, early problem detection are extremely important.
Technological support for the teamwork required by concurrent engineering is highly relevant
to the study of computer supported cooperative work [FM 91]. Teamwork can be extended to
the notion of virtual teamwork if the members of a team are geographically divided and com-
municate via electronic communication tools. Tools for asynchronous information exchange
like fax, e-mail, file transfer etc. are widely used in industry. There is still a lack of tools for
synchronous information exchange.

Designing, engineering or manufacturing specialists have to discuss many technical prob-
lems during the product development cycle, from, e.g. esthetical aspects of a design to manu-
facturability. Besides technical discussions, a great amount of commercial problems will be
discussed by marketing, purchasing or managing specialists. The different locations where
specialists work are often bottlenecks for early problem detection and decision making. A
problem of today‘s work is that too much information is channeled through a team leader who
is overloaded with traveling and work.

Tools of interactive communication integrated in a conferencing environment enable not
co-located team members to communicate and collaborate whiteout time consuming and
expensive meetings

The conferencing environment we want to introduce allows synchronous information
exchange over wide area networks. It is comprised of multimedia technologies, communica-
tion and network infrastructure and complex user interactions. We divided the conferencing
environment in to two major part, the conference management system and the conferencing
applications.
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2 The Conference System

The conference system is responsible for the administration of the conferences. It includes a
distributed application server with functionality for organizing the interactions between users,
conferences and applications. Because of general problems in distributing any kind of data we
offer a special appropriate strategy.

Managing the flow of data is one of the most critical tasks in distributed systems. Because
there is a large variety of data with different requirements in size and time, the organization of
the communication channels is fundamental for the efficiency of the platform. It should work
in high speed networks (i.e. Ethernet or ATM) and also in wide area nets like ISDN. The sys-
tem should be highly stable against external influences and should rebuild automatically as
much as possible. Even in case of errors there must be mechanisms to guarantee the reliability
of data transmission.These requirements are solved using a client-server communication
model.

In Figure 1 the data connections in the system are shown by an example. The Conference
Server provides the distribution of the inner conference requests and messages. The only
responsibility of the server that concerns the applications is starting and finishing.

The server has a connection to the conference database. where the ‘public* data is stored.
All information which needs to be distributed can be read or written via this database. There-
fore it is guarantied to get all necessary informations when joining or leaving the conference.

The most important data is information about the users, conferences and applications. There
are also other sets of data stored which are for internal usage, like hosts or screens for the
X-Window system.

The application server is the basic tool for managing the conference. After building a con-
nection to the conference server by starting the system, the user is able to begin his work in the
given context. The system provides read and write access to the database. The block diagram
in Figure 2 shows the realization.

A user-interface allows interactions via mouse and keyboard. At the beginning it will show
a list of all connected users and actual running conferences. It is possible to join an existing
conference by selecting a menu button. A conference member can leave the conference when-
ever he wants. It is also possible to create a new conference which others can join.

A very important task of the Application Server is providing functions for invoking and
removing applications. Normally these applications are independent of the connection between
manager and server and can be even used as stand-alone versions. So the stability of data trans-
mission is as safe as possible against internal and external influences.

In conferences with multiple users or applications, there is a special input control system
available which organizes the flow of user actions. In this mode only a single conference mem-
ber can interact with the applications, like talking to the others or using the application. This is
necessary because the optical and acoustical feedback is much lower than in face-to-faces con-
ferences. The input control works like a fifo-queue and after having done his actions the user
can pass the input rights to the next one in the queue.

3 Integration of Applications

The handling of applications from an integrated conference environment is one important fea-
ture in every conference system. The user should be able to start and stop applications during a
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conference.
There exist three different types of applications:

1.Applications written for a special conference system.
2.Stand-alone CSCW Applications.
3.Non CSCW Applications.

A conference system needs different methods to be able to start those applications. We
describe these methods in the following chapter.

3.1 Integration of Special CSCW Applications

Some conference systems offer a protocol to communicate with the external applications. With
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this protocol the applications can receive all information about the user and conference status.
They are also able to control some parts of the conference system.

This way of integration is the best way because the application can use the same
information. This is very important for the user interface, e.g. to use the same user name or col-
ors to identify the user. This method can offer a seamless connection between the conference
and the application user interface.

It is also important to control the applications. This can be done only with this method. The
external applications can receive the status of the floor control and can control the own input
mechanisms.

To spread this method, it will be helpful to create a standard for this protocol.

3.2 Integration of Stand-alone CSCW Applications

For existent stand-alone CSCW applications the conference system offers a shell script call.
The conference system passes information to the shell script, e.g. host, user name. After the
execution of the shell script the conference system has no chance to control the application.
The feasibility of controlling is poor.

Unfortunately, most stand-alone CSCW Applications are not able to switch their own user
interfaces off. The user must insert all the required information in the application user inter-
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face. Sometimes the external application needs some internal information from the conference
system. If this happens, it is necessary to train the user.

3.3 Integration of Existing non CSCW Applications

In most cases it is necessary to integrate an already existing application into a conferencing
environment. The reasons might be one of the following:

*There is no distributed version of the application available.

*It is to difficult to design the application for a conference environment in a short time. An
example here is a CAD system. Such an application has been developed in hundreds of per-
son/years and could not be extended to multi-user support in just a few months.

*The users won't use a new unknown application just to present some information in confer-
ence environment.

In these cases traditional applications can be integrated into the conferencing environment
using CSCW tools. First the user interface of the application must be shared between the con-
ference members. This will be done by duplicating the output of the application to all users.
All conference members have the possibility to see the same information.

Input capability to the application should be switched to only one of the conference mem-
bers at a time. The floor holder mechanism of the conferencing system manages input switch-
ing. During conferencing time, one user ---the floor holder - loads the application through
that CSCW tool. The applications output will be distributed and hereby the floor holder pre-
sents his information.

It is necessary that the inactive partners have a possibility to follow the floor holders
actions, especially if the conference goal is that conference members learn something about the
usage of an application This will be possible only if the inactive users see all prompting and
echoes. Therefore the mouse pointer movements etc. of the floor holder must be distributed as
well.

As another feature of the CSCW tool sharing applications a sketching functionality should
be integrated onto the distributed applications output. The floor holder can chose if he wishes
to add input to the application or if he will draw into an overlay positioned on top of the appli-
cations output window. These sketches are distributed viaa CSCW tool to the other conference
members. They have --- being inactive users --- only the possibility to make sketches, too.
Only when becoming an active user is there a need to distinguish between application input
and sketching in the layer.

The scenarios components are illustrated in Figure 4. The CSCW tool for sharing applica-
tions between more that one user is a tool like shared X [Alt90]. Functionality for pointer
movement distribution must be added to that tool. The sketching functionality on the other side
could be added as well. A separate tool organized as a collection of transparent windows on
top of the applications output windows containing the sketches is another possibility for a real-
ization.
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4 Conference System WIDE

4.1 An Integrated Environment for Synchronous Information Sharing

The conferencing system is a communication platform integrating applications, components
and services for running a multi-party conference.

Geographically divided conference members can use audio, video, specific conferencing
tools and standard application software together in an integrated environment. The conference
system provides the user interface for the interactions, communication services for sharing of
applications and administration services.

4.2 Functional Description

The conference system consist of two major parts, the conference server and the application
server.

The conference server is a framework for administration of the conference, the conference
members and the conference applications.
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It includes the following functionalities:

« enable the user to join and leave a conference

¢ administrate information about the conference and the conference participants
« invoke and close conference and standard applications

» providing floor handling mechanisms

The application server are software systems running in a conference environment to support
communication and collaboration. Conference applications include systems, which are partic-
ularly designed for conferencing like the SketchPad and the shared 3D Viewer as well as stan-
dard applications.

Standard software will be distributed with a shared window system to all conference mem-
bers. The floor control is handled by the conference manager, it exist different kind of control
mechanisms.

The server has a connection to the conference database, where the ‘public‘ data is stored.
All informations which need to be distributed can be read or written via this database. So it is
guarantied to get all necessary informations when joining or leaving the conference.

4.3 Conference

In future versions it is planned to have more than one conference, where different groups of
users are able to collaborate.

These conferences will have special security mechanisms for having private conference or
group related permissions for using special conference applications.
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Abstract

Instead of being an exciting step towards more rapid product development, virtual prototyping
could become a new term to cover the existing computer tools collected under the terms CAD,
CAE, CAx. The computer technology to enable realistic "handling" and distributed design
consultation is now demonstrable. However, effective management and distribution of the
information to be processed and, hence, use of the results could remain constrained by the
many ad hoc data conversions imposed by our current inability to most effectively represent
that information for shared use and reuse.

The first issue is to provide a framework for the information that supports product
development and that is developed during product development. In order to create the
integrated information system that virtual prototyping implies, the Open Distributed
Processing Reference Model (ODP-RM) [deMeer 1992] for distributed information systems is
an apt basis and a useful route map.

The role of STEP in such an information system needs explanation. It is encouraging that
the ISO Standard for Exchange of Product Model Data (STEP) [Owen 1992] development
methodology is using a similar map to that provided by the ODP-RM. The STEP work,
particularly the tools used developing Application Protocols (AP) and the integrated resource
models themselves, is an integral part of our way ahead. The learning from that community is
already exploitable.  As discussed below, however, their difficulty in defining the
requirements of STEP, and the general lack of understanding of what STEP can provide,
needs urgent resolution.

Another issue is the constraints imposed by representational techniques for geometry used in
today's CAx systems, particularly parts with sculptured surfaces. Because shape is so
fundamental to mechanical design and visualisation on computers, it is important that shape
information can be related properly to other information and altered simply. This is not
currently so.

Finally, one must understand the relative value of real and virtual prototypes and more
importantly the need for physical models to test in order that confidence in computer
simulations is well founded. This is particularly necessary where the virtual prototyping uses
complex flow analyses, namely Computer Fluid Dynamics (CFD). The advent of layered
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manufacturing (additive manufacture, rapid prototyping) potentially expedites the making of
real prototypes with minimal manufacturing planning. "Computer Aided Rapid Prototyping"
and the "Integration of CAD, CAE and Fast Free Form Fabrication" are alternative titles for a
project, briefly known as CARP!, researching these subjects to reduce the time to prototype
automotive powertrain components.

This paper discusses some of the issues and some pieces of the solution.

1 BACKGROUND

In order to prototype on the computer an increased integration of the activities involved in
evaluating products is needed to facilitate communication between them. For example,
analysis of the behaviour of a component may suggest alterations in its shape and also the
shape of other components with which it interacts. With current technology, this is inhibited
by data conversions between different representations and lack of appropriate associative data.
More important, shape should be related to functional requirements - not usually represented
in the computer.

The word, integration, is widely and loosely used. The complex association of people,
processes, materials and information that is the product introduction process needs
decomposition to aid understanding so that possible improvements can be identified, controlled
and are achievable. This is the role of a reference model. In considering integration in the
product life cycle, the authors view the whole process as a distributed information system and
find the ODP-RM helpful. This model advises the consideration of such a system from five
viewpoints:-

a) business or enterprise, that is, the things to be done (activities or processes) to achieve the
objectives of the system;

b) information, that is, its form and the flows to achieve necessary communications and,

¢) computing, system engineering and technical implementation often classed together as the
software support environment.

The advantage of this model is that the integration of the enterprise with respect to its
objectives and of the information requirements can be addressed independently of and
preferably before the computer implementation issues. This can help to avoid the trap of
being driven by current computer based applications. Gielingh [Gielingh 1994] breaks the
integration of product data into the problems of enterprise integration, application (computer)
integration and data integration. Application integration is interfacing today's software using
data exchange technology. The solution to data integration, sharing, is seen in terms of
networks, files and data bases software suport in ODP-RM terms rather than the appropriate
integrated product representation.

1 CARP is a three year collaborative research project organised under the auspices of the DTI EUREKA
programme. The primary objective is the integration of design, analysis and rapid manufacturing methods such
that prototype components can be produced rapidly and with greater confidence of "right first time", the
secondary to realise the potential of layered manufacturing technology. The consortium is lead by Ricardo
Consulting Engineers Ltd, of the UK, and includes CADDETC, Delcam International plc, Webster Mouldings
Ltd, and the University of Leeds, all from the UK, Volkswagen AG of Germany and Dott. Vittorio Gilardoni
SpA of Italy.
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STEP, the STandard for the Exchange of Product model data [Owen 1992] addresses computer
applications in the product life cycle. It was initiated in 1984 to enable better interchange of
data between computer aided activities (CAx) than that provided by the current data exchange
"standards"”, e.g. IGES [Smith 1991], SET: 268-300 [1989]. Many hundreds of man years
have been voluntarily contributed under the aegis of ISO TC184/SC4.

STEP is a methodology and data models. These latter are loosely based on the ANSI
SPARC, Application, Logical and Physical layers [ANSI/X3/SPARC 1975] and the
methodology suggests understanding the engineering requirements for a particular exchange by
studying the activity and information flow first. This is encouraging and we use the tools
adopted by STEP contributors for these operations.

Implementations of STEP will have a collection of Application Protocols, data models to
which exchange software must conform. Exchange software converts between the data
representation of the CAx system and a neutral representation in the form, currently, of a
physical file. Application Protocols are constraining in order to enable data ¢xchange, i.e. so
that conforming processors cover the same range of entities and use them in the same way.
The requirement to enable data exchange enforces an emphasis on what current CAx systems
represent. The Application Protocol 203, Configuration Controlled 3D Design, has a wider
view embracing product structure and configuration. Unfortunately supposed prototype
implementations by vendors, do not impose conformance which is required by STEP if it is to
revolutionise data exchange. Current attempts at STEP based data exchange can be
categorised as "IGES STEP" with much of what was wrong with IGES and its contemporaries
remaining. The current debate is the perceived need for data sharing which we define as
applications viewing, or dipping into, parts of a single representation of the product model
conforming to an integrated product data model. Intuitively STEP should enable this but
current thinking is confused. The contribution of the Integrated Resources, particularly the
Generic Product Description Resource [ISO 10303-41 1994], is explained in this paper.

Sections 2 and 3 use this background to progress towards the type of product data model we
need to integrate the information and enable sharing. We, then, complete the picture with a
discussion of a novel geometry representation.

2. ACTIVITIES AND INFORMATION MODELLING

Models based on SADT(IDEFO) [Marca 1988] cemented understanding of the issues among
the technically diverse group of collaborators in CARP. Although IDEFO has its critics as a
communication medium, the thought and rigour required to understand the inputs, controls,
outputs and mechanisms and agree viewpoints and purpose is a necessary prerequisite to
understanding the required information and software support. At this stage the depth to which
one expands such diagrams should be compatible with understanding the product development
activities and the information requirements, not the details of computer processing and data
requirements. As a simple example, we identify the geometric functionality that the activities
themselves require, i.e. we do a stress analysis of a solid part, a flow past a surface or in a
cavity, we machine a surface, not the data requirements imposed by current shape
representations or the computational methods we normally use to simulate behaviour.
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3. INFORMATION

One is then in a position to understand information flows, forms and content. In choosing a
formal notation, differences between the engineer and the information technologist appear.
Our contention, not novel, is that the activities which the information system supports and the
information flows should be clearly understood before the role of the computer is defined. An
information model can be evolved as is, for example, the Application Reference Model of
STEP. The direct use of STEP's Data Definition Language (DDL) Express
[ISO TC184/SC4/WG7 1991] may suit those who know the computer applications for which
they are catering and hence the data requirements, but is not appropriate as a first step to an
information model to support product development. It is, however, very difficult to separate
the product information from those representations, data, which are needed to support the
computer processing and the form in which results are presented, e.g. stresses on meshes
rather than stresses available throughout the body. Today information systems are usually
studied with preconceived views of the computer processing to be applied because commercial
systems, e.g. CAD, FE, are already in use. Collaborators selling CAD or CFD systems are
interested in improving current systems and thus start from current technology.

3.1 The integrated product data model

The information model in EXPRESS-G (Figure 1), the graphical form of EXPRESS [ISO
TC184/SC4/WG7 1991], from the CARP project falls into this trap because implementation is
driven by existing CAx systems. However, we do try to identify the conditions to be applied
to geometry or shape description rather than to the discretisations required by particular
computational techniques. The model also uses STEP models where these are available, e.g.
the advanced BRep AP204 for solids.

More significant to the CARP model, and a feature of all STEP APs, is the influence of the
GPDR, the generic product description resource. This imposes a root and a framework to the
data model which models product and some accompanying structure. This structured form is
essential if sharing is to be enabled. Our research proposes a framework for product data
which supports all phases of the life-cycle, specification to disposal, and is detailed only as
users and applications require. This is a top-down approach not the bottom-up approach
which pragmatic data exchange requirements encourage. This top-down integrated product
data model is essential for sharing.

The STEP GPDR distinguishes between the description of and the representation of the
properties of products. For example, the STEP Integrated Resources, of which the GPDR is a
part, has a geometric description which is shape definition information. We would suggest
this should be shape information that comes from the functional requirements. The shape
representation itself is what computer processing/applications require, generally the primitives
(lines, arcs, polynomial patches, blocks, spheres, cylinders) or discretisations of which
computer representations are constructed. From the perspective of the engineering process
such representations are of secondary importance.

It is interesting and understandable that many of those in STEP concentrate on data
exchange of representations - the area which CAx systems embrace and on which STEP could
be best demonstrated - and see the geometric description and the product oriented framework
as an unnecessary overhead.
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The authors believe it sets the necessary framework for STEP. The authors are using the
ideas behind the GPDR that is exploiting a framework to support specification, functional
structures and assembly information [McKay 1993].
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Figure 1 Root of Information Model (in EXPRESS-G) GPDR, Geometric Representation and
Analysis.

4. COMPUTER PROCESSING

Having understood the activities and the information requirements, ideally one is in a position
to think about the software support environment, firstly the processing that the computer will
do and for which we must design software and, lastly, the computer system's architecture and
implementation.

By this time one knows the observations, analyses and manipulations that are significant in
the development of a given product or type of product, i.e. for what one needs a prototype.
Whether this is a physical model or whether the observations etc. can be adequately performed
on the computer will depend on the testing to be performed and the possibility of adequate
computer simulations. Most parts can now be realistically visualised including movement.
Assembly, to test fit and maintainability, can be performed for many functional mechanical
parts where the solids involved can be represented. Analyses of stress (commonly using finite
element (FE.) methods) can be confidently performed in many situations. In many companies
FE based stress analyses are performed by designers, not analysts, using FE codes validated
for strictly defined physical situations. Flow analyses are less reliable. Although codes for
complex 3D situations are sold, confidence in their use requires experienced fluid dynamicists
backed by experimental confirmation. Additionally the time taken to simulate (and convert)
can inhibit realistic visualisation which many see as an essential of virtual prototyping. The
display of complex models, in digital pre-assembly of aeroplanes or examination of oil rigs
today, is built on static computer representations of admittedly complex geometries and relies
on view changes to model the human moving through the scene. Visualisation of dynamic
environments and those involving models of physics is not yet possible because of
accumulations of times built up by various aspects of the computation.
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The overhead in conversions is a secondary problem with this virtual prototyping scenario,
e.g. from CAD representation to analysis discretisation and, if the prototyping leads to
suggested improvement, back from the results of the analyses to improved shape.

As explained in previous sections these conversions can drive the information system rather
than being relegated to a simple reliable routine process. However, the associativities required
to respond appropriately to the results of analyses demand an integrated top-down product
information model as an immediate priority.

5. REPRESENTING SHAPE

One aspect of the work reported here which will help virtual prototyping and also shape
synthesis is the definition of geometry where the functional constraints define the shape
description, where surface and solid representations have a unified definition and where
discretisation suitable for analyses is implicit in the shape definition process. The over-riding
objective on the work reported here is not the downstream processing that the method
facilitates, but minimising the number of parameters that define the shape and relating those to
the design specification not solely the geometry. The aim is optimisation and shape synthesis
where the shapes have complex sculptured surfaces. The speed and reliability with which
discretisations for layer manufacture, for CFD and for FE based solutions are produced has
been remarkable in contrast with current CAD systems.

A new method for the efficient definition of complex shapes has been developed at Leeds.
It is based upon a boundary-value approach, in that a surface is defined in terms of boundary-
conditions specified along the curves which form its boundaries. A consequence of this
boundary-value approach to surface generation is that the CAD geometries produced by the
Partial Differential Equation method are described in terms of surface patches that meet
perfectly. This facilitates both the computer-aided analysis of an object's physical properties
and its manufacture. Furthermore, a design may readily be changed and yet this property - of
perfect connectivity - is still maintained.

The definition of the surface shape between defined boundaries by partial differential
equations [Bloor 1989] was introduced as a blending problem. The technique has been
extended to cover free-form surface design where the aim has been to generate functionally
useful surfaces (e.g. propellers, ship-hulls) from patches of PDE surface [Lowe 1990].

The PDE method is not primarily a method for surface representation, but a method for
surface generation. It is envisaged that objects whose surfaces are generated by the method
are designed to serve some function, and hence it is crucial that the design of an object's
geometry is integrated with functional considerations. What makes the PDE approach
especially suitable for this is that it can parametrise complicated free-form surfaces in terms of
a relatively limited parameter set. This is possible because of its boundary-value approach:
surfaces are specified in terms of data distributed around curves, rather than across the surface
itself. In practice, this means that the number of shape parameters specifying an object's
surface is often small enough for the task of optimising its shape to be computationally
feasible; yet at the same time the method is sufficiently flexible for a wide range of shapes to
be accessible to it.

Work has been carried out on the integration of an object's geometric design with its
functionality in a number of applications, ranging from heat transfer, stress minimisation, and
the design of a surface for its hydrodynamic properties [Bloor 1990] [Wilson].
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When creating complex surfaces, it is generally necessary to construct the surface from a
number of parametric patches, and we need to be conscious of the fact that each patch must be
bounded by specified curves with adjacent surfaces having the required degree of continuity
across their common boundary. However, when constructing a free-form surface from a
number of PDE patches, one still has considerable freedom with which to choose the boundary
conditions, despite the continuity requirements in order to achieve the desired shape. The
solution remains sensitive to the choice of boundary conditions and this fact is turned to the
designer's advantage as it is the boundary conditions that provide him or her with a powerful
tool for surface manipulation. A convenient way to demonstrate the relationship between
parameters and surface changes it through the series of examples given in earlier papers to
which the reader is referred rather than repeating here.

Figure 2 Inlet Geometry for a Diesel Engine.

As an example which combines most of the likely complication which may arise in multiple
patch surface generation we consider the inlet geometry for a diesel engine, as shown in
Figure 2. Notice that this entails creating the space within the inlet port through which the gas
flows before entering the combustion chamber. For this reason the volume forms part of the
domain over which a fluid dynamical analysis needs to be carried out. It follows that once this
has been done, the definition of the mechanical part surrounding this space requires further,
though generally less critical, surface generation to complete the definition of a solid object.

In obtaining the surface as a combination of PDE patches, each of which is a solution of a
boundary value problem, there is no problem in ensuring that adjacent patches meet perfectly
with the desired degree of continuity. In other words, there are no holes in the final surface,
which if need be, can be represented in discrete form by a set of quadrilateral surface patches.
This is an extremely important point, from the point of view of both analysis and manufacture
through such techniques as selective laser sintering. For instance, in CFD analysis,
conservation laws are discretised and fluxes of physical quantities across cells are calculated.
Clearly if there are holes in the cells, inaccuracies can arise. More importantly, holes in the
surface cause difficulties for inside/outside testing which may be needed for automatic mesh
generation. Also, in layered manufacture, holes in the surface description give rise to flaws in
the final object.
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As it happens, the CFD code (VECTIS) which we use to demonstrate the physical analysis
of our model requires a closed surface of triangular facets bounding the solution domain
before the automatic mesh generation and CFD analysis can be carried out. Thus, this code
provides us with an ideal test both for analysis and rapid fabrication. The geometry for the
inlet port, which we have created, is supplemented by additional geometry of the combustion
chamber and a valve (created using the PDE method) to make a physically realistic model for
analysis. The surface data was put into STL? format and was immediately ready for the
automatic mesh generation of VECTIS without the necessity for surface 'stitching', i.e. the
closing of surface holes.

6. A LAST WORD ON STEP

The virtual prototyping environment requires a shared information model. Although the STEP
resources are enabling the data exchange for which STEP is designed, currently it concentrates
on the detailed data representations rather than an overall framework for product information.
This is emphasised because geometric representations, CAD data, are those most commonly
exchanged. Attempts to discuss STEP in the context of sharing, demand solution to a
currently unsolved problem [McKay 1994]. Shared data implies a model instance that agents
dig into at will, but which inherently shares data and hence ensures consistency. We believe
this needs an integrated product data model. How such viewing mechanisms are defined may
be related to STEP Application Protocol (AP) interoperation as many believe. The authors
fear AP interoperation is directly counter to the design aims of APs and could degenerate into
the use of subsets3 from a single large AP reminiscent of (old) IGES technology. Possibly,
interpretation of STEP integrated resources [Ashworth 1993] is a way forward. An
experiment which shows how sharing and data exchange can be achieved in the same
environment is urgent.

7. CONCLUSION

Building on a range of research this paper proposes an integrated product data model as a top-
down a framework for information generated in the product introduction process. The model
uses the STEP Generic Product Description Resource extended to cover specification,
functional structures and assembly conditions. Additionally a novel representation of
geometry designed to facilitate shape design and functional optimisation may prove a unifying
link into shape representation and discretisation which will accelerate virtual prototyping for
engineering - where models of physics are important.

2 STL - defacto standard for input to layered manufacture machines, a triangular facetted representation of a solid.
As currently proposed subsets are Units of Functionality or Application Integrated Constructs. These lack a
context, an important part of the AP Development Method.
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Abstract

For the integration of different product development tasks to be supported within a virtual
prototyping process it is necessary to take account of semantic information, alongside the
geometric shape information. The need of semantically endowed primitives leads to the use
of features. In this paper we focus on one crucial important aspect in which virtual proto—
typing systems should evolve: the feature —based design of product prototypes. This will offer
possibilities to users to define high—level semantic information in the prototype model in a
way which allows a high degree of correspondence between virtual prototype and physical
product. Moreover, features should be used as processing entities for design, as well as for
the information integration of design with different downstream phases of virtual proto—
typing such as analysis, manufacturing simulation, cost and quality estimation.
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“Virtual presence is the synthesis of a perceptual consistency that convinces users that either they
are immersed in another space or that computer generated artifacts exist in the physical space
(illusion)”.

W. Chapin, T. Lacey, L. Leifer (Chapin, 1994)

1 INTRODUCTION

The virtual prototyping world gives us an unusual opportunity to compress time and to re-
duce production costs. The traditional limitations of the physical prototyping such as
weight, measures and material treatment are avoided. The ability to use computer simula-
tion implies that we have appropriate models of product prototypes. Appropriation means
not only models which describe the geometry, but describe the complete product semantics
in terms which designers understand and which reflect the design intent to downstream ap-
plications. As a consequence, the illusion of a prototype presence in a virtual space requires
a comprehend and semantic correct computer—based model which fully complements a
prototype existing in the physical space.

Some essential requirements to the computer—based representation of virtual prototypes
are as follows:

Al Computer—Aided Engineering (CAE) system point of view: The development of
virtual prototypes requires an engineering environment based on an integrated
product development process and an integrated product data model. One of the
central components of a CAE system for supporting virtual prototyping is a sui—
table design module which enable the development of prototypes correspon—
ding to the customer needs and which can be developed easy, fast and cheap.

B/ Design processing point of view: First, supporting the intuitive and creative work
of the designer in different design phases, such as conceptual, embodiment and
detail design is one of the most important requirements for early and fast proto-
typing. The models which are generated in the design process have to be pro-
cessed in downstream phases of the prototype development, such as analysis,
manufacturing simulation, cost and quality estimation. Second, using data at dif-
ferent levels of abstraction is needed to build comprehensive semantic models
(Ovtcharova, 1992). Third, a mechanism to check the consistency of the seman-
tic model data based on feature constraints is essential (Vieira, 1994). Fourth,
facilities for applying these constraint concepts for easy and fast redesign based
on parametrics and variational design methods and tools must be provided.
Fifth, easy and fast configuration by using pre—defined and user—defined mo—
deling entities has to be supported.
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C/ Graphical presentation point of view: New modeling and presentation tech-
niques, such as virtual reality and graphical simulation are of great importance.

In this paper, we focus our attention only on the second topic, the design processing for
virtual prototyping. Furthermore, to satisfy the requirements discussed above, we concen-
trate our research on the design processing using the feature paradigm.

Features have been identified as meaningful engineering aids for modeling products using
high—level semantic data. Thus, a principal impetus for feature research was the observa-
tion that the successful computerization of product development needs augmented models
that are capable of representing both geometric and non—geometric information. The
main advantages of features include: 1) a vocabulary which is more natural for expressing
the product prototype than are pure geometric models, 2) the possibility for using features
as a basis for modeling product information in different phases of prototyping such as de-
sign, analysis, process planning and manufacturing, and 3) an increase in the designer’s pro-
ductivity and cost effectiveness. A vast amount of research activities has recently been fo-
cused particularly on the problems involved when integrating previously separate
prototyping phases into one system that covers all major aspects of prototyping. Feature
modeling is now regarded as a key technology in achieving high level of efficiency, automa-
tion and information integration in this broad area.

2 THE NOTION OF A FEATURE

The feature definition as adapted in our work deals with the assignment of features into fea-
ture types, as presented in (Ovtcharova, 1994). Here, we distinguish between generic and
application features. Generic features, such as form, material, and precision features are
used to describe properties of products in a general way. For example, form features are de-
fined as shape characteristics of product parts which conform to some shape configuration
of the product, like depressions (negative volume form features) and protrusions (positive
volume form features), but have no specific functional meaning. Application features, such
as design features and machining features, can be defined by using application—specific
data over the definition of form features in the concrete application area. Such a feature
object hierarchy is quite useful in the following sense: first, grouping features into classes
with respect to given properties leads to development of unified mechanisms for modeling
different products possessing these properties. Second, feature classification leads to a
common terminology and development of product data exchange formats.

Design features are the set of application features used by the designer to model the a con-
crete product prototype. They encapsulate information about the semantic (or functional)
meaning as well as the shape of a part which can facilitate communication of the design in-
tent to downstream product prototyping phases.
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Pre—Defined Design Feature "Screw Hole'
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s z . . Side Face
Location Parameters: location point (c),
normal direction (n),

reference direction (x)
Dimensional Parameters:  radius (r), depth (d)

g Cylinder

Solid Representation

Solid Primitive: ‘cylinder’

Figure 1 An example of a screw hole definition

We define two main types of design features (Ovtcharova, 1993): (1) pre—defined design
features which are always available and define the fixed set of most used design features,
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and (2) user—defined design features which complete the previous feature set and are dy-
namically created during the design session. The pre—defined design features are more
often used design features, such as cylindrical holes, rectangular pockets, simple slots. Each
pre—defined design feature is implicitly described by a name, the type of the corresponding
form feature (depression, protrusion), a list of design parameters, constraints to express se-
mantic information and a set of methods which are necessary for creating and manipulating
the feature (Figure 1). If the set of pre—defined features is not sufficient, the designer can
specify his own set of features, which will be included in a user—defined design feature
library. This library is created dynamically (during the interactive design session) and com-
plete the previous library with more complex design features.

In the design phase of the prototype development, the creation of semantically correct fea-
ture—based models not only increase the quality of the design but also influences the per-
formance of the downstream phases. The certainty of the semantically correction of the
model data, is also an important factor to achieve an integrated development process. Thus,
resulting in faster and cheaper prototype development. Product semantics are expressed by
different kinds of features and constraints. Therefore, we state that constraints are one of
the major product information, besides features, used by designers to express their design
intent. Constraints attached to features describe the consistent states that features can hold,
and express the behaviour of the features in the prototype part model, as well as the beha-
viour of the model itself. For all these reasons constraints are used as crucial elements to
preserve the semantic validity of feature —based models (Vieira, 1994).

In our approach, feature constraints are expressed on the basis of a full parametric defini-
tion of features. Parameters might be dimensions, locations, and functional or technological
parameters without any direct geometric meaning. Parameters allow easier manipulation
of feature entities, quick design changes, powerful engineering analysis of the prototype
model, and improve the quality of the data transferred during the design process and to
downstream applications. In association with parameters, constraints raise a potent design
method to solve the design change problem, and to capture and maintain the design intent.

In our work, three categories of constraints exist. Two of them are based on the theory behind
the parametric and variational design methodologies (Weissbarth, 1994), (Chung, 1990),
(Roller, 1994) for solving geometry. The third category of constraints includes all the
constraints which do not need to be solved, but only tested for validity.

In this paper, we deliberately omitted most of the definition and representation aspects of
features and constraints which are described in details in our previous publications (Ov—
tcharova, 1993), (Ovtcharova, 1992).
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3 THE BENEFIT OF USING FEATURES FOR VIRTUAL
PROTOTYPING

The intention of features is to provide the designer with a set of meaningful engineering
aides, thus supporting him in his creative work at a higher level of abstraction. There is a
common agreement that design by features has the potential to improve the quality of the
design, to speed up the design process, to reduce the costs and to shorten the time—to—mar-
ket. It also improve the link of the different phases of prototyping, such as design, analysis,
manufacturing simulation, cost and quality estimation. The advantage of using features for
virtual prototyping can be characterized by the definition of feature data at different levels
of abstraction, the maintenance of constraints for preserving semantically correct feature —
based models, and the development of an architecture for feature—based design adaptable
to users and applications.

The purpose of this paper is to suggest essential directions for feature—based design for
supporting virtual prototyping. Using a series of assumptions regarding conceptional, im-
plementational, and applicational issues, we articulate the direction of design by features
based on evidence through summaries of previous work and examples of design applica-
tions.

The following, presents essential challenges for research and development in feature—
based design for virtual prototyping.

Challenge 1: Design of a methodology for developing comprehensive semantic models

For the integration of different virtual prototyping tasks it is necessary to take
into account comprehensive semantically correct prototype models through the
entire prototyping cycle. Features are used to define comprehensive semantic mo—
dels of prototypes using data at different levels of abstraction in a way which al-
lows a high degree of correspondence between the virtual prototype and the
physical product.

Challenge 2: Support for configurable prototype models

Feature —based models offer facilities for the configuration of prototype models
by using pre—defined and user—defined features. Tools and methods for graphi-
cal—interactive generation of features can be developed to support the designer
in creating his own sets of features. User—defined design features will complete
the set of standard (or pre—defined) features delivered with the system and can
extend dynamically during the design session as required by applications and
user needs.

Challenge 3: Support for easy and fast redesign

Design feature models offer facilities for easy and fast redesign based on para-
metrics and variational design methods which are used by feature constraint en-
tities. Design features can be described by a set of parameters and constraints re-
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quired to build the basis for consistency maintenance of features during the
whole design process. The association of values to the parameters and the satis-
faction of the constraints will offer useful and semantic correct feature represen-
tations.

Challenge 4: Development of an integrated feature processing environment

Features support the intuitive and creative working of the designer in different
design phases, such as conceptual, embodiment and detail design. The models
based on features can be processed in downstream phases of the prototype de-
velopment, such as analysis, manufacturing simulation, cost and quality estima-
tion. To take full advantage of features, an integrated environment supporting the
design and the downstream phases has to be developed.

Challenge 5: Development of an open, modular and extensible system architecture

Feature —based design tools must have an open and modular architecture which
allows them to be integrated in different CAE system environments. CAE system
architecture can be developed by a complete separation of the functionality of
the feature modelers from the underlying solid modelers. Thus, possibilities are
offered to the users in modifying their feature modeler via integrating new fea-
ture modeling facilities configurating the feature modelers to new applications
without changing the solid modelers.

4 FEATURE PROCESSING USING SINFONIA

For supporting virtual prototyping through feature processing we introduce SINFONIA, a
module for feature—based design which is configurable to users and applications within di-
verse CAD environments, particularly in the area of mechanical engineering (Ovtcharova,
1994). The module has an open and modular architecture allowing the modification of ex-
isting functionalities and integration of new modeling facilities and application tasks.

The main modules of SINFONIA are the Feature Modeler and the Design Feature Manager

(Figure 2). The Feature Modeler is responsible for the instantiation and modification of
features and the creation of the feature —based model. The Design Feature Manager allows
feature data and design processes to be managed in a uniform way. The CAD system envi-
ronment in which SINFONIA is integrated consists of the following modules: the User Inter-
face System and the Application modules (offering tools for interaction of the user with ap-
plication specific part models and for communication with external systems and
applications, such as NC modules, etc.), the Solid Modeler (responsible for creating the
shape representation of the feature—based model), the Consistency Manager (providing
services to handle all kinds of different constraints within the design environment) and the
Product Database which includes all services for storing and retrieving various product data.

The central idea in SINFONIA is that the design features defined and instanced from the fea-
ture library are used to model a product part in a concrete application context. Their de-



Virtual prototyping through feature processing 85

scription derives specific meaning from the view of the function of the product part, includ-
ing shape data as well as non—shape data. Moreover, SINFONIA supports the users to define
their own specific design features, thereby allowing to represent new types of products. This
is accomplished by a design that foresees the interactive specification of design features by
the user. The starting point of the design process are pre—defined design features delivered
with the module. During the design process it is possible to combine pre—defined design
features or to define new features and store them as user—defined design features. By repea—
ting this process more and more complex design features are immediately available during
the design process.

USER
-—-[ USER INTERFACE SYSTEM I
._.I APPLICATION I
SINFONIA
a DESIGN FEATURE MANAGER
8 : FEATURE FEATURE DATA
< FE,;?TURE\ET\’?LCUAT}?E CONSISTENCY || COLLECTION
2 AND IDENTIFICATIO! HANDLER PROCESS
s
- L : I
< i ¥
= SOLID MODELER FEATURE MODELER
E
% ABSTRACT SOLID FEATURE FEATURE
z SOLID MODELER MODELER GRAPH
o MODELER KERNEL KERNEL HANDLER
PRODUCT DATABASE
—— data flow

Figure 2 Feature—based design module within an open CAD environment
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Figure 3 shows the feature processing pipeline for the creation and modification of pre—de-
fined design feature objects. The design process will be activated by the application or the
user interface level (1). This is done by selecting the correspond modelling operation such
as create, copy, or modify the feature object. To illustrate this process, the creation and mo—
dification of a cylindrical blind hole feature is presented.

Select Operation

create feature T modify feature
)
2a 2b
Feature Instantiation Identify Feature
T T 7
Parametric Data - 3
® Collection g8
2p = &
S S v ¥ S
Q XY < 8
i NS o X
N o8 Parameters Semantic 22
£l 5§ : 8%
8 S ] ecking 58
3 S &
N 3
g
3 Evaluate Feature
& Canonical Form
&%
3 )
S 6a . instantiate new feature
Checking Feature object and delet'ef
Interference the previous one
6b
Feature Reinstantiation
Update Feature
Model
8 .
Update Solid
Model
Figure 3 Feature processing pipeline for pre—defined design features

To insert a new design feature in the part model, an instantiation of the feature object will
be performed (2a). A set of default parameter values are parsed to this instance. For exam-
ple, the instantiation of the cylindrical blind hole specifies automatically a form feature of
type depression and a cross section of type circular.
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In the case of a feature modification, a shape entity is selected and the feature is identified
from the feature graph representation (2b). This process of identification is handled by the
feature evaluation and identification module.

The next step in this process consists of the complete collection and consistency checking
of the semantic feature data (3,4), for example, the parameters defining the feature.

For our cylindrical blind hole, parametric data such as location (Ics) , radius (r), depth (d)
and material (mat) must be supplied. These data will be checked (without interference on
the semantic of other features of the part model), as shown in Figure 4a and Figure 4b,
through geometric analysis techniques of the part model. The results of this geometricana—
lysis can be used as input for the constraint solving process. The data can be collected and
checked either interactively while designing or, non—interactively after all parameters are
collected. If a semantic error occurs, the process returns for a correction of the inputted data
or is aborted.

After, the canonical form of the design feature is evaluated (5). This intermediate shape
representation is used for the second phase of the consistency check: the detection of fea-
ture interferences (6a). Figure 4b shows a simple situation where only consistency checking
on the parametric data is not sufficient in order to detect this interference. Even if the part
model is described parametrically, a check on the parametric model representation can
often be too complex. Moreover, it is some times not solvable.

7

Figure 4a Creation of a semantically Figure 4b Modification of
correct blind hole the cylindrical blind hole

N
N

The parametric check (d<H) is not enough
to detect the semantic inconsistency of
the blind hole

At this stage of the design process, the following situation can occur:
* no interference is found and the process continues;

* interferences with other features where found but they donot change
the semantic of the features in the part model,

« interferences where found and the user aborts the process; and finally,

* interferences allow a change of the object class and the process con-
tinues.
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This last situation is also illustrated on Figure 4b. The user had the creation of a blind hole
in mind. However, the depth entered was to big and an interference was found. In this situa-
tion the system can analyze if the entered data fits semantically in some other kind of design
feature available in the modeler. In our example the suggestion could be the reinstantiation
of a cylindrical through hole (6b).

Finally, the design feature data are represented in the feature model. This representation
consists of the creation of a node within the feature model and the insertion in the hierarchi-
cal graph structure (7). This process is performed by the feature modeler and the feature
graph handler. The insertion process detects all dependencies of this feature object to all
other features within the graph. The corresponding solid model representation will be up-
dated (8).

5 CONCLUSION AND FUTURE WORK

In this paper, we focused our attention on the design processing aspect of the whole virtual
prototyping process. Some essential requirements for the computer—based representation
of virtual prototypes using the feature paradigm have been identified as follows: First, to
support the intuitive and creative work of the designer in different design phases, such as
conceptual, embodiment and detail design. The models generated in the design phases have
to be processed in downstream phases of the prototype development, such as analysis,
manufacturing simulation, cost and quality estimation. Second, to support different levels
of abstraction to build comprehensive semantic models. Third, a mechanism is needed to
check the consistency of the semantic model based on feature constraints. Fourth, facilities
have to be provided for applying constraints for easy and fast redesign based on parametrics
and variational design methods and tools. Fifth, easy and fast configuration by using pre—
defined and user—defined modeling entities is needed.

To satisfy these requirements, an environment for integrated feature processing has to be
developed. The system architecture of this environment has to be open, modular and exten-
sible to allows the integration into different CAE systems.

As part of such an environment, we proposed SINFONIA, a feature—based design module.
SINFONIA has an open and modular architecture that allows to modify and extend existing
functionalities, and to integrate new modeling facilities and application tasks. Two main
modules, the Feature Modeler and the Design Feature Manager have been presented in de-
tails. The Feature Modeler is responsible for the instantiation of features and the creation
of the feature—based model. The Design Feature Manager allows feature data and design
processes to be managed in a uniform way. Using SINFONIA, the users can work with stan-
dard pre —defined design features delivered with the module, or to define dynamically their
own specific design features during the design session. Furthermore, SINFONIA allows the
interactive definition of constraints concerning the product semantics. The CAD systcim eii-
vironment in which SINFONIA is integrated has been outlined and the most important mo—
dules have been briefly described. At this stage of our investigation, we do not provide an
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overall implementation, but demonstrated that a sound conceptual foundation is necessary,
achievable and realizable. Currently, an object—oriented version (C+ + programming lan-
guage) of the both modules, the Feature Modeler and the Design Feature Manager is in
development.
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Abstract

We present a new modeling approach that transfers the power of object orientation from the
programmer to the end user. The approach is non-geometric and independent of the
application. The keywords are semantic (supporting conceptual reasoning), dynamic
(supporting creativity and flexibility), relations (supporting constraints) and structure
(reducing complexity). The main innovation is its dynamic object technology: the end user
can extend applications at runtime with her/his problem-specific notions, constraints and
structures. Coupled with modern intelligent user interface techniques this technology
realizes a new big step towards intuitive graphical interactive example-based programming.
This opens the horizon for a new generation of easy-to-customize CAD systems that exceed
the possibilities of current parametric and feature-based shape modeling and introduces
more logic into modeling. New system can be realized that support early design and branch-
specific product modeling.

Keywords
dynamic object technology, early design phase, semantic product modeling
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1 INTRODUCTION

Current CAD tools are essentially geometry-oriented. Although concepts as driving
dimensions (parametrics) and regions of interest (features) have been introduced in
industrial CAD systems, the modeling focus is still the shape of a product. The core of a
product description still is geometry: points, curves, surfaces and solids are the building
blocks of current CAD systems. In advanced system some relations are imposed to
geometry, for example: construction rules (parallel, orthogonal, aligned, etc.), variant
dimensions, feature-to-part structures. Product performance aspects and product
manufacturing are derived from these geometric descriptions that already detail the product
to the final shape.

The support during early design phases remains completely unresolved. Continuous
reengineering and the use of better and better tools have optimized manufacturing since the
begin of industries by factors up to thousand whereas the product design process has
essentially remained the same. Production industries are increasingly recognizing that the
design process has to be optimized to reach time-to-market requests. Thus investigations of
companies and scientific experts say:

e 2/3 of product development time are spent in the design phase
e 80% of the cost of a product is determined in the early design phase
e only 20% of the product knowledge is reached in the early design phase.

CAD as electronically drawing board with 3D extrusions (at the high end side) cannot help
to solve these problems.

2 NEW MODELING PARADIGM

We propose a new modeling approach to solve these problems. This approach does not
regard geometry as center of a CAD system any longer. It propagates a dynamic logical
data scheme called dynamic object technology as new core. This innovative scheme is
capable to describe the semantics, relations, structures and multiple representations of a
product. The shape aspect is merely handled as one specific view that is nevertheless of
greatest importance as natural interaction environment, for visual and physical verifications
and for shape design reasons.

2.1 Example

In the following we consider a simple example. It illustrates how additional views like
functional specification view, principle solution view, structure view and layout view can
enhance the early design process. We consider the functional requirement to be ‘combine
two plates’. A possible solution is to ‘connect both plates with bolt and nut’. This results in
the following structure: two ‘plates’ with subfeature ‘countersink hole’ and a ‘bolt’ with
‘nut’. The layout of all features and parts is shown in the picture below. In addition these
components may have many interdependencies. So the bolt and its nut may be read from a
discrete standard part table according to the thickness of the two plates. The diameters of
the subfeature countersink hole are again dependent on the diameters of bolt, bolt head and
nut. If the designer has modeled with these relations, then a simple editing of say the
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thickness of one of the plates will result in an automatic consistent update of all other
components.

functional requirement ‘combine plates’

principle selution bolt & ny glue
I

structure

e -
St ——
& T —— o
layout iEay e - i

rnh-r:r/d [

coating materia
lour .
rinciple solution ik steel
P P * thicknass, « Swadian
\ chosen alternativa
functional requirement ‘corroslon resistant’

Figure 1 A simple design example capturing full design intent.

An alternative solution may be to ‘glue’ the two standard plates leading to a complete
different structure and bill of material consisting of two plates and the ‘adhesive’.

Lets assume the designer decides for the first solution for ease of maintenance. In a
concurrent engineering environment a new additional requirement considering the corrosion
resistance of the bottom plate may arise. Again the designer may consider two solutions: a
special material or a special coating for the bottom plate. A completely new notion
‘corrosion resistance’ will be added to the design model with attributes that have never been
considered before.

This very simple example already reveals

¢ how the additional semantic modeling domains function, principle solution, structure and
layout help to capture design intent and help to approve design concept as early as
possible

e how dynamic modeling helps to react to new requirements without loosing already
designed elements.

2.2 Semantic modeling

Semantic modeling complements the geometric view of products with views needed to
support conceptual reasoning and early product knowledge. In the early design stages a
functional requirement is fulfilled with a coarse technical solution. These are described in a
structural way (the core components of solution), with relations (what are the dependencies
between the components) and layout (how do these components fit together). This
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conceptual product description can already be used to derive most of the later
manufacturing, maintenance and disposal aspects of the product. The layout also serves as a
geometric base on which the detailed shape of the product can be modeled.

design domains

innovation ¢ functional requirement rationalisation
¢ principal solution
¢ structure generation
¢ layout by variants of
. proven solutions
¢ representation
— sketch
- symbolic
~ solid, surface
—- drawing
- FEM-net
Figure 2 New design domains for semantic modeling.

This modeling approach supports innovative design (with early simulation cycles on not
fully detailed models) and reuse of proven solutions (generation by variants of proven
solutions).

2.3 Dynamic modeling

In current CAD systems the software engineer determines the objects and methods by which
a product can be modeled. The end user can only design in the restricted views (in modern
systems: sketch, 3D feature, assembly, drawing) and elementary functionality (in modern
systems: parametric geometry operations) programmed in the CAD system. The designer
has no possibility at all to add her/his problem-specific views, object types and methods to
the system. Dynamic modeling frees the designer's creativity and provides the flexibility
needed in concurrent engineering environments. The designer can customize the system to
her/his specific needs at runtime. She/he can learn the system to communicate with the user
using the semantic notions that are best suited to describe a problem and its solution. The
base for this revolutionary modeling approach is the innovative dynamic object technology.

3 DYNAMIC OBJECT TECHNOLOGY

The current object-oriented database systems and programming languages operate with a
very rigid relation between the class definition and the instance object of a given class. The
class definition exactly describes how each instance object will look like. In CAD systems,
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this is a severe handicap for the creative mind of their users and the flexibility of concurrent
development processes. To overwhelm this handicap we propose to open object oriented
techniques to support end user creativity and flexibility and to bring object technology to
end users. This will be provided by the following characteristic of the dynamic object
technology:

¢ dynamic instances
The content of an object instance can be extended without having to extend the class
definition. An object type definition must be like a template. Instances may contain more
information than what the type prescribes. When one starts designing an object, one is
only aware of the key characteristics it has to satisfy. This can be seen as functional
specification. During the design process this specification is enriched to a technical
solution within an object instance.

e multiple inheritance
Multiple inheritance is provided at the object instance level, not only at the object type
level. This means that a specific technical solution can fulfill several orthogonal
functional requirements (for example regard our example above where the bottom plate
is both of type ‘plate’ and ‘corrosion resistant’). In most programming languages one can
only inherit from class A and B if an intermediate class that inherits from both A and B
has been defined.

e introspection
The system as well as the models designed in the system are fully transparent. The end
user can query system state and data model. Typical questions of the user are: give me all
operations I can perform on this object; how has this object been designed (browse the
object history)? what other users of the system are using this object type?

o deferred generalization
Design of technical solution often happens inductively: the designer realizes after
constructing an object that she/he has defined a reusable solution. So the technology
must be able to derive the class definition (specification) from an object (example
solution) that is already there. This behavior has been called deferred generalization. In
conventional object oriented systems, one has to define the class before one can create
the first instance.

e persistent actions
As we have seen with objects above, dynamic extensibility is the key to more creative
and flexible design. This in addition also implies that at runtime also new commands
acting on these objects can be easily defined. In most cases these commands combine as
parameters objects of different classes. We therefore introduced the notion of an ‘action’
that is independent of an assignment to a specific class as methods do. These actions are
independent entities that take objects as parameters.

4 OBJECT LAYERS

The innovative object technology is realized in three layers. The core is an object repository.
A second layer called dynamic object driver provides the runtime extension method. The
last layer called constraint manager is responsible for maintaining consistent relations. The
technical concept is based on two advanced techniques exceeding current oodb techniques:
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e a general identification scheme guaranteeing unique reproducibility of dependent objects
according to whatever changes of their determining environment

e an elaborated basket scheme which collects objects and actions at runtime and builds
new types out of them.

The identification scheme manages the associatively and consistency of the data model. The
basket scheme delivers the kernel functionality of the dynamic object technology described
above. It supplies dynamic instances, multiple inheritance, introspection, deferred
generalization and persistent actions.

¢ object repository: oodb
¢ dynamic object driver: basket scheme
¢ constraint manager: identification scheme

object repository

ynamic object driver

Figure 3 Object layers enabling dynamic and semantic modeling.

5 MODELING ARCHITECTURE

Introducing the described concept into the environment of a CAD system we identified
three kinds of different knowledge for a modeling application. These different knowledge
types again can be assigned to different software architectural layers.

5.1 IT knowledge

In the 1st layer the information technology knowledge that is common to all CAD is
provided in a predefined runtime kernel. It especially handles data management. So the first
layer realizes the identification scheme and the basket scheme. The basket scheme presents
several predefined generic data structures to the user, e.g.: object and action, user object
and user action, layer and group. These predefined structures are again connected to generic
user interface elements so that new CAD applications can be built very quickly.
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5.2 Domain knowledge

The 2nd layer realizes the basic notions and the basic operators of a CAD application.
These are programmed by using the generic objects and actions of the first layer. Typically
the geometric functionality of a CAD application is provided in the second layer, e.g.:
points, curves, surfaces and solids. This functionality can be realized by integrating
industrial standard libraries for geometric computing.

user

end user dynamic extension
. object technolo
SW engineer {,,,,.r..-,.”n..r.,m.gy

application kernel
SW engineer programming

run time kernel

BEA
IT domain customer
knowledge knowledge knowledge
Figure 4 A modeling architecture mapping specialization of knowledge.

5.3 Customer knowledge

The 3rd layer realizes domain-specific and company-specific knowledge. The dynamic
extension techniques of the 1st layer and the basic objects and action of the 2nd layer are
used to build high level applications with advanced domain know how. Typical examples
are sheet metal, driving gears, conveyor equipment. The main advantage of the dynamic
object technology is that the domain specialist himself can teach the system the special
semantics. There is no more translation to be done between the domain engineers’ language
and the software engineers’ language needed to realize specific applications.

6 STATE AND PROSPECT

The core ideas of dynamic and semantic modeling have already been proven: first
advanced prototypes show the promising potential of this new modeling approach. A new
CAD direction overwhelming current geometric thinking and capturing full design intent
can be developed.
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Abstract
The new technology of virtual environments provide to a visitor of a virtual world a high
degree of immersion. On the other hand, the interaction techniques available in these virtual
worlds are still rudimentary. Frequently, the visitor is enabled to grab 3D objects by gesturing,
but unable to touch a face, edge or a vertex, neither edit its shape interactively.

In this paper we present the reasons that let us believe that boundary representation data
structures should be integrated in virtual environments. They can be used not only to provide
a fast rendering, but mainly to take advantage of the explicit geometrical and topological data
of 3D models. This data enabled us to improve the interaction component of a virtual
environment prototype by letting visitors to locally edit in real time the shape of virtual
objects and, in this way, augmenting the visitor participation in a virtual world.

Keywords

Virtual environments, interaction techniques, solid modeling, boundary representations.

1 INTRODUCTION

Virtual environments try to provide to the user the illusion of being immersed and
participating in a virtual scenario. To achieve these goals, the visitor is enabled to navigate
inside a virtual world (that looks like a real one) and to interact with virtual objects.

Many experiments have been reported about successful prototypes that generate the illusion
of immersion. Remaining problems to be solved, as lack of resolution, are mainly
technological. In general, a high degree of immersion can be achieved by providing
stereoscopic views of a given environment.
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The sensation of participation is currently generated by providing to the visitor a set of
gestures to perform actions, such as grab, push and release. In this way, the participant is
enabled to manipulate 3D objects in a direct format by grabbing, pushing or releasing them.

In some virtual environment systems, these 3D interaction techniques are only supported by
bounding volumes. In this case, visitors manipulate 3D virtual objects by interaction with
bounding boxes parallel to the coordinate axes. Thus, the visitor is unable to touch the surface
of the virtual object and his actions upon the environment (grabbing, pushing, others) are
inaccurate.

However, in many real tasks the user need to touch 3D objects or select its geometrical
entities (vertices, edges and faces). For example, for tele-presence applications it is extremely
important to let users accurately grab, push and position objects. In CAD, it is also important
to select vertices, edges or faces of a 3D virtual object (for example to simulate the interactive
distortion of object's surfaces done by a virtual hand).

This paper addresses these questions. We explain the approach that we have taken to enable
the visitor to directly interact with the surface of virtual objects or to select its vertices, edges
or faces, in a virtual environment.

2 REQUIREMENTS FOR GEOMETRICAL MODELS IN VIRTUAL
ENVIRONMENTS

The representation of 3D objects’ geometry is an important step in the graphical simulation of
reality, since they have to describe real objects and provide the required data for the realistic
simulation of the original entities and their behaviour.

The geometric modelling and its related representation schemes are already well studied
(Baer, 79), (Requicha, 80), (Weiler, 86), (Mintyl4, 88): wire frame, surface, constructive solid
geometry (CSG), manifold and non-manifold boundary representations (Breps). Each of these
representations have pros and cons that characterise and enable them to be used in a specific
application context: product modelling, virtual environments, etc. In order to distinguish
them, Requicha (Requicha, 80) proposed a set of properties to characterise solid
representation schemes: domain, validity, completeness, unambiguity, uniqueness,
conciseness, efficiency, ease of creation.

These properties are extremely important in the geometric modelling area and should also be
considered when studying and determining the representation scheme to integrate in a virtual
environment. However, we have to emphasise that some of these properties are not equally
important for a virtual environment application. For example, in a virtual space for arts it is
not essential to ensure the geometrical validity of a representation, since the artist might be
interested in the creation of surrealistic models.

In this case, we also have to study formal and practical properties of each representation that
can enhance the three virtual environment components (Foley, 87): visualisation, behaviour
and interaction.

Thus, a suitable representation scheme for a virtual space should include those properties
studied by Requicha and the ones that will enable such representation to fulfil the virtual
environment paradigm requirements:

e the creation of convincing and realistic environments (visualisation component),
e the intuitive interaction with visitors (interaction component);
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¢ and the realistic simulation of objects’ behaviour (behaviour component).

3 MODELS FOR THE REPRESENTATION OF VIRTUAL SCENES

In this section we discuss strengths and weakness of the most important representation
scheme based on the set of properties proposed by Requicha (Requicha, 80). We will analyse
wire frame, surface, constructive solid geometry, manifold and non-manifold boundary
representation schemes to describe virtual scenes. Based on this stuff, we will show in the
next section why manifold and non-manifold boundary representations are suitable and the
most adequate choice for virtual environment applications.

3.1 Wire Frame Models

A wire frame model is a collection of lines, defining the edges of an object (figure 1). This
representation can be used to generate object’s drawings (2D wire frames), but a 3D wire
frame model has no information about the surface boundary and this information cannot be
generated from the geometry of vertices and edges, restricting the use of these models to
certain applications. For example, 3D wire frame model have many drawbacks for product
modelling (Goldman, 87), since he they can be impossible (figure 1-a), ambiguous (figure 1-
b) or incomplete. The interpenetration of faces in a way that it makes impossible to represent
a physical shape of a solid object and the multi-interpretation are two common problems of
3D wire frames.

@ (b)
Figure 1 (a) Impossible model (Mortenson, 85); (b) ambiguous and incomplete geometry
(Goldman, 87).

3.2 Surface Models

In a surface modelling scheme, objects are represented as a collection of surface elements that
describe the boundary of the object (figure 2). Several types of surface elements can be used:
polygons (flat surfaces bounded by straight lines), analytical surfaces (for instance natural
quadrics surfaces) and more general free-form surfaces ( for example parametric surfaces,
such as defined by the Bézier and B-spline method) (Foley, 90).
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B

Figure 2 Surface model.

Surfaces are explicitly described in the computer model, providing some advantages over
wire frame models for geometric modelling. With these representations interpenetration of
faces can be identified, and the designer can be supported on preventing the creation of
impossible objects. The introduction of faces removes the ambiguity from the wire frame
models. Holes can be located easily and unambiguously, but not all objects which can be
modelled with surfaces are realisable solid objects. A well known example is the Klein bottle.
However, surface models could be incomplete, since there is no guarantee that the surfaces
bound completely the model.

3.3 Solid Models

Wire frame and surface models do not guarantee the representation of valid physical solid
objects, therefore these geometric modelers must rely on human assistance to supply missing
data and clear inconsistencies, such as, ambiguity in wire frame models. Since complete and
consistent 3D models are very important in many scientific and engineering applications,
such as mechanical and civil fields (Requicha, 77), it has been widely identified that instead
of representing drawings in a computer and incorporating their inherent limitations,
computers should explicitly represent 3D objects as solids (Baer, 79], (Requicha, 80),
(Mintyla, 88).

The major driving force for the development of solid modelling techniques has been the
need to provide complete descriptions of the shape of physical solid objects, that means,
representations which can answer arbitrary geometric questions automatically. These
descriptions enable the computation of geometrical and inertial solid object’s properties,
reliably and automatically (Requicha, 80).

Next, we will concentrate on the three most important solid representation schemes:
constructive solid geometry, manifold and non-manifold boundary representations.

3.3.1 Constructive Solid Geometry

Constructive solid geometry represents complex solids by applying Boolean operations and
transformations on parametrized instances of solid primitives, such as block, sphere, cylinder
and cone for example (Requicha, 77). Each solid primitive could be represented as a
combination of half-spaces defining a bounded point set of IR3. Thus, the constructive solid
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geometry representation can be said to be supported by a two-level scheme (Encarnag@o, 90):
On the lower level, bounded volume primitives are defined on the basis of half-spaces; On the
upper-level these primitives are combined by Boolean set operators.

The CSG defined object is internally represented as a binary tree, called CSG-tree (figure 3):
The primitive solids are positioned at the leaves or terminal nodes; the internal or non-
terminal nodes contain the Boolean operators of union, difference and intersection;
transformation data for rigid-body motions, such as translation and/or rotation, can be stored
both at the leave nodes as well as at the internal nodes. The internal nodes represent a solid
defined by performing the transformations and the set operations of that node to its two
subsolids indicated below it. The root node represents the resulting composite objects.

0-—'

(@) ®)
Figure 3 a) Solid model; b) and the corresponding CSG tree.

Constructive solid geometry is a very powerful representational scheme and several
researchers (Requicha, 80), (Mortenson, 85), (Mintyld, 88) had already outlined its
advantageous and problems: every CSG tree unambiguously models a physical solid, but they
are not unique since in general it is possible to construct the same solid in other ways.
However, if the primitive elements provided by a solid modelling system are valid bounded
solids and the set operators are regularised, then the resulting solid models are guaranteed to
be valid and bounded. This is an important property because it ensures that the validity of a
CSG representation, based on bounded primitives, can be guaranteed by evaluating primitive
leaf validity.

Nevertheless, CSG schemes produce unevaluated models, that is, they contain data that
must be further processed in order to perform basic operations. For instance, for displaying
and interaction with a solid model, details of the edges and faces of the object are required.
Since these details are not explicitly present in it, the CSG representation must first be
converted into a boundary representation, which can then be displayed with standard hidden-
surface algorithms or used for the identification of interactions. This conversion known as
boundary evaluation and it may be time consuming.

3.3.2 Manifold Boundary Representations

Boundary models represent a solid by describing geometrically its surface which is
constructed as a closed boundary of surface elements, "faces" or "patches” (Baumgart, 74). In
turn, planar faces can be represented by their bounding edges and vertices for example.
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Additionally, it is provided a topological description of the connectivity and orientation of
vertices, edges and faces. Topology specifies how bounding surfaces of a solid model are
joined together.

Clearly, the boundary representation must satisfy certain rules in order to be able to
represent physical solids and to reject boundaries that do not enclose volumes, as for example,
the surface of a Klein bottle. The basic ideas of boundary representations are that the
boundary should be closed (i.e. the boundary cannot have a boundary), orientable (the object
must have a consistent inside and outside) manifold embedded in 3-space, and should not
self-intersect (Baer, 79), (Hoffmann, 89). A two-manifold surface has the property that,
around every one of its points, there exists a neighbourhood that is homeomorphic to the
plane (Weiler, 86), that means, the surface exists in three-dimensional space but it is
topological "flat" when the surface is examined closely enough in a small area around any
given point.

Figure 4 illustrates a typical BRep data structure architecture.

Figure 4 BRep data structure.

The solid object representation is defined as an hierarchical data structure of topological
entities with shell, face, loop, edge and vertex nodes. Entities are linked by means of pointers,
for example, from a face to each of its bounding edges, from an edge to its two ending
vertices, and so on. This description that specifies vertices, edges and faces abstractly, and
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indicates their incidence and adjacencies relations is the topological information. Geometric
information is attached to each of the three object types: vertices are defined by coordinate
triples; edges in general are represented by a parametric equation; the portion of the curve that
forms the edge is defined by its two ending vertices; each face in the solid model lies on a
single planar, quadratic, toroidal or parametric surface that supports it and its bounding edges.
All these data, about the geometry of the entities of a solid model, we call the geometry of a
boundary model.

A boundary representation scheme is valid if it defines a closed, orientable and not self-
intersect boundary in order to guarantee that the model is representing a solid object.
Boundary representations are complete and unique if the Brep data structure includes enough
data about: (i) adjacency relationships between topological entities (vertices, edges, loops,
faces, shell); (i) orientation and closed properties (Gomes, 92). These properties are
extremely important to those concerned in the design and implementation of a solid modeler.
In addition, boundary representations provide explicit representations for the geometry of
faces and edges and for the relations between them, which are quite useful for visual and
interactive operations: the computer can automatically, by using the surface geometry,
generate realistic pictures of the objects represented from any desired point of view in real
time.

3.3.3 Non-Manifold Boundary Representations

Boundary based solid modelling techniques have found wide applications. However,
conventionally they are restricted to representing only two-manifold domains. This disables to
represent such conditions as two surfaces touching at a single point, two distinct enclosed
volumes sharing a face as a common boundary, and a wire edge emanating from a point on a
surface (figure 5). These conditions are known in the geometric modelling field as non-
manifold conditions (Weiler, 86). Furthermore, common modelling operations, such as the
Boolean operations can produce non-manifold results, and therefore not representable under
manifold representations, even with strictly two-manifold input.

NN ¥

/

Figure S Non-manifold topology (Gursoz, 90).

Research on non-manifold surface topology led to the development of a new representation
that expresses the non-manifold topology in order to expand the representational domain to
cover such cases. Whereas manifold based solid modeler either give up some adjacency data
whenever a non-manifold data occurs, treat it as a special case, or simply fail to perform the
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operation, in a non-manifold topology, we can represent all possible adjacencies among the
basic topological elements (Hoffmann, 89).

Non-manifold geometric modelling domain encompasses both manifold and non-manifold
conditions and is therefore quite general. An edge might bound no faces (wire edge), one face
(lamina face), two faces (manifold edge) or more then two faces (non-manifold edge). A
major advantage introduced by non-manifold boundary representations is the fact that they
provide a single unified representation for any combination of wire frame, surface and solid
modelling forms (Weiler, 86). In this way, these geometric modelling approaches can exist
under the same representation scheme in pure or hybrid form. This uniformity offers
significant advantages to the staging and delivery of geometric modelling systems as well as
providing enhanced functionality and simplicity.

4 A SUITABLE REPRESENTATION SCHEME FOR VIRTUAL
ENVIRONMENTS

Polygonal representation schemes (commonly used in virtual environment's prototypes) are
perfectly adequate to generate the illusion of immersion on a virtual scenario. However, they
do not provide complete geometrical and topological data required to enable the visitor to
perform actions as those described above: touching object's surface, selecting its geometrical
entities, identifying the neighbouring geometrical entities. In fact, there are many data
structures that can generate data for real time realistic visualisation, but are unable to provide
complete data for the interaction and behaviour component of a virtual environment.

Our goal was to provide more advanced interaction capabilities in a virtual environment to
enhance the visitor's participation involvement, but the polygonal representational scheme
that we were using was too restrictive. Therefore, we should review the representations
schemes presented in section 3 and discuss their properties in the specific context of the
virtual environment paradigm to find out a suitable representation that provide all the required
data for this paradigm.

We can start with the wire frame models. The visual component of a virtual environment
undertakes an important part in providing to the visitor the illusion of immersion in a virtual
world by the creation of photo-realistic scenes. However, the lack of facet information in the
wire frame model implies that there is no capability for the automatic generation of realistic
shaded images that make visualisation so much easier.

Furthermore, wire frame models do not provide the required data for the interaction and
behaviour component. It is the object’s boundary that interact with any other objects in an
environment. But, in a wire frame model we cannot locate its boundary and therefore, in a
wire frame virtual world we cannot identify any interactions between virtual objects (figure
6). On the other hand, we cannot simulate physical object’s behaviour. These models do not
provide the required data to compute volume properties, such as weight and mass, and in this
case, wire frame virtual models do not follow gravity laws, for instance.

Thus, we can say that wire frame models have drawbacks that make them unuseful in a
virtual environment.
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Figure 6 No object interactions identified in a wire frame virtual world.

For the surface models, we have to find out, as we have done above, if these representations
provide the means to generate to the visitor the illusion of immersion in a three-dimensional
space. In fact, surface models describe the solid object’s geometry (faces, edges, vertices)
required for the visible-surface determination, illumination and shading algorithms and, in
this way, they can be used to generate realistic 3D scenes. In particular, polygon modelling
schemes, initially developed for rendering (Mortenson, 85), describe the surface geometry by
a cross-referenced list of vertices, edges and planar faces, enabling the creation of photo-
realistic images and in real time. Thus, we can understand the massive use of polygon
representations in virtual environment toolkits, since they provide the means to present to the
visitor the illusion of a world that does not exist out of his perception.

The availability of surface’s geometry in object’s models introduces remarkable advantages
for the interactive component of a virtual world. In generic terms, the surface can be used to
find out the intersection of two objects. This will suffice for the identification of interactions
between virtual objects (figure 7). Certainly, it is a powerful feature, auspicious for the
recognition of grabbing or pushing operations upon virtual objects enabling the visitor to
interact with 3D models through a hand cursor (figure 7-a). In the same way, the

identification of interactions can be used to prevent two objects of sharing the same spatial
region (figure 7-b).

(@) (b)
Figure 7 (a) In a surfaces’ virtual world the visitor can grab virtual objects; (b) and the
system can simulate objects’ impenetrability.

On the other hand, we have to remember that it is users’ responsibility to warrant the
creation of a closed surface model, with a finite volume. Therefore, it is clear that incomplete
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models of solid objects can coexist in some cases and cannot be used to determine
algorithmically its mass properties. This insufficiency leads to a virtual environment where its
virtual models cannot algorithmically simulate the behaviour of their real counterpart objects.

In the end, we can succinctly say that surface models provide proper data for the generation
of convincing interactive 3D environments. Nevertheless, they cannot be considered the best
choice for virtual environment applications. In fact, some faults stand out immediately when
we want to use them for behavioural simulation and in more advanced interactive features.

Constructive Solid Geometry schemes provide valid and complete solid models which can
be used in virtual environments, especially to determine object’s volume and mass properties,
providing a preliminary evaluation of its performance and for the behavioural simulation of
3D virtual objects.

Nevertheless, CSG schemes produce unevaluated models, that is, they contain data that
must be further processed in order to perform basic operations. For instance, in displaying and
for interaction with a solid model, details of the edges and faces of the object are required.
Since these details are not explicitly present in it, the CSG representation must first be
converted into a boundary representation, which can then be displayed with standard hidden-
surface algorithms or used for the identification of interactions. This conversion known as
boundary evaluation and it may be time consuming. Thus, CSG representation cannot
maintain in real time basic operations for a virtual environment and therefore with no
practical interest for the moment for this paradigm.

Boundary representations provide explicit representations for the geometry of faces and
edges and for the relations between them, which are quite useful for the visual and interactive
components of a virtual environment. The computer can automatically generate realistic
pictures of the objects represented from any desired point of view and in real time using the
surface geometry. In this way, boundary models provide to the visitor the illusion of
immersion in a real world.

In the same way, the boundary data available in a Brep model can be used for the
identification of interactions, in particular for: (i) letting the visitor to grab, push or release
virtual objects; and (ii) preventing two virtual objects of sharing the same region.

On the other hand, the availability of the geometrical data of faces, edges and vertices,
makes it possible to find out precisely when two virtual objects are colliding (Figueiredo, 93).
In fact, the collision detection can be implemented using bounding boxes (to filter out pairs of
faces that cannot intersect, speeding up this process) and calculating the cross sections of the
two objects. In this way, we can let the visitor to touch the surface of a virtual object and grab
it with his finger tips (figure 8).

In addition, boundary models have unique advantages quite important for the geometric
modelling field, since they explicitly represent topological adjacency of a solid model, which
are also send back into the virtual environment paradigm.

Topological data is relevant in the resolution of certain problems automatically, such as,
interactive manipulation of the shape of a solid object. Consider, for example, a can described
by a collection of surface patches (figure 9). A designer then decides to alter the shape of one
of these patches. If a boundary is affected, then adjacent patches must also be changed;
otherwise these panels will not join evenly and they will separate and tear. The problem for
the computer is to fix these adjacent patches automatically or at very least to cue the designer
to the location of the problem patches. If topology is not available directly into the geometric
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model, the computer will be unable to determine connectedness and juxtaposition and
therefore it will be unable to solve this question.

Figure 9 Patches manipulation.

Thus, a quite convenient advantage of a BRep is that it provides explicit topological data
that can be used in general to enhance the interaction capabilities in a virtual environment.

We can use adjacency data in the implementation of intuitive 3D interaction techniques for
selecting geometrical identities (e.g., faces, edges, vertices) and for local operations. For
example, as presented in figure 10 the topological data enables the visitor to select all the
edges of a face by selecting the face directly with a finger. Then, we can edit interactively the
surface of the virtual object (figure 11-a-b), using the topological data to guarantee that all
patches maintain jointly.
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Figure 10 Face and its boundary edges are selected.

In fact, in a virtual environment where virtual objects are represented by Brep models, the
visitor is enabled to interactively edit the model’s shape with a 3D cursor (virtual hand). In
this way, it allows the modification of a localised region of the data structure in an efficient
manner and with greater naturality. For example, the geometry associated with a single face
can be redefined and the result evaluated quickly. In this way, a Brep data structure can
contribute to augment visitor's capabilities under a virtual environment enabling the
implementation of intuitive 3D interaction techniques to let the visitor touch the surface of 3D
objects, or select geometrical entities or performing local operations.

(a) (b)

Figure 11 The visitor interactively edit the shape of a 3D object via a hand cursor.

5 CONCLUSIONS

We have shown that boundary representation schemes not only have important formal
properties, but they also have practical characteristics that are suitable for the goals of the
virtual environment paradigm; they guarantee valid and complete representations of solid
object’s boundary and provide geometrical and topological data explicitly. Thus, the visual,
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interaction and behaviour components of a virtual environment can be improved, improving
the overall experience of a visitor.

To conclude, it is presented a table that compares the representation schemes described
above and clarifies the advantages introduced by Brep models. We should emphasise, that
validity, completeness and explicit data of the boundary surface of ‘an object, are extremely
important properties that make boundary models suitable for virtual environments.

Table 1 Representation schemes’ classification procedure for virtual environments.
Explicit data

Models Valid Unique | Complete Geometry | Topology

Wire frame

Surface N
CSG N J
BRep J A 1L gL
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Abstract

This paper gives an overview of some of the modelling and virtual prototyping techniques
used in product realization, with emphasis on the mechanical engineering field. It is
pointed out that virtual prototypes, in the commonly accepted sense of computer models
permitting realistic graphical simulation, represent only one class amongst the many types
of computer models used in design and planning for manufacture. Each such model is
usually created for some comparatively narrow purpose, and one of the major problems
faced by developers of integrated computer-aided product realization systems concerns
the transmutation of one type of model into another. A related problem is that of in-
terpretation by any model of information generated by interrogations of another model.
These difficulties are compounded by the increasing presence in such models of semantic
information concerning different aspects of the intended functionality or manufacturing
requirements of the modelled artefact.
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1 INTRODUCTION

A model is an abstraction or representation of some real thing. It may take many different
forms. For example, a mathematical model of the economy of a country may consist of
a set of differential equations, while a model of the exterior shape of a new car may be
sculpted in clay.

Engineers construct models throughout the product realization process to obtain an-
swers to questions. Sometimes qualitative answers are required; in the car body case the
clay model is used to assess the general appearance and attractiveness of the body shape.
Other applications, a structural analysis of the car body for example, may require precise
numerical results and demand the use of some other type of model.

Given the wide diversity of different types of query arising, for example, in designing
and planning for the manufacture of a new airliner, it is inconceivable that any one model
can serve for all purposes. Specialized queries demand specialized models; only the real
thing — the airliner which has not yet been made — holds the answers to all possible
queries.

This paper is concerned with computer models, which reside in a computer and provide
support for the mechanical product realization process. In order to set the scene for the
discussion of various types of computer models a brief summary will initially be given of
the major activities making up that overall process.

2 THE PRODUCT REALIZATION CYCLE

The product realization process can be divided into three stages: design, manufacturing
engineering, and production. The output of the design stage is a detailed specification of
the product to be manufactured. This becomes the input to the manufacturing engineering
stage, whose output gives detailed specifications of the intended manufacturing processes.
These in turn are the input to the actual production process.

The three stages are separately described below, although in practice some of their
activities may overlap. This is particularly so when modern concurrent engineering prac-
tices are used, in which case design and manufacturing engineering proceed to some extent
in parallel, with frequent exchange of information (Nevins & Whitney 1989).

Much effort is currently being devoted to the use of computers in automating indi-
vidual product realization activities, and in combining such automated processes into
integrated product realization systems. Integration requires the smooth flow of appropri-
ate information between activities, and progress in this area is hampered by the use of
different models, each having its own informational requirements, for individual product
realization activities. The focus of the present paper is the modeling aspect of automation,
the intention being to highlight one of the major problems underlying the achievement of
integrated systems for design and manufacture.

2.1 Design

Effective design is crucial to the success of any manufacturing organization, since a major
fraction (up to 70%) of the total life cycle cost of a product is committed by decisions
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made in the early stages of design (Ullman 1992). The objectives of the design process are
the attainment of a short development time with high product quality and low production
cost. The use of computer models may help significantly in achieving these aims.

The product design function can be broken down into four phases (Pahl & Beitz 1984):

e Product planning

¢ Functional design

¢ Configuration design
o Detail design.

The activities actually undertaken in the design process vary considerably according to
the nature of the product and the commitment of a company to the use of computer aids.
Where families of essentially similar and comparatively simple products are concerned it
is sometimes possible to encapsulate the basic design principles used in a few equations
or design rules. These may then be used to drive the detail design process in such a way
that the designer only has to enter values of a few key dimensions or other parameters
to enable the design system to generate a complete specification of the product. The
achievement of this situation requires considerable preliminary work in developing new
software systems or configuring existing ones for the intended specialized applications.

On the other hand, the design of a more complex product such as a new passenger
aircraft can require the individual design ab initio of many thousands of completely new
components. The design activity can then extend over a period of several years, even with
extensive use of computer aids. The overall process involves the extensive use of analy-
sis and simulation in arriving at an optimal design solution meeting all the constraints
imposed by conflicting requirements on payload, range, fuel economy, safety, noise gener-
ation, price and operating costs.

This very wide spectrum of possible approaches to design implies that any breakdown
of the process into component tasks will almost certainly differ from the practice in any
particular company. What follows is an ‘averaged’ breakdown, typical of the practice in
companies manufacturing a diverse range of non-modular products.

Product planning: This first phase is essentially clarification of the design task to
be addressed. Its initiation may be stimulated by the desire to improve upon an existing
product, or by the identification of a new market niche. The latter may be stimulated in
turn by new developments in technology. The questions arising at this stage are of a very
broad nature — What is the purpose of the new product? What market sector is it aimed
at, and what therefore should it cost? What will be the size of its market, and how many
should be produced? The output of this phase is a set of constraints on the work of the
next phase; in particular, the intended functionality of the product is defined and limits
imposed on its development and production costs.

Functional design: This phase is concerned with the achievement of the desired func-
tionality in the new product, subject to the constraints imposed at the product planning
stage. There may be several solutions to this problem, possibly making use of different
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physical principles. An example of a design choice at this level is the decision whether
a new aircraft will be powered by jet engines, turboprops, piston engines or some new
and exotic form of propulsion. Initially, design choices are made at a high level, but each
choice leads to a new set of design problems at a lower level which must be solved in turn.
The process is therefore one of successive refinement; at each level, design possibilities
are either rejected or followed down to lower levels of problem decomposition. Each new
level poses a set of functional problems to which technical solutions must be found by
the designers. What results eventually is a set of viable possibilities for achieving the
desired functionality whilst satisfying the design constraints. The functional design phase
is completed when the possibilities have been evaluated against each other and the one
chosen which is optimal from the point of view of estimated cost, estimated performance,
or some combination of these and other criteria.

Configuration design: Whereas the previous phase is concerned with a functional
decomposition of the intended new product, the configuration phase deals with the map-
ping of the functional elements of the.design onto mechanical systems and subsystems
providing the required functionality. This phase therefore covers the specification and
layout of assemblies and subassemblies. Once again the process is one of decomposition
from higher to lower levels, and some iteration between levels may be necessary to obtain
acceptable results. It is appropriate during configuration design to minimize the number
of parts in assemblies, and to make preliminary decisions on part materials and manufac-
turing methods (Boothroyd 1994). As in the previous phase, the result is a multiple set
of possibilities from which an optimal choice must be made. At this stage it is possible
to make more accurate estimates of cost and performance.

Detail design: In the detail design phase the finally chosen configuration design is
fully documented. Detailed drawings or product models are created for all components
to be manufactured for the new product, and any standard components to be bought in
from outside are specified. Once the detailed part designs are available, it is possible to
generate detailed assembly models and to perform various computer-based analyses to
determine whether the desired product functionality will be achieved. If not, a design
iteration will be necessary.

2.2 Manufacturing engineering

The primary input for this activity is some representation of a product to be manufactured,
and the output is a set of instructions for manufacturing it. Certain supporting resources
are needed for the automation of manufacturing engineering. One is a database of available
manufacturing resources, and another is a set of process models, i.e. computer models of
the manufacturing processes which may be used in the production process. Most research
to date has concentrated on the automatic generation of instructions for the production of
machined metal parts (Alting & Zhang 1989, Eversheim & Schneewind 1993). However,
there are many production methods other than machining. Some of the most important
are stamping and other forming methods for sheet metal parts, die casting and injection
moulding. Some attention has been given to process planning for these processes, but the
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technology is less advanced than for machining.

Another important production process, occurring after the individual parts of a prod-
uct have been manufactured, is assembly. This activity also requires planning, and the
development of automated assembly planning methods is a major current topic of research
(Baldwin et al 1991, Sanderson et al 1990).

Various types of product models play an important role in the planning activities
mentioned above.

2.3 Production

By the time the production stage is reached the product models have already played their
major part. However, they still have some remaining roles, for example as specifications
of ‘nominal’ parts against which measured data from inspection and testing processes can
be compared.

3 COMPUTER MODELS USED IN PRODUCT
REALIZATION

Traditionally, the output of the design process is a specification of the product to be
manufactured in the form of manually generated 3-view drawings together with supporting
documentation. The use of CAD systems allows such drawings to be generated by the
computer, but other more sophisticated types of geometric product descriptions are now
routinely created by such systems, as described later in this section. These are models
or representations of the design, whose key purpose is to act as substitutes for the real
thing, in particular to provide answers to queries about the real product. Different types
of models are generated by various classes of CAD systems, including the 2D drawing,
the 3D wireframe model, the solid model and its enhancements containing parametric,
constraint and form feature information with their associated engineering semantics.

The complexity of the product realization cycle for mechanical products often makes
it appropriate to generate different models of the product, for use in different activities
contributing towards the overall process. These models may be crude in the early design
stages, but sufficient to provide rough-and-ready answers to the broad questions arising
at the time. Clearly the output of detail design should include a fully detailed geometric
description of the product; it may also contain a great deal of non-geometric information
of various types discussed in the following sections.

3.1 CAD systems and their models

Historically, the first interactive graphical CAD systems were 2D drafting systems. These
provided a means for the generation of drawings of the traditional kind, their primary
advantage being that this could be done more quickly. The major time-saving resulted
from the use of automated techniques for generating drafting symbols and for copying
other recurring combinations of geometric elements. Many smaller industrial companies
are still using systems of this kind, often running on PCs.
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The next major development came in the early 1970s, with the introduction of the
3D wireframe model. This is a representation of the shape of a designed object as a set
of edges in three dimensions; its primary significance is that it provides a unified model
of the object rather than several partial models, as in the case of the traditional three
orthogonal views of the engineering drawing. One immediate advantage of the wireframe
representation of an object is that the computer can automatically generate drawings of it
from any point of view and in any projection chosen by the user. Wireframe systems have
been extensively used by industry for several years, but are now being rapidly superseded
by more modern systems.

Most wireframe CAD systems also allow the attachment of surfaces to the edge-based
model, and this enables the use of realistic shaded surface renderings. The geometry
available generally includes complex doubly curved surfaces such as NURBS (non-uniform
rational B-splines), whose use was pioneered in non-graphical systems developed in the
1960s, mainly in the aircraft industry.

The next development was the solid modeler, which brings together the advantages
of the wireframe and the surface modelers in an optimal way. Like the enhanced wire-
frame model, the solid model contains information concerning all the faces of the object,
including the surfaces they lie on and the edge curves which bound them. It also stores
topological information indicating how all these elements are connected together in the
model. One significant advance is that most of this information is now generated auto-
matically and verified internally by the system, which can also automatically compute the
volume, mass, and moments of inertia of the object. Most major CAD systems now pos-
sess a solid modeling capability, though this technology has only recently become widely
used in industry.

During the 1970s it was thought that the existence of a complete computer model of
the geometry of an object would enable the automation of many activities downstream
of design, such as process planning. Unfortunately, during the 1980s this proved not to
be so, and further developments in CAD systems have been made and are still being
made since that time. There are several different but related thrusts, which are beginning
to converge in the CAD systems available today. The aim is to generate not merely a
solid model (i.e. geometry alone) but a product model, containing additional engineering
semantics.

Some of the major areas of new development in CAD modeling are briefly summarized
below:

Parametric modeling: Here the intention is to allow the design of a product in which
certain dimensions are not fixed, but can be varied for purposes of design modification or
to generate different members of the same family of products. This capability has existed
in a limited form for several years.

Constraint-based modeling: This is related to parametric modelling but is more pow-
erful. Tt allows the specification of constraints on elements of the design, such as ‘these
two plane surfaces are parallel’, or ‘Circle A is concentric with Circle B’. Such constraints
are usually driven by the intended functionality of the product, and once defined they are
required to hold when any design modifications are made. The provision of this capability
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is giving rise to many technical problems, but most major CAD systems now offer at least
limited 2D constraint modelling.

Feature-based modeling: In the mechanical engineering context a feature (or more
fully a form feature) is a local geometric configuration on the surface of a manufactured
part which has some engineering significance. Design features are related to the intended
functionality of the product; examples include cooling fins, gear teeth and holes for bear-
ing housings. Other product realization activities may have different feature-based views
of the same part. For instance, features for machining processes are simply volumes of
material which must be removed, such as holes, pockets or slots. Research has shown
that form feature information provides the ‘natural’ input required for manufacturing
engineering applications. It has proved difficult to generate this information automati-
cally from the shape representations used by the purely geometric type of solid modeler
mentioned earlier. For this reason, many CAD systems are now providing facilities for
‘design-by-features’, though few of them currently have any means of automatically gen-
erating manufacturing feature models from design feature models.

The most significant aspect of the historical progression of CAD system development
is the increasing potential for interpretation of the model by the computer. The man-
ually produced drawing was intended exclusively for human interpretation, whereas the
design systems of the future will generate information that will directly drive automated
processes downstream of design. In particular, these systems will be capable of creating
models that not only provide geometric product descriptions, but also richly augment
them with engineering semantics. One current research problem concerns the capture
of ‘design intent’ or ‘design rationale’, i.e. the retention with the product model of the
reasons why particular design decisions are made.

In addition to the essentially geometry-based graphical systems of the kind discussed
above, which are what generally come to mind when CAD is mentioned, there is a variety
of other types of systems providing additional support for the design process. Some of
these are briefly discussed below.

3.2 Modeling for engineering analysis

Analysis and simulation tools provide support for the design process. They aid designers
by providing information about functional behavior, cost and other concerns pertinent
to the design process. Many computational tools are currently available for structural,
thermal and fluid flow analysis and associated simulations. Another widely available form
of engineering analysis system provides a means for modeling kinematic assemblies and
allowing dynamic simulations of their motion. Such a system often provides an additional
capability for vibration analysis of mechanical systems.

Analysis and simulation tools are most frequently used in the detail design phase, after
the part is fully described. However, as emphasis shifts toward concurrent engineering
(Nevins & Whitney 1989), where decisions must be made earlier in the design cycle, these
tools will need to be developed to support the design in its earlier phases as well, for
example by providing approximate results on the basis of incomplete design information
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(Dabke 1994).

One of the most common types of analysis model is the finite element (FE) model, a
specialized approximate representation of a part in terms of a mesh of simple geometric
elements, used as the basis of structural and other types of analysis (Armstrong 1994).
The elements are usually either triangles or quadrilaterals in 2D (e.g. cross-sectional)
analysis, and tetrahedra or hexahedra in 3D analysis. In the structural analysis case,
loads are specified at the nodes of the mesh (usually at the corners of elements where
they connect to each other), and the resulting displacements of the mesh are calculated,
again in terms of the nodes. Although FE models appear to be purely geometric in nature,
there is also a partial differential equation or variational principle underlying the analysis
which makes use of them, and this must also be regarded as an implicit component of any
such model.

A major current problem with FE analysis is that, although the process is automatic
once the mesh is set up and the loading conditions imposed, a ‘good’ finite element model
cannot in general be created automatically from a detailed geometric product model.
There are several reasons why this is difficult, especially in 3D. Some of them are concerned
with problems of generating the preferred hexahedral meshes whilst satisfying certain
criteria on mesh topology or connectivity. Others are concerned with the avoidance of
long, thin element shapes, whose presence leads to inaccurate computed results. The fact
is that the setting up of good FE models is an activity generally requiring the knowledge
and experience of a highly trained human operative, and it has been found difficult so
far to encapsulate the necessary knowledge in a rule-based system. Consequently, the
interface between CAD and finite element analysis is at present far from fully automated,
and the setting up of analysis models is a lengthy and painstaking task that sometimes
creates bottlenecks in the design cycle.

A further aspect of the mesh generation problem is the desirability of idealizing regions
of 3D models as thin shells, plates or beams. This allows simplification of the FE model
through the use of 2D or 1D elements. The resulting reduction in size of the system of
equations to be solved may lead to greatly reduced solution times and possibly also to
improvements in accuracy. Advantage can additionally be taken of symmetry of geometry
(provided it is associated with corresponding symmetry of loading conditions), since this
often permits the results of a full analysis to be inferred from the analysis of only part of
the model. This again reduces the size of the computational problem. Full automation
of mesh generation therefore requires the automatic identification from a CAD model of
symmetries and regions where idealizations can be used. These capabilities currently exist
only in certain university research projects (Dabke et al 1994).

Another major problem at present relates to the reverse interface between FE and
CAD. The results of FE analysis are in the main human-interpretable, the provision of
automatic feedback into the design process being in the very early stages of development.
The optimization of designs with respect to functionality and cost is essentially an iterative
process, and this paucity of feedback puts the human very firmly in the loop. Optimization
can therefore be quite a labor-intensive activity.

This particular type of model has been dealt with at some length because it provides
good illustrations of some of the difficulties facing researchers trying to develop integrated
product realization systems.
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3.3 Virtual prototypes

Virtual or computational prototyping is generally understood to be the construction of
computer models of products for the purpose of realistic graphical simulation, often in a
‘virtual reality’ (VR) environment. This provides the ability to test part behavior in a
simulated functional context without the need to manufacture the part first. It is one of
many strategies aimed at reducing design cycle time. However, a ‘virtual prototype’ in
this sense is only one amongst many different types of model having value in the design
process — the name given to it reflects the fact that this type of model originated in the
computer graphics community whilst most of the others discussed above were developed
by the engineering community. There is no clear-cut distinction; they are all models, and
in the sense that they can be used to provide answers to engineering queries they are all
virtual prototypes.

Virtual prototyping also lends itself to realistic process modeling. The availability
of a graphical model of a part or product in course of manufacture allows simulation of
the effects of manufacturing processes. For example, it is possible to generate animated
simulations of material removal during machining processes.

The advantages of using virtual prototypes in an ‘immersive design’ virtual reality
environment are currently being studied by a few large manufacturing companies. Boeing
uses it for ‘fly-throughs’ of complex structures in visual checks for interference of parts, and
Caterpillar as an aid for the design of cabs for earth-moving equipment. Other reported
users of VR in vehicle design are the Daimler-Benz group (Haban 1996) and PACCAR
(Jayaram 1996).

Such simulations rely on the ability to generate realistic graphical representations at
real-time speeds, and to this end the true 3D shape of artefacts is usually approximated for
rendering purposes in terms of a large number of planar tiles or facets. Interestingly, this
type of model is also routinely generated for quite another purpose - it forms the input
to a range of processes variously referred to as solid free-form fabrication (SFF), layered
manufacturing, rapid prototyping or (more recently) holoforming. Stereolithography is an
example of such a process, whose intention is the rapid generation, directly from CAD
data, of a non-functional physical prototype of a part or assembly. This can be used to
judge appearance or to test assemblability of a designed part into an assembly, for example.
Many CAD systems generate a faceted representation of a part in an industry standard
format known as a .STL file, to provide input to SFF systems. Workers in VR have also
found that .STL files provide suitable models for generating animated visualizations.

3.4 Knowledge-based analysis

Knowledge-based systems use expert knowledge bases and inference engines. Their au-
tomated use in design requires the provision of interfaces to design systems that convert
certain design data to ‘facts’ comprehensible to the inference engine. The inference engine
then uses these facts or assertions in the knowledge base to deduce other facts, a process
which may ultimately lead to important deductions about the characteristics, quality, and
functionality of the design. In a system of this kind the design model is reduced to a set of
assertions in the knowledge base, and depending on the particular application concerned
these may be either quantitative or qualitative. The automated use of systems of this
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kind before the detail design stage is problematical, since design information may still be
largely on paper or in the designer’s head. However, the importance of advisory design
systems is highlighted by the significant advantage to be gained from their use in early
design with manual entry of product data (Boothroyd 1994).

A few cases exist where feedback from knowledge-based systems into geometry-based
systems occurs automatically, but there is currently no standard allowing the automation
of such interfaces in a general way.

3.5 Other examples of non-geometric models

Other kinds of non-geometric models also have a role to play in the product realization
process. A model used for estimating production cost, for example, is likely to have
the form of an algorithm or set of formulae, taking into account the time needed for
manufacturing operations, the operational and depreciation costs of the equipment used,
costs related to tool wear and so on.

4 PRODUCT MODELS IN MANUFACTURING
ENGINEERING

The type of model required for manufacturing engineering depends upon the nature of the
manufacturing process to be employed. There is an immediate difficulty here, in that the
process may not be known at the time the product is designed. A subsequent decision on
process may necessitate changes to the design to make it more suitable for manufacture
by the chosen means. This is just one of many examples of feedback between the various
stages of the overall product realization cycle.

For purposes of illustration it will here be assumed that a designed part is to be
machined from solid material. Experience has shown that the most suitable type of model
for planning this process is one based on form features. For this application the features
will be material removal features such as pockets, slots and blind or through holes. The
machining strategies available for generating each such feature type are relatively few in
number, and they differ primarily in the accuracy and surface finish they are capable of
achieving. The choice of strategy for any particular feature may then be made on the basis
of the feature type and the required engineering tolerances and surface finish associated
with it in the part model. Normally, the cheapest operation meeting the desired criteria
will be chosen. If this procedure is repeated for all the machining features exhibited by
the part, the resulting set of machining strategies forms the basis of a process plan for its
manufacture. They must be sequenced in some logical manner to give the final plan; this
requires complex reasoning, but much of the required information is of the same kind as
is needed for the earlier stage of the process.

Other manufacturing processes, including assembly, may also be decomposed into
feature-based sub-processes, but it is important to realize that different processes will
require different feature models of the same part. For example, in machining, the features
are all subtractive, but if the part is to be built up by (for example) welding together
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several originally separate components then the features of the final part are additive. It
is possible to arrive at the same final geometry by either method in some cases.

An equally important point is that, if the part is designed in a feature-based design
system the designer’s feature model will almost certainly not be the most appropriate
model for manufacturing planning. The design features are created to provide function-
ality in the part; they may be either additive or subtractive features, as in the case of a
locating pin and the hole into which it fits. However, as we have seen, some manufacturing
processes require features which are either all additive or all subtractive. There are also
more subtle differences between the feature models appropriate for different applications
(Pratt 1991).

A further possibility is that the part is designed in a pure geometry-based system, so
that the design model contains no feature information at all. Since a model based on man-
ufacturing features is the prerequisite for the automated generation of a manufacturing
plan, the essential problem in both this and the previous case is, how is the manufacturing
feature model generated? Some partial answers are provided in Section ?? below.

5 TRANSMUTATION OF MODELS

The creation of feature models for processes downstream of design is one of the major
problems impeding the building of integrated product realization systems for industrial
use. The automated generation of a manufacturing feature model is discussed in some
detail below, since this is currently a major emerging area of research. However, this is
just one of many feature model transmutation problems, and some other cases are also
given some attention at the end of the section.

5.1 Feature recognition

The initial motivation for working with features came from a growing realization that
part models of purely geometric types do not readily provide the kind of information
most immediately useful to a process planning system. At one time it was thought that
the solid model would be able to do this, but experience proved otherwise. There are two
main approaches to solid modeling: a boundary representation (B-rep) system represents
a part as a connected collection of faces with specified geometry, while a set-theoretic or
constructive solid geometry (CSG) system represents it as a set of points in 3D space,
expressed in terms of combinations of simple volumetric primitives such as blocks and
cylinders. It was found that B-rep and CSG modelers provided information respectively
at too low and too high a level for easy interpretation by a process planning system. The
appropriate median level proved to be that of the form feature, expressed as a (usually
connected) set of faces in a B-rep model, or as interactions between two or more primitive
volumes in a CSG model. It should be mentioned in passing that despite the popularity
of the CSG approach some years ago all existing commercial CAD modeling systems are
now based primarily on the B-rep methodology.

Much attention has been given to the problem of automatically recognizing form fea-
tures for manufacturing processes (machining in particular) from a model of a part, usually
in the form of a solid model of one of the types discussed above (Shah 1991). In a B-rep
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context this involves identifying a set of part faces which match some predefined sets of
rules characteristic of each recognizable feature type. For example, a rectangular pocket
consists of five faces: a rectangular floor, perpendicular to four walls connected at right
angles to each other at the corners (and therefore forming two mutually perpendicular
parallel pairs). This has proved to be an easy configuration to recognize in isolation, but
a much more difficult one where features overlap and their characteristic face patterns
are modified as a result. The first commercial generative process planning systems for
machined parts based on the automatic recognition of manufacturing features from a solid
model are now available. However, they are only successful for a limited part domain, and
their capability needs to be extended to cover other types of manufacturing processes.

5.2 Feature model transmutation

Many modern CAD systems allow the designer to design in terms of form features. These
systems provide a range of frequently occurring functional features, and also offer the
facility for extending this range with user-defined features to meet the specialized require-
ments of any particular product range. The design process with such a system results in
a product model containing design feature information; the problem for process planning
is that design features and manufacturing feature are in general not the same. It is only
necessary to think of a rib of material created by the designer as a strengthening element.
If the rib exists on a machined part then it defines two machining features, one to re-
move material on either side of it. Whereas feature recognition takes as its input a pure
geometric model, the corresponding process when the input is a design feature model is
known as feature model transmutation (also feature mapping, feature conversion, feature
transformation — there is no agreement yet on the terminology). Here the problem is to
input a design feature model and output the corresponding feature-based model for some
other activity such as process planning or inspection.

Although not much has yet been demonstrated in this area (Bronsvoort & Jansen
1994, Falcidieno & Giannini 1990, Shah et al 1994, Wozny et al 1994), feature model
transmutation should ultimately prove to be easier than feature recognition, since the
input model contains more information. An essential preliminary will be to check each
design feature present to see whether it is also a manufacturing feature; if it is, the scale
of the remaining problem is reduced. No commercial systems yet provide a capability of
this kind. Those having the capacity for automatic feature recognition simply ignore any
feature information present in the input model, and use methods based on geometry and
topology alone, as described in the previous section.

5.3 Other examples of model transmutation

Other examples have in fact been given earlier in the paper. In all cases quoted, the CAD
model has provided the primary or canonical representation, and the other model has been
generated from it, generally on the basis of geometric and topological information alone.
The generation of an FE model from a CAD model is one example, and in this case
human intervention is still generally necessary to achieve the process. The generation
of a faceted model for SFF or VR purposes is another example, though it has proved
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relatively easy to automate this process using an original CAD solid model with exact
geometry. Despite this, ‘bad’ faceted representations with missing or unconnected facets
are often encountered by organizations using SFF (Barequet & Sharir 1995). Knowledge-
based models can sometimes be generated automatically, but other types of non-geometric
models generally require human input.

6 FEEDBACK OF INTERROGATION RESULTS
BETWEEN MODELS

As stated earlier, models are created for purposes of interrogation. The interrogation
results are usually readily interpretable in the context of the model used to obtain them,
but for most purposes it would be much more useful to have them interpreted in the
context of the original, primary or canonical model, i.e. the CAD model. This was
mentioned previously in connection with FE analysis. If this detects an unacceptably
high level of stress at a certain node in the FE model, what is the implication on the CAD
model? It may be that simply moving that particular node, and some of its neighbours,
will lower the stress; the corresponding interpretation in the CAD model might be a
thickening of material in a certain region. But in most cases the automatic generation of
solutions in the CAD model to problems detected in the FE analysis is far from reality.

Similar problems exist in other cases. VR models, like FE models, are based on
rather crude geometric approximations. Thus the accuracy of processes such as collision
detection in simulated assembly may not be very high. This makes it desirable to check
that a collision detected in the VR environment really exists in the more accurate CAD
model environment. However, the links between the elements of the VR model and those
of the CAD model are usually non-existent (or at best indirect), which makes automatic
feedback of VR results into the CAD environment far from straightforward.

As a final example, a CAD/process planning dialog will be considered. Suppose the
CAD model of a part to exist, and suppose also that no decision has yet been made
on how it will be manufactured. Possibly there are several alternatives, such as sheet
metal stamping, injection molding and die-casting. The original design is probably not
ideal for any one of these processes. Ideally, a flexible planning system should be able
to evaluate the cost of making the part as designed, using any one of the processes, but
also to recommend design changes which will not change the functionality of the part
but will make it cheaper to manufacture. In some cases we are currently fairly good at
estimating manufacturing costs, but feedback of recommended design changes from the
planning environment into the CAD environment is still some way in the future. One of
the major barriers appears to be the requirement for the planning system to have some
understanding of the design concept of functionality, which does not exist in the current
conception of a planning model.

7 CONCLUSIONS

The paper has attempted to make and to illustrate three main points:
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1. Multiple different types of product model are generated and used for different pur-
poses in the course of the product realization process. Most of them are generated
from a primary CAD model, which usually has a higher level of detail and geometric
accuracy than the other types of model, some of which are in any case not geometric
in nature.

2. The process of generating the secondary models is in most cases not completely
automated, and in many cases is not even well understood. Nevertheless, strenuous
efforts are being made to automate the interrogations and processes making use of
those secondary models.

3. The information generated by interrogating the secondary models is readily inter-
pretable in the context of those models, but it is often desirable to interpret it in the
context of the primary model. We are currently in the very early stages of tackling
this problem of information feedback between models.

Taken together, these points lead to an important conclusion regarding the develop-
ment of integrated product realization systems. Significant advances have been achieved
(ISO 1994) in developing standard means for importing, exporting and sharing the data
required and generated by individual modules of such a system. However, the problem
remains that each module functions in terms of its own internal model. Thus the data
exported by one module is often not immediately comprehensible to another, since it is
generated in a different context and has different semantics. Full communication between
any pair of modules requires not only the representation and transmission of product data
(the problems addressed by current standards), but also its interpretation by the receiving
module, based on knowledge of both the old and the new context and semantics. The
requirement is analogous to that of computer translation between different natural lan-
guages such as English and Japanese, a notoriously difficult problem. Much work remains
to be done in this area.

The models discussed in the paper may actually be implemented in various ways. At
one extreme is the case where all models are completely separate from each other, and
communication is through the medium of file transfer or via calls to application program
interfaces (APIs). At the other extreme, all the models are in some sense constructed
on top of the original CAD model, with built-in associative links between related entities
in the various models. The second option appears to make life easier in some ways; for
example, it is possible to arrange for a change in one model to lead automatically to
consistent changes in all the other models. This is certainly not easy if the first option is
adopted. On the other hand, the second option effectively requires the overall system to
be integrated through the use of a shared database, with all software modules provided by
the same supplier and consequently ‘speaking the same language’. This makes it difficult
to link other systems which may be needed for specialized applications not supported by
that supplier. In practice, most major manufacturing organizations who set out to build
integrated systems start with a set of modules performing different functions, chosen
for the effectiveness of their performance of those functions, and usually from different
suppliers. Each module will then generate its own internal models, and the problems
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described earlier will have to be overcome. There is clearly at present no ideal solution
to the integration problem.

As a closing note, the author would like to reiterate the conclusion (generally agreed by
the participants of the Providence Workshop) that almost any form of computer model will
serve for some purpose as a virtual prototype. The use of this terminology should therefore
not be restricted to the domain of virtual reality; the VR community is undeniably doing
exciting things, but there are many parallel fields of endeavour in product realization which
make use of essentially the same principles; modeling and interrogation are common to
all of them.
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1 INTRODUCTION

Features have now been accepted as a potential common data format to both design and
manufacturing because of the ease with which manufacturing systems can automatically
access and interpret product design definitions. Conventional CAD (2-D or 3-D models)
only examine raw geometry and are not capable of representing the underlying product
information. Features are therefore regarded as the key enabling technology for many
applications like automated process planning and machining, rapid prototyping, and
virtual prototyping. Virtual prototyping environments demand a shared information
model for product design that can be understood by all the design and manufacturing
processes, and features have emerged as a potential standard suitable for virtual
prototyping.

2 NEED FOR THE FRAMEWORK

The need for the proposed framework arises from several practical problems that have
existed for several years in research related to features. Most of these problems have a
direct bearing on virtual prototyping.

A need for this framework comes from the fact that there are a large number of designs
today that are still in 2-D CAD. Most feature extraction systems fail to recognize the
importance of legacy CAD and instead directly extract features from 3-D solid models.
Furthermore, many of the “new designs “ today are merely modifications and upgrades of
older designs in 2-D CAD. This is particularly true of the aerospace industry where
missiles and aircraft are frequently modified.

New design environments like virtual prototyping are leaning towards storing product
designs in multiple design formats. By doing so, designs can be pulled up at any stage of
the manufacturing process by multiple users for multiple applications and performing all
the analysis in parallel on the same design. Users can then return and exchange
suggestions on modifications required to a part leading to collaborative work. This in
essence is Computer Integrated Manufacturing - or bringing together of design and
manufacturing processes.

Storing designs in multiple formats requires transformation between the various design
representations. For example, designs created by a feature-based modeling system may
have to be converted to manufacturing features. The proposed framework can transform
designs using a common feature extraction scheme. The strength of the whole
architecture lies in the feature extraction algorithm that operates on 2-D designs as input.
Therefore, all designs can be transformed through an interim 2-D representation. In
(Ganesan and Devarajan, 1994), we discuss several other applications for the system.

Features have been classified into several types depending on the specified application.
Design features are used to convey design intent and are merely a solution to a functional
problem. Machining features or manufacturing features on the other hand, are used for
automated process planning and NC machining. Some of the other feature types are
assembly features, tolerance features, and surface features.
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The architecture has specific advantages over other systems researched in machining
feature recognition. Most of these systems suffer because they work in 3-D space,
attempting to recognize features directly in 3-D. Feature extraction in 2-D is much
simpler and the proposed framework obviates the complex option of extraction in 3-D.
Several review papers discuss the history of feature extraction in 3-D and the problems
associated with it (Pratt, 1993; Case and Gao, 1993; Salomans, et. al., 1993). The hybrid
nature of our framework combines methodologies from both feature extraction schemes
and feature-based modeling schemes.

3 METHODOLOGY OF OPERATION

The overall methodology of the architecture is to first bring all input design
representations to 2-D orthographic views in the Data Exchange Format (DXF). The
feature extraction algorithm is then applied to the input to generate the necessary features.
The extracted features can then be assembled to recreate the feature model of the part.

Fig. 1 shows the overall approach of the proposed architecture. A feature library is
built into the system containing a list of the features that have to be recognized. In this
instance they are parametric machining features. The input designs are brought into 2-D
orthographic views in the DXF format. This is performed by the converter and
preprocessor. 3-D solid models can be back projected to obtain the orthographic views.
The feature model determination algorithm calculates the volume size needed to
generate the feature model. The feature extraction system works as a two step process.
Simple isolated features are first extracted and then intersecting features are differently
handled. The resulting set of features is matched with the feature library to recognize and
identify the extracted features. This is accomplished by the feature identification system.
The feature model reconstruction system utilizes the inter-feature relationships to
assemble the feature model using the feature model volume as the base. The feature
validation system performs a check on the feature extraction system to make sure all
features have been extracted. Graphical simulation and real-time visualization are
incorporated to provide good user interface, although the system needs little human
interaction. In depth details of the architecture can be found in (Ganesan, 1994).

4 COMPONENTS OF THE SYSTEM
4.1 Possible inputs to the system

The various forms of design representation inputs that the system can accept are :
¢ 2-D CAD (wireframe in orthographic views)

* 3-D CAD (wireframe models, CSG models, B-Rep models)

* Feature-based CAD with design features
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4.2 Neutral file formats

The data formats of the input designs differ considerably depending on the representation
and the design software used to create the original design. There could also be paper
drawings and microfiche that must first be brought into a 2-D CAD format. DXF and
IGES are currently industry standards to represent conventional CAD and there are
preprocessors to convert from one neutral format to the other. However, feature
information cannot be represented by any of these standards. The proposed system is
based on the new object-oriented ISO standard 10303, also called STEP (Standard for the
Exchange and Representation of Product Model Data). STEP, although still emerging, is
the only standard that offers an information model that covers all aspects of the product
life cycle.

4.3 The feature library

The feature library is built into the system using an object oriented paradigm and in
conformance with STEP standards. The feature library is flexible and can be changed to
suit specific applications, but only machining features are considered in this paper. The
feature library created can also be used as a modeler when the final feature model has to
be generated. This is explained under the feature model reconstruction module where
identified features are pulled up from the feature library to reconstruct the feature model.
Therefore, the system combines some of the strategies adopted by feature-based modeling
systems.

Each feature is a combination of both Constructive Solid Geometry and Boundary
Representation, defined parametrically in terms of edge and volume relationships. The
parameterization of the feature database allows easy feature identification and also
provides edit capabilities to the original design once the design has been converted to
features. However, associativity checks cannot be performed on the parametric features.

Each feature is stored with both geometric and engineering information, supported well
by the STEP standards. Feature properties cannot be autonomously extracted from any
conventional CAD and would therefore have to be manually entered. Some of the
attributes that can be tagged to each feature are -

» Geometry - origin, length, width, thickness, diameter, depth, etc.

* Surface finish requirements.

* Dimensioning and tolerancing information.

¢ Machining and production requirements.

* Miscellaneous information like user name, revision number, department name, etc.

Some of the machining features stored in the library are : blind hole, closed blind
pocket, through hole, open pocket, closed through pocket, T slot, square slot, step, wedge,
fillet, etc. Figure 2 shows a tentative list of the machining features to be included in the
library.

As part of creating the feature library, will also be the creation of a Standard Data
Access Interface (SDAI) to access property information for each feature from the library.
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The SDAI can be used as a bus to transfer information between the feature library and the
feature identification module and the feature model reconstruction module. Since SDAI is
an standard defined by STEP it can also be used as an interface between the output of the
system and other commercially available CAD software
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Figure 2 List of typical manufacturing features in the feature library

4.4 Converter and preprocessor module

The feature extraction system accepts only 2-D orthographic views in the DXF format.
This implies that all other design inputs must first be brought to the input specifications.
This is accomplished by the converter and preprocessor module in the system.
Preprocessing is quite simple in most currently available CAD systems that can convert
between DXF and IGES formats. The system will call the CAD software externally to
perform this task.

If the input designs are 3-D solid models or feature-based models then they have to be
back projected in three perpendicular planes to obtain the orthographic views. This is also
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accomplished external to the system by the host CAD software and then transported back
to the system in DXF format.

4.5 Feature model volume generation module

The feature model volume is defined as the volume generated as a result of putting
together the bounding boxes that cover each orthographic view. The algorithm
determines the minimum and optimum volume needed to recreate the feature model of
the original design. The algorithm works as follows -

* The bounding box of the three orthographic views are obtained. The bounding box is a
box drawn around each view so as to just cover the view on all sides. The boxes must be
rectangular.

* The corner coordinates of the three boxes are determined and the dimensions of the
block with the above corners are calculated.

The feature model volume calculated above is only for purposes of generating the
feature model and has no significance in actual machining, although it does attempt to
optimize material requirement and reduce waste.

4.6 Feature extraction module

The feature extraction system forms the core of the proposed architecture. The unique
feature extraction in 2-D is briefly described in this section and is detailed in a typical
example considered in the next section.

A divide and conquer approach has been adopted at both the macro level and micro
level of feature extraction. At the macro level, huge drawings of complex assemblies can
be broken into smaller subassembly parts and features extracted from them. At the micro
level, each subassembly drawing is split into subparts formed by arcs and isolated closed
loops. Fig. 3 illustrates the methodology of feature extraction.

Input to the feature extraction system is a DXF file of the orthographic views of a
subassembly. The feature extraction algorithm works as follows :
* Arcs (including circles) are searched in each of the three views. The other views
corresponding to the arc are then located. From these the sweep height needed to
reconstruct the subpart containing the arc is calculated.
* The arcs are then deleted from the views and replaced with a virtual line connecting the
ends. The arcs are stored as extracted entities. This process is called arcuated subview
extraction.
* The algorithm then looks for isolated closed loops in each of the three views. Isolated
loops are loops that do not touch any other edge in that view. From the other views
corresponding to this loop, the extrusion height for the loop is calculated.
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* The isolated closed loops are then deleted from the views and stored as extracted
entities. This process is called isolated closed loop extraction.

* Using the sweep height, the arcs are reconstructed separately and stored as a 3-D feature
entity. This process is called arcuated subview reconstruction.

« Similarly, the isolated closed loops are reconstructed using the extrusion height of the
loop. They are stored separately as 3-D feature entities. This process is referred to as
isolated closed loop reconstruction.

* The part left behind after the arcuated subparts and isolated subparts have been isolated
is called the root part. The root part is considered as a combination of intersecting
features that could not be recognized by the above algorithm. The intersecting feature
extraction system is used to extract the individual features and their inter-feature
relationships.

The confidence that intersecting features can be solved easily in 2-D is strengthened by
(Meeran and Pratt, 1993), who propose an algorithm capable of tackling simple
intersections in 2-D. Inter-feature relationships are more easily determined in 2-D
because all feature entities extracted and their corresponding 2-D shapes are referred to a
common origin. Feature relationships are critical in the extraction of intersecting features.

4.7 Feature identification module

The feature entities extracted by the feature extraction module are in terms of
reconstructed arcs and closed loops, and are not actual machining features. The feature
identification module uses rule-based techniques to match each extracted entity with the
feature library to identify the machining feature. Orientation and scale are of no
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importance here because the algorithm deals with a matching parametric definitions and
do not consider the size or location of the extracted features.

To understand the need for a feature identification module consider a simple ‘closed
through pocket’ (A) in a block (B) shown in Figure 4.

When A is reconstructed and extracted as an entity A, it cannot be identified
automatically as a closed through pocket. But by analyzing the feature entity and
checking for various volume enclosure relationships it can be recognized as a depression
feature of type ‘closed through pocket’ enclosed in B. Details of algorithms to test for
depression and protrusion features are discussed in (Balachander, 1994).

Figure 3 Example for feature identification

One of the major advantages of the architecture is that other feature types like assembly
features can also be extracted using the same feature extraction module, by simply
modifying the rules to identify the features.

4.8 Feature model reconstruction module

Reconstructing the design in terms of features after they have been extracted is an open
research area. The reconstructed feature model, in terms of machining features, is
necessary for various downstream manufacturing activities like process planning or
machining and also for updating an older design.

In the architecture discussed in this paper, the feature model is reconstructed using
methods very similar to those used in feature-based modeling. When features are
extracted and identified, they are stored as specific instances of the corresponding parent
feature present in the library. The geometric dimensions and inter-feature relationships
are carried over to the feature instance, but other feature attributes like tolerancing and
surface finish cannot be detected. The user has to attach these attributes to the extracted
features to completely define the machining feature.
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Once all the features have been defined, the feature model reconstruction module takes
over from the user to recreate the design in terms of machining features. The
reconstruction starts with the volume generated by the feature model volume generation
module as the base stock. Since the exact positions of all the extracted features in the
design are known in terms of the inter-feature relationships, the feature instances are
automatically pulled up from the feature library and placed on the feature model volume.
When the process is complete, the base stock now completely represents the machining
feature-based design.

4.9 Feature validation module

Although the architecture calls for little by way of highly skilled human interaction, it is
always a good idea to perform some level of semi-automated validation check. The
feature validation system has been incorporated to check if all the features have been
correctly extracted and identified. The validation scheme works as follows :

The reconstructed feature model is back-projected to obtain the three orthographic
views. Vector edge matching algorithms are used to match these views with the original
orthographic views input to the system. When an error is detected in terms of missing or
spurious edges in the new orthographic views, the system signals for human interaction.
The user can then manually identify the missing feature and add it to the feature library as
another feature instance.

The feature model is again reconstructed with the new set of features and the validation
algorithm is run to detect any further errors.

If the input design is available in more than three orthographic views, the additional
views (for e.g.. auxiliary views and sectional views) are of great help in the validation of
subpart reconstruction from the orthographic views.

4.10 Graphics and user interface

Unlike most research systems, the proposed architecture will have good interface for user
interaction. Real-time visualization of all processes will be incorporated in one corner of
the screen and Windows-based pull down menus will allow users to enter feature
attributes for the features recognized. Since the architecture is not a self-standing CAD
system, the host CAD software will still be available for many of the other graphics
utilities.

5 A DETAILED EXAMPLE

In this section, two examples are considered to illustrate the operation of the system
described. The first example depicts how the system can be used to convert 2-D CAD
drawings to a solid model (Sundaramurthy and Devarajan, 1993), and the second
example shows how the same feature extraction methodology can be used to convert 2-D
CAD drawings to a feature-based CAD format in terms of manufacturing features
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(Ganesan, 1994). Both examples are not real life examples, but have been considered to
prove the capabilities of the system.

5.1 Example 1

Figure 5 shows the first example part in terms of the three orthographic views. Although
the 2-D drawings are shown with dimensions, the input to the system is a neutral file that
represents the design in terms of lines, arcs and circles with dimensions.

Figure 5 Example Part | with orthographic views
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When the feature extraction algorithm is applied to the neutral file of the design, the
arcs in every view are located. In this example, three arcs are found - two associated with
the ends of the through slot, and one isolated arc in the front view. The other two views
corresponding to these arcs are located and the edges are removed from the file. The arcs
are replaced by a straight line between the same two points. Also, two circles are located
in the front view, associated with two through holes. The circles and their corresponding
edges in the other two views are removed from the file. The extracted 2-D entities are
stored separately for later reconstruction.

The algorithm now looks for isolated closed loops in the orthographic views minus the
arcs and circles. One isolated closed loop is found in the top view corresponding to the
through slot. The other two views associated with the isolated loop are located and are
removed from the file. These 2-D entities are now stored in a separate file for
reconstruction. The orthographic views that result after all the above 'features' have been
extracted is shown in Figure 6. They corrcspond to the root object - a polygonal outline of
the part.
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Figure 6 Orthographic vicws of Example Part | after fcatures are extracted
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In the reconstruction phase, the extracted entities are reconstructed individually. Figure
7 shows the reconstructed subparts.
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Figure 7 Reconstructcd Subparts (or feature entities)

The root object is reconstructed by a volume intersection technique. Each view is
extruded in the perpendicular direction and then all the three extruded views are
intersected to obtain the reconstructed root part. This is illustrated in Figure 8.

The reconstructed subparts are now assembled with the reconstructed root object to
generate the solid model corresponding to the three orthographic views given as input.

QQQ‘ 2
X2

Figure 8 Reconstruction of the root part
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52 Example 2

Figure 9 shows the orthographic views and the solid model of the example part 2. If the
solid model was input to the system then the orthographic views would have to be first
obtained by back projection.

The first step in the operation is the feature model volume determination. When a box is
drawn around each of the three views, a volume of (100X100X100) is obtained. This will
be used later for reconstructing the feature model.

A
(v N L
A [ s | 20_
A 15 - T 100
AT Lol
0 X R
*:10:4‘ o
[ |
* L L Y
- — - 100 —

100

! O

- E B = §
20 20 20 20

Figure 9 Orthographic views and solid model of Example part 2
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In the feature extraction module, two arcs are located in the front view and a circle is
located in the top view. The arcs and the corresponding edges in the other two views are
isolated from the drawing and stored separately for reconstruction. The reconstructed
entities are named Al, A2 and A3. The orthographic views obtained after the isolated
features are extracted is shown in Figure 10. This is the outline of the root object.

AN

Figure 10 Orthographic views of the root object

The above orthographic views of the root object are given as input to the intersecting
feature extraction module to extract the other features. Four feature entities can be
extracted from the root object and they are named B1, B2, B3 and B4 and are stored

separately along with their geometry.
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In the feature identification module, the isolated feature entities A1, A2 and A3, and the
intersecting feature entities B1, B2, B3 and B4 are identified and recognized as the
following manufacturing features
Al: Through hole

A2: Fillet

A3: Fillet

B1: Square slot
B2: Step

B3: Step

B4: Open pocket

In the feature model reconstruction module, the features are assembled with the feature
model volume to recreate the design completely in terms of manufacturing features. The
feature model of example part 2 is shown in Figure 11.

Figure 11 Feature model of Example part 2

6 CONCLUSIONS

In this paper, we have briefly outlined the architecture of a feature-based architecture
ideal for a virtual prototyping cnvironment. The architecture combines mcthodologies
from both feature recognition and feature-based modeling to convert 2-D legacy CAD to
either solid models or to a more intelligent feature-based CAD.
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The system is currently under implementation at the Virtual Environments Lab of UTA
and Automation and Robotics Research Institute (ARRI). The conversion of 2-D
orthographic views to solid models is complete and is an integral part of ARRI demos.
The features part of the system is a large group research with several students working on
different aspects of the problem.
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Abstract
In this paper a reference model for sharing product information in a concurrent engineering
environment and suitable for virtual prototyping is presented. The model, called Feature
Kernel Model, is feature oriented. It is able to support different functional viewpoints, i.e.
different application dependent sets of features, and propagation of modifications from one
view to another one, thus, allowing different experts to work simultaneously on the product

definition and analysis.
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1. INTRODUCTION

Increasing global competition leads industries to bring competitively-priced, well-designed
and well-manufactured products to market in timely fashion. Since decisions made during the
design stage can have significant effects on product cost, quality and lead time, increasing
research attention is being given to speed up part development taking into account all the
considerations related to the product directly at the early design stage (Gupta et al. 1993).
The design of a product part is the result of an interactive decision-making activity organised
to conceive the idea for, to prepare the description of, and to produce the plans by which
resources are converted into artefacts or devices to meet the human needs (Pefia et al. 1992).
Traditionally, it is the result of the work of a team of experts. Firstly, the designer produces a
part description according to what may be wanted and which needs should be satisfied. Then,
this description is evaluated by the experts of the different activities involved in the
production and use of the part. This evaluation activity makes designer go back to revise his
design according to the suggestions of the different experts, thus requiring long time for the
product definition.
In order to avoid or at least to optimise this definition loop, all production requirements
should be considered during the initial design stage. A help for the solution of this problem
comes from the great advances gained in networking technology, groupware graphical user
interfaces, multimedia, and the decrease of computing cost, that make possible real-time
communication among team members working in a heterogeneous computer equipment and
geographically distributed environment. These tools give the possibility to create a virtual
environment in which all the experts involved in part definition and production can work
together at the product development by performing all the necessary analysis in parallel and
thus immediately returning suggestions of part modifications that can be simultaneously
evaluated by the different members of the team and then accepted, refused or negotiated.

For the development of a system based on such new design perspective, i.e. working in a

concurrent engineering environment, it is possible to identify two main key points:

* the problem of data sharing between the users of the system: all the knowledge related to
the product development has to be stored and should be visible, but each user should
have the access rights only to what is meaningful for his specific application. Moreover,
data modifications should be handled in a consistent way by the different viewpoints;

* a concurrent processes management: the processes that contribute to the product
specification and have access to the product data base have to be synchronised, taking
into account that the modifications should be proposed to each of the experts who can be
interested in, and then, if accepted, they should be propagated to all the contexts.

The first point is a big problem, since it involves the definition and the modelling of all the

knowledge related to the product life cycle, from information strictly related to the object,
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like its shape and its final behaviour, to information more related to the enterprise in charge of
its construction as, for instance, manufacturing processes, tools, materials and other resources
that are available. All these data should be modelled and encoded in a way usable by the
involved experts. This means that each expert should have the possibility to look at the
object model in terms of elements that are meaningful for his specific context.

The second point is related to the problem of synchronising the access to the part description
for performing analysis and inserting modifications, since the different actions may influence
each other. A good co-ordination is necessary to give rise to a high-quality product
specification in the shortest turnaround. A particular attention should be paid to the part
model access: it is important to give a priority order of access to the experts and to define
tools for negotiating the modifications to be performed. This means that the evolving design
must be visible globally and its ramifications to any interested team member must be
highlighted (Reddy et al. 1993).

As a consequence, what seems crucial in a concurrent engineering design perspective is a
complete but also high level definition of the part model and a mechanism supporting inter
process communication.

This paper focuses on the requirements that should be satisfied by the product
representation in a concurrent engineering environment. In particular, a feature oriented
reference model is presented, which is suitable for different application dependent views and
for supporting a mechanism that propagates modifications to the different contexts involved

in the design activity.

2 FEATURE BASED MODELLING FOR CONCURRENT DESIGN

The realisation that many important design tasks could actually be performed with the help
of CAD systems has led to the development of several geometric modelling techniques.
However, traditional solid models can only capture the information about the geometry of the
parts. Furthermore, these models are built by non-intuitive means, such as Boolean
combinations of geometric primitives or Euler operators, completely unrelated to the real
engineering significance of the parts. As a consequence, the structure of these geometric
models and their information content not always reflect the design intent and meet the
application needs.

The request for more powerful models has led to the emergence of feature technology. Since
features of a part are shape elements with some functional meaning, they have been identified
in the engineering community as the key entities that provide a convenient language for
modelling product parts using both geometric and functional information and that allow each

application to have its own view of the product. Depending on which analysis has to be
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performed, the engineering meaning of a feature may regard the function that the feature
serves, how it can be produced, which actions its presence must initiate, etc. (van Houten
1991).

This means that the concept of feature strictly depends on the application context, thus,
different sets of features are necessary for describing a product from the different
applications viewpoints. Moreover, considering multiple viewpoints, the same part of the
object can be interested by more than one feature, thus, in general, these feature sets are not
completely independent, in the sense that features identified in a specific domain may be
partially or fully mappable to features in other domains (Shah 88).

As an example, the object depicted in Figure 1.a is described in terms of features partially
overlapping, like slotl or slot2, meaningful in the machining context (see Figure 1.c), which
have some common boundary entities with the T-rib feature, meaningful for the assembly
context (see Figure 1.b).

T-rib (©)

112 f3 f4 15 f6 f7

NN

slot 1

g twd bd

Figure 1 An object (a), its features meaningful for assembling (b) and for machining
operations (c) and the classification of feature boundary entities (d).

The problem with the concurrent engineering design perspective is that all the features of
interest should be represented at the same time in order to allow each expert to contribute at
the right moment to the product design.
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Crucial for the solution of this problem is a mechanism for mapping feature based models
from one context to another, allowing the propagation of modifications between the different
models and the communication between processes.

In our opinion, the best solution is to define a common shape feature oriented model, where
all the geometric and topological information about shape features are collected and organised
in a way that allows dynamic management and easy updating. This representation can be
considered the reference model for the product data base, since the context dependent
technological information is externally stored and refers to the associated form features
represented in the model.

Concerning with the management of this structure, its application interface includes a
mechanism that allows each expert to filter only the information of interest for his specific
action and a mechanism of communication with all the other team members for the

propagation of modifications.

2.1 The reference geometric model

A geometric model able to support concurrent design and virtual prototyping, must satisfy

the following properties:

« to be able to support multiple levels of geometric and functional abstraction with different
amount of details in order to capture part information at different stages of the design
process;

» to be multiview, in order to be mapped into different application contexts;

» to be general, in order to represent any kind of aggregation of geometric entities;

+ to be expressive enough to completely represent any information about feature structure
(simple, compound, interacting,..);

* to be independent from a specific solid modeler;

* to be extensible in order to meet the requirements of future applications;

* to be able to support different methods of feature-based modelling: the top-down
approach, when feature information is directly available and can be used to design the part,
but also the bottom-up approach necessary when features are the result of some modelling
operations and have to be recognised and explicitly represented in the model.

Based on these requirements, we have defined a new representation scheme for modelling
with form features called Feature Kernel Model (FKM).
The structure of this model is an adjacency graph, where each node corresponds to a set of

boundary entities, and each arc connecting two nodes represents an adjacency relationship
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between the corresponding object parts. In this structure, set of components can be grouped
together in order to represent the features of the object. The components which belong to
more than one feature, are labelled and express the intersection between overlapping features.

The FKM is able to represent features of non-homogeneous dimensions, in particular volume
and surface features, but also open face sets. In other words, it can handle non-manifold
geometry, that allows to better satisfy the requirements of the different applications. For
example, it is meaningful to represent features with volumes for machining analysis, since in
this way they can be associated directly to the extent of material to be removed and to the
corresponding machining processes. On the other side, surface features are more suitable for
boundary-oriented applications, that is those applications that must associate information to
a face, an edge or to a set of them. For example, in the handling context pairs of parallel faces
can be relevant for robot arms, while in the assembling context, the mating features are the
contacts among assembly components and can be represented by faces or edges of the object.
This multiple choice for feature representation permits also to describe compound as well as
intersecting features, keeping hierarchical relationships between components, where
meaningful.

The main advantage of the model is its dynamic structure that can be updated through the use
of operators that insert or delete a feature, taking care of the model consistency and isolating
the regions of interest for more than one viewpoint, where there can be conflict between
different functional interpretations.

2.3 Facilities for Collaborative Design

The Kernel Feature Model is a good support for the complete description of the physical
components of the product in the collaborative design activity. It is the means which relates
the object geometric description to the domain-specific features, that incorporate process-
related information that has not to be lost.

In order to produce a neutral reference model, the technological information is stored in
external structures and refers to the features represented in the model. In this way, the
semantic, i.e. the high level interpretation of the part, is separated from the low level
description, i.e. the geometric and topological information.

In Figure 2, it is shown how the information related to the object depicted in Figure 1, is
organised. The geometric and topological information is represented within the object B-rep
and in the FKM graph, while the technological and functional information is separately
stored and refers to the groups of components in the FKM.
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Figure 2 The different levels of information for the object in Figure 1.

Each application domain maintains visibility on the global model but it has access rights only
to the features that derive from that domain.

The set of geometric entities that are referred by more than one context, are fundamental for
the communication between the different viewpoints. The intersection between feature are
explicitly represented in the FKM and are associated to special nodes, which express an
overlapping relationship between features. In Figure 2, for example, the nodes C2 and C4
express respectively the boundary intersection between the slot 1 and the T-rib and between
the slot 2 and the T-rib.

When there is the need to modify a feature, a check on its components set is performed in
order to see if the feature is fully or partially overlapping with other features. Through the
components expressing the features intersection, it is possible to communicate the
modification to the other contexts interested in the same part. During this phase, all the
processes that are not involved in the negotiation can continue their work, if it does not
influence the part proposed for modification.

In Figure 3, some examples of modifications, which can be performed on the object depicted
in Figure 1, are shown. From the context, where it is meaningful to describe the object in
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terms of two slot features, as for machining processes, the expert can require to modify the
dimensions of the width dI of the slots (Figure 3.b), or the depth d2 (Figure 3.c). In both
cases, the proposed modifications affect the T-rib in a different point of view, the proposed
changes should be validated in the other interested contexts, before their acceptance. As a
matter of fact, an analysis for assembly will accept only the situation in Figure 3.b, since the
situation in Figure 3.c does not fully satisfy assembly functional requirements.

/////’// 7 ,
o

b L

(@ (b) ©

Figure 3 Examples of feature modifications.

3. CONCLUSIONS AND ONGOING RESEARCH

In this paper a model for representing shape features of different dimension has been
described. This model provides a good means for sharing product information and for
supporting the propagation of modifications in concurrent design and virtual prototyping . It
has been implemented in C++ language on the top of the non manifold boundary model
provided by ACIS™ geometric modeler tool kit (ACIS 1994). The implementation is
currently in progress.

The model interface supports operations like creation, deletion and modification of the
feature entities, it also provides tools to calculate feature intersection and dependencies.
Through this model it is possible to define a mechanism that permits each application to have
visibility on the global model and to have access rights only on what is meaningful in the
specific context. The access on the information can be performed at different levels of
specification, from the functional interpretation to the low level geometric description.

A modifications proposed by one viewpoint is immediately highlighted to the other
viewpoints, through a propagation mechanism that works on the structure, and then
performed only after the acceptance of all the other experts.

Since this model has been developed with the aim to be extensible by applications, an
attribute handling mechanism is available, that gives the possibility to each application to
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define its own set of attributes and to associate them to the shape features in the model (De
Martino et al. 1994a).

Our future work will mostly focus on the integration of the FKM in a system that combines
different feature modelling techniques (i.e. design by features and automatic feature
recognition) sharing the same product database (De Martino et al. 1994b), and on the
extension of the model for better representing parametric information.
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Abstract

This paper describes an architecture for supporting real-time collaboration in concurrent
engineering within a distributed virtual environment. This architecture integrates a
multiperspective distributed virtual environment with a standard product model and supports
interaction among users through shared objects. The initial implementation of this architecture
supports accurate assembly modelling and kinematic simulation for virtual prototypes and
runs on a network of SGI Indy workstations over an ATM network. This environment enables
designers to test the assembly and disassembly task within a distributed virtual environment.
The realistic manipulation of the assembly models within the virtual environment is supported
by constraint-based 3D manipulation techniques. The shared objects, that support
collaboration, encapsulate product information in a standard format based on the developing
draft ISO standard STEP (a standard for the exchange of product data).

Keywords
Distributed virtual environments, concurrent engineering, STEP, constraint-based assembly
modelling, shared objects.

INTRODUCTION

The pressures for modern design and manufacturing companies to remain competitive in
today’s world markets has led many to investigate the adoption of concurrent engineering to
reduce the lead time for new products and improve their quality. Concurrent engineering is a
systematic approach to the integrated concurrent design of products and related processes,
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including manufacture and support. When using concurrent engineering specialist knowledge
and expertise from downstream tasks of a sequential design process, such as manufacturing
and maintenance, is introduced during the early design phases. The largest percentage of
design and manufacturing costs are allocated during the first stages of a project. As a result
decisions made during these early stages are the most difficult and expensive to correct at a
later time. The basic philosophy behind concurrent engineering is to encourage the
consideration of as many product development issues as possible, during these crucial early
phases. Such considerations should result in fewer unexpected problems during subsequent
development and consequently fewer design iterations, reduced development time and costs
together with a better quality design.

Given sufficient resources, experts from several product development stages can be
introduced by simply making the individuals available for consultation during the design
process. An effective way of managing such consultation is through the creation of
multidisciplinary teams. When employing such teams, the members will usually need to
convene in a single location for regular meetings to review progress and make important
decisions. Such meetings will normally be arranged in advance to give, the individuals
involved, time to prepare necessary documentation and travel to the location of the meeting.
During the meetings the experts from different areas of product development will be able to
offer advice and suggestions from their own perspectives and can ensure that important issues
are not overlooked. However, the physical co-location of a team is no longer a trivial issue
because many companies are now exploiting the opportunity to trade in the global world
market and consequently are becoming more decentralised in their activities. The travel, time
and expense lost as a direct consequence, can inhibit the regularity and spontaneity of team
interactions and act as a direct barrier to the successful implementation of concurrent
engineering techniques.

High speed networks, distributed virtual environments and multimedia communications are
now commercially available and have a potential to support interaction between
geographically dispersed users in a much more dynamic and synchronous nature than
traditional file exchange and electronic mail. Such advances have made it possible to develop
collaborative working systems supported by networked computers in which geographical
dispersion is transparent. A team that conducts its work in such a way is virtually co-located
and thus called a virtual team, since interactions only require the participants to be available at
the same time, but not necessarily at the same place.

This paper discusses a system architecture that supports interaction between members of a
geographically dispersed multidisciplinary virtual team who are engaged in product
development activities. We call such a system a Distributed Virtual Engineering
Environment. In particular the environment allows the team to interact, reach a common
understanding of the problems quickly and then make decisions regarding those problems
from multiple perspectives using a distributed virtual environment. Each user accesses the
distributed virtual environment through a user configurable interface which has been designed
to allow the easy integration of further engineering applications to support different
engineering perspectives. The applications interoperate using shared objects that encapsulate
product information in a standard format based on the developing draft ISO standard STEP (a
standard for the exchange of product data).
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BACKGROUND

Concurrent engineering has received a great deal of attention in the engineering and
management research communities since its introduction over a decade ago and much work
has been published on its advantages over more traditional sequential design processes. Major
research projects such as DARPA DICE (Cleetus 1993), SHARED (Wong et al 1993) and
PACT (Cutkosky et al 1993) are all addressing issues involved in computer support for
managing and co-ordinating multifunctional, cross-disciplinary teams in this context.
However these projects have mainly concentrated on the asynchronous activities of such
teams. Although this is important, teams must also be able to communicate effectively during
meetings. This is especially difficult if the team is geographically dispersed. Certain issues
that still need to be addressed for synchronous working in concurrent engineering have been
indicated in several papers (Prasad ef al 1993 and Clausing 1993). In summary these issues
are

® The establishment of virtually co-located multidisciplinary teams with integration of and
mapping between individual view points.

® The ability to share and exchange standard product data and tools.

® The ability to perform collaborative decisions in a single trade-off space with a common
understanding of the problems.

Some concurrent engineering projects are beginning to address some of these issues. The
SHARE (Toye et al 1993) project is addressing negotiation and trade-off in real-time through
videoconferencing. Support for synchronous collaboration in virtual teams has also been
explored within the DICE project through the use of MONET, a teleconferencing system, and
COMIX, a system for transparently sharing X-Windows applications (Cleetus 1993).
However, these projects are not investigating the use of distributed virtual environments for
supporting collaboration over a virtual prototype of a product. Neither do any of the
collaborative tools that are used tackle the problems of real-time multiperspective meetings as
required by multidisciplinary teams.

There now exists many commercial and non-commercial tool kits for the creation of
distributed virtual environments, for example dVS (Division), World Tool Kit (Sense8), MR-
Tool Kit (University of Alberta), DIVE (Swedish Institute of Computer Science). Many
research projects are using such tool kits to develop distributed or single user virtual
environments for specific engineering applications. For example, Bayliss et al (1994) are
investigating a virtual manufacturing environment consisting of a machine shop in which
engineering components can be made. The VirtuOsi project is investigating the organisational
issues involved in the formation of a virtual factory (Benford 1994). NASA have conducted a
successful experiment in which they used a virtual prototyping system called Preview to assist
the correction of the Hubble Space Telescope (Hancock 1993).

These projects are just a few examples of many that are investigating support of specific
engineering applications in virtual environments. However, the effective integration of these
engineering applications in a multiperspective distributed virtual environment has not been
addressed. The integration of international product data standards such as STEP in distributed
or even single user virtual environments has not yet progressed beyond the ability to access
IGES or DXF (AutoCAD) geometric definition files. Another limitation in current virtual
environments is the lack of support for accurate positioning of objects in 3D space. At present,
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most of these systems employ crude collision detection techniques based on bounding boxes.
Such techniques fail to provide powerful and accurate 3D manipulation methods necessary for
exploiting the virtual environment technology for engineering applications such as solid and
assembly modelling. Techniques such as accurate constraint-based 3D manipulation (Fa et al
1993) are essential for supporting the realistic manipulation of solid models within virtual
environments, especially when dealing with the integration of engineering application.

THE DISTRIBUTED VIRTUAL ENGINEERING ENVIRONMENT

The distributed virtual engineering environment has been developed to satisfy a number of
requirements which will be discussed in section 3.1. The environment is based on a number of
concepts which are outlined in section 3.2. A description of the detailed architecture and its
current implementation is presented in section 3.3.

Requirements

A fundamental requirement for synchronous collaboration between participants of any
distributed meeting, is the ability to share information in real time. This shared information
will then form the basis for discussion within the meeting. A second fundamental requirement
that is specific to collaboration in multidisciplinary teams is the ability to make collaborative
decisions in a single trade-off space with a common understanding of the problems and with
integration of and mapping between individual perspectives. A perspective defines a context
within which the shared information can be manipulated in a meaningful way by an
individual.

In addition, several requirements have been considered during the implementation of the

distributed virtual engineering environment. These are that the architecture should :

® Be open and extensible so that different perspectives and engineering applications can be
integrated easily.

o Have the ability to support user collaboration through sharing product data in real time.

® Be built on emerging and established standards where possible, including the product
modelling standard STEP.

e Have the potential to be scalable for large meetings with a dynamic number of participants.

® Provide support for quality of service over high speed networks such as ATM, for real time
interaction and communication.

A Conceptual View Of The Architecture

This section introduces a number of fundamental concepts that are used in the DVE
environment to satisfy some of the requirements outlined in the previous section. For each
concept, a high level description of the mechanisms employed by the DVE environment is
also presented. A conceptual view of the DVE architecture is illustrated in figure 1.

The users perspective defines what information is meaningful to them and how they will
manipulate that information. The DVE environment uses the concept of an information mask
to define what information is meaningful to a user with a given perspective. The mask acts
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conceptually as a filter that defines what subset of the information in the shared space a user
can actually access. The mask can also be used to filter an entire product model to define what
information the user may add to the shared information space.

The perspective also defines how the user will manipulate the information they access. To
support this, each user of the DVE environment has a user interface that they may configure
with the operations they wish to perform and the visualisation style they wish to use. These
operations are actually performed on the shared information by a set of distributed engineering
applications that are invoked and controlled in the background automatically by the DVE
environment. The users may modify their perspectives at any time during a meeting by
changing the configuration of their interface. This will imply a change in the users information
requirements and consequently a change to the users information mask. Such changes may
also affect in the set of background engineering applications that support their perspective.
The concept of the perspective and how it is supported within the DVE environment is
illustrated in figure 2(a).

Shared
Information

< =l

Perspective

Information Imerests

] \
Virtual Environment L' '\' Virtual Environment |

o

Figure 1 A Conceptual View of the DVE Environment

As a meeting progresses the discussion may change focus and more information may be
added to the shared space from the product model. The shared information space can
potentially contain a huge amount of information which may be meaningful to a user, and
therefore satisfy their information mask, but may not all be of interest. The DVE environment
allows a user to choose which subsets of the available information they are interested in and
register this interest with the environment. Users may change their interest as the meeting
progresses by registering an interest in further sets of information or discarding an interest in a
particular set of information. Collaboration can occur when users register an interest in the
same information, i.e. their particular interests intersect. Users may still collaborate over
information that they do not share an interest in, if the information they view is related. In this
case, changes can be propagated through the relationships using a constraint manager that will
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maintain a relationship (or dependency) graph for the information within the shared space.
The users will therefore still be able to see changes that affect their information.
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o (b) Users register an interest in information
(a) The Perspective is composed of held in the shared space. Users dynamically
accessible information and operations. share information that they share an interest in.

Figure 2 The Fundamental Concepts Employed by the DVE Environment

Internally the DVE environment maintains either a passive or interactive interest in an
particular area of the shared information space for each user. A passive interest is
automatically registered in all information that the user accesses. An interactive interested is
registered in any information that the user attempts to modify or manipulate in any way. By
distinguishing between passive and interactive interests in this way, locking techniques can be
employed by the environment to eliminate any chance of inconsistency in the shared
information space. The concepts and mechanisms of interest registration are illustrated in
figure 2(b).

A Detailed View Of The Architecture

A layered view of the detailed DVE architecture is illustrated in Figure 3. At the heart of this
architecture is the shared information space called the Product Data Sharing System (PDSS).
This system makes extensive use of a library of sharable objects that can be instantiated and
populated with product information. These objects and the mechanisms employed by the
PDSS for sharing these objects are discussed in the following sections. The users access the
shared information through a graphical user interface that visualises the information in a
virtual environment. They may then directly interact with the information and perform
operations supported by a set of engineering applications. The following sections discuss this
interface and the underlying mechanisms that allow a user to configure their interface to suit
their required perspective. Finally this section also discuess the integration of constraint based
3D manipulation within the architecture.
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The Product Data Sharing System

This section discusses the structure of the sharable objects that are instantiated from an object
library when required. It also descibes the distribution and sharing mechanisms used within
PDSS.

The shared product information must be accessible by many different applications and
therefore a neutral, usage independent representation for the information is important. A
product data model is an integrated set of data schemata that describe such a standard format
and content for storing product data. An instance of the product data model will contain data
regarding a specific product and is called a product model. The most important issue here is
that the information in a product model is in a neutral format which is totally independent of
the way in which it is used. This makes a product data model an ideal format for the storage of
product information within the objects used by the DVE environment.

User Interface Layer
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Implementation : Virtual Environment
| |

Perspective Configuration Layer

Implementation : Supporting Applications
|

Information Sharing Layer
Khared Infarmation S — Ahived lafrrmsiice

Jeeat Implementation : Product Data Sharing System
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|
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Figure 3 A Layered View of the DVE Environment

The objects generated and used by the DVE system, encapsulate product information and
methods for validating the correctness of that information. This is held in an area of the object
called the payload Each object in the library consists of a payload (the information that will
be shared) and useful methods for encoding and decoding the payload to assist in sharing the
object. These methods are derived from a basic object type by all of the objects as illustrated
in figure 4.

Given objects that encapsulate product information structured this way, it is feasible for
this information to be exchanged, without any translation, with a product model database, if a
common product data model is used to structure the information in both. Therefore DVE
environment users can add information to the environment from a persistent product model
database during the meeting. If the users also wish to keep any changes made as a result of
decisions made in the meeting, then the modified information can be transferred back to the
product model database at the end of the meeting.
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Figure 4 The Structure of a Typical Shared Object

At the heart of the PDSS is an Object Manager. The manager controls the instantiation,
population, shared access and destruction of the objects. It does not distinguish between user
interfaces and engineering applications but treats all entities that wish to share product
information as clients. The object manager will distribute copies of the objects to its client on
request. Each client has a PDSS wrapper that allows the client to register an interest in some
product information using registration services and then view and edit the information using a
standard set of enquiry and modification services. The wrappers will also inform the interface
or application of any changes to its’ local information made by another client, through a set of
notification services. The PDSS wrappers effectively hide the sharing mechanisms and
communicate with the object manager through a standard PDSS protocol which is currently
built on top of a network and platform independent communications library. The internal
components of the PDSS are illustrated in figure 5.

The object manager and PDSS wrappers all maintain local copies of the objects. The
responsibility for maintaining consistency in the contents of the local copies is shared by the
wrappers and the object manager. The PDSS protocol implemented in both the wrappers and
object manager defines the interaction that is required to retrieve objects and maintain
consistency in them. The main protocol services are summarised as :

¢ Initialisation : Each application and user interface must become a client of the object
manager to gain access to the shared product information. During the initial exchange the
each client will give the object manager a copy of its interest mask. The object manager will
then send the client a high level list of components and assemblies that are currently
available either, in the environment as virtual prototypes already, or available to retrieve
from the product database.
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® Registering interest : When a user registers an interest in a component or assembly the
object manager will first check whether the product information that represents it has
already been added to the environment by another user. If it has not then the manager will
retrieve the product information from the database and instantiate and populate the required
objects to hold the data. The object manager applies the users information mask to the set of
objects and gathers together the objects that will be meaningful to the client. These will
then be dispatched to the client, where a local copy will be maintained in the PDSS

wrapper.

o Changing the contents of an object : If a client modifies the product information in any
way then the resulting changes or delta’s in the payloads of the shared objects are
propagated to the object manager by the clients’ PDSS wrapper. The manager will
propagate the deltas on to any other clients that are interested in the modified objects and
then update its own local copy. Each interested client will receive the payload deltas, apply
them to its own local object copies, and inform the client of the change using a notification
service.

The Configurable Virtual Environment and Supporting Applications

The DVE system supports collaborative working between its users through 3D virtual
environment interfaces. Each interface provides a view into the shared product information
space managed by the PDSS. The interface visualises components and assemblies as 3D solid
models and allows a user to manipulate the models in 3D and alter their viewing position by
moving around in the environment.

The current implementation of the user interface uses non-immersive technology and does
not represent the user in the environment in any way. Therefore to allow users to indicate
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regions or objects of interest in the environment to other users during a discussion, the
interface provides the necessary tools for creating, manipulating, highlighting and labelling
shared 3D pointers. Each user can construct a different perspective or personal interface for
the virtual environment by configuring the basic interface to support a variety of engineering
applications. Multiple perspectives of the same shared information can be supported by the
DVE environment because the information is in a neutral and standard format which is
accessible by all, but independent of any applications used by a client of the PDSS.

The user configures the virtual environment by choosing from a list of applications those
that they wish to be supported by their virtual environment interface. Each application that
chosen by a user relates to an engineering application that is integrated into the DVE
architecture and invoked as a background process by the DVE environment. The user interface
provides an application toolbar from which the user may select and adjust operations, modes
and ranged values for each application selected. An operation is represented as a push button
within the toolbar and may require parameters to be selected within the virtual environment.
Examples of operation parameters that can be selected in the current environment include
solids, faces, edges, vertices, or points on a face, edge or points in open space. Given the
correct type and number of parameters, the operation can be requested by the user. A user
selects the modes of an application using toggle buttons that can be switched on or off.
Ranged values such as sizes, scales, and tolerances, are adjusted using sliders. Since the
current implementation of the user interface is non-immersive it uses standard push buttons,
toggle buttons, and sliders provided by the windowing environment to build the application
toolbar. A picture of the toolbar (right) and virtual environment (left) taken from the current
implementation is shown if figure 6.

Figure 6 The Configurable Virtual Environment Interface

Figure 7 illustrates how the PDSS is used to support an individuals perspective within the
virtual environment interfaces with support from engineering applications. When a user
chooses a particular engineering application to support their perspective from the application
toolbar, the DVE system invokes the appropriate background application to perform the



Multidisciplinary team in concurrent engineering 169

operations required. The user interface and applications exist as different clients of the PDSS
and use a special set of shared objects to communicate with each other. These objects are
called transient objects because the lifetime of the information they contain is only as long as
of the time the user spends within the DVE environment. The user interface informs each
selected application of the users interests and requests operations, mode changes, and
adjustments to ranged values using a transient object that is shared by the user interface and
the application itself. Using this technique, an application can be shared between many users,
if required, by simply sharing the applications’ transient object.

The DVE architecture supports the integration of a diverse range of engineering
applications. To integrate an application a configuration file must be created that describes
how to execute the application and the operations, modes and ranged values that will be
offered to the user in the toolbar. In addition to this file, the application must be made aware
of the PDSS wrapper services so that it can access and manipulate the information held in the
shared objects.
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Figure 7 Virtual Environment and Supporting Application Interoperation.

Interactive Constraint Based 3D Manipulation

The management of geometric constraints within the shared information space is supported by
a Constraint Manager. Constraint based 3D manipulation techniques, previously developed at
Leeds (Fa et al 1993), are supported within the distributed virtual environment through the
integration of this Constraint Manager within the DVE architecture.

The Constraint Manager automatically registers an interest.in the information that the users
are accessing and monitors the relative positions of the geometric solids as they are
manipulating within the virtual environment. Automatic constraint recognition techniques are
used within the Constraint Manager to recognise geometric constraints between geometric
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entities from the users’ 3D manipulations. Constraints such as against, coincidence, cylindrical
fit, gear fit and screw fit are automatically recognised using this technique. Once the
geometric constraints are recognised, a technique referred to as allowable motion is used to
manipulate the under constrained models without invalidating the previously satisfied
constraints. For example, when the user position a block on top of a larger block through an
against constraint, the allowable motion of the block is derived to be translation and rotation
with respect to the bottom block. In the case of a gear fit between two gears, the rotation of
one gear is transmitted to the second gear through a coupled rotation. The combination of
automatic constraint recognition and allowable motion techniques supports the accurate
positioning of solid models in 3D space using 3D input devices, such as a dataglove or
spaceball, to assemble complex solid models. Once the objects are assembled, the kinematic
behaviour of assemblies are automatically simulated using the allowable motions of the solid
models. The Constraint Manager therefore supports the highly interactive virtual environment
in which the users can carry out assembly modelling and kinematic simulation of virtual
prototypes in a realistic manner.

IMPLEMENTATION AND RESULTS

The current prototype version of the DVE architecture runs on a network of Indy workstations
over an ATM network. The architecture has been i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>