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Abstract 

This paper describes the differences we perceive in the process of virtual prototyping as 
opposed to classical prototyping. An environment for virtual prototyping as it could be in the 
future is introduced. In this introduction, tasks to be fulfilled in this environment and the tools 
needed are identified. Furthermore, a first implementation of a virtual prototyping system is 
described and evaluated. 
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1 VIRTUAL PROTOTYPING 

The term Virtual Prototyping does not define a new technology per se. Instead, it is a 

combination of existing computer science disciplines. Among them are CAD, CAM, databases, 

simulation and animation. The development of a new product involves three main steps. The 

first step is the generation and modelling of a prototype, the second step a test and validation 

whether this prototype corresponds with the initial specification. Finally, the result of a 

validation can be a redesign, request for some minor changes, requirements for a more detailed 

model, or some other optimizations. After that, the prototyping cycle starts again. So validation 

is not the final step in the development process, but a means to enhance product quality in the 

early stages of the production cycle. 

~, .. _ 
Product 
modelling 

Figure 1 Product development cycle. 

Optimization 

From our point of view, the product development cycle is mainly controlled by the following 

people: the designer, the test engineer, and the manager or marketing department. The basic idea 

of virtual prototyping is to avoid the construction of real physical prototypes in the design, test 

and optimization phases in the cycle (as shown in figure 1). The main goal of virtual 

prototyping is to decrease the costs in the development process. By reducing the costs, with the 

same efforts in time and money, such an approach could lead to a better product. 

An object is being modelled with a geometric shape and a functional behavior description. 

Additional properties such as coordinate and geometric tolerances, or material properties are 

attached to it in order to test and evaluate the prototype with simulation. The result of the 

product design is an object in a computer generated virtual environment. With an active 

reference specification, the developers and managers are able to verify their ideas immediately 

with the help of simulation and animation. For nontechnical persons involved in the production 

cycle, e.g. a manager, an adequate presentation and interaction interface has to be provided. 

Presenting in a virtual space has the potential to perform presentation and decision sessions with 

different people not necessarily located on the same building, town, or country. Another 

advantage is that the production cycle becomes more transparent to all people involved. For 
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further information see also (Dai and Gobel, 1994). 

2 VALIDATION IN VIRTUAL ENVIRONMENTS 

2.1 Vision 
On the basis of the topics laid out in the previous section, one can envision the whole 

prototyping process taking place in a virtual environment. From the creation of the first 

3D-models using a CAD package to the assignment of physical properties to different parts of 

the system and from the simulation of the fully described system to the redesign of faulty parts, 
today, many of the steps of prototyping are far from being integrated into a single set of tools. At 

the moment, many steps of the development are already carried out with the help of computers, 

e.g. using CAD programs to define the geometrical shape of objects. Other steps, like testing a 

prototype, are carried out with custom-made hardware. One can imagine several advantages in 
integrating all steps of the product development cycle in an environment on a computer: 

• In a computer controlled environment, keeping and comparing several versions of the 
developed system is no problem. 

• Computer controlled environments allow different, simultaneous views on the 
simulated system which would be impossible in reality, like for example an observer 
watching the mechanics of a steering system while the test engineer "drives" a simulated 

car. 

• Additional information, such as documentation, results of simulation runs, etc. can be 

kept in the environment. 

Another advantage, when following the integrated approach, could be the possibility to hold 

meetings of e.g. design engineers in a virtual environment. This will become more and more 
feasible with the installation of fast WANs. In a virtual space, engineers or management people 
could meet without the need of changing their physical location (see figure 2, for further 
information see also (Tijerina eta!., 1994)). The use of such a virtual space could comprise 
nearly all of the above mentioned tasks of a virtual prototyping system: 

• Engineers could share a virtual space where several people work on the same design or 
present new developments to all participants. 

• Documentation for different parts could be edited by different people while remaining 

in a common, consistent environment. 

• Evaluations conducted by a test engineer can be observed by other persons involved, 

who do not have to meet at one physical location. 

• The test engineer can present and discuss the results of the testing to the development 

engineer in the test environment. 

Both environments, the single and the shared one, need a consistent, intuitive and easy to use 

user interface, though. In order to be able to build a new type of simulator, one has to identify 
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Figure 2 Vision of a round-table in a shared virtual environment (from (Tijerino et al., 

1994)). 

the different tasks the user has to be able to fulfill with the help of the user interface of the 

simulator. Typical applications for virtual prototyping are mechanical or electro-mechanical 

systems, which normally are controlled by devices like levers, knobs, buttons, etc. Some 

systems require simultaneous input of different values. Most input devices give some sort of 

feedback to the user, either by their state or position, or by giving some sort of force feedback. 

The other type of feedback is the general system output or feedback, which is independent of 

input devices. 

2.2 Using interactive virtual environments for validation 

For the visualization of 3D-geometry we already have more or less adequate techniques e.g. fast 

Gouraud-shaded rendering supported by the hardware. However, the methods of interacting in 

virtual environments are still in an experimental state. Especially testing and validating 

prototypes requires a great amount of intuitive and natural interactions. Therefore, in this 

section, we want to focus on the subject of interaction in simulations in a virtual environment 

for validation tasks. The subject of interaction in a 3D-virtual CAD environment is not covered 

here, for further information see (Bleser, 1993). 

To develop a new user interface metaphor for software based simulations which is not based 

on traditional2D-window based systems, one has to take different problems into account: First, 

users should not be forced to learn or to accustom themselves to 2D-window based user 
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interfaces and their usage metaphors. Furthermore, most real world input devices have little in 

common with a mouse or a keyboard, so their usage has to be modelled by some metaphor. 

Second, 2D-window based user interfaces do not allow synchronous input with more than one 

hand, which does not suffice for many simulated systems. Third, the user should be presented 

with a look-alike of the real interface they expect. A solution to this problem could be a virtual 

reality user interface. The scene is presented to the user in pseudo-3D, and the user can interact 

with the devices displayed in the scene. 

Our solution to the problems as described in the previous paragraphs is the concept of 

"virtual input devices"*. The naming of this concept is based on the fact that these input devices 

do not really exist. They only exist as 3D-depictions of real input devices in the scene rendered 

on the screen- as a virtual environment for the user. The users can interact with these devices in 

a way they are quite accustomed to - the user can, for example, touch and press buttons. The 

devices on the screen are controlled by a 3D-model of a hand which in tum is controlled by the 

user with the help of a data glove and a position/orientation sensor. There are other approaches 

which are similar (see for example (Nomura et al., 1992) and (Codella et al., 1992)), but none of 

them combines the simulation/VR aspect with development and validation facilities. 

Several benefits can be derived from such a system: Little or no custom hardware needs to be 

built for simulators, input devices like dataglove are usable for different types of simulations, as 

the definition of virtual input devices is mostly independent from the actual input device used 

and one can assume that the interface requires less user training than a mouse-based one. 

The definition of a virtual input device has to cover different aspects. First, there has to be a 

geometry with material attributes. Second, the constraints of movement for the virtual input 

devices have to be known. Third, a set of parameters has to be defined which are the values 

delivered by the virtual input device representing its different states. Finally, interaction 

techniques must be defined for the handling of the virtual input devices, e.g. gestures for 

grabbing objects and methods for pressing buttons (see figure 3). 

(a) (b) (c) 

Figure 3 Button pressing sequence. 

* The term "virtual input device" has been coined before in (He and Kaufman, 1993). Unlike the definition 
used in this paper, which defines virtual input devices as those abstracted from the real system and displayed 
in the virtual environment, the virtual input devices in (He and Kaufman, 1993) are abstractions of input de
vices of the VR toolkit (like flying mouse, data glove etc.) 
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For effective work with virtual input devices, the user needs the appropriate input device (in 

hardware) to allow him or her the interactions described above. We think that using a data glove 

for this task is most appropriate at this moment for the following reasons: Input devices like 

3D-mice have a "usage metaphor" built into the hardware which does not allow the 

development of input-hardware independent interfaces. Clicking on a pseudo 3D-scene with a 

2D-mouse is even less intuitive. In an environment where a head mounted display is used to 

enable an immersion in the virtual environment, a 2D-mouse is not usable at all. The use of a 

data glove allows multi-dexterous input, as another glove for the second hand or other hardware 

like a position/orientation sensor can be added easily without overloading the user. 

Position/orientation sensors allow input of other analog values, for example as a replacement 

for a gas pedal. A data glove can theoretically be equipped with facilities to provide force 

feedback in order to enhance the realism and usability. 

3 MUSE AS THE VIRTUAL PROTOTYPING PLATFORM 

Our first realization of a virtual environment for prototype validation is made in the context of 

the MuSE* project. This section describes the approach MuSE takes towards virtual 

prototyping. MuSE is designed as an integrated software environment for both design engineers 

and test engineers. Figure 4 shows the architecture of the complete MuSE environment, it can be 

divided into three parts. 

I• Hypermedia Authoring Environment 

t ).. t 
~ 

Visualization 
Logical Functional Hardware 

Specification Specification Specification 

~ 

I 
Communication 

Interaction I 

I Hyperdocument Database 

Figure 4 The MuSE architecture 

*MuSE is the acronym of the german project title Multimediaie System Entwickiung (Multimedia-based 
Systems Engineering). The project is sponsored by the "Deutsche Forschungsgemeinschaft" (German re
search foundation) under grant number He 1170/5-2 

r-
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• The entry point to the MuSE system for both test engineers and developers is a hyper 

network, based on the hypermedia database front-end SEPIA (detailed description can 

be found in (Streitz et a!., 1992) ). Different types of users are offered different 

electronic spaces where they have certain rights to access data, execute simulations, etc. 

The documents and the specifications of the different modules of the system are stored 

as nodes in the hyper network. Running a simulation, creating annotations or creating 

variants of the system are operations on hyper nodes. The MuSE environment stores all 

information which results from the design process in the underlying database. 

• MuSE supports the system engineer with tools for specifying the system's behavior. 

Typically, a technical system consists of various parts or modules. To allow rapid 

prototyping, each module may be specified in an incomplete state. MuSE uses high level 

specification languages for the description of the physical properties of the system. The 

description of the system is divided into three levels for which we use different 

languages with different properties. The reference specification is written in State Event 

Logic (see (GroBe, 1994)). It is used for off-line simulation (for example to ask 

questions about ways which may lead to erroneous system states) and offers a user 

interface for that task (see (GroBe, 1993)). The reference specification in MuSE is 

implemented in Prolog. As the reference specification is not suitable for real-time 

simulation, the second level of the specification is implemented in a functional 
language. The executable functional language SAMPJ..E (pronounced "sample", with a 

detailed description found in (Jager et a!., 1988)) is used to specify the simulation 

functions. The structure of the system is mapped onto a process net, with several 

processes running in parallel. To be able to do this, SAMPf..E was extended by a concept 

of concurrent processes similar to CSPs (see (Hoare, 1985)). Electronic system 

components can be modelled in a third level using the VHDL language, which allows 
the description of parallelism even inside single circuits (details in (Deegener and Huss, 

1993)). Both SAMPJ..E and VHDL can be used at the same time to describe and 

co-simulate the system. 
• The system's behavior is examined by simulating it. There are two types of simulations. 

One is called an on-line simulation, the other an off-line simulation. In an on-line 

simulation the user controls the system directly for example via our virtual environment 
interface. The user's actions may be recorded in a database in this mode. With an 

off-line simulation, the user's actions are taken from the database and fed into the 

simulation component of MuSE. 

4 IMPLEMENTATION 

At the moment, a prototype of the software environment has been realized. For the realization 

of the VR front-end the user interface toolkit GIVEN (Sokolewicz et al., 1993) was used. 
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GIVEN already provides the following features: Input device independence, individual object 

behavior, gesture dialog including advanced gesture recognition, and interaction modelling 

including collision checking. Thus, for the realization of the VR interface we were able to 

concentrate on describing the object specific behavior of the visible objects. An example of this 

object specific behavior is the reaction of the steering wheel when the users grabs and tries to 

tum it. The combination of GIVEN and MuSE is illustrated in figure 5. 

Hypermedia Database 

GIVE Application Process 

GIVEN Interface Library 

Figure 5 Combination of the MuSE Kernel and GIVEN. 

An important issue is the realization of the virtual input devices. Their description as well as 

the runtime control is not part of the simulation module but an integrated user interface 
component. This means, we do not send all input events coming from the devices to the 
simulation tool, instead we only send the states of the virtual input devices to the simulator. For 

example, the control of a button press (shown in figure 3) requires real-time collision detection 

between the cursor (virtual hand) and the button object as well as the dialog control. Both 

necessary features are supported by the underlying toolkit GIVEN. 

4.1 Hardware, software and peripherals 

The system is running on a Silicon Graphics VGX 320 Workstation. We are using the 

CyberGlove from Virtual Technologies which is equipped with a Polhemus FASTRACK sensor 

as well as the VPL Research DataGlove™ Model2 system. At the moment, the simulated gas 

and brake pedals are controlled by MIDI pedals which are connected to the workstation via 

serial interface. The system is programmed in C and c++ under UNIX. For the rendering of the 

scene we are using Silicon Graphics GL. The output device is a standard monitor. 
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Our test scene contains 5268 polygons. With Gouraud-shaded rendering and on-line collision 

detection and gesture recognition, we have a frame rate of 6 frames per second. 

5 EXPERIENCE MADE WITH THE FIRST IMPLEMENTATION 

The quality of the user interface is the deciding factor as to whether the system is acceptable or 

not. Therefore, this section gives an evaluation of the first virtual environment implementation 

for the system validation. It is a summary of our personal experience during developing, testing 

and demonstrating the system. In addition we received a great amount of valuable remarks from 

several leading researchers after demonstrating the system to them. 

5.1 Environment 

As an example of a realistic system serves the rear wheel steering system of a small all-purpose 

truck. 
For the VR user interface, we modelled the interior of the driver's cabin as well as the chassis 

of the small all-purpose truck. The test engineer is offered a view like they would be sitting in 

the driver's cabin, looking forward· (see figure 6). Situated on the dashboard are a steering 

wheel, several buttons and different status lamps. The control devices are realized with the 

concept of virtual input devices (see chapter 2.2). 

In the so called driving mode, the user is able to control the car by pressing the buttons and by 

grabbing and turning the steering wheel. The user is able to perform actions using the input 

devices dataglove or spaceball. At the moment, the gas and brake pedals are controlled with two 

MIDI pedals. In the navigation mode, the user is able to move around in the scene in order to 

have a look at different parts of the truck. 

5.2 Results 

The users as well as the observers understand quite well the paradigm of how to interact with the 

system. The visualized information (e.g. the steering wheel) is self-explaining concerning the 

required user action. The user grabs and turns the steering wheel and pushes the buttons. This 

showed us that the concepts were well developed and the implementation, at least for users 

accustomed to automobiles, was realistic. However, during the use of the system we were able 

to identify a number of places where the system needs to be improved. The following points 

need to be addressed in order to make the handling easier for the users and even more intuitive: 

• Depth perception: Since we are using a standard monitor for the visual output the 

3D-feeling for the interaction is not sufficient. Problems occur especially when the user 

wants to press a button. Stereoscopic output with head mounted displays (HMD), BooM 

or shutter glasses give a better depth perception. For standard monitors, special 

interaction techniques, e.g. 3D-snap, can help to overcome this problem. 
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Figure 6 MuSE cab interior: grabbing the steering wheel. 

• Perspective: Another problem which occurs here because of the use of standard 

monitors is the relatively unrealistic perspective (see figure 6). Sitting in a car the user 

expects to see the front and parts of the side-windows. But a flat screen can not represent 

the normal view angle of humans. Therefore we changed the perspective in order to 

receive this impression. The disadvantage is the unnatural presentation of the object in 

the scene. Furthermore, a viewpoint change based on head movements of the user would 

be very intuitive, especially in our kind of application- sitting in a car- which is very 

common to almost all adults. 

• Frame rate: Being connected on-line to the simulation module our system generates 

currently only a few frames per second, which is not sufficient for a satisfying work. We 

can identify several bottlenecks which need to be improved: 

1. Rendering polygonal description of the scenes. 

2. Simulations including the communication between VR-System and simulator. 

3. Collision checking for interaction between objects. 

• Simultaneous Input: Testing and validating a car requires simultaneous input such as 

steering and changing gears. A hardware gas-pedal has been constructed as an addition 

to the system, since accelerating and steering have to be done simultaneously. This is 

actually a contradiction to the concept of virtual input devices. Solutions to the 

simultaneous-input problem, such as using a dataglove on each hand, need to be 
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explored. An additional input channel - speech - is currently integrated in the system. 
Although it is not common to talk to a car interior, together with the right metaphors it 
could simplify the interaction. 

• Functionality: The first implementation of the virtual environment and the simulation 

do not cover all required functionalities such as changing gears. The next version of the 

system has to support more functionality. 

• Gesture-based input: Using the dataglove as the input device offers the potential of 
gesture-based interactions. We are using gestures for: 

• Grabbing and releasing the steering wheel, a grab gesture simplifies the 
grab-procedure. 

• Navigating (walking) around the truck for detailed examination. 
Gesture input does not represent the real world interaction, however interaction tasks 
like navigation can hardly be controlled in a really realistic way (walking). We think 
that a subset of less than 5-6 gestures will easily be understood by the user and 
simplifies the interaction. 

• Force Feedback: The interaction with the virtual objects would be much simpler with 
force feedback, but we do not see the availability of general purpose input devices with 

force feedback in the next future. Therefore we focus on visual and audio feedback for 
the interactions. 

Figure 7 2D-MuSE User Interface 
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5.3 Conclusion 

Although we have identified a lot of points which need to be tackled in order to make our virtual 

environment really applicable for the validation process, we believe that this is the right way 

towards the vision described in chapter 2. Alternative user interfaces (see figure 7) to the 

simulations module have also been developed in this context. This interface is essential for the 

MuSE software developer in order to perform immediate testing of the system part they are 

working on. The capabilities of the whole MuSE environment are available to them e.g. on-line 

simulation, database access. However, a realistic environment for a test engineer can not be 

achieved based on this user interface. 
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