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Abstract

The paper presents a formal approach to prototyping of products
in virtual reality environments. Virtual prototyping of products
is considered as a consistent simulation and visualization
process mapping the source product model into its target visual
representations. The approach enables to interrelate formally the
product and visual information models with each other by
defining mapping rules, to specify a prototyping scenario as a
composition of map instances, and then to explore particular
product models in virtual reality environments by interpreting
the composed scenario. Having been realized, the proposed
approach provides for the strongly formalized method and the
common software framework to build virtual prototyping
applications. As a result, the applications gain in expressiveness,
reusability and reliability, as well as take on additional runtime
flexibility.

Being oriented on STEP family standards for the computer-
interpretable representation and exchange of product data
throughout the whole life cycle, both the presented general
approach and the developed software framework allow a lot of
potential applications for different industry branches. These
domain-unified solutions are illustrated by the applications
developed for virtual construction and geophysical exploration
purposes. The applications enable users to analyze complex
multi-disciplinary information in virtual reality environments.
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1. INTRODUCTION

What is virtual prototyping? The answer to this question is
rather not trivial. There are a lot of particular examples of
“right” applications like virtual mannequins in textile industry,
virtual wind tunnels in airbus industry, virtual buildings in
architecture, engineering and construction. But there is no yet
systematic understanding of what constitutes virtual prototyping
would be meaningful for the product life cycle, sound for its
matter and features, and attractive to natural models, human
perception and mental vision. Nevertheless, transforming or
mapping product data into some perceptual representations
allowing clear visual interpretation can be considered as the
underlying principle for virtual prototyping.

Indeed, the traditional conveyor (see the figure 1) can be
employed to represent typical virtual prototyping phases such as
requirement analysis and statement of the problems to be
studied, simulation of product features, visualization of results,
modeling of visual scenes and their rendering [1]. At the first

phase the source product data and technical requirements are
preprocessed to form a computational model for the investigated
problems. Then the mathematically stated problems have to be
solved to simulate the product phenomena. At the
postprocessing phase the simulation results are improved to
exclude redundancy and to enhance their content. The
visualization phase maps the derived results from one symbolic
representation to another having explicit visual meaning. At the
next phase the obtained visual representation may be converted
to virtual reality modeling scenes supported by popular Internet
browsers and graphic software systems. At the final phase the
modeled scenes are rendered and displayed as digital images
that are targets of the whole conveyor. The generated images
can be immediately observed and analyzed to change the
conditions upon which virtual prototyping is accomplished or
modify the source product data not satisfying the imposed
technical requirements.
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Figure 1: Map-based representation of the virtual prototyping
conveyor.

It is essential that the whole conveyor and all of its phases can
be represented as compositions of maps performing partial
transformations of classified data each into other. Each map
realizes a basic transform rule according to that the classified
data units driven by one information model have to be mapped
into the corresponding units belonging to the same or another
model. In the considered context maps realize simulation and
visualization transforms constituting the whole virtual
prototyping conveyor. The circumstances above force to look at
virtual prototyping through the map-based paradigm.
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Because of high scales and complexity of the recent product
information models like those defined within STEP application
preteeels—[2], an implementation of virtual prototyping
applications may be a difficult task as the significant part of the
comprehensive multi-disciplinary information has to be
processed and interactively managed.

Often several alternative methods and scenarios have to be
applied to visually represent the product information in ways
adequate to the studied phenomena by reproducing some visual
metaphor. Therefore, such applications may be sophisticated
and need to be developed and evolved using some formal
approach and common software framework.

The need to create the software framework is also motivated by
numerous efforts aimed at virtual technologies and facilities for
prototyping of particular products. Covering such industry
branches as draughting, mechanical, electronic and
electrotechnical design, sheet—metal-die;—structural analysis of
materials, plant configuration, shipbuilding, computational fluid
dynamics, computer numerical controllers, process plants, the
STEP provides a powerful information resource for such

purposes.
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to-reveal-the potential-cases-when forward-and backward Let us consider the underlying principles and mechanisms
maps-should be-actually executed. They can-also be-applied essential for the introduced concept of map. These are of
to-controlcorrectness and-consistency ol the results: significant value for building a wide range of applications using

the proposed approach that leverages both object-oriented and
data flow programming paradigms [34].
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Principle A. Map inheritance. Allowing a classification, maps
can be represented by object types within the the-object-oriented
meta-model defined byéiseussed-abeve EXPRESS language [2].
of —map—elassifiers—and—map—subtyping—We define the map
inheritance as a mechanism regulating succession rules for
attributes, links, map execution operation, pre-, post-conditions,
and quality estimates in super- and sub-maps absolutely similar
to inheritance routine commonly applied within object-oriented
approach. Attributes and links are interpreted as data
encapsulated by the maps, whereas evaluation operation,
conditions and eguality—estimates are considered as their
methods.

Principle B. Structural specialization and behavioral
polymorphism. The principle assumes that the structural
properties of maps like attributes and links can be defined as
optional ones, in that way admitting their values may be missing
without any losses for consistency and transformation semantics
of the maps. These properties can be also redefined in the
inherited maps by specialization of their types. Behavioral
properties like map execution operation, pre-, post-conditions,
and quality estimates can be polymorphicly redefined, thereby
allowing more meaningful and efficient implementations at the
level of more specialized inherited submaps.

Principle C. Map aggregation. Sometimes in—applications
there is a need to simultancously apply transformations

coincident or very close by function signatures and to union the
final results in correspondence with some routine. For that, the
allied maps can be grouped using so-called aggregative maps.
Each aggregative map instance represents a container of nested
base map instances that share common links. Execution of the
aggregative map consists in subsequent execution of the
aggregated base map-_instances in the order predetermined by
the specified aggregate sort and its admissible dimension range.
properties of the separate aggregated maps.

Principle D. Map selection. Selective map is a construction
similar to map aggregates except for only one base map instance
has to be applied to generate output results. The selection
criteria may differ depending on the application purposes. They
can be based on random choice, prior and posterior estimates to
select the best result among the delivered ones. Typical
implementations are provided for these criteria, if only another
implementation has not been provided specially.

Principle E. Dependent maps. Dependent map is a sort of
usual maps some links of which have map types. Dependent

maps can be interrelated with structural and behavioral
properties of the linked base maps. The reason to support such
constructs is a need to parameterize derived map realizations by
the other maps. Essentially that various implementations of the
dependent map can be derived as a result of assigning different
base map instances. It can be easily done without any changes in
the specifications and implementations for these maps.

Principle F. Composed maps. Structural composition of more
complicated maps from already defined ones is one of the
underlying principles of the approach presented. Composed
maps are represented as ordered sets of map instances
interconnected with each other via links. The maps are
interconnected to transmitby-assigning the output results ef-one
map-to inputs of another maps. Composed maps are evaluated
by sequential invocating the mapping functions of separate maps
in the order they have been enumerated. Unlike usual maps,
there is no need to supply map execution, condition, estimate
functions for the composed maps since the comprehensive
structural representation is available for their evaluation.
Moreover, being structured, composed maps can be applied for
both forward and backward data-mappings.

Principle G. Map-based scenario. Finally, we introduce
scenario as a concept very similar to the composed maps. But
we assume that a mapping schema can contain only one scenario
corresponding to the main map from which evaluation of the
whole mapping schema has to be started. The scenario includes
built-in input and output links of the predefined generic type via
which data are imported and exported in some meta-formats.
More details can be referred to implementation issues, discussed
in the next section.

3. APPLICATION FRAMEWORK

The map-based approach allows both declarative and imperative
imperative capabilities for the realization. Here we very shortly
present a general-purpose framework intended to build virtual
prototyping applications employing imperative this-approach.

_The discussed framework is a consistent system of C++ classes
to represent arbitrary model-driven data and maps of the
introduced above categories, to introspect both data and map
instances using metadata dictionaries, to check their
consistency, as well as to evaluate the specified maps and the
composed scenarios. Essentially that all of these actions on data
and map management are accomplished by the framework at
runtime, so there are provided capabilities to define new virtual
prototyping scenarios, to change and to execute them as the
application session is running.

A hierarchy of the map types supported by the framework is
presented at the figure 3. To significant degree the map
hierarchy reflects the principles suggested by the map-based
approach.

The framework is compliant with STEP SDAI and provides for
all the STEP declared capabilities to export/import product data
and to access them via software interfaces. Due to compliance
with the STEP family standards and the EXPRESS data
modeling language, uniform and harmonic manipulations with
both product data and map-based transforms are becoming

possible and making development of sophisticated software
applications more transparent and easy. In that sense, the

framework design can be considered as an evolution of STEP
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SDAI interfaces to manage both product data and computations
defined over them.
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Figure 3: A hierarchy of map classes of the general-purpose
framework.

To simplify development of the software components typical for
product visualization applications, the framework provides also
map libraries for constructive solid geometry modeling

4. VIRTUAL PROTOTYPING APPLICATIONS

4.1 Virtual construction

The approach and the framework developed have been used to
build a software application intended for virtual construction.
The application is oriented on the recent needs of architecture,
engineering, construction, and facility management (AEC/FM)
industry to be possessed of effective tools for mocking-up
building projects_and; modeling and—eentrelling—construction
processes—in—virtual-reality —environments.
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Modeling Language (VRML/X3D) designed and implemented
by the Web3D consortium [5] as a target model.

Obviously that visualization of such complex information as
IFC-driven product data encompassing a lot of disciplines like
architecture, electrical appliance, heating, ventilation and air

conditioning, construction management, facility management,
cost _estimation, in VRML-accompanied virtual reality

environments is a non-trivial task. Let us consider a typical
working scenario (see the figure 4) illustrating the underlying
map-based approach and advantages of the application.

To realistically visualize building—preduet—data; product data,
materials-ofappropriate visual materialsproperties haveean to be
assigned to correspondent buildin,; furnishin

electrical, transport, equipment, flow distribution elements
assumed—by—the HFC information—medel. Certainly, as the
collection of elements may count hundreds of types. users are
becoming not able to identify the elements adequately. Selective
maps are constructions that enable to assign visual materials to
wider categories of elements in accordance with user
preferences and then to select the concrete material among the
already assigned ones to suit better for each particular element
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Figure 4: A virtual construction scenario for [FC-drivenproduet
data.

Using the approach, we need define source and target models
roperly describing product and visual domains. Certainl
adapting some available standards already recognized by wide
industry communities, the application would gain in
interoperability and practical value. Therefore, the application
built employs the international information standard Industry
Foundation Classes (IFC) by the International Alliance for
Interoperability (IAI) [4] as a source model and Virtual Reality
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Figure 65: An example of movie frame series demonstrating
virtual construction process.

Another problem is connected with the alternative geometry
models to represent the product elements. Sometimes, geometry
of the elements can be delivered as recursively defined 3D
geometry transforms over constructive solids and boundary
representations. It means that some strategy in transforming the
geometry models should be applied. Selective dependent maps
can be effectively used to define such strategy and, if necessary,
to change it at runtime. In the presented scenario clipping planes
and half-spaces can be also defined by the user. The scenario is
capable to animate the virtual construction process by using
proper IFC project data. The resulting map assembles geometry
forms, materials, and time intervals delivered by the scenario
maps and generates output results in the representation of static
or dynamic VRML scenes. The figure 5 shows movie frame
series demonstrating a construction process at the building site.
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The application enables users to increase effectiveness of
construction management and to improve quality of performed
construction works. The capability to output the building site
scenes in VRML97 representation allows modeling construction
processes and their analyzing in virtual reality environments,
probably, from remote places. In this case the building project
stakeholders can effectively collaborate, studying the detected
drawbacks and obstacles occurred during realization of the
construction project.

4.2 Geophysical exploration

The approach and the framework have been used to build
another software application intended for geophysical
exploration. The application is oriented on the needs of
Exploration & Production (E&P) industry to analyze geological
features and to predict the fields by more exact and reliable way.

The Epicentre data model by non-commercial Petrotechnical
Open Software Corporation (POSC) [67] is well suited for such
purposcs. POSC—is—an—internationalnot-tor-profit-membership

Using the general STEP infrastructure, the POSC develops and
provides open specifications of the Epicentre model for

: geology, geophysics,
reservoir analysis, drilling, well log analysis, and many other
E&P related disciplines.—Currently;—the—Epicentre—medel-are
bei ‘el L ol ets.ind |

The application developed allows its users to analyze complex
multi-disciplinary data defined by the Epicentre information
model. Here we present a fragment of the built-in scenario. The
scenario is intended to process and to visually analyze seismic
profile data within the application framework. The scenario
presented at the figure 67 is aaggregative —eenveyor—of
transtorminemap s—5 I seringManBoconvor el omMsn:
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applied to filter the profile data, to exclude redundancy and to
enrich their content by computing new profile components. The

10 is—VistalizationMap—that
final map of the scenario } 7 £ Map—that

generates target images like seismic profiles-shewn-in-the-figure
8.
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Figure 76: A fragment of the scenario for processing and
visualizing seismic profile data and the series-efresulting

1mages.-

Essentially that the collection of applied transforms and the
order of their execution within the aggregative map may
influence on final results significantly and have to be chosen by
the user. As these capabilities are directly supported by the
framework the application takes on additional runtime flexibility

allowing the user to adjust the working scenario and adapt it to
particular features of the interpreted geophysical data.
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programmers can concentrate on particular domain-meaningful
issues of data processing rather than the application architecture
and logics. As the framework applieation—supports the
comprehensive information model, more sophisticated scenarios
can be composed from separate processing modules and can be
applied to process multifarious geophysical data by interand-te

multi-disciplinary geephysieal-methods.

5. CONCLUSION

The research conducted has shown that the map-based approach
can be successfully used to build virtual prototyping
applications upon which strong requirements on flexibility,
reliability and reusability are imposed. In particular, its usage
can be fruitful in conformity to applications proceeding with
complex multi-disciplinary information and employing
sophisticated user-defined-working scenarios to be adapted at
runtime.

The approach allows effective realization using the developed
general-purpose framework. Support for the emerging STEP and
VRML/X3D standards makes this solution a natural choice for
the software applications targeted on prototyping of industrial
products in virtual reality modeling environments and at the
Web.

The presented virtual construction and geophysical exploration
applications proof the approach consistency and feasibility as
well as make for promoting the developed solutions into
industry practice. The applications have prototype system status
and their demo versions can be downloaded by request from the
web site http://www.ispras.ru/~step.
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