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Abstract: For many years computer-based concurrent engineering of
products, denoted as Virtual Engineering (VE), has been developed to
meet requirements in product development. Current research in con-
current engineering deals with the integration and synchronization of
domain-specific (CAD design, simulation analysis) data and tools. This
paper focuses on a flexible, multidimensional data model that integrates
information and models from different engineering domains. The data
model describes all information about a Virtual Product (VP) as Vir-
tual Prototype Family. Operations for VP-family creation, management,
and extension are defined. The proposed data model and manipulation
operations allow a flexible connection and synchronization of domain
specific tools within the design process as well as consistency control
during the complete VE process. The data model is planned to be used
in a VE system as the foundation of a metadata repository storing model
information during the engineering process.
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1 Introduction

Product development requires the collaboration of several expert groups. Every
group has its own point of view to the development process as well as to the product
data, but all groups also share knowledge, information, and even active analysis
models. Therefore, data integration and synchronization solutions are necessary to
overcome the heterogeneity and to allow concurrent work between different groups.
In this work we consider the process of Virtual Engineering (VE) which is defined
in the phases design and analysis/simulation of the product lifecycle process. The
following three engineering scenarios are considered:

1. An intermediate CAD model is constructed at first and corresponding simu-
lation models (e.g., multi-body system (MBS), finite element (FE) model) are
derived from the CAD model. Following, every domain model evolves inde-
pendently. Dependencies to the original model as well as between simulation
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models have to be managed to allow feedback between design and analysis
models.

2. Given any conceptual model (formal or informal), all domain models are
developed independently. At some point of the process the results have to be
combined to evaluate the development success, e.g., tests of stress at different
parts. Hence, a support for combining models is necessary.

3. As product development relies heavily on previous results that are modified
or reused, design libraries or repositories are extremely important [16]. Nowa-
days, the libraries for each domain are mostly independent and connections
between different domains have to be recreated in every development process.
A combined management of design libraries is necessary to reuse defined con-
nections.

The management of different models and especially their dependencies is required
to support the previous scenarios. A data model allowing the description of these
objects is the foundation of such a management. Although many approaches in
the literature were proposed (see Section 2), we introduce a flexible model that
describes the complete data of a Virtual Prototype (VP) in this work. It is based
on following principles. The development of domain models according to a product
describes a Virtual Prototype Family. A family contains variants and versions of
the VP in three dimensions: components, domain models, and instances. Com-
ponents are conceptual entities which describe a prototype. They can be hierar-
chically combined and communicate via interfaces. One component encapsulates
all information to one entity. Domain models describe form, function, or behavior
of the entity while an instance is a parametrized domain model, and is described
by parameter value lists. Parameter value dependencies between instances can be
resolved using domain models and component relationship descriptions.

Figure 1 outlines the proposed architecture and illustrates the context of this
work in a product design management system. The metadata repository stores the
conceptually structure of the VP. Every component, denoted as C, contains model
descriptions (M) of different domains and the dependencies between them. The
actual models are stored in domain specific databases which are organized by a
PDM system. Changes of the domain models are sent to the metadata repository.
Domain specific tools work on their own data but use additional metadata from the
repository. This information is obtained via tool plug-ins or a management console.
All metadata related data flows are implemented using Web services for taking into
account system extensibility.

In the remaining paper we address the following problems: (i) the definition
of a multidimensional data model for describing a VP-family. (ii) definition of
explicit dependencies between domains and within domains. (iii) specification of
operations to define, extend, and change families in a flexible way and to create
views for each point of interest. In Section 2 related work is discussed. Section 3
defines the proposed multidimensional data model. Subsequently, operations on
the model are discussed in Section 4. The paper concludes with a summary of the
results and a discussion of further development steps in Section 5.
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Figure 1 System Architecture

2 Related Work

Data integration solutions for product development processes are surveyed for
instance in [7, 12, 15, 19]. Related approaches can be classified into:
Integration using product models: Product models have been created to express
the specification of products in all facets. Examples are the Core Product Model
(CPM) [4], the standard STEP [9], or the property-driven product model [18]. With
extensions of these models (e.g., MECHASTEP) it is possible to integrate behav-
ior, form, and function models from different domains into a Virtual Prototype.
However, complex, universal product models are hard to implement and limit the
local view of domain experts.
Automatic model transformation: Prototypes are created and parametrized prefer-
ably in one system, e.g., a CAD system. Subsequently, different simulation models
(and instances) are derived for analysis, e.g., FE models [1]. Advantages are the
tight integration of design and analysis as well as a single point of manipulation.
The disadvantage is the missing flexibility caused by dependency from one product,
and therefore the existence of unfamiliar tools for some expert groups.
Model-driven architecture: The Model-Driven Architecture (MDA) is a (software)
engineering approach using models as well as corresponding data model transforma-
tion during product development. Extensions to UML [3, 5, 13] have been proposed
supporting different kinds of models in mechatronic design processes. SysML [13]
acts as an OMG standard. A comprehensive survey of visual model languages is
given in [6]. MDA allows the definition of reusable software components in prod-
uct design and can partly support VE. But there is still the open question of the
integration of PDM, CAD on the one hand and CAE on the other hand.
Object-oriented modeling: Another closely related approach is object-oriented mod-
eling of VP fragments. Fragments are hierarchically organized in components and
can be reused as software components [10, 11, 14, 17]. Interfaces, composed by
ports, hide implementation details. Furthermore, integration data models allow
the specification of alternative models for one artifact, e.g., components. However,



4 Stephan Vornholt and Ingolf Geist

the approaches lack of a formal way of combination of models within components.
Additionally, instances and models are not separated.
Multi-aspect models: In multi-aspect models, all domain-specific information is
stored using the domain data model, if possible a domain-specific standard model.
The models are linked by a product master model [8] or a lightweight link model
based on a metadata model [2] with the goal of update synchronizations, but com-
bined libraries or coupling of combined components are not considered.

3 Model

3.1 Fundamental terms

A Domain is a self-contained part of an abstract or physical space where a
Virtual Prototype can be viewed, modeled, and validated. A Domain Model
(DM) describes the behavior, form, or function of a Virtual Prototype in one
engineering domain. A domain model may be composed by sub-models. The basic
building blocks of domain models are denoted as Basic Model (BM), and is
not decomposable in the given context. Both kinds of models –domain and basic
model– feature parameters for customization and ports as communication to other
models of the same domain. Generally, we will speak of Model (M) when we
mean a domain-specific VP description. For instance, a body model is a basic
model in multi-body simulation (MBS), and the complete MBS system represents
one domain model of a Virtual Prototype. An Instance is a fully parametrized
object of type of a model, e.g., an actual body in a MBS system is parametrized
with its mass and inertias. Parameters of a model are quantities that describe
the characteristics of the model, and analogously, the characteristics of a VP in a
certain domain. They are defined by a pair consisting of a name and a data type.
A Port is a connection point where models can be combined. Through connected
ports signals, material, and forces are transfered. For example, ports in a MBS
system are points where forces are exchanged.

(a) VP (b) Independent (c) Connect (d) Components

Figure 2 Domain interconnection

Figures 2(a-c) describe the connection between different domain models in an
overview. Assuming a Virtual Prototype is conceptually structured into two sub-
parts(Fig. 2(a)). Commonly, the VP is modeled and tested independently in dif-
ferent domains using domain-specific models and instances (Fig. 2(b)). In order
to exchange parameter values or to synchronize results, the domain models have to
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be connected (Fig. 2(c)). However, the original conceptual structure of the VP is
lost, the different parts of the VP have to be tested in both domains together.

Therefore, the construct Component is introduced. A component represents a
conceptual part of a Virtual Prototype and encapsulates all domain models as well
as their dependencies for this part. A component ensures the dependencies between
different domains, while domain models combine sub-models within one domain.
A component comprises an interface which allows the parametrization of internal
domain models and the combination of components to complex components. The
result is a hierarchical model of the VP where inter-domain dependencies are also
managed in building blocks. Fig.2(d) illustrates the example using components.
The informal description of the parts of the integration model as an UML schema
is given in Fig. 3.

Figure 3 UML-Term-Schema

3.2 Formal definitions

Domain Model: A domain model is composed of models and their connections.
A basic model is defined as a 3-tuple BM = (id,P,PM) with id as an identifier
within a domain model, P a set of ports, and PM a set of parameters. Ports
and parameters are defined as pairs (id,D) with D as the data type. The set
BM(D) comprises then all basic models of a domain D. A domain model is a
tuple DM = (id,P,PM,M,CN) with id as identifier, M the set of contained
models, and CN as set of connections. DM(D) is the set of all domain models
in D. The model set M is a subset of BM(D) ∪ DM(D). The connection set
CN ⊂ M.P×M.P×CS describes the port connection between connected models,
that are refined using a constraint cs ∈ CS. The set M.P describes all pairs of
models and contained ports, i.e., M.P =

⋃
m∈M,p∈m.P (m, p).

Component: A component is a conceptual part of a Virtual Prototype. For-
mally, a component is a tuple

C = (id,M,C,PDEP,PMDEP, I)

with id an identifier, set M is a set of models, where each model is from a different
domain. The set C describes contained components. Furthermore, it contains
PDEP representing possible port mappings between different domains and PMDEP

as a set of parameter dependencies. The dependencies are triples (P′
1,P′

2, cs) with
P′

i, i = 1, 2 are subsets of ports or parameters of one particular domain model and
cs a constraint formula that describes the dependency of the ports or parameters,
respectively. The interface I = (P,PM,MP) to a component, includes all external
parameters and ports as well as a set of mappings MP = (I.P× (M.P∪C.I.P))∪
(I.PM × (M.PM ∪ C.I.P)) which maps the interface to the internal ports and
parameters of the domain models or sub-component interfaces, respectively.
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Instances: Instances are (partially) parametrized objects of models and con-
cepts. A concept instance can be described by a tuple CI = (id, C,PV) with id an
identifier, C the corresponding component, and PV a set of parameter values, i.e.,
pairs of the form (pm, v), pm ∈ C.I and v ∈ pm.D. A component is also related to
a set of domain model instances: DI = (id,DM,PV).

Virtual Prototype Family: A Virtual Prototype family is the combination
of all components, domain models, and instances. Hence, the family is defined as
F = (C,CI) with C a set of connected components with corresponding models and
CI a set of connected instances with corresponding model instances.

3.3 Case study

A simple example of an industrial robot, denoted as RobotArm, illustrates the
formal definition of Virtual Prototype families. Figure 4 illustrates two domain
specific representations of a Virtual Prototype: a CAD model and a MBS model.
Conceptually, the system consists of a base and two connected movable arms.

Figure 4 Two domain models of the case study

The corresponding VP family contains a set of components that represent either
a rigid body or a connection between them in both models. Following this idea, a
set of rigidly connected parts (CAD) and body models (MBS) are placed in particu-
lar components, and connection constraints in CAD and joints in MBS are put into
separate components. In every component, the dependencies are locally defined
and subsequently, only components have to be combined. Fig. 3.3 illustrates the
decomposed structure according our model.

Figure 5 Component Structure of Robot Arm
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Figure 6 Manipulation Operations

Considering component forearm (Fig. 3.3) that includes one ”part” model of
the CAD domain. The part model is represented by a basic model

part = (part, {(surface, IGES)}, {(dens, float), (vol, f loat)}).

The model has one port described by the surface. Furthermore, two parameter
exist: the density(dens) of the material as well as the volume (vol) of the part. An
enclosing component is described as follows:

C =(forearm, {part}, {}, {}, I)
I =({(surface, IGES)}, {density, vol},MP )

MP ={(I.surface, part.surface, =), (I.dens, part.dens,=), (I.vol, part.vol, =)}

The example shows that ports and parameters are mapped to the component in-
terface and the values are not modified in that case. Dependency sets are empty,
because the component contains only one model.

Assuming now the integration of an MBS model in C, one dependency within
one component between CAD and MBS models is the following. The part model
offers the parameters volume (part.vol) and density (part.dens) and the MBS model
has a parameter body.mass , the dependency is

cs1 = ({part.vol, part.dens}, {body.mass},
part.vol ∗ part.dens

==→ body.mass). (1)

By using the metamodel components, once described dependencies can be reused
in other designs.

4 Manipulation Operations

To build variants of VP-families it is reasonable to support manipulations (ad-
dition, deletion, and updates) of components. The integrity of components and
their sub-components is a necessary precondition to enable recombination. Thus,
the VP-family operations have to ensure consistent port and parameter mappings
as well as interface mappings. Figure 6 shows the three dimensions of manipu-
lation: integration of domain models (Cint), addition of components (Cadd), and
instantiation of components and models (P − List).
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Domain operations: Addition of models, denoted as ⊗int, integrates a new
domain to a component. I.e., a new variant of the component is created. The inte-
gration operation is defined as 3-tuple ⊗int = (C,M,D) with model M , component
C and a set of dependencies D = {P⊗} ∪ {PM⊗}, where P⊗ ⊂ C.P ×M.P × CS,
with CS the set of constraints, describes the port matches and PM⊗ ⊂ C.PM ×
M.PM×CS the parameter matches between model and component. Cint keeps the
identifier id since the component is an extended version. While the new model M
is appended to the set of component models Mc, the dependency sets PMDEPc

and
ports PDEPc

depend on the ⊗int-operation where port and parameter dependencies
and their constraints cs are defined. The dependencies and mappings affect the in-
terface Iint because bound ports Pd⊗ ⊂ P⊗ and derived parameters PMd⊗ ⊂ PM⊗
can be ignored. The model is integrated independently from the domain mod-
els connection set CNm. Separating or deactivating a domain releases the bound
ports. The integration of model M = (idm, Pm, PMm,Mm, CNm) into the compo-
nent C = (idc,Mc, Pc, PMDEPc

, Ic) with the matching ports P⊗ and parameters
PM⊗ delivers the following component:

Cint = (idc,Mc ∪ {M}, PDEPc
∪ P⊗, PMDEPc

∪ PM⊗, Iint)
Iint = Ic ∪ Pm ∪ PMm\(Pd⊗ ∪ PMd⊗)

The modified component cannot be decomposed since the model was integrated
as a block. Considering the definition of models in Subsection 3.2 it is possible to de-
compose the DM and afterwards apply the operation ⊗int to the part-components.
Furthermore, a semi-automatic match-algorithm for ports and parameters using
the constraints of I.M and ⊗int may be applied.

The operation is illustrated by extending the component forearm (see Sec. 3.3)
by a body model of the MBS domain, i.e., the model body = (body, {}, {force},
{inertia, mass}). The operation is assumed as ⊗int = (forearm, body, {I.vol,
I.dens, M.mass, cs1}) with cs1 defined in Eq. (1). The result is the following
modified component:

C =(forearm, {part, body}, {}, {cs1}, I)
I =({surface, force}, {density, vol, inertia},MP )

MP ={(I.surf, part.surf, =), (I.force, body.force,=), (I.dens, part.dens,=),
(I.vol, part.vol, =), (I.inertia, body.inertia, =)}

Component operations: The combination of components creates a compo-
nent containing them and a set of port and parameter dependencies. New con-
nection information for ports P⊗ and parameters PM⊗ as well as a new inter-
face Iadd are created. The new interface ports and parameter depend on the
constraints cs. Bounded ports can be ignored. The following equation shows
the combination of two components of C1 = (id1,M1, PDEP1 , PMDEP1 , I1) and
C2 = (id2,M2, PDEP2 , PMDEP2 , I2).

⊗add (C1, C2, {P⊗} ∪ {PM⊗}) :
Cadd = (id, {}, {C1, C2}, P⊗, PM⊗, (I1 ∪ I2\(Pd⊗ ∪ PMd⊗)))

Now we are able to combine the components forearm and joint:f.u.with
their respective models to component Carm which contains a combined interface
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for both:

C =(joint:f.u., {connection}, {}, {}, ({frame(x), frame(y), force}, {},MP )}
⊗add =(forearm, joint:f.u., {(I.frame(x), I.surface), (I.force, I.force)})

Carm =(arm, {}, {forearm, joint:f.u.}, {cs1}, I)
I =({surface, force}, {density, vol, inertia},MP )

Updates: Updating an instance is done by adding a new parameter-value list
to the chosen component interface, which distributes them to sub-components and
models and creates instances. Substitutions or modifications of components or
models which are part of a complex component trigger the creation or deletion of
parameters, ports, and their corresponding mappings. While those operations can
be mapped on the component and domain operations, missing ports have to be
addressed. An update is well-formed, when it handles all previously bounded ports
and parameters.

Instance operations: Instances define values for interface parameters. When
all required parameters are initiated, each model of the component can create a valid
executable domain model. Dependent or invisible parameters are automatically
derived with help of a VP-family.

5 Conclusions

This paper presented a flexible, multidimensional integration model which stores
model information of different engineering domains as well as their dependencies
in enclosing components. The components describe the semantic structure of a
Virtual Prototype and allow the reusage of dependencies between domains. The
set of all variants and versions of components form a Virtual Prototype family. A
presentation of a simplified case study illustrates the usability of the integration
model. Furthermore, consistent manipulation operations as well as integration
operations for domain models were defined and used to illustrate the flexibility of
the model.

Previous considerations show that many possibilities have not been elaborated
and new approaches will be needed. The described VP-family model will be the
base of a more complex metadata repository, which is planned to monitor Virtual
Engineering processes on the one hand and to provide metadata information to all
process members and tools on the other hand.
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