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Abstract -- The idea of Virtual Prototyping is the use of
realistic digital product models for design and function-
ality analysis in early stages of the product development
cycle. The goal of our research is to make modeling of
virtual prototypes more intuitive and powerful by using
knowledge enhanced Virtual Reality techniques for in-
teractive construction of virtual prototypes from 3D-vi-
sualized, CAD-based parts. To this end, a knowledge-
based approach for real-time assembly simulation has
been developed that draws on dynamically updated rep-
resentations of part matings and assembly structure.
The approach has been implemented in an experimental
system, the CODY Virtual Constructor, that supports a
variety of interaction modalities, such as direct manipu-
lation, natural language, and gestures.

I. INTRODUCTION

Virtual Prototyping aims at the construction of realistic dig-
ital product models for design and functionality analysis in
early stages of the product development cycle. The main
goal of virtual prototyping is to reduce the number of phys-
ical prototypes fabricated in the product design process with
the benefit of shortened development cycles [1, 5].

Virtual Reality (VR) techniques have so far mostly been ap-
plied for visual evaluation of the virtual prototype. In con-
trast, the preceding modeling of the virtual prototype relies
on „open-loop“ interaction CAD-based methods: The de-
signer models the prototype within the CAD system and
only upon completion the geometry data is exported to a
separate VR system for inspection of the digital mock-up. If
a construction fault is discovered, the time-consuming de-
sign-and-inspection cycle is started over again. VR interfac-
es, on the other hand, offer a more intuitive, „closed-loop“
human-computer-interaction: The designer can manipulate
the scene objects directly in the virtual environment and re-
ceives immediate visual feedback about model changes.
However, closed-loop VR interaction cannot be readily ap-
plied to modeling of virtual prototypes. The main problem
is that VR representations of the virtual prototype are main-
ly geometric and, accordingly, system support for manipu-
lation of scene objects is uninformed of task-level
constraints. Thus, e.g. in mechanical engineering scenarios,
assembly constraints like part matings cannot be preserved.

In our approach to virtual prototype modeling, we aim at
combining closed-loop VR interaction techniques with ex-

pert system techniques to achieve an intelligent task-level
interface that relieves designers from the burdens of com-
plex command interfaces. To this end, a knowledge-based
approach for real-time assembly simulation of CAD-based
parts has been developed that draws on dynamically updat-
ed knowledge representations of part matings and assembly
structure. Key factors in this approach include:

• Task-level human-computer-interaction using direct
manipulation, natural language, and gestures that is
focused on communicating assembly operations rather
than low-level geometry scene changes.

• Knowledge-based, real-time assembly simulation:
Knowledge-based descriptions of the objects‘ mating
possibilities enable the simulation of part assembly
and disassembly as well as modification of aggregates.

• Dynamic scene conceptualization: The assembly state
is step-keepingly matched against a model knowledge
base of a target aggregate. Dynamic knowledge repre-
sentations are created when constructed aggregates are
recognized as assembly groups of the target aggregate.
Due to dynamic scene conceptualization, verbal
instructions can always refer to the current state of the
assembly and can make use of functional names and
properties.

Figure 1 shows a sample interaction with a desk-top version
of our demonstrator system, the CODY Virtual Constructor.
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Figure 1. Interactive assembly simulation with the CODY
Virtual Constructor.
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II. HUMAN COMPUTER INTERACTION

Interactivity is the most important asset to support closed-
loop virtual prototyping. The user should be able to get a
grasp on the model and change it as if it were real. A com-
fortable, task-level human-computer interface shall keep
the designer free from technical considerations such as
planning of geometric detail.

In the Virtual Constructor, we experiment with different
kinds of visual displays (desktop to large-screen projection)
and explore different interaction modalities, such as natural
language, gestures, and direct manipulation in order to cre-
ate easy-to-use interfaces for virtual prototype modeling.
Figure 2 shows a setting where speech and gestures are used
to assemble a virtual prototype of a „Citymobil“ vehicle
whose components are projected onto a wall-size display.

A. Natural Language Instructions
Interaction modalities in the design and exploration of 3D
computer graphics can be enhanced by „intelligent“ (sym-
bolic) communication. We argue that interaction modalities
should include language as means of communication. An
important issue is that the system has to know about the spa-
tial structure as it is perceived and experienced by the hu-
man user. When using verbal interaction, we need to be
aware of the fact that the way we refer to details in a scene
is „situated.“ For instance, it may depend on the objects
themselves where we would speak of „front“ and „back,“
e.g., an airplane or a mobile platform impose local reference
structures on space, and they may have intrinsic „front“
parts. We may use still different notions of „front“ and
„back“ - and also of „left“ and „right“ - when making refer-
ence to our current aspect of view. When a deictic reference
is involved („here“), the point of anchoring a reference
frame depends on the current position of the speaker which
could be identified with the camera position in a virtual en-
vironment. Knowledge of the current position of the observ-
er (camera) can help to resolve ambiguity in instructions.

B. Direct Manipulation
When the virtual assembly environment is visualized on a
desktop display, direct manipulation of scene objects using
the mouse or space-mouse is an effective interaction means
familiar to untrained users. We have developed special ob-
ject manipulators supporting assembly and disassembly of
the visualized scene objects using the mouse or other poin-
ting devices. With the assembly manipulator, for example,
the user move and rotate an object in all three dimensions;
when brought close enough to another object, a knowledge-
based „snapping“ process completes the assembly opera-
tion. Another set of manipulators enables the modification
of assemblages along translational and/or rotational degrees
of freedom for different types of object connections. For ex-
ample, Figure 3 shows an object manipulator for assembly
operations and Figure 4 an object manipulator used for
changing the relative orientation of two assembled parts.

C. Gestures
When the virtual scene is visualized on large screen dis-
plays, a direct manipulation of the virtual scene is no longer
appropriate. Mouse and keyboard obviously restrict the user
when standing upright in front of the working area. Here,
analyzing the user‘s gestural expression seems much more
convenient as an input method. In our virtual construction
application, electromagnetic trackers and data-gloves are
used for gesture recognition. Gesture-based interaction is
broken down in several tasks; more concretely, we have to:
• reference objects,
• reference locations, and
• detect desired manipulations
Objects and locations are referenced with simple pointing
gestures to the object‘s virtual representation or to the de-
sired point in space. After a selection is done, rotating and
translating the hand is interpreted as an analogical manipu-
lation of the pre-selected object, allowing the user to change
the objects‘ spatial position and orientation [11].

Figure 2: The virtual assembly environment can be projected onto a wall-size display. Speech and gestures are used to com-
municate scene changes.
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D. Speech and Gesture Integration
For humans, the combination of speech and gestures is a
very natural form of communication. Combination of
speech and gestures also has advantages over gesture input
alone in situations where (pointing) gestures are vague or
where similar objects are arranged spatially close together.
A coarse pointing gesture accompanied by a statement like
„...take that red wheel...“ in most situations provides enough
information to identify an unambiguous reference object. In
addition, there is a temporal relationship between semanti-
cally related parts in the gesture- as well as in the speech-
stream. In the above example, the climax of the pointing
gesture has most likely occurred shortly before or during the
time when the word „...that...“ was spoken. This informa-
tion is used to strengthen hypotheses about detected gestu-
res and identify a reference object.

E. Multi-Modal Presentation
Besides immediate visual feedback, we also found it useful
to provide the user with audio feedback about the actions
taken. Each action type is associated with a characteristic
sound generated upon the successful completion of the ac-
tion. For example, each assembly step is accompanied by a
„click“ sound. If a user instruction cannot be completed,
e.g. due to the user not anticipating an object collision re-
sulting from an assembly operation, a special „bong“ sound
is generated indicating failure. In this way, the user is al-
ways informed about the success or failure of intended as-
sembly steps.

Related Work: Special aspects of natural language process-
ing for instruction of virtual environments have been inves-
tigated in [2] and [4]. An overview of current research in
gesture-based interfaces can be found in [17]. The combina-
tion of pointing gestures and speech input was realized first
in the Put That There System [3]. In current work, we are ex-
tending combined speech/gesture input to include further
natural gestures besides pointing.

III. KNOWLEDGE-BASED ASSEMBLY SIMULATION

To enable an interactive assembly simulation in the virtual
environment, internal object models of assembly objects
must not restrict to data structures describing object geom-
etry, such as their shape and location, but should also in-
clude information about their functional properties and
about how they interact with other objects in the environ-
ment. Further, at least part of physics should be in effect, for
instance, it should not be possible for objects to pass
through one another, or, to move an object further than per-
mitted by a physical boundary.

Central to our approach to assembly simulation is the notion
of connection ports. A port represents a place within an ob-
ject, that allows the object to mate with other objects. Thus,
ports represent the primary object functionality in assem-
bly, namely the ability to be connected with other objects.
We have defined several kinds of ports that enable different
kinds of part matings inducing, among other characteristics,
different transformational degrees of freedom between the
connected parts. Port types are modeled in a knowledge

base [9], whose top-level port concepts are the following:

1. Extrusion Ports can be used to model peg-in-hole-like
insertions of objects. An extrusion is a three-dimen-
sional sweep geometry where a two-dimensional pro-
file is extruded along a spine normal to the profile.
Extrusion ports are further refined into female ports,
where the sweep describes a hole, and male ports,
where the sweep describes a solid (e.g. a shaft). A
more general port concept, sweep ports, is also avail-
able. Connections between Extrusion Ports allow for
one translational and one rotational degree of freedom.
Figure 3 shows an example.

2. Plane Ports are used to model two-dimensional, planar
connection areas. Connections between plane ports
allow for two translational and one rotational degree of
freedom. An example is shown in Figure 4.

3. Point Ports can model point-like object connections
that induce no translational and at most one rotational
degree of freedom when objects are connected. Point
Ports can be understood as borderline cases of both
extrusion and plane ports but introduce a separate con-
cept that has conceptual and computational advan-
tages. See Figure 5 for an example.

Besides the taxonomy of port concepts, the knowledge base
also contains different kinds of formal connection relations

Figure 3: Peg-in-hole-like connections can be modeled by
Extrusion Ports. The box indicates a manipulator used for
interactive insertion of the bolt using pointing devices such
as the mouse.or space-mouse.

Figure 4: Plane Ports model connections between co-pla-
nar object faces. The circle indicates a special manipulator
that can be used to reorient the parts along the rotational de-
gree of freedom of Plane Port connections.
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that define further constraints concerning the relative move-
ment of connected objects. E.g. screw-in-hole insertions can
be defined with either independent or dependent rotational
and translational degrees of freedom (in the latter case the
screw needs to be rotated in order to be inserted into the
hole). Or, a welding-type of connection can be defined as
one that allows no transformational degree of freedom at all.
These types of connection relations are formally modeled
by using an extension of Roth‘s Freiheitsmatrizen [14].

Finally, the part model knowledge base contains generic de-
scriptions of each kind of mechanical object considered in a
specific assembly task. For each mechanical object, its con-
nection ports, their locations within the object and their ad-
missible connection types are defined. Optionally, so-called
„hot-spots“ can be defined that describe preferred locations
for part matings within extended ports such as Extrusion
and Plane Ports.

During an assembly task in the virtual environment, each vi-
sualized mechanical object is represented by an instance of
a knowledge base concept. The now available object infor-
mation about their location, ports, and connectablities suf-
fices to simulate assembly and disassembly of parts and the
modification of connections along transformational degrees
of freedom. For example, simulation of assembly opera-
tions proceeds in the following four steps:

1. The objects to be mated including their connection
ports are selected. The ports must be compatible with
each other and provide enough capacity (unconsumed
by connections with other objects) to mate with each
other.

2. The parts are tentatively mated based on their port
descriptions. Since currently consumed port capacities
are taken into account, the result is a locally collision-
free mating of the two parts. However, if the two
objects are already part of larger aggregates, interpene-
trations of other parts might occur as side-effect.

3. If a collision has occurred in step 2., the part mating is
slightly changed along its induced transformational
degrees of freedom until a globally collision-free state
is reached.

4. The new assembly state is now visualized. The object
port representations are updated concerning their new
capacities and connection relations. Note that the
assembly of two aggregates may result in several part
matings which are all detected by the system.

Similarly, the simulation of other operations such as disas-
sembly and rotations is based on the combined evaluation of
knowledge-based port descriptions and collision avoidance
strategies, thus, guaranteeing globally collision-free assem-
bly states. Also, the simulation of assembly-related opera-
tions is computationally inexpensive and can be performed
in real-time.

Related Work: An overview of assembly mating conditions
in mechanical engineering including several modern CAD-
systems can be found in [6]. Our approach is, however,
more similar to the so-called (robot) assembly-languages,
e.g. RAPT [13], in that is based on conceptual representa-
tions („features“) rather than low-level topological entities
such as edges and faces. Our Port-taxonomy is inspired by
research in both mechanical engineering and computer
graphics and is a novel contribution.

IV. DYNAMIC CONCEPTUALIZATION
OF OBJECTS AND AGGREGATES

In the course of an on-going assembly task, aggregates are
constructed in the virtual environment which might form
meaningful subassemblies of a target aggregate. There are
(at least) two reasons, why an intelligent design support sys-
tem should maintain a dynamic internal model of the chang-
ing environment: First, the human user is likely to refer to
constructed assemblies in natural language instructions and,
thus, the system should have an understanding of what ob-
jects the user is referring to. And, second, the user will have
expectations about how the visualized objects and assembly
groups are typically combined in larger assemblies. For ex-
ample, in Figure 1, the user instructs the system „attach the
propeller to the airplane“ where both the propeller and the
airplane are complex aggregates. In order to process such an
instruction, the system must step-keepingly infer which
complex objects are a propeller or, respectively, an airplane.
Also, the user will expect that the propeller is attached to the
airplane in a particular fashion, namely facing front. Thus,
the system needs to have some prior model knowledge of
the target aggregate, and, must dynamically create, modify,
and delete its conceptual representations of the objects and
assemblies in the virtual environment. We call this dynamic
conceptualization [16].

In order to operationalize dynamic conceptualization, we
have developed the knowledge representation and reason-
ing framework COAR („Concepts for Objects, Assemblies,
and Roles“). The COAR framework reflects three fundamen-
tal design issues for intelligent agent reasoning in (virtual)
assembly environments [7]:

1. In COAR, a structured model of the target aggregate
can be defined that describes its functional decomposi-
tion into subassemblies and primitive parts. During an
on-going assembly task in the virtual environment,

x

x

PointPortPointPort

Figure 5: The connection between the wheel and the tire
that allows for no translational degrees of freedom is mod-
eled with Point Ports. One rotational degree of freedom is
preserved.
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evolving aggregates are matched against this structural
model and conceptual representations of constructed
assembly groups are added to the dynamic model of
the assembly scene.

2. If construction kits with multi-functional parts are
used in an assembly task, these parts may assume spe-
cific functional roles when becoming components of
assembly groups. In the Baufix airplane (see Figure 1),
for example, ten screws are part of the complete con-
struct, of which two are used as axles. In COAR, a dis-
tinction is made between object types that model
multi-functional objects and assembly groups and role
types that model specific functional aspects of objects
and aggregates. COAR reasoning dynamically reclassi-
fies object representations w.r.t. the underlying role
type taxonomy when objects are used as components
of larger assemblies.

3. Within the larger system architecture of the virtual
assembly environment, COAR representations comple-
ment the 3D geometric scene description used for
visualizing the assembly scene. The 3D geometric
scene description contains information about the spa-
tial arrangement of the scene objects, such as location,

distance and size. COAR representations can access
this spatial information when-needed and, thus, con-
ceptual reasoning over COAR representations is closely
intertwined with spatial reasoning over the geometric
scene description [8].

The COAR knowledge representation formalism is a Frame-
based/semantic-network-type of language. Generic descrip-
tions, or classes, of objects and assemblies are called long-
term concepts. Long-term concepts are divided into object
types and role types (see above). Individual objects and ag-
gregates in the environment are represented by short-term
concepts. Short-term concepts are dynamically created and
deleted during an assembly task; they are instances of long-
term concepts but - in contrast, e.g., to conventional object-
oriented programming languages - might change their clas-
sification w.r.t. their role type during their life-cycle.

Reasoning in Coar includes the following domain-indepen-
dent inferences which are used for updating the short-term
concept knowledge base in response to changes of the as-
sembly state in the virtual environment:

• Propagation of connections: Connection relations are
established between short-term concepts of composite

o1: 3-HOLE-BAR o2: 3-HOLE-BAR o3: SCREW

o4: AGGREGATE

o1: 3-HOLE-BAR
PROPELLERBLADE

o2: 3-HOLE-BAR
PROPELLERBLADE

o3: SCREW
SPINNER

o4: PROPELLER

(d) Aggregate conceptualization infers that the so far unstruc-
tured aggregate o4 matches the definition of the Baufix pro-
peller. Role assignment reclassifies the propeller components
according to their functional role within the Baufix propeller.

(c) In the situation shown in (b), the assembly simulation
component notifies the COAR reasoner about new port con-
nections. These connection relations are propagated to short-
term concepts of mechanical objects; aggregation creates a
short-term concept representing an unstructured aggregate.

Figure 6: Dynamic conceptualization of the assemblies constructed in the environment within the Coar framework.

PROPELLER
is-a: ASSEMBLYGROUP
part has-blade-1 #1: PROPPLERBLADE
part has-blade-2 #1: PROPELLERBLADE
part has-spinner #1: SPINNER
pp-constraint connection <has-blade-1>

<has-spinner>
pp-constraint connection <has-blade-2>

<has-spinner>
pp-constraint not parallelx <has-blade-1>

<has-blade-2>

(a) COAR definition of a generic propeller of the Baufix air-
plane. The propeller consists of two PROPELLERBLADEs (a
role type that can be assumed by, e.g., 3-hole-bars), and one
SPINNER (a possible role type of screws). Further, each of the
screws must be connected to the spinner, and the two blades
must not be parallel to each other.

(b) A Baufix propeller is assembled in the virtual environ-
ment.

Aggregate Conceptualization

Role Assignment
part

connection
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objects provided that a connection relation has already
been established betwen some of their parts.

• Aggregation: Connected objects are grouped together
by the creation of new short-term concepts represent-
ing unstructured, „flat“ aggregates.

• Aggregate conceptualization: Short-term concepts of
„flat“ aggregates are matched against the structured
model of the target assembly. New short-term concepts
representing assembly groups are created if the match
is established.

• Role assignment: Short-term concepts representing
components of assembly groups are reclassified w.r.t.
the role type hierarchy of long-term concepts in order
to reflect the changing functional role of objects when
used in different  assemblies. Also, new context-
dependent attributes are assigned to component repre-
sentations by this inference.

Figure 6 shows an example of knowledge representation
and reasoning in COAR, where the propeller of the Baufix
airplane is assembled in the virtual environment and recog-
nized as such by the COAR reasoner.

Related Work: Dynamic Conceptualization is a novel con-
tribution to virtual environment research. COAR‘s aggregate
conceptualization builds on similar inferences used in pat-
tern recognition, e.g. the ERNEST system [10], and descrip-
tion logics [12]. The distinction between objects types and
role types is based on a similar distinction in CONCEPTUAL
GRAPHS [15].

VI CONCLUSIONS

The main goal of our research is to create easy-to-use inter-
faces for interactive construction of virtual prototypes from
3D-visualized, CAD-based parts. We have identified three
key factors for creating knowledge-enhanced VR-interfaces
that can relieve users from technical detail: (a) natural, task-
level human-computer-interaction, (b) knowledge-based
simulation, and (c) dynamic conceptualization of the virtual
environment. Our approach is implemented in an integrated
system, the CODY Virtual Constructor, that realizes novel
contributions to each of these key factors.
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