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Abstract

This paper proposes a systematic method of cre-
ation and application of a virtual factory. Basic defini-
tion of a of virtual factory is first given , followed by its
foundation principles and architectural overview, and
then a systematic method based on object technolo-
gies is proposed to create the virtual factory. Specially,
for a real manufacturing environment, a corresponding
virtual factory can be created via the polymorphism
parameterized universal virtual factory with several in-
teractions. The virtual factory can be linked to the real
factory and enable simulation-based control by means
of the switching architecture we proposed. Its reliable
predictions can not only prove the production scenar-
ios but also improve the decision making process of
acquisition managers in the applications for flexible
automated production. The present work is being ap-
plied to the experimental robotized flexible assembly
system developed by Intelligent Robotics and Automa-
tion Laboratory in National Taiwan University.

1 Introduction

To increase global competition, the manufacturing
industry must bring well-designed, well-manufactured
and more competitively priced products to the mar-
ket. So, industries need to be able to quickly de-
velop new and modified products at the right qual-
ity. The representative system and software support
tools for automated manufacturability are discussed in
great detail [1]. Today, manufacturing industries are
relying increasingly on distributed manufacturing en-
terprises organized by multi-enterprise partnerships,
which makes production tasks more challenging. To
prove the production scenarios and to support the gen-
eration of more reliable estimates of production costs
and schedule, modeling and simulation are deemed to
improve production flexibility and, hence, to reduce
production costs. These requirements drove the de-
sign of a new CIM system, whereby McGehee pro-
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vides an overview of the MMST CIM system frame-
work which is based on open distributed systems and
object technologies. [2]. The vision of virtual manu-
facturing is to provide a capability to ”Manufacture
in the Computer”. In essence, virtual manufactur-
ing will ultimately provide a modeling and simula-
tion environment so powerful that the fabrication of
any product, including the associated manufacturing
processes, can be simulated in the computer [3]. The
term virtual manufacturing should be constructed in
a broad sense to include not only production, but also
suppliers, customers, and other processes that impact
production. There are three paradigms of virtual man-
ufacturing [4], namely, Design-Center virtual manufac-
turing, Production-Center virtual manufacturing, and
Control-Center virtual manufacturing. At the highest
level, virtual manufacturing is expected to realize the
following benefits: affordability, producibility, flexibil-
ity, shorter cycle times, responsiveness, by referring to
the description of the virtual manufacturing. A vir-
tual factory refers to manufacturing activities carried
out not in one central plant but rather in multiple lo-
cations by suppliers and partner firms [5], To build
it, one must have a deep understanding of the manu-
facturing capabilities of all parties in the production
network. This paper provides architectural overview
of a virtual factory and a systematic method of cre-
ation and application of a virtual factory. The follow-
ing consists of six sections. Section 2 describes the
foundation, architectural principles and overview of a
virtual factory, Section 3 introduces an polymorphism
parameterized universal virtual factory and it’s com-
ponents and functionality, and the steps for the cre-
ation of virtual factory from it. Section 4 introduces a
switching architecture, describes how to apply the vir-
tual factory, and finally explains the link between the
virtual and real manufacturing and the enabling the
of simulation-based control via the switching architec-
ture. Section 5 describes a simple example. Finally,
some conclusions are made and some future research
directions are given in Section 6.
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2 Virtual Factory Foundation, Princi-
ples and Architecture Overview

Essentially, the virtual factory is required to inte-
grate and automate the manufacturing process virtu-
ally. Specially, the following functions are to be pro-
vided:

¢ Visualization: simulating the factory operation
and showing factory equipment with friendly user
interface or virtual reality technologies.

¢ Modeling and Simulation: supporting simula-
tion to fit the virtual environment to real control
system and enable the simulation-based control,
including tracking of work-in-progress and ma-
chine monitoring, control and diagnosis, process
monitoring, control and diagnosis .

e Virtual Cooperation: across the geographi-
cally distributed enterprise.

e Virtual Prototyping: generation and mainte-
nance of virtual process and virtual product spec-
ifications and recipes.

Traditionally, software system for manufacturing has
been characterized as expensive to develop and diffi-
cult to maintain and extend. Object technology rep-
resents a revolutionary approach to develop the soft-
ware system. A detailed description of the object-
oriented approach can be found in [6]. The virtual
factory can be developed using object-oriented anal-
ysis, design, and rapid prototyping methodologies. A
virtual factory is comprised of a set of objects with well
defined services and a graphical object-oriented user
interface under direct manipulation. In addition to
object-oriented foundation, virtual factory is based on
several fundamental principles which are simply reflec-
tion of visions of the virtual factory architects. These
principles are discussed in the following:

¢ Integrating the Legacy Data: It is able
to integrate the already legacy manufacturing
database.

¢ Fully Integrated Dynamically Bound: Each
application is comprised of objects with services,
and the external application requiring the services
does not bind to the object until run time.

¢ Transparent Object Location: Any object can
communicate with one another without knowing
its location.

¢ Generic Data Encapsulation and Abstrac-
tion: It enables the virtual factory framework to
be used in alternative manufacturing domain.

Figure 1: The virtual factory architecture overview

¢ Dynamically Bound Polymorphic Behav-
ior: It can accommodate a wide variety of object
types without type specific code.

The architecture of a virtual factory is two levels,
the syntax level and the semantic level. The object
class inheritance hierarchy represents the syntax level.
There exist the most abstract and generic classes,
which are reusable across a variety of domains of man-
ufacturing. The class abstraction consisting of both
data and procedures which enable software entities to
model the virtual world and can be changed without
affecting other objects. The semantic level is repre-
sented by the object instance with dynamically poly-
morphic binding. Each instantiated object provides a
set of well-known services. The architecture overview
is shown in Fig 2. Together, these concepts provide a
powerful developing for software engineering in general
and system architecture in particular. The following
sections describe the method for creating a virtual fac-
tory from the real word.

3 Systematic Creation of Virtual Fac-
tory

The development of a virtual factory is much com-
plicated, including determining what to model, and de-
termining the degree of abstraction and level of depth
required. Besides, we also have to consider how to
fit the virtual environment into the real world, i.e.,
the capability of virtual corporation and its flexibility.
This paper provides a systematic method for develop-
ing a virtual factory via Polymorphism Parameterized
Universal Virtual Factory with several interactions. A
Polymorphism Parameterized Universal Virtual Fac-
tory (PPUVF) is composed of four main parts which
are Virtual Factory Probe, Virtual Factory Shell, Vir-
tual Factory Broker, and Virtual Factory Wizard. A
virtual factory probe is responsible for extracting in-
formation and data , producing syntax level architec-
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Figure 2: The Polymorphism Parameterized Universal
Virtual Factory

ture of physical system, receiving external command
from virtual factory wizard and constructing active ob-
ject. A virtual factory shell is related to the top-level
system, which can be polymorphic parameterized to
any variety of virtual factory by virtual factory wizard.
A virtual factory broker is the virtual factory produc-
tion bus. It lets objects transparently make request to
and receive responses from objects located locally or
remotely. The client is not aware of the mechanism
used to communicate with, to activate, or to store the
server objects. A virtual factory wizard can be based
on enterprise knowledge database and choice of the
designer, construct a well-define virtual factory with
several interactions. The PPUVF is shown in Fig 2.
The components of the PPUVF for each part is de-
scribed in the following sections.

3.1 Virtual Factory Probe

This is an entity that handles the extracted infor-
mation from already legacy manufacturing database or
a real factory. This part has four functional modules:

Inference Module: This module is directly connected
to a real factory, using Prolog-like inference pro-
duction rule, extracting the data and information,
and constructing the corresponding classes which
are then sent to class repository module.

Class repository module: This is related to class man-
ager, storing and managing all classes which are
sent from inference module.

Class factory module: It can construct the semantic
level object instance according to the need of stub
module, and perform simulation-based planning
and controlling which are linked to real factory.

Stub module: This module provides static interfaces to
each service exported, also provides a run-time
repository of information about the classes that
the probe supports, i.e., the objects that are in-
stantiated. It communicates with the virtual fac-
tory wizard in heterogeneous production network
with the help of virtual factory broker.
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Figure 3: The Virtual Factory Probe

The relationship among the modules in a virtual fac-
tory probe is shown in Fig 3.

3.2 Virtual Factory Shell

Initially, a virtual factory shell contains the highest
level abstraction classes, such as production perfor-
mance class, enterprise class, factory class, unit and
component class, assembly class, and production con-
trol class. The type and implementation of each class
can be polymorphically parameterized to object in-
stance with respect to the requirement. The virtual
factory shell with instantiated objects can use the ser-
vice exported by virtual factory probes by querying the
interface of virtual factory probe. It acts as the kernel
of a virtual factory and also provides the visualization
of the whole virtual factory.

3.3 Virtual Factory Broker

Virtual factory allows a client to dynamically build
and invoke requests on objects. The client specifies the
object to be invoked, the method to be performed, and
the set of parameters through a call or a sequence of
calls. The client object typically obtains this informa-
tion from an interface repository. Virtual factory bro-
ker is responsible for registering the exported classes
of virtual factory probe with the interface repository,
and routing the call from virtual factory shell to ap-
propriate virtual factory probe.

3.4 YVirtual Factory Wizard

A virtual factory wizard can construct a well-
defined virtual factory with several interactions based
on enterprise knowledge database and choice of the
designer. The following introduces the steps of virtual
factory wizard for creating a virtual factory.

1. Select the real enterprise area and factory which
will be made into virtual factory, and if there are
already complete enterprise knowledge database,
goto step 3.



2. Start the virtual factory probe for each real fac-
tory or enterprise area, and the virtual factory
broker in the virtual factory production network,
waiting for each virtual factory probe to respond
with the status of completion of the probing work.

3. Obtain the service or class description from the
interface repository, and adding it into enterprise
knowledge database.

4. Make analysis and choose the functionality from
enterprise knowledge database or the designer
that the virtual factory must contain, and then
create the parameter argument list, and sending
the parameter argument list to both virtual fac-
tory shell and virtual factory probes.

5. Parameterize the classes of virtual factory shell
and virtual factory probe, and instantiated ob-
jects, and binding the interface between virtual
factory shell and virtual factory probe.

6. Generate and manages object reference and
broadcast the presence of the object servers so
that the virtual factory broker will update the in-
terface repository.

7. Activate the virtual factory shell that uses the
service provided by virtual factory probe and en-
able the simulation-based control which is linked
to real factory, and if the virtual factory has not
been completed, goto step 3 else closing virtual
factory wizard, the creation of virtual factory is
done.

4 Application of Virtual Factory

In addition to development of a formal, structured
methodology for designing the virtual factory, we must
consider the integration of a virtual factory and a real
factory to support the reliable estimates of production
and optimal process control of manufacturing. The
fundamental notion of virtual factory is that it is a
computer-based, simulated product development that
enables us to "make it virtually” before we ” make it for
real”. Furthermore, we must feedback more informa-
tion into our virtual factory to allow some modification
and, thus, there should be a integration architecture
to handle it. For clarity of discussion, a virtual proto-
typing refers to the product and the operation which
are generated using simulations of the planned pro-
duction by virtual factory. On the other hand, a real
prototyping refers to the actual production processes.
Any prototyping is also an object instance with some
interfaces. The following introduces a switching archi-
tecture that integrates both the real factory and the
virtual factory, which is shown in Fig 4. Such archi-

Figure 4: The switching architecture

tecture contains three parts, the following are detailed
description of each part:

Switching backbone Module: This module is responsi-
ble for switching the virtual prototyping and the
real prototyping according to knowledge database
or the designer. The information from virtual
factory can influence the real process capability,
and the information generated by the real word
will feedback to the virtual factory. So, a knowl-
edge base must provide the information about the
point of time or the parameter, feedback from the
real world and forward simulation-based control
to the real word. The module shifts the ”intel-
ligence” to the data itself. Multi-level and dis-
tributed security are also an issue.

Virtual adapter module: This module is linked to vir-
tual factory broker. Firstly, when this module
receives the interface request from the virtual fac-
tory broker, it will generate a request for the vir-
tual prototyping object interface to the switching
backbone module, and wait for its response.

1. If the result returned is virtual prototyping
object interface, it will return the result di-
rectly to virtual factory broker.

2. If the result returned is real prototyping ob-
ject interface, it will transform the result to
virtual prototyping object interface and send
it to virtual factory broker.

Real adapter module: This module is linked to the real
factory. When this module receives the interface
request from the real factory, it will generate a
request for the real prototyping object interface
to the switching backbone Module, and wait for
its response.

1. If the result returned is real prototyping ob-
ject interface, it will return the result directly
to the real factory.

2. I the result returned is virtual prototyping
object interface, it will transform the result
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Figure 5: The two-robot assembly cell
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Figure 6: The initial status of PPUVF

to real prototyping object interface and send
it to the virtual factory broker.

5 A Simple Example

The example environment in our laboratory is a
two-robot assembly cell shown in Fig 5, which is dedi-
cated to assembling various types of mechanical parts
serially sent in through a conveyor belt. It is based on
the control kernel EMFAK [7] [8] [9], whereby we can
easily integrate different pieces of equipment together.
Initially, there are some inference rules in the infer-
ence module of the virtual factory probe, and some
basic highest abstraction classes in the virtual factory
shell. Besides, there is an empty interface repository
in virtual factory broker, and the whole PPUVF is
shown in Fig 6. Next, we proceed with the virtual
factory wizard, where the inference module will ex-
tract information from EMFAK, generate the corre-
sponding abstract classes, and add them into the class
repository module. The stub module will broadcast
the interface of the classes into production network,
and the virtual factory broker will update its inter-
face repository after the probing is completed, which
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Figure 8: The final virtual assembly cell

is shown in Fig 7. Finally, we parameterize the virtual
factory shell and virtual factory probes and binds the
interface between them based on enterprise knowledge
and choice of the designer with several interactions.
Then the final virtual assembly cell is shown in Fig 8.
After the creation of virtual assembly cell, under the
switching architecture, we link the interface repository
of the virtual factory broker in this virtual assembly
cell to switching backbone module. Whereas the inter-
faces provided by EMFAK are also linked to switching
backbone module. Then, EMFAK will exchange in-
formation with virtual assembly cell, and the virtual
assembly cell will get feedback from EMFAK and for-
ward simulation-based control to EMFAK, based on
the switching between the interfaces of prototyping ob-
ject instance(including virtual prototyping object and
real prototyping object}. The integration of EMFAK
and the virtual assembly cell is shown in Fig 9.

6 Conclusion

The vision of virtual factory provides a capability
for "Manufacture in Computer”, and virtual factory
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Figure 9: The integration of EMFAK and virtual as-
sembly cell

provides a powerful simulation environment. Such
powerful modeling and simulation will cover almost all
aspects in the production including production plan-
ning, scheduling, accounting and related process. This
paper presented the description of a virtual factory,
and, from the point of view with object concept, de-
scribes the foundation and principles of a virtual fac-
tory and its architecture. It also provides a systematic
method for building the virtual factory via the poly-
morphism parameterized universal virtual factory that
can be used to extract information to properly model
the virtual factory with respect to the real produc-
tion. Using the object representation, we can represent
all types of information, which can be transparently
shared among all production softwares. We also con-
sider the requirement of supporting the ability to share
objects and integrate processes across geographically
distributed enterprises in the production network. An-
other topic about relationship between the real factory
and the virtual factory is much challenge to production
manufacturing, and switching architecture is proposed
to resolve the interaction between the real and the vir-
tual environment, Based on choice of the designer or
enterprise knowledge, we can dynamically make the
decision for the type of binding the prototyping object
interface, to link real and virtual processes, and to link
to the manufacturing control system. By an exam-
ple presented, we can construct a virtual assembly cell
from the real assembly cell, and provide simulation-
based control. After this paper is completed, which
consists of both theoretical development and practical
example, there remain various kinds of work that may
improve the presently proposed. They will be left as
our future work and are described below.

Verification and measurement : For virtual factory, it
refer to the methodologies to support the verifi-
cation and measurement of the virtual factory.

Friendly visualization : The representation of infor-
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mation to end-user in a meaningful and friendly
way, the virtual reality technologies will be in-
cluded.

Inference rule: The intelligent rules to extract the in-
formation from the real manufacturing automati-
cally.

The knowledge database for integration: The informa-
tion from the virtual factory can influence the real
process capability with some encryption method
provided by knowledge database, and the infor-
mation generated by the real words will feed-
back to the virtual factory. So knowledge base
must provide the information about the point of
time to feedback from the real world or forward
simulation-based control to the real word.
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