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Abstract The objective of this paper is to develop an ap-
propriate methodology with open architecture for real-time
monitoring and remote control of networked mobile robot.
An integrated product data model and the related configu-
ration management methods are generated. Within the con-
text, this paper presents a new enabling technology to bring
traditional robotic tools on-line with combined monitoring
and control capability. Under a hybrid architecture of Web
browser/server and client/server, an application system is
presented to manipulate the wheeled mobile robot data and
to carry out a variety of assembly functions. Issues such as
architecture design, methodology development, and proto-
type implementation are addressed through a component
assembly case study. Finally, a CORBA stands-based inte-
gration framework is proposed to achieve interoperability
among multiple data and application objects over the
Internet.

Keywords Wheeled mobile robot . Virtual reality . Remote
control . Component assembly . Configuration management

1 Introduction

Due to the pressure of international competition and market
globalization in the twenty-first century, there continues to

be strong driving forces in industry to compete effectively
by reducing time-to-market and cost while assuring high-
quality product and service. Meanwhile, manufacturing
companies have been plagued by depletion of natural
resources, diversified customer requirements, reduced prod-
uct lifecycles, and increased production complexity. These
challenges call for the manufacturing companies that want
to succeed in the international market to respond to market
agilely and shorten the lead-time. Quick response to busi-
ness opportunity has been considered as one of the impor-
tant factors to ensure company competitiveness [1]. To get
collective competitive advantages in the changing markets,
manufacturing companies are compelled to form various
alliances, collaboratively providing customer-demanded
products and services. However, a highly efficient infra-
structure that can integrate the pieces of automated equip-
ment together and link them directly to the virtual reality
(VR) assembly is still lacking. A new enabling technology is
therefore urgently required to bring traditional robotic tools
on-line with combined monitoring and control capability.
Targeting this problem, this paper is to serve as the medium
in factory automation and to bring intelligent robots and
sensors together through an integrated (including the Web,
VR, object-oriented program, Internet, and wireless protocol)
collaborative environment. In this environment, production
engineers or managers can share real-time data with each other
while performing their own duties through this wireless
sensor-driven VR-based collaborative environment.

The goal of this paper is to propose an appropriate
methodology with open architecture for real-time monitor-
ing and remote control of networked mobile robot. Within
the context, this paper presents a new enabling technology
to bring traditional robotic tools on-line with combined
monitoring and control capability. The remaining of this
paper is arranged as follows. Section 2 presents a brief
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literature review of related work. Section 3 proposes the
architecture of VR-based-integrated wireless sensor-driven
assembly (Vbiws-Assembly). In addition, the author propo-
ses an integration framework based on Common Object
Request Broker Architecture (CORBA) standards to achieve
interoperability among multiple data and application objects
in the heterogeneous environments. Section 4 shows the
remote real-time assembly. Prototype implementation rele-
vant to remote assembly is addressed through a wheeled
mobile robot case study in Section 5. Base on the case study,
Section 6 summarizes this paper.

2 Brief literature review of related work

Since 1993 shortly after the debut of the Web, a number of
methods and frameworks have been proposed for building
Web-based collaborative systems. Most of the frameworks
were developed for collaborative design, project manage-
ment, and conflict resolution during collaboration [2–4]. In
terms of technologies used in the existing systems, Java
applets, HTML, and ActiveX are widely adopted for devel-
oping the client-side user interfaces. At the server side,
technologies including JavaServer Pages, Java servlets,
and XML are quickly obtaining attentions for new system
development. Meanwhile, VR technology [5, 6] has been
widely used in industry, especially in Web-based virtual
design and machining simulation system that has become
popular because of its cooperation facility and good plat-
form independence [7–10]. The virtual Reality Modeling
Language (VRML) is a file format for describing interactive
3D objects, having the character of being simple to use,
open, and interactive which make it a powerful tool for
setting up the Web-based-simulating systems [10–12].
Although VRML has a strong ability for graphics display
and good Web running, it lacks the functions for file reading
and writing, as well as its inferior two-dimensional word
display effect. This means that make VRML cannot meet
the special demand of virtual assembly of a wheeled mobile
robot. For these causes, we propose a combination of
VRML, Java applet, and JavaScript to solve this problem.

In the design, assembly, and manufacturing area, there
has been a lot of research and development and a numbers
of software tools have been developed in this field. Lee et al.
[7] proposed a Web-enabled approach to feature-based mod-
eling in a distributed computing environment. In this work,
several key technologies of the Internet-based computer-
aided design (CAD) systems, such as shape abstraction
and client–server communication, were studied. Li et al.
[13] developed an Internet-based integrated system which
enabled designers to design products collaboratively and
supported product preview and evaluation of design parts
using Web-based virtual reality technology. Choi and Chan

[14] presented a virtual prototype system for rapid product
development. This system incorporates the dexel-based and
the layer-based fabrication approaches to simulate the
powder-based and laminated sheet-based RP process, re-
spectively. Pang and Wittebrink [15] developed a shared
viewing environment called Cspray to support distributed
users to interactively view their data from independent or
shared camera positions. Yeung et al. [16] proposed a com-
prehensive virtual simulation model of realistic and modular
computer numeric controlled (CNC) system which can be
sued to predict realistic CNC system performance. Liang
[17] presented several Web-based interfaces for user inter-
action and a task-oriented decision approach to build a tasks
schedule model and then display the manufacturing process
in a virtual environment, which is created by a geometric
virtual reality-based visualization technology for screw
threads generation.

In the assembly filed, much work has been done since the
early 1980s on the assembly sequence generation (or assem-
bly sequences planning). These researches focused on sequen-
ces generating and sequences representation [18–21]. As for
the Internet-based framework, Shyamsundra and Gadh [8]
developed a new compact assembly representation, called
AREP, for Internet-based collaborative assembly design in-
volving clients and subcontractors. Jayaram et al. [22] ex-
plored the potential and technical challenges by using virtual
assembly technologies in design and manufacturing. Wang et
al. [23] proposed a CAD-linked virtual assembly environ-
ment. It is designed as client/server architecture and integrates
virtual assembly applications with an external CAD system
through automation interfaces. Generally, most virtual assem-
bly environments are originally generated from CAD models,
which were constructed by commercial CAD software such as
SolidWorks and Mechanical Desktop and so on. In contrast,
VR applications focus on a more intuitive and immediate
understanding of simulated objects. And the performances of
real-time rendering, interactive, and immersive visualization
take more priority for VR applications.

Literature documents that robotic assembly planning sys-
tem can be broadly classified as stand-alone systems and
Web-based systems [24]. Graphical robot interactive pro-
grammer [25] is an off-line programming system and was
built to serve as an interactive path planner for pick and
place operations. The robot is taught the path using graph-
ically simulated teach pendant which is automatically con-
verted into the robot program as per the format of the
controller. Intelligent assembly modeling and simulation
[26] was generated at CMU for assembly simulation and
visualization to detect assembly-related problems without
going through physical mock-ups. Here, the user can specify
a high-level assembly plan which is automatically converted
into low-level tool and part motions. All the above system
target on specific robot configurations and assembly

1766 Int J Adv Manuf Technol (2013) 64:1765–1779



operations and are of the stand-alone types. In the Web-
based category, a Web-based telerobot system was reported
[27] wherein the user submits the request by filling up the
fields of the HTML form and receives the textual and
graphical information of the current state of the robot at
the remote site. A model-based telerobotics system with
vision for assembly-like operations wherein the user speci-
fies the task interactively using a mouse and receives the
image of the current state of the robot as the feedback [28]
was implemented for a single user only and did not incor-
porate anytime, anywhere philosophy.

In this paper, we address the remote real-time assembly
problems by means of wheeled mobile robot in an assembly
company. The objective of this paper is to develop an
appropriate methodology with open architecture for real-
time monitoring and remote control of networked mobile
robot. An integrated product data model and the related
configuration management methods are generated. Within
the context, this paper presents a new enabling technology
to bring traditional robotic tools on-line with combined
monitoring and control capability. Under a hybrid architec-
ture of Web browser/server and client/server, an application
system is presented to manipulate the wheeled mobile robot
data and to carry out a variety of assembly functions.
Advanced and distributed shop floor monitoring and remote
assembly control remain impractical as Web-based applica-
tions due to the real-time constraints. To facilitate a viable
VR-based environment on the Web, application servers
must engage users in a 3D graphical interaction in addition
to the dialog-like data sharing because remote users need
active and visual supports to coordinate their efforts in a
distributed environment. To be practical, a Web-based mon-
itoring and control system should also be efficient and
adaptive and can address dynamic issues such as job delay,
product changeover, etc. that happen unpredictably in man-
ufacturing shop floors.

3 Architecture of application system

From the point view of users, there are two basic types of
information flows concerned in the remote assembly envi-
ronment. In forward information process, assembly data
from the centralized database are distributed to users, e.g.,
operators, engineers, and managers. In the backward infor-
mation process, the controlled data are collected from users
and entered into the integrated database after further pro-
cessing. During the remote assembly processes, an integrat-
ed information application system is required to validate and
control access to the assembly database, to generate and
record various data and files. The application system is also
acquired to facilitate a variety of planning, managing, and
controlling functions and to create specific reports in the

wheeled mobile robotic assembly cycle. Many commercial
systems, e.g., product information management, technical
data management, product data management, etc., are avail-
able to efficiently manage product data and to control
change [29–31]. As for many business systems, such as
SAP’s R/3 system [32, 33], can carry out sophisticated
manufacturing planning activities on the basis of effectively
managing product data. However, these commercial systems
are found not suitable for the specific remote assembly
cases. These systems are too large and complicated, offering
many redundant and requiring long implementation times.
On the other hand, these systems are deficient of functions
uniquely required in the remote wheeled mobile robot as-
sembly, such as remote data access and collecting through
Web browsers. Thus, a specifically tailored remote wheeled
mobile robot assembly system is developed to manage and
control these information flows.

3.1 Concept of Vbiws-Assembly

The Vbiws-Assembly is designed to provide users with a
VR-based and wireless sensor-driven intuitive assembly
environment where real-time monitoring and remote are
undertaken. It applies the Java technologies, including
Java servlets and Java 3D, as enabling technologies for
system implementation. A physical apparatus of interest
(e.g., a robotic arm or mobile carrier) is generated by a
scene graph-based Java 3D model, i.e., virtual model, in
an applet with behavioral control nodes embedded instead
of camera images. The virtual model can work on behalf of
its remote correspondent showing real behavior for visuali-
zation at a client side when it is downloaded from an
application server. It remains alive by connecting with the
physical device through message passing (user commands
and sensor data). By combining virtual reality models with
real apparatus through synchronized real-time data commu-
nications, the Vbiws-Assembly allows engineers and man-
agers to assure normal shop floor operations and enabled
Web-based troubleshooting particularly helpful when they
are off-site. Figure 1 illustrates how it is connected to a real
apparatus in a shop floor. An off-the-shelf Web-ready cam-
era can easily be shifted on remotely to catch unpredictable
real scenes for diagnostic intentions, whenever it is
demanded. Besides, the real-time monitoring and control,
the framework can also be extended and applied to many
phases, e.g., design verification, virtual machining, remote
diagnostics, and so on.

3.2 Framework of Vbiws-Assembly

The framework is generated to use the client/server archi-
tecture and model–view–controller design pattern [34–37]
with built-in secure session control. The framework is
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shown in Fig. 2. Targeting the real-time monitoring and
remote assembly of wheeled mobile robot, data communi-
cation, and security issues are examined. The proposed
solutions for meeting the user requirements of rich visual
data sharing and the real-time constraints are listed below:

(a) provide users with VR-based graphical user interface for
assembly navigation in shop floor; (b) apply interactive
virtual models instead of camera images for assembly visu-
alization; (c) transmit the data (sensor and user commands)
between virtual models and real device controllers for

Fig. 1 The concept of Vbiws-
Assembly

Fig. 2 Framework of
application system—Vbiws-
Assembly
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remote monitoring and control; and (d) deploy major control
logics in a secure application server.

In client tier, the virtual models are operated by the server
based on real-time sensor messages, but users still have the
flexibility of monitoring the models from different perspec-
tives, e.g., changing viewport, picking different virtual mod-
els, and adjusting view scale, through VR viewer at client
side. Authorized users can submit commands through
Virtual controller to the application server. The commander
at the server side then takes over the handle for real appa-
ratus manipulations. Furthermore, the module Status moni-
tor can offer users with a view of run-time status of the
controlled apparatus.

In server tier, the application layer manages important
security items, such as session control, viewer registration,
real apparatus manipulation, data collection/distribution,
and so on. A Session manager is created to look after the
issues of user authentication, session control, session syn-
chronization, and data logging. Constrained by network
security, a virtual model residing in an applet is not allowed
to communicate directly with a real apparatus through sock-
et communication. Is it also not efficient to have multiple
clients who share the same model talking with the same
apparatus at the same time. Thus, publish–subscribe design
pattern [38–41] is used to collect and distribute sensor data
at the right time to the right client efficiently. The Message
collector is responsible for sensor data collection from net-
worked physical apparatus. The data are then passed to
another module Message publisher that in turn multicasts
the data to the registered subscribers through applet–servlet
communication. The Registrar is generated to keep a list of
subscribers with the requested sensor data. The virtual mod-
el thus can communicate indirectly with sensors wherever
the client is, inside a firewall or outside. An HTTP network-
ing protocol is chosen for the combination between applets

and servlets. For the sake of security reasons, a real appara-
tus is controllable only by the Commander that resides in the
application layer. Furthermore, Data accessor is built to
divide the physical and logical types of data. It encapsulates
Java Database Connectivity and SQL queries and offers
standard methods for accessing data (virtual models, knowl-
edge base of the physical apparatus, or XML documents).

3.3 Information integration

The application system has been generated to support
object-oriented concepts and reconfigurability. For the mo-
ment, the assembly database is implemented with the rela-
tional database management system MySQL. Remote
external users download from and/or upload various data
to the assembly database. The data sources at the remote
users are separated by the neutral front-ends (i.e., the brows-
ers). A CORBA-based integration framework is proposed to
achieve the dynamic interoperability among the data sources
distributed. The CORBA-based architecture provides the
ideal means to support distributed transactions involving
multiple application objects and spanning multiple data
sources over the Internet. The information integration
framework is based on Web, Java/RMI, and CORBA stand-
ards [42–46], and the diagram is shown in Fig. 3. In the
integrated framework, data sources are encapsulated into
information objects and are defined and registered by the
brokers. The application systems are encapsulated as appli-
cation objects, which are connected through adapters to
CORBA-compliant object request broker bus across the
Internet and company Intranet. Remote users create http
connections with the Web server containing data sources
and download the necessary Java applet and html docu-
ments over the Internet by using browsers. Afterward, the
remote users run the Java applets on the virtual machines, to

Fig. 3 The diagram of information integration framework
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build connection with CORBA request/service brokers em-
bedded in the Web server. Remote users can have access to
various data sources linking to the CORBA bus by invoking
the request/service brokers. Thus, users can inquire, modify,
commit, and transmit related assembly data.

The emphasized essence of the framework is that all the
information transactions are conducted with the help of the
brokers. The CORBA object request broker offers the infor-
mation infrastructure to link the remote data and application
objects. Meanwhile, the brokers keep the information trans-
parency in the environments, separating application objects
from the details of data access. The brokers will find the
right target data object when an application object issues a
request, then invoke it, deliver it the message, and return the
response messages to the application object.

4 Remote real-time assembly

4.1 Configuration of test platform

The test platform used as a case study in this paper is a
wheeled mobile robot. It is composed of two parts—a mo-
bile carrier (PIONEER 3) and a 7-degree of freedom ma-
nipulator arm with a gripper end effector (CYTON ALPHA
7D 1G). As illustrated in Fig. 4, it is equipped with a PC-
based open architecture controller that serves as a gateway
between wheeled mobile robot and the application system.
The wheeled mobile robot is controlled by a user interface,
implemented as java application, running on the same open
architecture controller PC, which in turn, beyond a local
operator, allows a remote user to send assembly commands
to the open architecture controller from a remote Web
browser and have them executed locally. Remote users can
monitor and/or control the wheeled mobile robot indirectly
through the server-side modules (as shown in Fig. 2) that

implement data collection/distribution and assist remote
component assembly. Meanwhile, two different communi-
cation protocols are adopted for data transmissions at dif-
ferent tiers: (1) transmission control protocol for hardware
protection and (2) HTTP streaming protocol that is firewall-
transparent. Based on this configuration, it allows remote
user to monitor the motions of all axes of a manipulator arm
and mobile carrier as well as to control the gripper speed and
force for assembly task.

4.2 Assembly task specification and robot program
synthesis

The primary objective of this application system is to facil-
itate user to specify assembly operations in the virtual at the
task level. Vbiws-Assembly will convert this task level
assembly commands into a detailed wheeled mobile robot
path using inverse kinematics [47–51]. Various issues relat-
ed to task level program synthesis in the Vbiws-Assembly
are discussed below.

4.2.1 Assembly tasks

At the task level, assembly process is typically characterized
by the following motion: (a) component placement (Move)
in assembly region; (b) component (Ci) On hole base (Hj);
(c) component (Ci) In hole base (Hj)—peg-in-hole. Besides,
parts in the assembly environment are classified into sta-
tionary objects and movable objects. Movable object (i.e.,
component) can be interactively “picked” up by the user and
“assembled” onto the stationary object (i.e., hole base).
Figure 5 illustrates a typical task specification dialog in
Vbiws-Assembly wherein the assembly of different geomet-
ric shape components on a base with linear array of holes is
being specified by the user. Parts in the virtual assembly
world are classified into fixed objects and movable objects.

Fig. 4 Configuration of test
platform
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Movable objects (i.e., the components on the component
platform) can be interactively picked up by the user, clicked
the virtual model directly, and then assembled onto the
corresponding fixed objects (i.e., the holes on the hole base).
The aligned point is a mark between the component and its
corresponding hole for locating assemble orientation.
Furthermore, the graphical dialog also shows the top view
of the virtual assembly world indicating the positions of the
wheeled mobile robot, the fixed as well as movable objects.
The contents are intelligently updated as the assembly spec-
ification proceeds step by step. Several validation checks
have also been incorporated while specifying the task.
Important among them are as under: (a) assembly task
specified by the user for the features in the fixed part is
feasible. For instance, In task for a peg must have a Hole
feature with proper geometric constraints of size and orien-
tation; (b) the parts specified in the task are already modeled
with requisite geometry, location, and orientation; and (c)
the parts once placed (and the corresponding features on
fixed object) cannot be reused. The Vbiws-Assembly intel-
ligently does this by automatically disabling the specified
part (movable) and its related features in fixed object from
the dialog. Meanwhile, the assembly tasks entered by the
user are stored a text file containing records as per the
following format:

Format

{Task}:{ID_Source_Part}:{Task_Type}:{ID_Destination_Part}:
{ID_Location_Feature}

Example

Place:C1 In:HB At: H1

The assembly task planner thus enables the user to spec-
ify assembly tasks at a higher conceptual level in a very
elegant manner. The assembly procedure will be synthesized
by Vbiws-Assembly.

4.2.2 Robot program synthesis

This module essentially processes the assembly modeling and
the assembly task specification files generated as a result of
user interaction with Vbiws-Assembly. It carries out the fol-
lowing functional tasks: (a) interpreting the assembly model
and task files; (b) planning the motion of wheel mobile robot;
and (c) creating the program of wheel mobile robot. The
assembly task files are interpreted to decide the proper se-
quence of assembly for the specified task (Move, On, and In)
and to check the feasibility of task in terms of the motion of
wheeled mobile robot. For the task specified, it internally
checks whether there is sufficient space around the object so
that the wheeled mobile robot can grip the object during pick
and placement without interfering with the surrounding
objects. The motion of the wheeled mobile robot for the
assembly is planned and verified by checking that manipulator
arm motions do not come closer to limits of joint angles and
link lockups [47, 48]. Once the task is feasible, the program of
wheel mobile robot is automatically created and post-
processed to suit the specific wheel mobile robot controllers
(Robai Cyton and ARCOS microcontroller). Vbiws-
Assembly creates assembly procedure form the task file by
intelligently doing the motion planning.

Planning the motion of wheeled mobile robot A proper
procedure of assembly is evolved among the tasks specified
in the task file, keeping in view the space around the parts in
virtual assembly world. For this task, objects are approxi-
mated to convex polygonal shapes, leaving some safety
envelope around them. Dimension of the safety clearance
is chosen as a function of convex hull of the object.
Meanwhile, there are two portions confirmed in this stage
—grasp planning and robot motion planning. Grasp plan-
ning primarily generates a grasp method for assembly plan
which is further used for computing data for sequential robot
positions, coordinate values, joint angles, etc. In the present
work, axis Z is considered as the direction of object access,

Fig. 5 Diagram of task specification for component assembly
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gripping, and assembly. Geometric algorithms are written to
extract and process the following information from the
virtual model file: object dimensions, position, orientation,
convex hull, free space around objects, faces for gripping,
access directions of gripping faces, and so on. The purpose
of the grasp planning is to select the suitable initial and final
grasp configuration (position and orientation). It is con-
firmed based on the following situations: (a) object geome-
try and assemble direction; (b) object stability during
gripping and transfer; (c) collision-free grasp configuration;
and (d) pair of parallel surfaces of the target object since the
gripper is parallel jaw type. Single part placement strategy is
discussed as an example. Several steps are listed:

1. The data of movable object are extracted from assembly
model file, such as shapes, dimension, location, orien-
tation, etc.

2. The initial position of the gripper depends on the height
of the movable object under consideration (as shown in
Fig. 6a).

3. Because the gripping is along axis Z, the gripper can take
any orientation about vertical axis while grasping the
component. In addition, it is a parallel jaw gripper, so
gripping is done normal to the pair of parallel surfaces of
the component. The pair of parallel surfaces is chosen
considering the minimization of the torque about the axis
between the gripper and the position of aligned point.
Besides, collision-free grasping has to be considered.

4. The final position of the movable object depends on the
goal feature (i.e., the depth of hole) in the fixed object.
In case of Part Ci On Part Hj, the final position depends
on the Part Ci height (as shown in Fig. 6a).

5. The final orientation of the movable object depends on
the position of aligned point of the corresponding hole.
Considering the linear array of holes in the hole base (as
shown in Fig. 6b), three gripping orientations are eval-
uated: along axis X, along diagonal, and along axis Y.

Scope required for gripping is computed considering the
gripper width and the component sizes. Method to grape
along X, diagonal, or Y is confirmed based on the available
space as indicated in Fig. 6b. The orientation of the gripper
is decided by its coordinate system with respect to the robot
coordinate system (Rcs). Therefore, the orientation of the
gripper is computed by calculating the direction cosines
(d.c.’s) of each axis of gripper coordinate system (Gcs).
The position and orientation of the gripper are together
represented in a Denavit-Hartenburg (D–H) transformation
matrix [46, 47]. The format is shown below:

T11 T12 T13 X
T21 T22 T23 Y
T31 T32 T33 Z
0 0 0 1

2
664

3
775

Here, T11, T21, and T31: d.c.’s of axis X of Gcs with
respect to Rcs; T12, T22, and T32: d.c.’s of axis Y of Gcs with
respect to Rcs; T13, T23, and T33: d.c.’s of axis Z of Gcs with
respect to Rcs; X, Y, and Z: coordinate of Gcs with respect to
Rcs.

After finding the initial position and orientation, they
are represented in the above matrix form and the joint
angles of the robot arm manipulator are calculated suing
the inverse kinematics analysis. The joint angles of the
final position and orientation of the gripper are also
calculated.

As for the robot motion planning, a rough flowchart of
robot plan is shown in Fig. 7. The motion plan is worked out
by assigning the Z-value of the middle positions at sufficient

Fig. 6 a Initial and final position of gripper. b A linear array of holes
in the hole base
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height so as to avoid collision with other objects in the
assembly world during the robot motion. At the middle
origin position just after grasping the target object, the
orientation of the gripper is taken as the initial grasp orien-
tation which is computed in grasp plan. Similarly at the
middle target position just before the destination, the orien-
tation of the gripper is taken as the final orientation. The D–
H transformation matrix is used for representing the position
and orientation of gripper at middle origin position. In
addition, this matrix is adopted to calculate the joint angles
through inverse kinematics. Moreover, the joint angles at
middle target position are also calculated.

Creation the program of wheeled mobile robot As the above
mentioned, the joint angle positions corresponding to the
middle and the final positions are calculated for the grasp
and robot motion plan. The program of wheeled mobile
robot is created automatically from this data and further
post-processing is performed to generate an executable file
to match the format required by the specific wheel mobile
robot controllers. Figure 8 illustrates wheeled mobile robot
program generated by OOP as well as in XML format. It can
be transferred to the server for the direct execution of the
wheeled mobile robot. Meanwhile, the application server is
requested to set up the real assembly world as communicat-
ed by client in terms of wheeled mobile robot position,
assembled components, etc. The application server checks

up the program files and further transfers it to the controllers
through wireless serial Ethernet and was extensively tested
from various sites.

4.3 Data collection and distribution

As mentioned in Section 3, the task of sensor data collection
and distribution is handled by a set of server-side modules,
i.e., Message collector and Message publisher. For every
client registered with the Registrar, there is one assigned
Subscriber that is knowledgeable of the user’s request and
responsible of maintaining an active channel between the
client and the server. Multi-threading techniques are applied
to the module implementations. A comprehensive data flow
are given Fig. 9. The reason of choosing HTTP streaming as
the protocol for data transmission is because it uses standard
port 80 and can pass through firewalls. As a result, a
wheeled mobile robot user can receive real-time data any-
where if network connection is provided.

Meanwhile, the modules help the clients to transfer the
generated files, i.e., virtual models, task, and program files,
to the server tier. The Web interface has an option of file
transfer wherein the user can browse to select the files and
finally transfer to the server tier. The user is sent an ac-
knowledgement in the form a message dialog box when the
server receives the file.

Fig. 7 A rough flowchart of
robot plan
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4.4 Visualization

For the sake of network bandwidth conservation, Java
3D is used as an alternative of camera-based solution
for Web-based visualization [52–55]. Enabled by the
scene-graph architecture, Java 3D provides an abstract,
interactive imaging model for behavior control of 3D
objects. Utilizing the Java 3D technology, a machine of
interest (wheeled mobile robot in this case) can be
modeled as a scene graph, representing its physical
counterpart in the virtual assembly environment. The
data transmitting through the network are limited to
the data showing run-time status of the machine (posi-
tion, orientation, rated speed, etc.). Driven by the real
sensor data, the virtual model can demonstrate the true
behavior of the real machine with largely improve net-
work performance. Figure 10 illustrates the Java 3D
scene graph architecture of the wheeled mobile robot.

The scene graph involves a complete description of the
entire scene. It contains the geometry data, the attribute
information, and the viewing information needed to
render the scene from a particular point of view. The
Virtual Universe object offers grounding for the entire
scene. A Branch Group node serves as the root of a
sub-graph, or branch graph, of the scene graph. The
Transform Group nodes inside of a branch graph specify
the position, the orientation, and the scale of the geo-
metric objects in the virtual universe. Each geometric
object comprises a Geometry object, an Appearance
object, or both. The former depicts the shape of an
object; the latter records the appearance of the geome-
try, e.g., color, texture, light, etc. As for the behavior of
the virtual model, the Behavior node is assigned and it
contains user-defined control codes and state variables.
Sensor data processing can be embedded into the codes
for remote monitoring and control. In this case study,

Fig. 8 XML format of wheeled
mobile robot program
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Fig. 10 Scene graph architecture of wheeled mobile robot in Java 3D

Fig. 9 Data collection and
distribution through HTTP
streaming mode
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the motions of wheeled mobile robot (wheels, shoulder
base joint, shoulder pitch joint, shoulder yaw joint,
elbow pitch joint, wrist roll joint, wrist yaw joint, wrist
pitch joint, and gripper jaw) are controlled by their
corresponding behavior control nodes, for on-line mon-
itoring/control and off-line simulation. As the virtual
model is connected with its physical fellow through
the control nodes by low-volume message passing
(e.g., real-time sensor signals and control commands),
it becomes possible to remotely manipulate the real
wheeled mobile robot by its virtual model.

5 Implementation

A proof-of-concept prototype is developed on top of the
framework to demonstrate its application in remote
monitoring and control. Figure 11 illustrates one snap-
shot of the Web user interface of the prototype. A more
detailed discussion is provided through a wheeled mo-
bile robot case study. Meanwhile, Vbiws-Assembly has
been implemented in the modular fashion using object-
oriented programming and extensively tested from dif-
ferent locations connected through Internet. Various as-
sembly tasks such as component placement (Move) in

assembly region, component (Ci) On hole base (Hj), and
component (Ci) In hole base (Hj)—peg-in-hole are mod-
eled in the virtual assembly world and assembly tasks
specified to automatically generate and transfer wheeled
mobile robot programs.

The programs are tested by setting up the real assembly
environment in the CIM laboratory. Awheeled mobile robot
is linked to a server using wireless serial Ethernet to test out
the assembly tasks. Positioning accuracy of the wheeled
mobile robot is tested for different paths in assembly world.
This positional error is accounted by calculating the error at
the required position and adding it to the ideal position.
Using calibration data, the wheeled mobile robot programs
are automatically corrected by the Vbiws-Assembly to
improve the positioning accuracy. Figure 12 shows the
photograph showing a typical assembly being carried out
by the wheeled mobile robot for placing a hexagon compo-
nent into a linear array of holes in the hole base.

6 Conclusions

This paper proposes an approach to remote real-time com-
ponent assembly. It is implemented as a Web-based system

Fig. 11 Web user interface to Vbiws-Assembly. Step I—Move down to grip the component. Step II—Component gripping. Step III—Move to the
assembly region. Step IV—Place a hexagon component in the hole base. Step V—Gripper is open and upward motion
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on top of the Vbiws-Assembly framework with three-layer
architecture. The main goal of our combined Web-based and
sensor-driven approach is to reduce network traffic by using
virtual models, while still providing remote users with intu-
itive environments. Participating in the virtual model-
enabled Vbiws-Assembly, users not only can feel largely
reduced network traffic by real-time interaction, but can get
more flexible control of the real apparatus. A wheeled mo-
bile robot case study demonstrates its feasibility and shows
the promise of this approach to the emerging distributed

assembly criterion. Meanwhile, remote assembly implemen-
tations inevitably depend on the development of a compre-
hensive assembly data model and the enabling information
infrastructures over the Internet.

In the remote assembly environments, many planning,
design, and fabrication applications need to operate on mul-
tiple heterogeneous data sources. The information infra-
structures are very critical to achieve the interoperation
among the dispersed multiple data sources. With implemen-
tations of remote wheeled mobile robotic assembly

Step I 

Step II

Step III

Step IV 

Step V

Fig. 12 Snapshot showing the
assembly procedure on the
Vbiws-Assembly and its
corresponding real scene
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techniques, the company realizes the following competitive
advantages: (1) Application management is smoothly
streamlined, enabling more prompt response to user’s
requirements; (2) Web-based techniques allow easy access
and distribution of assembly data among users over the
Internet; (3) WebPages coded in hypertext and Java applets
are used for coordinating activities among the cooperation
partners, and for providing user support services. In addi-
tion, dynamically maintained WebPages allow users to par-
ticipate to some degree in the assembly processes.
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