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I. Introduction 

The use of the NII (National Information 
Infrastructure) is growing rapidly in the number of users 
and in the areas in which it is being applied. Sandia is 
using the NTI to leverage the use of geographically distrib- 
uted mechatronic (electro-mechanical) assets. This paper 
discusses the availability of networks, new challenges for 
robotics technology, and how the use of networks is help- 
ing to meet these challenges. A brief overview of the M I  
is provided, followed by a listing of “needs” within the 
intelligent systems community. An approach is then given 
for meeting these needs and, finally, implementation. 
examples, and future research directions are discussed. 

II. NII Design and Availability 

Over the past few years numerous computer networks 
have been developed, each possessing different capabilities 
and attracting unique user groups. The largest of these net- 
works is the Internet. The history of Internet provides 
some valuable insight into the development and usage of 
future networks. It was started by the Defense Advanced 
Research Projects Administration (DARPA) approximately 
25 years ago. Its initial purpose was to enable academic 
and military researchers to exchange technical information 
with the additional provision that it would continue to work 
even if part of the network were destroyed by an adversary. 
Consequently, the Internet has no central point of control; 
no one group owns it; and no one group sets the rules for 
its usage. It has surpassed its initial goals and successfully 
linked universities, government facilities and corporations 
around the world, with each user sharing the costs and 
technical work of running the system. Today, the Internet 
reaches around 25 million computer users, more than triple 
the number of users of just three years ago. 

This work was supoorted by the United 

What has driven this sudden explosive growth of a util- 
ity that has been available for several decades? There are 
many reasons for this wide use, three of which are most 
significant. 

First, the cost of access has decreased. Companies such 
as America On-Line, Compuserve, and Prodigy have 
enabled access at rates?of a few dollars per month. This 
coupled with the decrease in computing hardware (e.g., 
modems) has lowered the costs associated with connection 
and usage. The first important point is that for a network 
to be widelv used. i t  must have a low cost of access. 
Second, Internet became easy to use. The previously men- 
tioned companies, in addition to providing low access costs 
also provided graphical interfaces which were much more 
intuitive than typical operating system commands. 
Additional products such as Mosaic, NetScape and 
Spyglass have further enhanced interfaces. This has 
opened up the potential user market to much larger audi- 
ences, The second point is that the network should have an 
easv to use interface. Finally, tools were developed which 
simplified navigation of the networks. This enabled the 
overwhelming amount of information which is available to 
now become useful to the user. Thus, the third point is that 
the auantitv of information and services is not nearlv as 
i i c  
users. Each of these three elements should be reflected in 
designing future NII tools. 

However, even with the points listed above and its con- 
tinually increasing capabilities, Internet does not meet 
everyone’s needs. New networks such as AMT and the 
ESNet have started springing up to meet the requirements 
of new users. These new systems typically offer larger 
bandwidths and a superset of Internet capabilities such as 

- 
I IASTED 

1 unaer 
Contrxt DE-ACn4-94AL850QO. 

- .-- 

b$- DlSTRlBUTION OF THIS DOCUMENT 1S UNLIMITED 
_*- - -__-- 

mailto:isrc.sandia.gov
http://isrc.sandia.gov


DISCLAIMER 

This report was prepared a s  an account of work sponsored 
by an agency of the  United States Government. Neither t he  
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for t he  
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that  
its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the  United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of t he  United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 

I 



video conferencing. The availability of these higher perfor- 
mance networks provides an additional opportunity to 
address the needs of the robotics community. 

III. Intelligent Systems Needs 

Before attempting to define how the NII can be used 
within the intelligent systems community, we must first 
define the needs. In general, today’s intelligent systems 
are being developed to perform tomorrow’s very sophisti- 
cated tasks. Included in “intelligent systems” are mecha- 
tronic resources such as robots, CNC machines, transport 
systems, welding stations, etc. Instead of being a mature,- 
field where change is slow and methodical, the design and 

reuse of integration technology developed for past applica- 
tions has become mandatory. Properly applied, techniques of 
reuse greatly simplifies the integration of future applications. 

Reuse can take on many forms ranging from the micro 
to macro. Intelligent systems are generally composed of 
smaller components of lesser complexity that perform spe- 
cific functions. For example, the key components of current 
manufacturing environments cosist of such diverse elements 
as production machinery, communications hardware and 
software, computers, databases, file systems, and production 
management software. In’order to fully automate such man- 
ufacturini’systerilsBese components must be able to work 
toge&er in ?h integrated way to provide satisfactory product 

usage of robotics technology is in its infancy and it is rapid:.-“ quality at a reasonable price. On a macro scale, these indi- 
ly expanding. Timely andefficient collaboration between 
entities has become increasingly important as the monetary 
resources of’ entire industries expand or contract in 
response to rapid changes in production demand, dissolu- 
tion of geographic barriers, and the adoption of stringent 
environmental and commercial legislation. While many 
robot tasks can be successfully accommodated using cur- 
rently available intelligent systems technology, it will be 
increasingly difficult to satisfy the future task requirements 
without implementing new technology and information. 
These needs are expanded upon in the following paragraphs. 

. .  

A. Keeping Abreast of Intelligent Systems Technology 

As intelligent systems technology continues to advance 
at a fast pace, the enormous amount of information being 
produced makes it difficult for researchers and users to 
keep abreast of the latest intelligent systems technology. 
Coupled with this growth is the fact that new products are 
arriving on the market faster than individuals can evaluate 
them. Among the challenges for intelligent system design- 
ers and users are: 

remaining current with evolving technology, 
implementing these technologies in existing systems, and 
leveraging from these new technologies to develop 
new systems capabilities. 

Covering the entire spectrum of Research to Development 
to Application has become an enormous task. 

B. A ToolKit for System Integration Technology 

Intelligent systems are required to perform increasingly 
complicated and demanding tasks while they interact with 
a variety of complex systems more often than in the past. 
For example, a typical configuration of intelligent systems 
deployed at Sandia might use a dozen different computers, 
multiple robots, half-a-dozen different input devices, plus a 
variety of different sensors and end-effectors. In order to 
deliver these systems in a cost-effective and timely manner, 

vidual workcells are combined to produce a given result so 
thus workcells need to be able to be reconfigured and reused 
in a variety of applications. At a micro scale, many tech- 
nologies are common to a variety of workcells. Some exam- 
ples include communications, sensors, safety systems and 
operator interfaces. Each of these common technologies 
should be able to be reused throughout the workcells. 

Current technologies normally require that custom 
systems be designed and constructed for each specific 
manufacturing application. This practice occurs because 
the individual system components are usually developed 
and validated separately. Minimal effort is expended to 
provide an interoperable interface that enables the use of a 
consistent method for unifying these diverse components 
into coherent systems. As a result, current automation of 
complex systems can be expensive, time-consuming, labor 
intensive, and difficult to bring on-line and maintain. 

The idea of reusable components is certainly not new. 
However, these interfaces are usually developed for very 
specific domains or applications. Because we are interested 
in accumulating generic tools for inteagating a wide variety 
of complex systems, the technologies required include a 
much broader range of elements. NIST has recently issued 
reports1 listing the technical barriers to accomplishing future 
systems inteagation goals. The principal barrier is a lack of 
integration methodologies. 

Past recommendations for establishment of inteagation 
rules and interfaces have usually been based on development 
of standards. Standards, in most cases, have not been success- 
ful unless they were market driven. Thus, instead of defin- 
ing a rigid interface standard, a preferred approach is to 
define a ,mmmar from which communication interfaces can 
evolve. Building a consistent agam.mar for intersystem com- 
munication enables the development of interfaces which can 
evolve as the market dictates. Using this approach makes it 
possible to achieve a “plug-and-play” environment for inte- 
grating systems and enables the development of a toolkit 
from which intelligent systems can be readily assembled. 
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C. Making this ToolKit Accessible by a Geographically 
Dispersed Team 

This intelligent systems toolkit not only needs to be 
modular, reliable and expandable, but also it must be readily 
accessible by all members of the systems integration team 
which may be dispersed over wide geographic regions. For 
example, Sandia engages in system integration activities 
with team members located -at other national laboratories 
and universities. Additionally, Sandia interacts with a variety 
of industrial partners, providing them with varibts system 
components and integration expertise. Being geographi- 
cally dispersed makes such interaction difficult. The 
advantage gained by overcoming these baniers to interaction 
has generated solutions and leveraged capabilities which 
are greater than the sum of their individual components. 

IV. Network Approach Solution 

Each of these five areas of needs can be addressed 
through use of the NII. The first need of Keeping Abreast 
of Robotic Technology is readily addressed by the use of 
networks in disseminating information. The purpose of the 
Internet is to facilitate the exchange of technical informa- 
tion, and it excels in meeting this purpose. The World 
Wide Web (www> with services and interfaces such as 
Mosaic and NetScape provides an efficient mechanism for 
accessing information about new and exotic, as well as old 
and established technologies. This need will be met as the 
use of the WWW increases and is coupled with improve- 
ments in navigation tools. Meeting the other four needs 
presents a greater challenge. 

A. Virtual Collaborative Environments (VCEs) 
D. Providing Inherently Accurate Simulations 

The “steel” in our systems is getting expensive. 
For example, the systems being planned for remediating 
the waste sites within DOE are projected to cost hundreds 
of millions of dollars. It is very important to be able to 
evaluate these systems prior to committing huge sums of 
capital dollars and to ensure that the evaluations are accu- 
rate. It is prohibitively expensive and difficult to modify 
hardware once the fabrication process has been initiated. 
This cost factor requires “making do with what you’ve 
got.” If system flaws can be identified in the design phase 
of a project, a significant amount of time and money can be 
saved during the implementation and operation phases. In 
traditional simulation approaches, models are generated 
which hopefully reflect the desired hardware to be built. 
The shortcoming is that the resulting simulation is only as 
good as the individual models. Consequently, the need 
exists to develop simulation approaches which .are inher- 
-valid, that is the design and operations included in the 
simulations should be directly reflected in the final product. 

E. Maximizing the Use of the Expensive Systems 

Finally, optimal benefit must be derived from systems. 
Several testbed systems for evaluating new robot control and 
operation concepts are in the process of being designed and 
procured. It is important to make these various testbed sys- 
tems accessible to the various collaborators (who are sepa- 
rated geo,gaphically and located remotely from the testbed 
system). Requiring individual researchers to travel to test- 
bed locations to perform their research is expensive and inef- 
ficient. In addition to making these testbeds available to 
researchers, it is also important to make the testbeds avail- 
able to operators for training purposes. Being able to train 
operators using existing testbeds and simulators can provide 
valuable insight to the designers of the system to be 
deployed and also minimizes the amount of time required to 
make the deployed system operational. 

In response to the remaining needs, Sandia has been 
working with many entities in the intelligent systems com- 
munity such as ARPA, NIST, PNL, ORNL, CMU, 
Washington University and Penn State in developing a con- 
cept called Virtual Collaborative Environments (VCE). 
VCEs provide the bridge necessary for this flexible and 
efficient interaction and information exchange between 
disparate entities for the sharing of mechatronic equipment. 

A VCE is defined as a system for remotely sharing 
mechatronic devices among a group of participants2. In 
theory, any computer-controlled, electro-mechanical 
device with an electronic communication interface can be 
incorporated into a Virtual Collaborative Environment. 
Examples of other potential VCE compatible devices are 
electronic microscopes, observatory telescopes, automobile 
engines and subsystems, drawbridges, or perhaps railroad 
switches. As devices are redesigned for computer control 
and monitoring, the breadth of potential VCE applications 
naturally expands. 

Through a VCE, interfaced mechatronic devices can 
be accessed and shared much as supercomputers are shared 
by multiple-users at disparate locations. Such shared usage 
is comparable to the way in which supercomputers are used 
today. Users access supercomputers from remote locations 
to perform various computing tasks such as analysis, sim- 
ulation and rendering. In such an application, supercom- 
puters are brought virtually to the location of the user, even 
though the user may be located thousands of miles away 
from the actual computer hardware. Just as supercomputers 
are brought to the desk of a user, VCEs enable machinery 
to be brought virtually to the users desk. 

In a VCE, system developers access toolkits electroni- 
cally and develop systems in a simulated, or virtual envi- 
ronment prior to implementing them in actual hardware. 
The electronic models not only support simulation but also 
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allow users to share the mechatronic devices. Using this 
approach, entire production processes can be developed 
and tested prior to procuring the required machinery. 
Components included in the system need not be co-located 
while the system is being designed and integrated. The sys- 
tem components can be distributed across the country, or 
reside in a virtual environment at the user’s desk. This flex- 
ibility applies not only to the software which is used for con- 
trolling the system, but also for the machinery which is to be 
controlled. The production scripts generated in the virtual 
environment can then be directly transferred to this distrib- 
uted production environment. Making the technologies 
modular is a key to synthesizing systems in such a distributed 
environment. The systems are assembled from “plug-and- 
play” smart processes orchestrated by production scripts. 

The VCE approach meets several of the needs 
identified’above. 

, 

VCEs establish a “market driven” means to establish 
interfaces between various reusable modules. 
VCEs provide a natural environment for teaming, 
which is a way to bring together experts in diverse 
fields of research where each individual can 
contribute hisher area of expertise. 

By combining virtual elements with physical 
assets, simulations can indeed be validated. 

Finally, VCEs maximize the use of existing testbed 
facilities thereby enabling inexpensive and safe 
technology development. 

Consequently, instead of duplicating facilities around the 
country, we can leverage from single, well equipped loca- 
tions to perform validation testing. Examples of how each of 
these needs are met are provided below. Uniting these 
resources results in lowering the cost and time of performing 
research while it enhances the exchange of technology 

* among all participants. 

B. The System Composer 

Many researchers are actively developing tools which 
will facilitate the configuration and integration of VCEs. 
General Magic has released their Intelligent Agent product, 
Oracle and Silicon Graphics are working on several soft- 
ware tools, Real-Time Systems has developed a product 
called Control Shell. CMU has developed several tools 
such as ONIKA and Chimera. AVS has released a product 
called AVS Express and The University of New Mexico has 
commercialized a product called Khoros. These are just a 
few examples. While software resource sharing has grown 
as electronic network technologies have proliferated, net- 
work-based sharing of electromechanical equipment is still 
uncommon. Sandia has coupled many of these tools along 
with the Generic Intelligent System Controller (GISC)3 
software into a single environment called the System 
Composer. It provides a unified approach for configuring 

an environment for sharing such equipment among a group 
of participants over a network. This network can cover a 
wide distribution area or could be contained in a local envi- 
ronment in a single location (e.g., a factory floor). 

System Composer uses an information architecture 
approach to systems integration which allows merging of 
the software environment with the hardware environment. 
This provides a “plug-and-play” environment into which 
software developers can easily insert new models and tech- 
niques without requiring extensive reworking of existing 
software. In this approach, agents are integrated through 
the use of communication interfaces. Software drivers 
translate the generic commands into the specific instruc- 
tions required by each software agent. By defining the dri- 
ver interface, virtual models of the device communicate in 
the same manner as the actual hardware, thus enabling 
seamless interchange between virtual and actual hardware. 
The communication and interfacing software, then, is the 
“glue” which holds the system together. 

1. Information Architecture-The “Glue” that Holds it Together 

The development of System Composer builds upon 
software called GISC. which is an agent-based client serv- 
er approach to systems integration as shown in Figure 1. 

Supervisors Orchestrate Intelligent Agents 

T 
SANDROS 

r 
Supervisor 

Figure 1. GISC Toolkit Approach 

Agents are classified as either supervisors or subsystems. 
Supervisors, which are software resources, orchestrate the 
activities of intelligent subsystems to carry out tasks which 
can be either software or hardware resources. Various 
supervisor and subsystem agents have been integrated into 
the System Composer toolkit. Some of these tools have 
been developed in the national labs, others in universities, 
and several by industry. The library of tools is continuous- 
ly increasing. In the System Composer environment. the 
GISC approach treats each subsystem agent as being intelligent 



enough that generic commands, or information, can be 
passed to the subsystem agent and executed without further 
monitoring on the part of the supervisor agent. Agents are 
connected through a communication link using either 
UNIX sockets or the Sandia developed GENeral Interface 
for Supervisor and Subsystems (GENISAS)4 connections . 

2. Supervisor Agents 

* Supervisor agents control the subsystem agents using 
time-based or event-based control methods. An example of 
a time-based resource is an operator interface such as ajoy 
stick. In this case, the user is interacting with the subsys- 
tem in real time, entering tasks for the subsystem to per- 
form. An example of an event-based resource is a task 
planner which specifies the sequence of operations 
required to achieve a given task. Here the complete 
sequence’of events is described prior to initiating any oper- 
ations and the completion of a given event triggers the next 
event in the queue. Both of these types of supervisors can 
be plugged into the system simulation as needs dictate. 

. .  

3. Subsystem Agents 

Subsystem agents receive and execute commands from 
supervisor agents. Subsystem agents are created from a 
class of components such as Robots, Manufacturing 
Equipment, Intelligent End Effectors and Vision Systems. 
Each subsystem resource is completely characterized by 
three pieces of information: hardware type, behavior 
mode, and capabilities list. The hardware type not only 
includes items such as Gantry Robot or CNC Machine, but 
also any computing resources or sensors associated with 
these devices The behavior mode describes the operational 
behavior of a subsystem agent. A subsystem agent such as 
a robot could be configured with several behavior modes 
ranging from operating in an autonomous mode under sen- 
sor control, or in a teleoperational mode with various input 
control devices such as force reflecting master, or even in 
a programmable mode using high-level decision planners. 
Finally, the capabilities list specifies the type of operations 
that the particular system can perfom. Items in this list 
typically contain commands such as “get tool”, “move 
home”, and “move along path.” Also, as the capabilities of 
the agent increase (e.g., sensor-based motion), these ele- 
ments are added to the capabilities list. 

Software drivers residing within a subsystem agent 
intercept commands and requests for action, translate these 
commands into the needed agent specific commands and 
data, and then condition the results of a specific software 
agent’s operation into generic commands and data under- 
stood by the rest of the virtual environment. Using this 
interface-driven approach toolkits can be assembled over a 
network to form integrated systems from virtual and/or 
actual devices. By taking this approach, a grammar for inter- 

faces is defined which allows continual expansion and revi- 
sion. Thus we have avoided defining a standard, but instead 
defined a process by which interfaces can grow as needed. 

4. Subsystem Behavior Software ToolKit 

The Sequential Modular Architecture for Robotics and 
Teleoperation, known as SMART6 and Robot Independent 
Programming Language, known as NPL7 are software 
toolkits used to describe the behavior modes of subsystem 
agents. SMART provides a real-time control architecture 
for constructing telerobo$ci.Ttems consisting of input 
devices, sensors;and &put devices. Each SMART mod- 
ule represents a singular element of the system (e.g., input 
devices, sensors, robots, ...) which can run synchronously 
and can be distributed arbitrarily across multiple CPUs 
connected acr,oss networks. A robot server, created with 
the RIPL7, is connected via a network to a supervisor 
resource thus completing the communications path from 
the supervisor to SMART. Using these software packages, 
it is possible to build and reconfigure flexible robot servers 
for various robot classes incorporating different input 
devices and sensors operating over networks. 

5. System Composer Benefits 

One of the benefits of using this approach is that it pro- 
vides seamless interchange between virtual and actual 
devices. For example, if a robot module is selected as virtual, 
then a simulated robot (typically a software routine running 
on a VME system) is automatically connected to the system. 
Thus, this virtual robot reacts to the control commands 
exactly as if the real robot were connected. If a “real” robot 
is selected, then the system automatically reconfigures itself 
so that an actual robot is being controlled. What enables this 
configuration is that the subsystem interfaces for both the 
virtual and actual robot are identical, thus the entire inteaoration, 
from operator interface to path planners to sensors can be 
configured and tested prior to actually purchasing the real 
robot. Once the robot is procured, then the exact same software 
that was used to drive the simulation is used to drive the actual 
device. ?his provides inherent accuracy in simulations and the 
ability to shift seamlessly from virtual devices to actual ones. 

Another important point is that the svstem designer 
only has to be concerned with the functional characteristics 
of the modules. He or she does not need to know the 
details of the algorithms contained in the module. 
Likewise, the developer of the specific module does not 
need to know the details of the ultimate application of 
hisher module. In this manner, the library of modules can 
be continually expanded, configured and reused as needs 
dictate without individuals having to pay attention to every 
detail about each aspect of the system. Instead, the individ- 
ual can just focus on his or her particular area of interest. 
Thus, leveraging of ideas and capabilities is greatly facilitated. 
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V. System Composer Implementation 

A Graphical User Interface (GUI) for the System 
Composer provides an intelligent front end which simpli- 
fies the integration and automation of the software toolkit 
for use by non-experts. The GUI utilizes the Forms Library 
and the Graphics Library for Silicon Graphics worksta- 
tions. Configuration files are generated by the GUI based 
on the users’ selection which are read by the software 
toolkit for creating and reconfiguring thk- supervisor and 
subsystem resources. 

The GUI contains two sections - a setup section and an 
operation section as shown in the first window in Figure 2. 

Figure 2. Main GUI Window 
The setup section contains three buttons allowing the user to 
graphically setup the simulation environment. The first but- 
ton allows the user to select and connect supervisor and sub- 
system agents. The second button allows the user to layout 
the hardware resources (computing, input devices, sensors, 
robots, etc.,) and also verify that hardware resources are 
available as implied from the information generated by the 
first button. The third button provides a description of the 
software processes required for the simulation. 

The window shown in Figure 3 is created from the 
supervisor/subsystem setup button. This window provides 
a graphical editor for creating and connecting agents. The 
subsystem information (hardware type, behavior mode, 
and capabilities list) is accessed through the edit menu or 

Figure 3. Supervisor and System Editor Window 

Figure 4. SMART Editor Window 

by double clicking. The behavior mode uses a graphical 
SMART editor to arrange the SMART modules within a 
SMART grid as shown in Figure 4. The joint, sensor, and 
input SMART types contain a virtual and real mode. For 
example, if a joint module is selected as virtual, then a sim- 
ulated robot (typically a software routine running on the 
W E  system) reacts to the control commands. If it is 
selected as real, then the actual robot is being controlled. 
Note that the subsystem interfaces for both the virtual and 
actual robot are identical, thus the entire integration. from 
operator interface to path planners to sensors can be con- 
figured and tested prior to actually procuring the real robot. 
Once the robot is procured, then the same software that was 
used to drive the simulation (the virtual robot) is used to 
drive the actual device. In this way we have inherent accu- 
racy in our simulations and we able to seamlessly shift 
from virtual devices to actual ones. 

After the user selects the desired simulation environ- 
ment through the setup section, the “Verify” button checks 
the SMART grid to ensure proper connections were made 
and that no required modules have been omitted. At this 



point the system is configured and ready for execution. 
The “system exerciser“ button allows the user to execute 
basic commands such as issuing robot motion commands 
for a robot system. The “application” button contains high- 
level commands associated with a particular application. 
These high-level commands are a combination of basic 
commands which are created through the exerciser button 
and saved in an application ‘command file. 

.._ 
Several systems have been developed, evaluated and 

operated using System Composer. One such application, 
which demonstrates how it can be used to design and inte- 
grate systems via the collaboration of various resources, 
both real and virtual, over a network, is described in the 
following. The hardware resources (computers, input 
devices, sensors, and robots) which were integrated are 
shown in Figure 5. The computing equipment consisted of 
three real-time VMEbus computing resources which were 
used for system resource software and one graphical com- 
puting resource which was used for supervisor software. 
The input devices include a graphical programming inter- 
face (SanchoS), a force reflecting torque arm and a space- 
ball. Two robot resources were used, one virtual and a real 
robot located in a remote lab and connected via a T1 line. 
To demonstrate the integration of distributed hardware 
resources, a proximity sensor located in a third location 
was also integrated into the system. Finally, a video conference 
session was utilized for connecting video cameras between 
the operating console of the DCW and the remote robot. 

I 

VhlE I Rack 2 Rack3 I 
I 

mIEC-pW I 
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Figure 5. DCW Resources and Network Setup 

The initial configuration contained only a virtual robot 
simulated on a VMEbus computing system with only 
Sancho. Using the network, a real proximity sensor was 
added to the virtual robot. Thus, as the virtual arm was 
moving the operator could place hisher hand over the 
proximity sensor and visualize how the controls system 

reacted. Next. the force reflecting torque arm and space- 
ball were connected through another network connection. 
When the operator moved the virtual robot with the torque 
arm and then placed an object near the proximity sensor, he 
or she could sense the reacting force in the torque arm pre- 
venting the virtual robot from moving until the object was 
removed from the proximity sensor. This configuration 
provided an evaluation and training platform for operators 
to use real input devices to control a (virtual) robot prior to 
committing the capital funds required for purchase of the 
actual device. The system also illustrates collaboration of 
remote equipment attached to a network For example, via 
the NII a designer at a university can evaluate how their 
sensors will interact with the control software of a robot 
located at a different site. The final configuration illus- 
trates using real input devices to control a real robot at a 
remote location. This combination demonstrates the final 
stage of moving from a virtual to a real robotic environ- 
ment. The same software and input devices used in the 
previous configuration are still being used in this configu- 
ration. The only difference is that the virtual robot has 
been replaced with a real robot which is located at a remote 
site. The operator controls the robot with the input devices 
or through commands using the supemisor and monitors the 
robot motion through the video conference session. 

VI. System Composer and VCE Potential Applications 

A. Remote Research Facility 

One potential application of this technology is to pro- 
vide researchers access to unique robot systems operated 
by national labs, industry and universities. These robot 
systems typically represent significant capital expenditures 
for robots, other computer controlled equipment, sensors, 
end-effectors, and software. Access to testbeds located at 
other universities. research labs, or industrial concerns will 
enhance the ability of researchers to test, validate, demon- 
strate, and further develop algorithms and solutions perti- 
nent to their field of research. 

B. Remote Machining 

Another example might involve the machining of a 
complex part by a small design company based in Arizona. 
The Arizona company, working as a subcontractor to a 
product development team based in Minnesota, might 
design a prototype part which requires unique machining 
equipment for fabrication. The Arizona company could 
use the VCEfSystem Composer technology to access an 
appropriate milling machine located in Seattle and literal- 
ly build the parts remotely using tool control information 
generated in Arizona. The designers in Minnesota and 
Arizona could interact with the milling machine during the 
machining process to insure proper tolerances and fits were 
maintained and continuously receive inspection data in 
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real-time during the machining process. Completed parts 
could then be express mailed to the Minnesota company for 
integration with parts produced by team members. 

C. Remote System Integration and Functional Testing 

Another example of a potential VCWSystem Composer 
application might involve the design and integration of a 
large manufacturing workcell by a system integrator in 
Connecticut. In order to obtain accurate performance and 
cost estimates during the bid phase for a proposal to fabricate 
a large manufacturing workcell, a systems integrator might 
use the technology to simulate and test the feasibility of a 
workcell prototype. The proposed workcell might consist of 
a milling machine produced by a company in Germany, a 
robot produced by a company in Michigan, a rotary table 
produced by a company in California, and a conveyor made 
by a Japanese company. Using System Composer, the sys- 
tems integrator could build a graphical and geometric model 
of the prototype workcell based on components similar to 
the ones being provided by each manufacturer, and build a 
control structure to operate the various components as 
desired. By networking the individual components over a 
VCE based network, the milling machine (located in 
Germany), the rotary table (located in California), and the 
conveyor (located in Japan) could be operated in cooperation 
with the robot (located in Michigan) with the aggregate 
workcell being tested and displayed in Connecticut. Thus, 
the system integrator would have a model of the proposed 
workcell and validate its operation using actual hardware 
located at each contributor’s own facility-all accomplished 
without travel and without shipping and equipment. 

VI. Future Enhancements 

The technology required to accomplish these applica- 
tions is available today. However, in order to utilize it fully, 
enhancements in the following areas need to be made. 

1. Generic Interfaces: In order to make mechatronic devices 
readily accessible by a wide range of different users, gener- 
ic interfaces must be developed and the devices must be 
designed to be controlled via these interfaces. 

. 

2. Virtual Sensorfforce Reflection: One type of an improved 
user interface that also includes intuitive control information 
for safety and efficient task operation is provided by reflecting 
external forces, or some other appropriate sensor measurand, 
experienced by the mechatronic device back to the remote user. 

3. Low Access Cost: A low cost user interface consisting of 
a robot simulation system and videoconferencing system 
must be identified or developed. 

4. Hioh Bandwidth networks: As currently configured, in 
order for VCEs to be effective and useful networks capable 
of high-speed data transmission must be available. 

5. Automatic Path Planner: A means of automatically 

generating mechatronic machine motion paths or an auto- 
mated path planner is often necessary to provide efficient use 
of mechatronic resources. 

6. Video Selection Svstem: Direct interaction with live video 
images versus the current approach of capturing images and 
coupling this with workcell models would enhance the safe- 
ty, efficiency, and accuracy of interactions between remote 
user and the real environment. 

7. Information Suretv: Security of data is another signifi- 
cant technology lacking in the current VCE/DCW technol- 
ogy. A means for verifying users and controlling access to 
data and resources is critical to full-scale implementation 
of the technology 

VII. summary 

In order to meet tomorrow’s challenges for robotics and 
intelligent systems in a cost effective and timely manner, the 
approach in which research, development and application 
needs to be improved. The VCWSystem Composer tech- 
nology provides one approach for such an improvement. 
The use of networks to not only disseminate information but 
also to collaboratively design, implement and operate intel- 
ligent systems is rapidly becoming a viable technology. 
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