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ABSTRACT 

Throughout the Department of Energy (DOE) complex 
there are numerous facilities which were constructed to 
research and develop nuclear materials during the cold war 
era. As a result, there are now many facilities such as 
reactors which require dismantlement and clean up. 
Technological advances over the past 10 years have 
significantly increased the state of computers, electronics 
and automated machinery. Because of this rapid growth, 
the technology of robotics has played a key role in clean 
up and remote operations. While robotic systems which 
perform hazardous tasks are being advanced, the human 
interface has not. Only within the past few years has the 
humadmachine interface been addressed. A growing 
concern with the rapid advances in technology is that the 
robotic systems will become so complex that operators 
will be overwhelmed by the complexity and number of 
controls. Thus, there is an on going effort within the 
remote and teleoperated robotic field to develop better 
man-machine interfaces. The Department of Energy’s 
Idaho National Engineering Laboratory (INEL) has been 
researching methods to simplify this interface including 
telepresence techniques which are applicable to nuclear 
environments. Initial telepresence research conducted at 
the INEL developed a concept called the Virtualwindow. 
This system minimizes the complexity of remote stereo 
viewing controls and provides the operator the “feel” of 
viewing the environment in a natural setting. The 
Virtualwindow has shown that the man-machine interface 
can be simplified while increasing operator performance. 
This paper deals with the continuing research and 
development of the Virtualwindow system to provide a 
standard camera interface. An application of the 
VirtualwindoW in the dismantlement of the Chicago Pile- 
Five (CP-5) reactor at Argonne National Laboratory-East 
(ANL-E) is discussed. 

I. INTRODUCTION 

The term “telepresence” refers to techniques and/or 
technologies which can give an operator of remote or 
robotic equipment the sense of being present in a remote 
environment. While this sounds like “virtual reality’’, 
telepresence is significantly different from virtual reality. 
Virtual reality relies on powerful computing platforms to 
develop an artificial representation of a real environment. 
Telepresence could almost be called “real reality” since 
it uses cameras and other sensors actually present in the 
remote environment to provide the operator with a real 
representation of a real environment. 

The Department of Energy’s Idaho National 
Engineering Laboratory has been researching the use of 

Figure 1 INEL Mobile Telepresence System 
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Figure 2 INEL Teleplesence Interface 

telepresence in nuclear environments. During 1995, 
research included the transformation of a mobile robot 
originally built for nuclear cleanup into a telepresence 
pIatform. The resulting mobile robot consisted of a 
Remotec Andros robot outfitted with an Eshed Robotec 
MK2 arm, a high speed pan and tilt, two stereo camera 
pairs, audio tactile feedback, and directional stereo 
microphones (see figure 1). The resulting telepresence 
interface consisted of a CrystalEyes VR stereo vision 
system, a Logitech Cyberman six degree of freedom 
mouse, a voice activated video switcher, and stereo 
headphones (see figure 2). Details on how this 
telepresence system was designed can be found in the 
1996 S P E  proceedings'. 

A unique user interface resulted from this telepresence 
research which INEL developers call "VirtualwindoW", a 
term first introduced by Greg Tharp of the Jet Propulsion 
Laboratory'. The INEL VirtualwindoW was developed to 
give the user the feel of peering through an oil filled 
window which is common for operators working in remote 
radiologically controlled areas. Response to use of this 
interface was so positive that the DOES Office of 
Technology Development's (OTD) Robotic Technology 
Development Program (RTDP) recommended that the 
INEL pursue the development of a stand-alone 
Virtualwindow system capable of being utilized on 
various nuclear applications. 

This paper discusses the development of the stand- 
alone VirtualwindoW system and the utilization of the 
VirtualwindoW on the Dual Arm Work Platform (DAWP) 
in the dismantlement of the Argonne National Laboratory- 
East Chicago Pile-Five reactor. 

11. DEVELOPMENT OF THE STAND-ALONE 
VIRTUALWINDOW SYSTEM 

As indicated, the INEL VirtualwindoW was first 
conceived during research aimed at investigating the use 
of telepresence in nuclear environments. The 
Virtualwindow was a part of an overall telepresence 
strategy and no effort was made to optimize the number 
of components in the system. In fact, efforts were taken 
to utilize existing equipment at the INEL to minimize 
costs where possible. Following is a description of the 
VirtualwindoW prototype and the steps taken to develop 
a stand-alone system which minimizes components and 
allows for maximum expandability. 

A. Description Of The Telepresence Virtualwindow 
Prototype 

As shown in figure 2, the prototype Virtualwindow 
system used the CrystalEyes VR stereo display to provide 
stereo vision capability by feeding a 21" stereo ready 
monitor (1 20 Hz vertical scan rate) two high resolution 
camera images. The monitor was viewed using a pair of 
CrystalEyes LCD glasses which synchronize with the 
monitor using an infrared emitter. The LCDs in  the 
glasses shutter at 60 Hz between the left and right camera 
images, alternating between the user's left and right eyes, 
respectively. The alternating images give the user three 
dimensional vision in the viewing environment. Included 
with the VR package was a Logitech six degree of 
freedom acoustic head tracking system which utilizes a 
stationary triangular ultrasonic transmitter and three 
microphones as receivers mounted on the LCD glasses. 
Readings from the glasses were measured by the Logitech 
device and relayed to a Silicon Graphics (SGI) Indi 11 
Extreme. The stereo images were acquired using two 
Sony XC999 cameras mounted on a Directed Perception 
high speed pan and tilt unit. The cameras were mounted 
at the same separation as a human's eyes - approximately 
2.5 inches from center to center. Additionally, the 
cameras were mounted in parallel vergence, with the 
vergence adjustable through the CrystalEyes Viewmecord 
box. The high speed pan and tilt unit used is capable of 
pan and tilt speeds of up to 300 degrees per second 
allowing real time tracking. As the SGI determined the 
orientation of the userk head, appropriate commands were 
relayed to the pan and tilt unit to position the cameras 
accordingly. 

The VirtualwindoW prototype utilized two stereo 
camera pairs (a total of four cameras). A remotely 
switchable SVHS Sigma video switcher was used to 
switch between two stereo camera feeds to the CrystalEyes 
VR system. Additionally, to fully free the user's hands for 
operation of the mobile platform and manipulator, a voice 
recognition system was implemented using a Macintosh 



Quadra 840 AV. A restrictive command set was designed 
to allow various commands to be enunciated by the user 
which allowed for switching between camera pairs. As 
these commands were received and recognized by the 
Macintosh computer, appropriate commands were 
conveyed to the video switcher. In addition to these 
components, an IBM compatible 486 PC was utilized to 
interface to the Logitech Cyberman 6 degree of freedom 
mouse, which was used to control the ESHED manipulator 
on board the Remotec Andros. 

As mentioned earlier, the Virtualwindow prototype 
was developed to give the user the feel of peering through 
an oil filled window. This was accomplished using a path 
estimation algorithm which positioned the stereo cameras 
relative to the orientation of the user’s head. The path 
planner attempted to read extra data points and then 
approximate the anticipated end point. Given that the SGI 
head tracker to pan and tilt unit data rate was two to one, 
the program would read data for a given time, fit the data 
to a curve, and then approximate the anticipated end point 
of the path. This system worked relatively well, and 85% 
of the commanded moves resulted in a good end point 
approximation and provided a telepresence interface. 
From the operator’s point of view, the stereo image 
displayed on the monitor changed in correspondence to the 
direction the operator gazed. This process can be best 
explained by comparing the action with looking through a 
window, thus, VirtualwindoW. As an observer looks 
through a window, objects in the plane of view are held 
within the window boundary. If the observer desires to 
look beyond the window’s edges, they simply shift or 
reorient their gaze. Similarly, as the user of this system 
desires to see beyond the bounds of the displayed view, 
they merely reorient their gaze. The system responds by 
reorienting the cameras and changing the displayed image. 
All of this action becomes transparent to the operator. 
The resulting effect is the feeling of peering through a 
window rather than looking at a display. However, there 
was one major drawback to this method. Fifteen percent 
of the time the algorithm predicted false endpoints, 
resulting in camera movements which seemed to “take 
off ’, or go to positions unrelated to the current pose of the 
user’s head. This issue was resolved during the 
development of the stand-alone Virtualwindow system. 

B. Stand-Alone VirtualwindoW Description 

Response to use of the prototype interface was 
adequate to justify the development of a system which 
eliminated the computer hardware redundancy, provided 
expandability and versatility, and eliminated instabilities in 
the head tracking to camera interface while still 

maintaining the appropriate level of immersion for nuclear 
operations. The features of the VirtualwindoW prototype 
that were carried forward into the new system interface 
consisted of 1) High resolution stereo vision, 2) 
Automated camera positioning using head tracking, 3) 
High speed pan and tilts for real time camera positioning, 
and 4) Voice control for hands free operation. 
Additionally, the resulting system was designed to allow 
expandability so unique features of various remote 
platforms can be incorporated into the immersive interface 
intuitively. 

Following is a brief description of the key components 
that comprise the resulting stand-alone VirtuaIwindoW 
system as depicted in figure 3. 
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Figure 3 Virtualwindow Stand-Alone System 

1. Embedded controller with LCD. One of the main 
goals in developing a stand-alone system was to reduce 
the cost of equipment while still providing the telepresence 
interface of the prototype system. The prototype system 
used three computers; an SGI Indi II Extreme, a 
Macintosh Quadra 840 AV, and an IBM compatible 486 
PC. The first step in reducing the cost was to reduce this 
processor count from three to one. This was accomplished 
by using an Ampro Littleboard 486i embedded system. 
The Littleboard provides a 486 processor, four corn ports, 
SVGA video with built-in CRTLCD controller, PC104 
expansion, and a PCIAT expansion bus - all on a low cost, 



single board system. An LCD with back lighting was 
used to display commands to and from the embedded 
controller because LCD technology provides a flicker free 
display while using the CrystalEyes glasses. 

A key improvement in the stand-alone Virtualwindow 
system is the ability to control multiple pan and tilt units. 
The prototype system could only switch between several 
different video feeds. The stand-alone Virtualwindow can 
switch between multiple video signals, and between 
control of multiple pan and tilt units. This switching is 
performed by the Ampro computer. The user only needs 
to choose which video feed they desire to view and the 
stand-alone VirtualwindoW system will issue all of the 
proper commands to the supporting hardware to complete 
the switching. This feature gives the system the capability 
of controlling as many as 99 different pan and tilt units. 

2. CrystalEyes VR. Like the prototype system, a 
CrystalEyes VR system is used to display the stereo 
camera images on a rack-mounted 20 inch display. The 
stereo images are routed from the video switcher to the 
viewlrecord box which synchronizes the left and right 
camera signals. The Logitech acoustical head tracking 
hardware is also used in this system to track the user's 
head position and send data to the Ampro computer, 
similar to the scheme utilized in the prototype system with 
the Silicon Graphics Indi I1 Extreme. The Ampro then 
processes the head tracker data and issues the proper 
command to one or more pan and tilt units. 

3.  Voice Control. All of the commands accessible to 
the user have been made available via a voice recognition 
system. The VirtualwindoW uses Dragon System's, Inc. 
DragonVoiceTools and sound card to listen for valid 
commands from the user and then process the 
corresponding commands. For example, switching from 
one stereo camera to a second is accomplished simply by 
enunciating the name or number of the desired camera. 
Additionally, all of the user executable commands can be 
implemented using keyboard input for maximum 
flexibility. 

4. Improved Head Tracking. The path estimation 
algorithm was redesigned to allow for "dead zone" 
operation to eliminate instabilities. The term dead zone 
refers to an area on the display which, when viewed by 
the operator, causes the camera positioning system to 
remain stationary (see figure 4). The area just beyond the 
dead zone is called the "intermediate zone" and is used for 
making small adjustments to the current "window" in any 
direction. While in the intermediate zone, the pan and tilt 
unit response is slow relative to the "edge zone" which is 

the outer zone. When the user's view progresses from the 
intermediate zone into the edge zone, the system responds 
by increasing the pan and tilt speed, thus causing an 
increase in the shifting of the window. The overall effect 
of this approach is that the system tracks the user's gaze 
as they look at objects within the work environment. This 
feature of the VirtualwindoW allows an operator to 
concentrate on the task of remote manipulation without 
having to worry about continually repositioning cameras 
manually. For example, if an operator is performing a 
pick and place operation and desires to keep the gripper of 
the manipulator in view, the user simply looks through 
the VirtualwindoW at the end effector as it moves on- 
screen. The system responds by keeping the end effector 
contained near the center of the screen as the manipulator 
moves about the work environment. This feature proved 
to be very beneficial when the stand-alone Virtualwindow 
was implemented on a robotic work platform. The next 
section of this paper discusses the use of the 
Virtualwindow on the Dual Arm Work Platform; a custom 
dismantlement system built to D&D a test reactor in 
Illinois. 

Figure 4 ViltualwindoW Dead Zones 

111. APPLICATION OF THE VIRTUALWINDOW TO 
THE DUAL ARM WORK PLATFORM AT ANL-E 

A. History Of ANL-E and CP-5 Reactor 

Argonne National Laboratory-East is located near 
Lemont, Illinois, approximately 40 km southwest of 
downtown Chicago. ANL-E occupies a total of 1700 



acres, with 200 acres used for laboratory and support 
facilities and the remaining 1500 acres devoted to forest 
and landscape areas within the site perimeter. The CP-5 
facility occupies about 3 acres within the ANL-E site. 

The Chicago Pile-Five reactor was built as a 
heterogeneous, heavy water cooled and moderated, fully 
enriched reactor. The CP-5 reactor was designed to 
provide neutrons for research. Construction of the reactor 
facility was started in 1951, and the reactor was first taken 
critical in February, 1954. In its original configuration 
CP-5 was a 1 Megawatt reactor, but it was upgraded twice 
during its lifetime to a final output of 4 Megawatts. Final 
shutdown of the reactor took place on September 28, 
1979. Shortly after shutdown the reactor was defueled, 
drained of heavy water, and left in storage. Starting in 
1989-1990 most of the system piping, auxiliary systems, 
and other miscellaneous components were removed and 
disposed of as part of the DOE’S safe storage program. 

Decommissioning of the reactor itself started in 1995- 
199fj3. In 1995 the CP-5 reactor was selected as a 
Morgantown Energy Technologies Center (METC) Large 
Scale Demo (LSD) site, and as a result a number of new 
andor innovative technologies from government and 
industry will be demonstrated during the decommissioning 
and decontamination (D&D) of the reactor. The Robotics 
Technology Development Program became involved with 
the LSD very early on and is contributing robotic 
technologies for use in the dismantlement of the reactor. 

B. Nuclear Constraints And Considerations 

Dismantlement of the CP-5 reactor necessarily 
involves exposure to radiation. Operation of the reactor 
over a period of 25 years led to the activation of areas 
within the reactor, particularly the bottom of the lower 
shield plug and the steel beams under the reactor structure. 
While much of the reactor can be dismantled safely by 
humans using hands-on techniques or hand-deployed tools, 
the radiation fields in the interior of the CP-5 reactor 
(under the lower shield plug) have been measured at 
greater than 1Whr. Fields of this magnitude make it 
difficult to perform hands-on activities, particularly for 
tasks which require significant stay times, such as the 
removal of several thousand fitted graphite blocks. 
Remotely operated dismantlement equipment was 
considered to be the best solution for dismantlement of the 
interior of the reactor. 

The decision to use remotely-operated dismantlement 
equipment led to another decision point. Remote 
operations in a nucleadradiation environment can present 

difficulties, particularly for electronic equipment such as 
cameras. Prolonged exposure to ionizing radiation breaks 
down electronic components and can brown normal optical 
glass over time. Special radiation-hardened or shielded 
equipment can be used, but this equipment may cost up to 
ten times what a standard piece of equipment would cost. 
Obviously, performing dismantlement operations from a 
remote location requires the presence of cameras in the 
radiation environment where the dismantlement equipment 
is located. For the CP-5 dismantlement the decision was 
made to use “disposable” cameras (standard, off-the-shelf 
cameras) and electronic equipment. This decision was 
based on the expected long-term dose the equipment 
would receive and the accessibility of equipment for 
maintenance. 

C. Project Needs and Resulting Dual Arm Work 
Platform Design 

The design of the remotely-operated dismantlement 
equipment for D&D of the CP-5 reactor was driven by 
specific requirements. The equipment had to prcvide 
maximum overall capability and yet be functional while 
operating in a very confined space. One of the primary 
operating environments for the dismantlement equipment 
is within a ten foot diameter steel cylinder which forms 
the boundary between the reactor and its bioshield. 
Within this cylinder the equipment has to perform a 
variety of tasks including bolt removal, pipe cutting, 
reactor vessel dismantlement, and disassembly of 
thousands of fitted graphite blocks. Very early on it was 
decided that two manipulator arms would be used because 
many of these dismantlement tasks would require two 
arms working cooperatively in the same area to 
accomplish the work effectively. The manipulator arms 
were mounted side by side and 36 inches apart. The base 
of the manipulator arms mount to actuators that provide 
two additional degrees of freedom so that the manipulator 
arms can reach anywhere within the ten foot cylinder. 
This configuration was closely modeled after a dual arm 
system developed at Oak Ridge National Laboratory. The 
ardactuator assemblies were mounted on an epoxy coated 
carbon steel structure to form the Dual Arm Work 
Platform. The DAWP is positioned within the reactor 
facility by either a forklift or an overhead crane. All 
functions of the DAWP, including manipulator operation, 
actuator operation, lighting control, tool control, and 
operation of the VirtualwindoW, are performed by an 
operator located in a control room approximately 70 feet 
from the reactor through 175 feet of tether. 

The DAWP is designed to be self contained such that 
all cameras, lighting, and dismantlement tools are located 
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on the platform. For the DAWP to be effective in a 
remote environment, the operator must be able to “see“ all 
of the working environment as well as where tools are 
stored on the platform. Rather than placing multiple 
cameras throughout the DAWP that would attempt to 
provide every possible view, a slider (linear actuator) was 
mounted on the top front of the platform so that a pan and 
tilt unit and stereo camera pair could be dynamically 
located based upon current operating conditions and needs. 
This allowed the user to peer around each arm and look 
into the vessel as well as view the back side of the 
platform during tool change out. Figure 5 shows the 
resulting DAWP as delivered to ANL-E for deployment at 
the CP-5 reactor. 

Figure 5 Dual A m  Work Platfom 

D. Operation Of The DAWP Using The Virtualwindow 

As previously mentioned, the VirtualwindoW was 
designed to be flexible so that additional system 
requirements for specific applications could be integrated 
easily and controlled intuitively. An example of this 
flexibility is the inclusion of the slider used to locate one 
of the stereo camera pairs and pan and tilt units in a 
position which allows optimum viewing of the work area. 
This component was not originally part of the stand-alone 
Virtualwindow system. Control of this portion of the 
DAWP was accomplished by extending the head tracking 
dead zones affiliated with this pan and tilt unit to include 
center, intermediate, and outside slider zones (see figure 
6). The center zone is approximately 8 inches wide 
horizontally and is centered on the video display. As long 
as the operator’s head is in this zone, the slider will 

remain stationary. As the operator leans either left or 
right, the operator’s head will enter first the inner zone, 
and then the outer zone. As with the pan and tilts, when 
the operator’s head is in the inner zone, the slider will 
move slowly in the direction of the lean. If the operator 
leans further into the outer zone, the slider will move 
much faster. These zones were implemented in hardware 
via the head tracker and a serial link from the embedded 
controller to the slider’s controller. 

Figure 6 Virtualwindow Slider Zones 

As an operator uses this VirtualwindoW interface, 
they are free to concentrate on intensive tasks such as 
concurrently controlling the two Schilling manipulators. 
Control of these manipulators is accomplished through 
teleoperation where each manipulator is slaved to a mini- 
master controller. The mini-master controller is a 
miniaturized representation of the manipulator with each 
joint of the master being mapped to the slave arm. When 
the master is manipulated, the slave will move 
accordingly. Controlling the Shilling arm using a mini- 
master is straight forward and proficiency can be achieved 
after a few hours of operation. However, precise tasks can 
be difficult using only one hand to control the manipulator 
and the use of two hands is required. Additionally, robot 
arm manipulation is more reliable if the operator can keep 
their hands on the master controllers at all times. Often 
during remote activities it is necessary to change remote 
views to maximize the environmental feedback to the 
operator and requires them to stop robot manipulation and 
use their hands to select a camera view (or necessitates an 
additional camera operator). By utilizing the 
Virtualwindow system, the user does not need to stop or 
pause during any of these operations. As described, the 



VirtualwindoW system responds to the operator's gaze by 
automatically moving the desired view to the center of the 
screen alleviating the need for them to remove their hands 
from the mini-master controllers. The gazing process is 
natural to the user and becomes transparent during 
positioning of the cameras, thus permitting them to fully 
concentration on manipulating the robot during 
dismantlement of the reactor. 
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