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ABSTRACT J|! • "^ — .r: « c>

During FY 1990, the Oak Ridge National Laboratory « « s i « " E i s ^ .
(ORNL) supported the Department of Energy (DOE) * | | l l ^ 6 |
Environmental Restoration and Waste Management (ER&WM) x | § I | | ° 1 1 §
Office of Technology Development through several projects w l | o ^ | | ' f l l !
including the development of a semiautonomous survey of a j§ » f l g s ! s l !
buried waste site using a remotely operated all-terrain robotic ^ 's lf ' i fH'^ ' f .gl
testbed borrowed from the U.S. Army. The testbed was U * | z | « | | | ^ |
developed for the U.S. Army's Human Engineering Laboratory g - s s s ^ f - I 5 5 ! "
(HEL) for the U.S. Army's Soldier Robot Interface Project ° 11 | » 1f =; 1 * |
(SRIP). Initial development of the SRIP testbed was performed " • g ^ l ^ i ^ s l j
by a team including ORNL, HEL, Tooele Army Depot, and ™ = 1 i. i | •= •= | 2
Odetics, Inc., as an experimental testbed for a variety of human • f ^ I ^ I ^ - s i ' f !
factors issues related to military applications of robotics. The If*^!1'!!*!!
SRIP testbed was made available to the DOE and ORNL for the § - | g | f e » | | | |
further development required for a remote landfill survey. The ^ U l ' g ' ™ = ^ i B o
robot was modified extensively, equipped with environmental * - £ j | £ e ' f e s S
sensors, and used to demonstrate an automated remote survey of 1 1 s f € 1 1 ii -I J
Solid Waste Storage Area No. 3 (SWSA 3) at ORNL on Tuesday, J; fj ! i s * ! 1 'N
September 18, 1990. Burial trenches in this area containing j i o l l l l l i l l
contaminated materials were covered with soil nearly twenty years " "°
ago. This paper describes the SRIP testbed and work performed
in FY 1990 to demonstrate a semiautonomous landfill survey at
ORNL.

•Research sponsored by U.S. Department of Energy, ER&WM Office of
Technology Development,
tManaged by Martin Marietta Energy Systems, Inc., for the U.S. Department
of Energy under Contract No. DE-AC05-84OR21400.



INTRODUCTION

The long and growing list of environmental restoration projects required to
remediate the Department of Energy (DOE) research and production complex has
recently been much publicized. In addition to cleanup of underground stoiage tanks
and decontamination and decommissioning of radioactively contaminated facilities
one of the highest priority and most expensive tasks will be retrieval of buried
waste. A significant number of DOE production and research facilities will require
remediation of buried waste sites during the coming years. The volume of buried
waste and contaminated soil to be excavated, characterized, and repackaged will total
hundreds of millions of cubic feet. Buried waste includes many hazardous materials
including asbestos, pyrophorics, explosives, and inorganic chemicals in addition to
radiation contaminated materials. Because of the variety and extent of hazards,
remote excavation, segregation, handling, and repackaging are required

Preliminary investigations of waste sites have demonstrated that packaging
and dumping manifests are of limited use in determining location and
characterization of buried items because of inadequate or incomplete data entrees,
changes after burial such as container degradation and rupture, and settling and
shifting of trench boundaries. An important first step in cleanup and restoration
activities is burial site characterization. The use of remote technology provides a
means for initial identification of potential hazards before personnel enter the site. A
wide array of sensors and robotic equipment are required to perform remote
subsurface characterization and the many other tasks associated with buried waste
retrieval and repackaging. This paper describes an early field demonstration of an
automated buried waste site survey and characterization conducted at the Oak Ridge
National Laboratory (ORNL) in September 1990 using a remotely operated all
terrain mobile testbed equipped with multiple sensors, a manipulator system, and a
vision system. The demonstration provides a means for evaluating the feasibility of
using robots to perform characterization tasks and for examining the applicability of
specific environmental sensor systems to remote operation and improving
productivity through future automation. This work was funded by the DOE
Environmental Restoration and Waste Management (ER&WM) Office of
Technology Development

SRIP TESTBED

A human factors testbed [1] developed jointly by the U.S. Army's Human
Engineering Laboratory (HEL), Tooele Army Depot, ORNL, and Odetics, Inc., for
the U.S. Army's Soldier Robot Interface Project (SRIP) was made available to DOE
and to ORNL for this demonstration (see FIG. 1). The SRIP testbed was developed
as a research tool for studying military applications of unmanned mobile systems
equipped with sensor arrays and a high-capacity manipulator arm. The robot chassis
consists of an eight-wheeled, skid-steered platform powered by a 15 hp diesel
engine. The vehicle was modified extensively from its purchased configuration to
accommodate the addition of a manipulator arm and the onboard electronics and
sensors required for teleoperation. The manipulator consists of a 3 degree-of-
freedom (DOF) arm developed by Odetics, Inc., on a Small Business Innovative
Research (SBIR) grant. The arm has a 2.4-m reach, weighs about 90 kg and has a
136 kg lift capacity. A 3 DOF wrist was designed by ORNL but was not required
for this survey. The wrist will increase dexterity and still provide a lift capacity of
100 kg while weighing 36 kg. Being a research testbed, an onboard power
conversion system is provided with 110 V ac and a number of dc voltages available
to accommodate various auxiliary devices.



FKJ. 1. The SKIP Testhed Surveying SWSA 3 at ORNL.



The vehicle control system is based on the National Institute of Standards
and Technology (NIST) remote control structure (RCS) architecture. The RCS was
implemented on VME busses (two on board and a third at the control station) using
Motorola 68020 processors. A radio-frequency communications link was added to
replace the original fiber optics data and video link. The bidirectional data link
operates at 416.25 MHz at a 19.2 kilobaud rate. The two video links operate
between 1.710 and 1.850 Ghz.

USRADS

Prior to this remote survey demonstration, ORNL staff were involved in
numerous walking surveys using hand-held terrain conductivity meters [2,3.4]. Th2
ultrasonic ranging and data, system (USRADS) was developed at ORNL to
automatically determine ihe x-y position of the walking surveyor and transmit data
from the terrain conductivity meter to a computer database for display and analysis.
The USRADS was developed to facilitate collection of radiological smd geophysical
data at hazardous waste sites, and is now a commercially available product from
Chemrad Corporation of Oak Ridge, Tennessee. USRADS consists of a surveyor's
backpack with an ultrasonic transmitter and instrumentation interfaces, a portable
computer (PC) with an rf link to the backpack, and up to 15 stationary ultrasonic
receivers. An ultrasonic signal emitted by a chirper on the backpack triggers the
receivers to send a radio signal to the PC indicating reception of the signal. The
time-of-flight data from the receivers are used in a triangulation calculation to
determine the position of the surveyor in the test site, which is correlated with the
sensor data transmitted from the surveyor's backpack. A real-time plot showing the
position of the receivers ajid the surveyor is displayed on the PC screen, and sensor
readings above a predetermined threshold are highlighted on the screen. A major
advantage of USRADS over conventional geophysical surveys is the ability to
analyze data in the field.

For this demonstration, the USRADS backpack was mounted on the SRIP
testbed so that the x-y position of the robot could be determined using USRADS.
The range determination using USRADS has been shown to be accurate to within
15cm. Also, for this demonstration, the data structure of USRADS was modified to
permit transmission of data from three environmental sensors rather than just one.
In order to have a live color display of survey data from each of the three sensors as
well as position data for the robot, a graphical user interface was developed on a
Macintosh computer to replace the monochrome single channel USRADS display.
This on-line display included a multicolor plot of data so that regions of interest
could be easily discerned in real-time without waiting for past analysis.

DEMONSTRATION DETAILS

Extensive modifications to both the SRIP hardware and software were
required for this demonstration. The modifications were necessary to integrate the
manipulator and improve system reliability and maintainability. Integration of the
USRADS with the SRIP involved integrating the surveyor's backpack with the
vehicle and setting up communications between the SRIP console and the USRADS
PC. The x-y position data from the USRADS console is passed to the SRIP console
through this communications link.
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FIG. 2. Block Diagram of Autonomous Vehicle Motion Control and Sensing.

The x-y position data from USRADS was utilized to update the on-board
position data (determined from dead-reckoning using wheel resolvers), which in
turn was utilized in implementing autonomous path generation and following. A
block diagram is shown in FIG. 2 that illustrates how Kalman filters were used to
achieve vehicle motion control via fusion of the USRADS data, orientation data,
ground speed data, and the dead reckoning data. Using this controller, the robot
was able to autonomously survey the site in long parallel paths and relieve the
operator of the necessity to steer the testbed during the routine part of the survey.

As stated ^eviously, a wide array of sensors are required to characterize the
site and identify potential hazards. Instrumentation to identify the presence of
surface radiation, gas vapors that might present explosive or breathing hazards, and
buried metallic objects and geological anomalies were chosen for this demonstration.
The instrumentation used included:

1. Victoreen gamma survey meter with a Nal detector,
2. Photoionization trace gas analyzer, and
3. Geonics EM31 terrain conductivity meter for detecting buried metallic objects and

geological anomalies.

For this demonstration, the gamma survey meter was mounted in a fixture, held by
Ihe gripper and moved side to side across the path in front of the vehicle by a robotic
sweep of the manipulator. The terrain conductivity meter requires a fixed position
relative to onboard ferrous materials for calibration purposes and was therefore
mounted to the back of the vehicle on a 2 meter nonferrous extension to survey the
ground behind the vehicle path. Future demonstrations may also utilize an x-ray
florescence spectrometer and/or magnetometer for measuring the presence of heavy
metals, for example, lead and arsenic in soils. Another sensor planned for future
integration is ground penetrating radar.



The demonstration was conducted on ORNL's Solid Waste Storage Area
No. 3 (SWSA 3), which served as a burial ground from 1946 to 1951 [5]. During
that time, approximately 28,000 m2 were used to bury about 17,000 m3 of low-level
waste including equipment, depleted uranium, and animal carcasses totalling in the
range of 44,000 to 56,000 curies of radioactivity. The demonstration was executed
on portions of the site that have minimal surface contamination to prevent
contamination of the SRIP testbed.

The SRIP and USRADS consoles were placed in separate trucks parked
outside the SWSA 3 fence with portable generators to provide power for the two
systems. The two consoles were connected by a serial link for passing the vehicle
position from the USRADS to the vehicle control system. Otherwise, the two
systems operated independently with an operator for each.

The demonstration scenario began with placement of the USRADS
stationary receivers around the perimeter of the test site. Six receivers were placed at
the corners of an srea ~ 4000 m2. The robot was driven in a teleoperation mode to a
corner of the test site. The location of the corners of the test site were calculated by
the USRADS system and downloaded to the vehicle for use in on-board navigation.
The vehicle surveyed the site in a semiautonomous mode, while its position was
updated from the USRADS once every second. The speed of the vehicle was
limited to 3 to 5 km/h, while the ground in front and back of the vehicle was scanned
with the sensor package. A slow vehicle speed was required because of the update
rate from USRADS. The arm was used to scan the ground in front of the vehicle
while holding the gamma detector. The terrain conductivity meter, due to sensitivity
to orientation with respect to the vehicle, was held in a fixed position relative to the
vehicle. The operator at the control console could not see the testbed so an onboard
vision system was used to scan the test site for possible obstructions. In the event
an obstruction was detected, the operator could take control of the vehicle and
teleoperate the vehicle around the obstruction before restarting the autonomous
survey. For added safety, a second operator equipped with a wireless kill switch
was located so that he could observe the robot and execute an emergency stop if
necessary. The x-y position display indicated the location of the vehicle with respect
to the test site boundaries. If any preset safety or control limits were exceeded
during the survey, the operator had the option to pause and evaluate the situation,
abort the survey, or continue.

CONCLUSION

On September 18, 1990, ORNL successfully demonstrated a semiautonomous
remote survey and characterization of a landfill waste storage area at ORNL using
the SRIP robotic testbed. The U.S. Army's SRIP robotic human factors testbed
was loaned to ORNL and DOE for the further development required to perform the
remote survey demonstration. DOE's ER&WM Program, Office of Technology
Development, sponsored enhancements in the mobility and manipulation controls,
integration of three environmental sensors, wireless communications, and
development and implementation of automated data acquisition and analysis
capabilities. Data from these three environmental sensors were mapped and
analyzed to determine the location and other characteristics of the underground
trenches. Although a more complete characterization would be required prior to
initiating a waste retrieval project, the three sensors selected adequately illustrated the
feasibility of using the robot to perform a remote survey. The purpose of this
demonstration was to evaluate both the feasibility and the potential safety, cost,



quality, and efficiency benefits of using unmanned sensor piatforms to perform
semiautonomous waste site characterization measurements. Data generated from this
development activity will be used along with other studies to determine the role of
robotic technology in future characterization tasks. Accurate characterization of
waste sites is the first step in a safer, faster, cheaper remediation of these
environments. Further landfill survey demonstrations and subsurface imaging
sensor evaluations are planned in FY 1991 using the SRIP testbed at ORNL and in a
joint effort at the Idaho National Engineering Laboratory (INEL).
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