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ABSTRACT 
ARIES (Autonomous i?obotic /nspection Experimen

tal System) is a mobile robot inspection system being de
veloped for the Department of Energy (DOE) to survey and 
inspect drums containing mixed and low-level radioactive 
waste stored in warehouses at DOE facilities. The drums 
are typically stacked four high and arranged in rows with 
three-foot aisle widths. The robot will navigate through the 
aisles and perform an autonomous inspection operation, 
typically performed by a human operator. It will make 
real-time decisions about the condition of the drums, 
maintain a database of pertinent information about each 
drum, and generate reports. 

INTRODUCTION 

The Storage Problem 

Located throughout the United States at various DOE 
sites are storage warehouses which contain large quantities 
of mixed and low-level radioactive waste stored in 55-, 85-, 
and 110-gallon steel drums. The steel drums are placed on 
pallets and stacked on top of one another, forming a col
umn of drums ranging in heights of one to four drums. The 
maximum height to the top edge of a drum is 16 feet when 
four 110 gallon drums are stacked on top of one another 
and are separated by five-inch pallets. The columns of 
drums are aligned in rows forming an aisle approximately 
three feet wide between the rows of drums. Tens of thou
sands of drums are stored in these warehouses throughout 
the DOE complex. 

The integrity of each drum is visually inspected 
weekly, according to regulations under the Resource Con
servation and Recovery Act [1], to determine if a drum has 
degraded to the point that it should have its contents re

packed into another drum container. Currently inspectors 
roam the warehouses noting drum degradation. The drums 
are stacked such that the side seam of the drum is in full 
view of the inspector since it has been found by experience 
that a barrel shows its first signs of degradation along this 
welded bead. Typically the inspectors look for rust areas, 
streaks indicating leaks, dents, bulges, and tilting of the 
drums. These indicators identify suspect drums. A bar
code label is used to identify each drum and it is located to 
either side of the barrel's seam, in full view of the inspec
tor. If the drum has degraded to the point that it warrants 
attention, the inspector identifies the drum using a bar-code 
reader so that the barrel can be returned to for retrieval by a 
fork lift operator. 

Autonomous Inspection 

The mobile robot inspector, ARIES, is designed to re
lieve the warehouse inspector of the tedious, mundane, and 
potentially radioactive exposing task of inspecting barrels. 
This will free up warehouse personal so they can perform 
other less repetitive and more skilled duties in the ware
house. Cost savings, reduced worker radiation exposure, 
improved documentation, improved quality with inspection 
consistency, as well as minimized disruptions to daily 
warehouse operations are some of the anticipated benefits 
from autonomous inspection. 

ARIES is designed to perform not only visual inspec
tion to determine drum deterioration but also to survey and 
retrieve samples of surface contaminants on the barrels. 
Though the inspection and survey tasks are separate, the 
delivery of both systems will be accomplished using the 
same mobile delivery platform. 

The first phase of this three-phase project was a task-
oriented, proof-of-principle phase in which demonstrations 
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and reports were provided as the deliverables. The current 
second phase is a technology integration effort to develop a 
single, commercializable mobile robot capable of meeting 
many of the demands of the mission of environmental 
compliance and clean-up of DOE sites, including the in
spection problem described above. This paper reports on 
to date accomplishments. 

DISCUSSION 

General 

An enhanced commercial mobile robot is used as the 
mobile platform for ARIES. Additional onboard and off-
board computing facilities have been added. The applica
tion payload includes a computer vision module to perform 
a visual inspection of the waste drums. The robot system 
will locate and identify each drum, locate any unique visual 
features of the drum, characterize relevant surface features 
(such as paint blisters, dents, rusted areas, etc.), and update 
a database containing the inspection information. Color 
image processing, using specialize algorithms, incorporates 
supplemental multi-strobe lighting and differential strobe-
based structured lighting. An adaptive algorithm and 
learning concept, requiring little effort by unskilled opera
tors, will train, or calibrate, the vision system prior to the 
actual autonomous inspection process. 

A camera manipulator system will position the vision 
camera and any other required instrumentation packages 
(bar-code reader, etc.) to perform the inspection process for 
each drum. This will be a power-efficient system designed 
to complement the features of the enhanced Navmaster* 
mobile robot system. A supplemental dexterity package is 
being designed for the robot to provide more sophisticated 
manipulations for inspection of drums requiring more 
complex inspection, surface sampling, etc. 

An electrical power management module is being de
veloped. Distributing and controlling power to the various 
payload modules is recognized as a vital and necessary 
component for efficiency of a complex mobile robot appli
cation. A study is being conducted to determine the re
quirements for manufacturing a radiation hardened version 
of the inspection system should it be desired for future re
quirements. 

Mobile Robot Platform 
As a research and development industrial partner on 

the project team Cybermotion, Inc. is developing a narrow 
aisle version of their Navmaster Series that will be the base 

Cybermotion, Inc., Salem, VA 24153. 

vehicle for ARIES. The new robot will consist of an im
proved and enhanced mobile platform, the K3A [2], a new, 
more compact turret that will permit turning around in a 
three-foot aisle, and a camera manipulator system capable 
of performing survey and inspection of drums in the ware
house. The development of the onboard manipulator pay-
load deployment system is a teaming effort involving Cy
bermotion and other researchers on the project. 

The Cybermotion system is robust and has a proven 
record in the areas of autonomous monitoring and security 
systems. It has a capable ultrasonic imaging system used in 
navigation and collision avoidance and an automatic 
docking/charging system. Drum-referencing algorithms 
and camera-positioning algorithms will be included in the 
primitive instruction set for the new robot, based on the 
Cybermotion 3-wheel, patented SynchroDrive system. 
Enhancements to the robot sonar system will improve the 
ability to navigate in the drum aisles. Computer and con
trol enhancements are discussed in the next section. 

Computers and Control System 

Offboard and onboard computers are networked via 
wireless Ethernet (Fig. 1). A new onboard computer sys
tem housed in the robot turret provides control of the in
spection processes as an integral component of the onboard 
management function. An early development version was 
previously reported [3]. The new onboard computer is a 
VMEbus-based system consisting of MIPS R3000 proces
sor boards operating the VxWorks^ real-time operating 
system. Drum navigational algorithms developed earlier in 
the project [4] and implemented onboard have been en
hanced to accommodate the new robot and current ware
house specifications. The implementation of these algo
rithms have been moved to the low-level Cybermotion 
control computer as primitive instructions. 

Figure 1. Computer Systems 

2 Wind River Systems, Alameda, CA 94501. 
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Standard UNIX workstations are used for the offboard 
supervisory computers. The software is written for port
ability and runs on Silicon Graphics, DEC, and Sun work
stations. The overall system provides the functionality of 
the PC-based software provided by Cybermotion with the 
standard robot system and additional capabilities such as 
advanced graphics, networking, and multiple windows. An 
assembler for the virtual path language of the robot has 
been provided. This assembler operates in the DOS and 
UNIX environment. 

Offboard computers provide the high-level planning, 
monitoring, reporting, and general supervision of ARIES. 
Multiple control and monitoring stations may be employed. 
Graphical operator interfaces and a simulator package are 
being developed to provide ease of operation by the human 
operators. Planning the inspection task will begin with the 
implementation of a world representation of the robot's 
environment. A free-space planner automatically generates 
robot path programs for any user-specified path from stan
dard drawing files. The onboard and offboard systems 
communicate to update the plan and new conditions gen
erated during the inSDection Drocess. 

^ 

II 

Figure 2. AIRES With Mast Fully Extended 

Inspection Payloads 

Mechanical Deployment. The mechanical deploy
ment system (referred to earlier as the robot camera ma
nipulator) is designed to deploy both the vision system 
pay load and the prototype inspection manipulator payload. 
The constraints on the mechanical system to perform the 
autonomous visual inspection and the teleoperational sur
vey assessment are as follows: 

• Safely traverse and turn in a 3 foot aisle. 

• Actively position itself vertically to inspect and survey 
barrels from 0 to 16 feet. 

• Autonomously retract to a height of no more than 7 
feet in order to pass through a standard 7 foot door 
frame. 

• Capture and process visual images of the barrels in a 
timely fashion. 

• Consume minimum power since continuous operating 
time is limited by onboard battery power. 

• Minimize system's impact and interference with ongo
ing warehouse operations. 

• Deliver the vision system payload and the survey ma
nipulator payload, a retracting mast system will be 
used. 

• Position itself quickly, smoothly and accurately to the 
desired height. 

Each rail of the mast system is capable of 42 inches of 
vertical travel. A DC motor driven linear actuator is used 
for positioning the rails. A commercially available rail 
system is employed. Plans are made to custom extrude the 
rails on future designs which will considerably reduce the 
size and weight of each rail, while maintaining design in
tegrity of the retracting mast system. The fully extended 
position of the mast is shown in Fig. 2. The parallelogram 
fourbar mechanism provides two necessary features: 1) the 
ability to drop the payload out and over the front of the 
mobile platform and retract it up against the rail system to 
allow the mobile platform to turn in the three foot aisle 
(Fig. 3); and, 2) the ability to position the payload horizon
tally without moving the mobile platform base when the 
payload is raised by the guided rail system. 

When the payload is raised, the fourbar mechanism is 
deliberately actuated and temporarily locked one foot out 
horizontally from the rails. To ensure that the vision sys
tem remains targeted at the centerline of the barrels, the 
fourbar mechanism can be horizontally positioned one foot 
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from its locked position. This eliminates the necessity of 
delicately repositioning the mobile platform base when the 
mast system is fully extended. Position control feedback 
will be used for both the rail and fourbar linear actuating 
tasks. 

Figure 3. ARIES With Mast in Mobile Position 

To account for dynamic stability concerns the center-
of-gravity of the mast and payload in its fully extended 
position is directly over the center-of-gravity of the mobile 
platform base. Under no circumstances will the base be 
moved or repositioned when the rail system is in full ex
tension. 

The theoretical power requirement needed for raising 
the mast system and its payload, based on the change in 
potential energy, is calculated to be 65 W-min. Based on 
25% factional losses due to the casters and the pulleys, the 
change in potential energy for one vertical lifting cycle is 
81 W-min. The batteries are capable of providing 1600 W-
hr (80% discharge) of energy, half of which is used to 
power the robot for an 8-hour shift, leaving 800 W-hr for 
other onboard tasks. Assuming 78% efficiency, the 800 
W-hr is reduced to 625 W-hr. If raising the mast is allowed 
half of the available 625 W-hr, the payload can be lifted to 
full extension 230 times. In the worst case scenario, exam
ining 110 gallon drums stacked 4 high, there will be 
enough mast raising power to inspect a total of 920 col
umns of drums in an 8-hour shift. This corresponds to ap
proximately 0.5 minute of inspection time per column. 
This assumes that the visual inspection can be completed in 
this time. If image capturing is performed simultaneously 
on both sides of the aisle (a current consideration), the 
number theoretically doubles to 1840 columns inspected in 

an 8-hour shift. The energy required by the robot platform 
during this time corresponds to approximately 730 w-h. 
This does not include requirements of the onboard com
puter enhancements and payload electronics. 

Vision System. The first mechanical system to be de
ployed is the vision system payload. It will be used to de
termine the structural integrity of the barrels. The overall 
function of the vision module is to cull out suspect drum 
images for subsequent (human) inspection. In classifying 
suspect drums vs. acceptable, the system is designed and 
trained to err on the conservative side, i.e., the system will 
rarely miss a suspect drum , whereas misclassification of a 
good drum as suspect, while inconvenient, may occur. A 
false positive is not considered significant. 

The system is expected to yield less drums for human 
inspection. This is, of course, dependent upon the state of 
the stored drums and how much real-time processing is 
required at each drum. Once drums have been located by 
the robot's navigation system, visual assessment of drum 
condition is primarily an autonomous assessment of visible 
and quantifiable surface characteristics. 

Although the problem can simply be formulated as c=2 
class risk minimization problem [5], the lack of suitable 
training data (described in subsequent sections) and the 
site-to-site variability of inspection protocols and criteria 
dictated a system with maximum flexibility as well as the 
ability to be site-trained. In order to acquire the necessary 
high-quality and high-resolution images, given the vari
ability and often less-than-ideal circumstances inherent in 
storage areas, it was necessary to control lighting acquisi
tion parameters. This was done in conjunction with a spe
cially-designed structured lighting system and strobe-based 
illumination, described below. 

In addition to (electrical) power consumption, compu
tational requirements of the vision system were constrained 
such that autonomous visual inspection occurs in a reason
able amount of time. For this reason, tradeoffs were neces
sary among the sophistication of the algorithms used, the 
accuracy of the image-derived results, and the computa
tional requirements of the overall algorithm. In addition, 
for the system to be computationally practical, the efficient 
determination of regions of interest (ROI) corresponding to 
drum surface blemishes was necessary. 

The vision system software structure consists of a suite 
of specific interacting image processing algorithms. Image 
analysis based upon HSI (hue/saturation/intensity) color 
information, texture processing and structured illumination 
yield a system with the following visual inspection capa
bilities: 
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• Autonomous confirmation that individual drum(s) or 
appropriate portions of a drum is in the sensor field of 
vision (FOV). 

• Drum orientation (tilting) and extent is derived using 
structured light. 

• Bar-code detection is achieved using oriented edge 
masks and textural analysis. 

• Image segmentation is used to identify relevant 
(visible) surface features. Morphological filtering of 
image regions is used in the segmentation process. 

• The system autonomously recognizes relevant surface 
features (e.g., paint blisters, rust areas). The design 
goal is to reliably identify 1/2" x 1/2" minimum di
mension drum surface features using off-the shelf sen
sors and contextual image analysis. 

• Following visual inspection, the system facilitates 
maintenance and interaction with inspection database. 

• Operator interaction is facilitated (when and if neces
sary). 

Relevant visual/surface characteristics of drum defects 
were identified through site visits, conversation with site 
personnel, and acquisition and generation of sample image 
(training) data. Drum failure modes and human inspector 
assessments are highly site-specific. Sources of training 
data used include color photographic images and five 
videotapes of various sites/configurations. Numerous digit
ized images were acquired from these data. In addition, 
several drums similar to those used for storage were pur
chased and modified for laboratory use to simulate visual 
defects. 

Autonomously classified regions are used to determine 
the drum class (acceptable or suspect) and only suspect 
class drum images are archived for subsequent human re
view. 

The system maintains a database (non-image) for all 
drums. Significant is this design is the incorporation of an 
operator-guided learning algorithm which adjusts process
ing and classification under the direction of a human tutor. 
The tutor is only required to assess visual system results 
and evaluate results by comparison. This algorithm led to 
region classification indistinguishable from that of the hu
man inspector. 

Basic sensor requirements for image delivery and im
age acquisition led to the specification of a Panasonic GP-
US502 Color Camera (PAL) fitted with a Cosmicar H612A 
6mm Lens (C-mount). Most importantly, lighting for im
age acquisition was carefully considered. The expected 
variability in site ambient lighting and power limitations of 

the mobile robot requires the use of a strobe-based image 
acquisition system employing a Lumidyne Modular Head. 
This ensures the on-robot illumination dominates ambient 
lighting and allows a reduced camera aperture and conse
quently increases imaging depth of field. To enable syn
chronization of the lighting with the camera, a custom cir
cuit controlling one strobe per field is used. Furthermore, 
the structured light system employs a Lasiris SNF-503L3-
Stripe Generator and a differential image approach for ro
bust drum surface mapping. 

There will be two complete image systems arranged in 
a crossed configuration directed towards opposite sides of 
the aisle. The cross configuration was chosen to achieve a 
working distance for the cameras of over 24 inches which 
was deemed optimal for producing high quality undistorted 
images. Total weight of the vision system payload is ap
proximately 30 pounds. 

Prototype Manipulator Inspection System. The in
spection manipulator will be used to retrieve a swab and 
wipe test of barrels suspected of degradation as determined 
by the vision system. It is understood that during the cur
rent inspection of the barrels, swab and wipe tests occur 
infrequently. Based on this knowledge and due to limited 
battery power available on the mobile robot, the inspection 
manipulator will not be carried along during the visual sur
vey and inspection of the barrels. The vision and manipu
lator payloads will be delivered by the mobile platform 
separately when required. 

Communication between the operator's console and 
the robot on the warehouse floor, will be achieved through 
the use of wireless Ethernet. The robot manipulator is 
equipped with a tool rack which will hold the bar-code 
scanner tool, swab and wipe tool, and any other necessary 
tools as new tasks arise. Total weight of the survey ma
nipulator payload is 60 pounds, including the robot arm 
which weighs approximately 30 pounds. 

The purpose of the dexterity module is to give the op
erator the ability to perform a detailed inspection of the 
toxic waste containers. The manipulator can be used to 
read the bar-codes on the containers, identifying the con
tents. A camera mounted on the end effector can be used 
to perform a close inspection of the barrel surface. An 
additional surface sampling tool can be used to obtain sur
face samples of suspect areas (i.e., leaks, corrosion, etc.) 
which can be brought back to the operator for analysis. 

The dexterity package consists of three major compo
nents; the manipulator, the controller, and the operator con
sole. The manipulator is a Zebra ZERO Force arm 
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(Integrated Motions Incorporated.) It is a six degree-of-
freedom manipulator with a gripper end effector and a six 
degree-of-freedom force sensor integrated into the wrist. 
All actuators are electric, and can be powered by a 24V DC 
power supply. The controller is an embedded PC, which 
consumes 5W peak (5VDC, 1A). The Zebra arm is con
trolled by the PC using a C library of control routines. 

The operator console consists of a Silicon Graphics 
Indy workstation and a head mounted stereo video display 
with a six degree of freedom tracker, as well as a hand held 
tracker. The operator controls all robot functions from the 
console. The degree of autonomy of the inspection process 
is variable. A fully autonomous inspection of the barrel, 
including bar code identification and sampling of suspect 
surface areas, can be instigated and then monitored by the 
operator. For unusual situations, a completely manual in
spection, including complete manual control of the manipu
lator via the hand held tracker, and manual control of the 
robot mounted camera via the head mounted tracker can 
also be performed. Several intermediate degrees of auton
omy are also available. 

The operator may monitor the manipulator and its en
vironment using two methods. The first is a live video 
window displayed on the operator console. A pan and tilt 
unit mounted on the lift platform will orient the camera 
providing the live video feed, and will be controlled 
through a mouse based graphical interface. Also, the op
erator may don the head mounted stereo video display, 
which will receive a stereo live video feed from the cam
eras mounted on the pan and tilt unit. The pan and tilt unit 
will track the operator's head. The operator may directly 
control the manipulator by moving the hand held tracker in 
a telepresence mode. Auxiliary commands that can not be 
issued with the hand held tracker will be issued by voice, 
using voice recognition software on the control worksta
tion. 

Figure 4 shows all of the components that constitute 
the dexterity module, as well as the inter-component inter
faces. 

Power Management 

The development of a power management system is 
focusing on a high energy battery study, the power effi
ciency of motor drives, the power efficiency of DC/DC 
converters, and a control matrix for power management. 
The goal is to be able to complete an eight-hour inspection 
without re-charging the onboard batteries. An "energy-use 
database" for the inspection system was compiled. Early 
investigations have revealed the following. 

The dc-dc converters onboard the robot were 
monitored and determined to have efficiencies around 
70%. This is considered low for the available technology 
today. A new dc-dc converter with 80-90% efficiency has 
been substituted. Additional batteries, mounted in the tur
ret, are being considered as the solution for the VMEbus 
power requirements. 

Higher-energy 105 a-h batteries will replace the origi
nal robot batteries which were rated at 95 A-h. 
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Figure 4. Dexterity Module Diagram 

Radiation Hardening Study 
A radiation hardening study is being performed on the 

system to determine the requirements for fabricating a ra
diation-hardened version of the mobile inspector. Re
quirements for the low-level drum inspections do not dic
tate radiation hardening, since the radiation levels of the 
inspection environment are low. However, future uses of 
such a mobile system in other applications, such as decon
tamination and decommissioning operations, may require a 
radiation-hardened vehicle. 
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FUTURE WORK 
At the conclusion of the current project phase, a com-

mercializable mobile system will be provided to the DOE 
for testing and evaluation in one of the drum storage sites. 
Test site selection is currently underway. At that time, if 
the project is extended, several robots will be manufactured 
based on this design. 

CONCLUSIONS 
Current mobile robot technology and computer tech

nology have been integrated with mechanical enhance
ments to produce a practical mobile robot system to be 
employed in a complex environment as a proposed solution 
to a vital National problem. 
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