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DESIGN CONSIDERATIONS FOR AN INTELLIGENT MOBILE
ROBOT FOR MIXED-WASTE INSPECTION

F.R. Sias, D.M. Dawson, and R.J. Schalkoff

Departmentof ElectricalandComputerEngineering,ClemsonUniversity,Clemson,SC

J.S. Byrd, and R.O.Pettus

Departmentof ElectricalandComputerEngineering,University;f SouthCarolina,Columbia,SC

ABSTRACT. Large quantifies of low-level radioactive waste are stored in steel drums at various
Department of Energy (DOE) sites in the United States. Much of the stored waste qualifies as mixed
waste and falls under Environmental Protection Agency (EPA) regulations that require periodic
inspection. A semi-autonomous mobile robot is being developed during Ptmse 1 of a DOE contract to
perform the inspection task and consequently reduce the radiation exposure of inspection personnel to
ALARA (as low as reasonably achievable). The nature of the inspection process, the resulting robot
design requirements, and the current status of the project are the subjects of this paper.

INTRODUCTION

Environmental Restoration and Waste Management will be a major effort of the Department of Energy

(DOE) during the next thirty years. Large quantities of radioactive waste are stored at various DOE sites
throughout the United States. When the radioactive material is mixed with other hazardous substances,
such as lubricants and solvents, the material is known as "mixed waste" that is under the jurisdiction of

the Environmental Protection Agency (EPA) and is treated according to the regulations governing the
control of hazardous waste.

The general rules governing the storage of hazardous waste are spelled out in the Code of Federal
Regulations (1) as follows:

265.15 General inspection requirements.

(a) The owner or operator must inspect his facility for malfunctions and deterioration, operator
errors, and discharges which may be causing - or may lead to: (1) Release of hazardous waste
constituents to the environment or (2) a threat to human health. The owner or operator must

conduct these inspections often enough to identify problems in time to correct them before they
harm human health or the environment.

Furthermore, later in part 265.15 the maintenance of inspection records is stated as follows:

(d) The owner or operator must record inspections in an inspection log or summary. He must
keep these records for at least three years from the date of inspection. At a minimum, these
records must include the date and time of inspection, the name of the inspector, a notation of the
observations made, and the date and nature of any repairs or other remedial actions.

Subpart I - Use and Management of Containers - provides a further definition of the inspection process
as follows:



265.171 Condition of Containers.

If a container holding hazardous waste is not in good condition, or if it begins to leak, the owner
or operator must transfer the hazardous waste from this container to a container that is in good
condition, or manage the waste in some other w_ that complies with the requirements of this
part.

265.174 Inspections.

The owner or operator must inspect areas where containers are stored, at least weekly, looking
for leaks and for deterioration caused b.v corrosion or other factors.

Mixed waste as defined by ti,e Atomic Energy Act (AEA) and the Resource Conservation and Recovery

Act (RCRA) may occur primarily as two categories of Radioactive Waste maintained by the Department of
Energy or Department of Defense. "Low-Level Waste (LLW) is any radioactive material not classified as
high-level waste, transuranic waste, spent nuclear fuel, or byproduct material." Alpha, Beta, and Gamma
radiation may be released from low-level waste and levels of ionizing radiation external to steel storage
drums is generally less than 100 millixem (mrem) per hour.

Transuranic (TRU) Waste that falls in the mixed waste category, may be classified as "Contact Iqazdled"
(CII) with a surface dose rate of less than 200 mrem per hour or "Remote-Handled" (RH) with a surface
dose rate usually between 200 and 1,000 mrem per hour. Most RH-TRU was buried so mixed TRU waste
stored above ground in steel drums will have a surface dose rate of less than 200 mrem per hour.

Based on the above definitions it can be seen that although the radiation intensity is relatively low near
stored low-level and TRU mixed waste, human inspectors would accumulate a significant dose of ionizing
radiation over the course of a year. A mobile robot inspection system would reduce radiation exposure to

ALARA levels. Mobile robots can be programmed to carry out routine inspection tasks and report
unusual findings and potential leaks for more detailed investigation that would also be robot assisted.
i'vhachine vision will be used during routine patrol of storage areas to detect potential problems with
storage containers. The mobile robot aboard and off-board computer systems will provide the system

intelligence for control and navigation.

Using current technology, machine vision algorithms are being developed to identify and inspect storage
drums as well as visually assess the condition of the storage containers. Acquired data will be maintained
in a database suitable for meeting EPA reporting requirements.

In addition to removing inspectors from low-level radiation fields, automated inspection of storage sites
has the potential of reducing the cost and improving the quality and efficiency of collecting data required
to meet EPA inspection requirements.

INSPECTION OF MIXED WASTE

It is within technological feasibility to design a mobile robot to navigate up and down rows of stacked
drums, lt is a technical challenge to build a robot that can actually "inspect" the drums of waste. The
following scenario is proposed to analyze what a human would do during a walk-around inspection. The
following tasks are proposed as the "inspection process":

1. Inventory Verification. Determine whether the drums present match the expected inventory of drums
of stored waste in a warehouse. II" the contents of a warehouse are actuallv known and has been
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documented in a database, such a database will serve as initialization data for future i.rtspections.
Otherwise, each container of stored waste must be inventoried by constructing a database that will serve as
a starting inventory. The location of each item or drum is recorded and any change in inventory is
recorded by adding or subtracting items from the data base. A non-automated inspection process mav
well maintain inventory records only by recording additions or deletions to the items in storage; however,
an automated system would required identification of each drum. Barcoded and numbered labels are
commonly used.

2. General Inspection. A human inspector would first form an opinion regarding the overall physical
condition of each pallet and stack of dnuus. At an almost subconscious level, inspection would determine
(a) whether the drums show any physical damage such as dents or gouges that could cause a problem at a
later time; and (b) whether ali the pallets are intact and undamaged. During future inspections the
previous drum/pallet condition would be "recalled" to predict deteriorating conditions.

3. Close-up Inspection. A human inspector would make an immediate transition to a close-up inspection
of any abnormal findings such as (a) dents, (b) serious scratches, (c) rust, or (d) evidence of leaking
contents. Once again, a recall of the previous in, on would be required to determine whether
abnormal findings indicated deteriorating conditions that could result in more serious leaks or drum
failure. Without referring to previous inspection data a human inspector would make determinations
regarding drum failure or serious leaks based simply on the overall and close-up appearance of the drum
and the volume of leaking fluid as indicated by the appearance of streaks on the surface of the drum.

4. Leak Detection. Leaking drums are may be identified by fluid or dried streaks on the visible drum
surfaces. Leaks could exist on hidden surfaces and these could only be detected if the leaks were of
sufficient volume to stain the supporting pallets or floor. A reliable inspector would examine the streaks
and determine whether they are getting worse and whether any of the leaking fluid has reached the floor.
Condensation and rust on external drum surfaces can also produce streaks similar to leaks. These may be
visually indistinguishable from streaks due to actual leaks.

5. Radiation Survey. Since low-level mixed waste has a radioac_,.ivecomponent, a prudent inspector
would monitor area gaamm radiation for his own overall protection and would survey the floor for alpha
and beta radiation to determine the contamination source substance.

6. A[aintain Documentation. An inspection of a mixed-waste storage warehouse would ordinarily require
some form of documentation indicating that an inspection had been performed on a certain date and either
that no abnormalities were detected or that some abnormalities were detected and enumerated. Inventory
would be validated by enumeration and the addition or subtraction of items shipped in or out. An actual
drum count might not be performed by a human insgector; however, an automated system would probably
validate the inventory quantity by counting. Minimal records would only show date, inventory, and
abnormal findings referenced to a numbered container while a more complete system would merely
provide additional details on abnormal findings and any remedial action taken in response to visually
detected drum damage. Detailed information about ali the "normal" storage containers would not and
should not be kept. An inventory item with a code or other indication that the drum had been i_ed
would be the sole record of normal drums or storage containers.

7. Corrective Action. EPA regulations indicate that an inspection has a purpose. Other than determining
that ali drum are present and accounted for, abnormal findings will lead, either to corrective action in the
case of a serious leak or drum damage, or to further observation to detect deteriorating conditions that
could become serious and :equire corrective action at a future time.

8. 3,[eta-Inspection. Code of Federal Regulation, Section 40, part 265.15 also requires that

The owner or operator must develop and follow a written schedule for inspecting ali monitoring
equipment ....



One might assume that an intelligent mobile inspection robot is considered "monitoring equipment" and
therefore requires periodic instx_tion. Such an inspection of the inst:_'fion system would ordinarily be
carried out automatically when the robot is "docked" and the batteries are being recharged. At this time
the robot on-board control system would be directly coupled to the host computer system and an
automated verification of the control electronics could be accomplished in addition to a visual inspection
by operators. Since the robot navigation system will operate in a fail-safe mode, loss of supervisory
control would cause the robot to halt in piace. Back-up procedures would be used to retrieve the robot
from the ttazardous waste storage area.

The analysis just completed was designed to separate the human inspection process into a finite number of
tasks that could be emulated by automated systems to the degree possible based on the limitations of
technology. An automated mixed-waste inspection system could take alternative forms such as a wheeled
mobile inspection robot with appropriate sensors and machine vision or a sensor package suspended from
an existing over-head crane.

TECHNOLOGICAL CONSTRAINTS

The basis for most human inspection is vision, although touch and data acquired by other instrumentation

can be used to supplement the visual images obtained by a person. A mobile inspection robot will be
predominantly a vision-based machine with other subsystems dedicated to placing video cameras in
locations appropriate for the visual scene acquisition. An intelligent inspection system will use computer-
based artificial intelligence to make decisions during the inspection process rather than just allowing an
operator to view a scene remotely or merely capturing a set of images for later analysis. Observing images
of drums hour after hour by a human inspector is very tedious and would likely be ineffective once the
inspector tired.

The alternative of simply collecting a set of images for later off-line analysis would also be less than
optimum. Requirements of over 1 Mbyte of digitized data per image (uncompressed) would require
enormous amounts of data to be collected, transported to a docking station, and transferred to an off-line

computer. A 600 Mbyte compact disk (CD) could only store the images of approximately 600 drums
whereas storage areas containing 3,000 to 5,000 drums are anticipated. The intelligent inspection robot
described here performs on-line analysis of images and only retains digitized images of "suspect drums"
that may be damaged or leaking.

The first phase of inspection will be to acquire visual images by an autonomous vision system that
functions in real time while the mobile robot traverses rows of stacked drums containing mixed waste.

Further inspection by a human inspector in an operator-assisted mode would then employ additional robot
dexterity to obtain close-up images, obtain samples, or position other inspection instrumentation.

Autonomous Visual Inspection. Current autonomous computer vision system capabilities are different
from those of the human visual system. The goal of the Autonomous Vision Module (AVM) is the real-

time characterization of stored drums based upon passive visual information. This process spawns a
number of challenging problems in image segmentation, feature extraction and classifier design.

The connotation 'real-time' is determined both by comparison with human i_on time requirements
(nominally 1-2 seconds per barrel for a cursory inspection) and the EPA frequency-of inslx_on
requirements in relation to the total number of barrels to be inspected. The objective is to classify each
barrel as either: (a) "acceptable", i.e., the visual state of the barrel indicates no abnormal characteristics

which warrant further investigation; or (b) "suspect", i.e., visual indications require human investigation
for further assessment. Examples of the latter are the presence of significant rust streaks, deep rust, or
significant bulging of the container. Thus. the overall visual inspection task becomes a c = 2.-cia&;
classification problem.



Human scene analysis is guided by expectation (hypothesis verification) and iterative feature extraction
(2). The visual ,and 3-dimensional structure of a typical "barrel" (e.g., DOT-17 55 gallon drum) or
"barrels and pallet" is not too rich in structure relative to other possible man-nmde scene objects,
particularly if the storage site is well organized. However, an initial autonomous system goal is
determination that the current scene contains one or more barrels. This involves the process of image
segmentation (2). Present segmentation algorithms use both edge and regional information.

While one might be able to classify waste storage drums using a monochrome vision system, color images
contain additional information that would aid in drum classification in spite of the additional system
complexity. For example, in the human visual system, color provides important visual cues for
segmentation and recognition. In addition, certain of the textural feature classes described below have a
strong correlation with either specific colors or changes in color.

Once barrels have been identified, visual assessment of barrel condition is primarily an autonomous
assessment of surface characteristics as depicted in the acquired image. This is a .typical
segmentation/classification problem (3). More importantly, specific classes of textural features must be
identified, if present. Classes of textural features include:

1. bar code labels
2. rust or corrosion

3. text (printed characters)
4. icons (radiation symbols,etc.)
5. leaks (typically with a strong vertical orientation); and
6. good (textured region, but none of the above, e.g., barrel ridge)

Texture operators considered to date include:

1. histogram ,".hdhistogram-derived features
2. directionally-oriented intensity variances
3. co-occurrence matrices and derived features (e.g., contrast)
4. entropy
5. 2-dimensional moments and moment-derived features

6. 2-dimensional Fourier spectrum and derived features.

Note that barcode label location is neces:_aryfor inventory, ff the location and orientation of the barcode
label varies significantly, the Autonomoas ,,'ision module determines location and subsequently passes this
location information to the barcode re,;,der.

Fundamental to achieving the above objective is the acquisition of adequate and representative training
data. In addition, the extraction of features requires determination of regions of interest (ROD. Using risk
measures (as opposed to typical error minimization objective functions) allows a classifier design which is
conservative, i.e., the classifier is designed to err more often by classifyi'ng an acceptable drum as suspect,
rather than the converse. It is expected that this will yield far fewer drums for human inspection.

Illumination in a storage warehouse is likely to be inconsistent, at best. On-board lighting will be
required. Strobe lighting, in contrast to continuous incandescent lighting, will be required to minimize
stored energy requirements. Follow-up inspection by a human operator observing video images from a
remote location may require continuous illumination.

In addition to conventional design of the textural and drum classifiers, the use of Artificial Neural
Networks (ANNs) is being ex'plored (4). Current results using small cardinality training sets (18 textures)
are encouraging.



In summary, the objective of the autonomous vision module is to ,select "bad" or "suspect" images for
subsequent human inspection. The system should err on the conservative side; i.e., it should label good
drums as bad rather than miss a bad one. The autonomous vision module would be expected to store

complete (compressed) digital images of a relatively small number of "suspect" drums for human
inspection (10-15%). Other information on drums in the warehouse inventory database ("acceptable"
drums) will be stored in abstracted form; i.e., quantitative and qualitative results from the visual
inspection.

Autonomous Robot Navigation. The basic purpose of the transport mechanism of a mobile robot
inspection system is autonomously to move video cameras up and down rows of stored drums and locate
specific storage drums with some degree of confidence that can be verified by video images and by
scanning the bar-code label on a selected drum.

In order to function in the role described above, a robot must be capable of autonomously navigating the
rows of stored drums while performing automated visual :,nspection. Since storage drums are often
stacked, it must be possible to position video cameras and other sensors to carry out the inspection
process. When suspected leaks or other potential damage to the storage containers are discovered, the
robot will assist in further investigation by relaying visual images to human operators and by providing
dexterous manipulators suitable for examining or probing suspicious regions detected by the automated
visxtal inspection. Based on the current sophistication of technology a mobile robot is able to carry, out
routine inspection with on-board autonomy but will require off-board assistance to accomplish more
sophisticated tasks.

Mobile robots and schemes for autonomous navigation have been under investigation for a number of
years at various universities and national laboratories. (5, 6, 7, 8) Commercially available mobile robots
are sufficiently agile to move in confined spaces. Ultrasonic sen.._rs are used for navigation. The current
navigation is based on "wall-following" or "hall-following" algorithms that may be enhanced for
following rows of stacked drums. However, research has shown that autonomous navigation by robots
currently available is not precise enough to permit the design of a machine that can navigate for extended
periods of time without reference to known locations. Docking sites and beacons will be used for
navigational reference locations, battery recharging, and for communication with off-board computers
when needed for navigational updates or elaborate sensor integration algorithms.

Typical ultrasonic collision avoidance systems in current use consist of a control computer and an array of
ultrasonic transducers. The system digitizes and stores the echo data returned from the environment. By
applying digital signal processing techniques to this data, the ultrasonic system can detect objects as small
as 1 square inch in cross section over the entire volume in front of the vehicle and to a range of over six
feet. Sophisticated ultrasonic systems provide a rich source of navigation information to the vehicle by
extracting features from the echo data. Simple instructions allow this information to be used by the
vehicle to correct its dead reckoning position estimate as it moves through a warehouse.

A typical docking beacon system consists of vehicle mounted infra-red optical docking transponders and
fixed-piace docking beacons. The optical range is 12-16 feet. Each system consists of an optical head and
a control assembly. An ultrasonic transducer allows the vehicle to dock a specified distance from the
fixed station determined by an instruction argument. A vehicle is capable of docking at appropriate sites
in the environment using a dock I.D. number in the docking instruction. At the docking locations dead
reckoning estimates can be corrected. Once docked the vehicle can communicate at high speed with off-
board systems.

System Control and Communication. A mobile in, on system will, of necessity, be a complicated
distributed system under supervisory, control of a base station and/or human operators. Primary tasks for
off-board computing includes high-level planning and reasoning that cannot be done in the linfited
computing (due to space and power constraints) on-board. On-board computers will provide a dispatching
function and on-board intelligence for local decisions and control. Simulation of operating environments



can be cost effective and provide for efficient planning. Considerable research has gone into the design of
such environments. A number of environments have been designed to control manipulators and robotic
arms (9-13).

For each operator who works on a new robotic system, there is a learning curve. During the initial part of
this curve, an operator is likely to make a number of mistakes. Even after an operator has become

familiar with the system, any new ideas or software tried out on the system will be prone to errors or bugs.
Each different environment (a new storage location, for example) presents new problems for the mobile
robot. To minimize the ill-effects or accidents caused by improper handling during the initial stages or

during the testing phases of software development it is especially convenient to have some tools available
where these ideas can be exercised at a lesser risk.

Simulation has been a useful technique for analyzing and predicting a system's behavior. In the field of
robotics, a number of systems have been developed which simulate robotic arms and manipulators. These
systems have been used for designing robot work cells, analyzing the operation of manipulators, training

personnel and suggesting improvements to existing robotic systems (14-17).

The robot control software consiszs of a collection of independent programs called tools or tasks (the terms
tool and task are used interchangeably since a task is looked upon as being a tool in action). Each tool has
a small but well-defined function and the user can have a number of tools executing concurrently. The
execution of the tools, or more specifically their access to the robot, is governed by a single program called

the User Interface, which does the scheduling. This approach to the design of the control environment is
referred to as the toolkit approach, lt follows closely the design philosophy of the UNIX o_rating system.
The greatest advantage of this approach is its simplicity and :,xtensibility. Each tool has a simple but
well-defined function. More tools may be added without requiring code changes to the entire system.

Robot Manipulation and Dexteri.ty. A completely autonomous mobile robot inspection system is probably

not feasible using current technology; however, it is anticipated that the addition of manual dexterity to a
mobile inspection robot will enhance the ability to interact with the environment to perform inspection
tasks beyond the limits of passive observation, however sophisticated. "Suspect Drums" will be identified
at some point in the inspection process. At this point a human operator must become involved.
Teleoperated or tele-managed manipulation and dexterity will be required for the human operator to
provide a more detailed examination of suspect drums. A manipulator may be used to obtain close-up
images, probe suspected corrosion, obtain samples of leaked material, and operate special sensors used for
alpha and beta radiation detection or ultra-sonic corrosion assessment.

A robot arm will be capable of utilizing different types of end effectors that may be required for inspection
of waste containers or obtaining samples. For example, a camera attached on the end of a robot arm will

allow inspection of areas that otherwise might be inaccessible if the camera is fixed to the mobile
platform. By substituting various tools the arm can be used to probe, acquire samples, or otherwise
investigate suspected leaks.

Since many of the tasks involving dexterity will require control of interaction forces as well as motion, the

robot arm must have force-sensing capability. The tasks anticipated during storage drum inspection are
highly unstructured and sensor-based information describing the environment must be incorporated into
the low-level control algorithms (18). It is believed that the utilization of sensors (i.e. range detectors,
vision systems, and end-effector force measurement devices) in the low-level control algorithm
development will allow a robot manipulator to perform sophisticated tasks in unstructured environments.

It is expected that multiple sensor inputs will be incorporated into the low level control and task-level
planning algorithms. The primary sub-areas in this area are force sensing and environmental "feature"
detection. These two sensing capabilities are often required in many of the proposed robotic tasks. For
example, during the probing of suspected leaks or container damage, the robot manipulator will come in
contact with the environment; therefore, interaction forces develop between the robot manipulator and the



environment. Consequently, these interaction forces, as well as the position of the end eff_-_tor, must be
measured and controlled.

Furthermore, it will be necessary, to design and implement low-level control algorithms that are robust to
unstructured environments and dynamic uncertainty, introduced bv manipulating unknown loads (19).
The control algorithm must be capable of yielding high-performance for structured environmental tasks in

the presence of uncertain actuator/manipulator dynamics, surface uncertainty, noise, and other
disturbances before one can expect the addition of a vision system to yield high performance for
unstructured environmental tasks in the presence of even more complex uncertainties. Some of the
manipulator control features mentioned above are at the very edge of current robotics research.

Radiation Protection of Robot. Low-level radiation affects microcomputer circuitry. This is known theo-

retically and from experience during prolonged satellite operation in radiation fields surrounding the
earth. However, the radiation levels in the vacinity of low-level radioactive waste are not expected to

cause permanent damage to computers and control electronics on the robot since defects introduced by
ionizing radiation are "annealed" with the passage of time at normal room temperatures (20).

It is likely that commercial non-hardened micro,mmputers will function in somewhat higher radiation
environments for some time before failure. However, without special testing designed to reveal low-dose-
rate failure modes, the failure will be unpredictable since failure at low and moderate dose rates has been
shown to differ from total-dose semiconductor failure at the high-dose rates typically used for Mil-Spec
testing. In addition, commercial metal-ox.ide semiconductor (MOS) devices may not behave predictably
even when tested since the radiation-hardness is known to vary with manufacturing processes which may
be altered from manufacturing lot to lot.

The levels of ionizing radiation near remote-handled transuranic hazardous waste could possibly cause

cumulative damage to commercial grade semiconductors and microcomputers. Radiation hardened
semiconductors and microprocessors should be used to construct robot control systems ff large cumulative
doses of ionizing radiation are expected (21).

Since autonomous or semi-autonomous robot vehicles may fail while in a radiation environment, it is
important to be able to either prevent radiation damage, predict the expected life, determine when failure
is immanent, or find methods for eliminating defects caused by ionizing radiation. Radiation damage can
be minimized by shielding or by storing a backup computer in a powered-down mode until needed. A
total useful life in a radiation environment may be predictable if very expensive rad-hard devices are used
that have very tightly controlled manufacturing processes, lt may be possible to determine when failure is
likely or immanent by monitoring leakage currents during exposure to ionizing radiation. Finally, it may

be possible to reverse the effects of ionizing radiation (known as annealing) by removing a device from
service and subjecting it to special procedures designed to r_'move any defects that have developed during
operation.

,I

_taintenance of Records. A, intelligent mobile instx_on robot would ordinarily obtain ali data in digital
form that could be stored in a computer data base and on archiv",d backup media such as optical compact
disks (CDs). Since each digital image of storage drums would occupy over 1 Mbyte of digital storage
space, only digitized images showing abnormal findings would be placed in archival storage along with
coded information regarding the condition of inspected storage containers.

A suggested inspection record for a storage container would include, the verified inventory, number as bar-
coded on the drum, a code indicating normal or abnormal condition, computer recorded date and time of

the inspection, and a reference code identi.fi,_ng the supervisory inspector on duty when the automated
inspection data was obtained. Pointers would reference a digitized image obtained the first time an
abnormal finding was indicated by. the inspection robot and any time the condition of the storage
container changed significantly. Images would not be retained for normal-appearing drums or when
images are unchanged with reference to a previously stored image. Pointers would also be used to



reference records of any human inspection or corrective action that resulted from abnormal drum findings
identified by the intelligent mobile inspection robot.

CONCLUSIONS

The process of inspecting stored mixed waste has been defined to the best of our ability in terms of the
relevant Environmental Protection Agency regulations and the type of inspection that would be performed
by a human inspector. Constraints imposed by the limitations of technology are identified that prevent a
complete automated duplication of the human inspector. However, mobile robots can be programmed to
carry out routine inspection tasks and report unusual findings and potential leaks for more detailed
investigation by a person that would also be robot assisted.

Automated machine vision will be used during routine patrol of storage areas to detect potential problems
with storage containers. The mobile robot will have both on-board and off_d computers to provide the
necessary system intelligence. Machine vision algorithms are being developed to identify and inspect
storage drums as well as visually assess the condition of the storage containers. Acquired data will be
maintained in a database suitable for meeting EPA reporting requirements. A proposed minimum set of
in,on requirements is shown in Table 1.

Table 1. Minimum Design R._luiremema for an Intelligent Mobile Inspection Robot.

I. Possess adequate intelligence during an inspection task to operate
autonomously while away from a fixed docking/charging station.

2. Navigate in narrow aisles between stored drums.

3. Relocate the transport at a designated location.

4. Reproduce position and orientation of video camera(s) within a work space
extending from the floor to the top of drums stacked three high.

5. Identify and determine physical location of bar--coded storage drums.

6. Obtain video images of drums and using computer-vision techniques determine
whether drums have shifted, are damaged, or are leaking.

7. Provide for teleoperated visual inspection of drums by a remotely-located
person when required.

8. Permit manual manipulation of tools that may be needed to clean the bar-code
label or perform other inspection tasks.

9. Monitor floor alpha, beta. and gamma radiation to detect possible leaks that can
not be observed visually.

10. Maintain a data base of images and other inspection data that is required to
meet EPA reporting requirements.
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