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ABSTRACT

This paper describes a proof-of-principal demonstration performed with the
HERMES-HI mobile robot to automate the inspection of waste storage drums for
radioactive surface contamination and thereby reduce the human burden of operating a
robot and worker exposure to potentially hazardous environments. Software and hardware
for the demonstration were developed by a team consisting of Oak Ridge National
Laboratory, and the Universities of Florida, Michigan, Tennessee, and Texas. Robot
navigation, machine vision, manipulator control, parallel processing and human-machine
interface techniques developed by the team were demonstrated utilizing advanced computer
architectures. The demonstration consists of over 100,000 lines of computer code
executing on nine computers.

BACKGROUND

Drums utilized to store low level radioactive and mixed hazardous wastes represent a major
challenge for inspection and surveillance operations throughout the U.S. Department of Energy
(DOE) complex. The drums are used for interim storage of wastes resulting from reactor
operations, environmental restoration activities, radio-chemical production and research, nuclear
fuel reprocessing, and weapons production. In a single location, there may be as many as 78,000
55-gallon steel drums stored outdoors or in enclosed buildings, and containing low level (less than
200 mR/h surface dose rate) radioactive and transuranic (TRU) materials or mixed wastes
including hazardous chemicals. While the materials in a single drum do not represent a serious
hazard to humans or the environment, state and federal regulations may require that the integrity of
the containers be inspected periodically. The frequency of inspection may be as often as once per
week. Inspection of a large number of the containers can pose a hazard to workers from
accumulated radiation exposure. Additional hazards may result from leaking or falling containers
that may have degraded due to handling or environmental exposure (weathering) or to poor
stacking. Workers may therefore be required to wear anti-contamination clothing or chemical
protection suits with respirators during inspections, which can drastically reduce their effective
working time. Surveillance of objects for radioactive surface contamination is a major activity of
health physicists in nuclear power plants. Health physicists can accumulate a significant radiation
exposure dose do to these activities.

In order to protect workers from these hazards, a commercially available mobile robot
equipped with video cameras was considered for inspecting large numbers of drums.
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Unfortunately, visual inspections are not always a good indication of drum integrity. More
importantly, a teleoperated (joystick control of the platform and sensors) robot may require as
many as four trained and experienced operators working continuously for several weeks to inspect
all the drums. This excessive amount of labor needed to operate the robot is a result of the lack of
sensory feedback to the operator and the limited intelligence of a teleoperated robot. A great deal of
time and effort is expended by the operators in guiding the robot, preventing the robot from
colliding with objects (and therefore possibly damaging itself or puncturing a drum), and moving
the camera into position for a better view.

To meet the multiple demands of worker safety, task execution speed, and economy in this
situation, advanced robotic techniques not currently available in commercial systems must be
developed. The DOE has provided support to four universities (the Universities of Florida,
Michigan, Tennessee, and Texas under the leadership of Oak Ridge National Laboratory (ORNL)
to pursue research leading to the development and deployment of advanced robotic systems. The
long-term goal of the program is to develop systems that can perform surveillance, maintenance,
and repair tasks in nuclear energy facilities or in other hazardous environments.1 This paper
describes a proof-of-concept demonstration performed with the Hostile Environment Robotic
Machine Intelligence Experiment Series - III (HERMIES-III) mobile robot (Fig. 1)

Fig. 1 The Hostile Environment Robotic Machine Intelligence Experiment Series - III
(HERMIES - III) robot performing autonomous surveillance of drums.
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to automate the inspection of waste storage drums for radioactive surface contamination and
thereby potentially reduce the human burden of operating a robot and the exposure of workers to
radiation. Previous work by the team using the HERMIES-III robot successfully demonstrated the
autonomous cleanup of a chemical spill.2

TASK REQUIREMENTS

The autonomous inspection of drums for radioactive surface contamination utilizing the
HERMES-HI mobile robot was decomposed into its basic components: 1) planning a path to the
general location of the drums, 2) autonomous navigation to this location avoiding both known and
unexpected obstacles (path execution), 3) autonomous sensing the absence or the existence and
location of the drums in the presence of false targets and a cluttered background, 4) navigating to
drums specified by the human operator for surveillance avoiding obstacles in the environment, 5)
determining the precise location of the drum relative to the robot to perform the surveillance, and 6)
performing the radiation survey over a path on the drum surface specified by the human operator
using a gas proportional beta detector mounted on a seven degree-of-freedom (DOF) manipulator.
The detector must be maintained at a constant distance (about two inches) from the surface of the
drum during the surveillance since beta radiation has a relatively short mean free path in air. A
floor plan of the task to be performed is shown in Fig. 2.

Unexpected
Obstacle

Planned
Path

Actual
Path

Drums

G
Fig. 2. Floor plan view of experiment to autonomously find and inspect drums for radioactive
surface contamination.

ROBOT SYSTEM DESCRIPTION

The HERMIES-III robot system is a large (1.6 m x 1.3 m x 1.9 m) mobile robot designed for
human scale experiments3 and has both on-board and off-board equipment. The chassis has two
independently controllable drive wheels and four comer caster wheels. The robot weighs 820 kg.
The manipulation system consists of a 7 DOF compliant arm with all revolute joints, a spherical
wrist, and a low friction back driveable drive train.4 The sensors utilized in this experiment
included a charge coupled device (CCD) camera on a pan/tilt platform, a CCD camera mounted on
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the wrist of the manipulator, a ring of 32 sonar transceivers mounted around the chassis, an
Odetics laser range camera on a pan table, and encoders on motor driven shafts.

HERMIES-III has a dual computer system with both an NCUBE hypercube parallel computer
and a VME bus based system. The NCUBE system can have up to 16 nodes with the IBM 7532
host. The VME system has 6 Motorola 68020 processors: 3 are utilized for the sensors and
platform control and the remaining 3 are used to control the manipulator. A 10 x 10 cm gas flow
proportional radiation detector is mounted on the manipulator end effector and connected to a
computer controlled scalar counter.

The robotic system has two off-board computers: a Silicon Graphics IRIS-4D workstation
used for the human-machine interface and a VME based system communicating with a unique 3
DOF force reflecting joystick utilized for manual control of the platform with sensor feedback.5

COMMUNICATIONS IN HETEROGENEOUS NETWORKS

The robotic system consists of effectors and sensors, together with a number of software
processes that control them. These processes communicate with each other by sharing data
through a simulated shared memory system (HELIX) developed by ORNL and the University of
Florida.6 In this system, each of the computers has a copy of the shared memory as shown in
Fig. 3. The shared memory is divided into blocks with each block being a C language structure.
Shared memory is communicated between machines via ethernet on a structure-by-structure basis.
All processes may read any block of shared memory but only one process is allowed to write data
into a given block. The communication system replicates and disuibutes the contents of shared
memory whenever one of the processes changes the values in any of its structures.

Computer 1 Computer 2 Computer 3

Local Area Network (Ethernet)

Control Processes

Copies of Shared
Memory
Communication
Pro-esses

Fig. 3 HELIX heterogeneous multi-computer communications architecture for HERMIES-ni robot
system.

MODULAR INTEGRATED CONTROL ARCHITECTURE (MICA)

The HERMIES-III system is a complex collection of hardware and software. Total software
for the demonstration consists of over 100,000 lines of C code, with about 30,000 lines used to
control the manipulator alone. In many cases, the device being controlled must be in
synchronization with control instructions (synchronous or real-time control). Synchronous control
usually implies that instructions and processors are synchronized to a common clock. In some
cases such a path planning or data acquisition, the control instructions do not have to be closely
synchronized (asynchronous control).
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In addition to these two types of control, the software must be modular for design,
development, testing, integration and maintenance. Since hardware may develop at different rates
than software, an independent software development environment with simulation capabilities
speeds system construction. To meet these needs, we developed the Modular Integrated Control
Architecture (MICA.)7. MICA works in conjunction with the sh^ =;d memory communication
system described above.

Asynchronous Control

The entire system is controlled by a single process which sends events to other processes.
The event system (Fig. 4) works in conjunction with the shared memory system to pass messages
to and from each process. An event is a data structure having a stereotyped format which transmits
a small quantity of information between processes. Event messages provide a simple transparent
method to pass control information within a single processor, among processors in a backplane,
and among processors in a local-area-network. Events can be used in concert with the shared
memory, so that the communication of data can be coordinated with the communication of control
information. An event manager is used to control the delivery of events from one process to
another. The event manager maintains an array of priority queues, one for each process, to hold
events until they are requested. The event manager receives an event posted by an individual
process and places it into the appropriate priority queue,. When a process requests an event, the
event manager pulls the top item out of that process's event queue and returns it to the requesting
process. The event system ensures that actions taken by processes on the basis of pre-defined
events will be guaranteed to be upwardly compatible.

Event Manager

Receiving
Process V Process

Shared Memory

Fig. 4 Asynchronous event system for interprocess communications on the HERMIES-III system.

Synchronous Control

While the event system works well for asynchronous processes, synchronous processes
requiring real-time control from a common clock must be implemented in a different manner.
Since the timing constraints are rigid, synchronous systems require tightly coupled processors if
more than one processor is used. An example of such a process is the control of the seven degree-
of-freedom redundant manipulator used for scanning the radiation detector over the drums.
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A control processor (CP) is utilized as the asynchronous interface to the synchronous system.
This processor has a conventional, event-driven interface program that also has the ability to
control the synchronous system. The CP can also contain non-related asynchronous programs for
other parts of the integrated system and a synchronization interrupt routine that can be used to
control the synchronous processors.

One or more loop processors (LPs) execute the synchronous control loop. In our initial
implementations, the system uses two LPs to execute all control code. The real-time control loops,
executing at 150 Hz, must have the highest priority on the LP j and not be interrupted by
asynchronous processes.

The CP contains a synchronization interrupt routine that is used to set flags within the multiple
LPs as shown in Fig.5. The LP execution code waits in a loop until the flag is set. Once the flag
is set, the LP checks for changes in state and starts sequentially executing a number of 'chores.'
When the LP has finished with its chores, it clears its flag and starts the control loop again, waiting
for the next flag. The CP checks to see if the flag has been cleared indicating the LP has completed
its task.

Sync Interrupt
1 Sync Flags

Control
Processoi

Loop
Processor

\

Loop
Processor

Fig. 5 Synchronous control architecture in MICA

Development Environment

Figure 6 displays the degree of modularity attained by MICA. This simple diagram, specific
to real-time manipulator control, shows the division between the asynchronous planner modules
(which determine the path the manipulator is to take), and the synchronous high-level control,
follower, servo-level, and input/output modules. The output of the high-level control module is
directed into the follower module which performs appropriate transformations on the desired
manipulator position data. The follower module feeds into the servo-level module, which consists
of a PID controller. However, some connections may not be reasonable, as indicated by the
'motor-level' follower not being connected to the 'torque controller' servo-level package. It is up
to the system designers to decide which packages are compatible with each other. These software
"switches" in MICA allow control modules to be added to the system with little effort. Figure 6
also shows that a simulation can be performed simply by choosing the simulation package instead
of the actual input/output package. This simulation capability allows designers to develop control
code initially off-site without access to the controlled hardware. For the seven degree of freedom
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redundant manipulator used in this demonstration, ten modules were defined. Additional modules
may be added as needs warrant.

TASK IMPLEMENTATION
The six previously described tasks were implemented through individual processes running on

one or more CPUs. A database is utilized to provide information on a priori knowledge about the
environment the robot must navigate through.8 Information from and queries to the database are
through a user interface running on the Silicon Graphics workstation. The user interface also both
allows the user to control the actions of the robot and displays the movements of the platform and
manipulator in the context of the current world model.9 This interface is also used to plan the
global robot path to the general vicinity of the drums and for specifying a sweep path taken by the
radiation detector held by the manipulator over the surface of the drum. Contaminated points lying
on the detector sweep path are displayed by the interface.

Planner
Module

Control
Module,

Follower
Module

Servo
Module

UQ.
Module

Startup

Path
Sequencer I

Shutdown

Motor
Sequencer

Hold

Joint
Sequencer

Motor
Control

Molor
Follower

Joint
Follower

PID Simulate

Cartesian
Sequencer

Joint
Control

Cartesian
Follower

Torque
Controller

Actual

Drive Output

I Cartesian
Control

Fig. 6 MICA manipulator control software development environment.

A local path planning algorithm running on board the robot moves the platform while avoiding
obstacles detected by sensors.10*11 Unexpected obstacles force the robot from its global path and
the local path planner utilizes sensory information from the ultrasonic, laser range, and CCD
sensors to update its world model and navigate around the obstacle back to the global path.

When the robot reaches the location specified by the operator, the laser range camera is used to
scan the area to search for the presence of drums. Range images are corrected for optical effects,
filtered, and segmented.12 Drums are detected and localized using geometric models. The Odettes
range camera utilizes a modulated infrared laser to produce 128 x 128 pixel range images. The
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field of view of the sensor is approximately 60 x 60 degrees. A typical range image (and its
associated reflectance image) are shown in Fig. 7. All drums located by the process are displayed
on the user interface. The operator then specifies which drum should be surveyed for
contamination and the path the radiation detector should take over its surface.

Because of inaccuracies in navigation due to wheel slippage and other systematic and random
errors in control of the robot, the drum must be located more exactly before bringing the detector
near the surface of the drum.- The wrist mounted CCD camera is utilized to acquire an image of Uie
top of the drum. This image is converted to binary and operated on by a Hough transform. The
Hough transform converts all image pixels into circles whose intersection is the center of the drum.
This technique allows the center of the drum to be located within about 2 cm.

r

Fig. 7 Typical 128 x 128 pixel, image pair of drums returned by the laser range camera. The range
image (right) shows distances closer to the camera as white and further distances as black. The
corresponding reflectance image is shown on the left.

Once the drum is accurately located, the manipulator passes the radiation detector over the
desired path. Before executing the path, a background count is taken so thai contamination can be
accurately detected. As the detector passes over the drum surface, any radiation levels greater than
a specified amount above background will be displayed on the user interface as a contaminated
location.

CONCLUSIONS

The proof-pf-principal performed by the team indicates that complex surveillance operations
can be accomplished remotely with greatly reduced operator intervention. By automating repetitive
operations, the need to expose humans to potentially hazardous environments can be reduced.
The drawback to such autonomy is that the robotic system can become complex both in hardware
and software. This complexity may cause robotic systems to become "brittle" or unreliable when
unexpected situations arise. Good software and hardware design, along with extensive experience
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can produce systems which can significantly outperform teleoperated robots, especially when
repetitive or tedious operations must be accomplished over long time periods.
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