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ABSTRACT 

Control and data acquisition systems for robotic inspection and surveillance systems used in nuclear 
waste applications must be capable, versatile, and adaptable to changing conditions. The nuclear waste 
remediation application is dynamic - requirements change as public policy is constantly re-examined and re- 
focused, and as technology in this area advances. Control and data acquisition systems must adapt to these 
changing conditions and be able to accommodate future missions, both predictable and unexpected. This 
paper describes the control and data acquisition system for the Light Duty Utility Arm (LDUA) System that is 
being developed for remote surveillance and inspection of underground storage tanks at the Hanford Site and 
other U. S. Department of Energy (DOE) sites. It is a high-performance system which has been designed for 
future growth. The priority mission at the Hanford site is to retrieve the waste generated by 50 years of 
production from its present storage and process it for final disposal. The LDUA will help to gather 
information about the waste and the tanks it is stored in to better plan and execute the cleanup mission. 

INTRODUCTION 

The LDUA System is being designed to deploy a family of tools, called End Effectors, into 
underground storage tanks by means of a robotic arm on the end of a telescoping mast, and to collect and 
manage the data that they generate. The LDUA System uses a vertical positioning mast, referred to simply as 
the mast, to lower the arm into a tank through an existing 30.5 cm (12 in.) access riser. A Mobile 
Deployment Subsystem is used to position the mast and arm over a tank riser for deployment, and to 
transport them from tank to tank. The LDUA System has many ancillary subsystems including the 
Operations Control Trailer, the Tank Riser Interface and Confinement Subsystem, the Decontamination 
Subsystem, and the End Effector Exchange Subsystem. The LDUA is being designed to operate safely in the 

a The Light Duty Utility Arm (LDUA) System is being developed under the sponsorship of the 
Underground Storage Tank Integrated Demonstration Program (UST-ID) of the DOE Office of 
Technology Development (DOE-OTD). 
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hazardous (high radiation, flammable gasses, corrosive chemicals) environment typical of the 177 
underground storage tanks at the Hanford site and underground storage tanks located at other DOE sites.' 

The LDUA control and data acquisition system has many features designed to help the operator in 
performing specific tasks with the LDUA. These features include the ability to operate the system in a 
teleoperated (human-inhe-loop) mode as well as under automated control. A 3-D animated computer 
graphic model of the arm and the tank is being provided to help the operator visualize the motion of the arm 
and to preview paths and check them for collision. The LDUA control and data acquisition system operates 
the End Effectors in coordination with the arm, and colIects information from these operations. A 
fundamental goal is to achieve all these features with an open architecture that accommodates new End 
Effectors and adapts to new missions with as little disruption to the existing system as possible. 

Figure 1 is a simplified block diagram of the LDUA control and data acquisition system that shows its 
major components and overall organization. The LDUA control and data acquisition system is organized 
according to hierarchical responsibilities (Subsystem versus Supervisory level of control), basic function (mast 
and arm movement versus data collection), and physical location (local versus remote). 

OPERATOR INTERFACES 

Local Control 

A control pendant is provided for local control of the LDUA deployment system. It provides limited 
manual control of the deployment system for setup, takedown, and recovery from off-normal situations. A 
local control panel is also provided for the Tank Riser Interface and Confinement W C )  subsystem for 
similar purposes. A safety feature of the control system prevents simultaneous control from the Operations 
Control Trailer and local panels. Local signal conditioning and support electronics that must be near the tank 
is housed in the At-Tank Instrumentation Enclosure or the Mobile Deployment Subsystem, both of which 
provide an air-conditioned protected environment. 

Remote Control 

Normally, the LDUA system will be remotely operated from the Operations and Control Trailer 
located outside the tank farm in a non-contaminated area. The Operations Control Trailer houses much of b e  
control and data acquisition system equipment and it is connected to the equipment inside the tank farm by a 
275 m (900 foot) fiber-optic umbilical cable. 

The LDUA system is designed to be run by two operators using computer workstations that are 
located in the operating area at the front of the Operations Control Trailer. The arm operator is responsible 
for operating the deployment subsystems (mast, arm, etc.), and the End Effector operator is responsible for 
operating the End Effectors and collecting data. 

The Operations Workstation provides a 3-D animated graphic display for visualizaing the operation 
of themast and arm. The operator may preview motion of the arm in simulation using any of the motion 
control modes that the system provides. If the motion is acceptable and collision-free, the operator is given 
the option of having the system execute it as it was simulated. The 3-D animation capabilities of the 



Operations Workstation are provided by the commercial software package IGRIPb (Interactive Graphic 
Robotics Instruction Program) . 

The LDUA Console works in conjunction with the Operations Workstation. It provides display and 
access to the detailed status and operating parameters of the mast and arm controller. The LDUA Console is 
directly connected to the robot controller and is therefore capable of operating as an independent backup, if 
necessary, to the Operations Workstation. Hand controllers (such as joysticks) are connected to the LDUA 

. Console for teleoperation of h e  mast and arm. . 

The Data Acquisition Workstation provides the primary user interface for operating End Effectors, 
collecting data, and for monitoring and controlling the TRlC environment subsystems. It provides a single 
point from which data can be acquired, processed, and stored. It is based on the commercial software 
package Labviewc, which provides a rich set of instrumentation display tools. 

There are many video cameras in the LDUA System, including units on the arm, in the tank, and in 
the ancillary equipment. The video display and recording subsystem provides monitors and VCRs to display 
and record video information from these cameras. All aspects of video switching and display and recording 
are controlled by the Data Acquisition Workstation, including the video cameras, the routing of signals, the 
VCRS, and the overlay of titles and other selected information onto the video. 

The Auxiliary Workstation provides the ability to obtain information from the system without 
disturbing the operators at the primary workstations. It is located in the rear area of the Operations Control 
Trailer away from the operating area. Printers, plotters, and other peripheral devices are also located in this 
area. 

ARCHITECTURE 

The LDUA control and data acquisition system has been designed with an open architecture using the 
clienthewer model in order to achieve high performance and maximum flexibility. This has been 
accomplished by dividing responsibility among major functional units that communicate with each other 
through well-defined interfaces. 

The LDUA control and data acquisition system architecture is based on the Generic Intelligent Systim 
Controller (GISC) approach developed within the DOE Office of Technology Developmen?. The essence 
of the GISC approach is that a robotic control system should be based on a 3-D world model, that it should 
use a client-server model (integration is communications-based), and that functional and interface guidelines 
be imposed for clients and servers according to their purpose in the system. The interfaces produced by these 
guidelines insulate the rest of the system from internal details of each client or server, and new ones can be 
added to the system as needed, or existing ones can be upgraded, without disrupting existing functions. GISC 
was developed for the purpose of quickly and efficiently assembling robotic systems for demonstration of 
advanced technologies in a wide range of applications. The GISC architecture was chosen for the LDUA 

b".IGRIP" is a trademark of Deneb Robotics Inc. 

'"Labview" is a trademark of National Instruments Inc. 



control and data acquisition system design because of this flexibility. 

The LDUA control and data acquisition system is divided into a supervisory level and a subsystem 
level. The subsystem level provides for basic equipment operation and generally each LDUA subsystem has 
its own controller. The supervisory level provides most of the integration and coordination between the mast 
and arm, the end effectors, and the ancillary equipment. The Supervisory Control System directs the 
deployment subsystems, and the Supervisory Data Acquisition System directs the end effectors and some of 
the ancillary equipment subsystems. 

The LDUA Subsystem Controller controls the mast, arm, mobile deployment subsystem, and the End 
Effector Exchange Subsystem. It provides a server interface through which it communicates with one or 
more clients in a robot-independent language. The primary client is the Supervisory Control System, which 
provides the 3-D animated computer graphic model (referred to as the world model) for path planning, 
collision checking, and task level automation. Another client continuously provides position information from 
the mast and arm to the Supervisory Data Acquisition System. 

A single standardized interface will be established between the Supervisory Control System and the 
Supervisory Data Acquisition System that provides a high-level access to End Effector commands and data. 
It was decided not to impose a single standardized interface on each of the End Effector subsystem controllers 
because there were commercial instrumentation software packages that could readily accommodate the 
necessary range of sensor and signals types. 

It is planned to implement the LDUA control and data acquisition system in stages, adding or 
modifying modules as necessary. The initial deployments of the LDUA System will be primarily video/photo 
surveys and will rely on human-in-the-loop control backed up by path preview and collision checking in the 
world model. Future deployments will use End Effectors that must operate in contact or proximity to the 
waste or tank structures. To support this mode of operation, a client will be added which will talk to the 
server interface of the LDUA Subsystem Controller This client will provide position feedback from sensors 
to modify the motion of the arm for surface following or docking type operations. The Supervisory Data 
Acquisition System will oversee the routing of the data from the End Effector, and its conversion to the 
interface format. The ability of the mast, arm, and End Effectors to be directed from task-level automatic 
sequences will be added to the Supervisory Control System. This will be augmented by advanced path 
planning algorithms that can automatically select collision-free paths even in congested work spaces. .% 

WORLD MODEL BASED CONTROL 

The world model is an accurate 3-D computer model of the mast and arm and its operating 
environment. The model of the mast and arm is fully animated, and the environment includes the tank 
internal structure and surface of the waste. The purpose of the world model is to allow the operator to 
visualize the position and motion of the mast and arm relative to other objects in its work space (the tank 
dome and liner, risers and other in-tank equipment, and the surface of the waste). Mast and arm motions are 
planned and previewed in simulation mode to verify their correctness and freedom from collisions before they 
are physically executed. 

The world model is reasonably accurate, but not perfect. A minimum approach distance will be 



established for the world model based on an analysis of all the sources of error. Collision detection will be 
set to alarm for near-collisions that fall within the minimum approach distance. Motion of the arm will either 
be stopped short of contact by the minimum approach distance so that the final approach can be controlled by 
the operator using visual observation or there will be some transition at the minimum approach distance to 
sensor-based feedback for the final approach. 

Creation of the world model will start with the tank structure which will be manually entered into the 
system based on best existing knowledge of the tank (design drawings and any external measurements that 
may have been taken). Surveying methods will be used to establish the base positions of the LDUA 
equipment that is deployed into the tank. Position measurements, when they become available from one the 
mapping subsystems, will be used to improve the location of tank features. The contours of the waste surface 
will be measured by the mapping subsystems and added to the model. 

DESCRIPTION OF SUBSYSTEM CONTROLLERS 

LDUA Subsystem Controller 

The LDUA Subsystem Controller provides direct control of the mast, arm, Mobile Deployment 
Subsystem, and those p.arts of the TRIC that must be closely coordinated with operation of the mast and arm. 
The Subsystem Controller is a multi-processor system based on a Versa Module Eurocard (VME) chassis 

operating under VxWorksd 5.1.1 (a real-time operating system designed to integrate with U r n  
workstations). It is interfaced to the Supervisory Control System by means of software that communicates via 
ethernet over the fiber-optic umbilical to the Operations Control Trailer. 

The LDUA Subsystem Controller controls each joint of the arm and the vertical motion of the mast. 
It also provides resolved (Cartesian) motion in both world and tool space. The arm is being designed with 7 
degrees of freedom for maximum dexterity, and the mast can be selectively included in or excluded from 
resolved motions. Motion can be directed both by teleoperation (human-in-the-loop) and by entering 
numerical coordinates. 

The LDUA Subsystem Controller also controls components that must operate closely with the mast 
and arm, or which could interfere with its motion. The End Effector Exchange Subsystem automatically 
mounts and dismounts End Effectors from the Tool Interface Plate on the end of the arm. The Multi-Circu% 
Switch (MCS) automatically c o ~ e c t s  the proper support electronics to an End Effector when it is mounted on 
the Tool Interface Plate. The Multi-Ckcuit Switch is necessary because there is only a single set of service 
wiring through the mast and arm to the Tool Interface Plate, and it must be shared by all End Effectors. This 
service wiring includes 30 shielded twisted pairs (for signals), 4 shielded triples (for power), 3 coaxial cables 
(for video or other high-speed signals), and 3 hoses (for purging the End Effectors, and powering pneumatic 
actuators). The isolation valves seal off the TRIC and the mast containment housing from the tank 
atmosphere when the mast is fully retracted into its containment housing. The isolation door helps control the 
spread of airborne contamination inside the TRIC during decontamination of the mast and arm. 

d"VxWorks" is a trademark of Wind River Subsystems Inc. 

e "UNIX" is a trademark of Unix Systems Laboratories, Inc. 



TRIC Environment Subsystems 

A key function of the TRIC is to maintain an atmospheric balance and containment between the 
LDUA.and the tank riser. It is provided with sensors that monitor pressure, flow, and temperature. These 
sensors are directly connected to the Supervisory Data Acquisition System by means of digital and analog 
input/output channels in the At-Tank Instrumentation Enclosure. The TRIC also contains several video 
cameras to observe operations of the arm and End Effector Exchange Subsystem. These are interfaced with 
Supervisory Data Acquisition System in the same manner as the video/photographic subsystems. 

The decontamination subsystem cleans external contamination from the mast and arm by spraying a 
cleaning medium onto the them as they are withdrawn from the tank. There are two versions of the 
decontamination subsystem, one that uses water as the cleaning medium, and one that uses carbon dioxide 
pellets (the choice of which one to use is made prior to setting up at the tank and is an operations decision 
based on conditions in the underground storage tanks). The ventilation subsystem maintains correct pressure 
inside the TRIC under all conditions of air flow through the TRIC. For the water-based version, ventilation 
is provided by a simple exhauster connected to another riser of the tank. This exhauster is a self-contained 
portable device that is not controlled by the LDUA. For the carbon dioxide system, the ventilation subsystem 
is integrated into the decontamination subsystem and a single controller serves them both. A radiation 
monitor is provided in both versions of the decontamination system to detect gross contamination levels. 

Video/Photographic Subsystems 

There are presently four video and photographic subsystems, two of which are End Effectors carried 
on the end of the arm, and two of which are overview systems deployed down alternate 10 cm (4") risers into 
the tank. One of the End Effectors combines stereo photographic capability with a video viewfinder, and the 
other End Effector provides a color stereo close-up inspection capability. One of the overview video systems 
provides a color stereo view, while the other overview system provides a black & white, mono view. These 
subsystems have equipment at both the At-Tank Instrumentation Enclosure and the Operations Control 
Trailer, and use the fiber-optic umbilical to communicate using a technique that multiplexes the camera 
control and position onto the video signal. The subsystems use the same basic design so that there is a high 
commonality of hardware. The interface between the Supervisory Data Acquisition System and the 
video/photo subsystems is made in the Operations Control Trailer by means of individual digital and analog 
UO channels. Each channel directly controls or monitors one camera function such as pan, tilt, zoom, focu's, 
lighting, or position. 

Mapping Subsystems 

The mapping subsystems use laser light to accurately measure the position of the interior surfaces of 
the tank structures and waste. Measurements are taken on a rectangular grid by an automatic scanning 
process. These sets of positions can be used to generate contour maps of the w&e surface. One of the 
mapping subsystems is deployed down a 10 cm (4") riser into the tank and the other is carried on the end of 
the arm. The mapping subsystems are highly autonomous and are interfaced to the Supervisory Data 
Acquisition System by means of software which communicates via ethemet over the fiber-optic umbilical to 
the Operations Control Trailer. The mapping subsystems are commanded to make a scan, or series of scans, 
and the finished surface map data is sent back to the Supervisory Data Acquisition System when they are 
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finished. 

RESULTS 

The LDUA control and data acquisition system design is a practical implementation of emerging 
technology that has been demonstrated by the DOE Office of Technology Development program, building on 
research and development done within the Underground Storage Tank - Integrated Demonstration and the 
Robotics Technology Development Program. An architecture that had proven its flexibility in laboratory 
demonstrations has been implemented in a practical field system that will be qualified and approved for 
deployment into actual underground storage tanks, and will become a part of regular operations in the task of 
inspecting and cleaning up underground storage tanks. 
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