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ABSTRACT An architecture has been developed
to provide an object-oriented framework for the
integration of multiple robotic subsystems into a
single integrated system. By using an object-
oriented approach, all subsystems can interface
with each other, and still be able to be customized
for specific subsystem interface needs. The object-
oriented framework allows the communications
between subsystems to be hidden from the interface
specification itself. Thus, system designers can
concentrate on what the subsystems are to do, not
how to communicate.

This system has been developed for the
Environmental Restoration and Waste Management
Decontamination and Decommissioning Project at
Oak Ridge National Laboratory. In this system,
multiple subsystems are defined to separate the
functional units of the integrated system. For
example, a Human-Machine Interface (HMD
subsystem handles the high-level machine
coordination and subsystem status display. The
HMI also provides status-logging facilities and
safety facilities for use by the remaining
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subsystems. Other subsystems have been developed
to provide specific functionality, and many of these
can be reused by other projects.

INTRODUCTION

The FY 1992 decontamination and
decommissioning (D&D) project involves the
integration of an existing manipulator and
transport system with specialized vision and task
modeling software for the purpose of performing
survey and dismantling tasks on a mock-up of a hot
cell reactor. The intent is to use a vision system to
locate the position and orientation of hot cell
piping, then to use the robot to scan for radiation.
The operator can then select portions of the pipe to
be removed by the robot system during the
dismantling operation. The goal is to separate the
high-radiation wastes from the lower radiation
wastes.

The Advanced Integrated Maintenance System
(AIMS) at Oak Ridge National Laboratory
(ORNL) is used for this technology demonstration.
It is comprised of a dual-arm master/slave
manipulator system for dexterous manipulation and
a transport crane system for rough positioning.

The vision and task modeling systems are
based on the premise of an operator-aided location
system. An operator locates points on a pipe in both



images of a stereo image pair, allowing the system
to determine the exact position and orientation of a
hot cell pips-

In order to accomplish the above tasks, a
system architecture has been defined for the D&D
project. This architecture is based on the concept of
multiple subsystems integrated together to form a
complete system that performs the required D&D
tasks. By using a modular subsystem philosophy,
we can create each subsystem and test it
independently of the other subsystems until the
final integration. In order to facilitate this
integration, an overall system design approach has
been developed. 3y using a subsystem approach,
this architecture is compatible with the Generic
Intelligent System Controller (GISC) (Harrigan
1992) developed for use by the environmental
restoration & waste management (ER&WM)
Program.

One of the basic premises of the D&D system
architecture is that of reconfigurability. New
scenarios should be easily created by the system
designers. Also, by defining modular subsystems, a
system designer should be able to add new
subsystems to the integrated system without great
concern for its effects on the existing subsystems.
Additionally, we will be able to enhance existing
subsystems as requirements develop.

In order to ease the final integration of the
D&D subsystems, an object-oriented approach is
used to make the interfaces to each subsystem as
consistent as possible. Other systems already use
an object-oriented approach, for example, the
RIPE/RIPL (Miller and Lennox 1990) developed at
the Sandia National Laboratories. This object-
oriented approach is used also to hide the
complexities of the communications layer, thereby
allowing the final integration to disregard the
hardware location of the subsystem
implementation.

Finally, an Human-Machine Interface (HMD
is defined to provide high-level control and
standard facilities to the remainder of the
subsystems. The HMI provides a straightforward
manner in which all subsystems can be tested
independently. Standard facilities are also
provided by the HMI, such as messaging and
logging that relieve all other subsystems from
having to provide such facilities.

SYSTEM DESIGN

Figure 1 is a high-level diagram that shows
the D&D architecture. In this figure, some
subsystems reside on a Silicon Graphics (SG)
workstation, while, for hardware interface
requirements, other subsystems reside on a VxWorks
platform.

The HMI subsystem provides the basic control
for the integrated system. The user controls and
interacts with the integrated system through the
HMI subsystem. Other subsystems can have their
own specific user interfaces, making them more
portable to other integrated systems.
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Fig. 1. D&D system diagram.

The Scenario (SCENARIO) subsystem controls
the integrated sequencing of all subsystems during
operation. The SCENARIO subsystem will
properly initialize all subsystems and monitor
their progress when they are in integrated
operation. The SCENARIO subsystem is based on
the "Process Monitor" concept for the HERMIES-III
system (Reister et al. 1991).

The Task Model (TM) subsystem provides the
basic database of task space knowledge. For this
demonstration, it contains information about object
location and radiation status. With this
subsystem, the user rotates, translates, and scales a
pipe assembly on a graphics screen with the actual
video image overlaid onto it. By matching the
images, the user indicates to the system the
location and orientation of the pipe assembly. Once
the assembly has been located, further operations
can take place automatically. The TM subsystem



also controls the selection of the pipe scan points
and the cut/grab points for the operation of the
Manipulator Control (ARM) subsystem.

The Visual Location (VISION) subsystem assists
the user in locating a pipe assembly. The user is in
control of the location process, but he or she is aided
by the VISION subsystem. Corresponding points
are selected in each of two stereo images (right and
left), and a triangulation process is performed to
find the exact three-dimensional location of the
point. This process is repeated to locate the
position, orientation, and diameter of the pipe.

The Manipulator Control subsystem (ARM)
controls the AIMS manipulator. High-level motion
commands are passed to this subsystem and are
broken down into lower level commands for the
existing manipulator system. The Modular
Integrated Control Architecture (MICA) (Butler
1992) system is used to interface to the ARM
manipulator at the control-loop level.

The Transport Control (TRANSPORT)
subsystem controls the AIMS transport system.
High-level commands (move transport) are passed
to this subsystem and are broken down into lower
level commands for the transport system. Again,
the MICA system is used to control the synchronous
low-level interface to the AIMS transport system.

The Camera (CAMERA) subsystem provides
the basic camera image capture and file I/O
functions for stereo images.

The Radiation Sensor (RAD/ subsystem
controls a commercially available radiation
detector. This subsystem reads radiation data and
scales it into meaningful operator information.

The Cut tool (CUT) subsystem controls a
commercially available cut tool.

A SUN Sparcstation II workstation is used for
VxWorks development and is not part of the run-
time system. The SG workstation is connected to
the VME system using a Bit3 VME-VME bus
repeater to allow high-speed communication. A
2-MB memory board that is part of the bus repeater
allows a common shared memory between the
systems. The VME system has two Force 68040
processors, Datacube image capture boards, and
multiple Bit3 bus repeater links. Two additional
bus repeaters are connected to the AIMS Man-
Machine Interface (MMI) rack and the AIMS

Auxiliary Control System (ACS) rack. This allows
direct control of the AIMS manipulator system.
The interface to the radiation sensor is through an
RS-232 serial port. The interface to the cut tool is
through a parallel port that resides on one of the
68040 CPUs.

Figure 2 shows the subsystem hierarchy used in
the D&D system. The HMI subsystem is the central
point of control. It can control each subsystem
separately to control individual functionality. The
HMI can control the SCENARIO subsystem, which
to the HMI is just another subsystem. However, the
SCENARIO subsystem is the one that controls the
integrated operation of the system. Therefore,
during integrated operation, it controls the lower
subsystems. It is important to note that the HMI
passes its control to the SCENARIO subsystem, thus
at any specific time, a single point of control is
maintained.

HMI

Subsystem Subsystem
B

Subsystem

Fig. 2. General system hierarchy diagram.

One feature of the D&D architecture is that
each subsystem can have its own user interface. The
concept of multiple independent user interfaces was
taken from previous work on MICA (Butler 1992),
extending it for generalized subsystem integration.
In fact, a few subsystems (e.g., VISION and TM)
have significant user interfaces. This modular
independence allows separate user interface
development and future flexibility in reconfiguring
the system. Note that the independent user
interfaces can exist on a single workstation or on
multiple workstations.



One of the basic premises of the user interface
philosophy is that the HMI subsystem serves a few
basic roles. First, it is the "master controller" that
directs and coordinates all subsystems. Second, it
provides basic functions to all other subsystems,
such as message and logging facilities. The HMI
does not control the task model or graphical
display. These functions are left to other
subsystems. This separation will allow future
integrated systems to take advantage of these
concepts more easily.

Figure 3 shows a screen diagram of the SG
workstation. The HMI window is at the top and is
always visible to the user. This window contains
the system status messages, control menus, and
emergency stop burtons. When an unexpected event
occurs, this is the window that the user can
instantly look at to determine what has occurred.
By having all system status messages displayed in
one place, the user does not have to "hunt" among
the remaining subsystems for the message of
interest.

Below the KMI window are larger windows
that come into context at the appropriate times.
When the user is doing VISION-based pipe
location, then the VISION window is displayed.
When the user is doing TM operations, then the TM
window is displayed. Any number of subsystems
could have their own user interface and have it
displayed at the appropriate times in the
integrated operation. It is important to note that
this methodology supports multiple workstations
easily. Systen- designers could choose to execute a
subsystem on another workstation and have an
independent user interface on that workstation.
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Fig. 3. User interface layout.

SUBSYSTEM DESIGN

The software structure of the D&D subsystems
builds on object-oriented techniques. Each
subsystem has an object interface that handles all
of the subsystem control methods. Any necessary
communications is handled by the object interface,
thus hiding the communications interface from the
higher-level software. Thus, different
communication paths may be selected at will
without affecting the overall structure of the
architecture. In fact, different subsystems may use
different communication paths depending on system
requirements and physical limitations. A simple
shared-memory approach is used for the
communication path in the current system because
the Bit3 bus repeater links the SG workstation
with the VME rack.

In addition to the control communications
mentioned, there is a shared-object system that
allows an object-oriented blackboard system. Any
process can access a shared-memory "token", thus
allowing a straightforward way to pass data
among subsystems. For example, the CAMERA
subsystem will pass the right and left stereo images
to the shared-object system for storage of the video
images. The TM and VISION subsystems can then
read these images as needed.

Another advantage of using an object-oriented
structure is that all subsystems will have certain
common interfaces. Initialization, shutdown, and
safety emergency stop functions will have common
interfaces for all subsystems. These functions, or
"methods" in object-oriented programming (OOP)
terminology, will have consistent behaviors. In
addition, OOP will allow the sharing of the
semaphore lock/unlock code among all motion
subsystems (e.g., ARM and TRANSPORT).

All subsystems are defined as "objects" with a
number of "methods" that can be executed from any
other subsystem. In general, only the HMI and the
SCENARIO subsystems control action methods
while any subsystem can call status methods.
Figure 4 shows a diagram of the class hierarchy
used. All subsystems inherit from the base
"subsystem" class. Other base classes are defined
for more specific needs. The "ui" base class is
inherited by all subsystems that have a user
interface. The "pref" base class is inherited by all
subsystems that have to save and recall
preferences. The "critical" base class is inherited



by all subsystems that must be locked out when in
use. The "motion" base class is inherited by all
subsystems that produce motion. This class is
further subdivided into "manipulator" and
"vehicle". In the D&D project, we do not have a
vehicle, but this is included to illustrate where a
vehicle class would fit in the general class
hierarchy.

Fig. 4. Subsystem clas9 hierarchy.

HUMAN-MACHINE INTERFACE DESIGN

Because the HMI subsystem is the central
point for control of all other subsystems, it should
also be the central point for all status messages.
The operator should have to concentrate only on one
area for status messages. Any subsystem can send a
status message to the HMI at any time. By
allowing any subsystem to display a message in a
central location, simple subsystems do not have to
have a separate user interface to display status.
This encourages the development of simpler
subsystems, thereby enhancing modularity and code
sharing for future applications.

The HMI is the primary control interface for
the integrated system. It controls the sequencing
and interaction between all other subsystems and
provides basic services to all subsystems. Figure 5
shows a user interface layout for the HMI
subsystem. There are control menus at the top of the

window that are used to control the basic HMI
functions such as the message facility, logging, and
safety facility. A subsystem menu is used to
display subsystem control "palettes" that the HMI
uses to independently control individual
subsystems. In addition, there is a scenario menu
that is used to control the entire integrated system.
It is the SCENARIO subsystem that coordinates all
subsystems to perform the integrated application.

Below the main menus is a scrollable list of
messages. Messages from all subsystems can be
displayed here. It is important that the operator
concentrate in only one place for all system
messages.

Also in the main window is an emergency stop
button. By pressing this button, the operator
commands the entire system to shut down
immediately. When this button is pressed, a log
entry is made to the permanent log.

The message facility has various message
types. Message types include general, warning,
alarm, error, log, and debug. Fields within the
message can be turned on and off at will. For
example the operator may not wish to view the
time except when an error occurs, where time may
be critical. Each message type may be turned on and
off at will at the discretion of the operator. An
extension to the message facility is the ability to
send all messages to a log file. A "daily log" would
consist of all messages sent to the HMI, while a
special message type (log message) would also be
added to a permanent log. This automatic logging
would be useful to determine runtimes, etc. Figure 6
shows an example of daily logs and permanent logs.
Note that the daily logs can be deleted after they
are no longer required. The permanent log is an on-
going log that is never deleted.

In addition to the messages logged from the
subsystems, a manual log entry would be allowed
from the HMI. Using the manual log, an operator
could add further explanation when an unusual
situation occurs. In fact, a log entry could be forced
when the system is started for each run to indicate
the operator's name and other pertinent
information.

Another feature of the D&D architecture is
that all safety-related tasks (starting an arm, etc.)
would call methods in the HMI to approve the use
of a certain piece of hardware. By having all
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subsystems request approval from the HMI, the
operator can allow or disallow certain operations in
advance. Each safety item would have a status
associated with it to allow, disallow, or ask the
operator. If the operation were allowed or
disallowed, the proper approval or disapproval
would be sent immediately to the requesting
subsystem. If the "ask" status was selected, the
operator would be asked to approve or disapprove
at that time. Figure 7 shows a layout of the safety
approval facility. This simple facility allows all
safety-related aspects of a system to be controlled
from a single point within the HMI.

Note that this is in addition to the standard
operational safety checks performed while a piece
of equipment is in operation. The safety approval
facility can be used by the SCENARIO subsystem to
make sure that all required equipment is available
for a specific operation.

Shaft Urm log (fileruum "Iog921026")

10/26/92 09:35: 2} General HMI
10/26/92 10:02: 16 la; UMI
10/36/92 10:03:56 Log. ARM
10/26/92 10:3«:23 Warning ARM
10/26/92 10:36:12 Error ARM
10/26/92 10:54: 4S Laj ARM

0*0 System startup
Clittool operation is "Dlsa lic*<ed"
Arm operation i s started
Too much right arm load
Righ. arm motors are overheated
Arm operation Is completed

Long Urm tog (JUtnomt "log")

10/26/92 10:02:18 HMI
10/26/92 10:03: 5€ ARM
10/26/92 10:54:45 ARM

Cuttool operation is -Dis
Arm operation is started
Arm operation is complete

Fig. 6. Log examples.

CONCLUSION

Many architectural features have been brought
out in this implementation of the FY 1992 D&D
demonstration that will be beneficial to similar

system designs in the future. First, the object-
oriented subsystem interface is an excellent way in
which to construct complex robotic systems from
modular subsystems. Second, by having a modular
user interface, more reuse of subsystems to other
projects can be realized. A subsystem, with its
independent user interface, can be more easily
applied in other system designs since it is more
complete from the start. Future system designs that
use such modular subsystems will not have to re-
implement any required user interface aspects.
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Fig. 7. Safety-approval dialog layout

Finally, by having a generic HMI subsystem that
provides basic facilities to the remainder of the
system, other subsystems can be simplified to
eliminate redundant functionalities.
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