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ABSTRACT

A generic concept of an open-system controller for machine-
tools is described. The concept is proposed as a major factor in the
revitalization of the U.S. machine-tool industry. A multi-device
multi-sensor environment of future machine-tools is projected as the
main technical need for a multi-functional flexible controller. The
controller is conceived as a wide-scope system, responsible for highly
automated design, planning and production. The architecture of the
controller is based on general purpese computers and computer
equipment, rather than on proprietary equipment, thus keeping the
machine industry in pace with the rapid changes in the computer
industry. Design goals for the controller’s development are suggested,
mainly the integration of a fully equipped system, the development of
a fast real-time operating system suitable for manufacturing, and the
development of an advanced manufacturing language for handling
intelligently a diversified environment. The first phase of the NYU
implementation of the project is described. A Sun workstation,
expanded with additional real-time processors, motion controllers
and various devices, has been integrated with a milling machine
environment. The concept, though, is extendable to other complex
machine environments. Future enhancements to the system include
control of manipulators and programmable fixtures, and a real-time
vision system.

1. INTRODUCTION

This paper describes and discusses ideas and concepts concerning
advanced controllers for future machine tools. In the center of focus
stands the Machine-tool Open-System Advanced Intelligent Controller
(MOSAIC), which is a generic-type controller concept, based on an
open-architecture computer system, and intended for use on machines
that are highly self-sustaining. The controller is conceived as a wide-
scope system, responsible for highly automated design, planning and
production. The MOSAIC concept is currently being implemented at
NYU on a milling machine environment, and named the MOSAIC
Project. The concept, though, is extendable to any complex machine
environment.

The introduction of open-system controllers is suggested as a key
technological factor in the revitalization of the U.S. machine tool
industry. The competitive status of this industry has been investigated
by the National Academy of Engineering [1]. It is shown that the U.S.
manufacturers have lost a considerable fraction of the standard
machine-tools’ market to foreign competitors, in particular to the
Japanese. Although sales figures show a recent increase in quantity,
still, approximately 50% of machine tool sales in the U.S. are from
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offshore suppliers [2]. The foremost contributors to the success of
foreign companies are the controllers installed on their machines.
These controllers, most notably Fanuc’s (which is installed also on the
major part of U.S. made machines), are superior to their american
counterparts in performance, functionality and reliability. Although in
mechanical design there is no foreign advantage, the controller is the
main constituent of the machine’s performance, and therefore a central
consideration in a machine purchasing decision. It could almost be
said: The Controller is the Machine.

An analysis of the historical, economical and technical back-
ground [3], suggests that the industry has not benefitted enough from
the rapid technological advances in computer hardware and software,
due to incompatible cultures and needs of computer companies and
machine-tool companies. This gap may be bridged by implementing
machine controllers with general purpose computers and computer
equipment, thus opening a new and vital market for these computers,
and possibly urging both industries to collaborate through their mutual
needs.

Market forces are ever-dictating lower-price higher-quality
higher-diversity products. In terms of manufacturing, this means
small-batch manufacturing processes with extensive automation and
in-line quality control. Therefore, future machine tools and factories
will present a totally different environment to the controller. In partic-
ular, it seems that machine tools are going to be more self-sustaining
and open-system, meaning that they will have a considerable amount of
hardware and software enabling unattended operation, and, a standard
and flexible configuration. These features are discussed in detail in [4]
and in section 2.

The extent to which a certain manufacturing process should be
unattended (and consequently, a machine - self-sustaining) is subject to
economical considerations. While extensive automation of regular
events, such as process design, process planning and preprogrammed
(though somewhat adaptive) production, is plausible, it may still be
more efficient to man unexpected events associated with complicated
error-recovery procedures. The slowness in which FMS’s (Flexible
Manufacturing Systems) have been accepted by the market, may be
accounted for by the immense integration difficulties posed by a
multi-vendor, disparate equipment environment. This is where open-
system equipment can make a difference.

Open systems are usually expected to have at least the following

features: )
® connectivity - the ability to cooperate with other computers
over a network .

® availability - wide distribution of executables, source code,
hardware, and documentation.



e expandability - modularity and scalability of hardware and
software.

e portability - the ability to readily install the software on dif-
ferent computers.

The degree to which a system should be open is somewhat a
matter of a trade-off between high performance and a universal inter-
face. This question of ballance is especially acute in the machine-tool
industry, where high performance (e.g. speed, accuracy, reliability) is
essential, while the market is comparatively small and unable to sup-
port development of a full line of specialized products. The foremost
example of open systems is the PC and workstation computer industry,
with companies like IBM and Sun Microsystems. Sun has introduced a
line of workstations, based on the Motorola 680*0 microprocessor
family, which support standards like the C programming language, the
Unix operating system, the VME data communication bus, and the
Ethernet local area network. Through these standards, and other
advanced features like graphic tools and network computing, these
workstations from Sun and other companies, have become a success
story, maintaining U.S. leadership in the world of computers. Due to
the open-system architecture, a large number of third-party hardware
and software companies have flourished, spreading the basic structure
of the industry widely, creating positive competition, with the outcome
of a large variety of high performance-to-price products.

The MOSAIC controller (introduced in [S] ) presented herein is
specified and designed especially for the projected self-sustaining
open-system future environment of machine tools. The concept (and it
NYU implementation - in brackets) is based on a general purpose com-
puter (a Sun workstation), running a standard operating system
(Unix), programmed in a standard programming language (C), and
having a standard hardware (VMEbus). It provides a flexible environ-
ment that can drive the machine, the manipulators and the sensors. It
can be configured as a controller for a single machine or for multiple
machines. It uses the most advanced features of today’s computer
technology, such as high and expandable computational power, graphic
user interface, and support of a variety of communication networks. It
benefits from the huge market of hardware and software of standard
computer equipment provided by third party vendors. Also, with the
current trends in the general purpose computer industry, the controller
is expected to have a good price-performance ratio.

Other major machine controller development programs exist,
most notably the U.S. Air Force Next Generation Machine-
Workstation Controller (NGC) [6] and the Intelligent Machining
Workstation (IMW) [7]. The NGC program entails hardware and
software design over the span of 6 years and $100 million. It covers a
wide scope of controller functions and architecture, and proposes a
development and implementation plan. Recently, an RFP (Request
For Proposal) has been issued. Also, the National Center for
Manufacturing Sciences (NCMS), a consortium of about 100 companies
supporting research in manufacturing technologies, has been working
with the U.S. Air Force on the NGC. The program emphasizes the
open-system design, and suggests that the controller will be configured
as a modular system, the components of which will have a standard
interface, and will be manufactured by the various cooperating com-
panies [2]. It is not clear whether the program will stimulate the parti-
cipation of the computer industry, or which computer standards will be
adopted. The consortium solution seems not be the best way to effi-
ciently exploit the capabilities embedded in the wide structure of the
computer industry. Hopefully, concepts like MOSAIC, which rely
heavily on the computer industry, will contribute to this important pro-
gram.

The IMW program is concerned predominantly with intelligent
software development, assuming the use of mainstream current con-
troller hardware design, along with projected controller improvements
such as a MAP interface to allow dual-way communications. This pro-
gram is also supported by the U.S. Air Force, and is carried out as a
collaboration between Cincinnati Milacron company, Pratt & Whitney
company and Carnegie-Mellon University. The program includes the
development of a family of expert systems for planning and cutting
(planner, cutter, holder, sensing), languages for part description
(MFGMAP) and feature exchange (FEL) in conjunction with a solid
modeler, and a supervising control and human interface. Some uncer-
tainty as to the hardware configuration exists, which slows down the
design and implementation of the control scheme. Most of the software
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developed under this program is expected to be portable, and may be
used in projects like MOSAIC and others.

Another research program is IBM’s Configurable System for
Automation Programming and Control [8], which adopts the open-
system approach, but still relies on the development of special
proprictary communications hardware.

Section 2 of the paper describes in more detail the future diversi-
fied environment of machine tools, and the shortcomings of current
controllers. Section 3 and 4 contain the conceptual layout of the open-
system controller and the design goals involved with its implementa-
tion. And, section 5 brings some details of the NYU MOSAIC imple-
mentation.

2. THE FUTURE ENVIRONMENT OF MACHINE TOOLS

An interesting view of self-sustaining open-system machines is
presented in the book Manufacturing Intelligence [9]. The machine is
decomposed into human-like functions: the manufacturing hand, the
manufacturing eye, the manufacturing brain, etc. A technically
oriented viewpoint is shown in figure 1.

A self-sustaining machine tool is equipped with dextrous manipu-
lators dedicated for the continuous needs of machining, such as chip
clearance and part relocation. A variety of sensors provides vision,
touch, force, noise and temperature senses, with the tasks of recogniz-
ing events, in-cycle inspection and optimizing the machining parame-
ters. A rich supporting design environment is essential, including:-
cadcam for part and tool path design; expert systems and libraries of
technical information for an optimal and efficient design; and an
operating environment with process planning capability.
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Figure 1. Next Generation Machine Tools - Open-System and Self-
Sustaining

As an open-system, a machine tool is equipped with a general
purpose computer, such as a PC or a workstation, enhanced with addi-
tional standard computer hardware, that controls the axes of motion
and the various devices, and manages programs and data. Communica-
tion utilizes networks that are universally accepted in the computer
world, and thus resources may be shared as needed. The machine is
adaptable to the changing environment and tasks, in terms of its
controller’s computer configuration, and in terms of the mechanical
construction.

Refer to figure 2 for a comparison of the current machine con-
troller environment to the next generation machine environment. Fig-
ure 3 shows an example of devices mounted on a milling machine




(from the MOSAIC project). The difference between current controll-
ers and next generation controllers is mainly in scope. While current
controllers are dedicated predominantly to low level control of motion
and tools, and rely on interfaces with higher level factory systems,
next generation controllers are conceived as full-scale systems for
design, planning, production and ispection, as well as for low level
control and communications. It is the difference between horizontal
integration (interfacing between disparate systems) and vertical integra-
tion (integrating hierarchical functions into a unified environment). In
that sense, the traditional meaning of the term controller is insufficient,
and merits refreshing.

Although a full-scale integration has not been implemented yet,
many of the individual technologies and components of such unat-
tended machine tools already exist as lab experimental devices or as
commercial products. A cursory list follows: the DexMan dextrous
manipulator [4]; various sensors for machining [10]; the FLECS
automated fixturing system [11]; the Valysis SoftGauge for in-cycle
gauging [12]; adaptive control; advanced cadcam applications [13]; the
Machinist expert system for setup planning [14]; the CarrLane library
of tools and fixtures [15]; various manufacturing languages such as
AML/X [16] and CML [17]; general purpose computer technology by
companies such as IBM and Sun; the MAP/TOP protocol [18] and vari-
ous other communications networks for manufacturing [19];

The challenge in the design of the controller is in providing the
appropriate computer environment for the integration and implementa-
tion of a complex machine tool environment that applies these indivi-
dual technologies. This challenge cannot be met with current controller
technology.

While today’s Computer Numerical Controllers (CNC’s) are ade-
quate for servo control of motion axes and control of specific descrete
devices, they are very limited in terms of programming flexibility and
in terms of communications with external computers and devices.
Standard configurations cannot accommodate non-machining devices
such as workholding accessories, force sensors, vision sensors, and
other subsidiary devices. Although using advanced electronics, CNC’s
design concepts are conservative, especially in terms of hardware inter-
faces and user interfaces. Computer devices and architectures such as
the magnetic disk storage and data buses have only recently appeared
(even then, usually as proprietary products), and computer innovations
such as the latest microprocessors are always late to appear. Current
CNC communications are mainly through slow serial lines (RS232 and
similar ones), reading and sending files, without the capability for real
time control. Support of advanced communication networks (MAP) is
expected to be introduced only during 1989, and even then the effec-
tiveness of the communications will depend on the openness of the
controller’s software towards the host computer.

The user interface in today’s controllers consists of interacting
with a push-button, upright operator’s panel (the new touch-sensitive
screens are essentially the same). Programming is through a cryptic
controller-specific G-code language, which is not practical for non-
trivial programs, and necessitates a special, installation dependent,
post-processor to translate from higher level part and tool program-
ming languages such as APT.

3. THE OPEN-SYSTEM CONTROLLER

Figure 4 presents a generic architecture of the controller. A
multi-machine configuration is shown, which consists of a Plant Con-
troller, a few Machine Controllers, and machines. A Local Area Net-
work (LAN) establishes communication between the plant controller and
the machine controllers, and with other plant controllers in the factory.
The machine controllers are directly connected with the machines and
the devices and sensors mounted on them. They execute the real-time
control operations such as machine-tool axes’ motion, manipulators’
motion, part clamping, sensor data acquisition, and vision. The plant
controller is dedicated for the supervision of a few machine coatroll-
ers, serves as an operator’s terminal, and provides file systems and
local and wide area communication services. It also serves as a design
and programming workstation.

Both controllers use an industry standard data bus such as the
VMEbus, the PCbus or the Multibus. They communicate over a LAN
such as MAP/TOP and EtherNet (both typically yield appx. 10
Mbits/sec) or the expected FDDI fiber-optic LAN (estimated 100
Mbits/sec). For single machine configurations, a direct connection of
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Figure 2. A Comparison: Today’s Machine Controller Environment
and Next Generation Controller Environment

the two buses may be obtained through a bus repeater, thus providing
a very fast data transfer rate (yields appx. 300 Mbits/sec). All these
data transfer rates are theoretical maximum values. Practical speeds
may be up to four times slower, depending on the physical configura-
tion and the nature of the line’s traffic. Usually, direct bus connec-
tions, which limit the distance between the two controllers to a few
feet, will not be necessary, since the real-time work is done mainly on
the machine controller. Exceptions to that are development systems,
such as the current MOSAIC implementation (see section S), where an
extended bus provides higher flexibility. The design of the system may
be such that this variation in the bus configuration is transparent to the
user.

Communications on both sections of the bus are supported by
communication processors that relieve the load from the real-time con-
trol processors, by performing file transfer, data compression, com-
mand interpreting, etc. The real-time computations are performed by
processors running a real-time operating system, and executing the
user application programs. Current processors are based on micropro-
cessor technology such as the 68020. Specific operations such as
motion cotrol, image processing, and various I/O operations are per-
formed by dedicated processing systems. Workstation services, like
file systems and terminals, are provided by a general purpose com-
puter such as a Sun or a PC, supporting the variety of compilers, appli-



Figure 3. Devices and Sensors on a Machine Tool - a Dextrous Mani-
pulator (DexMan), Cameras, and a Touch Probe (not shown) - the
MOSAIC Project

cation programs and utilities available on the market. Some of the ser-
vices may also be provided by an auxiliary workstation hooked to the
machine controller, located at a site close to the machine.

All the systems and sub-systems mentioned are available today
on the market from multi vendors, and de facto industry standards are
emerging. This is not the case with the specialized software, mainly the
real-time operating system and the advanced manufacturing language
needed to program and run the controller. These will eventually evolve
along with the development of the open-system controllers as discussed
in section 4 ahead.

4. DESIGN GOALS

The specification and design of the controller involves a variety
of hardware and software technologies. The research is intended to
investigate the broad implications of such a controlier on machining
languages and operating systems, as well as on integration with
machine tools and devices. Currently, three main research and
development areas associated with this open-architecture system have
been identified:-

i) The integration of the Open-System Machine Tool Controller. It
includes the integration of a general purpose computer and a machine
tool with new devices and sensors, such as those mentioned in this
paper. These devices are part of the machine-specific configuration,
and are controlled locally by the open-system controller. In general, no
special computer hardware has to be developed, since only general
purpose equipment is used. Some improvements to specific equipment
will be needed, though, for better performance and reliability. It is
expected that with the future introduction of more powerful processors
and workstations, and tbe development and commercialization of
parallel and distributed-processing computer systems (see example in
[20] ) those architectures may gradually substitute elements of the pro-
posed architecture. The openness, though, is kept. More on the NYU
MOSAIC integration is described in section 5.

ii) The development of a Real Time Operating System for
Manufacturing, suitable for the very high speed control required for
machining and manipulation operations. A real-time operating system
coordinates multiple sensors, actuators and subsystems, communicates
with other computers for high level tasks, and provides support for
fuctions such as task monitoring and error-recovery. It should inter-
face to industry standard operating systems such as Unix or OS/2,
which provide high level management, filesystem operations, commun-
ications, and a good programming environment. Presently, although
quite a few real-time operating systems exist, none is universally
accepted. Also, the current general purpose real time operating sys-
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tems do not provide the response time essential for maintaining the
speed, accuracy and safety features inherent to machine tools. Typi-
cally, an update rate of all degrees of freedom is expected to be
around one milisecond, thus allowing for high speed machining and
manipulation. On the other hand, the exact time demands from the
real-time operating system vary as a function of the hardware. E.g., as
more powerful motion controllers are introduced to the market, the
system integrator will not be confronted with the tough deadlines of
motion control, but rather with the lesser demands (by an order of
magnitude appx.) of command interpretation and process decisions.
Thus, the specifications of the operating system will depend on the
hardware. A few existing operating systems may be considered, among
them SAGE (NYU) [21], a real time supervisory operating system for
robot control, NRTX (Bell), Condor (MIT) and Sparta (IBM) [22].
Guidelines for the selection of an appropriate system are contained in
[23].

iii) The development of an Advanced Manufacturing Language for
manufacturing programming, that resides in the open-system con-

troller. Some of the existing languages are APT (Automatically
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Figure 4. A Proposed Configuration for an Open-System Machine
Controller

Programmed Tool) for machining {24], ladder logic for programmable
controllers [25], AML (A Manufacturing Language) [16] for manipu-
lating, and CML (Cell Management Language) [17] for coordinating
various cell operations. While these should be supported, a more
universal and flexible language is needed. It includes provisions for
real time control needed for the operation of accessory devices in con-
junction with the machining process and other manufacturing
processes, a more direct connection to cadcam systems, and a flexible
interface for user applications. Artificial intelligence techniques are to
be used for the generation of process plans, and for adaptive control.
The MFGMAP and FEL languages, now being developed under the
IMW project {7], cover a similar scope, and may be adopted. At the
user level interface, the manufacturing language will use a human
language syntax and graphic tools. The user interacts with objects, an
object being a device or an operation, represented graphically on the
screen through icons and menus. The device-level implementation may
still be using existing application languages like APT and AML, with
enhancements for real-time coordination. Alternatively, the whole
language software system may be implemented with a general purpose
object-oriented real-time language like ADA, C+ + or Smalltalk-80.




5. MOSAIC CONFIGURATION - NYU IMPLEMENTATION

This section describes the implementation of the MOSAIC con-
cept in the Robotics and Manufacturing Laboratory at New York
University. An enhanced milling machine environment was created for
the purpose of researching and demonstrating the concept in operation,
under various demands of performance. The concept, though, is appli-
cable to other complex manufacturing environments.

Note: It should be emphasized here, that for the sake of provid-
ing a full picture of the project, both the current and near future
hardware and software configuration (figures 5 and 8) of the project
are shown. Refer to details on the current status in the following text.

5.1. Hardware

Figure 5 shows an overview of the MOSAIC system configura-
tion. It describes the complete system, which is currently in its first
phase of construction. This configuration is slightly different from the
generic configuration presented in figure 4. The plant controller is
termed supervisory controller due to the single-machine configuration.
The VMEbus is repeated directly rather than through a LAN, but Eth-
ernet is supported just the same by the real-time system.

The milling machine, a SP-1 from Intermark Hartford, has 3
travel axes and a spindle, all using AC induction motors and encoders
from General Motion. The system uses a Sun 3/160 workstation with a
19" graphic monitor. The Sun’s 9U VMEDbus is extended to a standard
6U VMEbus through the VMEbus Repeater 2000 from HVE. The Sun
provides file system and communication services, including a connec-
tion to the lab’s Ethernet. This enables the access to the vast variety
of other computer services available in the lab, including technical and
programming libraries, the Anvil-5000 Cadcam system, a Vicom image
processor, a WORM video-disk, and more.

SUPERVISORY CONTROLLER
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Figure 5. An Overview of the MOSAIC System Configuration -
Current and Planned

The extended VMEbus rack, from Bicc-Vero, hosts a Pacific-
Microcomputer 68020 CPU board with a 68881 FPU, which runs the
real-time operating system and the application programs. Dual-axis
VME-EG0 Motion Controllers from Creonics are used for controlling
the machine’s 3 axes and spindle, all with full position and velocity
control, using a PIVF (Proportional, Integral, Velocity Feedback and
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Velocity Feedforward) digital control scheme. Additional processors
and motjon controllers are planned for the operation of the Dexman
manipulator (shown in figure 3). A real-time image processor board is
planned for monitoring, inspection and manipulator guidance. The
video data will also be projected onto a window on the Sun’s screen.
Programmable fixtures and various sensors and devices are also
planned.

Figure 6 shows the current equipment layout in the lab. The com-
puter system is remote from the machine itself, and the computer
terminal - monitor and keyboard - serves as the machine operator’s
panel. Video cameras provide a continuous monitoring of the cutting
scene. All the system’s components were purchased off-vendors’-shelf.
The electrical connections were all designed and done in-house to
retain flexibility in integration. Figure 7 presents photos of the overall
environment and of the computer equipment.

5.2. Software

Figure 8 shows the MOSAIC software structure. Five categories
are specified, including, from the top level to the bottom level: a
graphical user interface; languages; planning applications; control
applications; and machine applications. The low level machine applica-
tions are mainly vendors’ proprictary software running on dedicated
motion controllers, vision processors, etc. The control applications
software provides motion control, from the single-axis control, to
linear, circular and spline interpolations (multi-axis coordinated
motion). It also provides control of the analog and descrete devices
and sensors, like programmable fixtures, force sensors, vision, etc.
The planning applications include motion planning for cutting com-
plete surfaces. This feature is currently available only as an off-line
tool-path generation by the Anvil-5000 Cadcam system. Future
research, involving an expert system for machining (Machinist [14])
and computational geometry techniques, may provide a process level
of motion planning. We plan also to integrate the expert system and
the Cadcam system with the controller to provide quasi-real-time adap-
tive control of operations. A closed loop force control is now being
implemented by measuring motor torques indirectly (in current mode)
and varying the travel feedrate and spindle speed on the fly.

On the languages level, we currently have interpreters for APT
and for AML. These are done in real-time, eliminating the need for
the traditional post-processing. We plan to concentrate efforts on the
introduction of a universal manufacturing language to enable us to con-
trol the machine, the manipulator, the vision system, and the other
sensors and devices, concurrently.

On the top level, we have a graphical user interface, consisting of
three interaction screens: the Designer Screen, the Machine Operator
Screen, and the Plant Operator Screen. Each screen uses a few appli-
cation windows (operations, monitors, cadcam, planning, etc.). The
graphics is Sun/Mac style, using windows, icons, dialogue boxes, and
pull-down menus. Currently, as a first phase, we have parts of the
operator’s screen, implemented experimentally under an X-Window
environment.

The higher level software is generally serviced by the Unix
operating system running on the Sun. Most of the operating system
design, and the application programs, were developed in C under
Unix. The lower level software is supported by the Sage [21] real-time
operating system mentioned before, which also supports the language
interpreters. A Hierarchical Control System (HIC) [ 26), developed
for robotic applications, provides an extensive library of C routines for
real-time control of operations, starting from basic operations (e.g.
single axis motion), up to object level operations (e.g. interpolations

and motion planning).

6. CONCLUDING REMARKS

A window of opportunity now exists for the introduction of
open-system controllers. The manufacturing industry is in need for
universal controllers for FMS’s, and general purpose computer technol-
ogy is ripe for indutrial control applications. Slow evolution seems not
to be sufficient - rather a breakthrough technology is required. The
new machine controller architectures are essential for the future
environment of manufacturing. Due to the complexity of computer
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technology and its rapid pace of change, controller manufacturers can-
not, any more, rely on their own resources to develop new and
advanced controllers. The concept proposed here is centered around
using standard computers and computer equipment as the backbone of
open-system controllers. These controllers can support a variety of
machines, devices and sensors concurrently, in a single-machine or a
multi-machine configuration.

We plan to expand the NYU implementation presented in this
paper by adding robotic devices, vision, and various sensors, and to
demonstrate the flexibility of the system. We shall also direct efforts
towards the improvement of the real-time operating system, and the
introduction of a universal manufacturing language.
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