Presented at the Summer Computer
Simulation Conference, in Vancouver, BC,
Canada, July 11-13, 1983,

THE AUTOMATED MANUPACTURINRG RESEARCH PACILITX QF THE NATIONAL BUREAD OF STANDAKDRS

Cita M. Purlani, Ernest W. Xent, Howard M. Bloom, and Charles R. McLean
Industrial Synéons Division, c;nto: for Manufacturing Engineering, MNEL
Kational Bureau of Standards
Waghington, D.C. 20234

ABSTRACT

A major facility for manufacturing
research is being established at the
National Bureau of Standards (NBS). MBS
is addressing the measurement and stan-
dards needs for the automation of the
small batch, discrete parts manufac~
turing industries. The Automated
Manufacturing Resesarch Pacility (AMRP)
is being developed to serve as a testbed
and demonstzation facility in support of
research by workers from MBS, industry,
academia, and other government agencies.
The facility control architecture has
been adopted frqm the MBB robot control
system and is a modular hierarchical
feedback system. The unique features of
the control system of the ANRF are the
number of hierarchical levels and the
amount of real-time computation and
sensory-interaction at each level.
Major research areas that are discussed
are (1) the development of the manufac~
turing planning and control softwvare,
and (2) the system hardware integration
projects. In support of this reseacch,
simulation and emulation are being used
for design, development and testing.
Emulation techniques are. being employed
to study the operation of the control
software of the AMRP. The Hierarchical
Control System Emulation (HCSE),
presently in use at MBS, is described.

INIRQRUCTION

The National Bureau of Btandazds
(NBS) is the United States’ measureaent
laborateory in the physical and
engineering sciences. An agency of the
U.S. Department of Commerce, MNBS vas
established by Congress in 1981 to help
insure the compatibility of measureaent

*The Emulation Project is Sponsored by
the Air Force/DARPA ITA Project.

¢The NBS Automated Manufacturing
Research Facility is partially supported
by funding from the Ravy Manufacturing

Technology Program.

*+Contribution of the National Bureau of
Standards. No subject to copyright.

standards needed by industry, consumers,
the scientific comnunity, and other
government organizations. These
standards provide the basis for the
exchange of goods, the accurate speci-
fication of products, quality control
methods for production, the equitable
enforcement of environmental regula-
tions, and the establishment of adequate
guidelines for the protection of public
health and safety. NBS is not a
tegulatory agency, but rather a
labozatory used by industry, academia,

government al as an independent,
authoritative source of techanical
information and advica.

To help reduce or remnove technical
barziers that impede the prompt
intzroduction or exploitation of new
technologies, MBS is working to improve
measurement mnethods, data, and
standardisation in such areas as
semniconductor electronics, materials
science, automated manufacturing, aand
chenical engineering. To accomplish
this, the Bureau has, over the years,
installed numerous experimental
facilities, including a nuclear reseacch
reactor, a linear accelerator, and dead
veight force generators with a capacity
of 4.4 meganevtons. MNBS has recently
embarked on the design, procurement, and
installation of a new Automated Manufac-
tucring Research Pacility (ANRF) to
support its measurement and standards
responsibilities in the decades of the
19882 and 1998s. :

Thus, the role of NBS in automated
nanufacturing is twofold: 1) to provide
the basis for measuresent assurance, a
Beans by which the dimensional
attributes of manufactured products can
be traced to national standards; and 2)
to aasist in the development of those
voluntary standards necessary for the
successful automation of industry.
Basic and exploratory research is
carried out, as needed, to support these
major functions.

In particular, KBS is addressing
the measurement and standards needs for
the automation of the small batch,
discrete parts manufacturing industries
such as those supplving parts for



sirorage, automobiles, and industezial
pachinecy. These industties produce
oods that account for 73 percent of all
.8. trade in manufactuzed goods,
Although this sector of the U.8. eoconomy
includes 335 percent of all U.8,.
manufacturing £fizms, over 108,000 of
these fiznms (oz 87 perceat of the total)
have less than 58 eamployees. It now
appects that these industries auss
automate to succesafully compete, in
both foreign and domestic markets, with
Japan, Germany, and other industrial
countries which have major goverament
sponsored progzrams in automation.

The aspect of manufasturing that
has been chosan for research is the
completely automated small bateh
manufacturing system, or £flexible
manufacturing system. It consists of
such elements as metal cutting machinas,
computers, terminals, robota, oonvlzo:l,
and measucing or inspection steas.
Such a system produces a vaziety of
shapes and sises of pacts to be
assenbled into larger systems; fo:
exanple, geacs, shafts, and cases into
transnissions.

The ANRP 48 the vork 0f a nuabes of
toups within three Divisions of she
enter for Manufacturing Bngineering.

The work of all. these gzoups will. be
beiefly described along vith a mose
detailed description of the Rierarchical
Control System BEmulation (ECSE).

RESCRIPTION QP TR ANAR

The AMRPF is being developed to
serve as a testbed and demonstratien
facility in luspo:t of research by
vogkers from NBS, industry, scademia,
and other governaent agencies. It has
become a focus of effort and center for
research in automation of small batch
machined parts manufacturing. The ANRP
is & major facility which supports
continuing studies of inteczface
standacds for computer integrated
aanufacturing systems. The facility
also functions as an impoctant vehicle
for communicating cuzrent technological
information to other agencies and their
eontractors.

The ANRP is being designed to
handle the bulk of the part =iz now
sanufactuced in the NBS Instrument Bbhop.
This part aix has been studied using
group technology (GT) concepts and is
similar to that found in a typical
nachined-pazts job shop. The ANRP and
the reseazch performed on {t will
address only the manufacture of
individual parts by chip forming metal
temoval. Hence, the unit opezations
vill include only fixturing, milliag,
drilling, rceaming, tapping, bozing,
turning, facing, threading, cleaning,

debuzzing, and inspection. Currzeansl
there aze no plans to addzess suo
g:ahlunl 48 automated assenbly voldtar.
azdening, and ttutlhtnt. wfehtu this
constzaint, the intent is to oonplototi
automate production from the tzansfer
aear net shape blanks from inventory to
the delivery of finished, cleaned, and
inspected parts.

The shop floor layout of the AMRP
is based on the concept of fully autoe~
mated workstations, each with a wvelle
defined set of functions and capable of
tunning in a stand-alone mode. A ical
nachining wvorkstation will include an
industzial robot, an NC machine tool, a
local storage buffer for tools and
mateczials, a material handling systea
interface, and a workstation control
computer which integrates euand coordi-

nates the opeczations of the co ts
fiainse o g

The curcent development plan for
the MBS research facility ecalls for
seven stations of vacying degrees of
complexity. These stations and their
component SYstems are represeantative of
genezal ’czzzro peoduction equi in
eonnon use throughout the Ua Statas.
The equipment selected also meets the
sachining needs of the NERS Instrument
Shops as indicated by the group
technology study. %he seven stations
aze:

(a)Noziscatal Nachiaing Station
®) Vertical Nachining Statien
() Tuzaing Station

(@) ZInspection Station

(e) Natezials Inveatory Station
(€) Transfer Systea

(g) Bousskeeping Systea

Items (£) and (g), the Transfer and
Sousekeeping Systeas, are not strictly
stations since they are non-localised ia
the facility. Prom the point of viev of
the aontzol system, however, they will
be treated as stations.

The ¢oal in designing the facility
control acchitecture 'lal to implenent a
sten that provides sensory interaction
ong with the flexibility of softvars
automation, i.s., the functioning of the
systea can be ehsnzod over a very wvide
gange by varying data cather than by
geconfiguring mechanical elements or
teprogramming coatrol structuces. ' Thus,
the AMRP coatzol system has been adopted
fzom the NBS robot control system and is
a modular hierarchical feedback systes.

- he contzol architecture is shown in
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Pigure 1. A Hierarchical A.:ch:luctuo for a Factory Control Systea

»

{Pigure 1). The two distributed hierar-
chical data bases contain all facility
planning and control information., The
planning data base contains all data
necessary to manufacture the selected
part mix, including rt dizensions and
geonmetry, desired grdp points for robot
handling, and tool and material require-
ments. In the same data base are found
the process plans for routing and
scheduling, as well as cutter location
files needed for performing the various
machinery operations. The contzol data
base contains dynamic factory status
information, including management infor-
mation data. Also included is the status
of all the control systems, tools,
robots, and ccmputers in the hierarchy,
as well as each vork order in process.

Information is passed from one
control level to another and from one
computing module to another through the
data bases which serve as common ReROrY.
The distributed data management stem
of the ANRP-is based on a hierarchy of
task decomposition modules and feedback
processors that scan the appropriate
levels of the data base and extract the
information needed by the various
control modules. Higher level control
modules decompose complex tasks into
simpler ones, The simple tasks are
issued as commands to controllers at the
next lower level. Peesdback processors
scan the appropriate levels of the data
base, and extract and process sensory
and status information needed by control
modules at higher levels. This processed
sensory feedback data is also passed

between contzol systems through the
CORSONR BeNOry mechanisa. _

At the top of the hierarchy, ordecs
are placed for machining of pazts. At
the lowvest level of the hierarchy are
individual device controllers that drive
various machines on the shop flooz. The
anique features of the control systes
being implemented in the ANRF are the
number hierarchical levels ' (seven of
eight, each tygﬁaalxr with sevezal sub~-
levels), and the amount of real-time
computation and sensory-interaction at
each level. The control and data
nanagement architecture clearly distin-
guishes the ANRP from “just another PNS*
and provides the basia for auch of the
MBS cesearch activities.

Several cesearch projects are
undectvay to implement the ANRF. %Two
major research areas discussed in this
paper ate (1) the development of the
manufacturing planning and control
softvare, including support softvare
tools and (2) the system hardware
integration projects, including the
enhancement of commercially available
hardvare, such as robots and machine
tools, with special sensors and
controllers to provide compatibility
with MBS control and interface concepts.

BANOFACTORING RLANNING ARD CONTROL
EQETHARE

The purpose of this research is to
develop an understanding of the modules



The AMRF Control Hlerarchy
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Piguze 3. The alll Control Rierazchy

that vwill comaprise future computes
integrated manufactucing systems. To
accomplish this, the NBS approach has
been to use structuzed softwvace

development techniques to analyse the
u%utunnn of systems, decompose
nodule functions and ]

evelop ¢
softvare architecture i!’ t::

manufacturing hiezarchical contreol
systea (Pigure 2). Particular attention
is being given to the data that must be
connunicated betveen modules, and the
representation of the information within
the systea and to the user. These data
structures will provide a foundation for

vhe development of potential standard
intezfaces.

The manufactuzing plananing and
contzol softwvars research activities are
desczibed in terms of four majer
efforts: Production Contzel, Distributed
Automated Process Planning, Database
Systems, and Network Communications.

2roduction Cantzal

The objectives of the reseazch in
production contzrol ace to develop (1) &
real-time, adaptive, state-table driven,
hiezarchical production control system
for the ANRFP that provides the
flexibility and adaptive behavior of

existing manual control zltlll. and
2) specifications of potential standard
ntezfaces for modulasz, multi-veador
integrated manufaoturiag ocoatrel

systeas.

A zal contzrol system is
bein vanom is transpottable
and implementable at level in the
AMRP. Najor modules of this systea
include special software for handling
the state table stzucture imcluding an
editor, a compiler, & data sanageseat
system, am execution processor and a
testing/debugging systes.

The control system processes the
state tables in real-time to allov ada
tive control at each level. This
techaigque will ensure the speed and
geliability that is cequired a geal-
time contzol system. The state table
process is be integrated into the
production contzol systea, & hiesazehy
of f£ive major levels. The levels are
(in descending ozder)s Pacility, Shop,

Cell, Workstation, and Bquipment.
Punctions cformed at the Pacility
level include manufacturing engineering

(design, process planning, production
anning), information management (order
andling, cost accounting, inventory

sanagement, procurement, and performance



monitoring), and long-range scheduling.
shop level functions include shocter-
grange production scheduling, resouzce
allocation, production task managexment,
and support activities management. Cell
level functions i{nclude production job
analysis, reporting, routing, sche-

duling, dispatching, and workstation
monitoring. Support activities include
a variety of functions such as material
storage, transportation, tool assembly,
cleaning and deburring. Workstation
level control includes the supervision
and coordination of base machining,
handling, and measurement operations.

At the cell control level, the
concept of the group tochnology
manufacturing cell will be extended by
the development of software-based
production management systems (virtual
cells) whose configuration varies
dynamically according to the processing
resource rquirements of a batch duzring
the production process. These virtual
cells will be responsible for managing
the production of parts that have been
batched using a group tochnolzzi
clasgification scheme. The cell ¥
exist solely as a control process for
the duration of the production run of
the batch. This approach represents a
considerable change in the philoso
cell control as in tha past cells have
had static control structures that were
normally associated with a fized
physical grouping of machinery. The
cell controller will maintain a PERY-
type network to track progress and
predict when it will need to request the
assignment of specific workstations from
the shop controller in order to process
its batch of parts. Workstations will
be allocated to cells by the shop level
resource allocator only wvhen they are
required. 1Idle workstations will be
assigned to a workstation pool cell
controller. This structure proaises to
provide much of the flexibility found in
manual job shops while increasing
efficiency through automation.

Distributed Automated Rrocess Rlaoning

The objective of this recently
initiated subproject is to (1) identify
and provide the process planaing
functions that must be performed in a
totally automated facility, and (2)
investigate artificial intelligence and
expert system techaiques foc
distributing planning functions within

the AMRP. Local intelligence will be
developed for each control module.
Standard techniques will be developed to
allow modules at different levels in the
hierarchy to access the planain
capabilities and knowvledge bases og
other modules as necessary, to perfora
distributed planning.

In an automated facility process
plans must be comprehensive in that they
must specify all the details of how to
produce a part; including selection of
materials, machine tools, sobot
grippers, ¢rip points, fixztures,
clamping points, inspection procedures,
cutter paths and parameters, coolants,
and any special material transportation
sonsidezations.

< .
The distributed process planning
systen that is planned for the AMNRP will
consist of a hierarchical network of
planning systems that reflect the
control tasks at each level. Systems
will have their own particular planning
specialties. Consulting relationships
betvesn systems, similar to those found
between different levels of managers and
operators in conventionel systems, will
be used to obtain ansvwers which fall
outside of any system's domain of
expertise. This distributed approach
should allov for real-time modification
of process plans at the appropriate
control level and ensure efficient usage
of system capabiiities &s the systeams
dynasically cg:agc with time,

Ratabass Systans

The objective of the ANRF data base
wozk is to (1) define and develop the
data structures necessary to support am
automated manufacturing system, and (2)
utilise data base management Qs
to develop flexible data-driven control
systens vhich provide the information
requizred by the AMRP operating in &
distributed and real-time contzol
processing enviroament.

The f£irzrst subproject is the
identification of the data structures
which will be zequired to suppozrt the

ANRP. AR analysis of data reguirements
is being made for each functioa and
level of control within the ARRP. This
includes the data requirements of a
t{ptcal -.nntnctuztu! opecration, those
of an automated facility, and those
specific to the cesearch needs of the
ANRF., The first prototype database
systes will operate in an interactive
but stand-alone fashion utilizing menu-
driven interfaces. The next stage will
be aimed at fine tuning database

_structures, developing the interface

specifications between systems and
levels of control, gensrating a workable
distribution of the ata, and
identifying data which for performance
reasons must be replicated in low level
processors. Data dictionary functions
will be heavily employed during the
design and implementation phases. An
automated data dictionary can be used
to control standards, facilitate shared
access to data, and allow for
distzributed systams.



the second database effors i»
concerned with the development of the
softvare architecture to maintain this
data and permit access to it. The
database softvace must support &
distributed processing envizonment. At
lover levels of control, namely at
vorkstations and equipment, processes
will zun on special puspose
aicrocomputez-based systems, and rapid
response times are impezative.
Commercial data base systems, in

rticulaz those that can be extended h!
g:th: level programaing languages, wil
be used at higher levels, but may not be
suitable at lower levels.

A common data definition language
and a comnmon data manipulation lcag:ago
vill be defined so that the 4distributed
nature of the database can be made
tzansparent to the control systema that
access it. The entize set of databases
will be organized into a common logical
view {n order to provide a data model
that describes how each éata element is
used within the ANRP. Through the
implementation of logical views each
data user, vhether it be & human of
control process, will access and will be

cesented with only the information that

s celevant to its/bis pacticulas
functional task. This logi accens tO
data peraits the user to be ignozant of

the actual physical organisation of
data, and permits it to be shared by
aultiple usess.

Netwaozk Communication

The objective of this npetwvork
comnunication project is to provide &
communication 1ink that allows all
system developers to intesface theis
terminals to any AMNRPFP computer oOF
control procsss, and to provide network
and local coamunications mechanisas for
contzol processes within the AMRP.

The network is being implemented
using commercially available hardvare.
standard network interfaces will
obtained to handle the variety of
computers to be linked via the astvock.
The heart of the research effort is the
development of the softwvarze interface
standards that will provide ANRP
processes with a means for communicating
with (1) each other, (2) the opezating
systess of control computers, (3) the
local communications systeam intezface,
the distributed data management systes,
and (4) the user display ices.

A common communications language
vtl% p:ovtd: a .elgfa:C‘;::E:' ﬁ::
naming, opening, zeading, '
clo.lg% 1:;1051 comaunication channels,
{.0., mnailboxes. A process managemens
command language wvould provide comson
teczainology and synsax fe: nasmiag,

gzeating, moving, suspending
interconnecting, setting priorities, cn‘
pecforming other computer process
management functions.

Connunications nodes will be
associated with one or more processors
vhich share a common physical interface
to the network. The computing systeas of
the node will support functions such as:
manufacturing ocontrel,  data
administration, togras and
communication control. ocesses within
a node vwill access each other by
gcefersnce to logical names, their
associated standard ianterchange
aqé:bo:ol. and the cosamorn local data
pata.

At the lowvest level of the
sanufacturing control hierarchy is the
elemental control unit represented by
gobots, machine tools, carts, ete.
Projects at this level address the
ptoblea of =making the unit more
cesponsive to a changing envitonment by
incorporating sensory feedback adaptive
contzo)l for improved accuracy and
perfornancs. .

Research {s bota? pesforned in the
folloving areas: (a) work statioa
control aystems, (b) machine tool
metrology, (o) machine tool sensors,
(4) zeal=time tobotic control systeas,
(e) zobot vision, and (f) aon~visual
gobot sensors.

NMockatation Contzal Ayatan

The workstation control systea
project involves the integration of
sutomated manufacturing equipment into
production work stations for saall lot
manufactucing. The work involves
extending and enbhancing numericall
oontrolled sachine tools and indust:ri
gcobot manipulators to form flexzible,
coordinated, and sensory-intezactive
systeas. Research is focused on the

enezation and verification of control
ata, the developament of real-tine
softwvacze for synchronisation and
control, and the development of
intecface standacds and techniocal
guidelines.

The £izst vorkstation consiats of a
hoctisontal machining ceanter that has
been integrated under work station
eontzol with a cobot, a simple fizturin
systes, and two loading platforms serve
by & zobot cart outaide the workstation.

The ocoordination and supervision of
this equipment is the responsibility of
the wvorkssation esontzrolles. Bssential
featuses of the vorhatation contreller
ager. unatsended opezation of the



workstation; eztensive use of sensors;
ability of the program to adapt to
changes in wachine availability, parct
designs and batch sizes; and status
reporting to higher coutrol levels.

The workstation recalvas rav
materials, modular fixturing coumponents,
and robot and NT tooling from inveantory,
machines batches of parts, and releaszes
all materials to inventory. Coor-
dination of thesc operations within the
workstation is cantralized in the
workatation controller. As a lavel in
the hierarchical control aystem of the
AMRP, the work station controller
receives production commands £rom the
cell controlilcer, deconpcase these
commands, aund ixsues cozsends to
manufacturing equipment controllezs to
coordinate their operations. It
performs these functions end reports
work station status back te the celld
controller onca sach control cycle.

Machine Tool Matrolagy

Hachina tccl metrolcgy rerearch is
concerned with the improrvement of
measurement and machining accuracy ia
existing hardvare. An automated systen
provides greater reproducibility of
behavior than a manval systea. In fact,
if an automated systea makes a good
part, and if none of the process
parameters changes, then it will
continue to maka good pacrts. This
concapt undeclies the philosophy of
deterministic metrology, which concen-

trates on making a good part by

measuring and adjusting procens parca~-
meters rather than on measuring a
conmpleted pazt. 8pecific efforts
include (a) improveaent of the point-to~
point positioning accuracy of a computer
numerical control (CNC) machining center
through the use of on-line computsr
modeling and process monitoring, and ()
davelopment of quantitive tachnigues for
evaluating and improving the performance
of coordinate measuring machines.

The machining accuracy enhancement
tesearch is being performed with a
vertical spindle CRC machining center,
using a dual aminicomputer system and
laser interferometer systen. The
enhanced mechine tool will be
benchmarked by producing a pair of high
precision, high speed, rotary stage
stanp pecforating cylinders for the
Bureau of Engraving and Printing. The
successful manufacturing of these
cylinders requires a positioning
accuracy of :2 micrometer over & one
meter length for the peck drilling of
approximately 50,898 holes (1 =m
diameter) in the pair of cylindars.

Several approaches to machining
accuracy enhancement are utilized. These

include (1) static positioning ecrozss
corzections from calibration data are
supplied from the computer into the
servo loop of the machining ceater (2)
thermal ezrors: date froam an arcay of
thermal sensors are used for quasi-real
time position correction. (3) dynamic
errorss tool wear, toci chatter, spindle
run-cut and mackine vibration are sensed
and corrected, and (4) table deformation
and locading: theoretical prediction and
experinental verificaticn of the natural
fregquencies and mode shapes of machine
tools are applied. '

In coordinate measuring machine
(CMN) research, a complete set of
kinematic errors fo: a computer
contzrolled CHMM have been mazsured and
incorporated into srror modeling
softvare. This modael, combined vith
differential thermal expansion
calculations, has bean able to predict
linear positioning errors within four
aicrometers for an arbitrary diagonal of
the machine. The testing of 3-D ball
plates continues as part of our effort
to support the development of standard
acceptance tests for Clls.

Nachina Toal Ssansar Systama

with the advent of fully automated
functions, on~line tool sonsing i{s more
important than ever before since human
operators are not normally present to
monitor the process.

One ressarch effort has resulted in
the development of Drill-Up, an
instrument which was originally designed
to avoid breakage of ssall-diameter
dzills used on automatic-feed drilling
msachines vith a spindle-retcact
capability. The instrumeat deternines
that breakage is imminent and comsands
the drilling machine to retract the
arill. The input senso: is a
piesocelectric accelerometer which is
mechanically coupled to the workpiece.
Potential drill breakage is determined
by time-domain analysis of the
accelerometer signal. A calibration
toutine automatically adjusts to the
normal amplitude of the signal. Larzge
applitude accelerations, synchronous
with the drill rotation, have been found
to be indicative of improper cutting.
Drill-Up's detection method gecognizes
that scraping in the hole is chronous
with the rotation of the spindle.

This detection method is based on
the characteristic deflection of a
column with one rigid support ou the end
oprooito an axial load. When the
4drilling is improper, due to factors
such as a worn cutting edge or a hard
spot on the wvorkpiece, the material
cannot be removed as fast as the drill
is being fed into it. When this occurs,



the drill deflects as & ocoluan and

vibration signal as it sccapes
2:“2%'.' :“1. c:‘ b:““d:u:”e:?:& u::
i3 alloved to aon '
?1‘1.1 :onupu. tesulting in drill
failuce.

A second sensor project is
concezned with spindle ecror testing and
analysis. Besides the guasi-static
errors of imperfect geometrye l1oad
deformations and thermal deformations, a
machine tool has erzors associated with
its dynamic behavios. The most
important of these eczors are the
spindle error motions and the kinesatic
errors associated with the coordination
of axis motion and vibrations, both
self-induced and forced. A
microprocessor-based systea has been
developed for spindle error testing and
design that uses a position encoder, a
high-speed sample-and-hold circuit, and
an analog-to-digital converter. 1In
addition, a displacement tr 1002 with
vide~bandwidth and extended dynamic
range has been developed such that 312
points per zevolution may bs analysed at
totational speeds up to 10,008 xpa.
Becauvse © the lov cost of
microprocessors, this system can be
dediceted to a machining center for
continuous monitoring.

Rabatis Raal Zima Cantzal Aystam

The robotic real-time contrel
system addresses three major areas -
definition of 'a robot systen
azchitectucze to accomplish rxeal-tine
control, apescification of functional
module interfaces, and the otndl of user
interfaces for prograasiag and
diagnostics. The system architecture
partitions the system into fuactional
modules. Interfaces between these
modules can be described as vwell-defined
input and ocutput data buffers. These
‘data buffers, which reside in a common
menory that is shazed by all modules,
becone the mechanisms for intecfacing
between mnocdules and therefore for
intesfacing between the control sten
and the sensors, gobots, supesvisory
contzol, ete. When a user is to
intezact with a system of this
complexity, additional functional
modules are rsquired. Thess user
intezfaces are made through the same
type of data buffers and thus allow the
ua; u:z various programaiag and display
nodules,

A sensory-interactive robot control
systen has besen developed at MBS. It
has been implenented on two robotss a
Stanford Ars and a PUNA 360, It
illustzates the following points:

(a) generic task decomposition contrel
modules opezating as indepandent state

machines in a hierarchical =multi-level
systen,

(b) .a common-memory communications
acchitecture, for a modularly structured
system, implemented on single or
multiple processozs. ’

(e) common-memory resident data
interfaces betveen the modules of a
stzsuctured system, to be used as the
aechanism for interfacing other sensors,
supervisory contzol, data bases, and
diffezent robot hacdware.

() table-structured mechanisas (such
as state-tables) for the representation
of data and program control in a
convenient form for user interzsction and
modification.

(e) the use of diagnostic tools to
4CCeSS CORROR BMONMOTIY to provide a real~
tise trace of user defined variables.

Robat Yiaion Ayaten

The robot vision work is being performed
in three major rteseazch areas: 1) the
integzation of control theo inage
processing systeas, 3) real-time !tl
80010 vision Pprocessing, and 3) zas
aoguistion of sange data.

A zoboes vision systeam for
{ndustrial czobotice is unde:r
developnent. Television frames and
inputs from othez sensors acze
intezpreted by a hierarchically
ocganised group of microprocessors. The
system uses Rnowledge of object
prototypes, and of robot actien, to

enezate visual expectancies for each
zame. At each level of the hiezarchy,
interzpretative processes are guided by
expectancy-generating modeling
::folnc:.lmo -odouuk pr:rtgoos a:o
riven by a priazri knowledge,
hawlo?;‘oc the zobot's movesents, mg
by feedback from the interpretative
processes. At the lovest level, other
senses (prozimity, tactile, force) are
handlied separately; above this level,
they arze integrated with vision into a
aulti-anoda vorld model. At
successively higher levels, the
intecpretative and modeling processes
describe the world with succesaively
higher order oconstructs, and over
longer time periods. All levels of the
hierarchy provide output, in parallel,
t0 guide corresponding levels of a
hierzacchical robot control systen.

Robot vision systems have require-
mente which are frequently not
eancountered by computer vision
systems developed in other contexts.
Among these, are: 1) the need to model
the spatial and temporal structure of
the environaent independently of the



requirement £o name objects ia it, 2)
the need to make information froam this
model available, in real-time, to s
contzol system at many hierarchical
levels of organization, and 3) the need
for multi-modal analyses integrating
nany Sensory processes. There are also
unigue aspects of tobot sensory
environments which may be used to
advantage. For example, the ssnsory
system may obtain predictive information
about the next viewing position from the
robot contzol system. It is also
characteristic of robot
tions that most of the system's
processing time will be spent on
problema of sensory servoing, rather
than on object identification. This is
because almost all of the images with
which it deals are seen in a historical
context as members of a set successively
altered by object and observer motion.
In thig respect, the problea domain is
very similar to that of animal vision.
After objects are initially acquired by
the sensory system, its principal job is
to provide continuous sensory guidance
information to the control system as
robot and object orientations ge.

As a result of this continuity in
the world being sensed, the sensory
system can employ many kinds of context-
dependent and context-independent
knowledge in generating attention
processes and expectancies with which to
guide processing of incomirg data. and
thus facilitate real-time operation. In
ouz approach, a best possible model of
the external world is maintained by
servoing the model's predictions against
selected, optimally discriminable,
aspects of the data. Information
required by the control systex is passed
to the control system dicectly from the
model, independently of the particular
data which i{s analyzed by the
interpretative processes which secvo the
nodel to the external data.

The present vision system uses.

structured projected light sources to
quickly obtain sinimal ormation about
the six degrees of freedon of an object
relative to the robot. The ability of
the ®*6-D® robot vision systems to acquire
unknown three-dimensional objects,
arbitrarily positioned in 3-space has
been demonstrated; it can guide the
robot in useful interaction with the
objects. An object unknown to the
robot's softvare can be placed in a
random location with a randoa 3-D
orientation. Using £lood flashes, the
robot can discover the object.
Alternating flood flashes with flashes
which project two planes of light, it
approaches the obiect and discovers the
3-D orientation of its largest surface.
The robot then positions itself normal
to that surface. Using the coabined

C’

applica~ .

information from both illumination
t;gno. it cozrectly interprets the
objesot's 2-D outline in 3-space and
locates ita centroid and principal axis.
It then attempts to grasp it squarsely
aczoss its narcovest dipension at the
center of gravity and remove it from the
field. Because it can directly sense
the zange to surfaces, it can correctly
repeat this process to unlcad-a stack of
ects. - .

In support of the longer term ANRP
requizeaents, & multi-stage gray-scale
inage processing pipeline is bdein
designed and constructed, It wil
analyse & continuous stream of
congsecutive 236 x 256, eight-bit images,
through a. secies of stages, at
television frame rate. A varie of
arithaetic and Booclean neighborhood
operators may be applied to aach pixel
at each stage, and multiple feedlack

loops exist bastwveen stages. A unique

. architectuze allows processing within

the device to be influenced by expected
models £rom above as well as data from
below, Ultimastely, this device will be
used in conjunction with the AMRP zobot
vision systes described above.

Also as part of the vision
tesesarch, experiments are bein
eonducted using multiple stsuctur
light frames in the scquisition of full-
frane range images. The 188 system will
use eight frames of structured light,
and is capable of acquiring a 236 = 256
o Suti Teams SLfLit sasge imees

ey @ tane @ .
can be acqguired in about 0.3 geconds.
This device will £ind application beth
in robot vision and in inspection tasks.

Rabot Syatas Integration

Integzrated zobot systems are being
developed through & number of
interrelated projects: .

(a) ANRP Robot Integration -~ Bach
commercial ctobot in the AKRP is to be
equipped with an MBS Controller, a
sensory systes, an instumented end-
affector (gripper) and a safety systean.
This cresearch seeks to develop effective

‘techniques for integration of all of the

above systems with each different type
commercial cobot.

(b) Instrumented Gripper - Each work
station in the AMNRP may require scveral
different types of grippers. .The
current development effort is a two-
fingared pneumatically actuated gripper
which can be servoed on finger position
and gripping force. This gripper will
be used on the horizontal machining
center robot.



o A "Watehdeg"
"c%::&.‘:’::f&.vul -.Jltu uﬂi
Joint velosisy, accelezation, and
;outltoa is eurrensly undes develoepmens,

he eompuser vill have independent
capabiiisy so ssep the zedbos if is
exceeds pse-set 1imits. ,

(4) Robot Cazt = A commereial rebot
cart is being modified for control with
an on-board miczoprocessor and a command
and status R/F comsunications link.

(¢) Robot Performance Neasugement =«
This project develops techniques which
can be standardised to achieve sutomated
on-gite measuzesent, analysis,
evaluation and contzol of gobot
pecLOTRaAnNGce.

EMILATION AND AIMILATION IN ZER ANRP

The development of & faoility such
as the AMRP demands nev techaiques to
design and test the facilisy itself.
Software tools, such as simulation and
emulation, are being used for design,
developnent and testing. Baulation, &
sethod that has zecently peoven udu
in the design of coamplex computer
systens, is a special form of simulaticn
in whiech the ‘cules governing the
operation of a pilanned system a:xe
duplicated, and the user of the emulated
systes intezacts with it as if he vere
using the zeal system. This teschaique
is being nplao to emulate the opesa~
tion of the modular hieracchical contrel
softvare of the AMRP, wvhile conventional
simulation is baing used to stu the
overall contzol and information flow in
the ANRP.

Zoulatiaon

The systen presently in use at MBS
is the Niezarchical Contrel System
Snulation (ECSE), a ecollection of
computer programs weitten primarily in
the high-level PRAXIS language. 7The
BCBE and PRAXIS itself were al0 at
Bolt, Bezanek, and Newaan, Ing., t0 fun
under the DEC VAX/VNS Operating System.
The software provided allows the
enulation to follow the structure of the
ANRP modular hiezactchical feedback
contzol system, with the modules
conceptualised as finite state machines
(PEM) that interact through a shared
tine-slice lgch:ontud CORRON AGROTY
(riguze 3). is peraits the eaulation
to used to establish the feasibility
of such a system, as vell as to assess
the computational and communications
requicements.

S

‘solid geonm

The primary advantage of emulation,
a8 eompazed 80 conventional simulation,
1s shat 48 may sezve as a prototype for
pazts of) she real systen and say be
eveloped before the real oeyssen
hardvaze 4is available. Whean &he
onulation speed is equal to actual eloeck
speed, then the emulation can fuaetioa
48 8 mock-up of the actual shop floor
oontzol softwvare, and subset of the
simulated machine functions could be
substituted for actual physical devices.
In bringing the job shop on-line, new
components (including man-machine .
interfaces) may be tested with existing
ats and simulations of components
vhich aze not yet installed. Thus, an
enulation is particularly advantagecus
vhen theze is a esignificant dela
betveen oczdering and ceceipt o
hazdvaze, wvhere user acceptance is
iapertant, and whesze there ase a lazge
aunber of special situations to test, a&s
in the ANRF, .

AS the eencept of the virtual
aanufactusing cell is being developed,
the eaulator is being used as a desi
aid in the system software development,
alloving designers €0 test out their
ddeas befere iaplementing the code in
its f£4inal fora., Thus an up-to=date
dnl.? desaziption of all the coatrel
levels 4ia the ANAP is :zecorzded,
providing self-dosumentatioen.

The ECSE is also being used as a
design tool for computer-aided-design
(CAD) directed ion. This project

ves integzating the emulator with
the geocmet:zic modeling and znntu
functions of PADL=-2 (a constructive

ety modeling systea dwuaod
at the University of Rochester), vith a
coordinate measuring machine, and with a
mun developaent enviconment
uding an editor, a data & )
and documentation aids. A contzol
hiezarchy has been defined and two
levels of task decomposition bave baen
gog:mod vith the aid of the emulato:r.
is emulation includes a front end
through wvhich coamands can be entered, a
sachine simulation medule, and a ie
taphiec display of the enulated
tumuoa lu:uo. Work is proceeding
on providing communications with the
coordinate measuring machine so that the
lov-level aimulation can be replaced
with the actual hardwace.

Eaulations are also being written
for the robot contzol and vision systems
that ace being developed at WS, :

/o



Runtime .
N
splay
Input, Current State,
4 _inparamatars
Omop:m‘::u, @mmando Acknowlidgom
- —=n{  Job Cell Module
mumm Y A
g 4 Work Station Module
. ¥ )
- - Device Controller Module
Y N |
g & Device Timing m
Y y
Off-Line Data . .
Sianstiee oot | P
and Currently | Display
Reporting implementsd) .
I——

DRascripticn of tha BCSE. The vhole
of the AMRP {# to be emulated with each
module (e.g., workstation) on each level
distinctly visible to facilitate
teplacement with the actual hardware.

The data base structure vill approximate .

that anticipated for the ANRP and dis-
tributed local computational processes
will be represented. Conmunication and
computing delays are emulated, along
with the allocation of nodules to
different physical processors. -

Both continuous physical pcocesses
and decision-making processes ace
included in the emulation along with the
ability to test the results discrete
and continuous sources of error. The
level of detail in the emulation is
under the contzol of the usor, £0 that
critical operations na{ be represented
with great accuracy while only czough
app:oxinnttonn of otbher subsystems ace
used,

Data {s entered for the emulation
entirely by wrziting module descriptioms.
Each module has a coamon format based on
a general ized state-machine description
with named variables (Pigure 4). The
first part consists of lines which
declare input, output and interaal
variable names and types. This is
folloved by a sequence of condition-

1

. CORROR RMOBOLY.

gure 3. Bmulation Structure

action paicze that implement the zows of
a state table. Procedures written in
PRAXIS are last.

Comaunication betveen modules,
which 1._t:uns2a:ont to the usec, i»
achieved totally through storage h{
nase) of common iaput asad outpn
vacriables in a shared (common) mesmory.
Access to the memory is time-siice
syachronised. The pattezrn and
sequencing of input/output transactions
between modules may be specified the
user to define a hieracchical
celationship of the control systea
sodules.

In ozder to run the emul:iioa, the
nodules ace combined into subsets which
are translated into exscutable form and
zun as independent processes. These
processes ace synghroanised through
The run-time display

.zuns as another process, allowving the

user to monitor the real-time progress
of the emulation. The user ecan

onize the actual cate of progress
of the emulation through the ctua-time
display to achieve single-cycle
operation, wall-clock synchroanisation
with vazriable time-scaling, or free-
cunning (maxisum~speed) emulation. The
user can select the variables from
common memory which are to be displayed,



Piguse ¢
pinite State Machine (FBN) Pormat

Jfiipts "Sirn. aaaza wros
//ﬁiumut INPUTPARANSYER TITR
//intersal THTERWALVARIASLE ®YIE
//36&;.:-.e.: OUTPUTPARAMETER TT70
//output OUTIUIVARIABLE TY78
/lié;p:oeoll STATRNRN?
//iéitp:oecll STATRNENT

//conditions CONDITIONI)CONDITIONR)«oo
//actions BSTATEMNENTI)STATRAENTEj o0
oondt:ton-settou!:nltll

/aultimatch STATENENT

//nomateh  STATRMNENT

//ptoceduces

proosdure PROCEDURE.1()

endproceduze {PAOCEDUAR.Y)

;ﬁii«ﬁ:?’%g&mu

endprocedure (PROCEDURIN)
(ond of £4le}

and may stop the emulatien S0 zecesd
:1:lﬂlhotl' of GORROR 2e3OTY 8% any
L

zior to zunning the emulation, the
user may select variables for ‘loggiang’
urposes. Upon completion of a sua,
Zn.-. logging files are processed to
produce summary statistics t shov the
values taken by each logged variable and
the amount of time spent at each value,
along with a sequential logging £ile.

Exaspls. Pigure $ showa a vesy
simple tvo module example to illustrate
the wvay finite state machines ace
weitten., Nodule COUNT1.PSN zasets to =18
and thecteatter inccements (like a
simulated integrator or counter) on sach
tick until it is reset sgain. HNodule
COUNT2.PSN observes the output of COUMTL
th:ough CORRON REBOT
*ReSeT® command to COUNTL when its count
teaches +10 (like & reset controllec).
These two modules are combined into a
single exulation/simulation pcocess
which will only work correctly 4if the
two modules successfully comaunicate via
CORRON MEROTY.

and i{ssues a’

The data dictionary ouegut for
these two modules is shown in Pigquse 6,
The current state of each module (CURS)
48 alvays available from coxmon mesmesy,
even 4% L& has not been explicisly
sentioned, The data dicionaty allevs
she user %o 309141{ cheok that modules
aze consistent in thei: naming convean~-
tions and that ainor typogrtaphical
stzors have not oocuzzed in variable
RaN08., These errors nay othecwise go
undetected, vith the enulation running
but without the corzect connection being
sade thzough coamon memory.

Bach time the value of a variable
ehn:!rc in common memory, it is recorded
in the logging £ile (Pigure 7). This is
an excellent aid in determining logical
ezzors in comaunicating between modules.
The logging £ile is the only éiagnostie
By Thcdissen, oo thess sre Aot robdLsy

ables, s TITXHEUIRIT
detezained until zun time, y

Suanary stasistics are available
shat shov She values taken by esch
vaziable in conmon menory, as vell as

the anmount and percentage of time ]
'at each value &‘tuu ‘)’. Thie u."::c

Fors 1o 'St La e fatheot Turients
’coow. whieh zanged u-:"-u 8 1),
and shas the varia tz SCONRAND® spent
abeus 310¢ ot' the enulased tine at the
value *ARSER*,

2aglasian af AM2RE L£anszsl
This enulation follews she
ANRP contrel hiectacehy (FPigure 3),
osnolttoillr demonstzating the conoe
0f the vistusl cell. A job ce)l is
created each time that the production of
& nevw patt (or batch of sinilar pacts)
is scheduled to begin., The job cell
scquizes the zesources £or each stage in
the PLoauction O the part, assures that
the ocozzect sequence of subtasks is
:oz!oznod to ine the part, and then
isappsacs once the pact has been
retuzaned to inventory. Three
vortkstations axe availlable in this
example: an i{nventory workstation, a
tzansportation wvorkstation, and a
milling wvorkstation. The iaventory
wvorkstation controls a carousel, the
tzansport workstation controls a cart,
and the milling vorkstation controls the
tzansfer of trays, a robot, and s
vertical milling machine.

The job cell in this example fizst
getrioves a specified piece froa inven-
tory, transporting it to the milling
workstation. It then takes control of
the milling workstation which activates
the tray transfer. The robot picks up
the paczt and places it on the milling

(PR



Pigquse 8. Iwo Nodule Bxample Using the ECSS

//nane countl | zesets to =18 and thea increments on each tick
/, | until czeset

éuput command string | command from cowntd '
//output count integer | counting vaziable

//conditions command = *CP*
//actions count 1= count +1 { 4o tha counting

/
//conditions command = ®"RESET®
//actions count = -1§ :

//multimatch nexts t= *NULTI®
//nomatch nexts = 'm‘

%nm e_ounez | observes countl.fsm output through commch

ReROTY
| and issues a reset command to countl whem the

// | variable count >= 18
xinput count integer | counting vaziable

/;output command string | command to countl

//conditions first_entry
/;acuont nexts s= “"RUNNING®

//conditions cuu-"m;s oount < 1§
Zscttou command s= °gp°®

//conditions curs="RUNNING®; oount d= 10
%ncuou command = *RESRT"

//multimatch nexts s= ®NULTI®
//nomatch nexts 1= "MONATCE®

Pigure 6. Data Dictionary Listing Pigure 7. Sequential Logging File
COMMANRD STRING 9 6: 0.08 COUNTI_CURS WORATCE
Written by s COUNTZ 0s 0 0.08 COUNT2.CURS RUMNENG
Read by 3 COUNT1 - Os 8 8.10 COMNAMD uwp
commentss 0t 0s 6.20 coowe- b
ggggg - command o’ uu =' =' :1: coon? g
- to coun s O 8.
§: O: 0.59 coon? 4
COUNT INTEGER o 0: 6.68 couw? S
Written by : coomTl o 8: 6.7¢ - Coum? ¢
Read by : COUWT2 §:s 0 0.00 coon? 7
cogant;a :: :o g.:: coun? :
UNT1 - counting vaciable s 0 2. - CouN?
-COUNT2 - oount vaciable 0: 0: 1.19 COUNT 10
P e— REEN S,
UNTL_ STRING s 0 1.
Written by : COUNTL 6: 0;: 1.30 COUNT -10
Read by s 0: 1.40 CONNAND up
commants: 6: 5 1.50 couwr -9
6: 0: 1.68 Coun? -8
COUNT2_CURS STRING #: 0: 1.70 counr -7
Written by : COUNT2 0: 0 1.80 COUNT -6
Read by 9: 6: 1.90 count -5
comments: 8t 0: 2.88 COONT -4
8:s 0: 2.10 coonr -3
8 03 2.29 COURT -2
0: b 3.38 count -1
§: 0: 2.49 COUR?T s
8: 8: 2.3589 couwr 1

I3



Plguze 8. BSummary Stasistics

Thete vere & total of 241 tranaitions.
Jage faults last value = 74
Dizect /0 1last value » )
R —
A0 un.t8) 1488 valuge
Blapsed Time 1last value = $0:00:33.74
Total coxaon mem writes, lass valuesdl)
Total conmon mem reads, last valussphis
COUNT last valus @ 9
Numbes of transisions = 219
Kiniaum =10 Mazimus 31
COMMAND 1last value ®» up
Nunber of tzansisions s 3}
Other values
Duzation § value
T NINNIN) %: 2R88%

o luc "
COUNT2_CORS last value = RUMNIND
COUNTI_CURS 1last value = NONATCE

nachine, 7The piece is shen machined
into & part, and these sateps ace
repeated zeverse ordes, '

Piguce § showa four instances of
enulated time as thes tve viztual cells
appear and control different worke-
stations, The five modules at the
bottom of the structure contain aimula-
tions of the hardwaze ian the system.
The actual hardware can be substituted
tn“rlueo of the siamulations, with the
enulation running in real time. '

Zuture Yarzalon af tha Ranlastax.
The enulator {a preaently being
tedesigned to improve its use as &
design tool. An intezactive state~table
editor will be the user intesface to the
enulator, This full-sgreen editer will
be in tabular fora and vwill allev the
user to input and -odtﬁr state~tablas in
text format:. The editor will have
checks built in to prevent inconsistent
statenenta. The editor will output the
state-transistion matzix ¢o an inter~
ceter. The interpreter will isplesent
he common memory, data base interfaces,
and network communications functions
that are necessary for the AMRP control
systems, Thess functions will be built
from primitives that ace previocusly
defined as part of the language.

The interpreter will permit the
user to dynamically build and
interchange state-tables. It will be

-models.

possible &0 "collect® state=tadble
t:og:ulo to implement a model.
ibzazy of predefined nmodules or
soutines will be iaplemented, These
ackion routines wvwill confors to
standards shat will i{dentify vhat they
will zead and whas they will wzite,
These coutines will permit the
simulasion of tcooollnl in any xunzucco
Shas uses a ssandard ocalling routine.
After compilation; these link-edited
l1ibzacies will 50 inatalied 4 o
‘shazeable library' which will perais
the interpretes ¢0 dynaaiocall voke
the action routines on demand fzom »
finite state nachine. The emulator is
being designed %o be transportable, bus
speed for real tine contsol is not
Necessary as the state tables that are
created with this design tool caa be
tcansoribed inso the NCSE for real sime
eontzol of the ANRP, '

Aix.:likdon

Nodela of the basic conszol and
information flov of the ANAP will be
Geveloped us conventional simulation

s, Simulation technigues that
include combinations of ceatinuous,
discrete, and netvwork models will be
needed to describe the ANRF. BSLAN II, a
siavlation language suitable to
aanufacturing eavironments, is currentl
being used so0 study t%o Rateria
teansport system. Algorithas for job
lchodulla!. gouting, cart movemeats,
etc., will also be tested using these
Nodel building tools will
include graphics input as vell as data
aoguisition intezfaces to data bases to
aoqQuize {nformation such as failuze
gates from operzating Zacilities.
Interfaces to computer~aided-~design

stens vill be devised for input to the
siaulations. The facility managers will
be able to use the nodels to determine
the ansvers to ®what i£° situations.
Graphical presentation tools will
include the animated display of the
positional flov of objects in the

simulations. .

This paper has described the
gesearch efforts at the Mational Bureau
of Standacds to construct an Automated
Manufacturing Research Pacility. The
AMRY, like other Bureau facilities, will
be made availadle to unniversity and
industrial groups for nonproprietary

research in manufacturing engineering.
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Piguze 9. Bmulation of AMRP Control Structure
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