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\ COMMAND

The Nat iona l Bureau o f Standards, Cente r f o r
Manufacturing Engineering i s implement ing an
exper imenta l f a c t o r y c a l l e d the Automated
Manufacturing Research F a c i l i t y (AMRF'). The AMRF
will operate as a s m a l l batch machine shop and i s
c u r r e n t l y c o n f i g u r e d with t h r e e machining
works ta t ions , a c lean ing and deburring w o r k s t a t i o n
and an i n s p e c t i o n works ta t i on . Each o f these
works ta t i ons will employ r o b o t i c m a t e r i a l handl ing
inc lud ing machine load ing and unloading. A t
p resen t each workstat ion i s a t a d i f f e r e n t stage
o f completion. The " Hor izonta l Works ta t i on " which
conta ins a h o r i z o n t a l - s p i n d l e N.C. machine t o o l
and one m a t e r i a l handl ing robot has been
comple te ly in tegrated. The m a t e r i a l handling robot
i s a C inc inna t i M i l a c r o n T3 ( h y d r a u l i c ) which has
been enhanced to meet t he requ i rements o f theAMlU?. Th is robot has been equipped with a
h i e r a r c h i c a l robot c o n t r o l system, a 3-D v i s i on
system, a watchdog s a f e t y sys tem and an
instrumented, s e r v o con t ro l led g r ippe r , a l l o f
which were developed a t the N a t i o n a l Bureau o f
Standards. Each o f these systems i s descr ibed
ind iv idua l ly together w i t h a d e s c r i p t i o n o f the
enhanced c a p a b i l i t i e s o f t h e robo t with these
systems operat ing as an i n t e g r a t e d package.

1. INTRODUCTION

A h i e r a r c h i c a l c o n t r o l sys tem such as t h e one
shown i n figure 1 i s p a r t i t i o n e d v e r t i c a l l y i n t o
l e v e l s o f con t ro l . The b a s i c command and c o n t r o l
s t r u c t u r e i s a t ree , conf igured such t h a t each
computational module has a s i n g l e super ior , and
one o r more subordinate modules. The top module i s
where the h i g h e s t l e v e l dec is ions a r e made and t h e
longes t planning horizon e x i s t s . Goals and plans
generated a t t h i s highest l e v e l a re t r a n s m i t t e d as
commands t o the next lower l e v e l where they a r e
decomposed i n t o sequences o f subgoals. These
subgoals are i n turn transmi t ted t o the next l o w e r
c o n t r o l d e c i s i o n l e v e l as sequences o f l e s s
complex but more f requent commands. I n general,
the dec i s i ons and corresponding decomposi t ions a t
each l e v e l take i n t o account: (a) commands from
the l e v e l above, (b) processed sensory feedback
information appropriate t o t h a t c o n t r o l d e c i s i o n
l e v e l , and (c ) s tatus r e p o r t s f r om dec is ion
c o n t r o l modules a t t he next lower c o n t r o l l e v e l .
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Figure 1.

The h i e r a r c h i c a l c o n t r o l s t r u c t u r e serves as an
o v e r a l l gu ide l ine f o r t he a r c h i t e c t u r e and
p a r t i t i o n i n g o f a sensory i n t e r a c t i v e robot
c o n t r o l system. The I n d u s t r i a l Systems D i v i s i o n a t
the Nat iona l Bureau o f Standards has been working
on the design and imp lemen ta t i on o f t h i s c o n t r o l
s t r u c t u r e f o r severa l years and continues t o
pe r fo rm research i n t h i s area. It i s intended t h a t
one o f t he primary products o f t h i s resea rch be a
standardizable se t o f data i n t e r f a c e s and
pro toco l s between the va r i ous modules o f t he
system so that robots, c o n t r o l l e r s and sensory
systems f r o m d i f f e r e n t vendors can b e plugged
together much l i k e s t e r e o components a r e today.
T h i s would a l l ow systems t o be conf igured f o r
s p e c i f i c app l i ca t ions a t lower c o s t and w i t h much
g rea te r f l e x i b i l i t y . A n ex tens ion o f these
concepts, a l s o being implemented as p a r t o f the
Automated Manufacturing Research F a c i l i t y , i s t o
d e f i n e standard i n t e r f a c e s f o r robot systems,
machine t o o l s e tc . t o be e a s i l y in teg ra ted i n t o
work c e l l s which i n turn a r e in tegra ted t o h igher
l e v e l s o f fac to ry cont ro l using the same
h i e r a r c h i c a l s t ruc tu re .

T h i s paper descr ibes the in i t ia l implementation o f
a highly i n t e g r a t e d robot c o n t r o l system using
these techn iques . It will concent ra te on the
st ructure, i n t e r f a c e s and t h e r e s u l t a n t
c a p a b i l i t i e s o f the system ra ther than the
implementat ion d e t a i l s i n t e r n a l t o the sensory and
c o n t r o l modules. D e t a i l e d i n f o r m a t i o n on each
subsystem i s avai lab le i n the re ferences.
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2. OVERVIEW

Figure 2 i s a schemat ic b lock diagram o f t h e
in teg ra ted c o n t r o l s t r u c t u r e as i t i s current ly
conf igured on t h e C i n c i n n a t i M i l a c r o n T3 Robot i n
the Automated Manufacturing Research F a c i l i t y
(AMRF). The system i s conf igured i n the
h i e r a r c h i c a l manner descr ibed above and inc ludes
f i v e major subsystems: (1) the NBS Real - Time
Control System (RCS) ( 2 ) the commercia l T3 Robot
equipment (3) t he End - Effector System (4) t h e NBS
V i s i o n System and ( 5 ) the NBS Watchdog Safety
System. With the except ion o f the T3 Robot each o f
these subsystems has been developed i n the
Indust r ia l Systems D i v i s i o n .

Figure 2.

The Real - Time C o n t r o l Sys tem as shown i n f i g u r e 2
i s composed o f fou r l e v e l s : (1) the Task Level ( 2 )
the Elemental - Move L e v e l ( 3 ) the P r i m i t i v e Leve l
and (4) the T3 Leve l . The Task, Elemental -Move and
P r i m i t i v e l e v e l s o f the c o n t r o l l e r a re cons idered
t o be gener ic c o n t r o l l e v e l s . That i s , t h e s e
l e v e l s would remain e s s e n t i a l l y the same
regard less o f the p a r t i c u l a r robo t (commercial o r
o therwise) being used. The T3 Level , however,
uses in fo rma t ion and parameters p a r t i c u l a r t o t h e
T3 Robot and i s , t he re fo re , unique t o the T3
Robot. The Joys t i ck shown prov ides an a l t e r n a t e
source o f commands t o the P r i m i t i v e Leve l f o r
manual c o n t r o l o f t h e robot and i s not used in
conjunct ion wi th the higher c o n t r o l l e v e l s .

The T3 Cont ro l le r shown i n f igure 2 i s p a r t o f the
T3 Robot equipment as purchased f r o m Cinc inna t i
M i l ac ron . T h i s c o n t r o l l e r i s subordinate t o the T3
Leve l o f t he RCS and communicates through a
s p e c i a l i n t e r f a c e which i s discussed i n Sec t i on
4.1.

The End - Ef fec tor System c o n s i s t s o f a two f i nge red
gripper equipped with p o s i t i o n and f o r c e sensing.
The gr ipper i s pneumatical ly ac tuated and servo
con t ro l l ed by a c o n t r o l l e r which i s subordinate t o
the P r i m i t i v e Level o f the RCS.

There a re three sensory systems on t h e robo t : (1)
the f inger f o r c e and p o s i t i o n sensors on the
gr ipper which repor t data t o the End - Ef fec tor
Con t ro l l e r , ( 2 ) t he Joint Angle A c q u i s i t i o n System
which r e p o r t s data t o t h e T3 C o n t r o l l e r , the T3
Level o f t he RCS and t o the Watchdog Safety System
and ( 3 ) the V i s i o n Sys tem which r e p o r t s data t o
the Elemental -Move L e v e l o f the RCS. O f t he sensor
systems, t he v i s i on system i s obviously the most

complex. It per forms s o p h i s t i c a t e d image
p rocess ing which r e q u i r e s s u b s t a n t i a l
computa t iona l t ime .

The Watchdog Sa fe t y Sys tem i s the on ly sys tem in
f igure 2 which does n o t f i t d i r e c t l y in to the
h i e r a r c h i c a l c o n t r o l s t r u c t u r e prev ious ly
descr ibed. It i s an independent system w h i c h
m o n i t o r s robot mo t i ons and compa-es them t o
p rev ious ly def ined l i m i t s i n pos i t i on , v e l o c i t y
and a c c e l e r a t i o n . The Watchdog Sys tem has the
power t o s top the r o b o t i f any l i m i t s a r e exceeded
and consequently m o n i t o r s both the mechan ica l and
c o n t r o l systems o f t h e robo t .

3. REAL-TIME CONTROL SYSTEM (RCS)

3.1 Task Leve l

The Task Leve l i n t e r f a c e s wi th the Works ta t i on
Leve l above it and the Elemental -Move L e v e l
below it. In the c u r r e n t conf igurat ion, the Task
Leve l has no d i r e c t i n t e r f a c e s with sensory
systems.

The Task L e v e l r e c e i v e s commands f r o m t h e
Works ta t ion L e v e l i n terms o f o b j e c t s t o be
handled and named p laces in the w o r k s t a t i o n . For
example, the task might be t o f i nd a c e r t a i n par t
blank on the t ray a t the load/unload s t a t i o n , p i c k
it up and pu t i t i n t h e f i x t u r e on the machine
t o o l . T h i s t ask cou ld be issued as one command
f r o m the Worksta t ion Leve l t o the Task Leve l o f
the RCS. The s p e c i f i c commands c u r r e n t l y
implemented f r o m t h e Workstat ion Leve l t o t h e Task
Leve l are:

Note: Arguments i n paren theses a r e n o t mandatory.

ACQUIRE OBJ (a t A )

From i t s c u r r e n t p o s i t i o n , the robot w i l l go
t o l o c a t i o n A, (SOURCE), and grasp the named
ob jec t , (OBJ). I f no l o c a t i o n i s s p e c i f i e d ,
then the ob jec t will be acqu i r ed a t the
r o b o t ' s c u r r e n t loca t ion .

MOVE (OBJ f r o m A) t o B

The robot w i l l acquire the named ob jec t , (OBJ)
f r o m l o c a t i o n A (SOURCE), and w i l l move i t t o
8, (DEST), but will n o t r e l e a s e the object . I f
(OBJ f r o m A) i s n o t s p e c i f i e d , the robot will
move f r o m i t s c u r r e n t l o c a t i o n t o loca t ion B.

RELEASE (end-at A)

The robo t will r e l e a s e the ob jec t i t i s
holding and then move t o l o c a t i o n A. I f (end
a t A) i s not s p e c i f i e d the r o b o t w i l l move t o
a predetermined " safe " p o s i t i o n assoc ia ted
with i t s c u r r e n t l oca t i on .

TRANSFER (OBJ f r o m A) t o B (end-at C)

The robot will acqui re the named o b j e c t f r o m
l o c a t i o n A, (SOURCE), move t o l o c a t i o n B
(DEST), re lease the ob jec t and move t o
l o c a t i o n C. I f (OBJ f r o m A) i s not s p e c i f i e d
and i f the robot i s already holding an o b j e c t
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( i f n o t an e r r o r i s repor ted t o the
Workstat ion) then the robot w i l l move f r o m i t s
c u r r e n t p o s i t i o n t o l o c a t i o n B f o r the
re lease . I f (end-at C) i s n o t s p e c i f i e d the
robo t will move t o a predetermined " safe "
l o c a t i o n assoc ia ted with l o c a t i o n B a f t e r the
re l ease .

CLEAR drop - at A (end - at B)

The robo t will move t o l o c a t i o n A and re lease
t h e par t it i s c u r r e n t l y ho ld ing ( i f the robot
i s not hold ing a p a r t an e r r o r i s r e p o r t e d t o
the Works ta t ion) . The robo t then moves t o
l o c a t i o n B. I f (end - at B) i s no t s p e c i f i e d ,
the robot w i l l move t o a predetermined " safe "
l o c a t i o n assoc ia ted with l o c a t i o n A.

The Task Leve l decomposes these commands i n t o the
requi red robot and e n d - e f f e c t o r a c t i o n s and
generates t h e appropriate commands t o the n e x t
lower c o n t r o l d e c i s i o n l e v e l c a l l e d the S lementa l -
Move (E-Move) Leve l . The commands generated a r e in
terms o f e lementary robo t mo t i ons and gr ipper
a c t i o n s r a t h e r than the o b j e c t s and loca t ions
rece ived f rom the w o r k s t a t i o n l e v e l .

3.2 Elemental -Move L e v e l

The E-Move Leve l i n t e r f a c e s wi th t h e Task Level
above it and the P r i m i t i v e L e v e l below i t . I n
add i t i on , the E-Move L e v e l i n t e r f a c e s with the
V i s i o n Sys tem f r o m w h i c h i t acqu i res pa r t p o s i t i o n
and o r i e n t a t i o n data. T h i s i n t e r f a c e i s d iscussed
i n d e t a i l i n Sect ion 5.

The E-Move L e v e l r e c e i v e s commands f rom the Task
L e v e l wh ich a re e lemen ta l segments o f the Task
Leve l conunand under execut ion. These a r e genera l l y
s i n g l e moves f r o m one named l o c a t i o n t o another.
I f a par t a c q u i s i t i o n i s involved, data f r o m the
V i s i o n System i s requested t o determine the exact
l o c a t i o n o f the next goal point. The E-Move Leve l
then develops a t r a j e c t o r y between the new goal
p o i n t and i t s c u r r e n t p o s i t i o n . A t r a j e c t o r y may
be s i m p l y a s t r a i gh t l i n e move t o the goal point
o r a more complex move, involv ing departure,
i n te rmed ia te and approach t r a j e c t o r i e s . These
t r a j e c t o r i e s can be cons t ruc ted using pres to red
t r a j e c t o r y segments o r data acqu i red f rom t h e
V i s i o n System. I f no p res to red segments a re found
f o r t h e des i red move and the use o f v i s i o n data i s
not appropr ia te , then a s t r a i g h t l i n e path t o the
new goal p o i n t i s ca l cu la ted . The s p e c i f i c
commands c u r r e n t l y implemented f r o m t h e Task L e v e l

t o the E-Move L e v e l are:

MOVE-TO A

The robot will move f r o m i t s current l o c a t i o n
t o the named d e s t i n a t i o n l o c a t i o n A.

MOVE-TO-OBJ OBJ, A

T h i s command i s e x a c t l y the same as MOVE-TO
except tha t the gripper approach opening €or
the named ob jec t i s r e t r i e v e d f r o m the
database and b e f o r e moving, t h e g r ipper
f i n g e r s a re pos i t i oned t o a predetermined

opening.

PICK-UP OBJ

The gr ipper parameters f o r t he s p e c i f i e d
o b j e c t a r e r e t r i e v e d f r o m the database and the
o b j e c t i s grasped (see GRASP OBJ under
P r i m i t i v e L e v e l ) .

LOCATE OB3

T h i s command i s i ssued by the Task Leve l a f t e r
t he robo t has been moved t o where the w r i s t
mounted V i s i o n Sys tem camera has the named
ob jec t i n v iew. The V i s i o n System i s then
in te r roga ted t o determine the exact p o s i t i o n
o f the o b j e c t i n ques t i on ( d e t a i l e d scena r i o
desc r i bed i n V i s i o n s e c t i o n ) . The robot i s
then moved t o the r e q u i r e d p o s i t i o n t o PICK-UP
the o b j e c t .

RELEASE OBJ

The re lease opening f o r the s p e c i f i e d o b j e c t
i s r e t r i e v e d f r o m the database. The g r ippe r i s
opened t o t h i s p o s i t i o n .

The E-Move Leve l decomposes t h e s e commands i n t o
the r e q u i r e d t r a j e c t o r i e s and breaks t h e s e
t r a j e c t o r i e s i n t o a s e r i e s o f p o i n t s i n space
through which the t o o l p o i n t ( t o o l p o i n t i s
def ined as a p o i n t c e n t r a l l y l oca ted between t h e
gr ipper f i n g e r s ) must pass en rou te t o the d e s i r e d
new l o c a t i o n . These p o i n t s i n space a r e used as
arguments i n the commands issued t o the P r i m i t i v e
L e v e l . E n d - e f f e c t o r comands a re i n t e r l e a v e d w i t h
the mo t i on commands t o the P r i m i t i v e Leve l .

3.3 P r i m i t i v e Leve l

The P r i m i t i v e L e v e l i n t e r f a c e s wi th the E-Move
Leve l above i t and the T3 Leve l and End - Ef fec to r
C o n t r o l l e r be low i t . As s t a t e d e a r l i e r , the
P r i m i t i v e Leve l i s the l o w e s t l e v e l in the RCS
w h i c h i s robo t o r dev ice independent. Subsystems
subordinate t o the P r i m i t i v e L e v e l a re cons idered
t o be a t the dev i ce l e v e l i n t h e c o n t r o l
h ierarchy. I n t h i s system, these subsystems o r
dev ices are the robot and the end - e f f ec to r . The T3
Level (Sect ion 3.4) shown i n f i gu re 2 i s no t a
t r u e c o n t r o l d e c i s i o n l e v e l by i t s e l f and cou ld b e
l o g i c a l l y combined with the T3 C o n t r o l l e r a t t h e
dev ice l e v e l . The robot and e n d - e f f e c t o r a re ,
there fore , a t t he same c o n t r o l dec i s ion l e v e l
subord inate t o the P r i m i t i v e Leve l .

Add i t i ona l l y , the P r i m i t i v e Leve l i n t e r f a c e s w i t h
the Joys t i ck . The J o y s t i c k i s a per iphera l dev ice
which i s used f o r manual operat ion o f the robot.
Us ing the Joys t i ck , the operator can c o n t r o l robot
m o t i o n i n severa l coord inate systems (wor ld , t o o l
o r indiv idual j o i n t mot ions) . Under Joyst ick
c o n t r o l the human operator assumes t h e h igher
l e v e l planning and c o n t r o l d u t i e s normally handled
by the E-Move and Task Leve l s when the robot i s
ope ra t i ng automat ica l ly .

The a c t u a l Joyst ick unit has groups o f sma l l
j o y s t i c k s , r o t o r y and rocke r swi tches dedicated t o
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each coord inate system. These a re con f i gu red such
t h a t t he robo t w i l l move b a s i c a l l y the way t h e
l e v e r i s pushed o r the s w i t c h turned, giv ing the
operator a r e l a t i v e l y in tu i t i ve f e e l f o r t he
mo t i on produced.

The P r i m i t i v e L e v e l r e c e i v e s commands f r o m the E-
Move L e v e l i n te rms o f goal p o i n t s in C a r t e s i a n
space. These p o i n t s d i f f e r f r o m those rece i ved by
the E-Move L e v e l f rom the Task L e v e l i n that they
a re no t named l o c a t i o n s and t h e r e f o r e assume no
knowledge o f the Works ta t i on layout. These points
a r e t y p i c a l l y more c l o s e l y spaced than those a t
t h e h igher l e v e l s although t h i s i s no t n e c e s s a r i l y
the case. The s p e c i f i c commands c u r r e n t l y
implemented f r o m the E-Move L e v e l t o t h e P r i m i t i v e
Leve l are:

GOT0 POINT

The robo t will move the t o o l point (see
s e c t i o n 3.4) i n a s t r a i g h t l i n e t o the
designated goal point and s top using a known
a c c e l e r a t i o n and d e c e l e r a t i o n p r o f i l e .

GOTHRU POINT

The robot w i l l move the t o o l p o i n t i n a
s t r a i g h t l i n e toward t h e des ignated goal
p o i n t . When i t ge ts t o a s p e c i f i e d
"breakpoint " d i s tance f r o m the goa l p o i n t it
does n o t dece le ra te b u t r e p o r t s a DONE s t a t u s
fo r t h e c u r r e n t command t o the E-Move Leve l .
The E-Move l e v e l then sends down t h e next goa l
point w h i l e t he robot cont inues t o move.

The P r i m i t i v e L e v e l computes a s t r a i g h t l i n e
t r a j e c t o r y t o t h e des i red goal po in t and i s s u e s
c l o s e l y spaced i n t e r i m goa l p o i n t s t o the T3
Leve l . These goal p o i n t s a re current ly issued
every 40 msec. and a r e valued accord ing t o the
d e s i r e d v e l o c i t y and a c c e l e r a t i o n o f the robot. I n
the c u r r e n t c o n f i g u r a t i o n o f the system t h e r e i s
no sensory data i n t e r f a c e d t o the P r i m i t i v e L e v e l
fo r r e a l - t i m e path modi f icat ions, as with t h e
Vision/E -Move i n t e r f a c e , but the RCS i s designed
t o accommodate sensory i n t e r a c t i o n a t a l l l e v e l s .

As ment ioned above, t h e r e a r e end - e f fec to r
commands i n t e r l e a v e d w i t h the robot mot ion
commands f r o m the E-Move to the P r i m i t i v e Leve l .
These commands re fe rence s p e c i f i c p a r t types and
c o n t r o l gripper pre-grasp f i n g e r pos i t i on ing ,
grasp f i n g e r p o s i t i o n and force, and post - re lease
f inger pos i t i on ing . The system database inc ludes
an end - effector parameter tab le f o r each p a r t type
o r ob jec t known t o the system. These tables
spec i f y the desi red approach opening, grasp
opening, grasp f o r c e and depar ture opening f o r
each par t . The s p e c i f i c comands cur ren t l y
implemented f rom the E-Move t o the P r i m i t i v e Level
are:

APPROACH -POSITION -FINGERS OBJ

The gr ipper f i nge rs a re pos i t ioned t o the
des i red approach opening f o r the s p e c i f i e d
ob jec t .

DEPARTURG -POSITION-FINGERS OBJ

The gr ipper f i n g e r s are p o s i t i o n e d t o t h e
des i red depar ture opening f o r the s p e c i f i e d
o b j e c t .
GRASP OBJ

The prespec i f i ed gr ipping f o r c e f o r the named
ob jec t i s r e t r i e v e d f r o m t h e database along
w i t h t h e s i z e o f the ob jec t . Then the gr ipper
i s c losed unt i l t he s p e c i f i e d f o r c e i s
achieved. The gripper f inger opening i s then
compared (using s t a t u s in format ion re tu rned
f rom t h e End - Effector C o n t r o l l e r ) t o the
expected s i z e o f the ob jec t and an e r r o r i s
repor ted t o the E-Move L e v e l i f t h e opening i s
n o t within to lerance.

The P r i m i t i v e Leve l re fo rma ts these commands i n t o
s p e c i f i c gripper commands which i n c l u d e the
necessary f o r c e and f inger p o s i t i o n data as
r e t r i e v e d f r o m the data base.

3.4 T3 L e v e l

The T3 Level i n t e r f a c e s with the P r i m i t i v e L e v e l
above it and the commercial C i n c i n n a t i M i l a c r o n T3
Robot C o n t r o l l e r be low it.In addi t ion, t h e r e i s a
sensory i n t e r f a c e which supp l i es the s i x
ind iv idua l j o i n t angles.
The T3 Leve l i s so named because e lements o f i t
are pecul iar t o t h e T3 Robot. From a c o n t r o l
h ie ra rchy point o f view the T3 L e v e l does no t
c o n s t i t u t e a l o g i c a l c o n t r o l d e c i s i o n l e v e l but
i s , i n f a c t , a "gray box" necessary t o t r a n s f o r m
command and feedback formats between the P r i m i t i v e
L e v e l and the T3 Con t ro l l e r .

The T3 Leve l rece ives a new goa l p o i n t f r o m the
P r i m i t i v e Leve l every 40 msec. These goa l p o i n t s
a re sen t as the comand:

STRAIGHT -LINE POINT

Th is commands the robot t o go t o the
s p e c i f i e d point wh i le desc r ib ing a s t r a i g h t
l i n e with the t o o l po in t . Since the T3 i s a
s i x degree o f freedom machine the des i red
goal point must ac tua l l y be spec i f i ed as a
unique robot pose including both t o o l point
p o s i t i o n and end - effector o r i e n t a t i o n . The
P r i m i t i v e Level i ssues goal points t o the T3
Level in the RCS Car tes ian format. T h i s
format i s de f i ned as the x,y,z components,
i n the wor ld re ference frame, o f t h e
fo l lowing th ree po in ts (see f igure 3); (1)
the center po in t o f the robot w r i s t p la te ,
c a l l e d the w r i s t p o i n t (2 ) the t o o l po in t ,
and ( 3 ) the t i p o f a unit vec to r orthogonal
t o the w r i s t / t o o l point vec to r c a l l e d the
f inger point. These th ree p o i n t s def ine a
plane which, i n turn, uniquely s p e c i f i e s the
robot pose.

Using the T3 mechanical s p e c i f i c a t i o n s (link
lengths, v e l o c i t y and a c c e l e r a t i o n l i m i t s ) t he T3
Leve l transforms these th ree wor ld re ference frame
points i n t o the x,y,z, r o l l ,pitch and yaw
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requ i red by the T3 Cont ro l l e r t o ach ieve the
des i red pose. Th is i s c a l l e d the T3 format and
c o n s i s t s o f the x,y,z p o s i t i o n o f the w r i s t p o i n t
and 3 E u l e r angles; eps i l on , d e l t a , and rho (about
t h e z,y,x axes r e s p e c t i v e l y ) .

F igure 3.

The o t h e r pr imary function o f t he T3 L e v e l i s t o
pe r fo rm the t rans fo rm f r o m j o i n t ang les t o RCS
Car tes ian f o r m a t . T h i s i s c a l l e d t h e forward
t r a n s f o r m and the r e s u l t s a r e r e t u r n e d t o the
P r i m i t i v e Leve l every 40 msec.

4. T3 ROBOT

The T3 Robot i s a s i x - ax is se rvo - con t ro l l ed
a r t i c u l a t e d arm type manipulator powered by
hydrau l i c actuators . It i s manufactured by the
C i n c i n n a t i Mi lacron Company l o c a t e d i n Cinc innat i ,
Ohio. A l l o f t he ac tua to rs , except the one on the
elbow joint , a re r o t a t i o n a l actuators . The
ac tua to r on t h e elbow i s a l i n e a r p i s t o n type
actuator . A l l o f the j o i n t s , i n c l u d i n g the elbow
are r o t a t i o n a l and give the T3 s i x degrees o f
freedom. The ac tua to rs support and move t h e mass
o f t he T3 and provide a r a t e d l i f t i n g capac i t y o f
100 pounds.

4.1 T3 C o n t r o l l e r

The T3 C o n t r o l l e r i n t e r f a c e s with the RCS T3 Level
above i t and the hyd ra l i c a c t u a t o r s and j o i n t
angle reso l ve rs be low it. It a l s o i n t e r f a c e s w i t h
t he Watchdog Sa fe t y System which can command i t t o
do a Hold/Set (pause) o r an Emergency Stop.

The T3 Cont ro l l e r i s normally a stand -alone system
which i s teach programmable. That i s , a sequence
o f p o i n t s can be "taught " t o t h e C o n t r o l l e r which
then has the c a p a b i l i t y t o move through these
p o i n t s using i n t e r n a l programs. When the T3 i s
under the c o n t r o l o f t he RCS, these higher l e v e l
c o n t r o l c a p a b i l i t i e s a re not functional. Instead,
only the low leve l joint s e r v o c o n t r o l p o r t i o n o f
the T3 Cont ro l l e r i s used.

The T3 L e v e l o f the RCS comunicates w i t h the T3
Control ler v i a a spec ia l ex te rna l h o s t computer
i n t e r f a c e on t h e T3. Th i s i n t e r f a c e , c a l l e d
Dynamic Ex te rna l Path Control (DEPC), i s a
function which puts the T3 Cont ro l le r i n t o a mode
whereby an ex te rna l computer ( i.e., t he RCS) can
dynamically con t ro l the path o f the robot. Using

an RS232 s e r i a l communications l ink , the RCS
t r a n s m i t s x, y, z, d e l t a , eps i l on , rho t o the T3
C o n t r o l l e r a t approx imate ly a 50 Hz r a t e . By
p r o p e r l y spacing the coo rd i na tes , the RCS c o n t r o l s
t he p o s i t i o n , v e l o c i t y and a c c e l e r a t i o n o f t h e
robot . The T3 C o n t r o l l e r t r a n s f o r m s these
coord ina tes i n t o the r e q u i r e d j o i n t a n g l e s and
per fo rms t h e l o w e s t l e v e l j o in t p o s i t i o n servoing.
Un fo r tuna te l y , t he DEPC i n t e r f a c e does no t prov ide
r o b o t p o s i t i o n feedback t o the host computer
e x c e p t a t t i m e o f i n i t i a l i z a t i o n . T h e r e f o r e , i n
order t o p r o p e r l y c l o s e the c o n t r o l l oop w i t h t he
RCS, a j o i n t angle s y s t e m s e p a r a t e f r o m t h e one
used by the T3 C o n t r o l l e r was added t o the robot .

4.2 J o i n t Angle A c q u i s i t i o n System

Each j o i n t on the T3 has a P o s i t i o n Analog U n i t
(PAU). Each PAU c o n t a i n s a r e s o l v e r and tachometer
wh ich prov ide jo in t p o s i t i o n and v e l o c i t y feedback
t o the T3 C o n t r o l l e r . As p a r t o f t h e J o i n t Angle
A c q u i s i t i o n System b u i l t a t NBS, an add i t iona l
r e s o l v e r was added t o each PAU t o p rov ide an
independent source o f j o i n t p o s i t i o n data t o the
RCS and the Watchdog Sa fe t y Computer. Each
r e s o l v e r i s gear coupled t o t h e r o t a t i o n a l
mechanism o f t he j o i n t and r e t u r n s an analog
s i g n a l p r o p o r t i o n a l t o t h e r e s o l v e r s h a f t angle.
T h i s analog s igna l i s conver ted t o d i g i t a l f o r m by
R/D ( r e s o l v e r - t o - d i g i t a l ) conver te rs . The gearing
i n t h e PAU's i s such that the r e s o l v e r s go through
m u l t i p l e r e v o l u t i o n s w h i l e the j o i n t t r a v e l s
through i t s range o f mot ion . T h e r e f o r e , the
r e s o l v e r r e v o l u t i o n s a r e counted. The Joint Ang le
A c q u i s i t i o n System e l e c t r o n i c s p rov ides f o r R/D
convers ion and s h a f t r o t a t i o n count ing. The output
i s a 17 b i t number f o r each j o i n t angle. A l l s i x
j o i n t angles a re measured and t h e d a t a l a t ched
s imul taneuos ly t o prov ide a coherent measure o f
robo t pos i t ion. A b lock diagram o f t h e Joint Ang le
A c q u i s i t i o n System i s shown i n f i g u r e 4.

Figure 4.

5. NBS V I S I O N SYSTEM

The NBS V i s i o n System, as cur ren t ly con f i gu red on
the T3 Robot, per fo rms two m a j o r funct ions. These
are; o b j e c t l o c a t i o n and o b j e c t i d e n t i f i c a t i o n .
The c a p a b i l i t i e s o f the V i s i o n System are used t o
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a l low t h e robot t o p i c k up o b j e c t s p laced i n
unknown p o s i t i o n s and o r i e n t a t i o n s . A lso , p r i o r t o
pick up the robot c o n t r o l l e r can v e r i f y o b j e c t
i d e n t i t y .

There a r e s i x degrees o f f reedom tha t de f ine the
p o s i t i o n and o r i e n t a t i o n o f any ob jec t r e l a t i v e t o
the robot gr ipper . A l l s i x m u s t be determined f o r
the robot t o grasp the ob jec t i n a p r e c i s e l y
s p e c i f i e d manner. To ob ta in t h i s i n fo rma t i on , t h e
NBS V i s i o n System uses two f rames o f v ideo data.
The f i r s t frame i s i l luminated by two p a r a l l e l
p lanes or l i n e s o f l i g h t and the second f rame i s
i l l u m i n a t e d by a f l o o d source o f l ight. In t h i s
system both the l i g h t p r o j e c t o r s and the camera
a re mounted on the end o f arm i n t h e con f igu ra t ion
shown i n f i g u r e 5. Both l i g h t p r o j e c t o r s employ
f l a s h tubes. The dual l i n e f l a s h generator uses a
s i n g l e tube w i t h m i r r o r o p t i c s and two s l i t s as
shown. The f l o o d f l a s h uses a r i n g shaped f l a s h
tube mounted around the base o f t he camera l e n s .

\

.
Planes o f Light

3

Figure 5.

From the image produced when the dual l i n e f l a s h
i s f i red , i t i s poss ib le t o compute the range and
the p i t c h and yaw o r i e n t a t i o n s o f any simple
geometr ica l shaped surface. From the f l o o d image
t h e v e r t i c a l and h o r i z o n t a l p o s i t i o n s o f the
su r face can be computed and w i t h add i t iona l
computation (using two po in ts on the su r face ) t h e
r o l l o r i e n t a t i o n o f t he s u r f a c e can be ca lcu la ted .
Thus, a l l s i x degrees o f f reedom a r e determined.

The image data i s further processed f o r s p e c i f i c
p a r t i d e n t i f i c a t i o n . It i s processed in to a f o r m
r e q u i r e d f o r comparison w i t h t h e c a t a l o g o f p a r t
da ta already res iden t i n the robot data base. P a r t
i d e n t i f i c a t i o n i s then accompl ished by seeking a
match between incoming image data and stored p a r t
desc r ip t i on data.

The V i s i o n System i n t e r f a c e s t o the Elemental -Move
Leve l o f the RCS and i s c u r r e n t l y used t o l o c a t e ,
i d e n t i f y and acquire d i s o r i e n t e d p a r t s whose
approximate l o c a t i o n i s known. Th i s i s a t h r e e
s tep process which c o n s i s t s o f th ree
in te r roga t ions o f the V i s i o n System by the RCS.

These in te r roga t ions d e f i n e the fo rma l i n t e r f a c e
between the V i s i o n System and the RCS and take the
f o r m o f commands between c o n t r o l l e v e l s . They are;
FAST FLOOD, LINE FLAW and FINAL FLOOD. The
f o l l o w i n g i s the scena r i o f o r the a c q u i s i t i o n o f
an ob jec t :

S tep 1

Assume that t h e Works ta t i on has given the
robot a command such as MOVE (OBJ f r o m A t o
B). Further assume tha t l o c a t i o n A i s no t
s p e c i f i e d as a robot pose but i s , ins tead,
on ly the approximate l o c a t i o n o f the o b j e c t t o
be moved. The RCS w i l l r ecogn i ze t h i s as a
s i t u a t i o n c a l l i n g f o r use o f the V i s i o n
System. The robot will move t o a pose f rom
which i t c a n "view" the ob jec t . That i s , the
ob jec t should be within the f i e l d o f v i e w o f
the camera f r o m t h i s vantage po in t . The E-Move
Leve l will then issue the f o l l o w i n g reques t t o
the V i s i o n System:

Note: Arguments i n pa ren thes i s a r e passed
f r o m the RCS to the V i s i o n System as p a r t o f
the r e q u e s t .

FAST FLOOD (expected d i s tance t o ob jec t )

The V i s i o n System f i r e s the f l o o d f l a s h and
r e t u r n s the f o l l o w i n g four p i e c e s o f data:

(1) The x p o s i t i o n o f the c e n t r o i d o f the
o b j e c t i n camera coordinates.

( 2 ) The y p o s i t i o n o f t he c e n t r o i d o f the
o b j e c t i n camera coordinates.

( 3 ) The cos ine o f t he x component o f t he
angle between the z a x i s and the l i n e t o
t h e c e n t r o i d o f the o b j e c t .

(4) The cos ine o f the y component o f the
angle between t h e z ax is and the l i n e t o
the c e n t r o i d o f the ob jec t .

S t e p 2

Using the l o c a t i o n o f t h e o b j e c t f r o m Step 1
and i t s knowledge o f the camera and l i n e f l a s h
geometry t he RCS moves the robot t o a pose
such that when the l i n e f l a s h i s f i r e d t h e
l i n e s o f l i g h t will f a l l on the ob jec t . The E-
Move L e v e l then i s s u e s the fo l lowing request
t o the V i s i o n System:

LINE FLASH (obj - id, expected range, expected
su r f ace normal vec to r )

The V i s i o n System f i r e s the l ine f l a s h and
r e t u r n s the fo l low ing two p ieces o f data:

(1) Measured range
( 2 ) Measured su r face normal vector

Several o f t he t e s t p a r t s manufactured in the
Automated Manufac tur ing Research F a c i l i t y have
i d e n t i c a l f o o t p r i n t s and can on ly be
d is t i ngu ished by t h e i r thickness. Therefore,
the measured range provides v e r i f i c a t i o n that
the c o r r e c t p a r t i s being observed. Ranges can
be reso l ved t o approximately 1 mm and su r face
o r i e n t a t i o n t o approximetely 2%.
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S t e p 3

U s i n g the data f r o m S t e p 2 the RCS moves t h e
robot camera i n t o p o s i t i o n f o r a f i n a l f l o o d
p i c t u r e . T h i s pose will have a p r e c i s e l y known
range and be normal t o the ob jec t . The E-Move
Leve l then issues the f o l l o w i n g reques t t o the
V i s i o n System:

FINAL FLOOD (obj - id, expected range)

The V i s i o n System f i r e s the f l o o d f l a s h and
r e t u r n s the f o l l o w i n g t h r e e p i e c e s o f data:

Confidence measure f o r expected o b j e c t
observed best f i t .
Observed z a x i s range based on a r e a x
and y p o s i t i o n o f cen t ro id .
R o l l angle o f longest s t r a i g h t s i d e t o x
a x i s .

the success fu l comple t ion o f Step 3 the
V i s i o n Sys tem has v e r i f i e d t h e i d e n t i t y o f the
o b j e c t and h a s supp l i ed s u f f i c i e n t p o s i t i o n
and o r i e n t a t i o n data t o the RCS so t h a t it can
p i c k up the ob jec t .

6. END-EFFECTOR SYSTEM

The E n d - E f f e c t o r System c o n s i s t s o f two m a j o r
components; a two f ingered, pneumatical ly ac tua ted
gr ipper and a c o n t r o l l e r implemented on a
ded icated s i n g l e board computer. The gripper
( f i g u r e 6.) i s ins t rumented wi th f inger p o s i t i o n
and gr ipp ing f o r c e sensors and i s servo c o n t r o l l e d
us ing sensory feedback. The c o n t r o l l e r i s
implemented i n two l e v e l s . The l o w e r l e v e l
provides servo c o n t r o l o f t he g r ippe r j a w s ; the
upper l e v e l i n t e r p r e t s commands f r o m and prov ides
s t a t u s t o the P r i m i t i v e Leve l o f the RCS. Bo th the
gr ipper hardware and the c o n t r o l l e r s o f t w a r e w e r e
designed and implemented a t NBS.

-
Figure 6.

6.1 Gr ipper

The gripper employs a four bar linkage t o produce
a p a r a l l e l jaw ac t i on . The throw range i s 15.24 cm
(6 in) f u l l y open and t h e jaws can be comple te ly
closed. The nominal gr ipping fo rce i s 500.4 N
(112.5 l b s ) us ing a 689.5 kPa (100 p s i ) a i r
supply. The actuator i s a dual po r ted pneumatic

p is ton type and t h e l inkage i s designed t o produce
a 3 : l r a t i o o f j a w opening t o p i s t o n displacement.
The gr ipper i s equipped with a l i n e a r
po ten t i ome te r that measures p i s t o n displacement
which i s l i n e a r l y r e l a t e d t o j a w opening. Each
finger i s ins t rumented w i t h a fu l l b r i d g e s t r a i n
gage c i r c u i t t o measure normal con tac t f o r ces
(g r ipp ing f o r c e o r fo rces appl ied t o an i n d i v i d u a l
f inger) .

6.2 Servo Control

The pneumatic c y l i n d e r i s d r i v e n by four f a s t -
ac t i ng , two-way, open/c lose valves. The va lves a re
configured such t h a t e i t h e r s i d e o f the c y l i n d e r
can be p ressu r i zed , b locked o r vented t o the
atmosphere. The con f igu ra t ion i s schmat i ca l l y
i l l u s t r a t e d in f igu re 7. Each o f the c o n t r o l modes
c o n s i s t s o f an a c t i o n and t w o m o d i f i e r s . The
a c t i o n s a re OPEN, CLOSE, LOCK, FREE and CLAMP. The
m o d i f i e r s a r e SPEED and DAMPING. The func t i ons o f
OPEN and CLOSE a r e obvious. LOCK c l o s e s a l l va lves
wh ich i n h i b i t s p i s t o n motion. FREE opens the vent
valves and c l o s e s the supply va lves which pe rm i t s
f r e e m o t i o n o f the p is ton . CLAMP opens the supply
valves and c l o s e s the v e n t va l ves w h i c h clamps the
p o s i t i o n o f the pis ton.

F igure 7.

The s e r v o c o n t r o l a lgo r i t hm, implemented on the
dedicated microprocessor , chooses among the
poss ib le va lve ac tua t ion p a t t e r n s each c o n t r o l
c y c l e t o c o n t r o l the a c t i o n , speed and damping.
The processor samples t h e sensors, executes the
c o n t r o l a lgo r i t hm and d r i v e s the va l ves a t f i x e d
in te rva ls .

6.3 Comnand I n t e r p r e t a t i o n

The upper l e v e l o f t he c o n t r o l l e r i n t e r p r e t s
commands Erom P r i m i t i v e Leve l o f t he RCS and
decomposes them i n t o the requ i red a c t i o n s and
sequences d i s c u s s e d e a r l i e r . These serve as the
input t o the s e r v o l e v e l o f the gr ipper
c o n t r o l l e r . The f o l l o w i n g commands a re c u r r e n t l y
implemented f rom the P r i m i t i v e L e v e l t o t he End-
E f f e c t o r System:

Note: Arguments i n parentheses a r e no t mandatory.
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POSITION p o s i t i o n , ( f o r c e ) , ( v e l o c i t y )

Gr ipper f i n g e r s a r e servoed t o the s p e c i f i e d
pos i t i on . I f a f o r c e i s s p e c i f i e d and i f
e i t h e r f inger de tec t s a normal f o r c e g rea te r
than t h a t fo rce the operat ion i s suspended.
Finger v e l o c i t y i s observed i f s p e c i f i e d
o the rw i se max v e l o c i t y i s assumed.

LEFT FORCE force, ( p o s i t i o n ) , ( v e l o c i t y )

RIGHT FORCE f o r c e , ( p o s i t i o n ) , ( v e l o c i t y )

L e f t o r r ight f inger i s servoed t o t h e
s p e c i f i e d opposing force . I f a p o s i t i o n i s
s p e c i f i e d and the f inger reaches the p o s i t i o n
be fo re the s p e c i f i e d f o r c e i s achieved the
operat ion i s suspended.

RELEASE ( f o r c e ) , (pos i t i on ) , ( v e l o c i t y )

Th i s cowand i s a subset o f POSITION w i t h the
d e f a u l t p o s i t i o n a t full open.

MEASURE ( fo rce ) , (pos i t i on ) , (ve loc i t y )

T h i s cowand i s a l s o a subset o f POSITION but
u s u a l l y executed f r o m a ful l open pos i t i on .
The d e f a u l t va lues a r e maximum gripping
force, f u l l y c losed and maximum f inger
v e l o c i t y .
GRASP ( f o r c e ) , (posi t ion) , ( v e l o c i t y )

T h i s comand c loses the gr ipper t o maximum
gripping f o r c e on whatever ob jec t un less
o p t i o n a l arguments a r e s p e c i f i e d .

LOCK

Gripper f i n g e r s locked i n current p o s i t i o n .

FREE

Gr ipper f ingers p e r m i t t e d f r e e motion.

7. WATCHDOG SAFETY SYSTEM

Due t o the experimental na tu re o f the r o b o t i c s
a c t i v i t i e s a t the NBS, it became evident t h a t a
s p e c i a l emphasis needed t o be placed on sa fe t y .
The Watchdog Safety System has been developed i n
response t o t h i s need. The purpose o f the system

i s t o prevent the robot f r om damaging i t s e l f or
any o f the equipment on o r around i t i n the event
o f a hardware malfunction, sof tware bug or
operator e r r o r .

7.1 Watchdog Safety Computer

O n the T3, t he WDSC m o n i t o i s the ind iv idua l j o i n t
and t o o l point mot ions o f t he robot and various
s t a t u s s i g n a l s f rom the h y d r a l i c pump unit and t h e
T3 C o n t r o l l e r . The WDSC measures the amount o f
r o t a t i o n f r o m a known home p o s i t i o n , t he
r o t a t i o n a l v e l o c i t y and t h e r o t a t i o n a l
a c c e l e r a t i o n o f each o f t he s i x r o b o t j o i n t s using
j o i n t angle in format ion rece i ved f r o m t h e Joint
Angle A c q u i s i t i o n System desc r i bed e a r l i e r i n the
paper. It compares these measurements with a s e t
o f maximum values, which a re operator se lec tab le ,
and i f i n any ins tance a maximun i s exceeded, i t
h a l t s the robot . The WDSC executes the foward
t rans fo rm ( jo in t angle - to- tool p o i n t pos i t i on ) and
performs a s i m i l a r s e t o f comparisons f o r the t o o l
point v e l o c i t y and acce le ra t i on . The hydra l i c pump
unit and T3 C o n t r o l l e r s ta tus checks a re s imp le
go/no-go t e s t s . Figure 8 i s a funct ional b l o c k
diagram o f the Watchdog Safety System as c u r r e n t l y
conf igured on the T3 Robot.

Figure 8.

A l s o incorporated i n the WDSC i s a forbidden
volume check. These volumes are reg ions i n the
robot work space (e.g.,the l o c a t i o n o f a machine
too l , an opera to r ' s workstat ion,or t h e f l o o r , i n t o
which the t o o l po in t o f t he robot must not
intrude. Forbidden volumes are def ined by the
combination o f imaginary planes which have been
programmed into the WDSC. These planes a re
programmed i n t o the WDSC by moving the t o o l po in t
o f t he robot (using the Joys t i ck ) t o th ree p o i n t s
i n space wh ich de f i ne the plane. The forbidden
s ide o f the plane i s a l s o defined by a for th
point. A t each o f these points, t h e WDSC computes
the t o o l point l o c a t i o n in world coordinates and
f r o m these, the l o c a t i o n and o r i e n t a t i o n o f t h e
p lane in space. For each plane a s a f e t y margin i s

assigned which accounts f o r the d is tance requ i red
t o stop the robot. I f the t o o l point o f the robot
at tempts t o e n t e r one o f these forbidden volumes,
t he WDSC h a l t s the robot mot ion.

7.2 T3 I n t e r f a c e

The primary component o f the sa fe ty system i s the
Watchdog Safe ty Computer (WDSC). The WDSC i s a There a r e two mechanisms ava i lab le on the T3 t o

stand -alone microcomputer system that mon i t o r s per form a h a l t . The f i r s t i s ca l led HOLD-SET and

robot operations. I t s function i s t o de tec t i s e s s e n t i a l l y a so f twa re halt o f the robot by the

operat ions which a r e outs ide the range o f normal T3 C o n t r o l l e r upon external command. T h i s type of

condit ions and to stop the robo t before a h a l t leaves the robot under servo con t ro l and

c o l l i s i o n o r o the r damage can occur. operat ions can be e a s i l y resumed when the problem
i s cleared. The second type o f h a l t i s ca l led
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EMERGENCY STOP. Th i s i s a much more d r a s t i c a c t i o n
because the h y d r a u l i c s a re s h u t down and the arm
can s e t t l e t o the f l o o r . T h i s can r e s u l t in damage
t o the end - ef fec tor and equipment on the f l o o r .
A l s o recovery f r o m an EMERGENCY STOP r e q u i r e s t h a t
thwe robo t be r e t u r n e d t o i t s home p o s i t i o n .

When the WDSC d e t e c t s an e r r o r it f i r s t i s s u e s a
HOLD-SET comnand to the T3. It then cont inues t o
moni tor t h e mot ion o f t he robo t and i f the robo t
f a i l s t o s top within a predetermined t ime, t h e
WDSC i ssues an EMERGENCY STOP.

8. CURRENT APPLICATION

The robot descr ibed i n t h i s paper i s p a r t o f the
H o r i z o n t a l Worksta t ion i n the Automated
Manufactur ing Research F a c i l i t y a t the Nat ional
Bureau o f Standards. The Hor i zon ta l Works ta t i on i s
so named because i t con ta ins a numer ica l ly
c o n t r o l l e d h o r i z o n t a l s p i n d l e machine t o o l used
fo r sma l l ba t ch p a r t s product ion. The m a t e r i a l
handling func t i ons i n the Worksta t ion a r e
performed by the enhanced T3 Robot descr ibed i n
t h i s paper. The fo l low ing descr ibes the b a s i c
f u n c t i o n s o f t he robot i n the Workstat ion.

8.1 Unload Tray

Par t blanks are d e l i v e r e d t o the Worksta t ion i n a
t r a y on a robot c a r t . The t ray i s t r a n s f e r r e d t o
an unload s t a t i o n within the workspace o f t h e
robot . The Works ta t i on C o n t r o l l e r has been
in formed f r o m a higher c o n t r o l l e v e l w h a t p a r t
blanks a r e on the t r a y and t h e i r approximate
l o c a t i o n s . The Worksta t ion C o n t r o l l e r commands the
robo t t o TRANSFER each part blank on the t ray t o a
p a r t s buffering t a b l e i n the Works ta t ion . The RCS
i s only given an area i n the t r a y where the pa r t
i s supposed t o be loca ted . T h i s i s t he " ob jec t
loca t ion " argument i n the TRANSFER comnand. The
RCS employs the V i s i o n System in t h e manner
descr ibed i n Sec t i on 5 t o f i n d the p a r t and
acqu i re i t . The p a r t i s then placed on the b u f f e r
t a b l e ( the RCS mainta ins the l o c a t i o n s and par ts
inventory on the buf fe r tab le) . The RCS then
r e p o r t s DONE t o the Worksta t ion Con t ro l l e r . The
Workstat ion Contro l ler cont inues t o i ssue TRANSFER
comands t o the RCS unt i l a l l the requ i red pa r t
blanks on the incoming t r ay have been removed o r
unt i l the robot i s commanded t o do something o f
higher p r i o r i t y . A higher p r i o r i t y task might be
t o remove a f in i shed p a r t f r o m the machine t o o l
f i x tu re .

8.2 Load/Unload Machine Too l

The o t h e r func t ion o f t h e robot i s t o l oad and
unload the machine t o o l . The Worksta t ion
Cont ro l le r can reques t that a c e r t a i n type par t
blank be taken f rom t h e bu f f e r t a b l e and p laced i n
a par t i cu la r f ix ture on the machine t o o l or that a
f i n i s h e d pa r t be taken f rom a f i x tu re on the
machine t o o l and placed i n an outgoing par ts tray.
The robot a l s o does re f i x t u r i ng o f p a r t s that
r e q u i r e mu l t i p l e c u t s on the machine t o o l . A l l o f
these robot ac t i ons a r e accomplished v i a the Task
Leve l commands described i n Sec t i on 3.1.

9. CONCLUSIONS

The enhanced robot presented h e r e r e p r e s e n t s t h e
f i r s t i n t e g r a t i o n o f the Control, V i s i o n , End-
E f f e c t o r , and Safe ty Systems developed a t the
N a t i o n a l Bureau o f Standards o n t o one robot. Each
o f t h e s e systems i s s t i l l undergoing r e s e a r c h and
development and many improvements will hope fu l l y
be forthcoming. U l t i m a t e l y , we hope t h a t the
subsystem i n t e r f a c e s developed through t h i s work
w i l l become the b a s i s f o r standards lead ing t o
"plug compat ib le 'I i n d u s t r i a l automat ion systems.

10. ACKNOWLEDGMENTS

The work descr ibed in t h i s paper has been
p a r t i a l l y supported by funding f r o m t h e Navy
Manufactur ing Technology Program.

The p r o j e c t desc r i bed here rep resen ts the j o i n t
e f f o r t s o f many people. Among those who have
contr ibuted prominent ly are: J. Albus, A. Barbera,
M. Jube r t s , E. Kent, R. K i l m e r , S. Leake, D.
Myers, L. Palombo, and M. Ta r i ca .

NOTE-
Commercial equipment i s i d e n t i f i e d in t h i s paper
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tha t t h i s equipment was n e c e s s a r i l y t he b e s t
a v a i l a b l e f o r the purpose.

REFERENCES

(1) Barbera, A. J., F i t z g e r a l d , M. L., Albus, J.
S., and Haynes, L. S., RCS: The NBS Real -Time
Contro l System. Presented a t the Robots 8
Conference and E x p o s i t i o n , D e t r o i t , M ich igan ,
June 1984.

(2) A lbus , J. S., Kent , E. W., Shneier, M.,
Nashman, M., Mansbach, P., Palombo, L., Six-
dimensional v i s i o n system. SPIE Vo l . 336 Robot
V i s i o n 1982.

(3 ) Kent, E. W., Albus, J. S., Servoed wor ld
models as i n t e r f a c e s between robot c o n t r o l
systems and sensory data. Robot ica (1984)
volume 2, pp 17-25.

(4) K i l m e r , R. D., McCain, H. G., Juberts, J.,
Legowik, S. A., Watchdog Sa fe t y Computer
Des ign and Implementat ion. P r e s e n t e d a t the
Robots 8 Conference and Expos i t ion, D e t r o i t ,
Michigan, June 1984.

(5) Myers, D. R., Sensory - In teract ive C o n t r o l o f
an Ins t r umen ted Gr ipper . I n d u s t r i a l Systems
D i v i s i o n , Na t iona l Bureau o f Standards,
Gaithersburg, Md. 20899.

(6) Albus, J. S., Robotics. Presented a t the NATO
Advanced Study I n s t i t u t e on Robot ics and
A r t i f i c i a l I n t e l l i g e n c e , P a s c o l i , I t a l y , June
1983.

(7 ) Simpson, J. A., Hocken, R. J., and A l b u s , J.
S., The Automated Manufactur ing Research
F a c i l i t y o f t he Na t iona l Bureau o f Standards,
Journal o f Manufactur ing Systems, l (l),pp.
17-32 (1982).

939


