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Abstract

Robotics i s a systems science t h a t attempts t o integrate a r t i f i -
c i a l intel l igence with feedback control o f mechanical devices.
It draws on work in pa t te rn recognition, scene analysis, geomet-
r i c a l reasoning, world modeling, language and speech
ding, planning, problem solving, goal seeking, task decomposi -
t ion , manipulator control, mobility, and navigation.

Mankind's in te res t i n mechanical contraptions t h a t move and act
under automatic control date8 back a t leas t t o the ancient
Greeks. The modern h is to ry o f robotics began w i t h work in the
1950's on mechanical manipulators f o r handling radioact ive mate-
r i a l s . I n 1959, the f i r s t industrial robot wab introduced i n t o
the commercial marketplaco. Acac3emi.e research i n t o robotics
began short ly therea f te r a t MIT, Ca~e, Stanfo+, and SRI.

This paper will present a b r i e f history o f robotics and examine
the fol lowing current research topics:

(1) Kinematics, Dynamics, and Mobi l i t y
(2 ) Vision, Kinesthetic, Tacti le, and Acoustic Sensing and Sen-

(3 ) Sensory - interactive Task Decomposition, Planning, and Problem,

( 4 ) World Modeling
(5) Programming Techniques and Learning
(6) System Integrat ion

gory Processing

Solving

Future applications will cover a broad spectrum. Robot technology
f o r mobility, database access, and sensing will permit robots t o
leave the r e l a t i v e l y structured environment o f the fac tory and
enter t h e dynamic and clut tered environment o f the construction
s i t e , shipyard, farm, mines, undersea drilling, etc. Eventually
the cost will drop and the performance will r i s e t o the point
where robots can perform useful tasks in the service industries,
and even i n the home.
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A BRIEF HISTORY

Man's fascinat ion w i t h machines tha t move under t h e i r own power
and with Internal cont ro l i s a t l e a s t as o l d a8 recorded history.
A s ea r l y as 3040 B.C., t he Egyptians are sa id t o have built water
clocks and ar t i cu la ted figures, some of which eerved as oracles.
The Greeks, Ethiopians, and Chinese constructed a grea t var iety
o f statues and figures tha t acted out sequences o f motions po-
wered by fal l fng water o r steam. Hero o f Alexandria amused Greek
audiences around 100 B.C. with plays i n several acts performed
ent irely by puppets driven by weights hung on twisted cords. I n
the 15th and 16th centuries, w i t h the invention o f clockwork, a
nmaber o f tom - clocks and be l l towers were built throughout
Europe w i t h figures t h a t still today act out scenes on the hour.

During the l a s t ha l f o f the 1 8 t h century, it became popular i n
t h e courts o f Europa t o c ission t h e construction o f l i f e l i k e
automata o f anima2 , and humans fox the amusement o f
royal ty . Most no t f those still in working condition are
thc automata o f P i e r Henri -LouiR Jaquet -Droz. These are on
display in the Musee d'Art e t d 'H ie to i re in Neuchatel Switzerland

they are opera d occasionally. The S e, built i n 1770
elegantly Ur sed f i g u r e o f achild writes w i t h a

quill pen tha t i n d ped i n ink and moves o paper w i t h
graceful strokes. evice i s control led by an elaborate met
o f precision cams d y a opring-powered clock earcapement and
can be mechanicall rammed t o produce -any text . A mimilar
automaton, the Drau , has a reper to i re o f four drawings. A
third, the Musician actual ly plays a miniature organ w i t h fingerr
t h a t s t r i ke the keys i n the proper sequence t o produce t h e notes.
The Musician's breast r i s e s and f a l l s i n simulated breathing, the
body and head sway i n rhythm w i t h the music, and the eyes glance
about in a natura l way.

j e c t o f robots center on the notion o f creating a r t i f i c i a l l i f e .
Tht- p o t e n t i a l l y threatening and uncontrollable consequences o f
this poss ib i l i t y have provided the dramatic theme o f endlero
science f i c t i on stories, play., and f i lm6. On@ o f the f i r s t and
most influential works in th i s area was Franksnatmfn, publishad
i n 1817, only a year a f t e r t he author Mary Ebelley had v i s i t ed
Neuchatel where the Jaquet -Droz automata were th n, CLE now, on
display.

The fascination, awe, and sometimes fea r t h a t surround the rub--

The actua l word "robot " was not coineduntil a century l a t e r by
the Czechoslovakian playwright Capak, Robot derives from the
Czech word f o r #worker H. In the play R.U.R (Rossum'm Univerral
Robots), Capek introduces the notion t h a t robot8 could be ured i n
industry f o r reducing t h e human labor required t o produce
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manufactured goods and s e ~ i c e s . The drama comes when the robots
are endowed with emotionu, and rebe l against t h e i r human masters,

Recent science f ic t ion l i te ra tu re , most notably the stor ies of
Issac Asimov and the "Star Warm" series o f movie#, have portrayed
robots more posit ively as poten t ia l friend6 and loya l companions
o f human beings.

c l

In the r e a l world o f 1985, robots a18 much lese the subject of
melodrama and more the subject o f c a p i t a l investment decisions.
Industrial robots f i r s t entersd tha aarketplace in the 1961, and
it was not unti l 1975 tha t Unimnatian, the leading robot -manufac -
t u r e r Z i rs t made a p r o f i t [l].Contrary t o popular opinion, most
robot companies are not a good investment. Although the market
f o r robots i s growing about 30% per year, the number o f robot
manufacturers has grown much more rapidly. Today there are
l i t e r a l l y hundreds o f robot companies, many o f them among the
world's corporate giants. There are less than 150,000 industrial
robots in the world and t h e world market i s leas than $3 B i l l i o n
[2] . The bottom line i s t h a t there are too many companie8 in the
robot business f o r mor8 than a few 02 them t o make money.

The most interest ing aspect o f robotics i s t h e i r potential , no t
current, capabi l i t ies. Current robot8, even in the most advan-
ced research laboratories are surprisingly incapable o f more than
the most primitive manipulative and locomotive actions. Current
industrial robots can manipulate heavy objects, but w i t h the
dex ter i t y a f a blind, deaf, stupid, one-armed giant wearing a
s t e e l boxing glove and with both fee t nai led t o the f loor . Cur-
r e n t industrial rabot carts can move about on wheels OR f l a t
f loors, and some research robots can even walk -0 but w i t h not-
hing approaching the ambulatory sk i l l o f a beetle, much less t h a t
o f a h u a n being.

A h is to ry o f modern robotics research would begin a t MIT, w i t h -
H.A. Emst. It would include work on robot carts and anus and
robot plans a t M I T under Marv in Xinsky and a t Stanford University
under John MacCarthy. It would point out important milestones
such as Richard %oun Paul's work on WAVE [3], Tom Sheridan's
work on Supervisory Control, Dan Whitney 16 developm
Resolved Motion Rate Control t4J , and Tom BinfordIs deve
o f AL. It would credi t the pioneering theoret ica l otud
Vucobratavich [5 ] and Bob McGhee, the ear ly innovative work o f
Poppelstone and Ambler [b] a t E inborough, and the extensive ARPA
investment in the "Shakey" pro j c t a t Stanford Research Inst i tute
[7 ] . It would come up-to-date w i t h the Robotics Ins t i tu te a t
Carnegie Mellon, the Manufacturing Automation programs a t the
Na t iona l Bureau o f Standards [ S I , and i n a number o f aerospace
industr ia l labora tor ies as a r e s u l t o f funding by the U.S. A i r
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Force and Navy through t h o i r respect ive Reeenr ih and Manufaotu -
r ing Tochnology Program o f f f o r r .

CURRENT RESEARCH TOPICS

1. STRUCTURES

a) Kinematics
b

Although there are a great varisty o f robot6 on the market w i t h
many d i f fe rent - size, shape, and form. fac to r ,- much remains t o be
&..ne t o improve the mechanical performance o f these devices.

Perhaps the most elementary problem i s t h a t o f accuracy. Most
current industrial robots aperate without significant sensor
feedback. Welds are made, adhesives are applied, parts are
picked up, put down, inserted into j i gs and fixtures, and assem-
bled by open-loop dead-reckoning. Joint angles are monitored and
servoed t o commanded po~ i t i ons , but nothing di rec t ly measures t h e
p o s i t i o n o f the endpoint r e l a t i v e t o the work-piece. Programs
are w r i t t e n i n te rns o f jo in t angle positions, o r Cartesian poses
w h i a h are ~ i m p l ealgebraic transformations o f joint positions.
I n order t o p r ~ g r ~auch robots off - l ine, they must be able
t o go t o e a n ~ e ~coordinate points. Although t lra repeata -
bility o f moa obots i s on the order o f  ne m atar over t h e

(and in eonm cases good a 1 HIP.), the
itioning accuracy i n often worse %US 01: BhU6. Thus, in many application6 it pos8ible t o

gram a robot from an ext m a l data baee, andit i s not
ssible t o transfsr il, prograrn taught en on. robot t o another.

Some modern robots have absolute accuracy e r r o r tablar in t h e i r
software eo t h a t syetematic e r ro re can be correctod i n moltware,
but th is i e only avai lable on the more sophisticated machinar.
A more common engineering approach t o the accuxaey an4 tepeatabi - '
l i t y problem i s t o make robot atructures very o t i Z f and rigid.
Unfortunately, thi6 mams t h a t industr ial robots tend t o be
massive and ungainly. Most robots are cumberserne devices t h a t
can lift only about one twent ie th o f t h e i r own weight. Compar
t h a t t o the human arm which can lift about ten times i t s own
weight. The dif ference i n the strength -to-weight r a t i o i s a
fac to r o f two hundred.

-.- -

b) Dynamics

rmance i e also an area where much remains t o be
nt ly ava i lab le robo t servo systems do no t adapt t o
n e r t i a l conf igurat ion o f the robot, nor do they
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adapt t o Lhe var ie ty o f loads tha t the robot must carry.
The r e s u l t i s tha t robot eervo systems typ ica l ly are far
f rom optimal, and often it i s dif f icult t o find any set of
sat is factory servo parameters t h a t willmake t h e robot etable
over the full range o f possible loads and configurations.

Many technical papers have addressed the dynamic equations of
multijointed manipulators. The two most popular approaches are
the Newton -EUht me thod and the Lagrangian formulation [9].
These al low the joint torquea t o ba computed i n terms o f desired
ve loc i t ies and accelerations. Unfortunately, these equations.are
so complicated t h a t real - time computation requires a great deal
o f computing power, and i n practice, PID (Proportional, Integral,
D i f f e r e n t i a l ) control lers are insta l led on each jo in t . O n almoet
a l l industrial robots, the jo ints are servoed independently and
forces resulting from cross-products o f iner t ia are treated as
disturbances.

I n order t o maximize the r a t i o o f load-to-ann-weight, new mecha-
n i c a l designs f o r robots w i l l use light weight materials such
as carbon f i lament epoxies and hollow foam - fil led tubu la r
constructions. Advanced control systems w i t h s t ra in gauges,
accelerometers, and end-point sensor8 will be used t o control
light -weight structures t h a t f lex and twist under gravity and
accelerat ion loads.

Control algorithms f o r light-weight f lex ib le a r m are being
investigated in several laboratories, ntbst notably Bob Cannon's
a t Stanford University, but the work i s very preliminary a t
t h i s time. Now ere i s there a robot device approaching the
ove ra l l performance o f biological arms, legs, and wings. For
example, t h e top slew velocity o f a robot arm i s typ ica l ly
around 40 inches per second, whi le the top velocity tha t can be
achieved by the human arm during a task such as throwing a
baseball i s around 1500 inches per second. The dif ference in
speed i s a factor o f nearly forty.

End Effectors

Much also remains t o be done i n robot end effectors and gripper
design. Typically, robot hands consist o f pinch-jaw grippers
with only one degree o f freedom -- open and ehut. Contrast
this w i t h the human hand w h i c h has f i ve fingers, each w i t h
four degrees o f freedom. No robot hand comes close t o the
dexter i ty o f the human hand.

One approach i s t o design interchangeable grippers and end effec -
t o r tooling, but th is i s not without cost. Bringing sensor
signals and power f o r control through an interchangeable in te r -
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face i s expensive.

Another approac;h i a t o design 8ophi8tiCated adaptsble gripperm.
There have been several designs of th ree fingered gripperr. One
c t the Electrotechnical Laborato , Tsukuba, Japan, can r o l l a

act ion i s slow and awkward. A s imi la r three - fingered gripper
has been developed by Ken Salisbury [LO) a t M.I.T., and
another i s under development by Steve JacobsenEll]a t the
t!niversity o f Utah. The development o f con t ro l algorithms f o r
tnese typee o f grippers i s i n a very primitive - s ta te [12].

b a l l between i t s fingers Qr t w7rl a cardboard baton, but the

cther complex hands have been built, such ab the one designed
a t the University o f Rhode Island [13] , which has little suction
cups on the ends o f the many extensible rods t h a t conform t o the
tur face o f the object. Presumably, a p a i r o f such devicee, one
i n each jaw o f a gripper, could grasp, and perhaps even ac t ive ly
repos i t ion an object i n i t s grasp.
con t ro l algorithms f o r t h i s type
seriously addressed.

However, the
o f gripper has

d) Mobil i ty

development 03
not y e t been

Many poten t ia l robot applications requ i re mobility. Most robots
today are bol ted t o the f loor , o r t o a tabletop. Glnall robots
can reach only 20 t o 50 centimeters,. while la rger on s can grasp
cbjects two o r thrse meters away. However, many applications
need robots which ~atlsmaneuver over much la rge r distances. I n
construct ion tasks il such as assembly 02 la rge etructures, ship@,

- - o r buildings, it i s not p r a c t i c a l t o bring the work t o the robot;
t h e robot must go t o the work, sometimes over distances o f a
hundred meters o r more.

Mob i l i t y can have considerable economic utility even in machin.,
t o o l loading. Robots used t o load machine too ls typical ly spend
must. of their t ime wai t ing f o r the machine t o o l t o perform it6
operations.

Today, t h i s problem i s solved by positioning a mingle robot
between t w o o r more machine t o o l s so t h a t it can be more ful ly
u t i l i zed. This leads t o crowding o f the work environment and i n
mny cases i s simply not p rac t i ca l . I n a few applications robots
have been mounted on r a i l s so t h a t they can rehuttle between
Eevera l machines. This type o f mobility i s of ten too expensive
and cumbersome.

Commercial rabot car ts o f various types typical ly fo l l ow wires
buried i n the f loor , o r are pulled by chains l i k e cable care.
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Presumably, robot arms could be mounted on ouch carts, but no one
has yet marketed such a system. Out6ide tho domain o f manuFactu -
ring there are experimental mobilo robots t h a t havo been designod
f o r a number 02 applications.

The J e t Propulmion Lab has testod a Var ie ty o f whoelad and trec -
ked vehicles f o r poseiblo use a8 a planetary roving vehiclo [lr].
Jean Ver tu t o f the French Atomicr Enar Department has built
several roving vehicl.8 f o r performing k. i n a nuclear radia -
t i o n environment. Marc Raiber t a t Carnegfo Mel lon has dovelopad
a one-legged, hopping robot, and i s now constructing a four-
legged multi -gaited robot which can walk, t ro t , o r gallop. The
DARPA Stra teg ic Computing program has funded both walking and
wheeled autonomous vehicle programs. A ship-building robot should
be able t o maneuver inside odd-shaped compartments, climb over
r ibs and bulkheads, scale tho side o f tho 8hip'8 hull, and weld
seams several hundred fee t i n length. Simi lar mobility require -
ments ex is t i n the construction o f large buildings. Construction
robot6 will need t o be able t o maneuver through tho cluttored
environment o f a building sit.. In mome cases wheeled vehicle8
will be adequate, but in many application8 construction robots
will need t o climb atairs , work f r o m 8caZfOlding, o r even be
suspended Zrom cables by cranes.

Future applications f o r mobile robots will include undersea ex-
ploration, and drill ing and mining o f the seabed. Eventually,
mobile robots will explore the moon and planets. Needless t o say
these will requi re signizicant new developmente in robot mobility
mechanisms.

2. SENSING

A second major robotics research topic i e sensors and processing
technigues which enable robots t o detec t information about
the state o f the environment. This i8necessary if robots are-
t o behave i n an intell igent way. Sensory guided robots will
need t o be able t o mea, feel, hear, and measure the posi t ion
o f objects i n a number o f d i f fe rent ways. Data Zrom sensors
must be processed, and information extracted t o d i rec t robot
actions so t h a t the robot system can 6uccessfully accomplish it8
task objectives i n spi te o f uncertaintiea, perturbations, and
unexpected conditions and events.

a) Machine Vision

Machine vis ion i s by f a r the most popular sensory research
topic, and also the most di f f icul t . The current s ta te o f t h e
a r t i n commercial robot vision systems i s almost en t i re l y res -
t r i c ted t o the detect ion and analysis o f binary (black and
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I

whi te) S i lhouet te images. Much o f t he or ig inal work i n t h i s
area was done a t the Stanford Research Inst i tu te [15]. Typical -
ly , a single i s o l a t e d p a r t i s photographed and the image data
thresholded t o produce a binary connected region. A o s t of
fea tu res i s then computed on t h i s region. For example, t h e
centroid, t he area, the principal axis, the perimeter,
and the inclusion relat ionships o f holes can be computed.
1x1 many cases these features are suf f ic ient t o recognize
an object and t e l l the robot where it i s so. t h a t it can be
picked up.

'I'Pe connected region analysis method has   eve re limitations. For
example, it cannot deal with parts t h a t are touching or overlap -
ping: ar?d it does not give any information a8 t o the third
dirnensiop o f depth, o r t o the or ientat ion o f parts re la t i ve t o
the foca l plane o f the camera.

In recent laboratory research using silhouette images, compu-
Idt ion o f t he position, spacing, and or ientat ion o f features

as cornerta, holes, edges, a curve@ i s performed [ lb ] .
The geometrical relationships o f t e features t o each other
can be used t o character ize the ge. Once this i s done,
these features and relat ionships can be compared t o a modal,
CL- an i d e a l i age o f the part . If a Batch i s detected between
+.he features of the obgerved image and ' t h e e o f the model, than
the pos f t i cn and or ientat ion o f t h e par t can be computed even
If it i s p a r t i a l l y hidden o r obscured by touching o r overlapping
parts.

A l l binary
s i tuat ions
surf ace.

s i lhouet te image analyeis techniques are l im i t ed t o
where parts are r e l a t i v e l y f l a t and lying on a known
It does no t work w e l l f o r parts t h a t have important

three dimensional contours o r are stacked in p i l es o f unknown
height. I n order t o deal w i t h th ree dimensional relationships,
some form o f stereo, tr iangulat ion, o r t ime - of- fl ight ranging -
system must be used.

Stereo imaging has been widely researched, butthe results have
been slow t o f ine industrial applicatiuna. The
stereo vision requires t h e ident i f icat ion o f corresponding
points (i.e., one must calculate which p i x e l i n the f i r a t imagg
i s i l luminated by the same point i n the wor ld as the corrasponc
ding p i x e l i n the second image). This i s not easy t o deter -
mine since it typica l ly requires some form o f cross cor re la t ion ,
which i s computationally ve ry expensive.

i

Structured light i s perhaps the most commonly used technique
f o r simplifying the corresponding points problam. A mfmple
ray , o r plane o f l igh t i s often projected on an object from
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one point, and viewed from another point some distance
from the projector. In Figure I,two v e r t i c a l planes, one on
e i t h e r side o f the camera, cast two etreako o f illumination
across'tha landacape. Th8 apparent pos i t ion o f the rt reake i n
the thresholded image give. a measur8 o f diotanco t o
the re f l ec t i ng object. The distance from the odge o f tho f
t o each illuminated p i xe l i s a measure o f the range along tho
ray generated by t h a t pixel. The shape o f th8 observed r t raak
gives a measure o f the shape o f the object. Tho plane of
light reveals the depth p r o f i l e o f the onvironment along tho
intersect ion o f the plane o f light w i t h t ho objoct.

If a camera and light projector are mounted on a robot
wrist, a sing18 hor izonta l plane o f light can bo used t o
compute the distance t o an object, as w e l l as the yaw angle
between the surface o f the object and the robot gripperm. 2%.
yaw angle i s proport ional t o the elope o f th8 illuminated
streak [17].

More stripes, o r even matrices o f points and l ines can b8 used
t o analyze more complex curved surfaces. The problem i s t h a t the
more complex the projected l ight pattern, the more dif f icult it
i s t o identify which re f lec ted point i n the image corresponds t o
which projected ray or plane -- tha t i.8, the problem o f
corresponding points reasserts i t se l f . I n some cases t h i 6 can
be solved by time sequencing, and thus encoding the various
components o f the projected light pattern.
If a t w o plane structured light system i o combined w i t h . a
binary image analysis program, it b COlb08 po88ible t o GompUtO
a l l s ix degrees o f freedom o f the ob ect r e l a t i v e t o the gripper.
As mhown in Figure 2, a pair o f planes o f light can o~~aouro
the range, yaw, and pitch angles o f a 6urface o f M object.
B inary image analysis can nmasure the elevation and az imuth
angles o f the centroid o f the surface. The direct ion o f
the principal axis (or o f one o f the edges) can b used t o
compute the r o l l angle o f the robot gripper. Th sa measure-'
ments (range, elevation, azimuth, r o l l , pitch, and yaw) are
the s i x degrees o f freedom needed t o control the motion o f the
hand o f the robot re l a t i ve t o a rrurface on the object. [18].

b) O t h e r Sensors

To be t ru ly dexterous, robots need sensors other than vision.
Typically, the scanning r a t e f o r TV cameras and the proce
algorithms required t o extract information f r o m vision sy
are too slow f o r high performance servo loops. Just t o acari a
single image requires about 30 milliseconds. Vison procesring
algorithms may take eeveral hundred milliseconds. Thus, TV
camera images can be used t o acquire stationary objects, o r t o
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but f o r h i h performancet rack moving ob ect r a t a distanoe,
approach and gr pping oparationr, f a r t o r aot ng rrnrorr arm
requirod. For axampla, fora. rervoing rmay roquirm loop ban-
dwidths greater than 100 Hartr . Thir oorrrrpandr t o
loop t ime delay8 o f l e e r than 10 millirecondr. Typically,
proximity, forca, and touch mensora cran o a r i l y meet thoro
requiremantr.

P

Forco sensors can bo mounted o i the r i n the fingrrtipr, o r in tha
wrist. A nussbsr o f commerc -ial wrirt force renrora ara now avai -
lable. These can resolve and measure the three forces and
three torques a t the robot wrist. The principal disadvantage
o f a w r i s t force sensor i s t h a t t he weight o f the hand i t s e l f
i s a signif icant factor. It i s thus difficult t o measure
smal l forces and torques because they are masked by the weight
o f the hand.

Work i s being done a t a number o f d i f f e r e n t laboratories on
o f touch sensors which enable the robot t o detect the

shape o f the object being grasped, as w e l l as the posit
o f tho object i n tha hand. However, ut present there me
t o be l imi ted ut i l i ty i n using large finely 6paced arrays
touch sensors t o recognize shape, pa r t i cu la r l y in a factory
environment. Seldom does one program a robot t o grasp an object
by t h e edge such t h a t the outl ine o f the edge o f a surface can be
sensed by touch. The overa l l shape o f an object i s usually
easier t o measure by visual o r other non-contact sen ore .before
touch occurs, and rurface or ientat ion can be measured by as few
as three t a c t i l e @sn8O+oo O f course, there are applications
where sophiatfcated t a c t i l e shape diecrimination i 6 crucial t o
task performance, euch as underwater where vision i s obstructed
by murky water. I n a factory environment 8uch d i f f i cu l t i es
are seldom a probl~m.

Proximity sensors of ten use infra - red light-emitting diodes in a
var ie ty of configurations. sensors may measure distance ae-
inversely proport ional t o re f lec ted intensity. This requires
8ome method o f compensating f o r variat ions in reflectance o f the
object l

Once the object i s within the grippers, beam breaking sensors
can be used t o detect t he exact pos i t ion of edges o f the
object. Other techniques f o r measuring proximity over
smal l d is tan ls are addy current detectors, and a i r pres-
sure detectoro, w h i c h sense the back pressuro from an a i r
j e t pro jected onto the surface o f an objeot.

Acoustic sensor. t h a t mearuro the t ime o f fl ight o f an
ul t rasonic pulrro can be used f o r detecting the dirtanco t o
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objects up t o 15 f e e t away. The most popular commercially avai-
lab le acoustic ranging sensors saturate inside a few incheft, so
they are not useful f o r the terminal phase o f gripping opera-
tions. However, such sensors are idea l f o r measuring the
height of objects in a stack, or f o r detecting the presence of
obstacles o r intruders i n the robot work area. Thus, they can
be used for safety sensors.

(3) CONTROL

The fundamental technical problem in robotics i s goal-seeking,
i.e., the generation and contro l o f behavior t h a t i s successful
i n accomplishing a task o r goal. The purpose o f a robot control
system i s t o accomplish commanded tasks. The purpose o f mensors
and sensory processing i s t o detect the state o f the environment
(i.e., the posit ion, orientation, and spatial - temporal re la t ion -
ships o f objects in the world) 80 tha t control signals approp-
r i a t e t o t h e task goal can be generated. Among other things, t h i s
implies t h a t the processing o f L nsory data must be done in the
context o f the control problem. Because o f th is tight interac -
t ion between sensing and contral, we will constantly intermix
sensory processing in our discuaaion o f the control system.

Most industr ial robots today have no sensors, and i n aany cases
ir control mystem i s nothing more than a memory which can

stars a aer ies o f points and a sequencer which can step M e robot
through the series o f recorded paints.

The situation i s more complicated if a robot has sensors. Robots
w i t h sensors require as a minimum, the ability t o modify the
sequence o f programmed points in response t o sensor data. To
achieve full real - t ime sensory - interactive behavior, a robot must
have the ab i l i t y t o change the actual positions o f the recorded
points i n r e a l time. Precomputed t ra jec to r ies willnot work.,
Trajector ies must be recomputed on the fly.

Real ly sophisticated robot control systems need t o be able t o
accept feedback data a t a var ie ty o f levels o f abstraction and
have control loops w i t h a var ie ty o f loop delays and predictive
intervals. Force and veloc i ty data used in servo loops fo r high
speed o r high precision motions can be processed and introduced
i n t o the control system w i t h delays o f no more than a few
seconds. Vision data f o r detecting the position and Or ienta t ion
o f objects t o be approached typically requires hundreds o f
milliseconds. Processing sensory data t o recognize complete
objects o r i n te rp re t complicated relat ionships between groups o f
objects can take seconds. Control systems t h a t are properly
organized i n a hierarchical fashion so t h a t they can accommodate
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a var ie ty o f rhnmory delayr o f thir typa ara not avai labla on
any oomera ia l r o b t .

Figure 3 i l l u s t r a t e s the barric concept8 o f a hierarchical con-
t r o l system. O n the l e f t i s an organizat ional hierarchy whe-
r e i n computing modules are arranged i n layers. The baeic struc -
t u r e o f t he organizat ional hierarchy i s a tree.

A t the top o f the hierarchy i s a single high - level computing
module. Here a t the highest leve l , the most global goals are
decided upon and long-range strategy i s formulated. Feedback t o
th is l e v e l i s integrated over an extensive t ime per iod and i s
evaluated against long-range objectives. Decision8 made a t th i s
highest l e v e l commit the en t i re h ierarch ica l structure t o a
unified and coordinated course of act ion designed t o achieve the
selected goal. A t each lower level, computing modules decom-
pose t h e i r input command in the context o f feedback information
generatsd from other module a t the same o r lower levels, o r

e external environm nt. Sequences o f rrubcommands are
sued t o set6 o f subordin tea a t the next lower levml.
composition process i s ~ ~ ~ ~ t ~ da t each ouccessivmly

lower h ierarch ica l leve l , unti l a t t h s r bottom o f the hierarchy
t h e r e i s generated a ee t o f coordinated sequences 02 primitive
actions which drive individual actuators such aa motors, or
hydraulic pistons, i n generating motion8 and force6 in mechani -
c a l membsrro.

Each chain-of-command i n the organizat ional hierarchy oonsirtr o f
- a computational hierarchy o f t he form ehown i n the center of
- - F i g u r e 3. This computational hierarchy contain6 three para1182

hierarchies: (1) a task decomposition hierarchy which decompose8
high - level tasks into low l e v e l actions, (2) a sensory processing
hierarchy which processes sensory data and extracts the in foma -
t ian needed by the task decomposition modules a t each l e v e l and
(3) a world model hierarchy which generates expactations of -
sensor data a t each l e v e l based on the subtask currently being
executed a t t h a t level. Each l e v e l o f the task decomposition
hierarchy consists o f a processing unit which contains a set o f
procedures, functions, o r ru les f o r decomposing hig
Input commands i n t o a string o f lower leve l output c
the context o f feedback infopapstion from the sensory
hierarchy. A t every t ime increment, each H u l e i n the talek
decomposition hierarchy samples i t s inputs ( and and planning
inputs f rom tha next higher l e v e l and feedback from the world
model module a t the same level ) and computes an appropriate
output.

a) Task Decomposition
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I n a robot cont ro l system, servo computationo ar8 made a t t h e
bottom (or eerot8) l e v e l o f the taok decomposition hierarchy.

A t l e v e l one, coordinate transformations aro dona, and mot
commands are scaled t o hardwaro l imi ts on veloci ty and forco.

A t levo1 two, elemental moves (such <REACH To (A)>, <LIFT,,

i n t o force and velocity trajeotori.8 An a convonient coordinate
system. Ideal ly, the control system will allow a coordinate
frame t o be defined e i t h e r in the robot'. work 8pac0, in tho
part , o r i n the robot 's gripper.

<ORIENT ON (B)>, a O V E TO (X)>, <RE E*, .LC.) aro decomposed

A t l e v e l three, simp18 tasks (such as <FETCH (A)>, <MATE (8) TO
(A)>, <LOAD TOOL (C) WITH PARIT (D),, etc.) aro decomposod i n t o
the @et o f elemental moves which can be interpre tod by the 8econd
level . Input commands t o the third l eve l are i n terms o f ob=
jects: object positions, orientations, and volocit ies, and forcar
and torques between objects.

b) Sensory Processing

Each leve l o f the task decompodtion hierarchy i s serviced by a
feedback processing module which extracts the information needed
f o r control deci8ion8 a t t h a t l eve l from the mensory data stream
and from the lower l eve l control modules. The feedback proces-
sing modules a t each leve l detect features, recognizm patterns,
cor re la te ObS8r~at iOnS against expectations, and format the
resu l t s t o be used i n the decisions and computational procedures
o f the task decomposition modulo8 a t tha t levol.

A t the zeroth l e v e l o f the hierarchy, sensory processing modules
filter and scale joint position, force, and torque data t o be
used by the joint ~e rvos .

A t the f i r s t level, 6ensory processing modules transform sensor-
data i n t o the proper coordinate frame f o r servoing the robot hand
in position, velocity, and force.

A t the second level, data variables representing robot position,
velocity, and force r e l a t i v e t o goal points and t ra jec to r ies are
extracted f r o m the sensory data stream.

A t t h e third level , the three dimensional positions o f visual
(such as edges, corners, and holes) are computed and

combined t o determine the posi t ion and orientat ion o f surfaces
and volumes o f objects. Ident i t ies o f objects may also need t o
be computed (or recognized) a t th i s l e v e l i n order t o access
in fomat ion f r o m a world model knowledge base.
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I n general, sensory information a t the higher leve ls i a more
abstract and requires the in tegrat ion o f data over longer t ime ~

intervals. However 8 behavioral decisions a t t he higher leve ls
need t o be made less frequently, and therefore the greater amount
o f sensory processing required can be tolerated.

A number o f other organizational structures have been proposed
f o r robot control syatems. The hierarchical approach has an
advantage over other methods of robot conkral fn t h a t it:allows
the cont ro l Bystem t o be par t i t ioned i n a way t h a t maps d i rec t ly
onto the task decomposition hierarchy.

There is , o f course 8 nothin3 new about the concept o f hierarchi -
c a l control. It was the basic command and contro l structure
used in the Roman i re . It i s still used today by m i l i t a r y
organizations, gove nts, and business corporations.

It should be noted tha t i n the contro l hierarchy described
here, a6 w e l l as those which have proven ef fec t i ve i n mi l i ta ry ,
government, and. corporate ap?lications, many types of information
such as sensory, modelling, anU status variables, (but not con-

f l ow back and f o r t h across the h ie rar a t the same
, even between control modules a t tihe 8 levsf. Only

con t ro l commands f l o w s t r i c t l y according tu a h archical tree.
A l l other type o f information are typically availabla t o a l l
members o f a given level .

- (4) WORLD MODEL
- -

The representation of knowledge about the world i n an i n t e r n a l
model i s absolutely cruc ia l t o both the proceasing o f sensory
data and the decomposition o f tasks and goals. The world model
hierarchy shown in the middle o f Figure 3 contains pr ior know-
ledge about the robot 's work environment. The data in ths
world model may be learned (i.6~~~entered by cltoring feature
parameters during a training sassion using a sample par t ) , o r it
may be generated from a Computer Aided Design (CAD) data baae
which contains a geometrical representation o f expected parts. I n
e i the r case, the world model hierarchy contains algorithms which
can compute information as t o the expected shape, dimensions,
and surface features o f parts and tools, and may mvm compute
t h e i r expected posit ion and or ientat ion a t various momenta in the
task history. This information assists the oensory processing
modules i n selecting processing algorithms appropriate t o the
expected incearing sensory data, and i n cor re la t ing observations
against expectations. The sensory processing mystem can thereby
detect t h e absence o f expected events and measure deviations
between what i s observed and what i s expected.
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a) A Hierarchy o f Model8

A t the 'coordinate transZormation and sewo level, the
generates windows o r filter functions t h a t are used t o ecre
track the incoming raw data stream.

A t the elemental m o w level, t h m medal genorates oxpected posi -
tions and orientat iono o f speciZic iaaturos o f part8 and tools,
such as edges-, cornore, mur$ae8@, ho1.8, and slot.. T h m vir ion
processing modules attempt t o fit t.he@m models t o incoming vi-
sual data. Differences betweon the prediction. and tho observa-
tions are reported back t o the model, And the f i t t e d idea l fea-
tures are passed on t o the next higher l eve l as the best guear
of the actual posi t ion o f the featureo i n the environment. A n
example o f t h i s i s the two dimensional model matching work o f
Bol les and Cain [19].

A t the simple task level, the model contain8 knowledge of th8
geometrical shape6 o f surfaces and volumes o f three dimensional
objects such as par ts and toola. The vision crystem attempts t o
Z i t the set o f detected featuros t o these surfaces and V O l U ~ 8 .
Differences between the obsemations and the predictions are
reported back t o the nodel, and tho ehiFted prediction i s parr8ed
on t o the nex t higher l e v e l as the best guess as t o the position
and or ientat ion o f ro l id object6 i n tho environaumt.
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b) Observation6 and Predict ions

...
- -

Differences between predictions and observation8 are measured by
t h e sensory processing module a t each level . These dif ferences
are fed back t o revise the world model. New predict ions
ra ted by the revised model are then sent t o the sensory pr
sing module. The resulting in te rac t ion between 8ensory procss-
sing and world modeling i s a looping, o r re laxat ion procerm,
which tends t o pull the expectations i n t o correepondsnce w i t h
observations, In the case of time dependent data,.sueh as speech
o r music, this matching process takes on the character o f a
phase-lock loop, o r synchronous detection procese.

Errors between observations and predictions a t each leve l may
a lso be used by the task decomposition hierarchy t o modify
actions and bring sensory observations i n t o correspondence w i t h
wor ld model expectations.

I n e i t h e r case, once u match i s achieved between obsentation and
expectation, recognit ion can be said t o have been achieved. The
model can then be us as the best guess o f the s ta te o f the
externa l world, and e taak decomposition hierarchy can act
information contained i n the model which cannat be obtained 4
d i rec t observation. For example, a robot cont ro l system may use
model data t o reach behind an object and grasp a surface which
the model predict6 i s there, but which i s currently hidden from
view. I n many cases, the model can provide much more precise and
more noise f ree data about an object than can be obtained from
d i r e c t measurements, because many d i f f e r e n t sensory measurements
can be fit t o t h e model by s t a t i s t i c a l regression techniques.
Individual sensory measurements are of ten are made under less
than opt ima l conditions w i t h r e l a t i v e l y low resolut ion and mome-
t imes noisy instruments. Once it has been determined t h a t a
pa r t i cu la r nodel f i t s t he object being observed, the modal can
there fore provide more complete and r e l i a b l o control data than
d i r e c t measurement o f the object i t se l f .

A large degrae o f di f ference between expectations generated by
the model and observations derived from sen80r8 means t h a t a
recognition has not yet been made, or t h a t there i s no pr ior
knowledge or experience which applies t o the cur rent s ta te o f the
environment, o r t h a t the appropriate model has not yet been
correct ly transformed spat ia l ly o r temporally t o generate t h e
proper se t o f expected feature relationships, o r t h a t the inco-
ming sensory data i s too noisy, o r i s being improperly processed
and f i l t e r e d . I n any o f these cases, t he computational problem
i s t o decide which type o f e r r o r i s being encountered and what
i s requ i red t o remedy the discrepancy. I n many cases, this type
o f problem can be solved e i t h e r by a s e t of s i tuat ion/act ion
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ru les o f an expert system,
dures.

o r a set o f heurist ic search proce-
e*

It i s possible t o use the topology o f an object t o define a
parce l la t ion o f space. I n other word#, there are regions in

object i s visible. The boundaria8 t o theee regions are defined
by the points along w h i c h features just come into view, o r jut
sink below the horizon. Within theso regions the rolat ionahip
between features change8 rrmoothly w i t h motion o f the observer and
can be described parametrically. The topographical relationships
between these regions CM be described by a graph structuro
which defines the ent i re parcel lat ion o f opace around the object
[20]. Since t h i 8 graph i a an invariant property o f the object
i t s e l f , it may be computed of f - l ine and storod i n the data ba80
o f the wor ld model.

space around the object in w h i c h a particular aopect o f e

(5) PROGRAMMING KETETODS

Technique@ f o r developing robot software must be vastly improved.
Programming -by-teaching i 8 impractical f o r small l o t production,
especially f o r complex tasks where sensory interaction i s invol -
ved.

Shop f l o o r personnel unski l led in computers must bo able t o
instruct robots in what t o do and what t o look f o r i n making
sensory decisions. The development o f compiler. and inte
and other software development tools, ab w e l l as techni
making use o f knowledge o f the environment derived from
o f d i f f e r e n t sensors and CAD data-bases aro research topics - et
will occupy the attention o f robot sy8tem8 software designers
f o r a t l e a s t the next t w o decade..

It i s not c lear just ye t what tho characteristics o f good robot
programming methods willbe. Rowever, top-down structured prog-
ramming techniques will surely be necessary. The real - time'
demands o f sensory - interactivo goald i rected behavior imply that
timing and synchronization willbe a primary concern. If the
contro l system i e hierarchically structured as suggested in
Section (3), there will need t o be a separate programing lan-
guage, o r a t leas t a separate mubset o f the programming lan-
guage, f o r each leve l o f tbe hierarchy. The command verbs are
d i f f e r e n t a t the various hierarchical levels, the type of dwf -
sions that need t o be made CIFIleve l dependent, and the prw
dures executed by t h e computing modules are unique t o each leVel.
It may be useful t o have a var iety o f programmfng and debugging
too l s a t each leve l o f the hierarchy.

Y e t , t h e various leve ls have much in common. Each leve l per-

17



I

forms a task decomposition function, hence much o f the control
system and the moftware which runs i n itwill tend t o h a w the
same log ica l structure.

If the rynbol io oonuaanda generated a t each lov.1 o f the task
decomposition hierarchy aro represented as vectorr I o r pointr, in
a multidimensional n6tate-space”, and if these points are p lo t ted
against time, the behavioral t ra jec to r ies shown on the right o f
Figure 3 resul t . The lowest l e v e l t ra jec to r i es o f tha behavio -
r a l hierarchy correspond t o observable output behavior. A l l the
higher l eve l t r a jec to r i es represent the deep structure of the
contro l programs. This implies that s ta te - t ra jec tor ies generated
by a hierarch ica l robot control systems define a deep structure
o f behavior analogous t o Chomsky’s notion o f the deep structure
o f language [20]. The study of state-space t ra jec tor ies which
form the deep structure o f robot behavior may some day provide
the mathematical and computational too ls f o r simulating and mode-
l ing the neuronal s ta te t ra jec to r ies in the brain which generate
human behavior, includhg natural language [21].

The programming languages a t each l e v e l may be procedural. There
ex is t a large number o f procedural rob& prograrmaing languages
such as VAL, AL, RAIL, R A P T ? MCL, AML and other. [22].

A l t e rna t i ve l y , robot programs a t each leve l can be represented
as s ta te graphs, or ass #state t rans i t ion tables [23 ] (Barbera and

o f production ru les B.U as are used in
l i n e in the tab la corresponds t o anI mle . I F ( the
command i s such, and t h e state i s ea, e feedback condi-
t i o n s are thus) / THEN (the output i s w h a ~ ~ v ~ ~i s stored on the
right hand side o f the table, and the system steps t o the next
state) . The addit ion o f each node or dge t o the state-graph,
and the corresponding l ines added t o the state t rans i t i on tab le
i e t he equivalent o f the addition o f a new chunk o f knowledge
about how t o deal w i t h a specif ic control s i tuat ion a t a par t i - -
cu lar point i n a problem domain a t a unique t ime in the task
execution. This approach thus bridges the gap between servomec -
hanisms and f in i te state automata a t the lower levals, and
expert system technologies a t the upper levels.

FitZgeZ’ald, 1982). 6 t a t rane i t ion tables are -a part icular form

Research i s being done on methods o f generating robot programs by
simply drawing s ta te graph6 on a CRT screen, and using interac -
t i v e graphics t o l a b e l states and t o describe canmands and task
decomposition . A s ta te graph harp a l l the properties o f a f low
chart, which makes it easy t o construct given the task require -
ments, and t o read once it i s constructed. The formal propert ies
of s t a t e graphs make it feas ib le t o automatically t rans la te them
i n t o s ta te - t rans i t i on tables once the s ta te graphs have been
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constructed a t each level, It i s possible t o w r i t e compilers
which t rans la te the state graph f low charts d i rec t ly i n t o ex
tab le code. The RCS robot cont ro l mystem developed a t the Natio -
n a l Bureau o f Standards has the convenience -and debugging advan-
tages o f an in terpre ted language, but the execution efficieney of
compiled code.

(6) SYSTEM INTEGRATION

The s ix th major problem area i s the in tagrat ion o f robot8 i n t o
fac to ry contro l systems so t h a t many mbotb, machine tool.,
inspection devices, and materials storage, re t r ieva l , and tran-
sportat ion systems can a l l be interconnected t o function as a
unif ied system.

The computing architecture shown i n Figure 4 i s being implemen-
ted i n an Automated Manufacturing Research Fac i l i t y a t the
Nat ional Bureau o f Standards, It i s intended as a generic ays-
tern tha t can be applied t o a wide variety o f automatic manufac-
turing fac i l i t i es . A t the lowest (equipment) l eve l i n t h i m hiera -
rchy are the individual robots, N/C machining centers, onart
sensors, robot carts, conveyoro, and automatic storage ayet
each o f which may have i t s own in terna l hierarchical control

- system. Input t o the equipment l eve l i n Pi-8 4 correspond6 t o
input t o the object (third) leve l o f the robot hierarchy in
Figure 3. These equipment l eve l machine8 are organiz i n t o work
stat ions under the -cont ro l o f a work stat ion contro l unit.
Several work s ta t ion control units are organized under, and
receive input commands f r o m a c e l l controlunit. Several c e l l
cont ro l units may be organized under and receive input commands
from a shop control unit.A t the top there i s a fac i l i t y cont ro l
l e v e l which generates the product design, produces the manuiac -
turing process plans, and makes the high lave1 management deci-
sions l

a) Data Baseo

The right side o f Figure 4 shows a data base w h i c h contains
the p a r t programs f o r the machine tools, the p a r t handling
programs f o r the robots, the materials requirements, dimensions,
and tolerances derived f r o m the p a r t design data base, and the
algorithms and process plans required f o r routing, scheduling,
tooling, and fixturing. This data i s generated by a Comgutsr -
Aided-Design (CAD) system and a Computer -Aided-Process- Plsnning
(CAPP) system. This data base i s hierarchically structured so
t h a t the information required a t the d i f fe rent h ierarch ica l
levels i s readi ly avai lable when needed.

O n the l e f t , a second data base contains the current status o f
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the factory, Zu& pa r t i n procrer i n tho fac to r y ham a filr i n
th is data base which containa in fomat ion a1 t o thr pos i t ion and
or ien ta t ion o f t h a t part, i t a stage o f eom %ation, thr batoh o f

Th i8 data base ir a160 hierarch ica l ly structured. A t tho
equipment level, t h e posi t ion of each pa r t i s referonced t o a
part icu lar t ray o r tab le top. A t the work s ta t ion lovel, the
pos i t i on o f each par t re fe rs t o which t ray it i s in. A t the
c e l l level , pos i t ion re fe rs t o which work s ta t ion the par t i s
in. The feedback processors on the l e f t oc each leve l of the
data base and ext ract the infomat ion o f in te res t t o the next
higher level . A management information system makes it posroible
f o r a human t o query this data base a t any leve l and determine
t h e status o f any par t o r job i n the shop. It can also set o r
a l t e r p r i o r i t i es on various jobs.

parts it i s with, and what q u a l i t y cont ro l Pnformation ir known.

b) Interfaces

Inter faces between the many various computing modules and data
bases are defined in a standardized way, so t h a t a large number
o f robot, machine tools, sensors, and control computers can be
connected together i n in tegra t d systams. For exLupp1e, a typical
workstation i n the AMRF consists 02 Q robot, a aachine tool , a
work t r a y buffer, and several too ls and sensors tha t the robot
can manipulate. Trays o f par ts and too ls are delivered t o the
workstat ion by a robot cart.

The workstat ion contro l ler i s given commands CQneisting o f l i 8 t s

- the task o f the workstation contro l ler t o generate a requenco o f
simple task commands t o the robot, thr ~ c ~ i ~ etool, and any
other systems under i t s cont ro l so tha t tbe met o t operations
spec i f ied by i t s input command l i s t are carried out in an
e f f i c i e n t sequence. For example, the workstation contro l la t nay
generate a sequence o f simple taok commands t o the robot t o
setup t h e clamping f i x tu res f o r the f i r s t p a r t t t o tho machino.
t o o l t o perform tho specified mraohining operationr; t o tho robot
t o modify the clamping f ixture6 f o r the next job; ate. Tho
planning horizon f o r the worketation vary from several hours
up t o about a day, depending on t h e c?-oaplexity and number o f
par ts t h a t are being proce88ed.

o f operations t o be perCorsPed on the parts i n the tsays. f t $8

- -

Feedback t o the workstation conefete o f posit ions o f par ts and
re la t ionsh ips between various objects in order t o oequence the
simple task commands.

The workstation world model contains knowledge o f expected t r a y
layouts including the names o f parts and t h e i r expected posi -
t ions, or ientat ions, and relationships.
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The C e l l cont ro l l e v e l o f the hierarchy i s responsible f o r mana-
ging the production o f a batch o f parts within a p a r t i c u l a r
group technology pa r t family. The task o f the C e l l i s t o grou
par ts in trays and route the trays from one workstation t o
another. The c e l l generatea dispatching commands t o the matr -
r i a l transport workstation t o del iver the required tools, f i x -
tures, and mater ia ls t o the proper machining workstation8 a t the
appropriate times. The c e l l has planning and schaduling capabi-
l i t i e s t o analyze the process plans f o r each part, t o compute
the tool ing and fixturing requirements, and t o produce the
machining t h e estimate8 f o r each operation. It uses these
capabi l i t ies t o optimize tho makeup o f trays and t h e i r routing
from workstation t o workstation. The planning horizon f o r the

process, but may be on the order o f a week.

Feedback t o the c e l l indicates the location and composition of
trays o f parts and tools and the status o f act iv i ty in the vor-
kstation. This information may be derived from sensors w h i c h
read coded tags on tray., o r may bo inferred f r o m proce8sed
sensory input f r o m 8ensors on the robot or i n the workstation.

c e l l depends on the si28 and complexity O f the batch O f part8 in

The c e l l wor ld model contain. information about workstation task
times, and i s able t o pradict the expected performance o f various
hypothet ical task sequences.

FtThe shop control leve l i n the AMRF hierarchy i s not
implemented. In the future itwillperform long-term product on
planning and scheduling. It also nanages inventory and places
orders f o r parts, materials, and tools. The shop control planning
and scheduling functions willbe used t o datennine the mater ia l
resources requirements f o r each cell. The shop then can
dynamically al locate machines and workstations t o the ce l l s a8
necessary t o meet the production schedule.

Feedback t o the shop leve l o f control will indicate the
condition o f machines, tools, the completion o f orders, the
consumption o f goods, and the amount o f inventory on hand.

The shop world model will contain information about machine
capabil i t ies, expected t o o l l i f e , and inventory levels. Itwill
be able t o predict the performance o f various c e l l
configurations, and predict shortages o f pa r t s or materials i n
t ime t o i n i t i a t e reordering procedures.

The topmost l e v e l i s f ac i l i t y control. It i s a t this l eve l t h a t
engineering design i s performed and t h e process plans are
generated f o r maufacturing each part, and assembling each
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system. Here also, management information i s analyzed, mater ia ls
requirements planning i s done, and orders are processed f o r
maintaining inventory. Because o f the very long planning
horizons a t this l e v e l i n the control hierarchy, the ac t i v i t i es
of the f a c i l i t y cont ro l module are no t usually considered t o be
p a r t of a real - time contro l eystem. However, i n a h ie ra rch ica l
control eystem, t ime horizons increase exponential ly a t each
higher level, Using th is concept, then, f a c i l i t y cont ro l .
a c t i v i t i e s can be in tegra ted i n t o the real - t ime cont ro l hierarchy
o f t he t o t a l manufacturing system.

FecdGack t o the f a c i l i t y l e v e l consists o f requirements f o r
engineerirrg changes i n p a r t design, o r modifications o f process
r_tlana.
" fb.cil.lty world model contains information about machining
~ L ' U C ~ S S B I E ~ ,mate r ia l properties, shop proceseing capabilities, and
cxyectod icad times f o r procurements.

c) Interfacs Data Format8

Grle approach t o tha in ter face problem i s t o simply defino the
date elements (commando, feedback variable., otaturr variablem,
bensory data parameterr, ata,) whiah nead t o f low botwoan
COMulpUtiIlg mOdUl88 l

l ' l k ~ ~ i ~da ta olemantm aan thon be r to rod undar rgreod-upon n
and i n agreed-upon foranatr i n tha r t a t u r data bar., Tha utatur
data bare then beoomor tha in ta r faaa betwaan a l l th. cbmputfng
modules. A t each incramant o f t ha mtato clock, .etch aomputing
modulo reade i t s input var iab lor from t h e mtatum data bare, It
than performs i t s required computations and, before the and o f
t h e a ta te clock period, wr i tes i t s output back i n t o t h e atatur
da ta base. The status data base thus becoxces the interface. A n
agreed upon format an8 protocol f o r the status data base then
can become an in ter face standard.

Tldu i s analoyouo t o the In i t ia l Graphics Exchange Speci f icat ion
(IGES). IGES i s a standard data format used as the exchange
inedium between diverse graphic8 systems [24],

The hierarch ica l leve ls described in t h i 8 section correspond t o
w e l l defined i e v a l r of task decomposition i n the r e a l world o f
manufacturing, part icular ly i n nachino ohop anvironmen't. The
data var iables tha t f low between computing module6 a t each l e v e l
correspond t o physical parameterr t h a t are intrinsic t o the
operations being performed a t thaaa l e v a h . There i s there fore
good reason o bel ieve tha t itwill ba pa 8ib lO f o r manufacturere
and users f automnted manufacturing sy tems t o agree upon a
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particular g c t o f variables t o be exchanged, and a part icu lar
format f o r exchanging this information betwroa computing
modules. If so, then such a structure ab i s demribed here
form the basis f o r inter faco standardo in the factory o f u l e
future. -1"

(7) CONCl[x1SION

For the most part, t h o s ix technical robluu areas describod

problems which will require much more research and development.
It may be poasiblo t o improvo robot mechanical accuracy and
servo performance w i t h little more than caroful engineering.
However, much more research and development willbo required
before robot mobility and dexterity can be substantially
improved; the sensor, control, internal modeling, software
generation, and systems inter face issue8 represent fundamental
reseach problems. Much remains t o be done in sensor technology
t o improve the performance, reliability,and cost effectiveness
o f a l l types o f sensory transducers. Even more remain. t o be
done i n improving the speed and sophistication o f sensory
processing algorithm0 and special purposo hardware for
recognizing features and analyzing patterns both in apace and
time. The computing power tha t i s required f o r high apeed
processing o f visual and acoustic -pat terns may require new types
o f computer architectureo. Sensory interactivo control cystems
t h a t can respond t o various kinds o f sensory data a t many
d i f f e ren t leve ls o f abstraction are still very much in the
research phase. Current commercial robot control systems do not
even al low real - t ime servoing o f eix-axis coordinated motions
i n response t o sensory data. None have convenient interfaces
by which sensory data o f many d i f f e ren t kinds can be introduced
into the eemo loops on a millisecond time 8cale f o r t rue real -
t ime sensory interaction. None o f the commercial robot control
systems can inter face direct ly w i t h CAD data base6 o r computor
graphics modele o f the enviroment and vorkpiece6. Finally,
current programming techniques aro time consuming and n o t
capable o f dealing w i t h in ternal knowledge o r oophisticated
sensory interactions.

above encompass profound sc ient i f i c P8600s and engineering

These very complex problems will require many year. o f
research e f fo r t . Unti l they are solved, robot capabi l i t ies will
be l imi ted and robot applications will continue t o be re la t i ve ly
simple.

The problems l i s t e d herein are amenable t o solution. It i s only
a matter o f t ime and expenditure o f resources before sensors and
cont ro l systems are developed t h a t can produce dexterous,
graceful, sk i l led behavior i n robots. Eventually, robots will
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be able t o rterm and r e c a l l knowledge about the world tha t will
enable them td behave intel l igently and wan t o rh a r ra ru re
02 insight r arding the spat ia l and l a tionrhipr
inherent i n the orkplace. High order l a computer -aided
instruction, and sophisticated control B ill eventually
make it possible t o instruct robot8 using graphics generated
pictures together w i t h natural language vocabulary and eyntax
much as one might use in talking t o a ski l led worker.

As these problems are solved, robots willma&. ever increasing
ributions t o productivity improvement in manufacturing,
truction, and service industries. By the end o f the century,

mobile robots are l ike ly t o be rwtinaly used f o r work on the
seabed, i n outerspace, and personal robot. willperform useful
duties in the home.
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