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actual ly  performing the assembly.  The working phase is
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INTROWCTION

/jt t -61  !X-lnforcI  A r t i f i c i a l  lntelIi:;t7t~ce Projtd w e  61-e  d e v e l o p i n g  a  progratnmable
;lLtt c)ril(ii  i r!n :: j/:%t Cftli. The  c.ysL:  t-n cotA& of an electro-r-ncchanical  a r m  a n d  a  T V  c a m e r a
it7i(.:rfact,c;  to d c o m p u t e r .  I t  i s  a p a r t  o f a larger  research  p r o g r a m  o n  p e r c e p t i o n ,
rr7<~t7ip~ll;;t  ic. 1 cviI  id ~~t’rZblC’f~i1  solviny: [McCarthy]. The automation system has two phases; a
iil;lt~t~it~~~  }~!lLI*l~~ h:iri~:, which an operator  te~hcs  the computer the task it is to perform,
‘,ncJ  ci got I ~ii-1; ph,:~~ in which t hc t csult of the planning phase (ie, the plan) is used by the
cotrllJut!-Ar  to ~:ontt 01 the arm and TV camcr(-3 i n  p e r f o r m i n g  t h e  a c t u a l  a s s e m b l y .  W h i l e
1.jPt.fot.t-itit\?; t II!! ci ~~:Wfil~ly, the computer interact cj with the task through visual, tactile, and
fot CL’ ft?e! ‘1-1,  .I. I,. The  ~IEII  Any: i s  both rilanuJ z!nd symbol ic.  That  is ,  the operator  can
tYI~~lt~Ll<illy  tilr)‘.‘(’ (11~ ;:t*m to &fine positions (ie. pro;tamt-ning  by doing), but the force limits
cft-d .<isiot-1  $11  f clefitjl.4  i n  prqt amming  lan~ctd::c2s. The planning is done once per task. The
t.i.!:,l.jlt in;; 13l{\il c;In Ott Ui;d repeat  ecily $:rnd is  designed to be run on a  mini -computer .
Ccltm3l-lt ly ;I-W :. *i 5uA processi  t 1;; i s handled by an independent, but cooperating task running
o n  ;t 1~2~ comput Cl. [ Fetdrnan 1.

M C c hzlr-iical  cirrns have b e e n  us4 i n  i n d u s t r y  f o r  s p o t  w e l d i n g ,  p i c k - a n d - p l a c e
op!~~t  ,:;t it7ts ---, etc., lsut w i t h  l i t t l e  o r  n o  93-6or; feedback.  They have a lso been used in
col~~jl tt-lrtir!n \vitI-, T V  cat-ncras  by t.csc’cIt.ch illb ::;;niz;:tions for manipulating idealized block
:,f 1,t~c.i  l.lt.!: t.,. The  :>y:%t  fvt-11 desct ibed 1:et.c t’qx ( ~:J~~~? s one of the first successful attempts to
incot~liol~,:lt  p :,~?ll.;rjt  ;f f e e d b a c k  i n t o  a  !>ystlLi.li  which is  designed to deal  with real ist ic
ar,i,r 91 nbly i risks;  1 n:+f,!tJ



WORK STATION ANI1  iXK DESCRIPTIONS

Thcl \,.:orl: station  consists  o f  a n  cllc:ct‘I:irl(-:ch~lt-ticdl  a r m ,  a  T V  c a m e r a ,  a n d  a  work
r.j’,,~lc:(  : (‘ ori: t- ininE tooIf;,  dispensers, and 17at.t :, i’.>v~  1jictw.e  I), The arm is shown in picture
2. It has an zIbf;olute  p o s i t i o n i n g ;rccuracy of  6::pproxirnately o n e  t e n t h  o f  a n  i n c h .  Its
?vcrl,in;  ;:t’c~~ znd spcc!d  drc s im i l a r  to  those  ot aJuman  [-Scheinman].  T h e  c o n t r o l  o f  the
ilrrrl \pJiii I-E-J  c!iCcuT:;c:d  in the next  scctil-Jn.  T h e  c;lrner$s  pan,  t i l t ,  focus,  and lens turret are
~~rrtplrt  6~ c,onlr(4~-~d  (see  pic,ture  3 ) .  T h e  com~~onents  o f  t h e  w o r k  s p a c e  are s h o w n  in
pictl w 4 ad I,~lxlied  in the re la ted d i a g r a m  (SE~E!  picture 5),

ThI? ,:r~~,!.~~~~4:~Iy  r,t eps al e listed  below. They represent an ordered list of tasks that
~,yt:*t’f-~  ;1ccoT1i[jli,;l1,1’cf XI~J will be referenced in the following discussion as various sensing
ff:c.I-~iiiij~~~~~~; ,-if.ib cfi:,c,~.i~~,~-~tyJ.

lists the dppt.ohde  times associated with the different parts of

Visually locat f 1 the pump base
Ddwmin~:  tlv tinai  grasping position by touch
PI;;ce t 171: J:)CIIII~  base in its standard position
Insert  the  two  aligning pins
Put on the Gasket
Visually cher.,k  the position of the gasket
Put on the t 013
Screw in the first two screws
T&e out the aligning pins
Screw in the IbL;t  four screws
Check lhti force required to turn the rot or

PLANr\!lPJG  PHASE
WORKING PHASE

60 sec. (execution on PDP- 10)
5 min. 32 sec. (total)

MANIPULATITIN 4 min.
LENS CHANGING F, RLI%CUSING  1 min. 30 sec.

(a pc~t t of which can be overlapped with manipulation)
VISCJAL PROCXSSINr3 2 sec. (execution on POP- 10)

(for both location and gasket checking)

.

‘,;it;:e tlji:, t;jsk L.wwddin~;  the watd  purr,p)  w a s the f i rst  of  i ts  k ind,  the tools,
(J;::+)t’i’::c;~  ‘., ..ind I:rrc;:;t  zmmi n; sy:.ierr~  we1 c d e v e l o p e d  a s  n e e d e d .  T h i s  d e v e l o p m e n t
c$;tctlc-j;:,.J  c)vct four or five month::.  Howe\dcr,  if the tools and dispensers already existed
fur ij I;j:,I.  (11  f:‘iil.!iil coti+k:d;l,  1 ~roy*:;mrning  t!z manipulations would only take a couple of
d:q:..  I n  ddition,  mhor champs to YJCI\ Ein assembly program could be made quite easily.
For ~;(im-+d-~,  ,-lddi  171; anot her :;crew to the water pump assembly would only require a few
rni twt eb v!ot Il..
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Pitt ure 1.
General View of the Work Station
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Picture 3.
Cohu  Camera

I
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Picture 4.
The Work Space

(see picture 5 for labels)
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SCREWDRIVER
-=.

mykALIGNIdf PIN

Pictim 5.
A Labellcd  Diagtxm  of the Work Space
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CONTROL OF THE ARM

The  JH-n has 21x joints (five rotary  and one sliding) and it is possible to place the
i~at~d  at CIW;  pobition cind at WY or ientat ion.  Each joint  is  powered by an electr ic  motor
which is c~n+r  com;~crt er cant rol. The joint positions are measured by potentiometers and
XE: read  into the computer  via A/D converters. Similarly, the joint velocities are read into
t l-v.! i nachii~c~ \$.lia A/D converters from tachometer generators. A real-t ime program (the
s.c.!r\,‘o  loo;-b)  &~~ctly  controls the joints’ forces and indirectly controls joint velocities and
Ijol,itic)l)d...  I:‘:I-JI~Y q-bir;tietll  o f  3 ::;econd fh*e servo reads the position and velocity information
;.y-,rl (J;?tcq hiil:t5 the joint output torclu+ys f rom the di f ference between the observed and
pl~!llljc!d  I ;.illli’-; There is a built,:in safety feature  which shuts off all drives and applies all
b&:Ej:: i f  11-1!2  cornput er fail s t-o, respond every sixtieth of a second. A more deta i led
des;cription  of the c*ervo  loop can be found in reference [Paul].

Thtl.  rf:k i z- II :4 of cyu&ions  based  C~;XW  t h e  k i n e m a t i c  s t r u c t u r e  o f  t h e  arm which
r&,tc+s th!l fot.r.[?, position, and velocity of the hand to the combination of forces, positions
and YF lot ities cJf the -.-ix joil-dS.  These  ecpih&, involving sines, cosines, roots, etc. are
SOI\,,  i-i 13111  011 t he cornput e r  e v e n  t h o u g h  they contain some degenerate sub-cases. The
:~olu1ir,n  I outillcz  ic current ly  part  of  the i&znrling section and is used to compute t h e
f0t.c;. 5 rc-f-;r-liI  (-4 i.c) corfi~~~zn::aft  for the wei;,ht  of the arm and any load it may be carrying.
leljt>.?e f C!i fij )f, I.. ;.t iI 1;; iorces  are  ;~lways  <li>plieJ when the arm is in motion. Thus, if all the
131,;  tI:.!‘$ ;ji’P ful.tl4 off ill ({II III will not fall; it will remain stationary, but will be free to be
rfl0+ij II-I;II bully in any dirt&on.

.
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Pitt ure 6.
Art-n Pushing the Pump t3ai;e against the Aligning Hocks

I
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To wtm-~,~t  ize, :I motion of the arm consists of a trajectory, some compensating
(c,r~~-+,;, ;:itvJ /,)“‘:“;ibly  a force to exert and some joints to free,  In addit ion the terminat ion
of the  tmtim  IW to Le speci f ied.  tt can be def ined as a  posi t ion to  be reached,  a fo rce
limit to LW I exhcd,  an act ivat ion of  a  touch sensor,  etc.  Thus,  the arm can be told to
:;crt:iv  it) 21 bcic<vd  until 4 cerLin torque is reached, or it can be told to insert a shaft until
a certain  fotw limit is reached ( indicat ing that.. the shaft has been seated). The next
section  will e;<pl;jitl in detail how the arm is programmed  to perform this type of feedback.

- 1 o-



’ rr:l;;tivc  to the a r m  i s  n o t  a c c u r a t e  e n o u g h  t o
1 0 xrcw  hole reliably.  T h e r e f o r e ,  t o  i n c r e a s e

used  to try <ill nearby  loca t ions  i f  the  in i t i a l  i nser t ion
;;tt~!q~t 1~:; I h:d. I’icturc! 7 s h o w s  the xm inserting a pin in a hole. The first insertion
;jit;il,:tjt  i:lile I)~“(.:.;!i~;t’ the pin Ic’~ndr; on 11 ii‘? top of the base (see frame B in picture 7). T h e
‘cv:()~\(j ,itlvtrrj ,t “4li:c:c?t&t.

i 1;

;Gt 1 ‘i-0 T H E  PIN

;i-10 TO THE t IOLE

;GO -i-O THE tIOLE

;Tr<Y TO GO DOWN WITHOUT MEETING RESISTANCE

i
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. Fi p’c! 7,
Inserting a Pin in f~ Screw  Hole

A. Pin Poised mar Hole E. I-?in Sitting on the Base, beside the Hole
C. Pin Poised over the Hole D. Vin Partially Inserted in the Hole
E. Pin Se&cd in the Hole

-12-



:-rw [ 0 0 --50v]
cy--p  PC: [C-l 0 - 1 ] 0.6 ;$I i\:ULD MEET SOME RESISTANCE
q:li ‘i\! 23
i’:C>J  I- 1
SAVE l-1
OPEN .5 . .

CLmi 0. 1 ;AND CHECK THAT IT IS STILL THERE
Wt :TJ 1

V41tl1 i hd i-)iil now in hml the ilt rn b13v~:: to the insertion point at “T”. The “SEARCH
.I I /” It\:.,lt  ~i(.iioI~ ~.r~15  IIp CrlllrItr~~t;  to iOthilh:t  (I spiral  search of  .07 inch steps. We now
t. II~C~I  titi2 iii* t i ticjtl loq? d IAxl l-1, ;-) IIIGW is made to “T” a n d  t h e  h a n d  i s  d i r e c t e d  to
iiiOLtl  dOV,‘it  Cl.6  /ili_Ii{55

(1 .- 1 1” irtcjif  I
by tk Cl I/\NGC instt,Uon. The numbers wi thin square bracket “[O

lL1 t1,t.b  dirw.tiot~  l~nd  the ::cAS:lr  “0.6”, the  d i s t a n c e  t o  m o v e .  T h e  previous
il~,;ttrj~fir)il  “:;jf,j;’ [O 0 -5Ojl: will mu:42  the <km to stop i f  the force in the downwards
(fit.! ‘C Ll(J1-l4 s , ‘.‘i‘ t lj-.’ I.50 ozs. duritq; the “CH/iN,GE”.  N o w  t h e  r e l a t i o n s h i p  b e t w e e n  t h e
j.?~j,  Itic.iil “1 ” ,~tid the I\012 il; such t kit if the pin is  inserted in the hole i t  wi l l  meet  no
t i-:‘_i’.t;lllcC’ All II’!; tk 0.6 inch tllotian.  If th;3 pin is beside the hole and lands on the top of
t tic j)lJfIl/j,  1 l’iil  f!)t’(‘(’ \.uiII quickly  t cl,.ich 50 oz. nnd  the hand will stop. If the hand fails to
r4 op on t 1v2 ic)lce  limit, indiclititlg that the pin is either in the hole  o r  h a s  m i s s e d  t h e  hole
iltld 1 hc t Q/J ’‘)I ik t)il::t’, 31 “IXtlOR”  state  ir; zeneratcd.  In this particular case, the err&
is f5rror  22. I’k it\‘_:tl uction  following  the “CHANGE,” “SKIPE 23” wi l l  cause the next
i~~h~~di(J~~  to h13 :,kipl:ec~  if tk error occurrC4,  indicating  in this case that all is well.

Afkr the pin ha s succxxfully  been  inserted part  way, the stopping f o r c e  i s  s e t  t o
600;. ,incI ti\c t\tllltj is drivm down 0.6 inches. If the pin is in the hole, the hand will stop
l~cfoi  ~1 t.oii,;, f1.I; inchfls ;mtl m error  will OCCLW. The error test is a “SKIPN  23”  ins t ruc t ion
bvhii:I\  c.i’~Ll’.(:‘, ;A f;I,ip if mvr 23 doc;s not occur. If the pin has missed everything, the
“[\(e)J”  is ( ;<( (Ii.l!fvtd ,,nd the spi rr71 is continued.



Thr! “ShVE I-I” i n s t r u c t  i o n  :>a;‘~:; the position that the hand was in when it inserted
t hr 1 )in. Tlv L, 10 I.i!tljrn lo that position,  the following instructions could be executed:

M~!\K  T
RESTORE:  l-l

The! “RES’TC)RL I I” moclific!s  tlw position  T by the saved  difference  H.

Thf: I,;st I\YO instrcrctii>ns  doltble-ch%k  th& pin placement  by making  sure that the
pin 1*cmnin!yd  in th!: hole! aflw the hand released  it. More is said about  this type  of



VISUAL I-EEDZACK

[ji~lti,:e~f T V  i n p u t  represents  a ;rcat possibility for visually locating, inspecting,
iincj al i cni  tly, part s. Unfortunately the systcrnizafion  of visual techniques has progressed
much  moI t.1 4owly  t h a n  ori;in;;rlly  CX~C~C~~~C~.  T h i s  general  s t a t e m e n t  i s  a l s o  t r u e  w i t h
rti:,lxct to the visual  feedbxl:  used i n  t h e  p u m p  a s s e m b l y .  T h e  p r i m i t i v e s  a r e  s p e c i a l
pi..ll-~jc~C;r: t rC/ :i>iC(I 1:“; w h i c h  !:dork w i t h i n  a  sysf‘cm containing detai led models of  the
q>t‘ctc:tJ  ~.c:t~ll!‘!.i ;lnd ~1 set of specific heuristics.

‘/‘I)(-- TV (:CItIli bI’;j (:0111 I ,ill:; SI :;txxj;lrd  vidicon w h i c h  p r o d u c e s  a  2 5 6 x 3 3 3  a r r a y  o f
ilitIttl~:itit~~~. Ieqic.I\  ilitc,ricvity V~IIII:~  ir, iI7 tilt? i*ons$:  o f  0  to 15 T h e  camera%  p a n ,  t i l t ,  focus,
fill (Jr \Ull~ ! I !lilfj Ic~nc.  fwr(tt ;W corr.i/luter controlled. A major problem with such a system
is tl\f_: c;;Iiilr ,,\ir,rI of ~lw c;lm~!l ,.i with rcspxt to the arm [Sobel]  and [Gi l l ] .

TIW :;OftWJ-C pr~irnitivCs  1Jscd incluclc:
( 1 f ~7 “beam” which loc;~tcs  the! first discontinuity (black to white,
w h i t  r’: to blnck, etc.! on a ray through  the picture.

(2) ;3 “ b l o b  loc;,liz;;tion routit+’ w h i c h  i s o l a t e s  a  b l o b  o n  a
c.c~ritr,.~:tir~~  b.;;ckground  by surrounding it with a box.

( :3) ;I “c owwx b l o b  ~l’l,~1t’~7CtCt’i%(3ri’ which determines the center,
wi(jjh, ;Ind  Ix.ight of J convex  inlob by bouncing around inside it,

()nc\ of :Ilc\ t ,-r,;lc,; xhil-+d by vil;uJ  f~db;rck  was the location of the pump base in
t (-‘I m:; 01 ii :, >I,)‘,;! po:;ition  ;>nd  oripntc?,tion.  This  w a s  a c c o m p l i s h e d  i n  t w o  s t e p s :  ( A )  t h e
f.-!c:rlc’l  ;]I I(jc:.~tir~n (using  the?  25Uli.ll ICIV,  Set! picture 8). and (B) the specific location (using
t IlP !-a1 171’11  11  II I ” , XC’ pictllt P 9. The mod4  CIXXI  for the general  l o c a t i o n  w a s  f a i r l y  s i m p l e .
lt c,ol\r;i*;tc-,cl of thk-:  fr)llc~\~:irl~  fxts:



Picture 8.
-=. General View of the Pump Base

on the Simulated Conveyor Belt (using 25mm Lens)

Pitt tire 9.
Close-up View of the Pump &ISC (using 50mm Lens)

-I&



ThP “specific Icc2tion” model w a s  conl+ferably  m o r e  d e t a i l e d .  I t  c o n s i s t e d  o f  a
C,t 1-r IC t cw-d p.et of features  (convex  holi?:;),  ti~ir r e l a t i v e  s i z e s ,  p o s i t i o n s ,  a n d  c o n t r a s t s .
The  folIoAn:; &q-jr, were t&en to locate the fwo large holes on top:  beams were sent
throuy&  t hc2 blob 2t prorliisiri:: posi t ions ;:ncJ  ~:n~lcs,  the blob character izer  was appl ied
‘$J  I] g:: 1’1  f-’ \’ C’ t’ cf cli ;cont  inui t 11 \YC:!S noticed, and thr& holes were classified according to their
1’ EZ.  I at i 1: e c.. i z 0 c; it~a~-4  I.r~~on  the r,en~;ral  loc.O~lti(~);~  informat ion and the size of  the l a r g e s t
1101~  ziftc+  i t  h a d  tseeh  foulI+. Wh(:!n t 1113 iw(2 il*it’ge h o l e s  o n  t o p  h a d  b e e n  l o c a t e d ,  t h e
position  ,r& r-priet  it tit ion of I he pump ha<:{? c:~~l~ld  b e  d c t  e r m i n e d  f r o m  t h e  k n o w n  3 - D
rjlc .3:-u-t: t-n!  iit 5 of i t .  ?ict cit.&? 1 0  ~~OYP:  th<b  line o f  c e n t e r s  a n d  a  l i n e  i n d i c a t i n g  the
oricl-,t cjtinn for the initi4 ;raqin:  po4tion  (4’ tj:e hand.  This locat ion informat ion was then
!5CTd  t  0  tt1c: cirril which used touch to dct(:‘r;-iliile the final grasping position. The  t ouch
c3c?n;ing  involved  L‘c disccr,;sed  i n  t h e  nex;t  sectic);l.

The YXCIIKI  t a s k  accljlnplished b y  v~~_;;il  f e e d b a c k  w a s  t h e  i n s p e c t i o n  o f  t h e
g ,J :, I,: 1:~  t ’ 5 1 j 0 ‘; i t I 0 ri a f t Fclr it had been put on. The! Ajcation of the pump base with respect to
itle !;tan&::trl I>or;itinn w a s  k n o w n  and ftom this ‘ihe posit ion of  the two large holes could
be (-fCtrl’t.ll-iitlr.,c.j,  T o  c.heck t h e  positionin;  o f  the Gasket  a  picture was taken of  the base
jt.r*.>t t.)t2fc)t  (2 tl~? ga4ctit  VILS I!ut on clnd  another  picture was taken just after it was put  on.
Th(:!:.,~~  pic.tl  I I  t -  c, wet’c  “diffcrtl!nced.” That i s , r~ new picture was created by t ak i ng  t he
;:,t:,r.o:ute  \.~I-IY of the difference  between the intensit ies at  a l l  points.  in  theory only the
r:,-&t4 :+c,uld ;:Ippe6r in  the  d i f f e r  cncc’. In pr&ice  other lower intensities arise because
Qf SliadClVd’:,  Y- light image shifting, etc. Picture  1 1 shows the differenced  picture with an
ov(~rlq& t{if;y?l;ry. N o t i c e  t h a t  t h e  difference  p i c t u r e  c o u l d  a g a i n  b e  i n t e r p r e t e d  a s  a
\yhi t 13 blob cant  ai ni ng c o n v e x holes. The same convex blob characterizer was applied at
the)  CJX~CV  t t:d pAtionc f o r  t h e  two  ICirge  1101~~:;. If the centers were not within a certain
folc!r;Ii1Ce  (or they  could not be found 4 ;.Jl)  the machine s ignal led an operator  that  the
f;a<iC.;C:‘t  \b;lc;C;  I lot 017 I2roiJet’ly. In  picture 1  I the t w o  c r o s s h a i r s  i n d i c a t e  t h e  e x p e c t e d
c(y,ttr’t.rj: for the t:vo largt.- $y::C;ct holw:. The 4id dot indicates the observed center of the
I;jt r;t: St tlolf;.  In this case tliti c!bc;erved  ctant(:i differed sufficiently from the pred ic ted
cerd  t.tr t 0 in&A tt that t h e ;;a44 was not on correctly.



-=.
Pitt i It-(-! 10.

The Pump Rascl  with-tin  Overlay Showing
the Computcc! Orientation

Picture 11.
T.he Differenced  Picture of the Gasket with an Overlay Marking

the Expected Hole Centers and the Actual Center of the Large Hole
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TOUCH SENSING

TIw IMP IMC; two fin$crr; w h i c h  c a n  Gc opened or  c losed together .  There is  a
rnic.ror;witch  un  tlz inside  of coach  O f  t h e  f i n g e r s . These switches are binary in that they
regir;t t:r only  touching o r  n o t  t o u c h i n g .  T h e y  d o  n o t  r e g i s t e r  f o r c e  - -  i e .  h o w  h a r d
~,orllc thing ic: t!(.lins  sr;:lr;pcd. ._

IIWIl t I?OLi~ll t t ‘IC r.r-YnsinC  mcclt;;nism i:; fairly primitive it can be combined with other
t c:chtQtJt:~‘9  t o  p r o v i d e :,omct usehl  manipulation  and feedback pr imit ives.  For  example,
po:>i t ion pot 4 i3m2t (3r’3 mcx.lIrcl  the distrT,ncc!  hctwecn  the f ingers.  This distance can be
u:,c (1 it) coi\jr.lric-tion  with a simple  model to provide feedback  on what  is  being held in the
h;lrld. TypicgIl  modr:ls  arc! “sornnthin~ Of a Sivc:n m i n i m u m  t h i c k n e s s ” ,  “ s o m e t h i n g  w h o s e
thic,I<tlt~:;rP  i!; w i t h i n  21 zivcn range”,  a n d “ a n y t h i n g  between  the f ingers”.  In the pump
;):;~t&ly, lot ~:x;Irnplc:, ;lftc:r the hand  inr,crts a pin in a screw hole, it opens and closes
;-I z ;I i I-, to rn;lk~ wrt-’ that the pin is s It’ll thcrctisee  picture 12). In this case it is using the
1770cj(.l  o f  “,myi hing betwc1en  t h e  fin~c!t?? because  presumably only the pin could be there,
Ii, fo:, 5orl’lr’:  t (x.o~, the!  pin f4I into the large hole instead of seating in a screw hole, this’
tclc.1  LZIOII~~~  be r;llfficicnt  to dctcct  the mistake and the machine could notify an operator of
t hcl pt-obl  txn.

Tl~c r;iencllr, f ror-n the two touch  s e n s o r s are independent, making it possible to
dct Pi-mint?  \.vhic:h touch  sensor  is b e i n g activated. This can be used, for example,  to
cons;  ruct  a “c~~ntc3t~-ll~c-11~nd-over-an-objcct”  procedure as follows:

il j CIOW the hand  until one touch sensor (say sensor A) touches
c,Oni( -4 hi ns.

pictl II’P 1 3 +OWS  t hc hand cc.nt csrinz  on One side of the pump base. Notice that the
hand i s init i;iIIy off-cent crcd  and ends u p  ccntc!rcd.  Also not ice that  i f  the hand were
r,imply t olcl l o  clor,?, it w o u l d  move the whole pump base so that  i t  ended up centered
~-t(:  t\.A;r,en i 17~’  fin;c:rc,  This may  or may not be the desired result .  This center ing procedure
L~J~S  oti;,i;i,-;III/ \vrittcn as a  combinat ion of  rnany pr imit ives in  the arm’s language,  b u t
~onc,i Lint i :‘;rs -1 ~rorq?lt?d  the irI~pIemc!nt  at icln of a primitive called CENTER.

.

TOW  t I’ pi! two other pr imit ives,  SAVE and RESTORE, which are related to touch
’ : r,7 t-1 !-, i 0 :y. T I-1 (1 i cl p ~1 i ‘: that the arm c a n  dyn;illiically d e t e r m i n e  a n d  s a v e  t h e  d i f f e r e n c e
I-d \,? t“ ‘-‘I-\ ;i I-)t~br!tlict~(l  {or plsr~tled)  po:4iun  and an actual  posi t ion.  For  example i f  the arm
ic, lisic) t s if’i’sbt 1.t a pin in cl SCIWY hole, it is c;iven  a specific, planned location for the hole.
If II-it-s hoIt:  is r~li~;htly  O u t  o f  positictn and  the hand successfully finds it by searching (as
cic~Clcy:.ibcd  in the f o r c e  seil?ibf; sect ion) ,  the arm can SAVE the deviation of the hole from
thf- ; ,f,c:dic I! :ci pc,:,ition. The~forc, WIKI-I the hot~d returns to that  hole,  to  take out  the pin
or itl:,c!rt  <t xt C-W,  it can RESTORE t ht? deviation ilnd avoid a second search.



Pit
Check.ing for the

A. Hand Poised around the Pin

ture 12.
2 Presence of the Pin

B. Hand after Closing on the Pin

C. After Checking that there is
Something between the fingers,
the Hand Opens Again
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Picture 13.
Cent  wing on the Side of the Pump Base

A. I-lnnd Poiwrf  over the Pump Base,
Not Cent cred  about the Side

B. Hand Still Not Centered, but the
Fingers have Closed so that the Left
Finger is Touching the Side

C. I-Iand  Now Ccntcwd  after Moving
to the I r.:ft r;o the Right  Finger
al :;o Towlw~ the Side
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CENi  ER c a n  b e  c o m b i n e d  w i t h  S A V E  a n d  R E S T O R E  to ref ine the posit ional
information  of an ohsid A model of the object is set  up conta in ing a set  o f  grasp ing
points ;jnd their relative! position  (X,Y,Z)  wi th respect  to some reference point on the
objt:ct.  T o  improve? the location information for that object, the hand is asked to CENTER
o n  one) (o r  3 serictr;)  of thcsc  r&We grasping p o i n t s . For each point the displacement of
t Ix d~jwt  t i c . the dispI~tc~rncmt  of the rc!fc.tmcc  point of the o b j e c t )  i s  SAVED.  Each
C,EN‘I’F:fi  opc:rr,t  ion can  only  dctclct  t hc cli~plx~xx?ti‘t in one direction. Thus, two orthogonal
CtN-l’rFs can be used to ptmhccs  a 2-dimnsional  cor rec t ion,  etc.  When a  ser ies  o f
CENKR?  ;lt~ I.JST?~,  a RESTORE before ccich CENTER is used in order to make use of the
latest  inform;,tion  about fhe position of the rcfcrcnce  point .

This  type  of two--dimcn?ional  localization with respect to a reference point was
~~3-1 t 0 cl4 (-3 mint t ha final grasping position of the pump base, Vision determined. its
position within one-third  inch in X and one-fourth inch in Y. But this localization was not
sufficiant for the hand to pick up the has..0 because of the base’s irregular shape and the
limit4 opcninz  of the hand. Since the put-n?  base was glued to a base plate, it was known
to  be upri,o,ht.  T h u s , the I component of the position was known quite accurately. The X
and ‘1 component s ncedcd  to be improved. To do this a model of the base was set up as
follOwS:

’( 1) t hc rc?fcrcnce  point was the center of the large hole

(2) the rcfC!rc!nce o r i e n t a t i o n  w a s  a l o n g  t h e  l i n e  o f  c e n t e r s
l3ctwcc.n  the two large holes on top,

Thcrcforc, to cjetC’t.rili~IC!  the displacement  i n  A  9‘I@ direction the hand was CENTERED
on point A and any tJiscrqc7ncy  was SAVED. This discrepancy was RESTORED when the
hand C:F-NTERFD  on point E3.  The combination of these displacements determines the pump
/3a$JC-‘S  X-Y displsic(~l-i-,(.!l-lt.

SAVE‘!; and RESTORE’s  have  been mentioned with respect to ( 1) remembering a
spixific }NiiIl, ~ch as a SCKW hole ;~nd  (2) localizing an object, such as the pump base.
T(K!~c~  idc;ic;  c a n  lx c o m b i n e d  i n  a strsi:;htfor ward way to provide dynamic posit ion
information  for the p u m p  ba$e (with rqxxt to i ts  planned posit ion) .  This is  necessary
bec;;l.lsc  the base  may not  have been placcxl  c>xactly  in the aligning blocks or  the hand
f-nay have  moved  it w h e n  t ryinz  t 0 pull t h e scrs~wdriver  out of a screw. All that is needed
to cjt?tain  this dynamic information I‘s a model of the base which locates the screw holes
with r e s p e c t  t o  t h e  referencc:  poinl. Each time a screw hole is found (inserting a pin,
screwing  a s c r e w , etc.) the t eiined position c:;in  be SAVED. Thus finding one screw hole
can I.\ellj it-1  f i nd ing  a l l  o f  the  other  pal?:;  011 thy!  I)~stt.

. .
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CONCLLISION

We IL-NC t a k e n  t h e  f i r s t ,  p r i m i t i v e step  toward integrating different types of
sens13ry f~.r’ilfx~~lt irlto 8 general  p u r p o s e , computer-cant rolled assembly system. We
believe tlkd th i s  t y p e  o f  inte,I clction, in som(2 extended  form, is necessary for performing
sopt\;stic;~ttid  assembly  tasks.  The key factor  in the applicability of this type of device is
the tia:;e with which it can be programmed. It will be important in the future to interact
with  design dtit a bases in order to specify po$tiotis  and motion con+  raint s automat icaliy.
This  will relieve the programmer from the task, of defining the positions by “programming
by doing,”  and will in effect generate a first cut iat an assembly program.

We :lre currently designing  a more powerful control language and are investigating
tasks involviny  the coordination of two arms.
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