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INTROBUCTION

At 1k Stanford Artificial Intellicence Project we are developing a programmable
autornation o ystem. Thecoystc t-n consists of anelectro-rechanical arm and a TV camera
interfacedloa computer. It is a part of a larger research program on perception,
manipulal ic 0 anid problera solving [McCarthy]. The automation system has two phases; a
planning phaso during which an operator teaches the computer the task it is to perform,
anclawoilinaphas2 in which thetesult of the planning phase (ie. the plan) is used by the
corput~r to contiol the arm and TV camera in performing the actual assembly. While
petrformins Lhe ascembly, the computer interacts with the task through visual, tactile, and
fotce feed'ho o k. The plarning i s both manual and symbolic. That is, the operator can
rnanually tiove thearm to &fine positions (ie. programming by doing), but the force limits
and vision o defined in proatamiming languages. The planning is done once per task. The
result ing plan can be used repeat edly and is designed to be run on a mini-computer.
Currently the visualprocessitizis handled by an independent, but cooperating task running
on alarge cormput er [ Fetdman].

M c chanicalarms have been used in industry for spot welding, pick-and-place
op-tctions, ete, but with little or no sensory feedback. They have also been used in
conjtinction with TV cameras by rescarch orcanizetions for manipulating idealized block
structure o The syst em described here rept cwent's one of the first successful attempts to
incorporat e senioi y feedback into a systein which is designed to deal with realistic
asacnbly {asks | Dewar].

This article describes the automated assembly of a model "T" Ford racing water
pump as o demonstration of the system and iic concept. The emphasis is on explaining
how the various types of sensory feeabrck are accomplished. The assembly of the pump
consists of locating the purap base, rounting the top with a gasket, bolting the top down
wilh s nerews, and testing to see that the rotor turns freely.
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WORK STATION ANDIASK DESCRIPTIONS

The veork station consists o f a n clecainechanical arm, a TV camera, and a work
cpace: coniining tools, dispensers, and parts (veopicture I), The arm is shown in picture
2. It has an absolute positioning accuracy of cpproximately one tenth of an inch. lts
worling arca andspecdare similar to those ofa_human[Scheinman). The control of the
arrn willhe dizcussed in thenextscction. The camera’s pan, tilt, focus, and lensturretare
catnpul cr controlled (see picture 3). The components of the work space are shown in
picture 4 andlabclled in the related diagram (see picture 5).

The assembly stepsat e listed below. They represent an ordered list of tasks that
wers accomplizhed and will be referenced in {he following discussion as various sensing

techniques are discunaed.

Visually locat the pump base

il. Determinzthetinal grasping position by touch
i Place the pump base in its standard position
A Insertthetwo aligning pins

V. Put on the gasket

VI~ Visually check the position of the gasket

Vil Put on the top
Vil Screw in the first two screws

IX. T&e out the aligning pins

X Screw in the last four screws

XI. Check the force required to turn the rot or

The table below lists the approximatetimes associated with the different parts of
the asscmbly task

PLANNING PHASE 60 sec. (execution on PDP- 10)
WORKING PHASE 5 min. 32 sec. (total)
MANIPULATION 4 min.

LENS CHANGING &REFOCUSING 1 min. 30 sec.
(apatrtof which can be overlapped with manipulation)
VISUAL PROCESSING 2 sec. (execution on POP- 10)
(for both location and gasket checking)

Since Uhis task (assembling the water pump) w a s the first of its kind, the tools,
dispenser s, and prost armi ng systemwele developed as needed. This development
extonded over four or fivermonthe. However, if the tools and dispensers already existed
for u task of egual cotuplexity, programming the manipulations would only take a couple of
day:. | n addition, minor changes to suchan assembly program could be made quite easily.
For exarnpl, addi ng anot her screw to the water pump assembly would only require a few
minut es wor k.




Pict ure 1.
General View of the Work Station



Picture 2.
Scheinman Arm
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Picture 3.
Cohu Camera



Picture 4.
The Work Space
(see picture 5 for labels)
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CONTROL OF THE ARM

Thazarra has =six joints (five rotary and one sliding) and it is possible to place the
hand at any positionzind at any orientation. Each joint is powered by an electric motor
which is undzrcomput er control. The joint positions are measured by potentiometers and
areread into the corputer via A/D converters. Similarly, the joint velocities are readinto
t hexinachine via A/D converters from tachometer generators. A real-t ime program (the
cervoloom directly controls the joints’ forces and indirectly controls joint velocities and
positions. !_wry sixtieth o f g second the servo reads the position and velocity information
and determines the joint output torqu:s from the difference between the observed and
planhed v aluass There is a built-in safety feature which shuts off all drives and applies all
brakes i f ithe comput er fails to respond every sixtieth of a second. A more detailed
descriptionof the cervo loop can be found in reference [Paul].

Thereisa set of equationsbasedupon the kinematic structure of the arm which
relatestheforee, position, and velocity of the hand to the combination of forces, positions
and velocities of the =ix  joints. These equations, involving sines, cosines, roots, etc. are
solvableonthe Comput er even though H\C‘.),' contain some degenerate sub-cases. The
«olution 1 outine is currently part of the plenning section and is used to compute the
forcesrequitcdio compenzate for the weight of the arm and any load it may be carrying.
These coinporating forces arealways applied when the arm is in motion. Thus, if allthe
bt:ias are turnaedoffthe atrm will not fall; it will remain stationary, but will be free to be
rmoved manually in any direction.

I we want the hand to exert a force in corme direction, the solution routine can be
sed to compute the required joint forcas. \Whon these forces are added to the normal
compenzating forcas the arm will exert the speciiied force.

Normally, when we have the arm exort a force, we want the hand to be free to
move in the direction of the force. Sormctitie: it is important to provide some additional
freedom <o that the arm can comply with exicrnal constraints. For example, if we want
the rm to slide an object across an essentially horizontal surface, we want to allow the
arm to move up and down so that it can conicrm with the surface as it moves across it.
This frecdota is achieved by servoing all the joints except one joint which provides for a
vettical motion. This one unservoed joint i* called a “free’ joint. Free joints can also

provide he freedan to epin about some axi-. o the putap assembly, for example, after
the purp hase has been located and picked v o, it has to be placed in a standard position.

The ~tandard position s deiined by a rectai ular corner formed by a pair of aligning
blecks. The firel «lep in this alignment invol 5 positioning a straight edge of the pump’
base alen: o surfoace of one of the blocks. This iz accomplished by pushing the base into

the bloch ard <imultaneously freeing the joint which allows the base to spin so that it can
align itsell with ihe surface (see picture 6).




Pict ure G.
Art-n Pushing the Purap Base against the Aligning Hocks



To <umrnat ize, a motion of the arm consists of a trajectory, some compensating
forces, andpossibly a force to exert and some joints to free, In addition the termination
of thernotionhas to be specified. | can be defined as a position to be reached, a force
limit to bereached,an activation of a touch sensor, etc. Thus, the arm can be told to
screwinascrew until acertain torque is reached, or it can be told to insert a shaft until
a certain force limit is reached (indicating that the shaft has been seated). The next
sectionwillexplain in detail how the arm is programmed to perform this type of feedback.
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IORCE VEEDBACK (WITH AN EXAMPLE ARM PROGRAM)

Mhe po-itioning of the purap bascrelitive to the arm is not accurate enough to
allovs the cire to incart o pin in a nuimber 10screw hole reliably. Therefore, to increase
the: relishility, o epiral search is used to ry dlincarby locations if the initial insertion
altempt has 1iled. Picture 7 shows the arminserting a pin in a hole. The first insertion
att-mpt inile because thepinlands on the top of the base (see frame B in picture 7). The
second altemy 4 sticeeeds,

Theo things can happn when the arm is trying to insert a pin: (1) the pin can go
in the hole, (2) the pin can wiss the hele and Tand on the lop of the base beside the hole,
or (3) the pin conomiss the hole and also miss the top of the base. To test for these three
possibililics the insertion is broken inte lwo paii:

A Ty Lo incert the pin parl way if it fails to go in part way, it
met have Tanded on top of the buas beside the hole (case 2), so
continue around in lhe spiral and {ry another spot. If it went in
parl way, go to stop BB

B, Iry to seat the pinin the hole (i move down a short distance
anel poct toancet sotme resisties G the pin seats in the hole)
il no resisionee s fely, the pinoost have missed the hole and
the top of the bose (case 3), o continue around in the spiral. If
rosistance is fell, the pinis propody ceated (case 1),

What follovss is o hand langiase progionn 1o carry out this algorithm. It is included
atens with o dolailed explanation of the various instructions in order to show the current .
level of procramming reqguired by the systom.

The position of the hand to pick up the pin is referred fo as P. This position is
defined by aeving the hand to where the pin i located and typing "HERE P." The program
tecds the corrent position of the hand and stores it in P. Similarly the hand (holding the
pitg is moved o the posilion for insortion and "HERE T" is typed. Manually moving the arm
lo define podilions and orientations is the cesiest way of prograrmming some assembly
opaeralions. Il is a forin of "programming by doin;" or "learning by doing."

MOV P ;GOTO THE PIN
CLOsE O '
MOME T ;GO TO THE t IOLE
CEARCH 07

e FAONVE T ;GO -i-O THE HOLE

ST [0 0 =50

CHANGZ [0 0 -1] 0.6 ;TRY TO GO DOWN WITHOUT MEETING RESISTANCE

SEIPE 23
/"\O-.l I.l (
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Fi gure 7,
Inserting a Pin inaScrew Hole

A. Pin Poised ncar Hole E.’in Sitting on the Base, beside the Hole
C. Pin Poised over the Hole D.Pin Partially Inserted in the Hole

E. Pin Seated in the Hole
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STORP 100 -50]

CHAMNGE [O 0-1 ] 0.6 ;S1huULD MEET SOME RESISTANCE
SHEIM 23

A0OJ L

BV

CLOSE O. 1 ;AND CHECK THAT IT IS STILL THERE
OPEIN
The fnct instruction senerates a trajectcry from the current location of the hand to

the wosition "P" The hand 15 then in pocition to grasp the pin. The next instruction,
"CLOSE Q17 caunes the finners to close until they grasp something. Every time the hand
cracps anvlhing, the miniouin thickness raust 1 specified, and forms an implicit inspection
chec A1 the srosp is made and the check indicates that the opening is less than the
minitnuen - peecified, the arm will stop operation and indicate the error.

With {he pin now in heind the ar minoves {o the insertion point at "T". The “SEARCH
07" instr uction sets op counters to conduct o spiral search of .07 inch steps. We now
o nber the ine o tion losp atlabelll,amove is made to "T" and the hand is directed to
move dowin 0.6 inchies by the CHANGE instruction. The numbers within square bracket"[0
O - 1" indic . e the direction and the scalar "0.6", the distance to move. The previous
instroction "SHor [0 0 =50 will cause the afm to stop if the force in the downwards
direction e s 150 ozs. during the "CHANGE". Now the relationship between the
o ttion "T 7 and the hole is suchthatif the pin is inserted in the hole it will meet no
tesictance duning the 0.6 inch motion. If the pin is beside the hole and lands on the top of
{ he purap, Uhe force will quickly 1 cuch 50 ozs. and the hand will stop. If the hand fails to
=t op on Lhe forcelimit,indicating that the pinis either inthe hole or has missed the hole
and the top of the buase, an "CRROR" state is gencrated. In this particular case, the error
is error 22 The insti uction following the "CHANGE," “SKIPE 23" will cause the next
instruction to be <kippedifthe error occurred, indicating in this case that all is well.

Hothe pin has landed on the top of the pump, missing the hole, the force limit is
reachid and the arm stops without gencraling an error state. When the SKIPE 23
mstruction is -soculed no wkip occurs and the AOJ L1 instruction is executed. AQJ is a
ranconic for "udd and jump” The adding that occurs is the addition of the search step to
the current pocition. The jump is to the lebel, L1, and the spiral search continues. The arm
will ~tay in this loop, searching around "T" in 0.07 inch steps and trying to insert the pin
in the hole qmbil the pin moves down without meeting resistance.

Afler the pin has successfully beeninserted part way, the stopping force is set to
600z, and the hand is driven down 0.6 inches. If the pin is in the hole, the hand will stop
befor e going 0.6 inches andno error will occur. The error test is a "SKIPN 23” instruction
which cauec g skip if error 23 docs not occur. If the pin has missed everything, the
"AOJ" is « < culed andthe spiral is continued.




The "SAVEH" instruct ion saves the position that the hand was in when it inserted
the piin. Thirs, toreturnlothatposition, the following instructions could be executed:
MOVE T
RESTORE H
The "RESTORE 1" modifies the position T by the saved difference H.

The last two instructions double-check the pin placement by making sure that the
pin remained in the hole after the hand relcased it. More is said about this type of
checking in the scction on touch sensing
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VISUAL FEEDBACK

Digitized TV input represents a great possibility for visually locating, inspecting,
and aligning part s. Unfortunately the systcrmization of visual techniques has progressed
much ot ¢ slowly than originally expected. This general statement is also true with
respect to the visual feedbackused in the pump assembly. The primitives are special
purpose technigues which work within a sysfem containing detailed models of the
expected scones anda set of specific heuristics.

The TV catar ra cont cins o standard vidicon which produces a 256x333 array of
intensitios. Dachintensity valuedsintherange of 01015, T h e camera’s pan, tilt, focus,
{ilt crwhe U1 ondlensturreterecormputer controlled. A major problem with such a system
is the calibt. dionofihe camera with respect to the arm [Sobel] and [Gill].

The software primitives used include:
(Na “beam” which locatesthe first discontinuity (black to white,
whit e to black,ete) on a ray through the picture.

(2Ya“ bl o blocilization routine” which isolates a blob on a
contrusiingbackground by surrounding it with a box.

(3)a"convex bl ob characterizer which determines the center,
width, and height of acanvexblab by bouncing around inside it,

One of the tasks achicvedby visualfeedback was the location of the pump base in
tetmsof i s 00Y, 7 posilionand orientation. This wasaccomplished in two steps: (A) the
ocnct al localion tusing tha 25min lens, see picture 8). and (B) the specific location (using
theBOraralon1r, scepictire 9). Themodelused for the general location was fairly simple.
I consisted of the following facts:

(1) the purp bass would be a while blob on a black background
(the white and black combination is not necessary --- any contrast
in calor or irlensity would be sufficient)

() the purap ba<e would appear within a certain portion of the
{able (e, on a part of lhe simulaled conveyor belt).

CTherefore, to delermina the sencral focction, the TV was aimed and focused so
that it cavercd the apecificd portion of the «imulated conveyor belt, the blob location
routine wans applicd within the appropriits part of the picture, and the support
hypolhesis won uaed Lo determine the position well enough to change lens and re-aim
wilh tho 50 lans.

-15




Picture 8.
General View of the Pump Base
on the Simulated Conveyor Belt (using 25mm Lens)

Pict ure 9.
Close-up View of the Pump Base (using 50mm Lens)
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The "specific lecation” model was conciderably more detailed. It consisted of a
structured ~et of features(convex holes), their relative sizes, positions, and contrasts.
The: following steps were taken to locate the two large holes on top: beams were sent
throuzh 1 he blob at promising positions andangles, the blob characterizer was applied
whenever udiscontinuity was noticed, and the holes were classified according to their
relative «izes (basedupon the generallocalion information and the size of the largest
hole after it had been found), Whentheiwoiwge holes on top had been located, the
posilion and orient @l ion of I he purip base could be dct ermined from the known 3-D
mc asurcment s of it. Picture 10 showstheline of centers and a line indicating the
oricrtalionfor the initial gra~ping position of tive hand. This location information was then
sentt 0 the arm which used touch to delcrmine the final grasping position. The touch
sensing involved is discussed in the nextsection

The second task accomplished by visual feedback was the inspection of the
caskel’s positiOn after it had been put on. Thelocation of the pump base with respect to
{he standard position was known andf{rom this the position of the two large holes could
be determined. T o check t h e positioning o f the casket a picture was taken of the base
just befor o the gasket wes put on and enother picture was taken just after it was put on.
These pictint - « were "differenced.” That is, anew picture was created by taking the
abzolute value of the difference between the intensities at all points. in theory only the
aasket chould appeat in the differ ence. In praclice other lower intensities arise because
of shadows, wlight inage shifting, etc. Picture 1 1 shows the differenced picture with an
overlayed display. Notice that the differencc picture could again be interpreted as a
whiteblob containing convex holes. The same convex blob characterizer was applied at
the expect od positions for the twolargeholes. If the centers were not within & certain
tolerance tor they could not be found utall) the machine signalled an operator that the
cacket was 1ot on preperly. In picture 1 lthe two crosshairs indicate the expected
centers for the two large ¢asket holes. The <olid dot indicates the observed center of the
lar e st hole. In this case the cbserved center differed sufficiently from the predicted
centert 0indical e that the zasket was not on correctly.
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PictLire 10,
The Pump Base withan Overlay Showing
the Computed Orientation

Picture 11.
The 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

The: hand has two fingers which can beopened or closed together. There is a
ricroswitch ontheinside of cach Of the fingers. These switches are binary in that they
regist or only touching or not touching. They do not register force -- ie. how hard
sorns Lthing i+ being erasped.

Cven t hough t the consingrechanismis fairly primitive it can be combined with other
techniquen to provide some usefulmanipulation and feedback primitives. For example,
position potentiometers reactire the distance between the fingers. This distance can be
usc d in conjunclion with a siraplemodel to provide feedback on what is being held in the
hand. Typicalmodzls are "somcthing Of agiven minimum thickness”, “something whose
thicknesais within agivenrange”, a n d “anything between the fingers”. In the pump
ascorbly, for example, after the handinserts a pin in a screw hole, it opens and closes
acain to make sure that the pin is stillthere(see picture 12). In this case it is using the
rmodct of "anything between the fincers” because presumably only the pin could be there,
If, for somatcason, the pin fell into thelarge hole instead of seating in a screw hole, this’
teslwaouldbe sufficient to detectthe mistake and the machine could notify an operator of
the problom.

The signals fromthe twotouch sensors are independent, making it possible to
determine which touch sensoris b e i n g activated. This can be used, for example, to
consiructa"center-the-hand-over-an-object” procedure as follows:

{(1j close the hand until one touch sensor (say sensor A) touches
somelhing,

(?) continue to close the hand, but move the arm so that the finger
conlaining scnsor A remains stationary --- stop when the second
louch sensor touches sorathing,

Pictirc13showsthe hand centering on One side of the pump base. Notice that the
hand is init ially off-cent cred and ends up centered. Also notice that if the hand were
simply told | o close, it would move the whole pump base so that it ended up centered
e tweenthoefinoers Thismay or may not be the desired result. This centering procedure
wasoticinally writlen as a combination of rnany primitives in the arm’s language, but
consi ant vise prompledtheimplement ation of a primitive called CENTER.

Thet oure two other primitives, SAVE and RESTORE, which are related to touch
connine. The idea is thalthearm can dynamically determine and save the difference
belweon gpradicted (or planned) position and an actual position. For example if the arm
istold t oinccrtapin in a screw hole, it is given a specific, planned location for the hole.
If {the holeis slightly Ou t o f position andthe hand successfully finds it by searching (as
deacribed in the force sensing section), thearmcan SAVE the deviation of the hole from
thepredictedposition. Therefore, when the hand returns to that hole, to take out the pin
or insertascrew,il can RESTORE the deviation and avoid a second search.




Picture 12.
Checking for the Presence of the Pin

A. Hand Poised around 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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A. HandPoiscd over the Pump Base,
Not Centered about the Side

C. HandNow Cenlered after Moving
to thelcftso the Right Finger
al so Touches the Side

Picture 13.
Cent wing on the Side of the Pump Base

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



CENIER can be combined with SAVE and RESTORE to refine the positional
information of anobject. A model of the object is setup containing a set of grasping
points andlheirrelativeposition(X)Y,7) with respect to some reference point on the
object. T o improve thelocation information for that object, the hand is asked to CENTER
on one (or o serics) of theserclative grasping points. For each point the displacement of
t he object tic. thedisplacementofthercference point of the object) is SAVED. Each
CENTFRoperat ion canonly detectt he displacemaent in one direction. Thus, two orthogonal
CENTCR's canbe used to produce a 2-dimensional correction, etc. When a series of
CENTER’sareusad, a RESTORE before cach CENTER is used in order to make use of the
latestinformation about the position of thereference point.

Thistype of two-dimensional localization with respect to a reference point was
usedt 0 del ermine t ha final grasping position of the pump base, Vision determined. its
positionwilhinone-third inch in X and one-fourth inch in Y. But this localization was not
sufficient for the hand to pick up the has® because of the base’s irregular shape and the
limitcdopening of the hand. Since the purap base was glued to a base plate, it was known
to be upright. Thus, the Z component of the position was known quite accurately. The X
and Y componentsneeded to be improved. To do this @ model of the base was set up as
follows:

(1) thereference point was the center of the large hole

{2)thereference orientation was along the line of centers
betweenthe two large holes on top,

(3) two crasping directions and points (points A and B) were
determined at right angles to each other.

Thercfore, to determine the displacement i n A’s direction the hand was CENTERED
on point A and any discrepancy was SAVED. This discrepancy was RESTORED when the
hand CENTERFD on point B. The combination of these displacements determines the pump
basc’s X-Y displacermernt.

SAVE sandRESTORE’shave been mentioned with respect to( 1) remembering a
spacific point, suchas a screw hole and(2) localizing an object, such as the pump base.
Theseideas can be combined in a straightfot ward way to provide dynamic position
information for the pump base (with respcect to its planned position). This is necessary
becausethebase may not have been placedexactly in the aligning blocks or the hand
may haveriovedit when tryingtopull the screwdriver out of a screw. All that is needed
toobtain this dynamic information lis a model of the base which locates the screw holes
with respect to the reference point. Each time a screw hole is found (inserting a pin,
screwinga screw, etc)therefined position ¢zn be SAVED. Thus finding one screw hole
canhelpin finding all of the other partsonthehase.
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CONCLUSION

We have taken the first, primitive step toward integrating different types of
sensoty fecdback into 8 geheral purpose, computer-cant rolled assembly system. We
believe that this type of interaction, in some extended form, is necessary for performing
sophisticated ascembly tasks. The key factor in the applicability of this type of device is
the ease with which it can be programmed. It will be important in the future to interact
with design data bases in order to specify pofltlons and motion const raint s automat ically.
This will relicve the programmer from the task’ of defining the positions by “programming
by doing," and will in effect generate a first cut ;at an assembly program.

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