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W. fianiei E-Eiiiig

Amficiai Intelligence Labm'ata:ii'y

Massachusetts Institute of Technoiagy
C3,mbi‘i(ige, MA 02135?

Ahgtmet

A 11': 'Iermi.s’ rain): marzipzakzrcxs’ r.ma.s:‘ be-’ ubie to fez-'4’ 1-w’sa.* it
is c1r_:i;:g. The meciizziaicai hams’ Qflhe _fle'!+:4r.0 wiii 3.16 «bk (1)
rm’! a screw b£’§VL’s’€IE H3‘ fingers and serxse, by iomh, which
end is v.‘h:'z'r‘.r. This paper de.9r:r:‘}2es' (2 step toward .s'zar_'h :2
r7z.arz:’pr4.'r:tr;r, mi irimgz"/zg Ia:r.'i:':= sensor wffiz /11m./.’n—"a's of
pres5'ure §~£’7i§Oi‘S ii? is ::pu('e the size €1_fiCl fingwrip. We
sensor ss'a.s‘ dc‘ ’gm«'¢1a3'purI of ca i£izd0n~z1cIz:ate:{ mec‘i1a."r—
i<.*r1i’fi/‘.';:,I<'r', si.>'.":i'i'c1r in .vize and :'ur:_:,I(' ufirzuiiz,-rz to 4: i'um'.Im1
ir:¢z'e.rfir2;2ra:- (é’,z’,-'¢’.I'.",';' 198:’). A5 :1 dw72r>'n.9:rz:ri:)r2, the u’eve‘.r.'«e‘
zwis p.mgr:2.+rmzed to d2'.saéng::isi'r <:r.':e::rzg .sevcra:' m.m.rmm!j-x
i',(.\':’,’(1 fl'.:.s'te:1f.v2g rim-*i::‘es—--na4t.v, imits, fizz! :~ms'}1(>r.9, fuck
svm'i2w'rs, zirrmei pim‘. r'm‘I.rar pirzv, arid .99.’ S(_'i’("1i~’S
toudiiizg tizctni wiiiz tfr:=Jfizrg:—'r aim‘ ElI"IcJi_\‘g,:.'i,'._,7 the izicriie‘
:'rnag¢‘.

This papser c1'e'..sc'r'1'iwe: has-w the u'2ci1'!e .8‘-E‘.'1.S‘-:91‘ {army was
Corzsrructea’ and fmw fr v.’<:i'/1'5. Tfez» simpie pm!:"rn—
r’€(‘e.?_£,>f3ifi1.?!'i f(‘(';?Iif(§!I€S mred in 1‘/we r.!s=r;*~:¢.a:i.m'tzrmii ]?.“()g.‘“ zm
are .7.-'im our1'in.:/d. TIi?(’fi:'1(I:" .s'::c'!i<m izaies some promising
.:Ii:':a"t:'um‘ f§I2r"_fi1.*ure /‘eseraiflz. '

The Semaecar

The touch sensor is 2: monolithic. array 01" 256 taciile
SCHSGTS that fits {approprizateiyja cm Silt: tip of 2: fmgei‘.
This resoiuticm is eomparahie to that (if the human
forefinger. Each sensor has an area of <01)‘; 9:312

and gives an independent analcig indicatimi of the

This rep-zirt de 'r1be:s rf3fs€‘:l!'Ch dam: at the Ariificiail intelligence
E_.ai'ecimim’y ai the Massachusetts institute of Teciiiiaxiogy. The :-
3s:a3'ch was supported in part by HBM. ur:.riea'a;1 agreerneni with
the 'Ma§saci‘1use$t5 Instituie of Techzmkigy Laboratory for Com-
puter Sciemx: Supper: for the Ariificiai inzeiiigemze La'tmr2s1ory':«;
artificial inmliigcnce res;e2u'ch is provided in part by ‘aha Advanced
Research §’mjec‘:s Agency ofthc Deparimem of Drfense under
contract with the Office (of Naval Research. contract
N()()014-80~C-0505. Hie aulhur is sup-gmried by a fellowship gim~
vided by me Fannie and John Hertz Fmshdatign.

The Erstcrmfiionai Leumai of Robuiics:
Research, Vol. 1. N0. 2, Summer" E982.
(E278 -36«§9,:’SZ;'-320033 - E 2 5-35 . 06/00

E982 Massacizusetis Institute of Technoiogy.

§g§E~ €§$§§§§§fiE§

Eiiiagiiig Teueh §€§§S§§"

farce over its sliifaces over a range {sf E--- 100 g. The
array is scanned one column at a time to minimize

the number of cennectiiig wires. The sensor is
rugged, flexible, and has 81 skiniike texture.

The touch array has two conductive compamenis:
3. flexible; printeszi :::ia':;uit. beard and a shes; 0f aniso-
tmpicaiiy conductive siiicone rubber (A€S}. The
ACS has the peculiar property of being eiectriisaiiy

conductive along nniy one axis in the plane of the
sheet The pi‘ints~:d Cifcliit board is embed inn) fine
pziraiiei lines, it too a:oriduei.~: in miiy one dimen-
sic-I1. The two cmnpmiems are piacead into ceiitact

with the Hines on the printed circuit board perpendic-
ular to the AC-S axis at" a:0'miu4:t.i<m. The <:«;mia<;:i’

paints at each intersection of the perpendicuiar con-

dmzors form the pressure sensors.
The deviee also inciudr;-.3 a separate!‘ to pm} the

conducting Eayers apait when pressure is released.
The sensitivity and raiige of the sensor depend

largely mi me consmieiiam 01’ this intervening Eayer.
There is 2; u“ade~0ff betw‘een sensitivity an-2:1 range,

Far 3 Large pressure range, the besi separator tessted
was the woven mesh of a. nyion ST.0Ci{i'i3;§§. For high

:~>.en.<;itivity, 21 separamr may be deposited direeily
onto AC3 by sapraying it with a. fine mist of nsncom

zfiiwsive paint. The eenduetive rubber presses
through Sepai*a.tor 50 that the area of izomrici,
zmci hence the Contact resismnce, varies with the zip
piied pressure.

The preasiare/'resis{a:ric.e reiaiieaiship is l'EOY‘i“!‘.lE)-E1‘,
as shown in Fig. 5. We do nut have a modei ufthe
Contact mechanism that quantitatively explains the

change in resistance with appiied pressure; huwever,
Fig. E iiiu3ti'aii-:-.3 a piausibie cgua1it:1Ei\ie moiiei. Pres-
sure on the eEa.smmex‘ie ACS defurms the materiai

around the separator, allowing it to centacit. the metal

below. Larger pressures result in mere aiefmmaiion
and iarger contact areas. ifthe resistance of the can-
Iact is proportionai to the cmitact area, the Contact
resistance wiifi be iI1\it:H'S€t§).:' related to the applied
pressure. PM the object-recegnition appiication, the
nciniiiiesw response of the sensor was not a signifi-
cant drawbaezk.

‘H:'I!é.s
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Fig. I. C::m?.:e'Cr msi::rm2c‘€
:.‘.i'e:2..'1ges M’:/2 z’-fzaazgizzg
rxrm.

Skie View

Tie:-' Iniernarioizzzl fm.ima:' of Roborics Researvh
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The ACS itself is consirncterl nl’ layers of silicnne
rubber impregnalecl with either grapliite er silver,
alternating with similar nnneontliictive lziyers. Each
layer is apprnxiniately 25% ,u, tliich. The layers are

nriented at right angles to the plane of the sheet. The
linear rersistlvity, in the cenzlutsting dire-stiun, is rm

the om-lei’ of l-ziloh ms per centimeter’ f-or graphite»
ixnpregnatesl AC3. This is incnnveniently high for
building large S€nSOl‘§1, and we were able to lower it

tn agiprit-xlmately lilll £1 per centimeter hy elecl,rn—
plating the sheet with gold. it is possible to plate
only over conductive silicone, so that the cross»
resisisainee rernains €SSi€Il'El2ill},’ infinite. Silver-
iinpregnateil silicone rubber has a substantially lower
hulk resistance, but we were unable to obtain the

material in the proper form. The rninirnurn resolution
of cninuienzielly available ACS is ahnul 50 lines per
centimeter,

Wires are snldered in the edges of the printed nir-
cuit hoarnlt The ACS is nioiinted so that its edges
fold amunii the printed circuit, where they are
presseil against connect fingers an the other side (see

2). A eonipeunil sensor with high range and
good sensitivity inlay he constructed by plaeinag a
high-range (nylen mesh) sensor behind a sensitive
one. hi this the llexihle circuit l3OEll"{l in the

front layer was eliininaiell, so that the center layer
of was shared between the two arrays.

Scanning the Array

Attaching wires nnly at the edges (Bf the array re»
dimes the number of necessary connections. This is
important given the limited space of a mechanical
linger. {The ?.5lS~cell sens-er use<l wires, #42,

stranded. The resulting cable is <3 mm in diameter.)
The array is scanned by applying Zi voltage to one

column at a lime. and measuring the current finwing
in each rim-2 A potential problem with this method is

the intrneincztlori hf ”ph2mtnm" l:2icl,ile irnziges. When
multiple points are activated siniultaiieously, it may

appear that untnaiehesi pc-fins also eomluctling.
This is the 2-:.ri;a.lng version of the c1'ossp<3iut problem

in x}'—scannecl keyboards: if three out hi‘ four
switches on a rectangle are closed, the fourth ap-
pears to he also. This happens hecause the path

Fr‘g. 3. .?’l«1’r,>('l3(mic-(.1! <{mn‘iezj;‘
-.rJfI(;uch trwz..m.-1 A C5 = im-
i_r()ii'o;2£(*z:le’).= ('.rmdu:'z:'w= .m':'—
m/-is rnb.k>e.:’.° PC = pr:'rm=d
c'ir(‘;:iI !L*c.>ard.

PC} ~\

a----—-———-——-—-——-—---
PC2

thrnngh the uiher three connections is electrically in
parallel with the phantom connectien. in l—;;eyb<;aai'<ls¢
it is usually an-'ois;le<l by putting a climie at each paint
of intersection. Thin could he alone for {well ar'i'ay

alen, hut it wcsulcl add eonsideralfily to the cam-

plexity of the device and it iriighl also introduce um
slesireble £l1€{ill£i.l’llC3tl stifihess. With resistive con-

tacts, it is lhe0r'ei:icu.liy passll3le to compute the
aetuel re.~:«istahee:>s from the nieasurerl resistances by

solving N equations in N urilqnnwns (Larchmbe
W76}, but the technique tends to ariiplify errors «clue

to inaeeiiracy cf measurement, noise, and resistance
along lhe conductive axis‘ Clthei‘ reseerzzhersz {Swill}
l(O‘~’lC and Clot l977; Broil 1979; llarrnon l982) have

avoided the problem by aitaeliirrg 3; sepruate wire to
each sense _g>oiii,t. This is impractical for high-
resolution arrays anxh again. it limits mechanical
llexilnility.

lnstead. we used the scheme illustrated in Fig. 3.

It is similar to the voltage-mirrnr approach suggested

by Purhriclt (l9Sl ji. A fixed voltage is plneecl on the
eelumn of interest, while all other Cfilllfflnfi are helcl .

at grniind :3-etential in greunizl out any alternate
patlis. The rows: all held tn ground potential also»,
by injecting whatever i;:iiri'erit is necessary to Carmel
the current injected by the active column. The value
{if the resisianee ml‘ Ll. cmsspoiait is inversely pmpnr—

.'i:’/Ls‘
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1"’:'g‘ 3. S4=cz)mi'n,2 rlze

Decoder

Iinnal in the a:uI:re.m that is necessary to pm} the cor-
respunding row to ground potentiai. By this nxethod,

ex'I.r'nra=:0us cceiurnns: nre at the same pmemiai as the
rows (ground). 5:: n0 currcnt wii! flow thmugh the
unmeasured crnsspoinm. The naming currents dc-~
pend muiy on the (:oh.1mn driva voltages and Ehe re-

sistances in question. The entire array is scanned by
measuring mm coiumn at a. time, .-as describeci above.

The naethud ciescafised is valid only if the cross-
point resistances art: high conxgzared to the linear re-
sisnansses of the row and winmn lines. €.)th<:.rwiss, it
is nut possibie to hand an entire raw or miumn at a

fixed pniexatinl. This effect may be understood by
referring 10- the eiectricai nmckc} of 22. single raw Blus-
iratcd in Fig. 4. The appiécd voltage (V) and the
iénear x'<=.sisi:amc::: {IQ} are knmm, but the unknown

resistance {Rm} cannot be detarmined tuniess Ens: po-
tential at node 1*!” is known. This peiemiai ixmy be
:::nmpu1'e(!, in mm? pmportinnaj an the number of

'36

\\

I\-ia.:E1‘ipiex 5L..........................J

nodes, by first measuring the unknown rcisaancea
near the edge. The resistance 5)? ail the the unlsznown
cnnzzaczs may he datermined by qzmnpuiing the sue»-
s:<3ss'i.ve 1w~n—p0rt parameters of the subnetworksz
toweard the edge of (En: unknown nods.

where V is the appligd vofitngee In and 1,,,,,. the mea-

sured currents, Z” the input ianped-ance, and K3,, the
voltage transfer m‘-:10 of the network tn the {aft (sf Rfi .

For Earge arrays it nmy actuaiiy be necessary‘ to
csmpuia the resistances as Sh(3W‘:'L but as iung as its
linear resistance is iow cnmpared with the Contact

The Imerrmiiwna! Jonrrzzzl 0fR:)I?c?€’."(T.§ Rese¢?rc!'z
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Fig. 4. EIe('!ri<*aJ' fl1’F!)(.l'€l'-1.3)‘.mze row.

re V re R... R;
"\/\/‘V ’\/\/\/'\r'° «- =~ NW

1: V‘
*’\/\.!‘'\/‘‘v

[aim Q )

-RC2 Rr‘rr~~‘.
.3.‘-*'-*,.

resietahee, this is not rreeessary. If the measured
values are used directly, then the wmst»-ease error
for E raw *5 N elements is

Rmeasrured _ Rn + ZVRL.
Racmal Rn 1

This is easy to deternlirte because the werst—ease

occurs when all contacts, except for the (me being

lraeasurerl, are open. Other contact ele.<~:m'es will only
lower the potential of node .N”:’ increasing the aceti-

raey" ef the measurement. The errcsr may also he re-~
rlueerl by a fancier of two by rmalrirlg Contact at bath
ends of the row.

Perferrrtenee

Several sensrsry arrays were crmtructerl with varying

range and resolutiorx. Figure 5 shews p-resrsure
resl.~aternc.e trurvee fer twe represemative devices. De.-
vice 1 has 2: sprayecl separatm {approximately 19*
dets per square centimeter). The separater uldeviee
2 is nylmt mesh (Leggs, Extra Sheer). The At’_T.S ueed
in device 1 was plated with gold en the centers:
All devices showed good rneehanlcal durability and,

after an initial settling period. stable electrical chap
aeteristies. (The firs: preietype. almost a year eidr
shows rm noticeable change in -contact resistance.)
The highest~=res0l.uti0'n device (1) was a 16-by--its
array, l cm in area. This is the sensor used with the
linger. Sample images of the top of a screw, an elec-

R1.

V/\,'\/\¢~? o e or
N7,

ironic connector, 2: i/ruin ring, and a setter pin are
shm-wt in 6.

Methetl et‘ Use

The touch sensor were mounted on a tenrlom

-controlled finger that has approximately the same
ehaper size, and range of motion as the human fere~

finger. l..il<e the lmmsam finger, it has three jein-‘.5: a
piw:-t with two degrees freedom at the base and
two hinge joints with one degree of freedom. These
joints are eorstrelied by rm: pairs of tenrlerls, which
are driven from four electric meters mounted behind

the base of the finger. Terque and pesitiun are mea-

sured only at the meters, so that joint torques and

angles were cemputed as described below. The
finger and esseciated motors are melmteci on 2. fixed

base, with a small platform, extending just belew the
finger, er; wllieh ebjeets may be placed for testing.

The tendons of the finger are arranged in erapesirrg
pairs -----£9113 bends the joint, the other straightens it.

A system of pulleys keeps the term} length of each
pair constant. This allews both ends of a tendon pair
to he drivers from 21 single meter. The lever arm at‘
the tendon pulling against the joint. is kept crmstent

over all angles by winding the tendon ever 21 pulley
fixed to the joint. The tertlzieate in the mechanical

finger are arranged to give independent control cf
the torque and angle of each joint. The finger and its
control are described fin more detail elsewhere (I-Ellis
1981 ).

1'33.’ 5 .-'5
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Fig. 5. P:”!jf(?!’I?.’L'1I'ii‘(‘ r.‘u,rvr./5
a,f'."wo .S'€f’!Se rs.

The tendon finger and the much sensor were used

togethsr in ‘the’: disczmnination program. 'Fha pru-
gram used the fingztr to prcs§ and probe the object
plzuzeci in from sf Based on haw the object feit,
the program guessed the shape and orientation of the
object. The device was pmgramm-ad £0 recognize
Commeniy used fasteniiig devices such as 1'iE£'ES‘

baits, fiat wasiiers, loci: wzisiiem, down-2:3 pins, i:0Ite.x'
pins, and Set scifewfi. The program was written in

Lisp and ran on :3 speciaiiy augmented Lisp Mzachine
{Weinreb and Ivimtan 1§§7'9}, with independent micro-
processors to centred i0w—iek«'ei input,/output fLnc—
tieans,

"i'h=3. program worked, as wiii be described, but it

nevczr woriaed weii. its mass. impressive wealmess
was that it wmiid coniizicntiy identify any object

pia(:e(i in fmni of it as (me of the six test abjects. I:
is, however, 21 starting point. Mzmy of the tecimiques
used in the discrimination task shuuid be appiicabis
in more: sophisticated programs aisf ihae future.

Why Tzsucii is Easier fihéifii, Visimi

in writing the discriniiriation program, we shame-
Eezzsiy retraced Eh: steps of early reseai'chs:rs in ma--
chine vision. There is good mason to believe that

ihessc simple techniques haw: 2: better ~;:.£12ma:e of

SE53

12"‘ X 183

working in the tactiie domain than they did in the

visiiai. For on-3 things there are far fewer data to be
analyzed than in 2: visual imzige. This me:-tns thai
even with a high—res0iuaion motile array, cciiipiex
processing may be gzeribrzneci in real iimczt, Anathar
factor is than colisciimn is more readiiy é2.01’1i;r0ii€(§.
Since piacement and pressure of the fingertip are
cmitiroiied by {he mograsia, ariaiyzing :1 tactiie image:
is iiiifi analyzing 2': visual image with controiicd back-

gr(3un£L, iiiusni'naIia:m, and paint of view.
There is; 2113:) a third fzuxtor msporisibie for making

tactile recogniiion the easier task: {ha properiies that
we actually ms,-asure are very ciase. in kind, to the

pmpenies that we wish is infei‘. In vision, ii is only
possiisie to discover 1‘fi!i‘.£2hB.l‘1iCéii prop-amiss (shape,

micntation, ahsoiuire position) by dedizcing them
from opticai pmpe:rti:~:s (shading. pmjection. refiec~
tiviiy). In much, we measure mechanical properties
diaecily,

Active Sensing

Ti’i€.E'8 are two possibie approaches 3:0 any idnd of
sensor},-' recognition. The iirst is the am.az"_wz’c up-
prozriciz. in the anaiytic: app:'0a.ci‘L we start with an
image (if some sort, e>;Lra<:.t features (if ting image,
and then, fmm the features, absiraci some kind of a

The Irzwmaiizmazzl Journaaé o_,f'Iw‘;'oi::.a:ics Researci:
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Fig. 5;. Sampie mc‘Ii."€
z"r.m:ge:s‘ _f}'or'r: the .'s':°f?f~’():"'.
App-rr)xEr?m.r'¢‘ .-:4’-.“.'.':a:' .-Ii .1~,
r‘~:‘?;'e<‘:‘€ iixmm befow
imzzgsrr.

Cotter pin

Spade lug Top of’ sacrcw with "

‘ Hum
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mode! of what is shown in the image. The anaiytic
approach is bottom-up, or dma-driven. The gecnnd
approach, the cic'tive appmmsfi, is i.0p—Cii)Wi'!, er
iUC1()Wi€3(igti—£iI‘iVi‘:It. When taking the active approach.
we begin with a hypothesis (if what is in the image.
Based on that hypothesis, we make n1easui"eme:nts or

perform experiments in test the vaiidity of the hy-
pothesis. The resnits of the theory are then arialjyzed

using the same techniques the anai}/tic apprna-ch,
and, based on the resnit, of the a.naiysis, the hjy'--

pothesis may be niociifieci er confirmed. If it is EY‘ti)di~
tied. we try experiments to test the new hypeihcsis,
and so (in. until we arrive at a conehisien that agrees
with the data. The two approaches are represented

seheniatieaiiy in Fig. 7.
We heiieve that the active approach is more

appropriate in the taetiie rinmain. Fm‘ one thing, the
infnrmation in a image is often insuifieierit for
i‘<:cegniiinn of the object. Moving the ‘ringer to make
different measurements is the "nest way of collecting
enough data, and in Qnrizier to decide haw to i'n::we the
finger. {he program inusst have some expeetaii-mi of
what ebject it is feeling. Tile program should operate
at all times with a hypaitiesis if what it is feeiing. it
recognizes the object by actively probing it with the
finger, inn-difyirig its internai “haiiii(:inat.i«;m“ (if the
object to conform with the measured reality.

'E‘he Dnrnain: Nate and Bnits

For the purpose of testing the sensnr, the finger‘, and
the reengnitinn techniques, we chose a restricted

range of test objects that the program wenld be ex—
peered to recngiiize. Specifieaiiy, we chase a set of
cerrimoniy used rtiechanirai fastening tieviees that

are in'ip0r‘taiit for pntentiai indtistrial appiicatinnr at‘
rohtnics. Recognition of fasteners and de:tei'rriination
at‘ their position and nrieniatirm when they are

grasped by a inaiiipuiator is an important industrial
probieiri. It is aim at prohiem that is uniikeiy to he

SOi'V6(i by rnaazhine vision he<;tause the hand ohscurris
the object and because forces cannot be seen. In this
demaiii, tactile and visiiai sensing WE)Eli-Ji cnmpienient
each other weii: vision for ioeating objects and mea-

suring their absniute position. touch fur sensing iocai
shzape, mirztiitatien. and fnrces once they are grasped.

49
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Anaiytic. approach Active apprnach

The particular objects. chosen because they have
sirnpie shapes that are easy’ to i'e;:si‘esent and easy tn
distinguish, were machine s<:.rewri, set screws, fiat
washers. ioek washers. isiowei pins, and cotter pins,

Restricting the range of pessibie objects to such 3
smaii and easiiy distinguishable subset rnakes the

i‘eeognitioii tank less diffieuit, but it also iritrndnees
the pnssi‘:3‘iit.}/ that the recognition inethmis used are

not reaiiy generally appiieahie. This may be the ease
here. Recognizing a larger range at objects wouhi

certainty require identifying a richer set of ta-ctiie
features.

The objects were all smaii (not mere than in. in
any tiiinetisinnj. In general. the smaiiest corrirnnniy

med in a given eate.g-ary was used for testing.
Fnr example, the machine Screw was by in.
and the cotter pin was V2 in. king hy 5/1.3 in. in dinin-
eter. Using such Sinai] nhjezsts allowed the entire

image to be read in one impression of the sensor.
This avnided the prehiem of eoortiiixatirig mnitipie
sensor iinpressioiis into a single taetiie image.

Renresentatianz Beitsrtrihing flaw Satnething
Feeis

Based on featiires of the test object that make it
iden‘-Lifiahie by human tnucta, a siinpie language was

developed fer describing the chjeers tactiie prnper»
ties. Three categmies cf features, or pai'ametei's,
were czhosen to remeszerst the feei nf an object.

Tim Inrernnfiamzi joiirnrzi i')fRt)bnti('s 1~‘:‘esi=a'rr:h
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E. Shape. For the fastener micm«w0.rid there
are nniy two pnssibie shapes: round and
king. The shape may ihei'efore be cietenniried

direczily from the height./width ratio of the
image.

. Bumps. The Eneatieiis inf lneal pressure
anomalies are expressed in object-relative
coordinates, far example, in coordinates reia»
tive to the major and minor axes of the
image. Bumps {nay he pnsitive (converia) or

neg2s.E:ive (cnncave). {In the impiemeiiied pm~
gram, only the sign and position ni’ a bump
are considered signiiicaiii. fer rnaicliing pur-
poses. There is no intensity informaiion.)

. Stability. This property indicates how easy it
is In roll the nitiject in various directions. (in

the program. we Beciean values repnesent
the stability of an niziect. These indicate

wheiher in net the Object miis freeiy aiong
each of the pi'iLn:3.i'y' axes.)

These three paraineters were sufficient for distin»

guishing ammig any of the objects in the test set.

Figure 8 shaws which properties were exiiibitecl by
each object.

iiiipienienmtinn

The comm} tasks are divided among ii Lisp Machine
and five Z-80 niicropro-cesscsrs. Most of the code is

writien in lisp and ran on the Lisp Machine. Each
anici‘npw<:::.ssor is dedicated in a simple izzsk with
E'€ai-[H116 coristrnirits. One scans the tactile image
array, while 0E.h<':rs take s;>ei:iiieaiie.ms fer jnint nin-
tions and execuie ihem in rezai time. The memories

of the microprocessors are directiy aceessibie by the
Lisp Machine. This shared memory prs:w'ide‘s a con-

venient interface i3€)tW£‘. Hie two ieveis {sf pm-—
cessing. The ouipui of tactile array, for example,
is svaiiabie as :1 Lisp array nhjeet.

The 2<3p»ievei in--sap pmgrain is just transisiion of
Ihe active approach diagrammed in Fig. 7. The pm—
gram begins by assuming the: the object is whatever
best matches the information iiiai it has so far. This

is the ”hypothesize" step. it then tests assumptions
that it has made iibom the abjeczt and, unless they

Fig. 8. Ttrbic «;f/';1')hiz1:'Is'.
+ = wimp,‘ (.3 = (.’e=pr-essizin.

Bumps Siahiiiiy

Machine screw

Dowel pin

Lock washer

Flat washer

are all cnrrect. repeats the process from the begin-
ning. Testing the assumption may invnive moving
the finger in roll or probe the object, 0:‘ may just in--
voive making a isomgintation fmm already cnileeted
data.

Flow nf cxmzroi in this process depends an what

infnrmaiimx is needed. ‘When a property queried is

noi aiready known. it is coinpined or measured. in
the prncess of computing the value, the progranri
may make queries about properties that, in turn.

may need {<3 be coinputeii. For e.>;a.nipie. if we ask
an ni3je.«;;t"s shape and it is net known, then '-. must
be computed frcirn the nb_ie::i:"s dimensions along the
]_(3}'iE}'E5i[‘y if axes are not lmowii. they
must be cnmpuieci from the image of ihe oiziect. if
no image has been read in. the finger mus: be

pressed against the object, and so on. This is “Cali
by head" comm} how. It prevents infonnaiion frnm
being measured or conipuiezi unless it is actually
needed in the recognition pi‘-;>::es.~s.

After an image is read in, it must be processed in

determine the objects iocaiinn, the piiniaijy axes,
and the ioeeiinn of any bumps. The firsi step in pro~
cessing the Eaetiie image is the eiiminaiien of un-
wanted detail. This is accomplished by aweragihg the

‘mine of each pixel with ihase of its immediate
neighbors. The image is then <:<3:ritrs.si-enhanced to
Iwn bits per pixel by cemparing it is iixed i;h;'esiml.d
vaines. If the offset pressure has been chosen giro-p~
eriy (see belnw) the four possible pressure vaiues
corresgzond to isackground, depressions, primary fig;

use, and iI?ll.'1‘i§iS,
Next, the aspect ratio and major and miner axes

of :>b_§e<:t are (ieierrnined. Conipiitaiiim of the aspect

Hiliés 43'


