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Introdﬁstisﬁ'. B

If previous studies' are any indication, there is a national.
need..to . develop advanced. automation. techniques. to. .
increase industrial productivity and to enhance. the well- .
being of workers by eliminating hard, dangerous, and dull. .
jobs. Although an ultimate goal might be a completely;
automated factory in which design, planning, scheduling,.
and manufactunng are all under computer control, auto-
mation will probably evelve siowly with the development.

of the approprlate technology
One . day,

to perform relatively low-level jobs that can best be done
by machines.

in this paper we are concerned with the appllcatlon of
sensor-mediated’ programmable automation to material-
handling; inspection, and zssembly’ operations in batch-
produced, discrete-part manufacturing. These operations,

which are still highly labor-inténsive, have been estimated

to represent over half the total cost of product manu--__ '

facturmg costs in :he Umted States. L

*This work was funded in part. bv Grant GI 38100)(1 the_

Natlonal Sc:ence Foundatlon
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‘however, repetitive ]ObS in labor-mtenswe_
operations. will . be performed. by . computer-controlled. .
machines supérvised by a smalil, .highly trained group of |

operators who will set up and’ prog'ram each job, modify.
procedures to fit the particular circumstances, change_.._
over for new batches or models, maintain the equipment. :
and cope with breakdowns and stoppages. Thus, the
systéem will “time-share’” the operators, augmenting their. - .
capacity to do useful work by relieving them of the need.
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Prog‘rammable autornat:on consnsts of a’ system of .

multidegree-of-freedom mampulators {commonly . known':_;
as industrial robots) and sensors under computer control,. .
which ¢an be programmed ‘primarily. by’ software. to. per-

form' specified jobs in the: manufacturmg process and.

can be applied to new (but similar) jobs by~ reprogram-: S

ming. The" capab:lmes of such programrnable systems

d:ffer sharply from. those of conventional’ “Fixed: Yo
“hard™ automation systems, in which’ spec:a!-purpose.' '

machines are designed to perform only specific. repétitive. -

tasks. This is particularly. important where production.
runs are small and where different models may have to be_: G

produced frequently.
Most industrial robots in use today. are point-to- pomt_
manipulators, which perform a variety of “‘pick and place

material-handling ]obs and: spot welding.. The 1 remaining, . =
industrial robots’ are continuous-path. manipulators, which . .
are_used in arc. welding, paint. spraying.. and 'so on: A’

major limitation of these manipulators is their. primitive

sensory feedback.’ In particular,, commermally available: .
industrial robots have neither contact sensors’ (force, -

torque, and touch sensors) as aids to manipulation, not . - -
noncontact sensors (vnsual and range serisors) as aids.to, -

recogmton. mspectxon. or mampulatxon of workp:eces

Extensive research in machine intelligence. a branch.of @

compiitér science, has provided' tools; techniques.’ and-_-_'. -

concepts that, are directly relevant to this class of problems. .

This work ongmated in a number of “hand-eye’ and rcbm,. ) '

programs" ' that developed and demonstrated falrly com- .

plex systems of m:egraced effectors and sensors ta guide . |

a manipulator by using Lomputer-Processed c.ontact and
noncontact sensory feedbat.k e T

* Gomputer




However, machine intelligence research has been pri-
marily directed at finding general methods that demon-
strate principles. and relatively little attention has been
paid to questions of computational cost and program
complexity-~questions that are of major importance to
industrial applications. For example, the goal of most
visual scene-analysis programs has been the identification
of all the obijects in a scene, regardless of orientation,
with parts of some objects occluded by other objects,
and under varying and rather difficult illumination condi-
tions. Under these conditions computer programs that
can barely cope with fairly simple scenes are huge,
difficuit to code and modify, and time consuming: hence,
they require large computers. On the other hand, recog-
nition of a relative small number of parts, one at a time
against a controlled background and under controlled
illumination, can be accomplished by algorithms that will
run quickly on a small computer.

Experienced machine-intelligence scientists have just
begun to apply their knowledge to the constrained and
therefore simplified problems of programmable automation

in the factory. A numbet. of research’ and development:
programs'® are now. in being with the specific goals of .-

exploring, applying, and expanding machine-intelligence

techniques and’ concepts to- programmable automation.
Concurrently, ‘inexpensive’ yet powerful ‘minicomputers =
and microcomputers are now becoming available, making ..
it possible to control integrated sensor-mampulator systems. -

that can be economically justified.

Needs for sensors

Extending the present capabilities of "pick-and-place”
industrial robots will require a considerable improvement
in their capacity to perceive and interact with the surround-
ing environment. In particular, it is desirable to develop

sensor-mediated, computer-<controlled interpretive systéms’
that can emulate human capabilities. To be acceptable by
industry, these hardware/software systems must perform .
as well or better than human workers. Specifically, they

must 'be inexpensive (provide an acceptable réturn on

investment), fast (comparable to‘average speed of human :
workers), reliable “(error “and *failure ‘rates “considerably -

lower than those of humans}. and sultable for the factory
environment.

Sensor needs can be broadly dwxded into three areas of
application: kua!_mspectmm ﬁndmg parts and controllmg '

manipulation.

Visual inspection. Here' we are cuncemed on}y th.h an

important “subset of visual mspecmon. ‘the qualitative

and sexmquanmtatwe type of inspection ‘performed by

human vision” rather than by ‘measuring instruments.
Such inspection of parts' or assemblies includes identifying

parts; detecting of burrs, cracks, and’ voids; examining
costnetic' qualities and surface finish; counting the number. ~
of holes and determmmg their approximate locations and
sizes; agsessing ‘completeness of “assembly:’ ‘and so on.
Sensory methods being deéveloped for augmenting industrial
robot’ systems can also be applled effectively to inspection
that requires accurate mensurat:on. but t‘.hese apphcat:ons B

will not be considered here.

Visual' mspect.mn occupies many workers in factories.”
E‘xp!xca: inspection, performed by workers whose sole job ™
is to'inspect parts, subassemblies, and assemblies, has °
been estimated to represent approximately 10 percent of
the total labor cost for'all durable goods.”® This cost is

second only to that of assembly opetations, which is

approximately 22 percent of the total cost. It is fair to ..
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assume that the majority of these inspection tasks are
done visually.

Implicit visual inspection is performed by assemblers
to ascertain that the assembled workpieces are the correct
ones, are complete, and have not been damaged. This
task represents a small but essential part of the assembly. .
function. Addmg defect.lve Or: Wrong: ‘workpieces: to. an
assembly that may have acqulred a considerable value:
will produce. costly scrap or: require expenswe correctmn_ :
later.”: :

The, w:de varlety of significant chara terlsthS that, are_;.' '
routinely . examined : vnsualiy ‘by humans’ “indicates the
complexity. of the: processmg that must be performable -
by. automated systems. It ig evident: that a'largeilibrary -
of computer programs will have to be: developed to:cope:

with'the numerous cIasses'of'-'mspectmn .To avoid the: :

lengthly and costly programming for every: new inspection

job, this library must be: made generally avallable to’ all-- P

manufactunng 'ndustnes i

Fmdmg parts.’ Where fixed or hard automation . i
justified: for high-volume mass producmon. workpzeces-‘_-
must’ be positioned and’ oriented with considerable. pre-

cision, usually at high cost for specmi jigging.: .For material-. : -
handling and assembly operations in' the: unstructured. . -
environment of the gréat majority of factories; it will prob-:
ably be necedsary to 'find'" workpieces—that is, to deter- - .

mine their positions and orientstions and sometimeés also to
identify them. It is possible to preserve workpiece orien-
tation throughout the manufacturing process by suitable * .
jigging or special palletizing, However, the cost entailed =
with this approach may not be justified, especially if .
batches are small or product modifications are frequent.
For example, present industrial robots cannot cope with
the problem of picking up parts, one at a time, from a bin
containing many randomly oriented parts. Such bins are
used for temporary storage and for transportation of
parts from station to station in many factories. It is highly
unlikely that a very expensive teplacement for this
function will be implemetted in‘most factories. especially’
for-small batches or for parts that einerge ftom processeés
that mherenr.ty produce dlsorder, such as tumbie pohshmg" -
and plating.s "
The mabxhty of exxstmg mdustnal robots to adapt to
randor’ positions and orientations of parts greatly’limits -

thei usefulness in material-handling and assembly opera: -

tions: Further, if robot systems are to replace people -
currently doing these jobs, then these systems must also
be able to perform the kind of qualitative and semiquan-
titative inspection tasks described ‘previously. Thus, it is™"
necessary to augment existing robats with visual sensors

to be able to determine the identity, position: and orienta-, .
tion of parts and to perform’visual inspection as ‘needed..
Up to the present. such sensors have been optical or

electro-optical and have ‘consisted of television caieras

{vidican and solid state)’and - ‘séveral types: of scanmng o
systems that. measure !ntenswy and range dal:a a

Contrelhng mampnlatmn. Manipulation of workpleces : C

and tools for material handling and assembly jobs requires:
many basic opérations, such as graspmg. holding. orienting, -

msertmg. alighing, fitting, screwing, turning, and so'on. . _' '_ '

In a’completely structured environment it may be possible
to perforrn ali these operablons in a feed: forward manner _
with rio sénsory control of correction needed. L
It is instructive to note that human mampulatxon. bemg '
imprecise, depends almost entirely on sensory feedback - .
to control both simple and complex' manipulative opera- -
tions. In general, the human worker makes use of both:

_noncontact (visual}  sensing .and contact {force, torque, .-
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or touch) sensing. There is little doubt that a blind worker
can perform many manipulative tasks using contact
sensing alone. However, he cannot easily perform most
instrusions into his work space, and would generally
require a far’ more structured sxtuatmn to. equal the
performance of a sighted worker. :

'On 'the basis of these observatmns it appears useful to
consider the use of both contact and noncontact sensors
in. mampulator control and to try to assess where each
sensor is most appropnate Oné approdch is to divide the
sensory domain into. coarse ‘and fine sensing, ‘using
noncontact sensors for coarse resolution and contact
sensors for fine resolution. For example, in acquiring a
workpiece that may be’ randomly positioned and oriénted,
a visial ‘sénsor may be used to determine the relative
position and orientation of the workpiece rather coarsely,
say, to one tenth of an’inch., From this informiation the
mampulator ‘can be positioned - aummatlcally with a
precision matching that of the visual sensor, The some-
whit ¢ompliant fingers of the manipulator hand, bracket:
ting the workpiece, will now be close enocugh to effect

closure, relying ‘on touch sensors to stop the motion of

each finger when a specified contact pressure is detected.
After contacting the workpiece without moving it, the com-
pliarit fingers have flexed no more than a few thousandths
of ‘an inch before stopping. The touch "sensors have
thus performed fine resolution sensing and have compen-
sated for the lack of precision of both the visual sensor
and the manipulator. This task, which is quite common,
illustrates the relative merits of each sensory modality
and the advantages of using both. It appears likely that
the combined tse of these sensors and the associated

compiter hardware and’ software wﬁl be cost effectxve'

within a short time. " .
- QOther common apphcar.mns for contact sensors. wl'uch

xmphclt.ly entail fme resolutxon or prec:s:on sensmg._

mclude

. Colllsmn avoxdance using force sensors on the Imks_
‘and hand of a mampulat,or Motion is qulckly stopped

_when any one’ of preset force thresholds is exceeded'
e Packagmg operatzons in which. parts are packed in

orderly fashion in tote boxes. Force sensors can be used-

to stop the manipulator when its compliantly mounted
hand touches the bottom of the box, its sides, or neigh-
boring parts. This mode of force feedback compensates
for the variability of the positions of the box and the
parts and for the small but important variability of the
manipulator positioning.

» Insertions of pegs, shafts, screws, and bolts into holes.
Force and torque sensors can provide feedback informa-
tion to correct the error of a computer-controlled
manipulator. Again, one may first use visual sensors
with relatively coarse resolition to find the hole, bring
the peg to an edge of the hole {perhaps partially inserted),
and then align the ‘peg with the hole by moving in a
direction that mxmmmes r.he measured bmdmg force
and torgue. .

By reducing the field of vnew it is posmble to increase
the resolution of noncontact sensors to zpproach that of
contact sensors. This method may be too slow because of
the large number of fields reqmred to cover a given area
of intereést and the excessive amount of comput,atlon
However, this limitation may be overcome by using a
fixed, wide field of view to find the target and a movable,
narrow field of view to obtain high resolution. Alternatively,
mounting a small optical sensor on the hand of a manipu-
lator will provide reasonably hlgh resolution over the small
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but very important field of view close to where it is mast
needed. It would then be possible for the manipulator to
follow especially. identified lines, or to control its motion
based on the location of holes or fiduciary ‘marks.” [t is .

likely that this ”eye-m-hand" mode of operat:on can be. . .

applied successfully to, sxtuat:ons t,hat reqmre posmlomng E
of ml:ermednate prec:s:on : . R

Contact sensors

“As dxscussed earher ‘contact sensmg of force. torque _
and touch can be usefully ‘combined with visual sensing
for many material-handling and assembly: tasks. For.
certain“classes of manipulation, however, visual SEHSOI‘S. :
wﬂl not be used.*"* Here are some examples S5 '

.. The workpneces cannot be seen because of occlusnon‘ :
. or lack of sufficient light.... . i/ e
;.= The visual .sensors. are. busy domg other tasks

. »_.Instances in.which processing: of: contact sensory -
- data is simpler or faster than that of vxsual sensory data: -

The functions of ¢ontact sénsors in controlling” mampula- o
tion may be classified into the followmg basxc materlal-'- '
handlmg and assembly operat:ons j2L2 T i

. ® Searchmg—det:ectmg a part by sensxtwe touch sen- 3_.
sors on the hand exterior without moving:the. part:
Y Recogmtmn—determxmng the identity; position; and
orientation .of. a- part. again. without. . ‘moving:it, by ..
- sensitive. touch. sensors with. high. -gpatial’ resolution.
*. Grasping—acquiring the part by deformable. roundxsh
.. fingers, with sensors mounted on their surfaces.: U
. » Moving—placing, j 3ommg, or msertmga part wnth t.he -
: md of force sensors. IR RE T R e . :

-.Force and torque sensnrs._’l‘here are basncaily three'ﬁ
methods_ for: sensing forces (and:torgues) for controllmg- )
a manipulator, depending on their locatxon P

+ Meastring the’ forces’ acting on’ “the _]Omt.s nf the:

manipulator without adding’ special sensors. 7 '
- 'Meastiring the forces acting betweén the last lmk of

theé ‘manipulator-and its hand’ by ‘mediis of ‘& wrist:

force sensor. _

¢ Measuring the force exerted by the manipulator hand

on a workpiece by means of a separate pedestal sensor.

Measurement of joint forces and torques. The force and.
torque acting on each }omt of a manipulator can be sensed
directly. if the joint is driven by an electric d¢ motor,
then sensing. is done by measuring the armature current:
if the joint is. driven by a hydraulic motor, then serising
is done by measuring the back pressure. Two examples’
in which joint forces were measured follow. -

Inoue® programmed a mampulat;or to insert a peg into -
a hole, using force sensing at the manipulator joints.
Paul* programmed the Stanford arm to assemble a water
pump consisting of a base, a gasket, a t:op. and six
screws. Joint forces wére computed ffom nieasurements
of motor currents.’ His program included compensation
for gravity and inertial forces. Force feedback was used.
to locate holes for msertlng two pins- r.hat, were later
used to align the gasket. ) '

Sensmg joint forces dlrectiy has. the advantage of not
requiring a’ separate force sensor.’ " However, the force
{or torque} between the hand and its environmient is
not measured directly. Thus, the accuracy ‘and resolution
of this measurement are adversely affected by the vari-
ability in the inertia of the arm and its load and by the
nonuniform friction of the individual joints.*

_ COMPUTER




"Wrist force sensors. A wrist force sensor measures the
three components of fores and three components of torque
between the hand and the terminal link of the mampulator.
Basically; ‘a’ wrist force sensor consists of a structure
with some compliant sections ‘and transducers “that
measure the deflection of the compliant sections along
three orthogonal axes as a result of the applied force
and torque. There are different types of force transducers,
such as strain gage, piezoelectric, magmetostrictive,
magnetic, and others.”-* The most common of these
is . the, strain-gage transducer. whxch s mexpenswe
rehable. and rugged. .

A wrist_sensor, employmg four beams ‘with. ball Jomt
mounts and strain gages was built at Draper Laboratory
and found by Groome® to have a resolution of onIy 4
binary bits because -of “hysteresis’ in- the ball " joints.

Goto® built a compliant wrist: force sensor with'cross
springs and strain’gages and used:the sénsor to control
insertion of a-1/2-inch-diameter polished: cylmder into a
vertical hole: with- 7- to-20-mi¢ron ‘clesrance: in less: than
3 seconds. The insertion operation was based on two
types of compliance: active compliance, whereby. sensed
forces are used to command the mampular.or to correct
positional or orientational errors, and passive compliance,
whereby - such:errors are corrected by the reactmn forc.es
between the workpieces:

= Figure: 1+illustratés a: typlcal stram‘gage wrist forc_e
and torque sensor. The sensor; with seven-bit resolution,
was built: at Stanford Research institute'* for:the Stanford
arm:- The+sensor'is made: of a- milled3-inch-diameter
aluminum tube, having 8 narrow elastic beams with no
hysteresis:: The neck at'the end of each beam'transmits
a small bending torque and thus increases the strain
at the other end of the beam where two foil strain
gages (shown' as black rectangles) are cemented: The two
strain - gages are connected to°a" potentiometer circuit
whose output is- proportional :to - a“forve: component
normal to the strain-gage planes, and. is automatically
compensated for variation in temperature. L

The wrist. sensor. measures. the three components of
force. and three components of torque in a Cartesnan

Figure 1. Strain gage wrist sensor.
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coordmate ‘system (x, ¥, _z) attached to the mampulator
hand.” As” shown 'in Figure 2, the hand’ coordmaees_
£y, and 2 are also called, respectively, “lift,”" “sweep,”

and “reach,” when referring to forces or translations,
and ‘‘turn,” “tilt,” and “tmst when refemng to torques '
or rotatlons. S

"A wrist force sensor made of mﬁled alummurn cyimder-
and foil strain gages cemented to' beams was built by
Watson and Drake.® Using exténsional strain gages and
strain-gage shear bndges they were. able to. use: only'
threa beams.

" A hand with sensors for a Ummate mampulator per—
forming material hand}mg was built by Hill and Sword.'+*
The sensors included a wrist force sensor, using compliant
elements and potentmmeters to sense the relative displace
ment of the hand, as well as touch and proximity
gengors, Figure 3 shows & sequence of actions ﬁlust.rat.mg
the ‘use of this hand in orderly’ packmg of water pumps
into a ‘tote box: The Unimate moves rapidly to a -
previously taught starting posmon {a) and then moves
slowly "down until’ a threshold z force 'is" sensed (b} -
up 1/2 inch, along the --x direction until a threshold
x force is sensed (c), anng the +x dJrectmn 1 inch, along’
the '+y direction until a y threshold is. ‘'sensed,’ along’
the’ -y, divection 1/2 inch, and down until a’ threshold.
z fores is sensed (d); it then opens the fingers to release
the pump and moves quxckly to acquzre the next. pump (e).

'Pedestal force sensor. A pedestal force sensor. formmg‘f
a base for assembly operations, was also built by Watson
and Drake.”*% The sensor measures the three components
of force and three components of torque that are applled _
to a workpiece mounted on the pedestal. '

“The pedestal force sensor is shown in F:gure : 4..-[t.s
frameé consists of three aluminum plates. about 40. cm.
square and 2.5 ¢m thick. The middle plate is connected to
the top plate by four strain-gage force transducers that
are set verticaily and to "the. bottom plate " by four
smnlar transducers | that are’ set. horizontally. 'The
sensor has a 4000:1 dynamic range {12-bit resolution).
It was used at Draper Laboratory r.o perform peg-m hole
expenments :

SWEEP. . .. .0t o

Figure 2. Hand coordinates.
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Figure 3. Force sensor control of manipulator hand in pump packing.

Touch sensors: Touch sensors are used to obtain infor-
mation associated with the contact between the finger(s) ~

of a manipulator hand and objects in the workspace.
They are normally much lighter than the hand and are
sensitive to forces much smaller than those sensed by
the aforementioned force sensors.

Touch sensors may be mounted on the outer and inner
surfaces of each finger. The outer sensors may be used

to search for an object and possibly. determine - its"
identity, posntmn. and orientation. Quter sensors may also- -
be used for sensing unexpected obstacles and st.opplng
the manipulator before any damage can oceur. ‘Thé inner

mounted sensors may be used to obtain' information

about an object before it is acquired and about grasping -

forces and workpiece slippage during acquisition.
Touch sensors may be classified into two types. binary
and analog.

Figure 4. Padestsl force sensor (courtesy of Draper Laboratory).
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(a)

Binary “touch “sensors.” A’ -binary’ touch’ sensor is a ‘-

contact device, such as a‘switch: Being binary: itsoutput’™

is easily incorporatéd into a computer controlling the -
manipulator.

A simple binary touch sensor consists of two micro-
switches, one on the inner side of each finger. Paul® used
such a sensor to determine whether a part was present
or absent and to center the hand over it during
automated. assembly of a water pump. With the addition
of a position potentiometer that measures the distance -
between the:two fingers, this primitive sensor can also

- be used to classify a2 small set of parts by determining
.. some of their dimensions.

“‘Ernst,* who pioneered sensor-mediated manipulation

“under computer control, built a two-fingered hand with

both binary and analog touch sensors. However, he .
later found that binary:touch sensors were far more

useful and he used the analog touch sensors primarily

as binary sensors.

© Goto® built a hand with two fingers, each having 14

' outer. contact sensors and 4 inner, pressure-sensitive,
~eonductive-rubber sensors. He used the touch information

to acquire blocks randomly located on a table and pack
them tightly on a pallet.

Garrison and Wang™ built a grippér with 100 prieumatic’

snap-action touch sensors located on a grid with 0.1- by
0.l-inch centers. The sensors consisted of contact ter-
minals, & thin metal sheet with elastic shallow spherical
domes, and a flexible insulating rubber sheet on the
outside. Physical contact'is sensed when external pressure
exceeds & preset threshold, causing the activation of a
snap-action switch consisting of a dome and a terminal.

Analog touch sensors.”An analog touch sensor is a

~ compliant device whose output is proportional to a local

force. Analog touch serisors are usually mounted on
the inner surface of the. fingers to measure gripping
forces and to extract mformatxon about the object
between the fingers,




Hltl and Sword_.

a compliant ‘washer and displaces a vane that.controls

the amount of light received by a phototrans:st.or from:,

a light-emitting diode.

‘Takeda** built a touch sensing devxce for object recogm-
tion. The device consists of two parallel fingers, each
with an arrav of 8-by-10 needles that are free to move in
a direction normal to each finger and a potentiometer
that measures the distance between the fingers. As the
fingers close. the needles contact the object's ¢ontour in
a sequence that depends‘on the: shape ‘of  the. ‘object.
Software was developed to use the:sensed tou«.h' pomtq
to recognize mmple objects. such as a'coner

Contact sensing is still in a highly experimental stage

As vet there is no commercial- line of contact sensors
that have been proved in industrial application:’' At the::
same time, it has become quite evident to manipuiamr'_
users and developers alike “that: contact sensing will "=
become a valuable addition to'programmed manipulation: .-

.in the near future,

Noncontact sensors

As previously discussed. noncontact, sensors are poten-

tially useful.in identifving and finding parts in sensor--

controlled mampulatmn and in visual i mqpet_tlon

’

aTtackment
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uilt a mampulator hand w:r.h a:wnst-: :
force sensor and ‘analog touch senisors: the hand is shown'
in F'lg'ure 5. Seven ‘outer sensing:plates and a- matn‘c'
of 3-by-6_inner ‘sensing buttons’ are mounted ;on’ ‘sach .
finger {or:jaw). The force on each Sensor acts: against =

(PLATES |

Figure S.. Hand with wrist force sensor and @ﬁalbg touch séﬁsbr_s.
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Figure 6. Proximity sensar.
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The major categories of noncontact sensors that have

~been used with robot systems”are’ proximity sensors,
~electro-optical imaging sensors.’and rangeimaging sensors.

These sensors are descnbed separately below

magnetic bridge. ultrasonic, permanent-magnet hybrid,
and photoelectric. A relatively new solid-state sensor
{made. by..Micro. Switch- Incorporated) is based on the
Hall Effect. These noncontact sensors have Wldespread
use, ‘such 'as'.for -.hlgh-speed counting. protection of
workers: indication of motion: sensing presence of ferrous
materials;  level ‘control, readmg of coding marks, and
noncontact limit switches.

The' modern photoelectric promm:tv sensor. a relatively
new version' of "the old photoeléctric tube and light
source, appears to be well adapted’ for controiling the
motion of a manipulator. This sensor ¢onsists of a solid-

:state light-emitting diode (LED), which acts as a trans-

mitter of infrared light. and a solid-state photodiode,
which acts as receiver: both are mounted in a small
package. As shown in Figure 6. the sensitive volume

-is approximately the intersection of two cones in front of : .
“the sensor. This sensor is not a rangefinder because the

received light is not only inversely proportional to the

distance squared. but is also proportional to-.the target:
reflectance and the cosine of. the incidence angle; . both:

, SIX AXIS :
7 WRAIST SENSOR

Jieh G TEANAL
Do s SEMSING
N VSIS

- USENSITIVE vOLUME -

TARGETY SURFACE
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: ._Proxlmlty sensors. A prox1m1ty sensor is a device that'{'-_

“senses and indicates the presence or absence of an object
without requiring: phvsxca! contact. As described : by
Machine Deésign®* five of six major tvpes of proximity
sensors now available commercially are radio frequency, ”

o
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of which mav varv spatially. However, if the reflectance
and incidence angle are fixed, then the distance may
be inferred. with suitable calibration. Usually, a. binary.
signal. is: generated. when: the received light exceeds a
threshold value: that corresponds. to. a. predetermined
distance. Furthermore, the sensor will detect the appear-

ance. of: a moving - object.in a.scene. by sensing the:
change in the:received light. Such devices are sensitive.

to objects located from a fracr.lon of an inch to several.
feet in front of the sensor. n

A.proximity sensor, mterfaced t.o a Lontroi computer:
was :used to.stop the: motion of an. industrial: robot
in its:approach to. within a predetermined distance: of

a given solid surface’* If a “*stop” signal to the moving.

hand is initiated before contact with the surface is made.

there is time to stop the industrial robot without damage :
This: is. far superior. to . the use of a: mechamcal limit .

switch for manipulator protection. '
A more interesting application of muitlple photoelect.r:c
proximity sensors used to control the. positioning. of. a

manipulator is.described by Johnston.* Lateral positioning .

of a hand was controlled. by signals from two sensors
to center the hand over the highest point of an object.
Bejezy™ described the potential use of proximity sensors

for three-dimensional control of the hand and suggest.ed.-

severai control aigorlthms

Elec!.ro-opncal :ma;,mg sensors. Untll recent.ly. electro- '
optical imaging sensors have provided the most commonly.
used "“eyes” for industrial robots and visual inspection.:

Standard television cameras, using vidicons, plumbicons,

and silicon target. vidicons, have been interfaced with a.

computer and have provided the least expensive and most

easily available imaging sensors. These. cameras. scan a-

scene, measure the reflected light intensities at a raster of,

say. 320-x-240. pixels (picture elements),: convert.these.

intensity. values to.analog: electrical signals,. and. feed

this stream of information serially:into a computer—all.
within. 1/60 of a second. These. signals may be either:
stored -in the computer. core. memory - for - subsequent-.
processing or- processed in real time 'on: the:fly.” with:

consequent reduction of memory requ:rements
In the past few. years several solid-state area- array

cameras, competitive with the above vacuum tube type of .

tNCREMEN"AL
- ENCODER

SI0E VIEW
CIQDE ARRAY

Figure 7. Obtaining orthogonal views of 2 moving part by two linear diode arrays.
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television cameras, have become commercially available.
These small, rugged, and potentially reliable cameras
are fabricated using modern large-scale-integration silicon. ..

technology- and - will - probably..become. the. dominant.:;

electro-optical:. sensors - for . industrial applications.. The: .
photo-active: chip.of an:area-array.-camera: consists’ of.
photodiodes;: usually charged coupled. devices,':
number. at. present:varies . from 32x32 to-320x512: for .

different.: requirements of -resolution: - Thesé ‘cameras -
operate ‘in a- rastet-scan .mode,:similar to- that of ‘the .-
vidicon television cameras, and produce two- dlmem]onal v

images of scenes. ... o
A one-d:mensxonai solld stat.e camera.. uqmg & Ilnear

diode. array .that.varies from 16 to. 1872 elements, is: G
also available commercially. This:device. can- perform- a7\~
single linear scan-and is very useful. for-sensing objects .

that are in relative motion to the camera, such. as:work- -
pieces moving on a conveyor belt. An example is:shown =
in Figure 7, where & connecting rod moves past the viewing
station and top-view and side-view !mear scans are per-
formed by two linear didde arrays each stan’ initiated,
by a repetitive sngnal from’a position sensor {incremental

encoder) that is coupled to the moving conveyor beli. -

For each scan, values of light intensity at a fixed number
of discrete points are measured, converted into electrical
signals, and sént to a comput.er These sngnals are either

processed in real time ‘or 'stored’ in memory until the

image of the’ entzre workplece is obr.amed for subsequent
processing. -

Another large class of electro-optxcal sensors. wmch'_".'

differ in $everal important characteristics from the above .
camieras, has been used primatily in advanced “hand-eve’’
artificial mt.elhgence research projects.” These sensors
incliide the image dissector camera; the' cathode-ray’ flving
spot_scanner, and the' laser scanner. They have been: -
described’ and compared with the more common vidicon.
type of television cameras in reviews by Earnest™ and’
Chien and’ Snyder » These electro-dptical sensors can be.
programmed to lmage selected dreas of the field of view
in a_random access manner. as contrasted with the pré-. .
scribed “raster scan'” acquisition of the ordinary television
camera. In many instances: thi§ methed of. operauon: .
permits the’ acqmsmon. storage. and procesemg of ‘only .

the relevant data in'a field of view. The i :mage d:ssector. .
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however, has low sensitivity. requiring: high-levels.of.:-

illumination, and is relativelv expensive: for these reasons:

it has not-attained: widespread acceptance: Nevertheless. '
one commercial company* has adapted the image dissector - -
for visual inspection and recognition and alignment. of -

parts, and claims to be able to make noncontact measure-
ments to a precision of less than } micron and to recognize

and determine pos:txon of parts at speeds of: 1000 frames ..

per second:

As noted prevxouslv, ret.ogmt:on of parts and deLerlmna-- .

tion of their positions and orientations are often require:

ments-for: manipulating parts:in material-handling and -

assembly operations. Researchers working in hand-eve”

programs have: made - use of. eleciro-optical - imaging
sensors to identify; locate, and mampular.e qlmple Ob]E(.l.‘i -

A few examples follow: .

¢ At Stanford Umverc:ltv.” a teiews:on camera flr.ted '_
with color filters was used to’ ‘identify four “colored
blocks, Usmg a computer program that extracted edgas

and vertices. the position and orientdtion of each block

was determined. thus providing the information needed

to'stack the hlocks aceording tocertain rules.”

o At the University of Nottingham." tHe 'ﬁdenut.v
posmon ‘and orientation of flat, workp:ews were déter-

mined. one at a time. from a top-view image obtained

bv a television’ camera. 'The camera and a manipulator

were mounted on a eurret in the same fashion’as lens
nbjecr.weq aré’ mounted ‘on’ a common  turret “of a
microscope. After the identity. po-imon. “and orientation

of each workpiece had been ‘détermined. the imanipulator :
rotated into a position coaxial ‘with the original optical
axis of the camera lens and’ acquired the workpnece o

» At Hitachi Central Reqean.h Laboratory,* prismati¢

blocks movmg on a conveyor belt were viewed, one at

a time, using a vidicon television camera. A low-rasolution

image (64%64 pixels) was processed to oblain the’ out.llm.'__' '
of each block. ‘A number of radius veciors from the’

center of area of the'i |mage Lo the our,lmu wire moasured
and’ prm‘eeqed by a m:mmmputer to ‘determine the

identity. position, and orientation of vach’ blovk. The
block was then picked up. transported. and stac ked in -
an orderly fashion by méans of ‘a simple suctioniup”

hand whose motion was conteolled by the minicomputer.

*» At General Motors Research Laboratories.” an
experimental system was devised to mount wheels on
an automobile. The location of the studs on the hubs
and the stud holes on the wheels were deétermined
using a television camera coupled to a computer, and
then a special manipulator mounted the wheéel on the
hub and engaged the studs in the appropriate holes.

Although this experiment demonstrated the feasibility S
of a useful task, further development :s_ needed: to' Y

make this system cost-effective.

¢ At Osaka University,” a machme-wszon. system.' :
including a television camera coupled to'a Immcomputer._

has been developed to recognize a variety:of industrial
parts, such as gasoline-engine parts;: when' viewed one

at a time on a conveyor. Resolution of 128x128 elements

digitized into 64 levels of gray scale were used. In
lieu of the usual sequence of: picture processing; ex

traction of relevant features, andrecognition;: the::
system makes use of predetérmined part models that™

guide the comparison of the unknown part with stored

models, suggesting the features.to:be. examined in .

sequence and where each feature is located.” This
procedure reduced the amount of computation required.
Further. by showing sample parts and indicating

from- the: cues: given by the operator. The syst'er'n:"-is
said to recognize 20 to 30 complek parts of a:gasoline:.:

engine: . Recognition. time -and training txme were 30
seconds and 7 minutes: respectively.

» At Stanford Research:institute'* " a hardware qoftw.:re e
system. under - minicomputer. control has-been. devel:
nped Lhat determines the identity, position, and orienta- -
_tion of each workpiece placed randomly-on a table orona
moving convevor belt and, using:a Unimate industrial-
robot,: acquires- that workpiece and. moves-it ‘to its~
destination. The electro-optical sensors emploved include -
a solid-state 100x100 area-array camera and a solid-state:: =
128x1: linear array: tamera.: A workpiece is: recognized:
by using either-a- method.-based on: measuring:the:"
entire library of features {""nearest-reference” classifica- -

tion} or a method based. on- sequential: measurement

of the minimum number of features that can distinguish-

one workpiece from the others {’decision-tree’’ classifi- -
cation). Selection. of the distinguishing features: for: the . :
second method is done automatically by simply showing

a prototype to the viewing.station of the. system:

" The decision-tree classification method was applied to:
recognition of different. workpieces. . such as: foundry
castings, water-pump parts, and:coversi of: electrical.

boxes, For example, showing the water-pump parts in

Figure 8 resulted in automatic generation of the decision:
tree in Figure 9; where.x; x;. xiv and'x, are'a subsét-of -
the.set of -features:x, through x, {perimeter;  square:
root. of area: total hole area: minimum. maximum. and:" "
average radius from: center:of area: to outline: and the -
ratio x./x;) which: are. invariant-to : the: position® and::
orientation of a part.. The féature selected at'each:tiee:

nede-is. the most distinguishing: feature’ for: dividing

the group of part:candidates into.two subgroups. The- -.

subgroup to:be followed: during recognition’ titne will.

depend: on: the measured :value of:-that feature. This .
process is repeated: recursively until-a terminal. node:
is reached:and: the unknown- part:-is"identified. In. all-
cases, either training {tree building} or recogmr.lon was-

achieved in much less than 1 second..:
+ At StanfordResearch: Institute,’ Agm'“‘" developed

an interactive programming system to aid the program-::

important features via an interactive display, an... ...

operator can quickly train the system for new objects,
the system generating the new models automatically

BPecember 1977

Figure 8. Water pump parts.
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Figure 9. Decision tree for water pump parts.

mer in constructing an inspection strategy for each

inspection job. The operator has the use of a graphics .

terminal, a light pen, and a library of image-processing
and feature-extraction routines. A typical inspection
job, which at present is done by human vision only,
is to ascertain that the number and placement of
electrical contacts on lamp bases, such as shown in
Figure 10, is correct. An acceptable lamp base has
two contacts. that are separated and positioned with
specific tolerance with respect to an insertion.guide
pin on the side. The result of the automated inspection
is shown in Figure 11, where crosses indicate rejection
and a plus sign indicates acceptance. Note that the
inspectiori was_performeéd while two lamp basés were
touching. It is estimated* that lamp bases can be
inspected at a rate of about 6 per second, using a
PDP-11/40 rmmcomput,er with ‘a linear diode array
camera.

Figure 10: Lamp”b.ases.

Figure 11. Display of lamp base inspecllon:.-_' o

Range-imaging sensors. A range-imaging sensor meas-
ures' the' distances from ‘itself to' a raster of points.in
the scene. Althoiigh range sensors are used for navigation
by some animals (e.g., the bat), hardly any work has been- .
done so far to apply range image' to control: the: path of
a' manipulator. This situation may change in.the future -
however, as the technological and ‘ecofiomical difficulties
currently entailed with range-imaging sensors are over-
come.

Different range-lmagmg sensors have been applied to
scene analysis in various research laboratories.”* These
sensors may be classified into two types, one based on the
trigonometry of triangulation and the other bised on the -

time of flight of light (or sound)..

_Triangulation range sensors are further classified into. -
two schemes, one based on a stereo pair of television
cameras (or- one.camera. in two locations),**:and the
other based on projecting a sheet of light by a scanning
transmitter and recording the image of the reflected light.

“by -a television ‘camera.”">* " Alternatively, - the: second

‘scheme may transmit a light beam and record the direction
of the refleécted: light” by ‘a- rocking receiver.: The iirst
scheme suffers” from the difficult problem of - Emdmg-
corresponding points in the two images of the scene.”™*
Both schemes. have two. main drawbacks: missing data
for points seen by the transmitter but not by the receiver
and vice versa* and poor accnracy Eor pomts that are
far.*. :

“The'above drawbacks are ehmmated by the second tvpe
of range-imaging sensor using ‘a laser scanner, which is
also classified into two schemes: ‘one based on transmit-
ting a laser pulse and measuring the arrival time of the
reflected signal,* and the other based on. transm:tt.mg
amplitude modulated laser beam and measuring the phase
shift of the reflected signal.™® A simplified block diagram
of the latter sensor is shown in Figure 12 The transmitted"
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Figure 12. Simplified block diagram of a ranga imaging sensor.

beam' and the received -light are essentially. coaxial.
-Range-imaging sensors. have been: applied so. far pri-
marily to object recognition. However, they are also very
suitable for other.tasks, such as finding a fact.ory floor
or a road, detecting obstacles and pits, and. mspectmg
the cornp[eteness of subassemblies,**. .
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