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ABSTRACT

Interactiveltobotics introduces high [flexibility[to[tobotic
task[ ] execution[relying[] on[lhumanl( intelligencel | and
understanding. [ Wel present[ anlinteractivel sensor [ $ystem
for[toboticl applicationsWwith [an [approach!for[easyland
flexible[] planning[! andl! programming.[] Flexible
programming| results[ ito[lan[arbitrary[set ofl reference
features[ | for[] objectl] localizingl[] (fitting[] interactive
measurements|(to/geometric/models) andfor[this[wehave
alsolextended[our earlier locatingalgorithm (byldynamic
formation [ofltheJacobian(of the[measurement thodel. [Our
CADl basedlapproachgiveslal general Land[easyl toluse
approach [ for [ programming[ and[ executing human [fobot
interactivel tasksiwhere human [Cacts[as[alJpartofl tthe
environment( Jobserver.[|Experimental( 'results[are[lalso
reported.

KEY WORDS
Interactive Robotics,  Human[ Robot[ Interaction, Sensor
programming

1.dntroduction

Interactive[Robotics(is[d[control[Scheme Wherethe Human
intelligencednd iuman [¢apability(fo[observe instructured
or[highly‘dynamicl[environments[is[ utilized[to[enable
modelling[1and[Jexecution ] of [ robotic[]tasks[1[1].[JIn
interactivel robotics humantole[ varies from[ supporting
measurements( ] and[] observations[ to[ ] manual [] motion
guidancel Jby[Jtargetor Jtool[ guidance[][2]. [ Typically
interactivel roboticshas[Jits[jpotential[in [very[Iflexible
production 3], where[conventional [full[dutomation [is[not
feasible.[ Improvement(] in[] working[] conditions[| and
ergonomics/ | is[] another([ ] major[ reason (] for[]applying
interactive [Tor Thuman [fobot[ cooperative[ [Ttobotics[[4].
Manualhandling[ or[ assemblyl ofl heavy![ parts[ covers| a
widelrangeloflactivities, lihcluding lifting, pushing, [pulling
andlolding. [Working(odperations(including(these[typesof
work[Jincludel]often[lallsubstantial[ Irisk[]for[injuries,
especiallyl | musculoskeletal (] disorders( ] [5],[] and[| then
applyinglinteractive[tobot technologieslis(a[potential Wway
tol go.[ When![ thel operators| arel teleased from! carrying
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heavy!(loads, theyl¢an(focuslon(guidanceland ¢ontrolling
theltasks.

Ourlgoal (hasbeen [toutilize[human [intelligencelandIskills
tolreducehazardous/manual work [and [ihtroduce flexibility
tol] roboticl ] tasks.[ ] Wel applyl] flexible[ ] measurement
technologies [ Jwith [optical [isensors, [ Isupervised [by( the
humanbperator[ tol adapt[ tolvariation[lin[target[ bbject
locations[and[further, ‘for [tobot[path [adaptations. Thislis
supported [ /byl ICAD[based [ |programming(ofl /sensory
operations. [ Interactive[ robotics, [ in[the form[ofl sparse
environmental hodelling has Been lintroduced(earlier, [€.g.,
in[J [1].0 However,[] industrial[] exploitation[] implies
capabilities [fo handle[¢omplicated [shapes and[quickand
easyltose/commandingofithesystem, [implying[detailed
referencelinformation [for[theltobot. [ The noveltylin our
worklisléspeciallylin[theléasyprogramming ofithe/sSensor
tasks, [lusing Ustandard [ICADtools, Jand [alsothe[full
application (oflthelinteractive(sensor(schemeWwith[dynamic
formation ] of | the[ ! measurement(] modell | in[] allreal
experimental [fest'environment. [ In[the following[¢hapters
welgive further [details about[the operating[principles of
thelinteractive sensor system, [ al programming[ scheme
basedon [CAD[tools, [@nd[resultsfrom [practical [fests(indn
experimental fobot(cell.

2.[Operating| principleslof( the[linteractive
sensorsystem

Thelinteractive[$ensor [System/[is[used [for [locating farget
objects for further handling [or [processing By [dobots. [ This
islneededlin manytoboticlapplications, Where the[target
objectIgeometry[Jis[Jwell Jknown, Jbut[Jenvironmental
conditionslor(thelsizelor [complicated shapes(ofithe target
objectsdoesmot[allow(theuselofl fully[automaticlsensor
systems. [ Thelinteractive $ensor[8ystem/ consists[of two
cameras,[and[allaserpointer[device,[and[as[Suchfollows
theprincipleslofl existing[ lindustrial 13D measurement
systems. When[thehuman [ bperator [points/ 3D[ features
withthellaser[pointer,[¢.g.,[sSurfaces ofltheltargetobjects
thelcameralsystem[computes/andtecords corresponding
3D0points. JTWhen[these[JareJmatched[Jto[Jal[ireference
geometricmodel (ofithe(target(object, thelocation [ofltarget



objectlin(therobotWworking spacewill belderivedland hised
for(dn(linelpath ipdates.

Theluisageloflthelinteractivelsensor [System[implies(proper
planning(and [programming(tools while[preparing(the tasks
offllinelandlalsol support!toleasily[ verifyl measurements
onlline. Theltargetl features heed[tol bel determinedland
listed[as[guidance and feferencelfor [the human [operator.
Alsolthel[measurement[tesultsIwrt.[ thesel targetl features
need(tolbelillustrated [on[line[for [the humanoperator for
verification beforelthe robot startslit Operation.

Thel following[usel cases[ givel an [ bveralll view[ ofl the

required(activities dflusingthelinteractivelsensor [system:

. Sensor[ tol robot[ calibration: [ calibratel thel sensor
system [(cameras) tothe robot[doordinatelsystem

. Program[themeasurement!(tasks: [preparelthe tobot
station[] for[] executing/ | appropriate[ | measurement
actions/tblocate/altargetobject

. Locatel] thell target:[] carry[! outl] thel] location
measurements|for (thetarget/object

. Executel thelrobot[ task: [ carryout thel robotized
processing [ task [ With [ Wworking[paths[updated (e.g.,
updateluser¢oordinate frames within [paths)by(the
measurementresults

: ; CAD systen
Production designer Plan the measurement task st

Sensor to Robot Calibration

Locate the target

A

Froduction worker

i

1

]

]

]
=slncludes=

1

Execute the robot task

Robot
Fig.[l.[Wseldasesloflthelinteractivelsensor system.

Theplanning(ofithe measurement [task by using[a[CAD [+
modellis[carried[outiwith [the following steps:

1. Human(planner selectsthelreferencefeatures((eg.
plane, cylinder, sphere)

2. Thell programming[| system/| determines!] the
parameters|ofithelreferencelfeatures/and/eéxtends
thelmeasurementodel [correspondingly.

3. Humanlplanner(sets(thelinitialtarget/object pose.

Measuring system
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Localizing(in [the[tobot task[éxecutionlis based [on [initial
estimate[ bfl thel target[ object[ location, [ set[ ofl teference
features' ] and[! thel] resultsl] from[] thel] interactive
measurements. [Detailed [stepslin(localizingdn[dbject[goes
inlthefollowing steps:

1. Human[operator[and[ thel measurement  system
interactively ineasure( the BD[Ipoints( from![the
surfaces  ofl the[ targetl object/asl defined[by[the
referencel | features.[] Toll ensurel! featureltol
measurement/¢orrespondence, [this[ineasurement
procedurelisstrictly guided by the measurement
system: [it[shows to[the[dperatorgraphicallyleach
feature[ from [Which [to[make[the measurements
onelByldne.

2. Localizing[algorithm[ calculates, based [ lon[ the
measurement( ] model,[] errors e;[] and[] partial
derivatives De;/04 [ for[all(imeasured[points and
gathers(them(in(thelérrorvector Eland[Jacobian
matrix J

3. Localizing[] algorithm[] calculates[] thel] pose
correctionlandipdates/theltargetiobject pose

4. Iflthelposellcorrection[ lis[Icloseltol zerol[Ithe
localizingdlgorithm/stops, [otherwiselit returns [to
step 2

3.[] Featurel | definition | and[] target | object
locating(algorithms

Selection (of the reference features

Thelreference features/dre[common [geometriclshapes/such
as[planes, [ $pheresand ¢cylinders.[ Thel$elected reference
features| 'should! ftotally( /define( thel posel (location[ ‘and
orientation) ofl the[targetl object. [ Thel posel of[thel target
objectlis(fullyldefined [when (all six[degrees/of!freedomare
defined. Thebasiclgeometriclshapes(alonelare/ihsufficient
toldefine(theltarget(object(pose/because[bynature(aplane
permits(planar [franslation/dndrotation, alspherelallows 3D
[fotations| land[al cylinder[Jallows[axiall Irotation[ land
translation. (A [fully[defined [ posel ¢an[bel attained [ with[a
proper [lcombination[lofl Ithese[]geometric[Ishapes. For
example,[ twol coinciding[ planes allow[bneldimensional
translation[but(three ¢coinciding[planes/define all[degrees
oflfreedom.

Parametrization ofthe target(object

In[JtheJparametrization /phasel Ithel[Iselected[ Ireference
features/arelidentified(from/the[CAD[Imodel [0flthe target
object.[Alplanelis[defined With[a[point(p, and(al$urface
normal (vector n,.[AlsSpherelis defined (with[d[center(point
ps and[dadius r;, Thelparameters(of aldylinder [Consists[0fld
radius r.land thelaxis(dflaldylinderwhichlis [defined Wwith[a
point p.landldfinitvector s..



Measurement model

Thel Imeasurement( ] system![]consists[ | ofl | twol]cameras
calibrated Wwith [respect/to (world [coordinate[system.

Camera’l

Camera2

Ry Ty

World

Rit Ta

Fig.2.Thelprinciplefor 3D measurements/based[dn/two cameras.

Theltargetobjectlislocated inthelboth[¢camera’s/field[of
view(and!all the(selected [reference fieatures/can (belseen [in
both[ cameral images. A[BD[Ipoint[on![theltarget[ object
surfacelis/measuredlin(thelimage[planes oflthel¢cameras.
Theléameralspecific3D [viewllines(are(defined separately
with[alIpinholel lcamerallmodel[Jin[Ithel[llocal[lcamera
coordinate systems[(Fig(3).

A3Dinelinlthe cameralcoordinate system lis[defined/ds

s, =p, +hkv, (1)

inlwhich ;1 lisl@lpointlin[thelimagelplane

pi:[xi Vi O]T (2)

Thelunit[vector v_l [defining[theldirection of thellinelis
calculated(as

y, =t L 3)

inlwhich p_/ lislaldameralspecificlpointlofifocus
- T
p=l0 0 f] 0

Fig[3.[Alpinhole(dameralmodel.
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The3D [lines [drefurther [fransformed [foworld [doordinate
system

s,=R -p,+T)+k-R -v, 5)

in[which R_C land Fc [define(theldrientation[andlocation

ofltheJcameral lin[the[ iworldJcoordinate[system. The
measured (3D [Ipointislin themiddle oflthe shortestline
segment[ between [ thel lines( |evaluated( /from[ separate
cameras.

Thelocalization principle

Theldim[oflthelocalization [task[is[fo[determinelthe(target
object[ posel thatl fits the measured 3D [ Ipoints on[ the
corresponding( | referencel] surfaces.[] Well follow[] the
algorithm(driginally/given(ih [6](andextendit(hereby the
dynamic(formation[ of(thel Jacobian oflthe[measurement
model.

Thelposelofl thel targetl objectlis[ defined byl altotation
matrix[Rlandlaltranslational [Vector [T. [ Thelinitiall target
object[poselisipdated(tominimize(theldistances Between
measured (3D [Ipoints(and(reference surfaces[(Fig(4.).[The
localization ] algorithm [ is[| iterative[| by[| nature[] and
calculationlis[ continued[as[the[pose[correctionis[ close
enoughtbZero.

Actual pose

Initial

World pose

R T

Fig.[4.Thelprinciplefor localization/algorithm.

Theltotational [¢orrection E lis(defined by ¢omponents
AQy, APy, [and AP,

AR =Rot(x, Ap, )Rot(y, Ap, )Rot(z, Ap,) (6)

1 0 0
Rot(x,Ap,)=|0 cos(Ap,) —sin(Ag,) |(7)
0 sin(Ap,) cos(Ag,)
cos(Ap,) 0 sin(Ag,)
Rot(y,Ap,) = 0 1 0 ®)

—sin(Ap,) 0 cos(Aep,)



cos(Ap,) —sin(Agp,) 0
Rot(z,Ap ) =|sin(Ap,) cos(Ap,) 0/©)
0 0 1

Theltranslational Ccorrection AT ClisCidefined CbyCithree
translational domponents

(10)

Thelcorrection(vector A fisdefinedas
Ag
Ag
Ag
At

X

At

y

At,

X

y

z

B
1

(11)

Thelcorrectionvector!(islcalculated

g
A=—J N7'J -E (12)

in[which(the vector E [includes[the location érrorsle; of
themeasured(points

€

E= (13)

and j [lis[ thel Jacobian[ matrix[Igathered| from[ partial
derivatives(0flg;[fespectfo A
- e, -

oA

<l
1

: (14)
Oe,,
inlwhichNlisthe iumber 0fimeasured [points.

Thelupdatedlocation Tl and[orientation R ofl the target
objectposeldrelcalculatedlas
T=RAT+T (15)

R = RAR (16)
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Formation (of the [Jacobian matrix

Theldeferencelfeature/geometries/dre(defined/in the target
objectlcoordinate[ system. [ Therefore[the measured 3D [ 1]
points[arel transformed[ to[ thel target object[ coordinate
system. [A[pointlih [thetargetlobject [doordinatelsystem [is

— _T — —_—
pu =R (p,=T)
inwhich p  (slthelpointlihworld(coordinate(system.

(17)

For[JalllJmeasured[]13D[] [points[al]partial[ | derivative
representing drow(oflthe Jacobian matrixis/calculated (as

Oe;  Oe; Op,,
oA op,, OA
inlwhich e; denoteslocalization[_error[ calculated [ for

reference/featuresirespectively.

Iflthe[reference featurelis(alplane(thelocalization [érror e;
isitheldistanceltotheplanelsurface

), @)

i \/I
n, n,
and [the[partial [derivative oflg;[respectto py;/is

Oe, 1 —r
= n (20)

- p
o
M
' n, n,

Iflthelreferencel geometrylisalspherelthelerror e;lis/the
distancetothelsurfaceofithelsphereldsfollows

e,=\(pws - 7.) (ps — )~ 1.

€2y
and the[partial [derivative ofle;[respect [to py;is
Oe, 1 — —\
= p Mi p s L(ZZ)

0Py . \/(p_M1 —p_S)T (p_Ml _p_s)

Iflthe(teferencelgeometrylisa ¢ylinder thelerror e;lis(the
distancetolthelsurface/ofithelcylinder:

e =\(pw -0 ) A Al -pc)-n. @

inlwhich X lislal3x3squarematrix/dalculated(as



—T

ScS

SV s
—T—_13x3
S, Sg

and [fx;is/a[3x3 lidentitymatrix. [Thelpartial [derivative [0f
¢;[respect(to py;lis

A=

24)

oe;
OPwi
1 — —\—T—
— T —T—f— _(pMi_pc)A A
\/(pMi _pc) A A(pMi —pc)
(25)
Th . 0Py
.Thelpartialderivative —6A lisldefined!ds
Py _
OA
126)
Pvi Pui Pui Pui Puwi Pum
oAp, OAp, OAp, OAr,  ONr, ON,
- 0 ~Zvi Ywi —1 0 0
GPui | 200 —x, 0 -1 0
OA

“IYmi Ami 0 0 0 -I
27

in[which Xy, (¥v;[dnd [y [dre[thecoordinates [0flpyy; [in [the
target/objectidoordinatesystem.

4.['Programming| thel] interactive

measurement tasks

Referencel surfacel features arel programmed [using[ CAD
software. Theylareldcquired from(the [CAD [system [Simply
byl Ipicking[Ipoints[]from[lalsuitablel |targetl |surfaces.
Currently[lit[is[the user’s[ responsibility[ tol select[ the
featureslin[suchlalway,[ thatl thel qualityl ofl thellocating
operationlis(acceptable. [Rulesloflthumb, [like[Tcover(all[3
directionswith[ thellsurface normals[lofl the[reference
features” [ are[used. [ Whilel picking[the[points, [the[user
names| thelIrelated[ referencel lfeature, [lafter ’which[ithe
geometriclreferencel | parameters ofll the[] featurel] are
calculated|in thedbject(coordinates by fitting thepoints(in
thelcorrespondingshapeliodelland[al¢orresponding [tow
isladdedlintolthe Jacobian [oflthe heasurement thodel.

Figures[ 5[ and[ 6 [illustratepickingland[lshowing[the
referencel features from/ the[ 3D [ objectl model[using[ the
pickipoint[tool lofl IMeshLab[ 13D [ -viewing[software.
Minimum [amount(oflpicked [points neededtolidentifyla
referencefeature/dependslon [thegeometry [0f(the feature.
Forlexample,(aplane needs/dt(a hinimum(3(points, sphere
4points/and[cylinder(3points.
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Minimum @mount(ofiheasured[pointsneeded tolocatelthe
object/depends/on(thelamount(and/qualitylofithereference
features. Minimum/fequirement(isusually[ 3 [points[ per
surfaceltoltolerateldmeasurementmoise.

Theltheasurement(results/shouldlalsobelillustrated [for the
human(operator(so(that(the tesults[¢an [be verified before
thelsystem[is[frigged to(startthe[éxecution[df'thehandling
or[processing[operations. Because [theshapes(ofithelfarget
objectl¢an[belcomplicated, [the knowledge of(the human
planner/programmer [ is[ used! tol select[ al sparsel set[ of
verification [features from [the[(CADmodel, (Which ¢an[be
shown[ Ito[ Ithe[ Thuman [Joperator[of! Ithel Irobot. IThese
verification[features(arelsimply 3D points(in theform[ofla
list,(which [dre[superimposed|as(a/set ofl3Dline[segments
into[the measured [images, [Visualizing[thelquality[of the
measurements(and(thodel fit/tothemheasurements.

Fig(S.Pickedreferencelpoints(for determining the [parameters ofithe
target/features.

Fig[6. Referenceshapes [forthelexample dbject.



5. /Experimental tests

Al prototypel ] interactive | sensor[] system![] has[| been
constructed[Jand[lits[ functionality( lhas[ Ibeen [ tested[Jin
practice. Thelsystem [architecturelis[illustrated in[Fig(7.

LT Laser pointer
data sink P

3D design Measurement Camera IO
software controller controller

MatLab MatLab
CAMERA measurement S

. system

calibrator server

Fig.7.[System[architecture ofl thel experimentalinteractive[ sensor
system..

Component|descriptions
Thelainl test[ system[ components|arel characterized![ as
follows.

Measurement(controller
[l Visual[C++I[graphicalluserinterfaceon 'Windows
XP
[J Readsimeasurement/commands/fromthewireless
pointer

[J  ReadslimagesthroughdameraI/Olcontroller
[J  Sendslimages!tothe(MatLablmeasurement/server

through Mex|[functions
[J  Receiveslobject’sipdated (poseldatalandsends/it
tolthelsink
Camera(l/Olcontroller

[l Basler[Pylon[¢ameralc¢ontroller(libraries on C++
which( ] are[ ] embedded(] tol] the[] measurement

controller
[1  Acquiresandldodes(imagesising Bayer [filter
Multil¢ameralsystem
[J 20BaslerJSCAJ1600]camerasJwith [IEthernet
connections

[0 16001200 pixels
[J  Tamron16mmobjectives
3DIdesign(software
[l MeshLab3Dmodelling[software
[l picksl$urfacelpoints/from[the 3D[+model from
which(toldalculatelthereference(features

Laser [pointer
[1  offlthelshelflwirelessLogitech laser [presentation
pointer
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(1 “next[page”[buttonlinterruption[flaglis(tead in
measurement( Jcontroller [ JasJimage[ 'acquisition
trigger(signal

MatLablmeasurement|(server

[l reads/ RBGI[+images and[ uses/ tameral internal
calibration dataltb/do[pixel [Gorrection

[  detectslIred[]channell]pixell | clustersl | between
predefined threshold (values based [on red [channel
intensityl and [ calculates! thel center[ point[ ofl the
laser(spot

[1 calculates /world[Icoordinatel |valuel Ibased!]on
corrected/pixellcoordinates

[ fits[iworld[ coordinatel values[ to[ the reference
model andldalculates new(pose/to/thelobject

[J sends[poselorcoordinatel transformationtol the
measurement|sink

Measurementsink

[ anUentitylJexploiting[Ithe[Jmeasured[]poselor
transformation [for [further use

[l couldBelile. robot(controller etc.

Calibrationfor|thelinternal camera parameters
Thelcameral system[internal [ parameters/were! calibrated
usinglan[open[source[MatLabltoolbox [[7].[Thel[toolbox
used [d[chessboard (as(d [reference piece. Twentylimagesof
thel chessboard[werel taken! from[ differentl distances and
angles[bylboth [ofl thelcameras. Thel¢chessboard[¢corners
werellater [extracted (ising[thelinteractive[uiser Linterface.
Thell corner] pixell] coordinates,[] chessboard[] square
dimensions andlamount(with [¢orner finder[window[size
providedddequatelinitial [data[for[calibrationalgorithm [fo
automaticallyfind [every[square[corner[pixel [¢oordinates
and[Jcalculate[Jcertain [lobjective parameters/ like[/focal
length, skew,  both[tradial Cand[tangential [ distortionand
pixelJerror.[1Best[Jcalibration [resultslwere[Jgot[Jusing
calibrationtool [iteratively, [decreasing the[size[‘ofl the
corner [finder window(gradually. Theldalibration [datawas
directlyusedfor [pixel [¢correction [later [in[this[study.[The
toolbox [J uses[ ] slightlyl] modified [] estimation[ methods
presented (by[Zhang[[8][and intrinsicmodel [described [by
Heikkil4dland[Silven[[9].

CalibrationUof!the Jboth camerasto the chessboard
coordinate system forstereoVision
Thel¢ameras[oflthe[measurement(system Wwere ¢alibrated
tolform(a(stereovision[systemin[order toldetect 3D[points
from(theltargetlobject.[Chessboard[squarelcornerslacting
aslteferencel calibration points[werel extracted from[the
chessboardimages(from[both [cameras(using[the[MatLab
toolbox [[7].[Theselpixel[¢oordinates were ¢orrected from
thelskewland[distortions[uising[the parameters from[the
internal[] calibration[] phase.[ ] ThelJ calibration] method
calculates[twol¢ameralposturesin[chessboard ¢oordinate
system.[ Calculated [cameral postures were[ised [later [ on
converting[twol image[ points[ to[one world[ coordinate
point.



Acquiring 3D points

Reference(features/werelindicated [by thehuman [operator
tolthelsensor [System [isinglindustrial[cameras(and [0 fflthe [
shelfllaser [ presentation [ pointer. [ Cameras| were! triggered
by(theliuman [operator [pressing [the Button [0fithe(standard
laser [presentation [pointer [donnected wirelessly(tothe(C++
graphical iser linterface. Imageswere pre[processed 1ising
the[/GUI[Jand[1Basler[Jcameral llibraries. |Pre[processed
images(were(sent(toMatlab(server![for [further processing
usingtheMatlabltex [interconnection [functions. [After(the
pixellcorrection, the[ted [¢hannel [0fl the(RGBlimagelwas
observed!forthe(laser [spotldetection. Using the specified
threshold [values( for[areal size, certain ted[ pixel [ cluster
arealwasldetected [to be(thelaser beam [spotland!its c¢enter
point[Wwasl[calculated, [ converted|tolthe[world[¢oordinates
and returned back [fothe(GUI[software@s|it/dan(be(seen [in
Fig[18.[1Depending[lon[the[jgeometryl lofl tthel reference
features, (thelimagelacquisition [and [processing[phase[was
repeated[Jas[Imany(times[as[ Inecessary. | Finally[Ithe
collection [oflthelmeasured(points/in[dertain [drder Was[sent
tolthe[poselestimation [(or localizing)lalgorithm.

£ Luovi

EEX

LASER SPOT DETECTOR

30 File: |C\Esa_ Vifamas!\Pickii\LuovikSofta\BUs\Luovi_BU_26021 0NTestt o

Fig.[8.[GUIscreen with[imageloflthelobjectland detected ted laser
spotlihsidethelgreen/rectangle.

Fitting measured|3D points|to the reference|features

Thell measured[] 3D[] points[ | were[| matched[| to[] the
corresponding | referencel features[ and![ thel posel ofl the
objectlin[theltobot base[¢oordinate[waslestimated in[the
Matlablserver. Verification [features, [ds/programmed [from
the[CADImhodel [are(alsolshown(as(3Dline[segments in[the
measured [image. (This(is[illustrated(in[fig(9.

Thel llocating[ laccuracy! lof! ithel lcurrent! Isensor [ lsystem
depends/on(thelqualitylofithelteference features, (butlalso
on[ thel cameral resolutions and[ thel imaging[ geometry.
With[thelcurrent(settings[andlalfeasiblel set[oflreference
features/(all [degrees df freedom(well [dovered)accuracy in
thellevel [0f'+/[11 (13 mm can [be achieved. [Qur preliminary
tests[alsolsupport this[éstimate. (In[theltests, [a[block[was
located[] with[J interactive[ ] measurements,[ ] the[ block
coordinate framel(user[coordinate [System) [Wwas ipdated [in
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thelrobot program, [and[thetopface was marked[bylthe
robot (ABBLIRB[1400)jwith[algreen! tircle. Then[the
location [oflthe[test[block[Wwas ¢hanged, its[location[Wwas
measured @gain, coordinates/in (therobot/program ipdated
and(the[marking(was/donelagain [but(with [a[black/¢ircle.
Theltestwas(depeated(several [fimes. [Theldircles/doincide
well, within 1 [m [bounds;[dn [éxample[from [Oneltest fun
islshownlin(fig(10.

Fig.[19.[10bject locating iresult, Lillustrated Iwith[the[iverification
features(green wireframe thodel).

T— ¥, TS

Fig.[10.[Tests_with[ robotLoperations:[top_face ofl an[ object[iwas
marked|[twice (green(dand blackcircles), based onltwolmeasurements
fortheltarget(objectlocation..

6.[MDiscussion

Thelinteractive[sensor[System [has[been [implemented [and
islworking and[is[ easyl toluse. It[is[ based [ mostly on
commercial THW [ Jand[ISW [ Itools, [ with[]extension[to
estimation[ | ofl | planned [ feature ] parameters’ land[]also
estimation|ofltarget(objectlocation during(task [éxecution.
Thelplanning(and[programming|oflthelsensor dperations
areldone(relyinglon(general[CAD[tools, which [is[¢asy to



implement( land|[ luse, [ land[Jalso[ Japplicable[ to[ [ sensor
programming | for[ automatic(task [execution. [Our[earlier
locating[ algorithms[Wwerel alsol extended! correspondingly
byldynamicformation [0fltheJacobian[oflthe heasurement
model.

ThelJacobianmaylhavelsingular[points[when[¢ylindrical
and(spherical reference(features/(are used, (if{the[measured
point(coincides[with theldenter (pointlofithelspherelor(the
center[linel of thel¢ylinder. [ Thisinaylhappen[during[the
iteration, [and[then[the hominal values ofl thel estimated
parameters(should/beldeviated from[the(singular c¢ase. In
addition, lif'thenoiselevel (ofithe[measured 3D pointlislin
thel same[magnitudelas[theltadiusof! thel spherelorlthe
cylinder(thelsituation is[the [Same, [although(practicallythis
is[not[soldealistic:[¢.g., [in[our[case, [a[spherical (Heference
feature(with [a[1=2 hmradiuslis mot/sensible.

Interactive [task [ lexecution [Jtakes[Jadditional [time, [land
extends[the(task[execution[timelof(thetobot System[in(a
rangel ofl severall seconds/tolseveral [tens ofl seconds. In
manyl¢ases, [eéspeciallylin[very[flexible[and[close tolonel]
oflalkindproduction [this(c¢an [belreallylacceptable. On(the
otherhand,[dueltoenvironment[complexityland[frequent
changes, [this[may[belthelonlyfeasible[way [tolintroduce
roboticltechnologiestolhieavyldutylindustrial [@pplications,
in[] many[] cases] removing[| otherwise[! inevitable
ergonomically[problematic[land[ Thazardous!][working
conditions.

7.[Conclusions

Welhavepresented[an[linteractive  sensor [ system [ for
robotic[Japplications[Jwith [Jan[Japproach [for leasy[land
flexible [ planning[land[ programming. JOur (CAD['based
approach[ giveslal generalland[easy[tolusel approach[for
carrying/outhuman(tobotlinteractive tasks.
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