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MACHINE VISION-BASED METHOD AND SYSTEM FOR MEASURING 3D POSE OF A
PART OR SUBASSEMBLY OF PARTS

CROSS REFERENCE TO RELATED APPLICATION

HHULIRE] This Application 1 related to co-ponding patent application sextal No, [H822.083

filed Noverber 27, 2017, the disclosure of which is hercby wncorporated by reference i its entisely

herein.

TECHNICAL FIELD

{800 At feast one embodiment of the present ivvention generally velates to machine viston-

based methids and systems for measuring the 3D pose of parts or subassemblios of parts,

partienlarty e an industrial setting.
OVERVIEW

ELERY The non~contact muasuremuent of pose of parts or subassenbhies of parts is usefulina

number of indusirial applications as follows.

{004

{BOGS] I manulacturing environments such ay sutomotive sssembly planis, parts may be
placed in storage racks. The storage macks, typically made of steel, are rigid enough to be picked up,
maoved, and stacked by forklills. Inside the rack, parts sit or hang from mechanicad fixtures. The pants
vest paraliel to one another from front 1o back. The front side of the rack 15 open so that a material
handling robot can pick the parts from the rack one at @ fime aond place the parts elsewhere, After the
first parl & pioked froem the taek, e robot mnst roneh deeper into the rack o pigk the second pan,
then the third part, and 50 on untl the robot reaches into the back of the rack to pick the hindmost

part,

16006]

Bevause robots for industrial applications lack built-in visual feedback, i a part in the

rack i not in the precise locstion and oricntshon for which the robot’s motion path was trained, ihe
i
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rabot may (ail to pick up the part. The robot may even erash Into the part, and robot pollisions are

expensive, Collisions are oxponsive fn tens of vobol repatrs and production downting
{800 Indusirial arm robols wsed in menufhcturing are trained 1o repeat patterns of

nwovement, For example, when g veldele moves into 8 robot cell, 2 progransnable logie contratler
could tigger the robat © exocute & program speeitlic o that wehicle model, The robot program
performs a sevies of arm and gripper motions to piek up a vehicle part frow one focation aad move
the part to another location: the rebol moves inte position to pick up a part from a storage mek;
closes o gripper to grasp the part; moves with the part in the gnipper into posttion at the vebicle; and
finally ppen the gripper © release the part. Robot tasks inchude not only grasping and moving pats,

but also welding, speaying, attaching sabassenblies lo farger assemblicos, and sumerows other taaks,

{OUOR} Without intepraied sensoes, robols will follow thelr programs withowt stopping to
avoid collistons, and withowt modifying their trained paths 0 accommodate parts not 1n the nominal

{ocationrand oricrdation forwhich the robot was trained.

UL Simple feedback problems con be addressed with simple sensors. Proximity switches
muounted to the vobot can detect ubjects the robat approaches oo closely, and thas rigger the robot
i stop. Welpht sensors can determine whether & robot has successlully picked up 2 part of some

koown weight.

U More complicated sensory foedback such s dotermining the precise Iocation and

orientation of # vehicle part in 8 stovage raek roguires machine vision.

US| In the storage racks waed in antomotive assenibly plants, parts are typteally o
fixtured procisely, Parts may be secwred by dunnage, which s cheap, castly replaced material such as
cardboard or some other Hexible sorap material. The dunnage vsed to secure parts i the raek can

shuft, slip loose, get crushed, or be replaced at any time by other scmp material. The dunnage may

vary from one rack to the pext and may even vary from use w use of the same rack. This
inconsistency in dutnage typically causes small changes in the Gxturing of parts. Transporting racks
frony place 1o place can cause parls o settle or ship from the dunnage, or oven damage the dumnage
itsetf and allow the parts to settle out of position.

oy

o
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{2 For many material bandling applications, parts are not held precisely in mechanical
fixtures. A robol requares the location and onemtation of a pert 10 e dotermined precisely, ot
creating precise mechamnteal {inturing reguirss significant resources. Profwably, paris would be
fixtared simply, i imprecisely, and the robot would integrate sensors to determing the location and

ortepdation ol sach part,

{HEE3] A machioe vision system may be used to supply information about the pose of cach

..4

part in the rack and thus provide corrections 1o the tobot’s trained path. The pose of an object s the
position and oneatation of the object in 3D space. A suitably perameterized maching vision system
iy use 2D images or 3D depth information as the raw data from which w0 extract the positions m
ALY space of key Joatures of a part in the rack. Given the 3D positions of these Features for the
nonunal pose, and the 3D positiens of the foatures for a part © be poked, the machine vision system
can estimate the pose of the part relative to some nonunal pose wsing tochniques tamiliar o exparts
in niachine vision and 3D geometry. Howover, the conditions of racky present several problems o

statesef-the-art machine vision systents,

UL & The poseof an objent ity the position sad pricotation of the objest in space relative ©
some reforence position and ovientation. The location of the objeet can be expressed in lomm of X
Y, and Z. The oricatation ol an olyest can be oxprossed in tenms of Bnler angles dosoribing ois
rotation about the x-axis (hereaftor RX), rotation aboul the yeaxds {hereafier BY), and then votation
about the zaaxas (horesfter B2} relative to a starting orientation. There are many egquivalent
mathematics] coordinate systems fordesignating the pose of an object: position coordinates might be
exprossed in sphoerical coordinates rather than w Cartesian coordinaies of three mutually
perpendicuiar axes: rotational coordinales may be expressed i lemms of quaternions rather than
Fuler anglesy 4x4 homogeneous matrices may be used to combine position and rotaiion
representations; ete, Bt generally, six variables X, Y, 2o RX, RY, and RZ sullice to describe the

pose of g rigid object in 3D spage,

Lt & The pose offsct of & sample part is the measured pose relative to the relerence pose.
By expressing the pose oflset as 3 dx4 homogeneons malyix, and by multipiving sach waypomnt i

the robot’s motion path by the matrix, the transformed polnds delined an adjusied wotion path thal

"
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will naove the robot so that it addresses the samyple part in the same manner it was frained 0 addeess

the reference part in the reference pose,

LS Esen swhen gach part in 8 rack 1z the same type, such as a driver’s side fender for a
passervger sedan, the appearance of the part may vary front one raek position to the next. Lighting
conditions can change significantly from the foremest to hindmost positions in the rack. The part in
the forsmost rack position, close to the opeming, may by exposed folly o bright ambient factary
fighting, whereas the past in the hindmost rack may lic in sirong shadow cast by the rack tisell
Rather thag a Qudly closed box, the stovage rack may have opening in the top and sides that cast
pattorns of shadows oo the parts inside. These changes in lighting conditions prosent prabiens to

maching vision systoms that sely onvisible light o produce umages.

U S The gripper used 1o pick pans frov the vack s monnted as the robot end-of-am ool
For a machine vision system, robustness and repeatatddity of messurement are best achisved by
mounting sensors gy close as fasihle to the part 1o be inspeeted, and af & consistont distancs e the
part for eacly subseguent paot measurenient, b a vack, the nexd part to be picked i3 faether back inthe
raek. Since the robot reaches into the rack o pick parts, it is proferable to mount the vision sensor(s)
to the robot endeofiarm tool, However, the gripper mechanism moanted s the sobot end-of-arm ol
may have littde fee space o mount additional components. Maching vision ssnsors that are oo
farge, too heavy, or otherwise unsuitable for mounting to the rebot end-of-arm ool may need o be
nounted at a fixed position cutside the rack. W 3 machine vision sensor is mounted putside the rack
then it must image parts af different distances, making robustoess and repeatability of measurenent

hard to schisve sinee 3D micaswement error increases with distance,

HHIER] Many maching vision systems rely partly or entirely on visible hight to produce
unages, For rack pick spplicalions in apfomotive assembly plants, the paets within the rack may be
fenders or frame subassemblies or other body componsals measuring ong meter o moye in the
iﬁm.mi dimension. Macldne viston systenss that Image visible light are difficult to make robust for

inspections of large objects iHaminated by amblent Hight,

HU & Traditional 2D vision systems use visible or negr-infrared lights 1o Hluminate a sceng.

Contralling Behting {5 casier for small targels than for large targets. Larger targets such as abrplane
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fuselages, vehicle bodies, pogines, and large vehicle subsssemblics munst typically be inaged on
fas:mry floor, Faciory Hghting will already be presont Tor the benefit of human workers, This lugh-
sntensity Hahiing & typically not optimal for 2 machine vision system, Controlling the lighting foera
parl measaring one meter or more gan be difficalt andior expensive since the lighting provided to
Hhunvingie a target mast typically be significantly brighter than the already hright factory Hghting,
Destaning ared mounting shronds to block ambion light and purpose-selested Hghts to dluminate the

part requires engineering Hme For robot-mounted sensing, there may be Hitle woom to mount a light

large coough o tHunyinate a large part.

LR Robustness of such systoms may be achieved In some cases al groat expensg, or by
spending considevable offort to design & work coll around the Dghting reqpdrements of 8 20 vision
systeny, Howoukd be prefosable to install & sensor that dovs not require addistonal tHununation, and

that can yield sconrate 31 dats whether ambiont highting s intense or not.

{8821 Machine vision systoms used for rack pick applivations may need © be trained e use
differcot messursment oriteria for cach rack position. In addition o changes in lighting from the
frontmpost to hindmost rack position, the background appearance of the rack changes as each part 15
picked. The mumber of parts visible in the backgrownd changes as vach part is picked. The next part
to be picked 15 closer to the back wall of the rack. Having to tatlor measurement critenia ditferenily

for each rack postlion is inefliciont and comphivales setup and suppert of the machine viston systen.

| Machine vision systems thal rely ont detection of features such as holes snd edges

require the Installation engineer o make a series of chowes about which fesfures fo select.
Depending on feature shape, size, or consisioncy of gpprarancs, the installation coginest may oven
need to cheose different algorithrus to find ditfercat festures on the same part. Althoagh this practice
of setting application-specific parameters is typically assuned to be necessary for viston system

setup, ad hoe parameterization of maching vision systoms is inefficient

LAY Traditionally, parameterization of a viston system requires sagingers or trained nsers
o seleot foatures to e measured, For example, to train g traditonal vision systens to find a through-
hole tn & vehicle body and veport the hole’s locabion in 3D space, the user would select one of

soveral algorithms capable of finding a hole, seloet an option o report the hole's centor, and then

3
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sefect a geometnie algorithay to tanaform the hele conter conrdinates inle coordinates usable by
robol. A second hole with a diffetent shape may require a different bole-finding algosiihm, Fov sach

such fegture, the user must make several choteos which may requiee testing and correction.

o Training and experience are required to learn to parsmpterize machine vision sysiems
correotly. T this sense, & traditions! nachine vision system s Hke an industriad aroy robots i can only
follow the progranunnivg dictated by the aser. The user must account for all the conditions that could

cause the trained program to fail.

{80254 A more efficient approach would be fo cmploy & machine vision system that does nod

require ad hoe selection of foatures, bat that Tnstead can be brained with the click of & button, The

nser doex not reed o fearn the partivalars of image processing or learn how o seleet features.
{HaIs] Some systeims may determiine corrections for the robot path by avalveing edge

information v an image captured by a 21 camors and then companiog the 2D edges o the relative
positions and orientations of edges in a8 reforence image. The pose of th sensor cuy then be inferred
from the relative pose of the image of ssmple edges compared o the mage of reference edges. One
such systom iy the Contex Recognition aystem from Recognition Robotivs, U8, Patent Nos.
938895 and 9.800,685 are relevant in thiv regand, Rack pick apphicationy that roquire precise
measurement of part pose may alse be difficelt for vision systems that estimale pose from the
prosence of edees because 30 pose inferred from the relative positions of edges can be inaccurate in

messyrement of orfentation.

a2y The 31 pose of an object can be inferred from the relative posttions of edges i an
image of the object, For example, the edges of a square viewed ot an obligue angle ol form a

frapesoid or frapesiom in @ 3D dimage. The focation and ortentation of the square can be inferred by

the relative posttions and angles of the siraight edges with reapect 10 cach other,

{28 The 3D pose of & more complex shape such as 1 vehicle door can also be fnfured
from the relative postlioas of edges. A wodel of the door is captured by oxtracting cdges from &

reference image of the door.

6
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{2 Fdpe tnages may veed o be manually edited by the user to remove undesived adges,
but manuel editing of relerence data by users 1s wefficient snd cae be hard o reprodwee. Wa
machine vision systom captures g reference 2D image or selvrence 3D «loud that incldes
undesivable dats, and if the undesirable data could impede the maching viston system’s fanction,
then the tmage or clowd cam be presented 1o 8 user to edit. For example, the Cortex Recognition
system from Recognition Robotics processes a reference inage to generate image edye data, and the
user csn edit the wivence image o remove edges for fealores the gser deenss gntmportant ov

frrelevant, oy remove odges that beleng to the backgrowund rather than i the part,

LIRS Regquiring a user o manuslly reference data adds ad boe parameterization o
engineering setup. A wer would need 0 be traned o understand what odges to remeve, and then
during setup time would be wequired 1o romove the edges. Even i an expert user can porform the
cdge removal quickly, i would he protorable not o have to perforny the mampal process st alll Ui
would be proforable for a machine vision systom fo remove undesired image or clowd data

sutomatically, or fo simply perform robustly in the presence of such undestrable data.

HUIRIY I addition, ad hoe setup docisions related 1o the parameterization of & machine vision
system iy vary from wser o wser, IF the setup botween users s not reproducible, then the

perfornance of the svstam may not be reproductble as well, Ideally, performance of 8 machine

visions system will not vary ftore nser 1o user,

{8633 Manual editing of reforence dats 18 a form of ad hoe perameterization, and ad hoo

parsmeierization of maching vision yystoms s inefliciont as previvusty mentioned.

a3y Any “foature-based” machine wision systoms can suffer from fnacceracy of
mpasarement, Fostures such as odges and holes may be used 1o determiine the position of mdividual

points iy space, but point-based pose measurement accuracy is Hmited by the munber and accuracy
of potnds measprad,  As shown o Figures 12-15, a Rsture-based machioe vison systom mgy
determine ohject pose by measuring the position of &t feast three optically distinet features in 3D
space.  Hole couters, object corners, the geometrie centers of optically distinet shapes, and other

festures may vield 3D points u space.
features may vield 3D poinds nspace.
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LT For a maching vision system that deternuines objeet pose by the point locations of
wndividual foatures, the sceuracy of pose mvesivement i3 deternined by the gecuracy of wdnvidual

point measuremonts, For example, i ong {eature on a part can be measurad less aceurately that
others, then the accuracy of rotation measurement for the whole part may be determined largely by

the ingecuracy of measurenent of that oue potnt.

HHIAS] As tvwedl kaowy (o those bained in the art of geometey and 313 measerement, at least
three points are required © aniguely and anambigaonsty determiine the pose of an ehject i 3D
space. Robustness of measurement may be improved by measuring four or nore points and then
applving a least sguares it ov other conunen mathematicsl technique to find 3 best it solution.
However, for s feature-baged nachine vision systom measuring more poinls requares making wony
chotces about featurey snd fomture-fingling algortthms, 50 improvements in sobustnoss may be

achipved i exchange for grester comploxity of setup,

{036} Machine vision systems sl other systenis that determuine pese of an object from g
relatively Hmited nanber of points i 3D space typically agsume that the object iy 3 vigid body with a
pose limited to six degrees of freedom, speeifically threg degrees of freadom of rausiation and theee

degrees of freedam of rotatton. However, i the part droops or flexes when fixtured, thon amether

£

degree of freedom is inbreduced. Deformation may not be conststent from part o part, sspecially i

siorage racks ov other fixtures in which the part is foosely and inprecisely fxtured. When 3 Bmited
number of points are measured, # can be difficult to distinguish belween Inacourate nsasurement of
points and aceurate mivasuroments of points sehivet to non-rigid deformmation: i cither case, one o
more potits are shifled in relation to the other points, Those familiar with the arl of mathemutics
may implement tochniques o determine whether a non-rigid transform s roquired o match points

from one part pose to another pat pose, bot caleudating the non-riged transform does not indicate

whether the part is drooping, or whether one or two poinits have been measared tnaccuraiely,

{puaTy Ax shown i Figures 1624, 3 featiwe-based machine viston system may determune
objent pose from optically distinet foatures will vield inaccorate measurements i the pose of a
drooped past 1s found using a rigid transfonm from the points on the sample dropped part to the

corresponding points on the nominally flal referonce part.
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{38 A critteal probdem iz that the pose of a featureless part cannot be moasured by 3
feature-based or edge-hased yachine vision system, Such & systern may nol yield @ measwrement st
atl, B s preferabls that pose can be determined acourately for a part whether than part has optically

distinet features ov whether the part is offectively featureless and smoothly contoured,

U A smonth, gontly contoured part may not have the optically distinet features that a
feature-based muachine vision systom reguires to determing the location and origntation of the part,
For example, the aoradynamics and assthetics of a stamped metal exterior vehicle paned for a sports
car may reguire a smooth surface devoid of holes, sharp edges, or sudden changes in surface

curvaturs,

R A mintnum of three points are required te dotenmine unambiguously the pose of a
rigid body in 31 space. W a feature-based sysiem cannot determine the location of st least three

distinet points aceurstely and repeatably, then the system cannot measure the pose of the part

ja0a 1] Cassette Pick Application
HUISRY In manudhcturing sovironments such ag sulomotive asserbly plants, parts may be

placed 1o casseltes. A masterigl handling robod picks 2 part from the cassotie amd places the part

slsewhere.

R A typical casselte holds mudtiple individuadly fixtwred parts. Afler a nuaterial handling
robol picks the foremost part from the cassette, the cassetie meves the party forward by gravity feed
or motor mevement so that the next part asswnes the same pose i space as the previomsly picked
part. The robot executes #is trained motion path o pick the foromost pars agamm, The process

contintes wntil all parts have boon preked and ihe cassette s coply.

{44 In contrast with a storage rack that uses mochanical Bxwres and dunnage to loosely
fixture pavts, the ssechanical fixturing In a cassetis may present & part more precisely. Daring normal

operation, a robat may be able to pick parts from the cassette simply by following s teained path, and
no additional sensor feedback may be necessary to provide adinstment to the robot’s trained motion

path, The cassette may also prosent the fovamost part such that it hangs in space, cutside the rigid

g
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strueture of the casseite, thus limiting the possibility of 2 collision between robot and cassetie as the

robol proks a part.

{8043 Manufictaring appavatus and processes are subject to different failwe modes. In a
slorage rack, party may be loss precisely positioned, but if a part slips from i rack position the
magnitude of shill of the part’s pose may be constrained by the rack helders or by the walls of the
rack, By contsast, ta part slips frons fis mechanicad Oxturing i the cassette, the part pose may shift
significantly since the part’s pose may not be constrained by the walls of the cassette. For example,
if & casseite uses two horizental rods {0 support a part by two through-holes, and i the part slips so
that one of the rods comes free of the through-hole, then the part may rotate, hang from the fone rod
still sppporting ¥, and swing owtside the cassette, The part conld even il to the ground, damaging

the part wd feaving e past for the robot to pick from the cassetie,

{46} SNinee an indexing cassette niorves pats mechanically, the foremost part may not he
presented oorreetly if a mechanical fuilre oecurs, Mechanicsl intorference could provent completion
of ay indexing move, leaving the part and #s fixhure short of the intended location, 1 the mechanism
jams, the part may ol move at all. The cassete may index a part inte the foremost. posttion g%
expocted, but due to improper conwmmicationy or timing, he part siay sot be prosent whun expected
by the robot program, 1t is destrable that somee apparatas snd method be applied to detect whether the
raxt part to he picked up has vot been indexed Inte position at the expecied location, oricutation, and

tiine,

oy Muachine vision systems have boen provided as a selution to verily that the posc ol the
forcmnst part is subiable for vebot pick. However, robot puidance o cassetie pick poses several

problems for cassette pick.

{048} Cassettes may preseot relatively large parts or subassemibdies for picking. The part to
be picked from the cassetle will typieally be exposed 1o ambient lighting conditions, whick could be
very hrighi factory Hghting, Machine vision systems that image visible Hght are difficadl to make

robust for inspections of large objects by ambient hight.

{Bods Robustness of such svatoms may be achioved in some cascs &t prost oxpenss, or by

spending considering offort to design 8 work cell srownd the highting requirements of g 21 vision
G
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system. 1t would be preferable to install a sensor that does not require additionsl Hlumination, and

that can yield accurate 30D datp whether smmbieat hghting s 1ntense or nat,

{803 I the vision system infers the pose of the part om 21 images, then imaging a large

part may reguire multiple sensors, and using multiple 2D sensors to vield 3D data complicales setup.

{81 Setup for a systern that vields 3D dala osing mudtiple 2D sensors must typieally he
vustomized for cach application, and this setup relics on the jadgment of 2 teained enginesr. Ambient
Haht, shadows, and other sovivonniental conditions can confuse 20 mvage processing algovithms, 3D
cameras are Homded i their ability 1o detorming distance soress @ wide ficld ol viow, Using muliiple
2D semsors o yiekd 3D data within the region of cverlapping Helds of view reguires more hardware

arl complicates natatiaticn and setup.

{Basg Machine viston systergs Humtted o estimating relatively small changes in object pose
are not suitable for cassetie pick spplications, I mechanical fixtaring fuils and the parl swings free,

the part nuy assumse an arbirary pose.

{83 Sealant Dispensing Applieation
{54 I vebicly mamafhctoring, e and outer stanped metal pacts ave joined 10 ereate

doors, hoods, frunks, and other closores by henming. A hem Hange is formed by olding the edge of

an outer metal stamped parl over the edge of wn inner metal stamiped part. Typically, a robot apphies

a Bouid sealang to-the hom fo create a satertipht seal botween the mnerand outer paneis,

{BOSS f the hens flange 35 not in the precise pose for which the robat’s motion path was
trained, the sealant the robot sprays or dispenses may fuil o cover the hem The spray may miss the
closure altogether and splash on the vehicle body or other objects in the work cell, crealing a8 mess
that niay roguire au expeasive downdime [or cleanup. I the olosure and 18 hem Nange ag wo i the

expevied pose, the robot may even crash o the olosure, and robet collisions are expensive

HELS S Although determination of the pose of an imprecisely fixtpred part is a problem to be
solved for many mamnlkcturing applications, determination of the pose of & hens flange prosents

particider ditficaliies and constraints,

it
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HEBO I sealant is 1o be applied 10 a closure already attached 10 8 car bady, then the pose of
the hem faoge will be deterndaned by the pose of the vehicle relstive 1w the prodoction Hing, and the

pose of the closure wiative o the vehiole body, Givern this compound effect, the pose of a clesure

may vary considerably relative to the fixed location of the robot.

{BUSS] One problem v determining the pose of a hem flange 5 the accuracy requived for
pose measarement relative to the siee and shape of the part, A closure with hem Sanges can measues
ene meter or longer slong the longest dimenston, yeb sceuracy oF himm or foss may be requived for
the placoment of the sealant along the bem. Positional aceuracies of 1 part iy 1000 can be difficult to
achiove cusside the lab, espectally for complexly shaped parts. In addition, on the order of magnitude
of Toun, the required measmement sccwraey i comparable o as-uill dimensional differonces
between parts, amd iy seme cases may bo comparable to the flex of & part from nonenigid deformation

under the foree oF gravity or the clamping foree of mechanical finturing,

U The vehicle manulieturer would prefer to appdy a thin, even bead of sealant along the
entive Hange, and this is possible only it the robot’s spraver or applicator Is nwintared 8t a

consistent distance and orentation relative © the hem Denge.

HEE Another difftculty is that the hem Hange sround a closure such as a door or hood can
trace a complicated curved path through 3D space, makwg the application particularly seasitive to

grrors in the measurcment of ovientation. I the pose measurement is inaccurate in oversll location of

location then the scouracy of sealsnt spraving nay bol suller, but if orientation of the closwre s
measared maccurately such that the top of the cleswre is shilted one or more mllimetors tn one
direction fram the measured pose, and the bottom of the closure i1s shifled one or more milhimeters g
the opposite direction, the rebol will not follow the complex carve ol the hem flange aconmicly, and

the conter of the sealant bead may wander i & complicated pattern relative to the hem flange.

HEH IF the orientation of the part i messwement tmaccurately, then after the mewsured
pose is applied to the robot’s motion path, the robot’s sprayer msy be orented at an obligue angle
relative o the surlace. Spraying al sn oblique angle can widen the sealani bead and rutsalign the

contay of the bead with respeet to tha hemy as shown in Figure 23,

2
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{62} Since high aconracy relative o the size of the closwre is required, and sinee 3D
measirement eotor incresses with distasee, H s preforable 0 wound o sensor to the robot stseld
Robat-moumed sensors make i straightforsard 1o maintain a consistend, close distance from seusor

to hem flange.

HETRY The grror of 3D mpasuroment indrvases with distance. For camorg-hased 3D distanee,
objects that are farther away will appear smaller n the camers mage. Accomsey of distance
measuramnent (s typioally proportional o the square of the distance. For example, a sonsor that yvields
3D measwrements with 1 pullinetor ervor at | mcter distance msy vield 3D measurements with 4

millimeters error at 2 metors distance

EE Pose extinwtion of a closure or other large vehicle subassembly will sypically rely on

the assumpbion that the closure i @ rigld body which assumption may not always be true.

HUL O Some solalions o the ahove-noted problent may not he able to wessure the pose ol a
closure along, given thy wide range of poses the closure can assume. Instead, the pose of the vehiele

body may need o be determined first. The vehicke pose may be used to position & pose megsursment
sensor, amd then the seasor measures the closwre pose relative fo the budy pose. The pose of the
clospre i the rebot coordinate frame i the product of the wehicle-do-robat pose and the closurestos

vohicle pose.

{86 The congtraint that robot-monnted sensors should be small snd Bghtweight
discenrages the wse of large smbor heavy sensors that might otherwise make depth nrasursments
aocurate snough for hem flange pose measwrenent. For example, the Jivid 3D sensor iy relatively

large with 8 fongest dimension of 228mm and relatively heavy at kg,

B0 A robot end-of-aroy {ool s designed primavily for the robot’s work task: spraying
paiad or seatant, holding & welding gun, grasping & part, or the ke, Scosors added 10 the robat ond-

of-arm inol should ocoupy as Ktk of the end-of-arm ool ay possible. I shoukd vot be aecessiwy

design an eadeofarm tool to acesmmedato a large or heavy sansor,

{H06R] A small and Hgltweight senscr s preforable 1o 8 larpe and hoavy sensor or robot-

mounted sensar, assuning sensor depth measurement acouracy is conparable.

i3
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HEL R Machine vision systems may determine pose by estunating the locations in 3D space
of aptically distinguishable foatures such as holes and edges. Snch systems may wse ohot-montted
sehsors, bl the robot may aeed © move the sensor o muadtiple viewpouds of the closwe, Since
point-based pose messurement accurecy 15 Hniled by the sumber and accuracy of points measured,
and since pose measurement of 8 closure and its ham fange demand high accuracy, His necessary to

achigve hagh accnracy v the measproment of individual atures and thair position In 31 space.

{6870 As is well known to those trained i the art of geomwetry and 30 measurement, al feast
three peints are required to pnigoely and unambiguousty determine the pose of an object 1 302
space. Robustness of mossurement may be improved by mcasuring four or more points and then
applving a least squares B0 or other eommon wathematical technique 1o 8nd 8 best 11 solation.
However, for a festure-based machine viston measuring more pointy requires making more cholees
about fostnres and feature-finding algorithras, so fmprovements in robusiness may be achisved in

exchangy for greater commplexity of setnp.

BT IF the tobot brings a sensor near o the elosure, then featuwres may be resobved with
sufficiont aveuracy. But al a acar distance the sengar fichd of view will be relatively soall, and
typieally oo smadl 1o image vore than a small portion of the closure. To msasure the pose of the
closure, featurss it least three difforent locations will need 10 be micaswred, and preforabily the
jocations of the features would be far apart to yield a wore acourale pase. However, i the sensoy
ficld of vimy s too sowll o image the entire closure, multiple robotl nwrves will be reguired ©
measure necessary fontures, Robot moves add © the overall cyele time for the sealant operation. It

winld be preferable to nundnnze the auniber of maves, and thas mininnize oyole ime,

T Feature-based measurenent systemys that determine pose by measuring the locations
w30 space of optically distinguishable Teatures typically asswne that a closure is a ngld bedy. It
megsurenent accuracy I8 required to be fmm or less, thern feature-based machine visions systens

nay not be possible.

HULERS Yehicle Body Application

o7 When a vebicle body on an asscmbly fine moves inte a rohot work celll the vehicle
body is typieally shifted slightly relative to the nonunal pose wsed to train the robot’s motion paths.
14
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The posc of an objeet is the position and orientation of the object in 3D space, Sinee vehiele badies
ave Uypically not fixtiesd precizely, some ancthod and apparatus arg nocessary to dotermine the pose

of the vehiele tady.

BaTsl A wehivle body on the assemby line is mounted 10 a car carrier, mnd the ear carrier
rides on the assembly line. From vehiclo o vehicle on the ling, the position and oricntation of the
vehicle 1o iy car guerter will vary, aud the position and orviertation of the car carrier velative to the

assembly Hoe will vary.

{8076} Vehicle bodies typically measare 4 meters in fongth or more, so tihe vehaole pose 1§
tos be measured by o sensor-based systom such @ 8 machine viston system, then #t s fypically not
possible e measurs the pose of the vehicle bedy with ondy one senstr. Installing and configaring
multiple sensors can be further comphicated i parsmcters must be configured uniquely for cach
seusor, as 1y the case for systers that determing pose by measuring the postiions in space of optieally

distinguishable Ratures.

a7 Vehiele bodics sre composed of wmultiple subassomblies, Although  madem
manudctring methods typreally ensure that the dimensions of an as-butlt vehicle are within
iolerance, an assombly may be installed stightly out of position such that the pose of the current body
can uo longer be vigidly wansformed to mateh the pose of the relorence body in the veference pose. I
the poss measurament systom uses a feature en the shifted subasserbly as one of Uy measurement
points Tor the pose of the vehicle bady, then it may be difficult to determing shether that point has
been meazured maccurately, or whether the subssserbly on which the poind s found is out of
position, When it is difficult © detenmine the sotace of such @ problemy, 1t is also difficult
defermiye appropriste cotrective action, and attompts to vesolve a speradic vehicke build problem by

vefraining the vision systom may prove fruitless.

{8878 Sensors o measwre vehicles bodies are often mouted statieally 1o the leor or ceiling.
Rensor focation refative to the body nuy be determined 1 part by the shape and appearance of the
vehivle body. Vobicle bodies may be assembled from & contbination of subassemblies that have
holes, profrastons, concavities, and other sharp features and ol subassemblies thal are smoothly

curved and practically foatureless, Featurcless subassombdios cannot be measured by foature-based

H
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machine vision systems, Measurement of bodies with featureless surfaces may require sensors 1o be
mounted such that they only Image surfaces rich in featores, but those featiess may ondy be visible in
jocations that are be incomveniont for nstaliation and maintenance. i woold be preferable to be able
to mount seasors at any arbitrary number of locations rather than only in certain tocations dictated by

the limitations of the measuronent system.

{7 Vehiole poss can by delernmaed using multple laser triangulation seusors such as the
Tricam sensor from Percopiron, However, laser triangidation sensors reguire significant effort o sel

up and serviee,

{Basl] Laser tangulation sensors must be fmstalled du locations and osfentations that sre
known precisely. The locations and orientations are typically determined osing mange-finding
apparatus that roguire significant expertise to operste. It may take howrs to install a laser
triangulation sensor and register the sensor™s measuraments inte a robot coordinate frame or world

coordinate frame fixed relative o the Joor of the assombly Hine,

{81 I a triangulation sensor s bumped, or i it shifis over time, 3t must typieally be res
registered nsing the same range-finding equipment used for inttial installation. This 18 koewn 1o be ¢

time~consunting process by those expericnced in the arts of 3D seusing,

{BUR2 iy addition, lsser riangudation scosors generate relatively Bitle surthee dats unloss the

laser lines is scanmed soross thesurface.

{0083 Devices for the caleplation. of g limited st of range data Bom an electronie
represurdation of a visilile scene are alse well knows in the prior art. Typically, these devices emiploy
a 2D sensor and one or more beams of radiation configured so thal the beams of radiation ntersect
an object iy the field of view of the 2D sensor, and some radiation froa those beams is reflected by
that object back o the 2D sensor. The mathemativs of triangolation is vsed ® cslenlate the range ©
the object tor those pixels illuminated by the beamds) of radiation {see, for example, US PATS
3 1RG,205 and 9,373 8041 Using terms of the &t a piehwre cloment {designated by s horizental and
vertical coordinates within an imaging array) for which range dats s known s fommed a volame
cloment or “voxel,” Techaiques sinulay to those dixclosed in US PATS 3,180,205 and 4,373,804
generate a relatively somall set ol range data
i6
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T The tuwited data penerated by 2 laser tisngulation sensor was overconwe by the
wventton of threo~-dimensionsl sensors which produce range data for all, o neady all, pwiure
clements i1 their inaging arrays, and henoe much more complete vange data for objeets  their
flelds of view. Seg, for example, LS, Patent Noo 4,195 221, which utiltees time of fight techniques,
118, Patent No, 5,081,530 which wilizes scanning beam techniques, or US. Patent No. 6,751,344
which utilizes projecied patterns to obiain voxels over an extended {teld of view, In recent years, the
wdeas i these early patents have besn developed further so that relatively nexpensive consumer-
grade 3D sensors are available commercially. For example, a 3D sensor based on the time of fhight
principle i3 the Sony DepthSense, A 3D sensor that destves depth from projected stroctured hght &8

the Orbbee Astra. A 3D sensor that uitlizes a scarming beam techaigue s the LM Goestor,

{085] Althougls the laser ling can be mechanivally scanned seross the surface to generate a
more complete cloud of 30 voxels, mechanieally scanned lsser iriangulation sensers are metiicient,

The introduction of lewecost hvbrid 203D sonsors obvialed the need for laser tangulation sensors

for many applications.

{OURG] A triangulation sensor may yield a 3D clond of & part surfsce by mechanivslly
seanning the trisngulation beans acvoss the target. However, the time roquired to mechanicalfy sean
the sensor adds 1o the total cyele wne. The trangulation seasor may move 18 bem, or the part may
move relative fo a fived beam, bt the relative motion of laser beam and data acquisition must be

synchremized.

{Bas Ha wingulation sensor usex & pentaprism ar other dovice to nrechanicully soun a

surface, then the mechanical compenent can fail through repested use,

{BO8RY A hybrid 20430 seasor or cuera gequires complete clouds of hundreds of thousands
of 3D voxels thirty imes per second. No mechanical scaming is required, so mechanical fatlure
nol expected.  Examples of such sensors snd camerss can be Bund i LLE. patent documents

2130329012, 20180031364, 20180120218 and UL, Patent Mo, 13,049,843,

{089 Machine vision systems comprised of multiple 21 sensors and application-speaific
Highting may also be wsed o determinge the pose of a vehicle body. However, ustng multiple 2D
sensors o vield 3D data complivates sstap.
H
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UL Vehicle pose may be detenmined by scanning laser tianguiation scnsors such as the

Perceptron Helix-Eyvo, Although scaaming laser trmngulstion sgusors gonerate miore dafa than
tradiional fixed-posifion Wangdation sensors, mechancally scanned laser tnangulation sensoms ag
inefliciont.

{BuN Yehicle Roof Ditch Application

juay I automotive manufaciuring, a vehicle roof may have root ditches. A ool difch i a
fengthwise recess m the stamped metad root. The roof diteh can serve to attach roof pasels but may

also allow a molding o be attached for cosmetio reasons, ot a roof rack to be attached for havling

CRLRO.
AT A poof ditch may be a recess of gentle curves that hey Tew i any holes or other

optically distinguishable Teatures. Oplical pose measwrement systems would typically ose such
optically distinguishable foatures to deternine the location of tndevidual points on the saeface. Given
313 spatial locations of three o much suc optically distingoishable pointy, the pose of the ol can
be estimated. “FPeatureless™ vehicle parts such as smooth roof ditches present @ problem to pose
measurement systenss since the pose of a featureless part carmot be measared by 8 feature-bused o

edge-based maching vision systent,

{BU4] The width of the roof ditch may vary depending on as-built dimensions of the reofl I
mieasurements of the pose of the roof and s roof ditches depends on the widih of the raal diches,

then vhanges v the voof diteh widih can lead o inacouracy in pose measurement,

{4095] Many assembly lines build multiple models of vohicles. A systom v pose
measurement of reol ditches muost measwre the pose for any model, When holes or other eplically
distivguishable features are present, allowing 8 roof ditch 1o be measurad by a foature-based nachine
viston sysieny, the positions of those holes or optically distinguishable Batures sre likely to change
from one wmodel o the next. Foature-based measurement systems muust either install additional
sensors B sccomsundate the differing tfocations of dentifiable features or must be paramstorized
uniguely for cach model, Preforably, a measurement system wonld use a small number of sensovs,
and ad hoo paramclerization would not be necussary to accomuadate difforent vehicle mwodels and
different roof ditch configurations,
I8
SUBSTITUTE SHEET (RULE 26)



WO 2020/092292 PCT/US2019/058440

{096] Since & roof may be compoesed of independent fefl and right voof panels, if a build
prohiem occurs such thet positions! relationship between the Teft roof panel and right voof panel 1
oul of olerance, this problem nay not be detected unidd the pose is measarsd for sach roof ditch, Ha
system detormines pose using relatively fow points for cach roof panel, then if the reof ditches do
not maintain 2 consistent rigid rolationship to one another, then using & {foatere-based machine
vistons systent it way be difficult 1o demonstrate whether the anexpested pose difforence hotwom
left and right roo! panels ts Inaccuracy of measarement or a bulld problem. Preferably, foedback
from the measoroment system would make immediately clear whether a roof panel ts shifled relntive

oy the other root panel.

{0497 Maehine viston svstems that rely on detection of features such as holey snd edges
require the onginoey seiting up the systom to make a sories of chodeos about which fhatures t seleet,
and sometinies even what algorithms o we to find these features. This amannds o an ad hoe series
of choices muade for cuch application, and sometimes for cach paet fype, and ad hoo peransterization

of machine visien systonms 1s wnellicient,

UL Some Featwre-based maching vision systems may measure roof ditch pose based on
the sssumption that the roof diteh s 8 fixed width, I manufscturing, the rool ditch sy vary in

width, which can pose g problan for maching vision systems that asste a fixed width,
SUMMARY OF EXAMPLE EMBOIMMENTS

{ag99] Ax obyert ol at least one cosbodinent of the prosent invention is o provide s machine
visior-hased method and system 1o measwre pose of a part or assembly of parts accurately,

v

etficiently and withowt ad boe perameterization of the machine wision systeny.

iBiady Another object of at least one embodiment of the present invention s to provide a
machine vision-based method snd systen for controlling & reprogrampmble indoustrial antomation
maching, such as & robot, 10 perfarm a work task on g part or @ sebasserobly of parts which has an

wiknown poss by messuring the pose using & machine vision subsystem,
{at v carrving out the sbove abjocis and other obiocts of at least one smbodinuent of the
present fnvention, @ machine vision-based method of controlling 8 reprogranmable industrial

9
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automatton maching to perform & work task on & part or a subassembly of parts which bas an
unknown pose is provided, The wicthod inchedes the steps of mounting st Jeast one 31¥ sersor on an
industirial antomation maching 0 move therewith, The machine s programmad to follow a nomdnal
molion path based vn a knows reference pose of a reference part or subassembly of parts, The
method also includes providing a reference cloud of 313 voxels which reprosent a reference surfacy
of the reforence part or subassembly having the known refivence pose,  The machine and each
mounted 30 sensor are mounted together to acquire a sanple clod of 3D voxels which represents a
correspouding surface of a ssople part or subasserably of the same type as the reference part or

subassembly. The sample part or subassembly has an actual pose different from the refercnce pose,

The voxels of the saople and refercace olowds ave processed alilizing a malching algorithm
determine the pose of the sample part or subassentbly. A referencestossample transform ix applicd 1o
the nominal motion path to reprogram the machine so that the machine follows & corrected mation

path to compensate for the difference between the referencs sad actual poses.

H103 The step of providing may be at least partially perfbrmed by the at least one mounted

sy

LY sensor

S,

L RERY The part or subassembly may be focated and supported i a fixture,
{8104 The method may further include calenlsting an aligned cloud of 3D voxels which

represenis & best it of the seference and sample clowds and displaying 2 3D graphic of the sligned

cloud wad the reference cloud on a 3D display,

{81051 The 312 display may be used to identify whether a subassembly of paris s out of place

with respect to other subassemblies of a body of sobassemblies,

{106] The 50 dusplay may be wed 1o viswally compare pose of the aligned cloud with the

pose of the refirence cloud.

ey The machine may be a robot having end-ofarm tooling onwhich the at least one 3D
sensor s mounied. The robet may be capable of picking the part or subessembiy sut of the fixture

based on the corrected motion path.

20
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{R108] The machine may be @ robot having end-of-arm teoling on which at least coe 3D
sensor w mounied, The robol yway be capable of dispensing scalant on 2 seam of g subassembly of

parts to-join the parts based on the corrected motion path.

{Bag] The fixture may comprise a part or a subassonmbly of parts.
ity The fixture raay comprise a moveable carrler.
iy The carvier may be a storage rack for localing and supporting o phwality of

individuslly lixtured parts or subassemblies of the same type.

{81134 The carrier nway be @ siorsge cassoite for locating snd supporting o plurality of

individually fixtured parts or subassemblies of the same type,

{113 The carrior may be a car carvier for locating and sappotting a plorality of individaaily

fixtured vehicle bodies of the same bype.

R T Each 30 sensor may comprise @ hybrid 203D sensor,
{8115 Each sensor way projoct 8 known pattern of radiation to #leminate the part or

subassembly with iHlumination,

{8116} The iHhumination may be concenteated in the pattern ontside of the speetrum of visible

radiglion,

{8117 The transform may be 2 best it rigid transform, The part o subassembly may be none
rigid, wherein the moethed may further comprise the siep of applying # best fit nonerigid transforn: o

the monunel motion path sffer the step of applyving.

{O1ER] The clouds of 3D voxels may inchude color or gravscaly information For each voxgt to

enhanoe the postma asurement.

{11 The reference cloud may represent substantially the entire reforencs wuwrfaee.
{12 The step of providing may inchade the steps of providing 8 CAD madel of the part or

subassembly and converting the CAD model inte the reference clond,
21
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{121 The step of providing may include the steps of rigidly foxturing an as-butlt part and
captoring & pluvality of reforence clouds of 3D voxels Bom mulliple viewpotals using & phavality of

3D sensors.

B2 The step of capturing nway be at least partially porformed by mounting the plurality of
1) sensors on end-of-arm teoling of @ robat to move therewith and causing the robot v move the 3D

sensors Lo the nnidtiple viewpoints,

{61334 Further, 1w carrving out the above objects and other objects of at lsast one
embodimeni of the present invention, & machine viston-based methoed of measaring 3D pose of g pant
o subassembly of parts having an unkoown pose s provided,  The method Inchades providing s
teference cloud of 30 voxels which represent a referenor surface of a reference part or subassembly
having & known reference pose. The method further tnchudes using at least one 20031 hebrid sensor
o acgpure a samiple clond of 313 voxels which represent @ corresponding surface of @ sanple part or
subassembly of the same type as the refeyonee part or suh&@sembi}a The sample part or subassenihly
hasan actual pose different frony the refirence pose. Finally, the voxels of the sample and reftrence

clouds are processed utilizing ¢ maiching slgorithm o determine the pose of the semple pant or

subassembly,

{4124 The step of providing may be at least partially performed by the si least one sonsor.
L AT The part or subassombly may he located and supported in a fixtare,
{0138 The mcthod may Sether comprise calonlating an aligned cloud of 3D voxels which

represeasts @ bost fit of the reforence and sample clouds and displaying & 3D graphic of the aligned

¢loud and the reference cloud ona 3D display,

| The 3D display may be osed 1o /entify whether a subassembly of parts s out of place

with respet to the other subassergblies of u body of subassemblivs,

{128 The 311 display nway be used to visually compare pose of the aligned cloud with the

poseaf the refirence dloud,

i3 Ay The fixture may comprise a part.or a subassembly of parts.

‘i"'&
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{1384 The fixture may comprise a moveable earvier.

{131 The carier may be 4 stovage sack for locating and supporting a plurality of

individually fixtured parts or subassemblies of the sanwe type.

{133 The carrier may be & storage cassetie for lovating and sopperting a phaality of

indivichaally fixtured parts or subassemblios of the sanse type.

i3y The carrier wiay be a car earrier for locating and supporting @ phualily of tndividually

fixiured vehicle bodies of the same type.

{01344 Each sensor may project 8 known pattern of sadiation to illominste the part or

subassembly with iHlumination.

{H1S] The ituminabion may be concertrated in the pattern outside of the spectrum o visible
radiation.
{136 The elonds of 3D voxels may inelnde codor of pravscale infonmation for each voxelto

erftanics the pose ncasursinent,
{137 The reforenee oloud may represent substantially the entire reference surface.

{8138 The stepof providing may fnchde the steps of providing & CAD model of the pant ov

subassembly and converting the CAD madel indo the veforence cloud,

{8139 The step of providing may mclude the steps ol rigidly fixduring an as-bailt part and
capturing 2 plurality of reference clouds of 3D voxeds frony multiple viewpoints using a plurality of

31 sensors.

U Nl fuether in carrying out the above objects and other objedts of at loest ome

embodiment of the prosent wwvention, a machine vision-based  system {or conirelling a

reprogramunable indusivial automation machine o perform a work task on a part or a subassembly of

parts which has srounknown pose i3 provided, The system includes at least one 313 sensor mounted

oo an mdusirial automation machine & move therewith, The machine i programmed 1o Hllow a

nominsl motion path based o a known reftrence pose of a reforence patt or subasserably of parts,
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A refercace cloud of 31 voxels which represent a sefovence surface of the wivrence part ar
subassembly having the known refercace pose is weloded. A wcchanism moves the wachine and
gach mourted 3D sensor opsthey o acquire a sample clond of 3D veseds which represenis a
corresponxding surface of & sample part or subassembly of the same type as the reference part or
subassembly. The sample parl has an actual pose difforent from the veference pose. At least one
progessor processes the voxels of the ssple and seferance clouds mtilizing & matching algonthm o
determine the pose of the sample part or subsssembly. Conlrol lngic applies a reference-lo-sample
transtorm o the nominal motion path to reprogram the machine so that the machine fbllows &

corrected motion path to compensate for the difference between the reference and actual poses,

{141y The at least one rpounded 313 sensor may provide the refercuee elowd
{14 The part or subussombly may be located and supported in a fixture,
HUE R The at least one processor may cdloudste an aligned cloud of 3D voxels which

reprosents 8 best {1t of the reference and sample clowds, wherein the systers may further comprise a

30 display o displaya 3D graphic of the aligned clond and the reforence cloud.

HE S| The 3D display tmay be ased to wWentify whether s sobassembly of parts 18 out of place

with respect to other subassenibios of » body of subasseniblies,

{1454 The 3D display may be wsed to viswally compare pose of the aligned cloud with the

pose of the refirence cload,

{Bi4a] The mschine mayy he a robeot haviag swb-ofarm tooling on which the at loast one 30

sensor s mownted,

{147 The robot msy be capsble of pieking the part or subassembly out of the fixture based

ou the corrected motivsn path.

{0148] The machine may be a robot baving end~ofarm tooling on whichk at least oue 3D

sensor i mounied.
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{149 The rabot may be capable of dispensing sealant on a scam of a subassembly of parts

to join the parts based-on the corrected motion path,

{815 The fxture may comprise a part or a subassombly of parts.
{81514 The fixture meay comprise a moveable carrigr,
{8183 The carvier may be a stevage sack for localing and sapporting @ plurality of

tndividhally fixtured parts or subassemblies of the same type.

HEERY The earrier may be 3 storage cassetle for locating and supporting a plurality of

dividually lixtured pars or subassembhes of the same type.

{154 The carrior may be a ear carvier for lecating and supporting 3 plurality of individually

fixiured vehicle bodies of the same type.

{8135

Each 3D sensor may comprise s hybrid 275D seosor,

{0156 Each seasor way project 8 Konown patiern of sadiation to illominate the part or

subassembly with Humination.

{157 The iumination may be concentrated in the paticrn outaide of the speetnen of visible

rachation.

{8158 The transforns may be z best (i vigid transform, The part or subassenbly may be non-
rigid, wherein the control logic applies a best I non-rigid transtorm Lo the nominad miotion path alter

the control logie applios the best it vgid transform.

B89 The clouds of 30 voxels may inchude colpr or gravseade inforsation Bor vach voxel o

enhance the pose measurement.

{16y The reference cloud may represent subslantially the entive relerence surface.
el The swaten: may further comprise o CAD medel of the part or subussembly wherein

the control ogic may convert the CAD model into the reference cloud.

25
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{162 The svstem may further comprise a fixtare © dadly fixture an as-butlt part and 8

plurality of scusors lo ceplure a phavality of velerence clouds of 3D voaels from mudtiple viewpouts,

{8183 The phuality of 3D sensors way be mounted on endeoftarm tooling of a robot 1o
nwve therewith and the mechanism may cause the robot o move the 3D sensors to the multiple

yiswpoints,

{164 Yei, still furthor dn carrving out the above objeuts and other objects of at legst one
embodinment of the present 1oveation, &8 maching visiop-based system for measuring 3D pose of a
part o subassembly of pards having an unknown pose is provided, The system inchades @ veforence
cloud of 3D voxels which roprosent a reference surface of & reforcnge part or subassenbly having a
knowa reference pose. At least one 2D73D hybrid sensor scquires a sample cloud of 3D voxels
which represent a corresponding surface of & sample part or subsssentbly of the same type 8s the
reference part ov subassembly, The sample part or subassenably has an actual pose different from the

reforonce pose. At loast one processor processes the voxels of the sample and reference clonds

utifizing 8 matching algorithny to determing the pose of the snple part or subassembly,

{hias] The at feast vae sensor may provide the reference clowd.

{iiab] The part or subassembly may b Jocated and supported in a fixtwre.

{81a? The ot least one progessor may calculate an aligned cloud of 3D voxels which
represents # best it of the witrence snd sample ¢louds, wherein the system pmay Burther comprise 8

30 display to display a 3D graphic of the aligned elowd sad the reforence elowd.

{16R] The 3D display may be used to identify whether g subassembly of patts &8 ontof place
with respoct 1o othey subassemblies of 8 body of subassemblies.
{64 The 3D display may be used to vissally compare pose of the aligned cleud with the

pose of the reforence clond,

18178) The fixture may conprise a part or § subassembly of parts.
T The fixture may consprise a moveable carpier
26
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{1724 The carvicr may be a stovage rack for locating and supporting a pdurality of

wdvidually fixtired parts o subasseanblios of the sam bype.

{8173 The carcier msy be a stovage cassetle for locating and suppovting a plurality of

individually fixtured parts or subassemblies of the samw type:

{8174 The carrier roay be g car carvier fiy locating and supporting & phavality of wdividhaadly

fixtured vehicle bodies of the same type.

1R Rt Each sensor may project 8 known pattemn of sadiation to illuminste the part or

subassembly with Humination.

{§176] The iHumingtion may be concentrated in the pattern sutside of the spectrum of visible

radmation.

113 The clouds of 3D voxels may include coloror grayscale information for each vexol to

gohance the pose nwasuwrament,

{178 The reforence cloud may represent substantially the entire reference surface.
{179 The system may further comprise 2 CAD model of the part or subassembly, whesein

.

the control logic may convert the CAD model into the reference cloud.

{8 The system may Qether comprise a fnture to ngally fixture an as-busll paet aod 2
plurality of sensors to capiure & plurality of reference clouds of 3D voxels from sultiple viewpoints,

RRIEF DERCRIPTION OF THE DRAWINGS

I8 Figure T is 8 porspective visw, partially broken away, ol an optical sensor euglosed or
housed within an coclosure and mousted on end-gi-tooling of a robot arm whersin optieally

transparent windows of the scasor are showny

{4182} Figure 2 ix a bloek diagram of a 30 or depth sensor amd its enclosure and sensor rail

arwl @ temperaturs control cirewit being used inan industrial working environment;

oy
3
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{183} Figure 3 iz a front schematic, porspective view of a conventional sterage rack full of

agtomotive pasts such as doors and a robot to remove the parts one af 8 tme frowm the rack;

{0184 Figure 4 is a2 view similar to the view of Figure 3, but with 8 Toromost part

removed/picked from the rack and held by the mobot;

{188 Figure § is a top schomatic perspeclive vigw of 3 mesh which represenis a 3D

reference cloud of voxels vaptured for a gently curved surface of a stamped metal part;

{B18s) Figare 6 ix 8 view of the wmesh of Figure 3 adjacent the mesh of o sanaple cloud of

vesels {dashed Haes); the sanmple cloud s offset from the reforence clond by 3 translational shifig

{187 Figure 7 is a view of the mesh {solid lines) of Figures § and 6 and the sample cloud
{dashed linesy of Figure 6; the sample cloud is offset from the reference eload by a combinatton ef

translations and rotations;

{8188 Figure 8a-8d are mesh views which Slusirate the Herative minimization of differences
betweon reforence and sample clonds: images from left to right represent the reforence clowd (sofid
Hes and the sanple cloud (dashed lnesy the interseotions of mosh Hnes represent individoal voxely

in 3D space;

R Figure ¥ are mesh views wheroin the amrows indicate the lings of saght of & sensor

imaging a surface with multiple protuberances;

faty Figare 10 s a schematic perspective view of a convertional siorags casseife full of
astomotive parls such as doors and a robot to remove the parts one at o tme froom the cassette after

cassette indexing;

{8191 Figure 11 i3 & view similas to the viow of Figure 10 bat with ondy fwo parts ramaining

w the cassetie and with the robot holding one of the party;

{Biggy Figure 12 iHusirates in the top two inages a cuboid part in two different poses i 3D

spaoey the hottom two images show points in 303 space corresponding to optically distinet comers of
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the part, the davk filed circles represent points on the part in the reference pose, and the emipty cireles

veprosent poinds on the part tna sample pose;

{819y Figure 13 18 a schomatic view refated to Figure 127 if the optically distingt corner
points are dentified with no messerement evror, and if the part romains vigid, then a rigid transiorm
will precisely map poinis on a part in 8 sunpde pose anto the points on the part In the reference pose;
the concentric civcles indicate & theoretical perfect mapping after framsforming sample polais to

reforence points;

{8194 Figure 14 is related to Figwe 13 roabworld mossuromenis have cwmors; for
caleulation of the rigd tansformy from sanple pobigs to reference points, # best-f8 transform
miniiniecs difforences; in the dashed figure representing the sauple part, the points we found

slightly out of position;

H R Figure 15 is related fo Figures 13 and 14 a best-fit vigid transforn alone s
msuiticient lo doterming i the polrg-to-point relationslips vary because of messurcnent swor o
beosuse of slight differences i the as-built dimensions of the part; in the exemple of Figure 13, the

botton dashed figure ts slightly larger than the top dushed Hgure

{81964 Figure 16 1s top schematie view of a substantially flal part with optically distinet

[oatures;

e Figure 17 18 1 top schematic view of a flat part of Figure 16 with optically distinet

features, the parl dreoping due o gravity)

UL Fiepre 18 s a top schenwtio view of g Hat part with three optically distinet featores
identified as L-shaped and two reclangles, the geometric centers of these festares are poings in 3D

spaee that may be used fo estimate the pose of the pary;

{8199 Figure 19 ix g top schematic view of the flal part of Figure 18 with three optically
distinct features on the part that droop due to gravity; 8 bestiit rigid transforn from the three points
on the dreoped part to the thres points on a neminally flat part will infroduce transiations or rotations

that misrepresent the pose;

29
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{200y Figurte 20 i3 atop plag view of a flad part wherein the circles represent the gemmetnic
centers of optically distinel featpres o the Hat pact and on g part that deoops due o gravily; the dark
filled circles represantt the points on the Hat part, and the soapty circles represend the corvespondiag
points ot the drooped part; a best-fit vigid transform from the three points on the droeped part to the

three points an & nominally Hat reference part will introdhce inaccuracy of translations and rotations;

{2a1y Figare 21 1% a perspective schematic view, partially broken away, of 2 paiv of racks

filled with paris and locsted o an dustrial envirenmeni;

{8302} Figure 23 s @ side view, partially broken awav and in cross-section, of & robol
dispensing/spraying sealant on 8 hem; nozzle orientation is perpendicular o the surface as desired;

the center axis of the nozzle Hoesup with the hen, and the scalant bead 1s contered on the heny

HOMIRS Figure 23 is & view similar to the view of Figure 22 of a vobot sprayving/disponsing
sealunt on g heny needde oventation s angled, and the oblique angle increases the width of the
sealunt bead; even i the center axis of e nozzle aligng with the hen, the bead on the pear side of

the conter axis will be narrower then the bead on the far side of the comter axis; and

{204 Figare 24 is 2 top porspective schomatio viow of a niesh representation of a vehicle

oo with bwer sood ditches

DETAILED DESCRIPTION

{265 Ax required, detatled embeodiments of the present mavention e disclosed hursin;
however, H 8 to be onderstood that the disclosed enbodiments are merely exemplary of de
nvention that may be cmbodied iy vasions and sltornative forms, The figures are not necessartly to
scale; scane leatures may be exaggerated or minnmized o show details of particular components,
Therefors, specific structural and fanctional detatls disclosed herein are not o be interpreted a8

Limting, but ‘n:mrf:iy as & reprosentative basis Iy ivaching one skilled in the arl to variously cploy

{H206] The method and system of at least one embodiment of the present invention fnchades
a 3D or depth sensor such as 250 volumetric or 23D hybeid sensor. Figure | shows a housing or
30
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container 21 of such a sonsor, gonerally indicated at 10, mounted on the dissal ond of a robot arm 12,
Flapre 2 shows the sensor 1 posttioned near a vehicular body B including a hood 6 sapported on 8

vehicle camiar in @ industrial work environment.

he 2o ]

] The sonsor 10 preferably conprises a pattorn projector or emitter 32 operating at
seane wavelength L7, ong or more camerss or detectans 34 configured to receive Hght at wivelength
L, and a vistble light, monochromatic or color camera 30 configured 1o view Hght af visible
wavelengths, but o rejeet light near wavelength "L, The pattern is projected by the enutler 32 enta
the surface of the vebicle and s read by one or more detectors 34 slong with the information from
the visible Hight vamera 30, The laser projector 32 operates by means of diffractive optival elements

o project several tong of thousands of laser pencily or boamy onfo & scene 1o be avalyzed. The

.

detestor 34 analyzes the scene at wavelength *L7 0 locate the intersections of the laxer peactls with
the scone and thon uses geometey to caleulnie the distance to objects 11 the scene. The visible ght
camera 30 in a prefored cmbodiment s psed to assoctate a color or monochrome intensity to cach

portion of the analyzed tmags.

{R2a8] The pattern enutier 32 may be mmprise{i af sn infraved laser dinde smitting st 830
min and 4 series of diffractive oplics olements. These conponents work togather to oreate & laser

“dot™ pattern. The laser beam from the laser diode 15 shaped in order to @ve i an even cuonday
profile then passed throngh two diffractive oplics eloments. The first clemeat oreates a dot patiemn

etf:.vmaining ﬁms, the second {::Eenjmnt m’_u}iipl_ie:\: this dot pa{:im‘n mio a gr.id.. When the infrared pattern

dedectors 3 configored to bo sensiiive ‘:iﬁ the netghborhood (}f‘BE(} .
{2oM I addition 1o the IR sensor 34, there may be the RGB seasor or camera MY conligured

to be seastiive in the visible range, with & visible hght, band-pass filtor operative 1o reject light 1n the
neighborhood of 833 nm. Dwring operstion, the IR scusor 34 15 used 10 caleulate the depth of an
obiect and the RGB sensor 30 15 used (o sense the object’s volor and brightiness, Thas provides the
ahility to interpret an image tnowhat {s tradittonally referred o a3 two and & half dimensions. Tis not
true 31 due to the sensor 10 only being able fo detect surfaces that are physically visible to it {ie, it

is unable o see through objects or o soo surlaces on the far side ol an object),

31
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{21 Multiple volumetric sonsors may be placed in key locations aronnd and above the
viducle,  Bach of these sensoss typrcally captures hundreeds of thousands of individuad pointy in
space. Baeh of these points has both g Carlestan posttion m space and an sssociated RGE eolor
valye. Before measurement, cach of those sensors iy rogistered into a common coordinate system.
This gives the present system the ability to corvelate a location on the image of & sensor with @ real-
world posttion. When an image 15 caplured from each sensor, the pixgl information, along with the
depth infurmation, is converted by a computer 13 (Fe Figore 2} into a collection of points 1u space

catied a “point cloud™

IR S8 A point elowd ix 2 collection of data reprosenting a scene as viewed thaough a
“yizion” sensor, In three dimensions, each datun in this collocfou mighy, for example, consist of thy
datum’s X, Y and £ coordinates along with the Red, Green and Bhue values for the coler viewed by
the sensar 10 at those coordinaies, In this case, esch datum in the collection would be deseribed by
six mumbers.  To take another example: In two dimonsions, each datwn in the collection might
gonsist of the datunt’s X and Y comdinates along with the monctone intensity measured by the
sensor 10 at those cosrdinates,  In this case, cach datum in the colleciion would be deseribed by

three nambers.

{212 The computer 13 of Figure 2 controls 8 controller which, in tura, contrnls g processor,

a feropersture covtroller, the carers 30, the emitter 32 and the detector 34 of the sensor 1

{8213 At leastone smbodiment of the present invention wes g hybeid ID3D sensor 1840

measwre eolor, brightness amd depth at cucly of hundreds of thosands of pixels. The colleetive 3D

“point cload™ data may be presentod on a sorcen 10 of g display 14 {Z.e. Figure 2} as 2 3D graphic,

{8214 The field of view of the 2D/3D sensor 10 can be gs wide as soveral melers soross,
making # possible for the user (o see a hinged part such as 3 door or the hood & relathve to the
vehicle body B in 30, The graphic on the soreen 16 may fook like the 30 part the user sees in the

real world,

{5 At feast one embodient of the present fnvention provides a methed and spparatus {o
mcasure the pose of loosely or improperly fxtured parts in storage racks in order 1o properly piek

the part from the storage racks s shown in Figures 3, 4 and 21, This esmbodiment tmproves spon

G
b
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the state of the art in imaging, pose measuroment, system setup, and ease of installation. The
method and system disclosed wm U5, Patent Bo, 10,048,443 may be used vot ondy to delermine the
presence or absence of objedts to provent collistons of robots with manufaciured olyects, but can also
bo emploved as a subsysiem of & pose measprement system 1o determine whether a part is preseat

hefore the part’s location and orientation 19 31 space are measured.

{216 Nenatl hyvbrid 203D sensors measure distapes using pseadorandom patierns of neae-
mitared light that do not acowr 1 nature or W the build cavironmend. These paltorns of projecied
light are unaffected by ambient vistble light, so the changes n ambicnt Hghting from the frontmost
rack position and hindmost rack position boecome srrelevant. Sinlarly, shadows do not affect the

distance dats used I pose messirement,

124 i Traditional machine vislon systems combine 2 image sensors with engioesred
Lighting, The lighting provides & consistent appearance of the nspection object to & 2D imaging
sensor.  The Hghting's geomelry, intensity, and mount coufiguration are engineered for caeh
application. In some cases, general parpose lighting is built into the sensor howsing dtself to reduce

the space cccuged by the vision system.

OIS Machine vision system lighting muust conlend with ambient factory highting,  For
machine vision systenss that wspect larger subassemblies measwing ball o metor ar more along the

longest axis, it becomes prograssively meore difficult o provide lighting that provides consistont
lumination despite chariges in ambiont faclory hghting, Consistent ifomination for larger parts
tvpieally requires large maching viston Gghls and shrouds that Mook direet mterference by the
brighiest factory lights. Accommadatmg this nopd for Hghting requires engimeering resewrees and

also accupies valoable factory Hoor space

{21y H the sensor provides its own dhamination, and i this tlumination uses wavelengihs
cutside the spectrum of visible leht and f the Hlumingtion s concenteated inte ag artificial patten

nol present iy natural Hehiing, then the sensor can operste in the presence ot absence of wabient
visible light. In factories ambient Lighting conditions cap vary widely from very bright to very dark,

and the robustness of & machine vision systemn i improved i # s not affected by ambiont lighting

13
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{82284 The sensors are small and hght, and so arve gasily ropunted 1o & robot end-oftarms tool.
With one or wiove sensors weonded o e eadeol-am oo, the robot can wove v 8 consistent
distance from cach nomingl rack pesition, snsuring accuracy and repeatability of measurcnent better

than is possible if the machine vision sensors must be mounted cutside the storage rack,

24y This solution climinates the need for ad hoo paraneterization of part features,
Fliingting ad hoo parameterization improves oase of installation and support as previously
mentioned. Tostead of ad hoe paramelerization, the solution uses g cloud of voxels representing the
surface of the pert to be pieked. The cload may consist of tons of thousands or more voxels, &
referance cloud is captired for the part {n the frontmost rack position. A sample eloud ts captured for
the enrsent part. The pose of the current part is defermingd as the best 8 pose of By closd to the

reforehes olond,

{8223 A voxel iy point oloud could be an (XY A0 clement with horteatal, vertical,
depth, and monoclromatiy mtonsity, or the voxel could be an (XY ZRG,BY clomeni with
hortzontal, vertical, depth, red, groen, wnd bhee intensities, or the voxel could eepresent some other
conthination ol (X, Y, Z, . . .} values snd additions! magnitudes,

HIRRES Eliminating the need to seleot applicationsspecific measurement features romoves an
instalation step typicalin the setup of many machine viston systems. Not ondy s featnre selection
and psramelerization time-consuming to lcam, but it can be Hme-consuming oven for snooxpent o

gxecnie during an nstallation,

224} By climinating the nead for gpplication-specific parameters such gy the selection of
specific port featwres for measurement, the oporation and maintenance of the vision system i
ssplified. Wan nstalled viston system mast be frained 1o measure the pose of a new part, there 13
no weed to review o relearn the process by which part feature must by selected and parameterized.
Preforably, the vision system is siraply prosented a pant, the user clicks & Tow buttons 0 oxecute

training, and then the syster will be reidy 1o measure the nesy part,

w2

{25 Finding the hest {it between reference cloud and sanaple cleud can be conceplualized
as finding the best fit betwean two hunch trave, sach of which has square, vectangular, and cireular
pockets. The distance between trays can be miningeed by moving and orienting one ray so that o
34
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slides into amd then stacks o top of the cther tray. Similarly, when twe clouds are in optanal
aligament, the clouds inlerpenetrate, and the distance betveen a voxel wn the sample cloud and the

clgaest vossl in the refsrence cloud s nurmized.

{Bs] The best fit of sample clowd to reforence cloud i3 an optimization problem n six
degress of freedony three degrees of translation and three dogrees of rotation. The vanable o be
oplimived is & statistical measure of the distance from sample voxel 1o closest reforence voxel for all
vosels, This statistical measure could be the toial distance tor all voxels, the mean distance for all
voxels, or serwe other measwre, Methods for optimizing & variable in six dimensious are keown to
those with expertise in nsathemation, Figurss Sa-6d are relevant © show intemaefive ninimization of

differonces,

{8337 Ax shown in Figurey 527 and 8a-8d, tramslations and rowdions are applied fo the
sample clond to mimmize the differonce between sach voxel in the sample cloud and the closest

versed i thereferencs olonds

{2284 Figure 84 ) The sample cloud s rotated and tanstated refgtive to the reforense cloud]
{224 Figure §BY A wanslation of the sample cloud allgns the geenwetric conters of the
reforence and sample clouds along the vertical axisg

{3 Figure 8C) A rotationy of the sample clowd ashigns the peaks and valieys aong the
vertical agix; and

B3y Figure 810y A final translstion along the vertical axis moves the sample cloud watil #t
overlaps the reference clowd.

LR Addiliemal derations could further nuoimize the distance from cach pod e the
sample clond to the closest point in the reference clowd, Each terative translation op rotation is a

homogenecus Jxd transform, The transform from the initial sample pase to the reference pose is the

product of all intermediate transfonms,

{8233 In practice, Herative steps could combing transiational and rotationsl chenges via
nftidimensional optiniization using methods familiar to those skilled in mathematios.

3
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{234 The solutton determinegs the best it by caloulating the spatial trapsform from the
sample clnad o e reforence cloud. The sohution eports the fnverse transtorrn frons the seference
pose o the sample poss. The mobot applies the refercace-to-sample transtorm o all the pomts it

trained patly, thus generating a motlion path for the sample past.

{23 The sclution ix well suited to messwring parts that may be sulyeol to stight
deformativns that wttoduce additional degrees of freedon bevond the six degrees of freedom for a
rigid hody, Unbike systenss that may wse s relatively himited nugnber of poinds for pose measurament,
the solution uses lens of thousands or more voxels representing the entive sarfses. Droop, flox, and
simifar non-righd deformations can be detersined statistically for the distance from g sample voxel
o the closest reference voxel for all voxels, For example, F the statistical mean of sample-tos
reforence distances Iy close o zerd millimeters at the center of o long rectangular part, but if the
mean sample-to-relotence dislance wereases in proporiion to the distance along the patt from the
center, then the part can be determined 1o he drooping or Sexing. This non-rigidity can be addressed
by applving & non-nighd transform aftor the best it nigid transform, by dividing the reference olowd
into nuaitiple elogds and then caleulating nuidtiple piecewise rigid best it panstormy from sample 1o

reforence, or by other means familiar o those skilled in mathematics.

{8236 The solution presangs reforence and sample clouds w1 a 3D display, sllowing 2 human
operator to review the degres of intorpenetration of clouds from any viewpoial in 3D space. Aller
pach messurement, the solution presents 3D graphics for three clouds: the refercnce cloud, the
sample cloud, and an aligned cloud. The aligned cloud represents the best B of the sample cload
the reforence cloud and ts calowdsted by applyivg 1o the saople-lowrelpreoce transfonm 1o every voxel
m the sample clond, Bach voxel may be represented in the 31 display by a cuboid assigned a celor
to identily the cloud to which the voxel belongs. Representing voxels as colored cuboids makes ot
easier to Judge interpenetration of the aligned clond with the reference cloud. For example, i rom
some viewpoinl the voxels represeating the aligned cloud sppear closer and if the eolor of
evarlapping cuboids is dominated by the cedor of the aligned cloud, then the user can detormine that
the sligned cloud is closer o the viewpoint, that an additional translstion wonld be required fo bring
the aligned cload o agreement with the refercoce elowd, and that this translation has a component

aleng the divection of the lne of sight from that viewpoeird. Similarly, rotations and nonwrigid
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defermations of aligned cloud relmive o the reference cloud can be determined by the user, tepically

with minimal tradning.

{8237 Since pose measprement of & port s determined as the best it of the current cloud to
a# reference clowd, the solution can {ind the pose of a smoothly curved part that has oo optically
distinet foatures. The pose of parts with snweothly curved surfaces and parts with sharp protuberances

and concavities can be found by Hnding the best it of clouds representing the surfaces,

'§{§3§§§ For cach rack position the robot moves forward 10 a2 measurement position that s a
consistent distance from the patt in #s aominal pose, The same measurgment s performed at cach
ruck p(}ﬁiti{.‘sm so thore 15 no need o modify the machine vision systom or creple sepwale

paranieiorizations or programs for cach rack position,

US| Clowds for very large parts can be generated by using more sensors {0 inorease
coversge. The sensors are registered fnto 8 common robot coordinate frame or world coordinate
frame such that the 3D voxels in the clouds of every sensor are expressed in the same eoordinates.
Creating & larger cloud from mudtiple smaller clonds is simply 2 matter of superpesition. It clonds
overlap, then the clouds can be stitched topsther using tecligues familiar © those skifled in
mathematios anrd buage processing. Typleally, sensors are aranged spatialy to capture portions of
the surface at extramitios of the parl, so clowds may vot overlap, snd stitching of clouds may not be

BCCOSSAryY.

(a2 N additional parameterization is necvssary 10 combine olods frony muliiple sensor
nto & single larger cloud, so adding sensors does not inerease compleaity of algorithmic setup. The

solution accommuodates an arhiirary nunmber of sensors, so the cloud may be arbitvanty large.

[LRESY The solution is robust even in the presence of partisily nyissing or cornupied data. For
a feature-hased viston system, pose mossurement may become tupossible (a foalure s oocluded, or
measuroment may beocome inacouvate i the data associated with a feature ix corvupted, The prosent
solution uses clowds of vosels representing large surlaes. Even if the cloud s nuissing soms data
becanse a portion of the part is cccladed, ov even i some of the data 1 missing, theve will sull be

many voxels with which to find & it o the reforence cloud, Minor changes in part design, as-built
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appearance, or as-built dimeosions of a part have e effeot on mcaswrement since the cloud

captored by the present sohution will consist largely of voxels corresponding o unchanged surfaces,

{02434 Roferring 1o Figure 9, the mesh represents the elond of voxels comresponding o the
portion of the surfsce visible ® the sensor from that viewpeoint, Missing portions of the swesh

~

ropresent regicns of the surface not visible from & particnlar viewpoid cither becauss the swefae

prad

i

e

hidden or because the surface Hes oulside thy scusor’s field of view, A complete representation of &
susfaee can be penerated even I portions of the surfaee are hidden from any one viewpoint, The
surface 15 maged Hom multple viewpeints to generate multiple viewpoint-specific clowds when
stitehed together, the viewpointspeeific clouds form g single cloud ropresenting the complet

susfage,

{0343 For certgin apphicetions roqudring cven betier sccuracy, the present solution can
employ an optional refinement of pose measwrament wsing color or grayscale mformation. The
civuds of 3D voxels include color or grayseale information for cach voxel, permitting a secondary

chock of pose measurament.

HIRE S| The clouds provided by hybed 231 sensors for cach vaxel hay information about
x4 coordinates in 3D space as well ax color or grayseale information. Large clonds provide not

ouly a lot of depth data, but a 1ot of color or grayseale data as welll

{H245] Initig] pose micasurement 5 performed ysing 3D depth information, given that 3D
pose inferred from flwe relative positions of edges cea by inaceurate In mensurement of privatation,
but color ar grayserle information s suitable for vefimng & pose measarement. The depth data alone
can be osed to segment the part as the foreground from the background of the rack and other pars,
thas making U possible o filler owt foreground Trom background for the color or gravscale

information.

{H246] When a part & imaged from a viewpoini, protrusions and concavities o the pant
susface may hide portions of the part surface from the line of sighi. As the viewpaint of the pant

changes, cither because the sensor moves or because the part pose changes, some hidden surlaces
may becpme visible, and previousty visible surfaces may become hidden. Since the pose of @ sample
parl will {ypically be different from the pose of the relerence part, 10 g sensor images both reference
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and samples parts frony the same viewpoind, the clouds of vosels representing the swrisce of
veforence and sanple pacts way exhibit difference m fudden aud visible surtsces: These dilferences
in cloud representations of the part surface can be stgaificant i the protrasions and cavities on the

part are large, or if the pose of the samiple part is significantly different than the reference pose, The

X

Nov

prosent solotion offers several approaches o mitigate this fasue.

{247y I sample pose can vary significantly from the reference pose, and i the sensor or
sensors. are mownted 1o the end-of-amm fool of a robet, then the solution can nwasare the pose
Heratively, In the first iteration of pose measurenient, the robol moves to the default position for pose
measurenent, 1 this inibal measurament indicates the pose of the sample part has large translation
and/or rotation rebative to the reforence pose, then the solution can terate s measureruent oyele to
make a second measwrenent. The firdt measured pose iy applied to the robot’s poxe measurement
position to generate a shifted measurement position, In this shufted mpasurement position, the sensor
ov sensors mouated to the sadsolam ool will be oriented such that viewpoiot more closely matches
the viewpoint of the part when the reference cloud was captured. From this shifled viewpoint, a
sewly captured sample clowd will have g surface representation that more closely matches the
surface represeriation of the reference Cloud, A second measurement 1§ inggered, vielding ¢ more

acoprate POse nasurenen.

{248 Annther approach to mitigate viewpoint-specific hidden and visible surfaces is o
2

penerste a reference cloud that reprosents the entire part surtace. For example, 2 CAD model of the
part that completely represents the exterior surfics of the part can be loaded inte the memory of the
solutton and comverted {0 a 3D cloud of voxels. Although the cload of the sample part may still by
capiured from a single viewpomt and may lack ropresentation for surfaces hadden from the sensor’s
viewpeint, the pose of the sample cloud can be found precisely simee the CAD refercnce cloud
represends overy extertor surlaee, and for every portion of the surfacen the sample cloud there will

be a matching postion of the surlaes in the complote seface clowd derived fromt the CAD model,

{024 As-built parts way deviate from CAD models in dimensions and appearance. The

manefacturer of 8 part wishing to protevt the intellectual property of their designs may also be leery

of providing CAD models 1o outside parties. Capturing a complele reforence cloud of an as-built part

addresses issues related to using CAD models Tor reference clouds. To generate & complete refirence
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cloud of an as-built part, the part ix fixtured rigidly i place and cleuds are capturad from multiple

vigwpoints.

iR U] Ume mathod to generate a complete reference cloud of an as~butlt part &5 1o moant
sensors to 8 robot, aml to use the robot o visit multiple viewpoints-—possibly even hundreds of

viewpoints, (Ong or morg sonsars gre mounted o the robol end-of-armn ool The sensors are
registered into a robol coordinate frame such that each voxed in the sensor cloud 8 tanstormed wnto
the robot coordinate frame. The robot is then programmed te move o a nmltitede of positions such
that at cach position the mounted sensoror sensors image the fixtured part frova 8 new viewpont, A
cloud reprosenting the part surface from thils viewpoint is captured at sach robot position, Since the
robot position is known precisely, the clowd captured at sy position can be framsformed into the
commonr robot coordinate frame A complete reference cloud of the part Is penerated by stitelnng
together the clouds captured from all viewpoinis, Surfaces hidden from one vigwpoint will be visible
from another viswpoint, so the complete refercnce clowd will be devold of Bidden surfaces, Sinee the
somplete referance clond s generated using an as-built part, the dimensions snd appearance of the
part will be consisient with that of other as-built parts. Figure 9 llustrates the gencration of «

complete cloud from multiple viewpoints.

{251y The same method could be spplicd by moving the part and keeping the sensar o
sensors it a fixed position, & technigee farsiliar to those skilled in the art of 3D scanuing for use in
3D printing or reverse engineering. However, the preferred technigue is to move the sensors refative
tor the part, and o ngidly fixture the stauped metal part, Stemped metal parts may flex or droop
under gravity, and the divection and degree of flex can change depending on the divection of gravity

redattve jo the par. Rigidly listuring the part ensures the part matniaing g consistent, nigid shape

throughout the process o generale 8 complete reference clomed.

{2824 The above-noied solution may be used ot only for part pose determination but could
also be used to assist robot path planning, Since the solution captures large clowds represanting the

fudl ficld of view of the sensoy Or sensors mounted to the end-ofharn ool of the robot, e Clowds will
typreally represent not only the parts i the rack, bwt also the interor surface of the rack lsel

Although the rack (s ignored dusing part pose measwrement, the portion of the cloud representing the
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rack interior conld by provided to the robet (0 assist in planping a nyotion path that does not lead the

robaol to collide with the reck walls.

{H3834 Referring now {0 Figures 10 and 11, the prier discossion relsting o racks s
applicable to the storage cassettes of Figures 10 and 11 At least one cotbodinent of the present
wveniton provides rebust measurenient of part pose w the prosence of bright ambiont Lighting and
can funetion w complete abseuce of ambient hght, Hybeid 20030 sepsors determine depthy using

neas-infrared Heht outside the visible spectruny, so smbient changes i visibde Hght do not affect the

sysiom,
I RGE The solufion can determine pose of arbitrandy boge tanshations and rotations,

including retations up to 360 degrees about each axis, I the xelution i configured o provide
megsarements within g lmtied range of poses representing correet fixturing of the part for robot
pick; then the system will yield a fanlt condition for poses cutside this range. Howevey, the sohaion
could alze be configured o report poses for sn wrbitrarily large range, and thus report the pese of 8

part that iy improperty fixtured.

{HISS Reforsing now o Figure 22, the prioe discussions refating o racks and cassetfes are
applicable o the hem flaage of Figure 220 Al loast one embedinment of the present fivention
comprises one or o robol-mounied seasors. For most apphicalions within aulomotive assembly
plants a cload of 3D voxels representing a closure having & hom such as 2 hoed or a door can be
captpred gt onee, obeialing the need to move the robot so that sensors can capture additional data,
But for much larger objoets such as vehicle bodies, atrplane wings, or aivplane fuselages, the wbot
oald meve tomulipie locations so that the sanwe one or two robed-mounted sensors conld caplure

maultiple clowds and bulld up a combined clowd spanning @ surface too lavge to be captured at once.

{H256] The present solution captures snongh data 1o deternaing the pose of the closwre at
gnee, and does oot regiire the sensor 10 be movad © muduple localions welative o the Closure, an

advantage over older solutions since reducing ¢yvele tme adds value,

{387 Mamsfactarers improve productivity by reducing cyele ime Reducing the lime &

robel necds 1o spray or disponse sealant on @ door hom incrsmentally reduces the overall time
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requtred to produce & vehicle, IMa machine vision sysient can reduce the cyele time reguired o gaide

a robot, then the machine vision system adds value tor the manutacturer.

iR Since accwracy requirenment for pose measgrement of hem flanges are typically
sivingent, the prosent selution can eoploy an optional pose measuremesd refincment using color or
grayseale information. The clonds of 3D voxels include color or gravseale informwtion for sach

voxed, pormitting & secandary check of possomeasorenient.

{259 The clouds provided by hybrid 213D sensors for each voxel has information abowt
x02 coordinates in 3D spaces as well as color or gravseale Information, Large clonds provide not

onby s ot of depth data, bt o ot of color or gravseale data as well,

ot Inttial pose messiwement is performed using 3D voxels, given that 31 pose miferred
from the relative positions of edges can be inacowrate in measurement of orientation, bwt color or

goayscale information is suttable for refining & pose measurgnont.

{261} Referring again to Figure 2, the prior discussions relating te racks, vasseties and hem
flanges are applicable. In at least one embodiment of the invention, adding sensors to the sohstion
merely incrcases the eloud size, and does not require subassembly-specilic ad hoo parameterization,

As a vesult, the present solution i well suited 1o measoring farge objects. This solution can use an
arhitrary number of spnsors (0 measure objects of difforent sizss, Including objoots the of

sutonmative velicle bodies snd even much barger objects such as airplane fusclages and wings,

{86} The solwtion ncludes & 3D display that can be ased o sdentily whether ¢ single
subassembly i shifted out of place, H the aligned cloud closely matches the reforence cloud i all
focations except in the location of cne sobassembly, then that subassombly can be quickly identified

as being out of place with respect 1o the other subassemblies in the vehigle body.

IR RS The solution can measwre foaturelesy swefaces. The abdlity to measwre featureloss
surfaces pernaits the solution o messure vehicle subassemblios and vehicle bodies that might
otherwise prove difficult for other pose measurement syslem, bul also allows sensors {o be

positioned in 8 variety of Tocations.
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{264 Referring now o Figure 24, the prioe discussions relating to racks, casseltes, hem
flanges and vehicle bodies are applicable, Al least one embodiment of the present invenlivn can

masire “Toatureless™ roof ditches, Whoreas a leature-based maching vision system will fadl or vigld
i sccyrate measprements when there are oo fow features, or if fealnres wre mdistingt, the present

sohition uses entise clouds of voxels,

{265 The sotution has advantages over feature-based wgchine viston systoms gven whan
gpticatly distinguishable festures are present. The same sonsors can be used o measure the pose of
ool ditches for an arbiteary number of models. No wd hoe paranelenization s reguired to tramn the

systemn on sach madel,

{260 The solution includes the 3D display of Figure 2 that can be used © compare the
position of ¢ left roof panel and its roof diteh to the position of the right roof panel and its roof ditch.
Since the solution caphures clouds of voxels representing the rood panads and ool ditches, the pose

of the aligned cloud can be corapared visually ®o the pose of the referense cloud. The clonds will

typically represent the wative roof, or w large portion thereof, ensuring that when a geomettie

comparison s made, no portion of the roof is missing from the data in consideration,

{8167} Embodimoents of the invention can take the form of an entiscly hardware cmbodiment,
an euntiroly software embodiment or an ewbodiment containing both hardware and  software

cloments. In g proforred cmbodiment, the invention including contrel logic s implemented in

Furthermore, the invention can take the form of # computer program praxluct accesaible fromy a
compuier-usable o computer-readable medium providing program code for use by or i connection

with & compuler or any Jnstrachiion exerution Systen.

{268 For the purposes of this deseription, a compter-usable or computer readable medinny
can be any apparatus that can contain, $lorg, communivate, propagate, or ransport the program oy
use by or in comection with the instruction execution system, apparatus, or device, The mediuns can
be an electronic, magostic, eplical, electromagnetie, infrared, or senvtconduntor system {or apparaius
or device) or g propagation medium, Examples of a computer-readable wediom tnchude o

sensoonductor o solid-stale memory, magnelic tape, a removable computer diskette, & random
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acceas memaery {RAMY a read-only memory (ROMY, a rigid magnetic disk and an optical disk.

Currend oxemples of optical disks nelade compact disksread ounly mewory (CD-ROM), compact

disk-veadiwnils (CR-RAWY and DYD,

ey A data procossing systen suitable for storing andior executing program code will
wnelude at least one processor conpled direetly or indivectly 1o mamory clements through 3 system
bus, The raewory slerments can inchude local momory crploved during sctoal excontion of the
pragram code, bulk storage, and cache memonies which provide temporary storage of at least some
program code to roduce the mumber of times code must be wirioved fromy bulk storage during
sxecution, Input‘output or HO devices {inchuling but not limited to keyboards, displays, pointing
dovices, eted oan be coupled o the system either diveetly or through mtervening FO controllers.
Network adapters may slso be coupled to the system to enable the dats processing system to become
coupled o othor dats processing systems or remote printers ov storsge devices through bnfervening
private or publiv networks. Modems, cable modem and Ethernet cards are just a fow of the carrently

avgilable types of notwork adaptors.

2T While exemplary erbodiments are descertbed above, it I8 not intended that thes

ebodiments deseribe all possible forms of the mvention. Rathwer, the words wsed in the
specilication are words of deseription rather than boutation, and o is undenstood that various
changes may be made without departing frow the spivit and scope of the invention.  Additionally, the
festures of various implomenting cobodiments may be combined to form further orbodiments of

the invention,
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WHATIS CLAIMED I8:

i A machine vision-based methed of controlling o reprogrammable industnial
awtomation machine o perform a work fask on a part or a subassembly of pacts which has an
unknown pose, the method conprising the steps of

mounting at least one 30 seusor on an mdustrial antomation machine © move
therewith, the wmachine betug progranamed to follow a nominal miotion path based on & kuown
reforence pose of & reference part v subassembly of parts;

providing a reforence clowd of 313 voxels which represent a reforence surface of the
reference part or subassembly having the known reforence pose;

wmoving the mactine and each moopted 30 sowsor tngether to seguive 8 sample clowd
of 31 voxels which represents a cerresponding surface of 2 sample part or subassembly of the same
type as the reforence parl of subassombly and having an actual pose ditferent from the reference
pOsE

processing the voxels of the sample and reforcnce clouds wtilizing & matching
slporitha to determing the pose of the sseaple pat or sebassenbly: and

applying a reforence-to-sample teaasform 1o the nomingl motien path te reprogram
the nrachine so that the machine follows @ correcied motion path o conpensale for the differonce

between the referoncs and actual poses,

2. The msthod as claimed in claion 3, whersin the stop of providing is at least
pactiatly performed by the at least cng mounted 31D sensar

3. The method as claimed inelaim {1, wherein the part or subassembly & located

and supported in & fxture,

4. The method as claimed in clain 1, Bather comprising calowlating an aligued
cloud of 3D voxels which represents & best it of the reftrenes and sample clonds and displaving a

3D graphic of the aligned cloud and the reference cloud on a 3D display.
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s The method as clammed o claim 4, wherein the 30 display is used to ideauty
whether g subassembly of pavts ds ool of place with respect o other subassemblios of 8 bady of

subassembliss,

8. The method as claimed in claim 4, wheredn the 3D display is used to visually

gompare pose of the sligned cloud with the pese of the reforence cloud.

7. The method a5 clammed in elaim 3, wherein the machine v a robot having ead-
af-arm looling on which the al least one 31 sensor 1s mwounted, the robot heing eapable of picking

the part or subassombly out of the xture based on the correeted motion path.

8, The method as claimed inclaim 3, wherein the nuehine s @ robot having end-
ofcarm tooling on which at feast one 3 sensor i piounted, the robot belng capsble of digpensing

sealant onr a seany of a subassembdy of parts o join the parts based on the correeted muotion path

9. The methed as claimed in claim 3, wherein the fixture conprises a part or a

subassembly of parts.

M The method as clabmed in olaim 3, wherein the fixture comprisos a moveahle

Carvier,

11, The method as clainsed o clan 18, wherein the carrier i3 8 storage rack for

focating and supporting & plosabity of individually fixtared parts or subassomblios of the same type.

12, The method as clammed i claim 10, whercin the carrisr 15 8 storage casselie

for)

for locating and supporting a plarshity of individually fixtueed parts or spbassemblies of the same

types
i3, The method as olaimed o claimg 10, wherein the camrisr 18 8 car carster for
locating and supporting a plurality of individually fixtared vehicle bodics of the same type.

. The method as claimed inelaim 1, wherein cach 3D sensor compises a hybrid

03D sensons
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15, The mothod ax claimed in olaim 14, wherein cach sensor projects a haown

pattern of radistion 1o Hundinate the part o subassembly with tlumingtion.

6. The method as clabvedin claim 1§, whergin the Hhaninaiion is concentrated

i ihe pattera outside of the speotrum of visible radiation.

17, The method as cleimed in claim 1, wherein the transform is @ best [ rigid
iranstorm, whercin the part or subassembly 18 nonerigid and wherein the method further comprises
the step of spplying a best i non-rigid teansform o the nominal meotion path after the step of

appiving,

iy, The method as elaimed m claim 1, whereln the clowds of 3D voxels include

color or grayseale information for each voxel to enhance the pose measurement.

19, The method as clabwed o claim 1, wherein the reference cloud represents

substantially the entire reforonce surface.

20, The method as clatmed in claim 19, wherein the step of providing includes the
stops of providing a CAD niadel of the part or subassembly snd converting the CAD medel into the

referencs cload.

21, The method as claimed in elaim 19, wherein the step of providing includes the
steps of rigidly fixturing an ss<buiht part and capturing a plurality of reference oloudy of 3D vonels

fromy mudiiple viewpoinis using a plurality of 31 sensors,

22, The mothod as olaimed in elaim 21, wherein the step of caplaring is at least
partially performed by mounting the plusality of 3D sensors on end-oflarm oling of a robot to

mve thorowith and causing the robot Lo move the 30 saisors o the multiple viewpoints.

3. A machine vision-hased method of measwing 3D poase of g pant or
subassembly of parts baving an unbnows pose, the method comprising:
providing a reference cloud of 3D voxels which represest ¢ reference surface of a

reforence part or subassoyably having a known reference pose;
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nsing at least one 23D hybnid sensor i acquire ¢ sample cloud of 3D voxels which
represend 8 corresponding surface of @ sample part or subassenibly of the same type as the refercnce
part or subassembly and having an actual pose difforent from the refevence pose; and

processing the voxgls of the sample and refercoce clowds wtilizing 2 matching

algorithm o determineg the pose of the sample part or suhassernbly,

24 The method as clamed in eladm 23, whereln the step of providing i3 at least

pariially performed by the ot least one seaser.

25, The method s claimed inelaim 23, wheran the part or subassombly 1

Iocated and supported in a fixtare,

o

. Tho mothod as elaimed incclain 23, further comprising ealeulating sn aligned
cloud of 3D voxels which represeots a best it of the reference and sample clonds and displaying a

313 graphic ofthe aligned cloud and the reforenee cloud o a 3D display

Y

27, The moethod as cleimed in claim 26, wherein the 31 display s used to Wdemtify
whether 8 subassenbly of parts is out of placy with respert te other subsssensblios of a body of

subassomblies,

38, The method as cleimed in clatm 36, wherein the 31 display s used to visuslly

compare pose of the aligned dloud with the pose of the reference clond,

28 The method as claimed in clam 23, wherein the fixture comprises g part v a

subassennbly of parts,

3. The method as claimed in claim 38, wherein the fhtere comprises & moveabls

araer,

3. The method as claimed in claim 30, wherein the carier is a storage rack for

locating and supperting & plurality of individnally fixtured parts or subassemblies of the same type.
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32, The method as claimed in claim 30, whorein the carvier 15 3 storage casselio
for locating and supporting a plutality of {ndividually fixtueed parts or subasserablies of the same

type.

33 The method as oluimed in clatnr 30, whorein the carvicr is 8 car cwrier for

locating and supporting a plurality of individually fixtarad vebicle bodies of the same type.

34, The moethod as clauned m claim 23, whorein each sensor projects a known

pettern of radiation to Hunvinate the part or subassembly with tlunnnation,

35, The method as claimed in claim 34, wherain the ilamination is concenirated

i the pattern putside of the speetrum of visible radiation.

36, The method as clatmed 1o claim 23, wherein the clouds of 30 voxels include

color or gravseale information for cach voxel o enhance the pose mvasurement,

37, The methed ss olaimed nclam 23, whereln the reforence cloud represents

substantially the entire reference surfyce.

38, The method s claimed in claing 37, wherein the stop of providing includes the
steps of previding a CAD madel of the part or subsssembly and converting the CAD moded into the

reforenes cloud,

390 The method as olaimed in cladm 37, wherein the step of providing includes the
steps of righdly fixturing an as<built part and capturing a plurality of reference cloands of 380 vexels

-

from muliiple viewpoints using a plorality of 3D sengors,

44, A machine vision-based system for controlling a reprogrammuable ndastrial
mgomation maching 1o prrfueny 3 work task on a part ora subissembly of purts which has an
ankaown pose, the system comprising:

al least one 31D sensor mwounted on an jndustoial automation nischine to move
therewith, the meachine being programmed to follow a nominal moetion path based on 8 known

refetence pose of a reference pagt ov subassembly ol parts;
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SUBSTITUTE SHEET (RULE 26)



WO 2020/092292 PCT/US2019/058440

a reference cloud of 3D voxels which represent 3 reference surface of the reference
patt.or subasserubly having the known reforence pose;

a mechamsm © move the machine and cach mcunied 3D sensor together 1o acguire a
sample cloud of 3D voxels which reprosents a comgsponding surface of & sample part or
subassembly of the same type as the reforence part or subassenibly and having an actual pose
different from the reforenes poss;

sl least one processor to progess the voxels of the semple and reference clouds
nfthizing & matching algorithm to detenminge the pose of the sample part or subassembly; and

controd logic to apply & reforence-to-sanple transform to the nevrioal motion path fo
repregran the machine so that the machine bllows a correeted motion path fo compensate fur the

difference botweon the reference and achual poses.

41, The system as olaimed 1n olaim 40, wherein the at least one mowsted 3D

sensor provides the reference clowd,

42, The system as elaimed m clatn 46, wherein the part or subassenibly i3 focated

and supported oy a fixture,

43, The systom as clamned moolaim 40, wherein the at least one processor
caloulates an aligned clowd of 313 voxels which represenis a best fit of the reference and sample
clpnds and wherein the system further comprises a 31 display (o display 2 3D graphic of the altgned

cloud sind the reference cloud,

44, The systens as claimed in claim 43, wherein the 3D display is used to identify
whether a subassembly of parts ts out of place with respect to other subassensblies of @ body of

subassomblics,

45. The system as claimed in olainy 43, swhergin the 30 display s used 1o visuslly
o E - e

commpare pose of the aligned cloud with the pose of the refierence clond.

50
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46, The system as clathed in claim 42, wherein the machine is & robot having
ead-ol-amy tooling on which the at least owe 3D sensor i mounted, the robat being capable of

piching the part or subassembdy dut of the fixture based on the correctad motion path.

470 The system as claimed in olaim 42, wherein the sachine ik & robot having
ad-of-arm tooling cn which at least cog 3D seasor & nwunied, the robot beiny capabls of
dispenaing seadand on 2 scary of a subassembly of parts 1o join the pasts based on the corrected

motion path.

48, The systom as claimed in claim 42, wherein the fixture comprises a parl or @

subassembly of parts,

49, The system as elaimed in olaim 42, wherein the fixtare conprises a moveable

S0 The svetom as olaimed in claim 49, wherein the carrier is a storage ok for

locating and supporting a plurality of individually fixturad parts or subassomblies of the same tvpe

S1. The system as olaimed in claim 49, wherain the carrier i5 8 storage casseite for

focating and supporting 4 plosality of individually fixtured parts or subassemblios of the same type.

32 The systom as clatmed in olaim 49, whergin the carror 18 a1 car eavrier for

locating and supporting 4 plurality of individually fixtured vehicle bodies of the samie type.

33, The system as clainsed i claim 40, wherein sach 313 sensor comprrises a

tevhrid 273D sensor,

34, The syslens s claimed o olaim 53, whoremn each sensor projects a known

patiern of radiation to uminae the part or subassembly with illumination.

55, The systemy as olatimed i claim 3, whesrein the ilomination iz concentrated in

thy pattern outside of the spectrum of visible radiation.

SH, The system as claimed v claim 40, wherein the transformy 15 a best it ngud
transtorm, whercin the part or subassombly 8 non-vigid and wheretn the control logic applies 4 best
1
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it nonerigid transform to the pominal motion path affer the control logic applies the best fit rigid

transfom.

57, The system as claimed in olaim 40, wherein the clouds of 3D voxels include

cedor or grayseale information for cacks voxed to enhance the pese measurement.

38, The systers as olaimed i clabn 40, wherein the wlvrence cloud represents

substantiaily the enttre solerence surface.

SO, The system as clamed in clam 58, further comprising 8 CAD model of the

part or subassembly whersin the coatrod Iogic converts the CAD model inte the reforence elond,

60, The system as claimed in claim 30, furthey comprising 8 fixture to rigidly
fixture an as-built part and 8 pluvality of sensors to capture a plurality of refercuee clonds of 3D

voxels from muliple viewpoints.

6l The syslens as clamed o claim 80, wherstn the plugality of 3D sensors are
mounted on end-oftarm tooling of ¥ rabot to move therewith and the mechanism causes the robot o

move the 31 sonsors to the muliiple viewpoinis,

82, A mschine vision-based system {or measuring 3D pose of 8 part or
subassemnbly of parts baving arvarknown pose, the systom comprising:

a reference cloud of 3D voxely which represent & refirence surfyee of a reforence part
oy sphassembly having a known roference pose;

at least one 20731 hybrid sensor to acquire a sample clond of 31F voxels which
represent & corresponding swrface of a sample part or subassembly of the same iype as the reference
part or subassembly aud having an actual posedifferent from the referonce pose; and

ab loast pue processor W process the voxels of the sample s reloronge Clonds

wtitizing & matching algorithm o determine the pose of the snple part or subassenbly.

63, The system as claimed in claim £2, wherein the at least one sensot provides

olond,

,.*
oo
o)
—
°3
P
=
]
=
&
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(‘)

64, The systom as claimed inolaim 62, wherein the part or subassembly is focated

£
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and supported in g xhae,

63, The system ay clained in claim 62, wherein the af least one processor
calculates an aligned cload of 3D voxels which represents a best fitof the reference and sample
clouds and wherein the systens fecthey comprises a 3D display to display a 35 graphic of the aligae

cloud and the referoney cloud,

& The system as claimed moclaim 63, wherein the 3D display ivased o identity
whethor o subassembly of parts s out of place with respect o other subassemblies of a bedy of

sibassemblios,

67, The system as claimed m claim 63, wherein the 3D display i tsed to visually

coripare pose of the aligned cloud with the pose of the reference cloud.

68, The system as claimed in olatm 64, wherein the fixture compriscs a part or 8

subassombly of parts.

69, The system as clained in claim 64, wherein the fixtwre comprizes a noveable
Larvier,
74, The system as cluimed in claim 69, wherein the carner 15 a storage mek Ror

locating and supporting a plurality of individually fixtured parts or subassemblieos of the same type.

F1o The system as claimod in claim 69, wherein the carrior 18 8 slorage cassetie Bor

locating and supporting 3 plurality of individually fixtured parts or subassembhes of the same type

T2 The systom as clatmed in claim 69, wherpio the carrier 18 a car carrier for

fovating sad supporting a pheality of individually fixtired vebicle bodies of the same iype.

73, The sysiem as claimed in oladm 62, whercin cach scasor projocts a known

pattern of vadiation to tHaminate the part or subassembly with illumination.

74, The syslemsas clatmed in claim 73, wherein the iHuminstion s concentrated

the pattern outside of the spectrum of visible radtation.

£
23

SUBSTITUTE SHEET (RULE 26)



WO 2020/092292 PCT/US2019/058440

I d
£

3, The system as claimed in claim 62, wherein the clouds of 3D voxels include

coloror grayseale informetion for cach voxel o enhanes the pose measarement,

2

76, The systew as clsimed in clatoy 62, wherein the relorence cloud represents

substantially the ontire reference surfyee.

sy
FF N

The system as claimed in clatm 76, lfurther comprisng & CAD madel of the

part or subassembly and wherain the control logic converts the CAD mwodel info the reference cloud.

78, The system as clatmed in claim 76, forther comprising a fixture fo vgdly
fixture an as-built part and a phyvality of sensors Yo capture @ plurality of reference clonds of 3D

vexels frons multiple viewpoints.

£
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