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Intersection Point Function s;(t )
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3.3.1 Determining the object’s pose fromtwo rel ative chords (R &)
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Genperfect dtaadtle cared areprdarss, tle ared poe doldmpdl d tle dtah parts
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3 CORRESPONDENCE PROBLEM
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Sne tle scaalite daurts ae vay pedse w cn ghinsticdly asum tht tle ddive dod castran
tle dyedt’s pme wthhghacwray Intha cae, e aly reed to capte the poe wirg tw rd dive dad,



0 if6 >LCO)
| Chords (O, 6§ 01 it5 =LC o(f) )
2 if6 <LC()

Aaimd It s obvious that the positions of a 6-chord’s endpoints are continuous funcliion

LCo®).

Lemma 5 PPE (Dis computable in OA)time given the extremal chords of the chord families.
Proof (dsidy Whirgtle above adbel ow duod aandtle dhy d O. A tle aiatdtian§  vaies,
tle durds smattly switch aatat fedares. O

Aaim6 There are two continuous families of 6-chords ing@dry range &6 <LC

Lema 7 When A e < LC (@), all of the chords € Cho@dg(?lblye” the longest chord) lie bet we

Chords (JA], [00) and ChordsglA, [00)
Proof Rdaid pof (de Fgre ).

min

o
A max

Longest Chord

Fare 4 Al d tle dod € Gad(A [0 ], 0) (4ne’ the lagst dud) lie btwen Gixd([A win 1, [00)

adod(A e |, [00)

Aaim8 PPE(Dfor a particul ar orientation  is generated by pairing up all of the edges
tomedges” of PREN® ) and PPES N0 ) the edges between the “top edgesy, WP P ([6
PPE (b 1O )

Aaim9 PPE (Dcan be conservatively estimated by compul)iamg TPIPE [ 1), and then scan-
ning down 0 and enumerating al of pairs of edges, )@ yand PPE 4 )0 ).

Lenma 10 /n the worst case there are atrmoagtesnn of orientations with different PPE sets.
Proof Tewast csebard| PPE| = 2 alyoous fa afewscadins ematle st pldgcd djeds.

Aveape d avast cse dyat 1s ape wde shgpd dject wthlds & tiyedss & tle tipadlds d lag

edes dagtle ac thee ae aqeddic niber d pars d edes i acaatte dod d alaghsidtly

srler thn the radd dstare (rfer Hgre ). O

ILemma 11 Fach continuous family of chords tncludes at most 4 pairs of contact edges.
Proof Wpoe a2 houd asung eah ede is spaftdly atp o httarnede, ad4n resdts fran

raoirgths costrart. Asumadadis ddig thoghtle faily let the tans wi ¢ ¢ b dsaile tle sittian

wnae d the dads eduirts dags its catading fedre. Bregs far the fist and lest swides, & lesst

ae d its adurts capedy sws oa ae d tle edss & emy suwtch Ehede cn sypot & st

tw drediad failies  duds, Wichirdies tht each ede e ke capdedy swb oer & st tvce.

Tadae, aly2n swtdes canoccar. O



Proof 'his is somby mtirg thet if w tradde tle pdygnin tlhe dredian o qe d tle lagst dads,
the dsaed plygnirtasads the aig eatly & tle part v | Wichimies tht ths is the lagst dadin
that dretian 0

Rare2 . 1, b, &, L aelamst dodfa aios aiatdiasintle djed domdoe I carexdyeds,
Wenalagst dod atats mede e adavatexv | thmdl d tle dods frartle vatex v to parts dayg
tht ede e aelapst dod.

Observation2 Fvery chord of O, being a difference between two boundary points of O, is a
M onkowski sumOH—=0), and the longest chords are points on the boundary of the Minkowski s
Beage d ths dsawtiay the lagst dad fudicven te captedinO(n ) tim T Miosk sun
tades lirear timto capte, adlagst dodfutiay Widis didy te radw fudiood O H—0) e
ke captedinlirear tira
Te laghd dodd aiatdiond atatingaptiala ede e avatexv is gvnineqeian ( 3) viere
D is tle pappdada weda frare towv .

L] 4 D] s — D) ®
Lerma 3
YO, 6,6 Convez(0)=| Chords (&5, @40, Boulhhr<2s =
Fgre 13 V amsexdjects, there ae o mst 2durds o lagh 6 arl aiertation§
Proof R tle dod(é6, 0 ) = atradaioneda, ad the irtasatias etwen O ad O aetle dods

enduirts 0. SeO a0/ ae lith anex there ae & st 2sich itesectias.

In grerd, there ae dtler 0 a 2 dods  spdfid lagh ad dretion (refer eqetian ( 4). T fied
aiatdias, tle dod dstare duesss & ae trads aw frartle lagst daod tle 2 dod ae fard
aqgyite sids d tle lagst dad O



Hare 10 Igpded dwe ae tw duod C' o adC | madjet’s mrhy { C 0, G} € GadA=[L],
©H0], Boundary =pe e, . . 6}, ckghdedan({ C o} )= (e2, )}

N O N
B

— CHORD
2w BOTTOM EDGE OF EDGE-EDGE PAIR
1 TOP EDGE OF EDGE-EDGE PAIR

Hagre It Te st d edpede mrs fa afiedlagh dodadamtidda carexdyect.

o TetaeniPPE (6], O)iswadtodsaile dl S tlepossible pairs of edges (PPE ) dichposily catat
adodd lagh[§ ] o the bardiy & djet O (e eqetion ( 2); tle duds aiataiais b
castramed

PPENO)=Fdge Edge Pairs(Chords (A 640)2r], 2
Te hte fae gporhfe aptigP P € is toauade dl pirs o edss; this tdes At tim

2.2 PPE sets

Temnidad tle e ffei ent O(n 4A) arrespodyee dgrithms the PP E (1), the pirs o pesibe edgs,
is captedinO(n +A4) timg ve n is the djet’s capeityad A is tesize S PP E (). Te Inte fae

apeechd testing dl pirs o edgs tdes O(n 2) tim
Te padfs inthis st ae linfed to carexpd ygvs; wepoe tht thae ae st twdod fa @mtiala
lagh ad aiatdian @ . Tt fdlos tha tlee cald ke 2 2k3 ahitias  hpdleticd dods fo ech 6

e b is tle nie & salirs. Bt sine w ae wirg rddive dod, wich nst dl stae the san

aqurt, thae ae dvgs & 1t 2 casstat chirtias, indpadt & . Gecking these o maticda 6

tades castat tim (tretig & & a castat), wichgs s moerd] runig tiad O(n +A).
WHsoproe thet the dords are aragdin catinos failies adtle thee ae & st # swhfailies

d dudy e exch faily aatams dods wtha net 4n ede aatat s,

Iemma 1 Let e and v be an edge and a vertexr respectively of a convex object, withv not inthe
the orientationof e ltes betweenthe orientations of the edges that v bounds, then all of
v topoints along that edge e arelongest chords (refer Figure 12).



Hgre 7 Adudrdding aard twedgs.
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Hgre 8 lagst God Kintiand a2 3 Retage.

o Jut@rddte(§ ) ad Jutlodds(f ) dite a vatex ad efe Widh catat a6 lagh dud
Tey ae wed to fid anintid etexfa captiig P P E by kigaand tle dyet’s lonhy W

ca aapte Jattoddtex by stating wth ay vatex v ad Whig dag the ludhy e 1, & . . .
recrdrg the dudlagls letweny  ade ;. Te dstaws ketwnv adv ia , v dietle dadlegls
btwmne ; adv .

Fare 9 Jutorddte(d ) adSot@odds(d ) ae graded ystating wthanatitray atexv  ad
captirg the dstare rags Iten v arde ;. T dstaves ketwenv adv ia , v e the dadlagls
btwne ; adv .

o Teragp d dus intle ragp twn e — ¢ adz +¢ is rpeated by the epedan [& — ¢, 2 4¢ ].
Bt s ae rqpesated by tle eqressian [ ]. Te rage is drded by [ £ € ].

o (ad(AHs vin s fw ), OO0 wn, fw |, Boundary sl e, . . .} ) rdastlest d dl dod d lagh
6 schtht & 5 <6 < for  add apla idimioand suhtlat 0 min < 0 < G adhthaduis d
tle dords lie anae d the by edes intle st e 0, €& . . . (rdfer Hgre 21).
o TetamigeRigs({ ¢ 0, € .- . .} )iswedtodsailetlesst d aiatdiasd dl I thedadi { ¢ P
tle syld Z is wed & aslothad fa AdeRigs.
o T tanideldeis({ ¢ 0y & - . .} )iswedtodsaile dl d the pirs f aatat edgs € dl o the dods
{e, ¢ . . .} (dea Tgre 1) Tetam hdtanedy” ad G ede’ e to the tw edgs o the

edeedpmar. bott omEdg e , 1 0p Fdgae ae duthadfa thee temm



o Tetanc hords rdas tolims aneding parts mandjet’s boudhy Al senlires ae dods (refer

Hgre 21). Gxds ae dhrcted by ;.

object

Scan Lines

s

A

arbitrary

%

Chords

Hgre & (inds grevaed by scamng an abtray dyect

lire thagh ¢ i Awtav  ; 1sldtd awda v

o (odc ;, g aetddlyadredlytle fdlongirgdity

c; < ¢ & (Z(Ci) < Z(C

Relative chords
® Scanline origin

rddive totle aign

Le ft,(cp)dtesal eft-predicat e dtwduddicistreif ¢

; isatirdytotle 1eft” d the drectiad

5 if the aes podrt v i X vj 1s peitie

ZL¢ daites the age indudd betwen te dredtiad lire thoghe

IV (Le i) (e

; adtle x axs.

INLe ftieg)

Teters canline ori gin rdas toaspft scalire arpart (refer Fgre 6).

=1

Hare Tescanline ori gin is amtiala salire adart, ad tle dler scalite agurts dfie dod

o Tty -dudis slatlad fa adadd leghé  ad uspafed aiatdion

o Tetamrel ative chord rdas totle dodbtwn a scalire adurt ad tle salie aign % — 1
irdypadyt rddive dads are dtaredbyscanrgandyed wthk scalirs. Kdie dod ae dided

by tle sytd R.

e Adudrot et es aandalrhylys its alatdianaies mrtanigatat dagtle dyet’s hord
ay Ingrad tle duds tg ad httanatat parts ae catinody prasenzd by aiatdia
Te exetion caars v heth endyirts tochprdld sids o the plygn (efer Tigre 7).

o LGO)isdHidatlel ongest chord d aatdiad aandjet’s bardey Se Fgre 12

o TtradVite( ) adBtradldg(@ ) drde tle atexadedy Wchatat Tagst@adf ). Tee
ae aly O(n ) dffrat etrad vatics adetrad edgs (ida Gerdian 2.
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Hare 4 Agridized scaring drice fa flat djects.

inpatice). Intle ftre w gan to egrirat with the sasxr o a ey d indstrid pats to see if this
pdlarmiss. If it des w panto eqlae ative learsasitg, vae the beams med to a psitinantle
harthy thet wll dsarimste etwen cafisible pats.
1.4 Outline

Terest d the (A is agnizedintle fdlongrarer. nsectin2 w pesat the theaeticd bdgrarnd
cassingd o atltle gadnd fraswekfa the arespadare dgrithn Insectian 3 ve pesat
the caresprthre dgrithifa casexpdygas, ad w dtal tle dgrithrfa mrcarexdjeds insetian
4 Insetin b e dsaile asirde eage. Hrdly insetian 6 v hgligt the resdts ad adatags &
ths tednqe.

2 THEORETI CAL FRAMEWORK

hs sectian dsenbes tle mhaian ad theaeticd Tadgrard wed in tle coresparhve dgrithm hs
tednqe asues the the dyect 1s intidlylyirgan a fh hoizatd sufae o its aasexhil.
2.1 Notation

o SH(P)rdas totle dabwd P, apdytedd djedt, Widhis awaticd pgetiond P atotle xy pae
(asung the scaming leam ae waticd). S H ¢ (P)is dHied = tle shabwvd andyet, P restitg au
fae f .

o Tesyhd O is wdto daite atwdrasiad stedwS H (P ) d apdyeda P.
o O rdas totle larthy  astednO.

o Apr d watices v iy pE O ddedly < v iy p>,isextremal if the dstare btwn the twartices is
locAly rarieed



Raed vk his dso lven dre in rinvision recgrition ad ladizaian, dich hme been gawin cdly
bsed Wirgfigr gpdstare rasuemts, Roard @ dwg 10,11 atadicdlyaietedprts by grerding
pas asistingd asaies d alatedgass. Wake d. 12 meserted a reagi tionand locd izalian tedriqe
wigacdeansasy wsraats (rapddle toafewthosadls & anird), bt ths tedrige ws lirited
to il djets ad cald wt dstirgish between djects dise avs-sectias hme idaticd aasex hils.
"Te tedniqe presatedinthis pper 1s dretlyrd ded to Mudaet d.’s re(xgltlmadloczilza;lmbaian
fa scalire dta wichtilized a paroessed lakip tdle
Te tedriqe dsailed in ths ppr is lited to the BSC(Tedred Titricacy in Simg ad @Gtrd)
ad gpesated by @y ad (d derg 1. Te B aporchseds to adiew irtdligat fisile lmiar
ly cahnrgsie sasig ad atwiandants. Hs repat dsaibes a arespadhre dgrithifa dta
fradirear aras d afewlrarsasas, ad w dowtld these sasas cn recgize adlodize djeds toa
fewthnsadls & anirch
Intle sage o ths e, e bt adbes tle rd ded pdendd estirding the giird poe gntle dta
pots ad caresprhees feaure itarpetaias. Te qiird e etimion pdians wly treded & a
nlirear lest sqares pddemsdedathe by the rard apochd 1bera;1\e rdlod @ lyeat dghac
dinmtian theay & dsailed by Waket d.

1.2 Overview

"hs repat dsailes an dgrithie sdiian to tle scalire dta caresparhre pdlem Salie dtais
grerated by mming scamig ligt beam @ refbdive sasas wthrespd to a theedrasiad dyjed, ad
recrdrg the sapas’ poitias & each hedguit, ven ay o tle sasa’s atpts dag. TFe hedgarts
caresprd to scalite adurts.  In ths e, w dsaile a tednge fa mding the salie da to
feaes f arallleddject (refer Tigre 2: gwnaset o pesible djeds, tle ligh pedsion dtastodd ke
sdf-aasistart wthaly asirge itapadiad asirde raH.

Sanlire da e e greraed frava ke  dffet wilods fitaed imae dita, thestd dd rag
fith: Ha, s bsed samos, @ astared ligt sasas. A tragpat lozatd sypating sufae is
resssayinady towet Arough b e amligtsasas. Rgress 3ad 4dqict dffrat prsiHe scaniigayadis.
Te sirfest sama dsignindes wirg refbctive lidt samas. I refbctive sazas, tle aitter ad recaver
mr slaldbe & a speafed dstace aay fraxtle dject.

-

Scanned Object

Hare2 Glentle scnlites dternred frarm ahtraydyed, tle dgrithbteares tle dyedt’s idatity
atl e

Inadr to recgnze theedmsiad djeds wig aly a fewhdhpedsian dita parts, twimscgale
#sutiias wre ik

1 Tna atrdled awiramat, swhas rafatuing rts ae pesated sidy (siglaed ad oo
dss it aar.

2 e pstedd djeds to te recgized ae resting it na haiztd sufae.

A a aseqare d thee ssuphias, tle caregparhee pdamis redeed to sdvirg the carespadare
pdienfa dl pssabe shbs & a pdyteda

1.3 Foreword

A aresdt d the scalire sawirg tle sasas aly pree astabnd the dject et padld to tle leam
Te tedhiqe cant dsarimee btwen tw djects vith tle sam by ad fals in ths ese (hray
vsianhes the samlintdios). Te tedrige my cafise djects wth dffrat stacbs becase the scalire
samr aly regsters asdl nuiter  pirts antle djet’s boudhy (ve b it kowyet if this is apdiem



Hgre 1 Te scang poedre.

Inths pper, e dsaile O (n +A) careparhre dgritinfa csex theedrasiad djeds vith
pdygd silloettes, adaO(n Zlgn 44) dgrithnfa mranex thee drasiad dyeds, dee n s the
djet’s capledtyad A is the tdd nrber o fesibe rades. Fpalyfa anexdjeds, the totd nrbe
d mdes is O(n ), ht inthe st ese it is O(n 2). I manexdjeds, thee ae & st O(n 3) rmicles.

1.1 Previous vwork

Te carespadhe pdiemfa ichwe dsaile andgrithiia scalire dita, bes leenetasidystuded
in tle ratire vision literabue ad my sditias to ths pdlantae ben pgsed R mn dffrare
betveen the tednqge dhwe presat, ad the ryaityd radire visian tedriges in tle lLitecstare, is thit
v ae foasg mtle pdland recgzng dyects frarspse dta daes 18t hre isia dtayts to
recglize dyeds frandtarichimags. Adhe dfiltyis tha the pde dita ds wt poick ifammia
ant the catat fedres (edgs ad vatices) suh & the rord eda Wid e wild ke acesibe fran
cama dta Te adatae d wig side sasas is thar high peasian ad rgedadility Fe sasa’s
acray afles qidk recgtian adlodizdian dgrithsm
Te areprbre pdlamen ke dsailed & o itapadia pdean the tak is to fid dl wdid
itapetaias d the diawth respt to the rall, @, dtamtivdy to eurmde dl sdf-asistat, mdes
betvoen dta, festires ad roll festires.  In essare, ths pdlemindses a cahraid seady wthat
aliat lanstic fa puitg imasstat itepedias, dtermg tle caresporhves wald tde tim
epratid intle size d the rading sds.
Mh wok b Teen foased an sdvirg tle caresporhice pdlemin a tratdle anit d im qidly
augh fa red-tira stam @ grach frantke litaaure indves grevding trasfambypdless by
rtdirgtides d ditafedires to tifes o rall fesres ad thn cardwrating @ dsrissiingeach trasfam
hyptlesis wirg the dler dta fedires.  Aade ad Bgys pesated tle RHERsstan 3 to reusindly
riichedes frantle itae to edes intle aH . Arefimat  ths mited dledtle al ¢« gnme nt met hod v
stud ed by Hitted ocler ad Ulra 4 vhowed caefly disansets d fedtires tocapte te trasfam Khin
Stoterg Shyatz ad Jair dsailed an dyect recgntian tednqge Wi ch tilized preindyedat fea
tures cledfotprirts (derateristic bardey ares) toreogize Jam djects, adther tedri qe sweeedd

een en djects vare oodukd 5 Iaain ad Wsm 6 irtrodred gawtric Imhig & o dliat wilod
fa recgizig dyeds by tilizarg pecanted lesh tdles o sasa vdues.
Te gred qpoachd wirgpeapted tdles istaml: nd e 2 ¢ n g, (aas adlds 7 thmagly dsass
thsfdd Adler type d pecaptatimaprechindws: nt erpret at i ont rees . THsredes the caresporhre
pdienioatreeseach pdlandere imayi He irterpretdias hae leenprued dflire. Girsm 8 arlymd

itapetaiantress ad showd an eqected pd yroma bard antle nrber  serchstegs wthitle drasian
dyedrg an te nuter d feares reqired to capte tle trasfam

Adle g to sdvrg tle carespadiee pdlemcatires iy wth gawiric pee inaiat
ropties, chraaninalat wthrespet to poe advewpsitian Te adatagis thi each aarespn
dhre tile bis asirde atry lasythet d. adye inaiats ad pesat a are bsed dyet regnticnad
ladizaiatecdmqe 9.



A geometric natching algori thmfor beamscanni ng

Aaron 5. Wall ack* John F. Canny '

(bmputer Science Division
Uni versity of California
Berkel ey, CA94720

MAstract

In this paper, we present a model-based object recognition techni que using scanline i nformati on. Objects
are scanned using a smnll nunber of on/off 1ight sensors. The times when the beams break and reconnect

constrain the object’s identity, position, and orientation. We study this type of sensor because these sensc
are 1nexpensive, conpact, precise, insensitive toanbient light, and well-suitedto nanufacturi ng envi ronnents
The sensor provides sparse information consisting of isolated points on the object’s boundary, and does not

provide normal information. Conventional nodel - based matchi ng techni ques, such as the ali gnnent net hod,
take O(1) tine to sol ve this problem W describe an O( A+ n) correspondence al gorithmfor objects with

convex pol ygonal silhouettes, where n is the silhouette’s conplexity, and Ais the total number of consisten

edge pair mtches for pairs of scanline points. The total nunber of edge pair it hethicswoi st
case, but typically O(n). Our algorithmalso works for non-convex objects, but the nunber of edge pair
mutches is typically somewhat larger®) Oin the worst case, *P(n'The reason that we focus on the

correspondence problemis that given the correspondence information, the object’s position and orientation

can be easily conputed fromthe data points and correspondi ng features.

1 INTRODUCTI ON

Watudy the pdlent! 1all-bmed dyect recgition fravspase dta Te dta aasist  parts antle
dyects sillnstte a stebwdtared fravm aray d ligt bearsasas & dlomin Kgre 1 "Hs reseach
is mat d alagr €bt teral BCKhtics L (Rdred Trtricay Sasing ad (Gtrd) which dtayis to
sdve mnfaturirg pdlem wth sirfle bedme ad sqhisticted sdtvae. In antsld], leanrsasas ae
wl-sited far ranfatiring becase they poid very hgh acaracy ad rdishlity & loweost, they ae sl
aughto we in tigt goes, ad thar hgh aaray adles srfe, fat recgitian dgrithm hs kid
recgiticnis daedtotle s hape- from probi ng pdandabdlyde ad¥p 2 Wchdtarme andject’s
e ad een dpe frara sl nibe  bandey parts.
It is dffilt toirdemnt fat recgition dgrithmleease d tle sprse dia, inpatialar tle dsare &
o ifardian @ d the ma sl d dyedt reciticnistle correspondence probl e m tlhe pdlen
d mdirgdtaparts tornd fedtires. Fpcdlyw lme alysixprts antle djedt’s hnrdey adode
& toich edes tley aarespad  Fch gyveric rach Ietwen a dta part ad aral fedwe poads ae
castrart. Waesuatha the dyedt is stdlyrestirg mafht sufae, adtladae walymwedtocasidy tw
drasiad slloettes (Wthtlree dgess o freeih Taey three gaeric raides ae sffiert to aastran
the djet’s pse; ezt raneous rades ae wed to vaify pses ly estirsiing the pses aedblity MH-lsed
rading tedriqes, suhas the digrat wthod wldregire & lest O(n 3) stgm to dthis.
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