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ONSOZ

Rapor TUBITAK Misag Unitesi taralindan desteklenmis Modisa - 2 projesinde yer alan
¢alismalar 6zctlemektedir. Cahsma ODTU Elektrik ve Elcktronik Mihendisligi Bolami
Robotik Laboratuvarinda (ROLAB) ger¢eklegtirilmistir.

Proje ultrasonik duyaglarla olabilecck ancak kamerayla clde olunmasimin olanakh
olmadify kosullarda, sézgelimi yogun duman altinda kalmig, bulamk bir suyun iginde, yada bir
boya tankinda gémuli nesnelerin clde olunan gérimtilerinden tamnmalari, ve dolayisyla
yerlerinin ve konumunun (yénlendiriliginin) saptanmasu hedeflemektedir. Taninan nesneler
daha sonra islenmek tizere bir robot kol ile bulunduklar yerden alinacaklardir. Bunun igin de
robot kolun yériinge denctimine hazirbk olacak kolun durafan ve dinamik modelleri |, ve
denetim  algoritmalart ve yaahmlan  geligtivilmigtir. Bu  yazhmlar nesneye yonelik  bir
tammlama ve programlama yontemiyle hazrlanmgtir. Kullanim ve iizerine cklenecek yeni

islevsel yazshm  birimlerinin biitiinlegtirilmesi kolay  bir yazhmdir. Hem cgitime, hem

aragirmaya yonelik bir bigimde hazirlanmigtir.

Proje Grubu TUBITAK MISAG Unitesine ¢ahgma igin verdigi destek, ODTU Elektrik
ve lektronik Mithendisligine Béliimiine de safladify laboratuvar olanaklari nedeniyle tesekkar

etmektedir.
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874

Rapor "Bilinmeyen  Degisken  Ortamda Modelleyerck  Irdeleme  ve  Ogrenme
Yéntemleriyle  Nesnclerin Degisik  Algilayialardan - Gelen  Bilginin - Birlegtirimi Yoluyla
Tammlanmas" konusunda yapilan galismalars 6zetlemektedir. Birden ¢ok algilayiadan edinilen
bilgilerdeki duyaglardan ileri gelen belirsizlikler ve giriiltis énce cn aza indirgenmektedir,
Burada éniglem algoritmalar kullanilmaktadir. Duyag bilgisindeki belirsizlik ve cksilikler diger
duyaclardan clde olunanlarla tamamlanmakta sonuctaki goruntintin tagdify bilginin tama
yakin olmast saglanmaktadir. Bundan sonra goruntii tzerinde nesne tamma algoritmalan
uygulanmaktadir. Nesne tarima, kenar cizgisi belirlenmig nesne  oriintiileri dizerine inga
edilmigtir. Nesnenin kenar qizgisi, bu ¢izginin boyu, ériintiiniin agirhik merkezi, ve birind ve
ikinci momentlerin bellckteki modelde  tanrmlananlarla karglagtiribmasiyla tanima  islemi
tamamlanmaktadir. Tammamayan yeni bir nesne ériintiisti ve iligkili bilgiler yeni bir nesne
olarak tarumlanmaktadir. Sisteme bu yontemle 6grencbilir bir yapt kazandirilmstir.,

Gergeklegtirilen  donamimsal yapida ultrasonik duyag dizisi bir robot kol bilegine
baglanmiy tim tarayarak almacak gortinti kol bir tir sipiirme harcketi  sonucunda
alimmaktadir. Kol bu iglemi takiben iizerinde islem goriilecck nesncleri tamyip, yerlerini ve
durus bigim ve yénlerini belirledikten sonra gerekli mancvralara baglayabilecektir. Bu ise

kolun yoringe planlamasinin yapilmasina iligkin ¢ahsmalara konu olmaktadir.

Cahsma ckinde ¢aligma siirccinde yapthmis olan yaymlarin (Tirkge) birer kopyas

verilmektedir,
ABSTRACT

The report summarizes the approach and findings in a study on "Model Based
Recognition and Learning of the Characteristics of Objects by Sensory Tusion in an Unknown
Lnvironment™, As a lirst step ambiguitics on the collected information due to the ultrasonic
device uncertainities and the noise is reduced by preprocessing of the image. Information
obtained from mult ple sensors when lused reduces the inherited device uncertainit y and noise

in the final image so that information lacking in the image may bc compensated by that

supplied from another sensor. lollowing this phase algorithms related 1o object recognition

are applied on the preprocessed image.

The object recognition is based on the pattern of outer boundary of the object whose
inner surface area taken out. The outer boundary, the path length of the boundary, center
of gravity ol the object, and the first and the second moments of the object are compared (o
match with those of the model in recognition of the object.  Any object characteristics not
matching with those of the model is identificd as a new object which is to be added into the
library. The system with this feature is considered to be a system having the ability of

learnin g.

.
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In the hardware structure an array of 8 pairs of ultrasonic transducers are placed on
the wrist of a robot arm for scanning the scene involving the objects to be recognized. The
robot arm recognizes the objects, determines their positions and the orientations of the objects
and then plans its trajectory, preshapes and plans its fine motion for grasping in accordance
with this data.

The report includes copies of the papers to publicize the results.
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I.(f;irige

Projenin adi "Bilinmeyen Defiisken Ortamda Modelleyerek Irdeleme ve Oimmnc
Yéntemleriyle Nesnelerin Degisik  Alglayialardan Gelen Bilginin Birlegtirimi  Yoluyla
Tammlanmasidir". Konu robot bilim alaminda halen yaygin bir aragtirmacr kitlesinin
ilgisini ¢eken, tizerinde yogun olarak ¢ahglan bir alandadir. O nedenle, sonuglar: bilimsel
yaymn diinyasinda yer alacak bir ¢ahgmadir. Robot bilim alaninda yapilan ve tiim alam
kapsayan konferanslarm hemen hepsinde en az iki oturum bu alanda yapilan ¢aligmalarm
sunulmasina ve degerlendirilmesine ayrilmaktadir. Ote yandan, NATO nun ozellikle bu
alandaki cahgmalarin sunulmasi igin dizenledigi Advanced Study Institute ve Advanced

Workshop tiirii birgok organizasyonun olmasi da konunun énemini géstermektedir.

Konu, ozel olarak ultrasonik duyaglarla olabilecck, ancak kamerayla clde
olunmasimin olanakl olmadifn, kogullarda gorimti almay: hedeflemektedir, Sozgelimi.
yogun duman altinda kalmig, bulamk bir suyun iginde yada bir boya tankmda gomili
bulunan, yada izerinde iglem goriilirken gok sk araliklarla degisen ik siddeti altinda
aydinlatilan nesnelerin elde olunan  goriintilerinden bunlarm daha énceden  cdinilen
modellerine dayanarak tammmasimn gerekli oldugu durumda boyle bir ihtiyag vardir.
Ultrasonik duyaglarm tagpdifn bilginin bir kameradan cdinilenlerle kargilastimldifimda
agk¢a gorilen  belirsizliklerinin iistesinden  gelinmesi igin - geligtirilecek tekniklerin
kazamlmas: amaclanmaktadir. Bu sonuglar daha sonra yiiriitilecck ¢abgmalarda kamera
gibi bagka tlir araglarla edinilecck  bilgilerle ultrasonik  yolla  edinilen bilgilerin
birlestirildifii ortak bir veri tabam tizerinde kullamlacaktir. Boylelikle, clde olunan daha
saghikli  yapidaki  veri tabammndaki  bilgiler  robot  kollarm  yoriinge denetiminde

kullamlacaktir.

GorildGgi gibi proje kapsarm birden ¢ok aragtirma konusuyla ilintilidir. Bu
calismalarin bazist bitirilmig, baslart ise hala devam etmektedir. Bazilan ise heniiz

[

baglayacaktir. Nesne tanimaya iliskin olan tamamlanmigtr. 74 Rapor bu ¢ahgmalan
ayrinti)i olarak vermektedir. Proje kapsamiyla ilintili olan ancak dogrudan proje hedefleri
arasmda yer almayan iki ayn ¢ahgmada raporda ilgileri nedeniyle  gercken boyutta
sunulmaktadir. Bunlardan biri robot kol denctiminde ve benzesim uygulamalarinda
kullamlmak iizere geligtirilen nesneye yonelik robot kol tammlama yazilum paketidir. v
Bu pakette denctim igin gerckli araglar hazirlanmis hem tarafimizdan hemde bu alanda
alian  diger uygulayialar ve aragirmaalar tarafindan birgok kez kullamlmustir.
Boylelikle robot el denetiminde elin én bigimlendirmesi ve kayramast problemleri de dahil
olmak iizere ¢ok farkh uygulamalar alunda smanmigtir, ve basarth bulummugtur. Robot
kol yortnge denetimi tam olarak kamera gérintiilerinin ultrasonik yolla ahnanlarla

birlegtirilmesi igin yapilacak ¢ahsmalardan sonra ¢ahgir olacaktr.

Atfta bulunulan iking ¢aligma ultrasonik alglayialarla kendinden  devinimli
harcketli bir robotun engellerden kagimarak gergeklegtirecegi yol planlamasina iligkindir.
32,78 . . . .
5275 Ortam énceden bilinen bir ortam olarak almmistir. Caligmada bagarih bir planlama

yapilabilmig, sistom dencysel olarak da sinanmigr. Bu cahymada da cksik olan husus yine
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kamera gorimtiisi bilgisinin ultrasonik olan ile birlegtirilmesidir. Ancak, cahsma yoringe
planlamasinim gergeklegtivilmesi icin gerekli ve iligkin altyapiyr bitytik dlgiide haziclamustir.
intili biitiin ¢ahgmalar projenin bir yilhk siiresi iginde gergeklestirilemeyeceginden halen
siren ve baglayacak olan diger ¢aligmalar projenin bastan éngorilen hedefleri arasinda yer
almamaktachr.

Projede kullanilan duyaglar sivi iginde ¢absan cinsten degildir. O nedenle, ahisma

NI 1
hava ortaminda ger¢eklestirilmigtir. 1

Bunun geligtirilen teknikler agsindan énemli bir
farklilik yaratmast beklenmemektedir. Nesnelerin hava ortamnda ultrasonik yontemle
gorimtilenmesinde sesin havada hizla genlik kaybina ugramas: sorunu sivi ortam igin daha
yan bir sorun olarak ortaya @ktifindan alymanin daha elverigsiz kogullara gore
yaritildigi kabul edilmelidir. Ote yandan, sivi iginde kullanidan duyaclar daha yiiksck
frekansta galigmakta ve o yiizden dalga boyu daha kisa olmaktadir. Yiizeysel bilgiler o
nedenle daha yiksck ayrinti tagiyabilecekken  derinlik  bilgisi ise lasalacaktir.  Yani
avantajmin yaninda bir dezavantajpda sahiptirler. Sistemin  gergekte olmasi  gercken
clemanlarla tasarim clbette énemli oldugundan gergeklesen sistemin bir farkhbifa sahip
oldugu belirtilmelidir. Bu duyaclar yurtdigndan gerck  pahalibiklars, gerek ihtiyaamiz

olan saymm azhgs n(‘,dcniy]c g(‘.tirtilemcm@tir.

1.1 Problemin Tanmm

Problemin ana temas nesne tammadir, Tanmma iglemi igin goriintii birden ok
duyacm sagladifn bilgilerin tiiminden tiretilmektedir. Bundan amaclanan daba kesin ve
net gorintii elde  edilmesidir.  Gértintéide  varolan giritltic ve  duyag cikigidaki
belirsizlikler giderilmis olmahdir. Nesnclerin, yapisi 6nceden bilinen ama giderek degisen
bir ortamda (gevrede) yeraldign varsayilmaktadir. Baglangigta ortamm barindirdifin ve
tanunaya dayanak olacak ézelliklerin zamanla defistifi, aynica bu ortamda nesnelerinde
yerlerinin degistigi varsayilmaktadir. Bu durumda hem nesnelerin modellerinin hepsinin
elde varoldupu, hemde ortamdaki belirleyici ézelliklerin baglangicta bilindigi  kabul
edilmekicdir. Nesne tamma iglemi o nedenle nesnelerin bu modellerine dayalr olacaktir.
Ancak, modelde yer almayan yeni bir nesnenin ortama girmesi durumunda sistem bunu

ayn*dcdc:rek tammlanmasim operatérden isteyecektir. Yeni nesnede bunu takiben modele

dahil edilecektir.
1.2 Hedefler

Projenin varmay hedefledigi noktalar sunlardir:

i. lilde olunan herhangi kabul edilebilir bir g(iriimiid(:ki nesneleri modelde

tanimlananlarla kargilagtirarak taniyacak bir algoritma geligtirmek,
ii. Nesne tanima igleminde farkll duyag cinslerinden gelen bilginin bir ¢ercevede
(sozgelimi, ortak bir veri tabanmda) birlegtirilmesi halinde de gegerli olacak yontem

gelistirmek,




o
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iii. Her iki yazihmm bir robot kolun yériinge denctiminin

- genig eylem planlamasinda (gross motion planning)
- ve dar eylem planlamaginda (fine motion planning)

icine yerlegtirmek tizere hazirlamaktir,
1.3 Alandaki Bilgi Birikimi

Optik, elektriksel, yada mckanik araglarm uygun olmadify kot gevresel kogullar
altinda kullamlmak iizere ultrasonik yontemle yiizey gérintileme calismas daha énce
gcrgtck]cg,ﬁrﬂm@tir.[9’6] Ciddi boyuttaki giriltii problemleri ve uzakhkla hizli genlik kayb
sonucu tammadaki zorluk nesnenin modelinin énceki taramalardan elde olunan bilgilerle
yenilenmesiyle aglabilmigtir. Yizey gorintileme igleminin bu ¢abigmada yakm uzakhktan,

yaklagk 100 mm, olarak yapilmas: bir avantaj olmugtur.

Ote yandan, robotlarin yakinindaki nesnelerin ayirdedilebilmesi ve robot-nesne
arasindaki ctkilegimin saptanmasi ¢abalan ¢ergevesinde insansiz robot uygulamalary igin
robot algilama sistemlerinin bir parcas olarak da ultrasonik uzakhk clgme ve belirleme
aligmalarinin yapildify rapor edilmektedir.” Cahgmalar bir ¢ift ultrasonik ah-verid
kullanmakta, 6lgtim alan derinligide 20 - 2000 mm arasmdadir. Caligmalar daha ¢ok
robot kol’un ucuna takilmig olan ve iglevde bulunan aragta ortaya ¢ikan yipranmanm
boyutunu saptamaya yoneliktir. Deneylerde kullamilan nesneler prizimatik yada silindirik
bigimde segilmiglerdir. Kullamlan ultrasonik algilayialarm ¢aligma frekanst 40 ve 200

kHz dir.

Ultrasonik yontemle gortinti clde cdilmesi sorunlarinmm dignda herhangi bir
yontemle  edinilen  gorintit  igindeki  nesnelerin gesitli - ayrmti diizeyinde  birer
betimlemesinin elde edilmesindede geligtirilen teknikler ancak ¢esitli kisitlamalar altinda
gegerlidir. Diizlemde tammlanmis bir nesneye ait dis siur gizgisinin bir bolimiyle
modelde buna karg gelen ¢izgi boliminin ¢akigirilmag icin nesneye ait uygun gortntii
elde edilmesine yonelik bir ¢aliyma Gaussian  diizeltme  tekniklerinin uygulanmasing,
sonugta déndirme, bir érnek olgeklendirme ve bir noktadan digerine harcket ettirme

. . . . .. o .. . .
islernleri altinda defigmeyen bir bigimde olmasm saflamak tizere dnermektedir. }

Nesnelerin tanmmasinda iki temel  yaklagim  vardir. Birincisinde model  veri
tabamndaki her nesnenin bir modeli gorintideki nesneyle karglagtmbr ve bir ¢akigma

[17,18.20) .. . .
I Bilimmeyen nesne en yitksck cakisma degeriyle tanmir.

degerine sahip kb,
Sézgelimi, bir nesnenin simrimin alt pargalarinm onemine gore degerlendirilmesi bir kistas
olarak almabilir ve bunlardan ¢n énemli alt pargalarin modeldekilerle ¢akigkhgn daha
agirhkh bigimde cakigma degerinin hesaplanmasinda kullamlabilir. Yéntemin  sorunu
model sayisr arttikga her modele olan ¢akistirma igin hesaplama zamanmin hizla artiyor
olmasidir. Bu yaklagima 6rock bir cahymada  Gstiiste binmig yada golgede kalmig diizlem
Gzerinde duran nesnclerin taninmasinda nesne simrlarimn yine dneckine benzer bigimde

yerel ve kiigiik  boyutta  betimlenmesinin - ¢dziim  igin iyi bir  yaklagm  oldugu
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bildirilmektedir, '™

Kullamlan yéntem, nesnc simr  pargalarimm  toplamim olasi
modellerden hangisine uydugunu énermeye, ve énerimin dogrulanmasma dayanmaktadir.
Soyutlanmmsg, yada Ustiste binmis iki boyutlu nesnelerin modele dayali olarak tanmmas
icin Hopefield sinir-agn tcknigi kullamlarak da bir ¢iziim bulmaya iligkin ¢alismann
varh@ bilinmektedir, o Proje kapsaminda da bu tcknifin kullamlmas denemesinde
nesneleri betimleyen ézellikler olarak bir merkez etrafinda dénerken rastlanan kégelerin
bu merkezle yapuklart agilar ve késelerin merkeze olan uzakhklarr dikkate almmustir.
Ancak, bu ézelliklerin tammaya uygun olmadiklart  benzerlik  gésteren  sekillerin

ayrirdedilemedigi gorilerck yontemin kullanimindan vazgegilmistir.

Nesnelerin - konum,  bitytiklik  ve  dizlemde déndiiridmelerinden  bafimsiz
tammmasi sorunu igin yitksck-dereceden sinir-agn kullanarak  ¢oziim tiretilmek  tizere
yapilan hesaplama-yogun ¢aligmalar giderck daba mitvar sonuglar vermektedir.”””
Yiiksck-dereceli sinir-agn gckildeki bozulmalardan bagimsy. tamma  olanagim da af
mimarisine dahil edchilmektedir. Béyle bir sinir-afimn herbir nesnenin sadece bir
goriintiisi tizerinde cgitilmesi yeterlidir. Boylece gereksiz yere bozulmug gortntilerin

e ) 7 po
ogrculm{'ﬂ de gcrckmcmcktcdn*.' !

gorimtimin her  modele

Nesnelerin - tanmmasinda  ikind  temel  yaklagim
o oy 113,00 e
cakistnlmast stirecini ortadan kaldirmaya yonchktlr‘l ' Burada modelin gorintiide var

mi, yok mu oldugunu gérmek igin bir énerimin geligtirilmesinde  yerel ozellikler
kullamlmaktadic. Onerim daha sonra modclin gorintisiiyle nokta nokta gakistinlarak
dogrulanmaktadir. Onerimlerin geligtirilmesi igin gegitli teknikler  bulunmugtur. Bir
dzellik indeksli énerim teknigi nesne tipleri arasindaki benzerliklerden ve farklardan

2] . , R
" Olast nesne kitmesinde birden ok kez ortaya gkan ézellikler (smr

yararlanmaktadir.
¢izgi pargalan) gesitli énerimler Giretmek iizere listelenivler. Yanhs bir nerim bu liste

yoluyla kolayhkla ortaya gikarilabilir.
2. Timlesik Algnlama

Sistemin denctiminde kullamlacak belirlenmis bilginin tGretimi igin sistemin ve
gevrenin davramig haklanda bilgi tagiyan ¢ok sayida duyag bilgisinin sistematik bicimde
islenmesi sirecine timlesik alglama denilmektedir. Iglemin sistematigi tizerinde bugiine
dek yaygm olarak ¢aliglmasina ragmen duyag verilerinin birlegtivilmesi ve yorumlanmasi
igin genel olarak uygulanabilirlifii kanitlanmig bir yontem geligtivilememigtir. Bunun da
nedeni duyaglarm ¢ok cesitli tiirde olmas yaninda aragtirmalanin cogunlukla kamera gibi

araclara yonclmis olmasindandir.
£ Y 3

Cok sik olarak tiimlegik algilama gercktiginden fazla duyag verisinin kallamlmak
zorunda  kalmdifn  durumlarda éne  @kmaktadir.  Yontem, bir durum-degiskeninin
gercktiginden  gok  sayida  duyaglarla izlendigi - sistemlerde  rastlarilan problemlerin
¢oziimiinde kullamlmaktadir. Sézgelimi, bir nesnenin konumunun belirlenmesi icin birden
ok ve farkh karakteristikli duyaglarla yapilan élgiimlerde dlgiim kesinligi, giirultd, her

kosulda élgiime hazir olup olmama v.b. Gzelliklerin degisken ¢aligma kogsullarinda farkh
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karakteristikler  gosterdigi durumlarda  timlesik-algllama  kavranun kullanmak
gerckmektedir. Efer bir duyag gorevi yapamaz duruma gelmisgse digerlerinden gelen

bilgilerle sistem gahgmaya devam edebileccktir,

Timlegik algilama yonteminin kullamlmasinda izlenecck iki yol vardir: Dogrudan

Tiimlesik Algilama, ve Ovzyinel bir Algoritmayla Tiimlesik Alglama.

2.1 D()grudan 'l’iimlc@k»«AIgﬂama

Duyaglardan edinilen birincil bilgi (duyaglardan gelen ve igaret kogullandirma
isleminden geemis, sayisallagtmlmg ve oniglem gormiyg bilgi) timlegik bilgiyi tiireten bir
algoritma ile dofrudan islemden gegirilerck kullarhir. Burada duyaglarin tek  tek
karaktcristikleri, olgam  belirsizlikleri v.b. tir ozellikleri uygun  bigimde  dildkate

ahnmalidir. Bu yéntem i¢in su ana kadar hichir genel kavram geligtirilememistir. Buna

kargim ¢ok sayida Gneri vardir.

Ririneil Bilgi Dogrudan Sonug

Duyaglar

Timlesik Alglama

Sekil 1 Dodrudan Tumlesik Algilama
g €y £

2.2 ﬁzyincl Bir Alg()ritmayla *l“iimlegik—AIgﬁama

Yéntem birgok pratik probleme uygulanabilir gok genel bir yaklagimdir. Tki
matematiksel model  ve bir yenileme  algoritmasmdan  olugur.  Modellerden biri
duyaglardan birincil bilginin sistemin davramgma bagh olarak (robotun, nesnelerin, v.b.
harcketleri gibi) nasil tiretilecegini betimler. Oteki model sistemin davramgm (robot
kolun, nesnelerin, v.b. durumlan gibi) betimler. Bu model ¢esitli diizeyde karmagik
olabilir. Eger, model 3-boyutlu uzayda (gok kigtik bir nesneyi) bir noktayr betimliyorsa
durum vektort, bir konum vektort p, bir hiz vektorit v, ve bir ivme vektort a (hepside
3-boyutlu uzayda oblmak iizere) bigiminde pargalanabiliv, ve bunlar 9 degiskenli bir

tirevsel denklemle birbirlerine b:xglanabﬂir:

Bger, nesne belirli bir biiytiklage sahipse, konumu ve yonii 6 bagimsiz defigkenle

betimlenir.
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Birincil
Bilgi \;\ Artiklar
Duyaglar "
Sisternin Davranig Duyag Yenileme
Modeli Modelleri Algoritmasi

Sonug
Sekil 2 Ozyinel bir Algoritmali Timlegik Algilama

Ozyineli algoritmanin gergeklestivilmesi igin kuramsal taban Kalman-Tiltresidir,
KI'. Kalman filtresi i¢in yenileme mckanizmast ya en kigiik karcler, yada minimum

degiginti (variance) algoritmasi olarak segilebilir. Sistem modeli
- tirevsel denklem bigimindeyse Kalman Filtresi siirekli zaman bigiminde,

- fakat eger fark denklemleri cinsinden tammlanmigsa o zaman Kalman Filtresi

kesikli-zaman bigiminde
segilir,

Yine, eger model dogrusal isc, temel Kalman filtresi yok cger model dofrusal

degilse, Genigletilmis Kalman Filtresi olarak segilir.
3. Gériintii Isleme ve Nesne Tanyma

Duyaglarla ahnarak iglenen gortintii Sekil 3 de gosterildigi Gzere g dizeyde
hiyerargik bigimde smiflandinlan bir siiregten gegmelidir. Bunlar sirasiyla alt-, orta- ve
tist-diizey iglemlerdir. Nesne tamma orta- ve tst-diizeyde yer alan bir iglemdir.
3.1 Alt-Diizey Iglemler

Duyaglardan  alman  (gofunlukla  analog

karakteristiklerinin =~ benzerlestivilmesi,  bir  ara  devreden  gegirilmesi  (impedans

bigimde)  bilgi  duyaglarm

bagdasirim gerefi nedeniyle), siziilmesi iglemlerinden sonra ilk ham gorintii elde
olunur.
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3.1 (u)nig}cm

Ham gériintiide ¢egitli nedenlerle yeralan gariltii etkilerinin giderilmesi, ve
ayrmtilarm éne qkanlmas igin yapilan bir iglemdir. Oniglem Uzay Tamm Kimesi yada
Siklik  Tanim  Kimesi  olarak  adlandimlan  iki  aym yontemden  biri  izlenerek

gergeklegtirilmektedir. Bunlar kisaca gyle ayrstimlmaktadir:

- Uzay Tamm Kiimesi Yéntemler (Spatial Domain Mcthods):  Uzay tanm kimesi
bir goriintiiyli olusturan pixellerin tiimiidiir.  Yoéntem bu pixeller tizerinde ytra-

tilen iglemlerin blitiintidar.

- Stklik Tamm Kiimesi Yéntemler (Frequency Domain Methods): Sikhk ta-
mim kitmesi gorimtiintin Fourier déniistiiriimii sonuca ortaya gikan karmagik
pixellerin tiimidiir. Her nekadar Fourier doniigtiiriimi nesne harcketi ve tammla-
mast ¢éziimlemelerinde ¢ok énemli bir rol oynuyorsa da iglem yogun yapisi nede-

niyle bu yontem énceki kadar yaygin degﬂdir.

Bu iki yéntemden biri ile yapilan Gniglem gergevesinde gorintd Gzerinde rnekleme,
sayssallastirma gibi iglemlerle goriintiinin bilgisayara iletimi yada gorinti alma sirasmda

gevreden gelen giirtiltiinin etkisi azaltilir,

Gortintide grilik dizeyinin daba yumugak bir defisim gostermesi igin Komgu
Alanlarin Ortalamasi adiyla amlan bir uzay tamm kiimesi tcknigi kullamlmaktadir. Ote
yandan goriintii iginde bulunan nesne gériintilerinin kenarlarinda ve keskin ayrintilarda
ortaya ¢ikan bulamkh@ gidermek igin Ortanca Siizgeg (Median Filter) kullamlmaktadir.

Aym ortamm birden gok gériintiisiniin varh@ halinde buraya kadarki iglemlere
ck olarak bu gérintillerin  ortalamasmi  alarak  son  gorintinin - olusturulmas

gcrck mecktedir.

Ote yandan, arkadan yada yapilandinlmg gklandirma kullamilarak elde olunan
ikili diizeyli gorantilerdeki gliriiltii dizensiz smirlarm, kiigiik deliklerin, kesilen kosclerin
ve izole noktalarm ortaya gkmasina yol acar. Giiriiltii uzay tanum kiime teknikleriyle
ortadan kaldirihr.

Gérintide giiriltiiniin yanimda yansimalar, parlak bolgeler ve golgeler bulunabilir
bunlarin giderilmesi, gériintiiniin iyilestirilmesi gerckir. Ancak eger islem yerel anlamda
gergeklestirilirse bu yontem ayrintilar igin daba uygun olacaktir. Gértntimin timi
tizerindeki 1gk giddetinin dagilimia dayah bir iyilestirme ayrntlar i¢in uygun degildir.
Burada bu amagla kullamlan yéntemler Histogram Isitleme ve Histogram Tanimlama
yontemleri  kullamlmaktadir. Biring  yontemle gériintit iyilegtirmelerinin - bir - tir
histogram dogrusallastirma iglemiyle otomatik esitleme bigiminde olmas saglamr. Tkinci
yontem  dnceden kararlastimbmig belirli bir gk giddetinde  gértintii yaratinak igin
kullambir.
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Gortntiler |77

Pargalara  Ayirma ]

Fsikleme Ozellik saptama
Irdeme
Bélge biyiitme

Oriinti
Cézimleme

!
l Bilgi I‘f‘ -
Diskiler — (f<:f>1ilctri- ve Sorug
bigim analizi L

gikartma

Balgeler

Bicim | s e ori
- Tanmlana NP Veri
sentezt
clde etme

AN

Nesne tanima/ yering saptama

Gortinti analizi ve yorun’danmzm

Sekil 3 Gériintii Isleme Siireci

¥

Bunlarm diginda nesnelerce ait kenarlarin saptanmasi islevi vardir ki bunlarda temel

olarak yerel tlirev operatériiniin hesaplanmasiyla gergeklestirvilir,

Yitksck veri hacmine sahip uygulamalarda nesne tanima iglevi yerel, yada global ve
ayrica dinamik olarak cgikleme yontemiyle gergeklegtirilmektedir.

3.1.2 Orta-Diizey Islemler

Bu dieyde gergeklestirilen iglemler  gorinti bilegenlerinin - etiketlenmesi,
ozelliklerin belirlenmesi, ve karakteristiklerin saptanmas bigiminde olmaktadir. Islemler
U¢ bashk altinda ssmiflandimlabilir:

- Ayng‘urma

Islem  gérintiniin ilgilenilen nesnclerin bulundugu bolgelere  parcalanmasidir.

Bolgeler birkez ayristirihp, tammlamp ve etiketlendikten (yada parametrelendirildikten)
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sonra Ozel matematiksel modellerle sayisal analiz, smiflandirma ve karglagirma igin

bélgelerin yapisal (yada dokusal) igerigi ve bigimsel geometrisi saptamr.
- Betimleme

Bir nesnenin digerinden ayirtedilebilmesi igin 6zelliklerin hesaplanmasi, orneging

bityiiklitk ve bigim. gibi iglemler bu bolimdelki iglerdir.
- Nesnelerin Tanmmas

Nesneleri 6rnegin; civata, somun, motor bloku gibi, tammaya yonelik iglemlerdir.
Gériintiiniin tammlanmasmm daha ileriki asamalarinda ve analizinde iligkili yapiardan
yararlambir. Bu tammlamada hem bigim, hem her bilesenin icerigi (yada atfedilen
degerler) ve hemde  bilegenler  arasindaki iligkinin tGrdd yer almalidar. Higkilerin
kargilasirilmast  ve bunlardan sonug gkartilmas igin matematiksel  ve algoritmik

modellerde geligtirilmig bulunmaktadir 113]
3.13 Ust-Diizey Iglemler

Ust diizey iglemler konusunda genelligi ve gegerlilii Gzerinde ortak bir kanaatin
olustugu bir yéntem heniiz yoktur. Bol miktarda éneriler geligtirilerck bu islemlerin
niteligi tanimlanmaya ve buma dayah gergeklestirme yontemleri sunulmaktadir. Henty
gelisme halinde olan bir alandir. Ancak, kabaca bu islem dizeyinde beklentinin taninan

nesnelerin timiiniin olugturdugu gérintimiin anlamlandimlmas oldugudur denilebilir.

gorimti igleme ve ¢iziimleme sresi kisa olmak

durumundadir. Gorintiiler bir fabrika ortaminda gencllikle daha karmagiktir. Verilerin

(Ig»boyu’du robot goriistinde

yeterince iglenmesi, déndstiiriimlerin ve gesitli dizeyde analizin gergeklegtirilmesi gorevin
izin verdiginin étesinde vaman almaktadir. Yeni cgilim baz ara iglemlerin Sekil 3°de
noktali gizgilerle gosterildifi bigimde atlanmast yoniindedir. Bu ise ancak On-iglemin
atlanmasina, yada burada climine cdilecek gliriiltiiniin kalmasima izin verccek  sckilde
nesneler hakkinda ézel bir 6n bilgi varsa olanaklidir. Gergek diinyanin karmagik modeline
uygun olarak bigim sentezinin ger¢eklestirilmesi ve nesnelerin modellenmesi, tanmmas,

14]

ve yerlerinin belirlenmesi igin bilgi toplamay otomatik olarak yapmalk olanaklidir |
3.14 Uzaysal ve Geometrik Bilginin Crkartilmas

Bunun igin sterco gorily ve dzel amagh gklandirma teknikleri kullaniimaktadir.
Stereo goris igin stercoskopik gortnti giftleri gerek korelasyon, ve gerek st tiste binmig
kigmlarm ¢iziindiiriimesi gibi tekniklerin yardimiyla cakigtirilarak ti¢-boyutlu geometrik
bilgi olusturulmaktadir.

Ozel  amacgh 1wk gibi yapay gklandirma  ozcllikleri  gorinta ¢iftlerinin

bagdagtiriimasy siirecine yardimar olan ¢k bilgi ve Jasitlar getirir. Gélgelemedeki defigim,
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yada dokulu ériintiller de ayrica gorintiinin tammmasinda yiizey yon tayinini kisrtlamakta
kullamhr. Laser tarama bir bagka ozel amagh agklandirma yontemidir. Cogunlukla
derinlik haritas yada derinlik gorintiisi elde etme amacayla kullanilmaktadir,

4. Robot Kol Yoriinge Planlamas:

Robot kolu yéringe planlamasi robotun baglangigta bulundugu noktadan herhangi
bir islem yapilacak nesmeye erigmek igin kolun ve asl énemlisi robotun son ug-clemanm
izleyecegi  yoringenin  saptanmasi strecidir.  Robot barckete  bagladifinda bu  yolu
izleyecektir. Robot kol bir hiicre iginde galigiyorsa, biyiik olashkla, kolun bulundugu
ortam yapist daima énceden bilinen bir dnstendir. Kolun harcketi herhangi, yabana ve
tstelik hareketli, bir nesne tarafindan engellenmez. Bu durumda engelden sakinma sorunu
gibi bir sorunla karglaglmaz. lngelden sakimma problemleri daha ¢ok kendinden
devinimli harcketli robotlar icin cle almmaktadir 1281 Calhismada s62 konusu edilecek olan
robot kollarla ilgilidir. Robot kollar igin tasarimlanacak duyag sisteminde modelleme ve
planlamayla birlikte gerek kolun kendisine, gerck izerinde ¢abglan parcalara iligkin
belirsizliklerin Gstesinden gelmek tizere tiimlegik algllama yontemine dayali 6grenme ve
akil yiiriitmeyi igeren sistemlere sahip olmak durumundadir. Béylece duyagsal tiimlesim
tcknikleriyle  donanmis robot kol sstemi daha geliskin bir csncklige, genellige ve
giivenilirlige sahip olacaktir [10,11]

Bu kapsamda bir robot kol i¢in donanim ve yazilimlardan olusan temel birimler
ve onlarin alttan tste dogru hiyerarsik olarak dizilimi goyledir:

1. Mckanik ve stirticu sistem,

2 .. Duyag sistemi

- i¢ duyaclar (robotun cklemlerindeki duyaglar, v.b.)
- dis dayaglar
3. Planlayia
- Planlayia
- uzman sistem
- bilgi tabam
- meta bilgi

4. Dinya koordinatlarinda geligtirilmis model

- duragan model
- dinamik model
5. Veri toplama ve modelin yenilenmesi
6. Bilgisayar sistemi
Timlegik alglama bu birimlerden birincsi hari¢ di

ger beginin yapisiyla dogrudan

ilintilidir.




Modisa - 2 Aragtirma Projesi Sonug Raporu It

Yukaridaki hiyerarsi gergevesinde efer bir planlama varsa hareket bu plana gére
baglatildiinda karmagk bir duyag sistemi de harekete gegerek hareketi yoriinge boyunca
hem gézlemler, hem yénlendirir. Bu arada bilgi islem birimince hem geligkiler ortaya
gkarilir, hem goziimlenir [24,28] Planlamadan eylemin gerceklestirilmesine kadar gegen
siiregte robot kolun temel birimleri arasindaki bilgi akigi Sckil 4 de gésterilmektedir. Sekil
4’den goriddiigi gibi planlama-cylem siirecinde ¢ok yogun bir bilgi toplama, derleme,
degerlendirme ve aktarma iglemi vardir. Onemli olan bu bilgi iglemlerinin en ctkin ve
ekonomik bigimde gergeklestirilmesidir.

4.1 Robhot Kol Y«'ﬁirﬁngc Planlamasmda’l ‘iimlcgfik Algﬂama

Robot kol yériingesi (planlanan yol) {izerinde harcket ederken éniinde harcketini
engelleyecek nesnelerin bulunmayacain varsayildigia gére, hareketi siiresince erigilecek
nesnenin yakimna dek yolu izleyip izlemedigini gozlemlemekde gerekmeyecektir. Ancak,
nesneye yaklasildigin kendi i¢ duyag sisteminden, érnegin eklem aglarmin izlenmesinden,
bilebilecektir. Yaklagmin gerceklik kazanmasiyla birlikte ayrica elde olunan kamcra
gorintiilerinden ug-clemamn konumu ve yén bilgileri denctlece aktarilacaktir. Fakat,
nesneye dokunma Gncesi son hareketler artik diigiik hizda ince ve duyarhi harcketler
bigimine dénigecektir. Bu agamada optik goriintiller baska duya¢ tirt bilgilerle
desteklenerck nesnenin tammnmasi, konumu ve yonii hakkinda daha kesin bilgilerinin
olusturulmas gerckmektedir. Algilama ne tek bir duyaca, nede aym tirden bilgi saglayan
duyaglar  dizisine  dayandirlmamalidir.  Biitiin - duyaglarin safladhklarr  bilgide bazen
eksiklik, bazen farkli yorumlanabilir nitelikler bulunabilir. O nedenle, edinilen bilginin
ne oldugu konusunda net bir sonuca, ve yargiya vamlamayabilir.pg} (':)1"11(2gin, bulanik su
iginde bulunan pargalar gériintiilenip tamndiktan sonra tizerinde islem gormeye yonelik
bir galismada kullanilan ultrasenik duyag dizisinden elde olunan gortntlt bazr durumlarda
¢ok spckiilatif  bir bigimde olmaktadir [24] Bu  sorunun  giziimii icin iki  yol
bulunmaktadir. Birincisi, cksiksiz ve alglanan nesneyi net olarak tammlayan mikemmel
duyaglar yapmaktir. Bugiin teknoloji béyle bir seye olanak vermemektedir. Tkincisi, cesitli
duyaglar: tiimlesik olarak etkin bicimde kullanmaktir. Bu makuldiir. Béylece duyaglar tek
tek birbirlerinin cksik hraktklam tiimleyen bilgileri saflarlar. Bu tir tiimlesim igin

olagan olarak kullamlan arag diinya koordinatlarinda geligtirilmis modeldir.

Robot kol denetimi igin algilama igleminde {i¢ konu dikkate ahnmalidir. Birincisi,
cesitli geometrilerden toplanan verilerin dinya koordinatlarinda geligtirilmis bir modele
nasil dahil edilebileceginin belirlenmesidir. Tkincisi, timlegik algilamanm  dinamik  bir
alanda (cevrede yeralan nesnelerin duragan olmadifi bir ortamda) nasil bir denetime
olanak vereceginin belirlenmesidir. Uctineiisd, farkh algilama bigimleri yanmda nesnelerin

simiflandinilmas icin nasil zekaya dayah bir denetim kullamlacaginm belirlenmesidir.
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Sekil 4 Planlamadan eyleme gegis siirecinde robot kolun temel birimleri

arasimdaki bilgi akig

5. Deneysel Aragtirma g;‘ah§malar1

Raporun 2.-4. Béliimlerinde verilen kuramsal yontemler gergevesinde aragtirma
hedeflerine uygunluk gostermesi agsindan opak bir stvi ortam igine gomidmis olarak
bulunan nesnelerin gdrintiisiiniin - elde  olunmas, ve nesnelerin tanimmas olarak
sngorilmiistiir. Opak sivi ortam ézellikle segilmigtiv. Boylelikle kamera kullanmmak  gibi
acik bir ¢oziimden kagmlmak istenmigtir. Bu durumda goriintiinin ultrasonik duyaglarla
alnmasi geregi dogmugtur. Ancak, swi iginde kullamlabilir ultrasonik duyag temin
cdilemediginden galigma ortam olarak havada gergeklestirilmistir. Hava ortam sivi ortama
gore daha elverigsizdir. Zira ses dalgalarmm havada yayihrken ugradifn genlik kaybr sivt
ortamda olandan daha azdir. Caligma sonuglart o nedenle dlgiim uzakhk smirt agisindan siv
ortamdakinden daba kisadir. Bunun dignda her ne kadar projenin birincil @kis noktas
olan opak stvi ortamda poriintii alma hedefinden ayn digiilmigse de gahgsmada kullamlan
teknikler agisindan iki ortamim gok farklr kosullar yaratmas beklenmemektedir. Kald ki,
¢ahgmanin sonuglarmin hedefledigi uygulama alanlarindan digerleri de yofun duman
altinda bulunan nesnelerin tammmas, yada tizerinde iglem goriilen nesne Gzerine disen gtk

siddetinin ¢ok sk arabklarla degigken oldufu uygulamalar (kaynak yapilan parcalarin
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bulundugu ortam) géz éniine ahndigmda hava ortammda yiiratilen caligmalarinda
projenin ongordigii ortammin digimda bir ortamda olmadigy agrktir.

(alismada gorinti bir yada birden gok duyacin (¢aligmada 8 adet duyagtan olugan
bir dizi kullamlmigtir) tarama yoluyla taschin bilgiyle olugturulmaktadir Yani birden gok
duyaan tasihi bilgideki belivsizlikler, ve ugradiklan farkl glriiltii ctkilerinin bilgi
birlegtirimi  yoluyla en aza indirgenmesi sorunuyla ugraslomstir. Halbuki kamcra

kullanilabilscydi bu tiir sorun baska bir boyutta ve nitelikte ortaya gkacaktr.

Burada kavramsal olarak Béliim 4’de verilen tiimlegik algilama yontemi dnceden
tammh bir ortamda kendinden devinimli bir harcketli robotun diinya koordinatlarmda
yerinin belirlenmesi ve iligkin modelindeki bilgilerin gergek zamanda  yenilenmesinde
basariyla kullamlmigtar 28] Yoriinge boyunca denetim ¢ok sayida ultrasonik duyaclars
kullanan timlesik algilama  sistemi destekli olarak  siirdriilmigtir.  Goriintit elde
edilmesindeki géziiniirlitk érnekleme  yogunluguna dogrudan bagh oldugundan nesne
tammada kesinlik daha ¢ok érncklemeyi ve bilgisayar zamammi gerektirdiginden yoriinge
boyunca hizin arttinlmast bir sorun olarak ortaya g:lkmaktadlr,wﬂ Daha etkin yazilunlar
gelistirerck, daha izl amalog/sayisal dontgtiriiciiler ve bilgisayar kullanmak olanakl

oldugundan endiistriyel uygulama agisindan sonuglar timit vericidir.
5.1 Nesneye Yénelik Robot Kol Benzegim Yazilin Paketi

Bolim 4’de anlatilan tiimlegik algilama sisteminin donamim  ve  yazilimnlarim
olusturan ana maddelerden dordiinctisit diinya koordinatlarinda geligtirilmig robot kolun
nesneye yonelik bir tanimlama bigiminde hem duragan hem de dinamik model olarak
geligtirilmigtir, 127] Geligtirilen benzesim yazilm paketi kolay kullanimi yarinda robot
kinematigi, dinamifi, ve denctim uygulamalar igin uygulamaaya olaylart derinlemesine
kavrama olanafin da vermcktedir. Modeller ¢oziilmiy eylem hiz denetimi, ve meler
kuvvet/konum denetimi uygulamalar icin - smanmig,  gegerlilikleri saptanmigtir. Bu
paketin bir benzeri, gahgmamyzla hemen aym zamanlarda bir baska grup tarafindan da
gergeklegtirilmis bulunmaktadur. 1331 Bu paketin yaptifzmizdan tstin yanlart iki boyutlu
gosterimde de olsa daha iyi ve kullamaya kolaylik saglayan bir bigimde olmasidir. Iksik
yani ise, bizimkinin ters kinematik ¢iziimlemelere olanak vermesine kargm onun boyle
bir olanaga sahip olmamasidir. Diger titm yetenekler ise her iki pakette de aymidir. Her
ikiside benzer robot benzesim uygulamalan igin gelistirilmig bilgisayar destekli tasarnn
program paketlerinden daha kiigik boyutlu olusu (bdylelikle kisiscl bilgisayar ortarmnda
kullanlabilen), kullamiar igin daha kolay kullandabilir olusu ve fiyatlarmn (bizim

durumumuzda maliyet) digiik olusu gibi tstinliklere sahiptir.
5.2 Tlimlesik Alglama ve Goriintii Olusturma
Sistemde dizideki her duyag gorintii alam igindeki nesnelerin bulundugu bolgeyi

1zgara biciminde kiigiik bélgeciklere ayrilmig olarak taramaktadie.  Ana denctleyici olarak

calisan kigise] bilgisayar ilk olarak robot kolu ¢ahgma alammn belirli bir noktasina
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gondermekte daba sonra mikro-denctleyiciyi 6rnck almasi igin uyarmaktadir. Mikro-
denetleyici ultrasonik  veridileri siiren elektronik  devreleri harckete gegirmekte ve
elekronik devreler gelen yansima sinyalini isleyerek mikro-denctleyiciye aktarmaktadir,
yansima  sinyalini alan  mikro-denctleyici yansma anmm kaydederck ana  bilgisayara
aktarmaktadir. Béylelikle her bolgecikte bir duyag tarafindan bir olgiim yapilmaktadir.
Olgiim ylizeyden asagiya dogru gonderilen ultrasonik ses darbe paketinin yansimasmdan
hesaplanan bir uzakhk bilgisidir. Boylelikle yiizeyin bigimine iliskin titm bilgi cdinilmekle
birlikte, nesne tamma igleminde derinlik bilgisi kullamlmamaktadir. Bunun  yerine

nesnenin dizlemsel gorintiisi kallamlmaktadir.

Bolgenin izgara deliklerine ayrgtmlmasnda, segilen hiicre sayiomin buytkluga
gorintiinim  ¢oztintirligindeki  kesinligi  belirlenmektedir.  Modeldeki  gortntilerin
bityiikligiine bagh olarak en kiigiik boyutlu nesne igin yeterli goziiniirliigiin elde olunaca@
bigimde hiicre sayisr  arttirilmaktadir. Hiere sayisimm gok biiyitk tutulmas iglemin daha
uzun zaman almasima yol acacafimdan, ve bir noktadan sonra artan hicre sayigmin
coztintirliige fazladan bir katkis olmayacafindan, ¢offu zaman sayr ancak gercken kadar
baytik tutulmaktadir.

Her bélgeye ultrasonik ses darbe paketinin yollanmas dizide yer alan sckiz ¢if't
(verici ve aha) ultrasonik duyaan (robot kolun ucuna monte edilmistir) bir mikro-
denetleyidi ile ardigik olarak etkinlegtirilmesi ile yapilmaktadir. Her paket yollandiktan ve
yansimast geri alindiktan sonra, bir sonraki duyag ¢iftindeki verici ve aha gerckli zaman
arahklariyla etkinlestirilmektedir. Duyaglar 40 kMz’de  cabsmaktadir. Bu iglemleri
gergeklegtiren  elektronik  devreler curocard  bigiminde tasarimlanmistir.  Elektronik
devreler salingag kati, ve ultrasonik vericileri siiren devreler(siirticti devresi), ultrasonik
alalardan gelen yansima sinyallerini igleyen devrelerden (aba devreleri) olugmaktadir.

Aha devrelerin 6bek ¢izimi Sckil 5 "te verilmektedir,

Osilator 40 kHz'te siirekli kare-dalga sinyal Gretir. Bu sinyal kontrol kartina
(mikro-denetleyici) ve siirticti devresine aktarihr. Kontrol karts gonderilen ultrasonik ses
darbe paketinde bulunacak dalga sayisnn belirler ve striicii devreleri anahtarlar. Strici
devreler tiimlesik-devre analog anahtarlar kullanir ve ultrasonik vericilerin bacaklarina
uygulanan potansiyclin yéniinii salingag [rekansinda ve kontrol kartimn belirledifi sayida
defigtirerck  ultrasonik  darbenin  tretilmesini saglar.  Strted  devre  Sekil - 6'da

gosterilmektedir.

Duyaglardan gelen isaretler bir isaret kosullandirma igleminden gegmektedir. Aha
deveesi dn fark  yikseltici, 40 kHz’de dar-bant gegiren filtre, yiikseltici, Schmitt:

tetikleyici ve dort bit’lik sayiadan olusur. Dar-bant gegiren filtre fark-yiikselticiden gelen
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Sckil 5 Gorinti alia devrelerin 6bek gizimi

yansima sinyalinde bulunan 40 kllz digndaki glirilti sinyallerinin stiziilmesini saglar.
Filtreden gegen sinyaller yiikseltici ile Schmitt-tetikleyicinin egik seviyesinin  {izerine
gkartilir. Schmitt-tetikleyici - sintis dalgalarmdan olusan darbe katarmi kare-dalgaya
déniigtiirtir ve bu sinyal dort bit’lik sayiaya sayma sinyali olarak girilir. Sayiamin 1,2,3
veya 4 numarali bit’lerinden biri kontrol kartina yansuma almdi sinyalini gonderir.
Boylece yansuna ahindi sinyali, gelen ses darbe paketi igindeki dalga sayim 2,4,8 veya 16
degerine ulagtigs anda  gonderilerck gelen yansima darbesinin belirli bir uzunlukta olmas

saglamr. Ala devre Sekil 7’de gosterilmektedir.
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Sekil 7 Al devre semas
5.3 Gériintii Islemel 1]

Elde edilen bu gérintinin  nesne  al gilamaya  yonelik  olarak islenmesi
gerckmektedir. Bunun igin ilk olarak siirekli defisen wzaklik degerlerinden dolayr esitli
gri-seviye degerlerine sahip olan gériintinin  iglenmesini kolaylagtirmak ve iglemleri
basitlestirchilmek amacyla bir esik deferi bulunarak bu degerin altmda kalan gérinti
hiicreleri nesne ve tizerindekileri de zemin olarak isaretlenmekte ve goranti iki seviyeli
bir  gbriintiiye  indirgenmektedir.  Tsiklenmis gorintiide  bulunan  guriltilerin
temizlenebilmesi igin ilk olarak goriintiiye biiziilme (shrink) ve genlesme (swell) iglemleri
uygulamir. Bizilme ve genlesme iglemleriyle temizlenemeyen bélgeler bolge genigletme
ve bolge isarctleme iglemleri kullamlarak tespit edilir ve temizlenir. Son olarak kenar
bulma ve inceltme iglemleriyle nesneye ait kenar tespit edillir.

5.3.1 Esikleme

ligik degerinin bulunmasimda goriintlintin_ histogramindan (aydalamlmaktacir. Bu
amagla gortntiniin $ckil 8" de gorillen histogram clde edilmektedir. Histogramda yatay
cksen yansima ahinan wakhifi dikey eksen de bu uzakhk ta alman yansimalarm
yogunlugunu gostermektedir. Vsik degeri olarak bulunacak noktanmn belirlenmesinde
gesithi - yayinlara konu olan "baskin nokta belirlenmesi® (dominant point detection)
yonteminden  yararlamlmistir 122,231 Yéntemin dogru noktalar1 bulabilmesi amaayla
Lsit.1’de verildigi gibi histogram tizerindeki her noktanmn safinda ve solunda bulunan
komgulariyla ortalama degeri bulunmakia ve Sckil 9 da goriilen iyilestirilmis histogram
clde edilmektedir.

H [x]=—— H[k] M




Modisa - 2 Aragtirma Projesi Sonug Raporu 17
1 HE)

:ég, s %

i

2 S
i s

20 30
Sekil 8 Goruntiintin ham histogram

Histogram da gériilen en yogun bélge, lgim noktasina en uzak olan, zeminden
gelen yansmalarla olusan "B’ bélgesidir. "A" bolgesi daha yakin olan ve nesneden
gergeklesen yansmalarla olusmustur. Uik degeri igin en uygun yer "A’ ve "B’ bolgeri
arasinda yer alan ve hemen hi¢ bir yansmamn gergeklesmedigi bog araliktr. Hofx]
cgrisinin belirgin noktalan efrilerin tepe noktalari ve yatay cksene yakin olan koge
noktalarihr. Bu noktalar (P1,P2 P3 14 P6,P7,P8) baskin nokta tespiti yontemi
kullamlarak tespit edilmistir. Bu noktalardan ilk olarak cn uzaktaki tepe noktas "P7°
bulunur. Bu nokta kullamlarak daha yalinda olan "B’ bogesinin baglangig noktasimn P6x (
x koordinat) ve 'A’ bolgesinin bitig noktass P4x bulunur. Lisik deferi zemin ve nesneyi
birbirinden ayiran ve P4x, P6x noktalanmin ortasnda bulunan P5x noktast olarak
bulunur. Tgikleme iglemi, esik degeri olan P5x noktasmim alunda kalan noktalara ’17,
iistiinde kalan noktalarada "0’ degeri atanarak yapihr. Esiklenmis gortntii Sckil 107 da
gosterilmektedir.

5.3.2 Biiziilme ve Gcnl(;imc i§]cmlcri

ki seviyeli gorimtiide gesithi sebeplerle zemin ve nesne Gerinde gliriiltiler
bulunmaktadir. Bélgesel teknikler kullamlarak goriintii tzerinde yer alan her gortintii
hitcresi tekrar tekrar iglenir, ve her seferinde goriintii hiicresine 87 li komgulanmn
degerine yakin bir defer atanarak nesneye ait kenarlarin diizgiinlegtivilmesi, ve zemin ve

nesne tizerinde bulunan gtirtltilerin giderilmesi saglanir.
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1+ H O(x) r7

e

Sckil 10 Egiklenmig goriinta

Bunun igin bizilme ve genlesme iglemlerinde kullamlan ve Esit. 2°de verilen

b}

goriintii hiicresi fonksiyonu p(k,j) tammlansan ;

1 1
ploi) =] X 3 Wk+u,j+v) -1k, ()

u=—lv=-1

Goraldagi gibi p(k,j), I(k,j) resim hicresinin ctrafindaki resim hicrelerinin (87 1i

komgulanmin) sayisini vermektedir.
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Biiziilme: Bizilme iglemdsi nesnelere ait deferi 717 olan gorinti hiicreleri
Gzerinde iglem yapar ve nesne kenarlarm dizgtinlegtirirken zemin Gzerinde bulunan "1°
degerli, nesnclerle ilgisi olmayan kigiik gtraltileri temizler. U(:) birim adun fonksiyonu
olsun. I(k,j) resim hticresi tizerindeki i’ nindi dereceden biiziilme iglemi, bizilme(i), Lt

3’deki gibi tanimlamr :

iizilme(i)1(k, §) = 1(k, ) @ Ui~ 1-[8- p(k, )]) 3)

Boylece 1(k,j) gérinti hiicresine i nind bizilme iglemi uygulandifinda efer hiicre
nesneye ait ve etralidaki sekizli komgularindan i tanesi veya daha fazlasi zemine ait ise
islern I(k,j) resim hiicresine "07 degeri atayarak zemine dahil eder. Bu iglem nesneye ait
hiterelerin her birinin ctrafinda en fazla ’i-1” adet zemine ait hiicre kalincaya kadar biitiin
goriintiye tekrar tekrar uygulamr. Her seferinde gorimtideki nesneye ait hiicre sayist bir
oncekinden az olacaktir (yani nesneler buziileccktir). Anlatilan iglemler i=5 deferi igin

yukaridaki esiklenmig gériintitye uygulandiginda Sckil 117deki gorimtii clde edilir.

Genlesme: Genlegime iglemcisi zemine ait deferi *07 olan gérinti hilereleri
Gzerinde iglem yapar ve nesne kenarlarimi dizgtinlestirirken nesne tizerinde bulunan 70’
degerli kiigik zemin bélgelerini nesneye dahil eder. 1(k,j) resim hiieresi Gzerindeki i inci

dereceden genlegme iglemi, Genlegme(i), Iisit. 4’deki gibi tammlanir

Gen](;gnc(i)l(k, }) e l(k, ]) ® U(p(k,j) - i) 1)

Béylece I(k,j) gorinti hiicresine i'inci genlesme islemi uygulandifinda eger hiicre zemine
ait ve etralindaki sckizli komsularindan i tancsi veya daha fazlag nesneye ait ise iglem
I(k,j) resim hiieresine '1° deferi atayarak  nesncye dahil eder. Bu iglom zemine ait
hiicrelerin her birinin etralinda en fazla ’i-17 adet nesneye ait hiiere kahncaya kadar
biitiin goriintiye tekrar tekrar uygulanir ve her seferinde gortntideki nesneye ait hiiere
sayist bir éneckinden fazla olacaktir (genlegme). Anlatilan iglemler i=5 degeri igin
yukaridaki genlegme igleminden gegirilen goriintiiye uygulandiginda Sckil 12°deki goriinti
clde edilir.

5.3.3 Bolge fgarct}cmc, Bolge Genisletme:

Bizilme ve genlegme iglemlerinden sonra hala bu iglemlerin temizleyemedikleri
nesne Gizerinde zemine ait bogluklar ve zemin tizerinde nesne olmayan kiigik adaaklar
bulunabilir. Bu bélgcler  bolge isaretleme ve bélge genigletme algoritmalart kullamlarak
belirlenip temizlenmektedir, Buna gore MxN gérimtintin boyutlart olsun, ve "zn" isc "0’
veya 17 deferi alarak isarctlencock bélgenin zemine mi, nesneye mi ait oldugunu

belirlesin, Bger A(i) i bolgesindeki hiere sayisinn tutan diziyi gésteriyorsa;
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Sekil 11 Bizilme igleminden gegmis gérinti

.\‘.

Sekil 12 Genlegme igleminden gegirilmis gorunta

Bélge isaretleme algoritmasx

k=1, j=1,i=1.
2) Eger I(k, j)=zn ise
ayi=i+1,
b) (k,j) hiicresini baglangic alarak ve bélge genigletme algoritmasim kullanarak i
bolgesini geniglet.
3) k=k+1 . Eger k<m isc 2 numaralr igleme git.
4y k=1,j=j+ 1. Eger jSn ise 2 numaral igleme git.
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Biilgc gcni§lctmc algoritmas‘l

1) Ik, =1, AG)=1, push(k,j), push(0,0).
2y Eger j<n ve Ik, j+1)y=zn ise
a) 10, it 1)=0, AG)=AG) 1.
by push(k,j+1).
3) Eger k>1 ve I(k-1,j)=zn ise
a) 10 1,)=1, AG)=AG)+1.
by push(k-1,j).
4y Eger 1 ve Ik, j-1)y=zn ise
a) 10,j 1)=i, AG)=AG)+1.
b) push(k,j-1).
5) Eger k<<m ve I(kt+1,j)=zn ise
a) 10k +1,)=i, AG)=AG)+1.
b) push(k+1,j).
6) Pop(k,j). eger (k,j)#(0,0) isc 2 numaraly igleme git.
7y Pop(k,j). Islemi bitir,

Bélge isarctleme iglemi tamamlandiktan sonra, her bélgede bulunan hiicre sayim
belli bir esik seviyesinin altindaysa bolge, bulundugu yere bagh olarak nesne tizerinde isc,
zemine, yok degil zemin tizerinde ise nesneye dahil edilmektedir. Anlatilan iglem biiziilme
ve genlesme iglemlerinden gegirilmis gortntiiye uygulandifinda Sckil 13’ de goriilen

gorinti clde edilir.
53.4 Kenar Bulma:

Bélge isaretleme ve bélge genigletme iglemlerinden sonra gériintiideki nesneler
kapladillar1 alanda tiimiiyle siyaha boyanmis ve giiriiltilerden temizlenmis  olarak
belirlenmis olur. Yapilacak son iglem de nesnelerin kenmarlarimi ortaya gkarmaktir.
Bunun igin goriintiiye ilk olarak agafida verilen kenar bulma algoritmast uygulamr :

Kenar Bulma Algc)ritmam

I'(k,j) gortintisa I(k,j) goriintisinden elde edilen, ve nesnelerin kenarlarmm
£ ,
bulundugu goriintadir. p(k,j) biiziilme ve genlegsme iglemlerinde verilen gorimti hiieresi

fonksiyonudur.

) k=1,j1

2) 1k, ) =1¢k, j)

3) k=k+1 . Liger kSm isc 2 numaraly isleme git.
4) k=1,7=j+1. Eger j<nise 2 numaral igleme git.
5y k=15 1.
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7y k=k+1 . Eger k=im ise 6 numarah igleme git.
8) k=1,j=jt 1. Efer j<n isc 6 numarali igleme git.

Sekil 13 Bélge isaretleme ve bolge genigletme iglemi sonrast goriinta

Kenar bulma algoritmasmin ortaya gkardifn kenarlarm kalinhfin $ekil 13.27 da
goraldiiga gibi bir resim hicresinden fazladir. Bu ise kenar bilgisinin dogru olarak
kodlanmasim engeller. Bu nedenle gorintiiye inceltme algoritmas uygulanarak kenar
bilgisinin Sckil 13.b" de goraldugia gibi bir resim hiicresi kalmhfinda olmas saglamr.  Bu

islemlerin uygulanmasimdan sonra elde edilen gortinti $ekil 14’de gorilmektedir.
54 Model Olu§turmal 1]

Opak sivi ortama konulan bir nesnenin ultrasonik duyag diizenegi ile énceden bir
gorintiisi ahnarak etiketlenerck bilgisayarda bellege alinmaktadir. Model nesnenin en dhg
kenar ¢izgisine, agirhk merkezine, birinci ve ikind momentlerine iligkin bilgilerden

olugmaktadir. Model nesneye iliskin ylizey bilgisini tagmamaktadir, ve o nedenle ikili

Sckil 13.a Sekil 13.b
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Sekil 14 Kenar bulma igleminden sonra clde edilen goriintii

diizey renk bilgisi yeterli olmaktadir. Model bu yapisiyla en az bellek gercksinimine
sahiptir.

5.4.1 Kenar Bilgisinin Kodlanmas:

Ham gortntii iglenmesinden sonra bulunan son goriinti bir resim hicresi
kalinhi@mdaki nesne kenarlarm igermektedir. Kenar koordinatlarimin nesne tamma ve
yerlestirme islemleri igin ardigk olarak kodlanmasi gerekmcektedir. Bu amagla gorintii
taranarak kenar’a ait bir resim hiicresi bulunur. Bu hiiere baglangig olarak kullamlhir ve
zincirleme olarak her hiicreden yanindaki hiicreye gegilerck tekrar baglangie hiicresine
gelinene kadar kenar bilgisi hiicrelerin x ve y ckseni dogrultularindaki satir ve siitun

indeks degeri ile kodlamr,
5.4.2 Ozellik Belivleme

Nesnenin modellenmesinde, tamimaya yonelik olarak kenar noktalarimin merkezi,
momentleri, yerini ve konumunu bulmaya yonelik olarak nesne imzasi olarak adlandirian
ve kemar noktalarmm agirhk  merkezinden kenar noktalarina  olan uzakhklariyla

olugturulan K (i) fonksiyonu kullanilir.

Kenar noktalarinim momentleri Isit. 5 te, x ve y,. kenar noktalarimn afirhk
merkezi Bsit. 67 da, merkezi momentleri Esit. 7°de verildigi gibi hesaplamr. R kenar

noktalarmm satir ve sttun indekslerinden olugan kiimedir.
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My = }:x}%ﬂ ()

(x,y)eR
m m
= 10 y Yo el (6)
Mgo Moo A
M= Y (x—x )y ~ye) Q)
(x,y)eR

Nesnelerin tanmmasinda deferi nesnenin yeri ve konumundan bafimsiz olan ve
nesnenin ikind ve digiinci momentlerinin belli kombinasyonlar ile olugturulan degerler
kullamlir. Bu degerlerden kullanilan dérdii My, My, M3 ve Mg liit. 8 de verilmigtir.

My = lyg + oo
My = (oo = Mo ) + 417,
M3 = (Uzg ~3H12)* + BHy ~ Koz )

My = (U3 + 2 )+ (o + oz )

(8)

Nesnelerin yer ve konumlarmi belirlemede kullamilan, kenar noktalarimin afirhk
merkezinden kenar noktalarina olan uzakliklariyla olusturulan K (i) fonksiyonu Esit. 9 da
verildigi sekilde bulunur. Bu fonksiyon dogal olarak periyodiktir, ve Np periyodu ile
kendisini tekrarlar.

K() = y(x(i)—xe +(y()=yel® . <i<Ng ©)

Sekil 14°teki goriintiide bulunan gitar’a ait kenar fonksiyonu Sckil 157 te

gorilmektedir.
) — .
T 4 TN AT e TN
\ y S \\\ ™ N S \\\ S
. y -
- \\»- //:_ \\ o “')/ ™ ot // \\ e d .
’ N s e e
0 Nk

Sckil 15 Gitar’a ait kenar fonksiyonu
54.3 Modclleme

Modelleme, sisteme yeni bir nesnenin tamtilmas: iglemidir. Nesnenin tamnmasiny
saflamak igin nesnenin yeri ve konumundan bagimsiz yukanda anlatilan ayirdedici
degerler olan M1, My, M3 ve My merkezi moment kombinasyonlary

, mespenin yeri ve
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konumunun saptanabilmesi amaayla ileride tanimlanacak olan agirlik merkezi Xey Yo VO

kenar fonksiyonu K (i) model kiitiiphanesine yeni bir nesne olarak kaydedilmektedir.

Modclleme aym zamanda sistemin ogrenmesinin temelidir. Algilanan nesne eger
bellekteki modellerden hichiri ile bagdagmiyorsa bu durumda sistem operatérden bunun
yeni bir nesne oldugunu ve adlandinlmasim istemektedir. Aym bir ¢ocugun her yeni

gordiigii seyin kendisine tammlanmasini istemesi gibi.
544 Tanmma ve Yerlegtirme

Sisteme  yeni girilen bir géranti ilk olarak yukarida anlatilan yontemlerle
islenerek goriintiide bulunan nesnenin ézelliklerinin bulunmasima uygun hale getirilir,
Jaha sonra goruntlide yer alan nesnenin kenar bilgisinden o nesneye ait afirhk merkezi,
merkezi moment kombinasyonlan ve kenar I onksiyonu tespit edilir.

Tanmma: Tammada nesneye  ait dért moment kombinasyonu,  model
kiitiiphanesinde bulunan modellerin herbirinin moment kombinasyonlart ile kargilagtrilir.
Nesne dért boyutlu uzayda Fuclid uzakhgr kendisine en yakim olan model olarak bulunur.
M, j model i’ ye ait moment degerler M; tamnmasi istenen nesneye ait moment
degerleri, 1) nesnenin model i’ye olan Iudid uzakhi@iy, t nesnenin eslestigi model’i, b
model kiitiiphanesindeki model sayist olsun. Bu durumda nesneye ait model Esit. 10°da
gosterildigi gibi bulunur,

2 2
D; = \ﬁMi,] =My +(Mj 5 ~M, ) +(Mj 3 - Ms)* +(M; 4 —My)
t:j , DJ :min(Di)
<i<h (10)

Anlatilan yontemle tammnan bir gitar goriintisit Sekil 16°da gorilmektedir.

Sekil 16 Nesne ve modelin yerlegimi
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Yerlegtirme: Yerlegtirme igin tanman nesnenin ve modelinin kenar fonksiyonlary
ve agirhk  merkezleri kullanihr, Ancak, bu agirhk merkezi nesnenin diizlemsel
gorintisiniin alana bagh agirhk merkezi degildir. Nesnenin sinir ¢izgisi bigimindeki
gorantisuntn siir gizgisi boyunca toplanan uzunluga bagh afirlik merkezidir. Ornegin,
nesne olarak gitarm périintiisii bir karton pargasi kesilerck de clde ctmek mimkiindir,
ince ve yeterinee yumugak bir tele bigim verilerck de elde ctmek miimkiindir. Her iki
bigim igin agirhk merkezeri farkh olacaktir. Burada ikinci bigimin agirhk merkezi tanim
olarak kullanilmaktadhr. Yerlegtirme iglemi igin ilk olarak model koordinat sisteminden
nesne koordinat sistemine taniml olan doniigiim matrisi Ty, Lsit. 11de verildifi sekilde
bulunur. Burada (XcmsYem) modelin agirhk merkezi, (XerysYen) nesnenin agirhk
merkezi, @ model ve nesne koordinatlars arasdaki agr, O oteleme(kaydirma)-déniigiim

matrisi, ve I} donme-déntisiim matrisidir.

Tipn = O(mxcm>MyCm)D(Z»®)é(ch>nd) (1)

Model ve nesne koordinatlar arasindaki acimin bulunabilmesi amaayla ilk olarak
model ve nesne kenarlarmin bir peryoda karg gelen uzunluklart esitlenmekte, ve sonra
tzerlerindeki noktalar birebir eglenmektedir. Bunun igin nesneye ait kenar fonksiyonu
yatay-cksen boyunca kaydirlmakta, ve her kaydirma noktasinda iki fonksiyon arasmdaki
fark bulunarak bir hata f onksiyonu olugturulmaktadhir. Iata fonksiyonunun en diisitk
degere sahip oldugu nokta iki kenar fonksiyonunun  birebir eslendigi nokta olarak
bulunur.  Sckil  16’da verilen nesne ve model’c  ait fonksiyonlar Sekil 17’ de
gorilmektedir. Bu iglem K, model kenar fonksiyonu, K, nesne kenar fonksiyonu, 11
hata fonksiyonu, k birebir cglesme igin gerekli kaydirma miktarr olarak ahndiginda Egit.
12’de verildigi sckilde olur,

H0y= 2K, )= K, G+ )|
k=j , H(j)=min(H(i),0<i< Ny

(12)

Model ve nesne’ye ait kenarlar birebir eslendikten sonra nesne ve model
arasindaki aq Fsit, 13°de verildigi sekilde tiim kenar noktalarmim ag degerlerinin
ortalamast alinarak bulunur. @, (i) ve O,,30) fonksiyonlart model ve nesneye ait agirhk
merkezlerinden Vinci kenar noktalarina cizilen dofrunun yatay cksenle yapuifn aq
degerlerinden olusur.

@:i »»»»» >N (0,(+k)y-0,0)) (13)

k i
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Sekil 17 ay Modele ait kenar fonksiyonu b) Nesneye ait kenar fonksiyonu ¢) K
birim kaydirilarak modecl ile eslesen kenar fonksiyonu d) T birim kaydirilan nesne-

ye ait kenar fonksiyonu ile modcle ait kenar fonksiyonun farkindan olugan hata
fonksiyonu. i=k igin hata minimum.

Yukaridaki iglemlerden sonra bulunan déntisim matrisinin model’e uygulanmas
ile modeclin koordinat cksen sistemi nesnenin koordinat sistemine cakistimhir. Sonugta

modelin nesneye gére yeri ve yontt belirlenmis olur. Baylclikle, Sekil 18’de goruldigi
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Sekil 18 Llde edilen déntstiim matrisinin modele uygulan-

masiyla nesne Gizerine yerlegtirilen model.

gibi yerlegtirme iglemi tamamlanir. Yerlesimdeki hatanm biyiikliigii nesnenin taninmasin-
daki isabetin de bir élgtstdir.

Cabgmada bu bolim igler baglangigta Hopeficld yontemi olarak bilinen bir
yontemin uygulanmasina yé)rx(zlnlif§tir.[19] Ancak, kenar ¢izgisi boyunca aranan
karakteristiklerin (baskim noktalar arast uzakhklar ve bu noktalar aras dogru pargalarmin
biribiriyle yaptiklari aglar) kesinlik tagmaci@ gorilmig bu yol ile nesne tammanm
kesinlik yiizdesi diigiik bulunarak yéntem terkedilmigtic. Hopefield yonteminin yeniden
cle alinmast ve tammadaki bagar yiizdesinin yikseltilmesi bagka bir ¢ahgma konusu
yapilacaktir. Ancak, bu projenin zamanlama programmm izlemek zorunlulugu nedeniyle
yontem terkedilmigtir.

5.4.5 Tamima Sistemi Uzerindeki Testler ve Sonuglar

Yerlegtirme ve tammada kullanilan yéntemin ctkinliginin sinanmast altr ayn
nesnenin modele dayall tanmmasiyla gergeklestirilmigtir. Bu nesnelerden biri yukarida
anlatilanlarda érnck olarak kullamilan gitardir. Digerleri kiip bigimindeki bir ¢op
kutusunun tepeden bakildigindaki goriimtiisii |, bir eskenar tiggen, bir genig-agl tiggen, bir
clips, ve bir dairedir. Geometrik gekillerdeki kartondan yapilmis yiizey parcalart yerden
10 em yitkseklikte yerlegtirilmiglerdir. Sckil 19 a ve b’de bu alti nesnenin ahnan
ultrasonik goriintilerinden (128x128 boyutunda) gkartilan  smir gizgileriyle belirlenen
bigimleri bu nesneler igin model olarak kabul cdilmistir. Bu yolla olugturulan modeller
Sekil 20 a ve b’de gorilmektedir. Bu modellerin tammak tizere kullanildigy goriintiler ise
daha diigitk bir ¢oziiniirlik dizeyinde (64x64 boyutunda) ahimmig (Srnegin gitar igin Sekil

21 a'daki gériintii), ve gorintiideki nesnenin tanman bigimi ve onun modelle olan calagik-
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(@)

(h)

Sckil 19 Modelleri olugturulan nesnelerin ultrasonik gortintileri (128x128)

hin Sekil 21 bde gorahnektedir. Sekil 21 b’de noktaly higimde gosterilen nesnenin, biitin
civgiyle gisterilen ise modelin snr cizgileriyle belirlenmis bicimleridir. Gergek nesnclerin
daha digiik ¢oztiniirhik diveyinde elde olunan gorimtilerinde daba yitksck ¢oziniirlik

diizeyinde clde edilmis modclin gorimtiisiine gore bilgi kaybr daba yiksek  oldugundan
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Sclal 70 Kulamdan nesnelerin maodclleri




(a) (b}

Sekil 21 (a) Nesnenin poruntisi (64x64), (b) Tamnan nesnenin ve onun
modelinin simir gizgileri, ve konumu (diz ¢izgi nesnenin gercek gortintisine,
digeri modele aittir.)

tanmmanm boylelikle daha giglestirildigi digtintilmiigtir. Buna ragmen sonug yeterince
basaribdir. Sekil 22 a’da ¢6p kovasimn daha da disok ¢oztiniirlik dizeyinde (32x32

boyutunda) clde olummug goruntistinden tammmas oldukga yiksek bir olasihk degeriyle

(a) (h)
Sekil 22 (a) Kap biciminde bir ¢op kovasmim gortntist (32x32), (b) Nesnenin

taninmig bigimi (dii, ¢izgi olan), ve model
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(a) (b)

Sekil 23 (a) Dort ayr geometrik nesnenin goriintiileri, (b) Nesnelerin
tamnmasindan sonraki bigimleri (diiz. ¢izgi olanlar), ve modeller (128x1 28)

olanakli olabilmis ve sonug Sekil 22 b’de géridmektedir. Sckil 23 a’da ise bu kez modclin
ki ile aym gozintrlikte (128x128) ultrasonik gorintileri ahnmiy  dort geometrik
nesnenin tammmasna ve konumlarina iligkin sonug Sckil 23 b’de goridmektedir. Sonuglar

kullanilan yontemin basarisim dogrulamaktadlr.

Bu sinamalarin diginda 6zcllikle digtik gozantrlikte (32x32) ve guriltin cklenmis
bir goriintiiye sahip nesnenin (Sekil 24 a) tammmasinda ve onun model tizerindeki yerlesi-
minin belirlenmesinde sonue Sckil 24 b’deki gibi olmugtur. Yanmi tanmma (biraz. da
nesnenin karakteristik yapisindan dolayr) gergeklesmis olmakla birlikte nesnenin agirhik
merkezinin konumu (6zcllikle yoniin saptanmasi) ¢ok farkly olmugtur. Karakteristik bir
yapist olmayan bagka bigimde ki nesne (Srnegin daire bigimine yakm) igin tammada bir
sorun yasanmasa bile hem agirhk merkezlerinin cakigirlmasinda hemde  yerlesim
yoniiniin bulunmasinda bir sorun yaganabilecegi agktir, Ornejin, izerinde kiigiik bir
yartk aglmg bir silindirin tammmasinda (goruntitye binmig gliriiltii nedeniyle) bu yarik
modeldeki ile aym yonde cakistirilmamy olabileccktir. Ancak, bu onun yinede dogru
tamnmasina cngel degildir. Bu yamlgya gereckte insanda diigebilmektedir. O nedenle,
yontemin kullanilmasinda taminacak nesnelerin bicimleri igin bir kisitlama olmahdir.
Ozellikle simetrik goranti veren nesncler bu gruba ahnmali ve bu cins nesneler i¢in hata

paymn digcrlcrindc rastlanilanlardan yiiksck olacafy kabul edilmelidir.

Hataya yol agabilen bir bagka husus yakin buytklikte olan aym bigimli
nesnelerdir. Birbirine yakin biiytklitkteki nesneler icin momentlerde  yakin olacafindan

yine gliriltiiniin etkisiyle nesnelerin yanhs modellerle eglestivilmeleri olanaklr olabilmek
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(a) (b)

Sekil 24 (a) Bir nesnenin giirilti eklenmis ve digiik ¢ozinarlikte (3 2x32)
gorintisi, (b) Nesnenin tanmma sonrast bicimi, ve model

tedir. Bu agdan da yontemin uygulanmasinda bir kigtlama vardir. Aym bigimdeki iki
nesnenin birbirine kangturibmamas igin aralarndaki ayirdedici biiyiikliik oranimn ne
boyuatta oldugu isc cahsmada saptanmamigtir. Burada clbetteki nesnenin bagka agidan
alinmig goriintiisiintin iligkin modelle olan eglegtirilmesi yoluyla da dogru olam scome
sansimin mevaut oldugu dikkate almmalidir. O nedenle de uygulamada gkan sorun daha az
olacaktir. Benzer cahsmalarda da bu sorunlar vardir, ve tamma oranlam 100 %
diizeylerine g:lkmamaktadlr,l 18,20

6. Uygulama Diizcncgi

Resim  1’de  uygulamanin gergeklegtirildigi — donanim bir bitiin  olarak
gériﬂmek‘(cdir. Resmin ortasmda PUMA 760 bir robot kol ve arka planda da kol son ug
clemam hava basma ile cahstfindan buoun igin basnch hava kaynagn kompresor
goriilmektedir. Resimde ’1” ile gosterilen robot kolun ucuna monte edilmis dizi tzerinde
sekiz cift ultrasonik dénistirtici bulumur. '2” ile gosterilen aluminyum kutu eurocard
standardinda tasarlannmig ultrasonik duyag aha-vericilerine iligkin elektronik devrelerini
barmdirmaktadir. ’3’ numarah par¢a Intel Ev80C196KR  mikrodenetleyia kartidhr.
Resim 2’de robot kol’a bagh sckiz adet wtrasonik duyag ¢iftinin bulundugu yapt daha
yakindan bir gortintising vermektedir. Resim 3 giic kaynagn olarak tasarimlanmiyg kart't.
Resim 4 ise ultrasonik duyaclar igin tasarimlanmig salingag (oscillator) devresini gostermek tedir.
Resim § énceki bolimde anlatilan ve Sckil 67 da goriilen siricd devrelerini gostermektedir.
Resim 6 onyiikseltici devresinin bir goruntiisiidir. Resim 7 ise duyaglardan gelen bilginin

(isarctin) kogullandirildigy devrenin bir goriintising vermek tedir.




-
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Resirm 7 8 ¢t ultrasonik dénustdrices
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Resim 3 Besleme regilatorleri ve kentrol kartina girig gikag devresi

Resim 4 Salingag devresi
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Resim 5 Ultrasonik vericileri suren analog anabtarlar

Resirn 6 Ultvasonik ahaolardan gelen sin/vzx] oirvigi ve On yukselticiler

35
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Resim 7 Sckil 77 de goraden aher devresi

7.5o0nu¢

Proje bir robot kol’un yoringe planlamasinda ve denetiminde kullanmdmak tizere
Y 8O
modele dayalr nesne tanima ve tamman nesnclerm konumlariin saptanmasi igin biv

yontem geligtirme amacina biiytk olgide ulasmistir. Nesne tamimada ana agirhk nesne

2
lere ait kenar fonksiyonlart, bunlarm uzamlugu, ve birmai ve ikina momentlerden olugsan
imzanin modelde tammlananla uyusmasma dayandimlmistic. Tamma nesnenin gorintu
yiizeyi boyunca kaydirilmas ve porintit ylizeyine normal eksen etralinda dondirilmesi
gibidontgtirimler  altmda olanakhdir. Bunun igin nesnelerin ¢fer momentler
eslestivilebiliyorsa, kenar fonkstyonlarimm uzamluklan esitlendikten sonra model ve nesne
kenar fonksiyonlart (periyodik olan yaplarindan da yararlanarak)y kaydimlarak amlan
dontigtiriimlerin ctkileri ortadan kaldiridmaktadir. Burada ortaya akan bir lasitlama
nesnenin bakilan yondeki duzlemsel kesitinin simetrik bir bigimde olmamasimn tercib

cdiliyor olmasidir,

Tiamlegik alplama onceden tanmmlt bir ortamda kendinden devinimli bir hareketli
robotun dinya  koordinatlarinda  yerinin belirlemmesi ve onuniligkin modelindeks
bilgilerin = gergek  zamanda yenilenmesinde basariyla ku“:{inlm@hr‘p&371 Yorunge
boyunca denctim bu caligmada cok sayida ultrasomk duyaglart kullanan tinnlegik algilama
sistemi destekli olarak  strdirthmdgtir. Goranta odde edilmesindeld coztmtrlik
ornckleme yogunluguna dogrudan bagh oldugundan, ve nesne tammada kesinlik daha ¢ok

orncklemeyi ve bilgisayar zamannn gercktirdiginden yorunge boyunca hian arttimlmas
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bir sorun olarak ortaya akmaktadir.[37] Daha etkin yazilimlar geligtirerck, daha hizl
analog/sayisal - déntgtiriiciler yanmda daha  yiiksck  hesaplama yapma yeteneginde
bilgisayarlar kullanmak giderck daha olanakh oldugundan cndiistriyel uygulama agsindan

sonuglar imit vericidir.

Cahymada elde cdilen bilgiler bildiri olarak yaymlanarak rapor cdilmigtir,
[24,27,28] Sonuglar konferanslarda bildiri olarak sunuldugunda daba kisa zamanda
bilimsel yaymn dinyasinda yerini aldigindan dergi yayin bigimi daha sonraya ertelenmistir.

Proje cahgmalarimn bir bagka dolayh sonucu proje grubunun ABIYde Purdue
Universitesi Flektrik Mihendiglifi Boliimiinden iki f)greiim ﬂyesiyl(‘, birlikte NAT( dan
Ortak  Aragtirma Destefii (Collaborative Research Grant) almalar olmugtur. Destck
madenlerde robot kullanimimn kogullarimin aragtinlmasna yonelik bir projedir. Komir
grkarithrken damarin cidara olan simirinda 2 em kalinh@inda maden tabakasinin birakilmas
gerekmektedir. Bu kahnhgm saptanmasinda da projede geligtivilen gorintl olugturma ve
glrilti temizleme teknikleri kullamlmaktadir. Bu kez duyag olarak Ground Penetrating
Radar (GPR) yer almakta ve radar taramas sonucu clde olunan gorintli amag igin
kullamlmaktadir. Ote yandan, bu projedeki ilging bir sonug olarakta bir kepce (backhoe)
robot kol olarak modellenmekte ve sistemin dinamik simulasyonu  yapilmaktadir. Bu
calymanin ilk sonuglar sunulmugtur, 311 Tarafimizdan yapilan aragtirmalara gére yaym
kapsam itibariyle orijinaldir. Yukarida deginilen GPR’da kepge tzerine yerlegtirilecektir,
Uygulama alan madenler yanminda yeralts ingaatlaridir (underground construction).
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EK 1

Proje ODTU Jlektrik ve Elektronik Mithendisligi Bélimii, EEMB tarafindan da
desteklenmigtir, ODTU EEMB nin destegi ayni bir katki olmugtur. Laboratuvar alanlars
ayirmak, 6leii donammi saglamak bilgisayar destegi safilamak, teknisyen tahsis etmek v.b.
tir destekler EEMB’den alimanlarim arasindadir. Bunlarn digmda ODTU Arastirma Fonu
Projeleri destekleme kapsaminda 2300.- ABD Dolan degerinde bazs malzemeyi de baska

projelerle kullanunda paylagmak fizere temin etmigtir.

Proje sonuglart bagka uygulayia kurumlarm kullanimina agmak clbette yararh
olacaktir. Proje grubu béyle bir ¢ahsmada yer alimakta arzuludur. Sonuglar endiistrinin
yaninda, Tirk Silahh Kuvvetlerinin Aragirma ve Geligtirme Birimlerinin de ¢egitli
uygulama projelerine konu edilebilir. Tler iki halde de projede gelistirilen tekniklerin ve
yazihmlarin uygulama ara¢ ve gereglerine adaptasyonu asamasindan gegilmesi gerektigi
belirtilmelidir. Béyle bir uygulama sansinin elde edilmesi darumunda TUBITAK projenin
olusturulmas ve yirttilmesinde yer almah, ve hatta bam ek destekler vererck
uygulamanm  gergeklegtirilmesinde  tim  yiikiin ilgilenen kurulusa mal - edilmemesi
saglanabilir.  Bilindigi tizere iilkemizde iniversite dig  kurdluglarm  aragtirma  ve
gelistirmeye ayirdiklart kaynaklar ¢ogunlukla az oldufundan aragtirma  sonuglarmm
uygulama ganst pek az olmaktadir. Tlgilenen dig kuruluglar icin sistemin bir gérsel tantm
yapilabilir. Zaten bu kapsamda Arcelik Aragprma Bolim bagkam ve beraberindeki
biiylikge bir gruba caliyma sonuglart laboratuvarda tiimiyle gosteribmigtir. Bunun digmda
15.11.1993 tarihinden itibaren 1 hafta siireyle ODTWde TUBITAK MISAG Unitesi
tarafindan gergeklestirilen bir Cahgma Toplantismda sistem tiim katlanlara da ayrica

gosterilmigtir.

Caligma sonuglart boya tankina daldirilan nesnelerin bulunup gikartilmas, bulanik

gomilii  nesnelerin yerinin - saptanarak  gkartilmast  v.b.  uygulamalarda

kullanilabilir.

sualtina
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Abstract — In this paper an object recognition and
localization system based on ultrasonic range imaging to be
used in optically opaque cavironments is introduced. The
system is especially designed for robotics applications.
Ultrasonic  image is acquired by scanning ultrasonic
transducers in two dimensions above the area where objects
are located. The features that are used for recognition and
localization processes are extracted from the outermost
boundaries of the objects present in the input scene.
Experimental results concerning the applications are presented.

INTRODUCTION

The object recognition and localization is an important
problem in robotics applications to endow robots with a
greater degree of intelligence and to interact with its
environment in a flexible manner. Robotics vision systems are
implemented to overcome these problems. In these systems
major source of image input comes from optical sensors as
gray tone or color images from CCD cameras, and the range
images acquired in a varicty of methods such as structured
lighting, stereo vision, or direct range measurements from
laser range finder[1,2,3]. The acoustical imaging which finds
widespread use in biomedical applications, non-destructive
testing and under-water imaging is another common source of
gathering image.

Optical imaging systems arc superior to ultrasonic imaging
systems from the point of view of resolution and data
acquisition time. Furthermore, specular reflection effect of the
sound waves limits the application of the ultrasonic sensing
systems. Mcanwhile, acoustics have the advantage of
obtaining images in optically opaque mediums. In acoustical
imaging an ultrasonic transmilter generates sound waves
propagating away from the sensor. This wave is reflected by
solid objects. Image reconstruction is performed by observing
some properties of the reflected echo signal. These properties
arc the propagation speed of sound waves, and variations in
phase and amplitude of the sound wave in one or two
dimensional space.

A variety of complex imaging systems are found in the
litcrature{4,5]. In this application imaging is based on
ultrasonic pulse-echo distance measurements{6]. The goal of
the imaging is to determine the arca enclosed by the objects. Tt
is assumed that imaging is performed in a known environment,
and objects to be imaged are placed on a flat background. The
acoustical axis of the ultrasonic sensors are aligned
perpendicular to the flat background. In this way objects
exhibiting specular effects are  distinguished from  the
background.

0-7803-1772-6/04/83.00 © 1994 IEEE

ULTRASONIC SCANNING

The ultrasonic imaging presented here is intended for
recognition of objects located in opaque environments, where
optical imaging techniques are not fcasible. Image capturing
is made by ultrasonic scanning of the predefined area in a gnd
like structure. At each cell of the grid a range measurement is
carried out, and this is based on ultrasonic pulse-echo mode of
operation{6]. An ultrasonic transmitter generates a short sound
impulse causing a longitudinal wave to propagate away from
the sensor. This wave is reflected by solid objects and travels
back to the sensor waiting {or the return echo. Upon the
reception of the echo, the time of flight is determined. The
multiplication of this time period by the sound velocity yields
the distance between the sensor and the reflecting object.

Host PC I R5-232 Microcontroller
PUMA
_ Interface
R5-232 Electronics
Robot
Controller Sensor Artay

Figure 1 Block diagram of the system

The system consists of a personnel computer acting as a host

controller, a  microcontroller  performing  the  range
measurements, a PUMA 760 robot arm used in scanning the
area of interest, and the sensor interface circuitry. The sensors
used for distance measurements are the piezoelectric
transducers operating at 40 kHz. In order to lower the
sampling time a sensor array consisting of 8§ piczoelectric
transmitting and receiving transducer pairs is used. The sensor
array is fixed to the end effector of the robot arm. The
acoustical axis of the sensors are aligned perpendicular to the
flat surface where objects are located. The structure of the
system is shown in Fig. [,

L

"
Sensor arvay

Figure 2 Scanning of the work space




Table I Sampling intervals corresponding to 3 imaging size.

M 32 o
S mm

27.5 13.75 6.875

) 128 |

The tmaging size, M, can be set 1o 32, 64, or 128. At cach
size ablthough the same amount of area is scanned, sampling
poimnt intervals, S_ differ in mitlimeters as given in Table 1. To
describe the scanning procedure consider the work space
divided into a 16x16 grid structure as shown in Fig.2,
Scanning of this arca is completed in two passes. In the first
pass, the distance of cach white cell in x  dircction,
corresponding to the ultrasonic recciver in the array, s
measurcd. In the second pass, this time cach black cell
distance is measured. Cells, at which a specular reflection
occur. are marked as no-return-ccho. The scenes obtained by
ultrasonic scanning are shown in Figs.6a, 6b, 7a, 8a, and Ya.

IMAGE PROCESSING

The raw fmage s processed to put it inte 1 suitable form for
sxtraction of features, The goal is 1o obtain the outermost
baundary of the objects present in the scene after smoothing

the object boundaries and climinating noise.

H{x)

Figure 3 Smoothed histogram of a range image with
characteristic points.

For this purpose, firstly the image is thresholded and
converted into binary form, In thresholding the histogram of
the image is used. Smoothed histogram of an image 15 shown
in Fig.3. In the histogram, region A is created by the object
pixels, and therefore they are closer to sensors. The region B
is created by the background pixels. A threshold level, 1.0 s
found between these regions by detecting the characteristic
points, Pg and Pg. using dominant point detection algorithm(7]
which finds out the high curvature points of a curve. The
threshold level, L is found to be the mnddle of the
characteristic points. Pixels having a value less than L are
marked as object pixel, and pixels having a value greater than
L are marked as background pixel. Pixels corresponding to
cells which are marked as no-return-echo are also marked as
object pixel, since the background points are perpendicular to
the acoustical axis of the sensors it is pot expected to observe
specular reflections at those points.

Shrink and swell operators|81, both of order 5. arc apphied to
the thresholded binary tmage. They smooth out rough edges
and remove some of the noise. After application of them sull
some small foreground regions appear at the background
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which do not belong 1o the object, and some cavities as holes
on the object appear inside the object fields. These regrons are
determined by using region growing and region labeling
techniques|8] and then removed from the hinary image.

Finally - by applying the cdge detection technique 1o the
binary image the boundary of the object is obtained. The result
of applying the above techmiques to the image of Figs.6a and
Ob is shown in Figs.6¢ and 6d respectively.

RECOGNITION

In recognition, the objects present on a scene are assumed 1o
be isolated. A model Tibrary is constructed based on the global
features of the objects. These features are then compared with
the features of an unknown object present in the scene. Fach
anknown ohject is recognized by relating it with a4 model
object which has a greatest match value in comparison of the
features,

In recognition, some combinations of sccond-order and third-
order central moments are used. They are invariant under
translation and rotation. As a first step object, boundarics are
coded as  a function  of  path  length  variable |
B(O=Ix(0), ()], which represents a boundary curve as a sct
of successive point coordinates. Then the centroid of the curve
is calculated using  the zeroth-order and  the  first-order
moments of the boundary points as given in (1), where nis the
number of points on the boundary, and (x¢.y.) is the centroid
of the boundary,

n-1i :
mee = Y {OK gy (1.a)
=0
m m
Ke = _m_,}O_ . Ve = Ol (I
00 Moo
Then the central moments at order (k+j) arc calculated as
given in (2),
n-1 ) K B
= Y =<0 = 2 0%y () = v o
=0
Four different central moment combinations are used  as

features of the objects in recognition phase[8]. These moment
combinations arc given in (3):

Py = Myt Hy (1.a)
. 5 ,
0y = (1yg — Hoy) " + 41, (3.b)
2 2
03 = (g = 31p5) " + (31, = 1) (3.0)
2 2
04 = (g +15) 7+ (1) +11g5) (b
Recognttion depends on finding the minimum  Luclidean

distance between the feature values of the unknown object and
the feature values of the models in the hibrary. Since the
feature values are in exponential form their natural logarithims
arc used in calculations. Related cquations are given in (),

where @4()) belong to the object, Om.i(}) belong to model i g




is the number of models in the model library, [ is the
distance between the unknown object and model i, and K is the
index of the model matched to the object.

4 . 2
r, = .Xl(Ln(cpo(j)) - Ln(({)m’i(j))) VIgi€q da)
jx

K = {j‘j = Min(r;),1<i< q} (4.b)

LOCALIZATION

The localization process is to transform model points to the

corresponding points of the recognized object. Tmg is  the
transformation matrix from the model coordinate frame to
object coordinate frame, and can be defined as given in (5),
where  (Xco.Yeo) is the centroid of recognized object,
(xcmnYem) is the centroid of model, 8 is the rotation angle
between the coordinate frames of the model and the object,

Tio = T(Xeor Yeo) R(Z D T(=Xom» ~Yem)
%)

The centroids of the model and the object are calculated from
(1). To find the rotation angle, firstly the matching points of
the model and the object are determined. This matching is
done by finding the corrclation between the boundary
signature functions of the model and the object. The boundary
signature function, r({), can be defined as a one-dimensional
functional representation of the boundary curve. It is
constructed by calculating the distance from the centroid of the
boundary curve to the boundary point at a path length £ as in
(6) where n is the number of point on the boundary.

r(f) = \/(x(f) - xc)2 Ay {f) — yc‘;z O<ti<n~-1)

The signature function is a periodic function repeating itself
at a period of n. The correlation between the signature
functions of the object and the model is calculated as given in
(7). where 1o(€) is the signature function of the object, rm(f)
is the signature function of the model.

Cy =S+ 6) . 0<r<n—1 )
150
v v,
Y 8 X %}(
0 \" Oy
(a) {b)

Figure 4 Orientations of, a) Recognized object b) Model.

. The highest correlation between signature functions is found
at § where C(€) is maximum, Matching points on the
boundaries of the object and the model are found by shifting
the object boundary curve left by §. As an example, consider
orientations of a recognized object and its corresponding

model shown in Fig.4, boundaries are coded starting at the
marked point and in the arrow direction. Corresponding
signature  functions and the correlation  between  these
boundaries are shown in Fig.5.

T (2] tolf]

20 20 “/\Af

p ¢ A 4
(a) (b)
rol£+k) cle)
200]
0 150.M
—¢ = =

() (4)

Figure 5 Signature functions of, a) the model b) the object ¢)
the object after shifting, and d) the correlation function.

After finding the compatible points on the two boundary
curves (referring to Fig.6), the angles formed by the line drawn
from the centroid to the boundaries and the x-axis are
calculated as in (8), where 8,(f) and 64(¢) stand for these
angles formed in the model and in the recognized object ,
respectively.

= ran— Ym0 = Yme .

6,(0) = Tan (me) — (8.2)
_ f+ &)~y

0.(f) = Tan~!f Yol *6) = Yoc (8.b)

° (Xow*é)‘xoc

Finally, the angle 0 is found as the average of the difference
between the corresponding angles of the model and the
recognized object, as given in (9),

n-1|
9:;‘,—p§0(qm(€)~qo<€)) &)

TEST RESULTS

The system has been tested for six different objects. The
scenes related to the objects are obtained by ultrasenic
scanning from which the models are derived are shown in
Fig.6a and 6b. The ultrasonic sensors are locaied 30 cm above
the floor. The boundaries of the model objects, obtained after
processing of images shown in Figs.6a and 6b, are shown in
Figs.6c and 6d, respectively.

Examples for the recognition and the localization of each
object shown in Figs.7a, 8a, and 9a are shown in Figs.7b, 8b,
and 9b, respectively. The continuous curves represent the
object boundaries and the dashed curves represent the model
boundaries. The original position and orientation of the models
are as shown in Figs.6¢ and 6d. The corresponding dimension
of the workspace is 88x88 centimeters.
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Figurc6 a-by Scenes from which object models are extracted,
c-d) Model boundaries after image processing.,

(a) (h)
Figure 7 1) A 64x64 image contatning objectt, by Object,
contimuous curve, and corresponding model.dashed curve.

() (h)
Fipare 8 ) A 32x32 nvage contaning object2, by Object,
continnous curve, and carresponding model dashed curve.
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Figure 9 ) A 1285128 imape containing objects 3.4 50nd 6,
b) Objects, continvous curve, and corresponding
maodels dashed curve.

CONCELUSION

It isx proposed in the study an ebject recogmition and
localization method for robotics applications with ultrasonic
scanning of the workspace. Experimental resubts show that, the
proposcd method is capable of recopmzing and locahizing of
the isolated objects having  dimensions at the order of
centineters and can be characterized by its boundaries,

To recognize and tocalize smaller objects 1t 18 necessary to
increcase the sensor sensitivity both i lateral and  depth
dircctions.

It is also sceming reasonable to recognize and locatize the

overlapping  ohjects by <mnothing|{ 7} the detected  ob
boundarics and using the dominant points characterizing the
houndarics o match the objects and the modelsf9q.
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Abstract — The paper presents an object-oriented
representation of a robot manipulator. The representation
developed here is appropriate to implement a robot simulation
package. The software package is easy to use and gives insight
to the robot kinematics, the dynamics and the control subjects.
‘The robot representation has been tested in resolved motion
rate control and hybrid position/force control applications.

INTRODUCTION

The analysis carried on whole of the joint and Cartesian
coordinate relations, actuator torque, joint positions, velocities
and accelerations involved in robot is called the simulation of
robot. Simulation of the robot has to be performed prior to the
construction of the robot itself. This becomes advantageous
since there is a chance of testing the dynamic behavior of the
robot mechanics at the design phase. The performance testing
of a new control algorithm can also be carried out before it is
actually applied to the robot. As a result, simulation of robots
allows researchers, designers and users to construct robots and
task environments at a considerably low cost and time of real
systems. Simulation packages are therefore important tools in
robotics researches. There are many commercially available
robot simulation packages in the market. These commercial
packages are useful for research purposes. But, if the aim is to
use the package also as a teaching aid, they are too complex to
use.

In order to implement a simulation package that may be
useful both in research and in teaching, object oriented
methods might be used in design and implementation of these
packages. Object-oriented methods are used in real-time
position control of robot manipulators {1]. However, usage of
the object-oriented methods in robot simulation is a new
approach.  Abstraction, encapsulation, modularity  and
hierarchy tools of object-oriented programming are used in
this design and implementation of the robot simulation
package (2,3]. The aim in using object-oriented programming
methods in robot simulation is to give insight to the user into
the robot kinematics, the dynamics and the control. The aim is
achieved in the study by representing basic blocks of robot as
objects and defining the necessary relations between these
blocks. The paper also includes application of two
conventional control algorithms namely resolved motion rate
control and hybrid force/position control method to a two
degrees of freedom planar robot arm [4,5,6].

OBJECT-ORIENTED
MANIPULATOR REPRESENTATION

The object-oriented manipulator model developed here
consists of six classes: inverse kinematics, kinematics,

0-7803-1772-6/94/$3.00 © 1994 IEEE

controller, Runge-Kutta representation, manipulator dynamics
and robot manipulator {7].

The Kinematics Class -

The first class is chosen as the kinematics of the robot
manipulator. It is possible to choose each link as a class, and
the kinematics class may be derived as a collection of link
classes, but it is avoided here. The motivation behind this is
that link classes are quite small building blocks for robots.
Furthermore this exira abstraction does not bring any
amelioration. Kinematics of a robot can easily be defined
based on all joint parameters. The kinematics class can
represent any number of spatial links connected to the
succeeding and preceding ones over sliding and/or revolute
joints. The restriction in the joint type is not importani for the
generality of the simulation package, because all industrial
robots use these two types of joints. The kinematics class
encapsulates the following information related to the
kinematics.

Number of joint : The number of joints needs to be specified
in almost all operations in kinematics .

Joint variable vector : This vector determines the kinematics
output, joint angles.

Joint parameters : All kinematics operations require the
values of joint parameters. They are "a" the link length, “O."
the twist angle, "d" the link offset and "6 " the link angle. A
fifth parameter is added to the parameter set in order to show
the type of the joint, "0" for revolute, "1" for prismatic..

T, : The homogenous matrix T, shows the position and the
orientation of the end effector. It is a crucial element of the
class for path planning and control applications.

Jacobian matrix : The matrix gives the Cartesian velocities of
the end-effector in base coordinate system as function of the
joint velocities. The standard form of the Jacobian matrix is
six by degree of freedom in dimension. But if the degree of
freedom is different than six, this form of the matrix can not
be use directly either in control or in inverse kinematics
solution of the robot. To have a more useful Jacobian matrix
for robots having less than six joints, the standard form is
reduced in dimension. In reduction of Cartesian coordinate
variables the kinematics structure and the requirement of
control algorithm is considered.

The functions computing T, matnix, Jacobian matrix and
auxiliary functions computing -14, the joint wansformation

matrix between link { and i-/ and T, the homogenous

transformation of k' are also encapsulated within the
kinematics class.
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The Inverse Kinematics Class

The inverse kinematics class is derived from the kinematics
class by inheritance. It has all aurbutes of the kinematics
class, and furthermore it encapsulates the desired point, the
present point, and the error vector. The class also encapsulates
necessary functions to form these vectors and solve the inverse
kinematics problem numerically. The numerical solution of the
inverse kinematics is done using the following procedure:

1. Calculate the actual Cartesian coordinates from the actual
joint variables,

2. Form the Cartesian coordinate error,

3. Generate the joint angle change from Ag = J 'Ax.

4. Update the actual joint variables as g = g+ Aq

5. If Jaq]| < error _range . then g is the solution of the

inverse kinematics, else go to step 1.

In the convergence of the inverse kinematics solution the
position information does not introduce any problem since it
has a unique definition. But the orientation information does
introduce some problem caused by a multiplicity of
definitions. The Jacobian matrix giving velocities of the end
effector at the base coordinate system is used to solve the
inverse kinematics. The orientation defined in terms of
rotations about x, y and z axes (roll, pitch and yaw) must
therefore be used in order to be consistent with the Jacobian
definition. For example, if the desired point is defined in Euler
angles representation, inverse kinematics solution does not
converge with above procedure because of the inconsistency
with the Jacobian matrix.

The Runge-Kutta Representation Class

The robot simulation depends on the solution of the
differential equation of motion. The solution to this
differential equation is found by a Runge-Kutta 4™ order
numerical integration method. The method solves the first-
order differential equation system given as;

G ooy 1).
dt 1.0 M
The class encapsulates the initial, final, and current times,
the number of states and the state vector data. The functions
that change the integration step and perform integration are
also members of the class. The class has a virtual function,
named derivative, to represent (1). Any other class derived
from Runge-Kutta representation must redefine the derivative
function to use the class. The class is not particularly designed
for the robot dynamics. It can also be used without an extra
effort for electrical circuit simulation, or for the solution of
any nonlinear time varying differential equation.

Controller Class

As part of the robot dynamics a PID (proportional integral
derivative) controller array, whose size is equal to the degree
of freedom of the robot is created. The PID class simulates the
transfer function

-
G(s):Kr+Ts+'I}s )

and can be used for any PID simulation. The class
encapsulates the present error, the old error, the integral of the
error vector, the integration-time step, the size of the controller
array, and the K, T,and T, parameter vectors. The functions
that set PID parameters, and error vectors, and compute PID
outputs are also members of the controller class. Although, the
controller class simulates PID controller as a default, the class
can be changed to simulate rule-based or artificial neural
network controllers {7].

The Manipulator Dynamics Class
The manipulator dynamics class is defined by the aggregation
of Runge-Kutta and controller classes.
1=M(q)q+V(q.9)+8(9) 3)
Manipulator dynamics can be written as in equation (3) where
M(q) is the inertia matrix, V(q,q) is made of the Coriolis,

centrifugal and frictional force vectors ,g(q) is the
gravitational loading vector and T is the actuator torque
vector.

The manipulator dynamics class encapsulates all component of
equation (3) and inverse of inertia matrix.

) y _
{Z]: M7 (1-V(q.9)~g(9)) @

q
These data are used in (4) to redefine virtual derivative
function of Runge-Kutta class.

The Robot Manipulator Class

The manipulator class is defined as a collection of the
manipulator dynamics and the inverse kinematics classes. The
manipulator class does not encapsulate any information, but
aggregate two classes using the relations belonging to the same
robot.

The class hierarchy of the overall simulation package is
shown Fig 1. Different levels of abstractions of the
representation serve for efficient use of the simulation package
by users at different levels of expert knowledge. As the
information of user increases in the robotics field, the level
user faces at with simulation package increases giving rise to
flexibility at the use of the package. But if the user has litle
amount of information on robotics field, the package can be
entered at level 0 in which the flexibility and possibility of
misuse are restricted. As a result, different levels of
abstraction concept is an information impedance matching
between the user and the robotics field for maximum
efficiency. The directional information flow is given in Fig 2.

Level O Robot Manipulator
N : Manipulator
Inverse Kinematics
Level 1 / Dynamics
Runge-Kutia
Level 2 Kinematics Controlter Representation

Figure 1 Class hierarchy of the simulation package
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Ackastor Torques
Figure 2 Information flow diagram of the simulation package

APPLICATIONS

The designed simulation package has been tested by
simulation of a two degrees of freedom robot shown in Fig 3.
The equation of motion of robot is taken from [6f. The
resolved motion rate control and the hybrid position/force
control algorithm is applied to the robot manipulator {7].

a,=0.2032m
a,=0.1524 m

Figure 3 The two degree of freedom manipulator

Resolved Motion Rate Control Application
The resolved motion rate control is a Cartesian space
position control algorithm that is applicable to tasks defined in
Cartesian space. In the algorithm actual joint positions, ¢ , are
measured, and the forward kinematics is used to compute
actual Cartesian space coordinates, Xx,;. The difference

between the actual and the desired Cartesian coordinates, x,,
are compuled as an error vector. The error vector is multiplied
with the inverse Jacobian matrix to find joint space corrective
rates, ¢,. The PID controller computes the necessary torque,
T, that must be applied to the actuator of the robot in order to
reduce the error x,. The block diagram of the method is
shown in Fig 4

Forward
Kinematics

e

s

‘> By PID
L J
Controlier
Xe qe

Figure 4 Block diagram of resolved motion acceleration
control

Robet q

< Arm

The aim of the control is to move the end effector of the
robot from an initial point (0.02,0.22) to a final point
(0.05,0.27) on a linear path in Cartesian space in 4 secs. and

then keep the end effector at the final

point. The desired
trajectory is shown at Fig 5. '

& . y r‘—-— _____ N
o [ S——
o1
(813
a1
0 et ean e anan e e amnrmmanme e taan = w -
o dmorreemeeeeeeee-
o 1 1 1 )

tima{sec)
Figure 5 Desired trajectory of the end effector of the robot
moving between two points in Cartesian coordinates

The initial state of the end effector of the robot is different
from that of desired point. This intentional error is introduced
for testing the performance of the algorithm at a step starting
error. The PID parameters of the system are set using open-
loop step-response of the manipulator to make the system
stable, to reduce the steady state error to zero within
reasonable phase and gain margins. The energy and the torque
limits are not considered in setting of the parameters. But, the
trajectory given in Fig 5 has a low velocity, so the torque
limits are not important. The initial error is corrected in 0.5
sccasshowninFigGand?forermrsmthcxandy
coordinates, respectively. The robot follows the desired path
with almost zero error, where error is in the order of 102 m.
The change in the derivative of the path at 4th sec., does not
introduce any error in the position of end effector. Since the
errors in tracking the desired trajectory are low, it can be

stated that the control method exhibits a high performance.
04006En~or(m)
0.004

0.002

.

] "
o001V 1 a5

Time (sec)

4.48

Figure 6 The time variation of the error in the x coordinate

Error(m)
0.0002 Bt
0.0001
0 l N o
1 35 4.28
-0.0001
-0.0002 time(sec)

Figure 7 The time variation of the error in the y coordinate

Hybrid Position/ Force Control Application

The position control of manipulators is suitable for tasks
defined in free space. When there are obstacles, the use of
position control algorithms becomes risky. The control may
undesirable carry the robot arm to positions that may already
be occupied by objects present around the arm. This action
may result in possible damages to the objects as well as to the
robot itself. The hybrid position/force control is an example of
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such modified control approach in which the position of the
end-effector and force exerted by it to any obstacle met in due
course of its motion are controlled simultaneously. To this
end, the Cartesian space is subdivided into two; the position
controlled coordinates, and the force controlled coordinates
{4]. Since the position and the force control loops are
considered disjoint, the output torques of the two loops are
additive and the resultant torque is applied to the robot. The
block diagram of the algorithm is given in Figure 8.

Figure 8 Hybrid position/force control algorithm

The task is to move the robot arm in the positive y direction
from y=0.23 m to y=0.28 m in 4 secs., and remove some
material from the wall by applying a force of 0.5 N in the
positive x direction and keep robot at that position while
applying the force. The stiffness of the wall is taken as 100
N/m.

Wall

Figure 9 The two degree of manipulator constraint against a
1

£

w

The force in the y direction is zero, since the aim is to
control position in the y direction, The force applied to the
wall in the x direction is kept at 0.5 N. The robot is just
touching the wall without applying any force causing an
intentional large force error at initial time. But, this force error
is decreases to zero in 0.3 seconds The error in the force
applied in the x direction is shown in Fig 10. The position
error in y coordinate is also reduced to zero at the same time.
Position error in the y direction is given in Fig 11. The change
in path occurring at 4th second does not introduce any €rrors

oD
04 1
0.2
o ¥ —s
3.5 .
02 ’I‘imele(sec) *

Figure 10 Error in the force in the x direction

Error(m)
0.0005 L
0 oA+ +
-0.0005 1 85 4.38
Time{sec)
-0.001

Figure 11 Error in the y position

CONCLUSION

The primary aim of the work is to design a robot simulation
package that is both a research and a teaching tool. An object-
oriented representation of a robot manipulator is developed for
this purpose. Abstraction, encapsulation, modularity and
hierarchy tools of the object-oriented design are used to
establish different levels of abstraction for users of different
information levels. The designed package is used in different
research projects successfully at METU Rolab by different
users whose information level differs extensively.

The application of the resolved motion rate and hybrid
position/force control methods to a two-degrees of freedom
manipulator proves the correctness and reliability of the
package and also constitute a starting base for other users .

REFERENCES

[1] Wang, Yulun, " The 3DP Real-Time Motion Control
Computer”, Expert System and Robotics, NATO ASI
Proceedings, 1991

{2] G. Booch, Object-Oniented Design with Applications,
Benjamin/Cummings, (1991)

[3] P. Coad, E. Yourdon, Object-Oriented Design, Yourdon
press, (1991)

{4] D.E Whitney, "The Mathematics of Coordinated Control
of Prosthetic Arms and Manipulators”, ASME Journal of
Dynamic Systems, Measurement, and Control, 94, 303,
(1972)

{5] M.H. Raibert,J J. Craig, " Hybrid Position/Force Control
of Manipulators”, ASME Journal of Dynamic Systems,
Measurement, and Control, 102, 126, (1981)

{6} C.Y. Kuo, S.P.T. Wang, "Robust Position Control of
Robotic Manipulator in Cartesian Coordinates”, IEEE
Trans. Robotics and Automation, RA-7, (5), 653, (1991)

[7] H. Zontul, "Object-Oriented Robot Simulation”, Middle
Fast Technical University, ANKARA, M.S. thesis,
January 1994

366




MOBILE ROBOT SELF-LOCALIZATION BY ESTABLISHING 2D

ABSOLUTE ORIENTATION WITH ULTRASONIC SENSORS

Levent Yeniimez
H.Harp Okulu
Ogretim Baskanligi
Yesilyurt, Istanbul 34807,
Turkey

Aydin Ersak
Electrical and Electronics Engineering Department
Middie East Technical University
Ankara, 06531,
Turkey

ABSTRACT

This paper presents a method for the self localization of a
mobile robot on its due course of motion in a predefined
:nvironment. The range data is obtained by ultrasonic range
finders. The localization of the mobile robot in Cartesian
iomain is determined in terms of N many 2D observations
zxercise on the environment that involves K many objects
whose positions are known to us. The algorithm developed in
the study relies on the use of 2D absolute orientation technique
which matches all N observations with those corresponding N
coordinate vectors defined in the model. The matching process
between the observation vectors and model coordinate vectors
requires rotations and translations to be carried out. This is used
for the correction of the robot position by the amount of these
ransformations, thus giving a means to the robot for self-
localization. The implementation uses a mobile robot equipped
with an ultrasonic ring consisting of sixteen static sonic
transducers uniformly spaced around the ring.

l. INTRODUCTION

This study considers the problem of enabling a mobile robot
to determine its actual position and orientation inside any
working environment in a way that is independent of
assumptions about previous movement. This procedure can be
called as absolute localization. The self localization is
sstablished by the direct determination of the mobile robot
orientation which is deduced from the estimated positions of the
objects in the predefined environment. Measurements for the
determination of the orientation are taken relative to stationary
objects present in the working environment.

Due to the slipping of the wheels the mobile robot eventually
loses tracking of its position which accumulates in due course of

its motion. Hence, there is a need of periodically, if not
continuously, updating of the absolute position and orientation
of the robot to ensure the safe and reliable navigation.

Previous attempts to solve this problem proposed that
modifications to the environment, such as triangulation from
infrared beacons were required.[3’4'5]. This is not, however,
possible in majority of the applications. It is, therefore, desirable
to solve the problem without modifying the environment. On the
otherhand, the most of the mobile robot navigation schemes
developed so far lack any provision for periodically localizing
the robot such as [6].

In the approach presented in this paper assumes that the
environment includes only static objects. Besides that a model
of the environment is available beforehand so that a list of
segments indicating the locations of objects and walls are
known.

The mobile robot considered here is equipped with an on-
board microcomputer and an ultrasonic ring which consists of an
array of sixteen ultrasonic echo-ranging sensors to obtain a 360-
degree sweep horizontally. Each sensor is composed of an
electrostatic transmitter and receiver and a circuitry for
determining the distance between the transceiver and any object
within the detection range.

The localization of the mobile robot is determined from the
data of N (equals 16 in the system) 2D observations, 01,...,0 of
the environment which involves K objects whose positions are
known to us. The study relying on the use of 2D absolute
orientation technique maitches all N observations, with those of
the N corresponding coordinate vectors, my,...,my defined in
the model. The matching process between the observation




vectors and the model coordinate vectors requires rotations and
ranslations to be carried out. This is used for the correction of
he robot position by the amount of these transformations, thus
jiving a means to the robot for self-localization. The
ransformations R and T ( R for rotation, T for translation )
‘equired for matching are closely estimated by

[m. ]=[Rlo;]+[T] i=1,..N M

Jbservations also suffer from errors, which are minimized in
he study by using minimization techniques. R and T can be
letermined by minimizing the sum of the residual errors.

I. LOCALIZATION PROCESS

This paper introduces an approach to the object localization
vased on the exploitation of simple geometric constraints
xetween sensed data and model based on the study [1,2]. This
ipproach uses sonar segments which are straight segments
:xtracted from the ultrasonic horizontal ring readings as the
rimary observed inputs, 01,..,05 to the algorithm. The
ocalization process is considered to be a two-dimensional
natching ( including rotation ) between ultrasonic readings and
he objects outline. It is desired to determine the geometrical
elationship between the robot and the environment. The
xosition and orientation of the robot relative to the sonar
ceadings are always known, so if the possible position and
rientation is determined for the sonar readings relative to the
sbjects outline, then it is possible to find the position and the
rientation of the robot in the predefined environment .

The aim in the localization process is to find possible
natches in the sonar readings and the objects outline. It
sroceeds in the following four steps:

A) Extracting straight line segments from the sonar readings:
straight segments extracted from a sonar trace are called sonar
'egments. An example of some sonar segments is shown in
“ig.2 for the environment shown in Fig.1. The matching process
s based on the determination of the sonar segments as a first
itep. These sonar segments are usually the sectionized sonar
mages of objects.

[

Fig.1 The top view of the laboratory environment with its
obstacles.

P

B) Performing two-dimensional matching: A set of sonar
segments are input to the algorithm and it in return produces a
list of sonar segment and object pairings. Each sonar segment
implies a particular robot position and orientation.

C) Admissible sonar segment test: The robot position and
orientation implied by a sonar segment and object pairing may
represent a geometrically feasible alignment of the sonar
segments alone, but not of the entire sonar contour. In
particular, each possible robot position and orientation found by
the correlation algorithm must also pass the admissible sonar
segment test. This test must not imply that any sonar ray
penctrates a known solid object.

D) Maximum-sonar segment test: If multiple admissible
sonar segment persist after all of the above steps, it is chosen as
the one that places the greatest amount of the sonar contour in
contact with the objects in minimum error.

)

Fig.2. A sonar contour for the laboratory environment shown
in Fig.1, and sonar straight segments extracted from it.

Fig.3 shows the result of the application of the localization
algorithm into the case shown in Fig.2.

ILRANGING SYSTEM

A) The sensor: The sensor devices being used are Nippon
Elec. ultrasonic range transducers. These sensors have a useful
measuring range of 0.2-3.0 m. The main lobe of the sensitivity
function is contained within an angle of 30°. Experimental
results showed that the range accuracy of the sensors is in the
order of *2cm. A sensor interface circuitry designed to send
and receive ultrasonic sound pulses catches always the first
returning echo. The range data related to an object is considered
to be on the conic axes even if it is located off the axes.

Fig.3 The resulting localization of the robot produced by the
application of the algorithm.




B) The Horizontal Ultrasonic Sensor Array: The sensor array
:onsists of 16 ultrasonic transducers, located around a ring
slaced 50 cm above the ground. They are spaced 22.5° apart. A
1800 processor selects and fires the sensors. It also measures the
eturn time of the sonic pulse echos and converts the time value
n to a corresponding range value. Over a serial link, this
nformation is transferred to a 486 DX 66 personal computer,
vhich runs for higher level 2D localization and navigation
unctions.

C) The Robot: It has been conducted several experiments on
he mobile robot furnished with the horizontal ultrasonic sensor
wray.

D) The Rangefinding Errors: An essential drawback of using
iltrasonic sensors is the uncertainity in the information they
:arry. These may be briefed as;

oThe detection sensitivity of the sensor varies with the angle
of the reflecting echo path from the object to the main beam
1xis.

eSonar beams can suffer from multiple reflections or
;pecular reflections away from the sensor, giving false distance
eadings.

eUltrasonic noise from external sources or stray reflections
tom neighboring sensors causes frequent misreadings.
Misreadings cannot always be filtered out, and they cause the
dgorithm to falsely detected the sonar segments.

ePreprocessing the Sonar Data: Easily detectable incorrect
eadings are removed by preprocessing of the incoming data. So
he data below the lower range threshold R, which is usually
lue to faulty sensors, or above the useful range R, of the
levice are rejected, as well as averaging multiple readings taken
rom the same sensor at the same robot position.

V. 2D ABSOLUTE ORIENTATION

A) The Method: In this part, a method for the self
ocalization of a mobile robot on its due course of motion in a
sredefined environment is presented. Observations are obtained
vom sonic rangefinders. These 2D observations of the
:nvironment are denoted as oy,...,oN which involves K objects
vhose positions are known to us. The algorithm developed due
o this method produces all admissible sonar segments and
natches all observations of this segments, 0y,...,0p with the
sorresponding coordinate vectors, my,...,my. Model vectors are
:xtracted from the outline of the objects defined in the model
lue to the predefined robot position and orientation. The
natching process between the observation vectors of the sonic
egments and extracted model coordinate vectors requires
otation and translations to be carried out. This is used for the
sorrection of the robot position by the amount of these
ransformations, thus giving a means to the robot for self-

localization. The transformations R and T (R for rotation, T for
translation) required for matching are closely estimated by (1).
Observations also suffer from errors, which are minimized in
the study by using minimization techniques. R and T can be
determined by minimizing the sum of the residual errors € :

2 N 2
€ = Emi~(R*oi+T)l )

i=1

which when expanded yields;

T T
, N (mi—T) (mi—T)~(mi—T) *R*oi—
€ = % (3)
i=1 O;F*RT*(mi~T)+o;r*RT*R*oi
Since R is a rotation matrix, it is orthonormal, that means

rTorT Also, since (m; -T)T *R *o0; is a scalar, it is equal

to its transpose. Hence

N
€2= Z[(ml —T)T(ml ——T)—2*(mi —'T)T*R*Oi'{"O;r *Oi} (4)
=1
Differentiating 62 with respect to the components of the
translation T and setting the partial derivative to 0, we obtain

N
0= 3[2%(m; ~T)+2*R*o;]
i=1

Letting
1 N
[6]=— Xlo;]
Ni=1
and
1 N
[ml=—% m; 1,
Ni=1

(1) turns out to be
[m]=[R]J[o}+[T]. %)

Substituting m-R.o for T in (2) the residual error comes out

as:)

N |im; @ -R*5) T *[m; ~(-R*T))-
€ = 3
1=1 2*[mi—(’rﬁ*R*G)]T*R*oiwLo;r*o

1




N [(my =) T *(m; — )~ 2%(m, =) *R*(0; ~0)+
z (6)

=1 (o5 -7 *(0; -0)

he counterclockwise rotation angle 8 is related to the rotation
atrix R by;

Cosq -Sing
R= . (7
Sing  Cosq

onsidering o;, m;, 6 and m which are expressed explicitly

5

Oxi My
0; = . my = (8)
Oy My
Oy my
o=|_ |,m=|_ |, 9
Oy My

1en the second term in (6) can be rewritten as;

T — — -
m; - M) *R*(oi -0)= (mxi —Tmy )*Cos8*(o,; —oy )+

(m y; =g ) *(-Sind) * (0; ~ Ty )+

(m 5 Ty )*Sing* (0; ~ 0y )+
(myi —ﬁy)*Cose*(oyi »5},)

etting the derivative of 62 with respect to 8 to zero in (6)
ields (10). Let on the otherhand,

[(my; -, )*(-Sing)*(0,; ~0, )+ 7

N | My —T)* (-Cosa)*(oy; =Ty )+

0=-2*%7%

i=1 | (Myi

yi

-'ﬁiy)*Cosq*(oXi -'6x)+

(myi —ﬁy)*(—Sinq)*(oyi _Ey)

10)

N
A= F[(my; =Ty )*(0y —Ex)+(myi ”ﬁy)*(oyi —-Gy) (an
i=1

N

B= Y[(m,; —Ty)*(0y; ~By)~(my; ~My) *©y; ~0x)] (12)
i=1

Then (10) can be written in a compact-form as;

0= ASin 6 +BCos 6 (13)
where

Cos@:~A/VA2+B2 andSin9=B/vA2+B2 (14)
C()S@:A/\/A2+B2 andSinO:—B[‘JA2+B2 (15)

The correct value for 8 will, in general, be unique and will be

or

the one that minimizes EZ. Thus the better of the two choices
can always be easily determined by simply substituting each

value of 8 into the original expression for 62 ,[2]

The actual position of the robot can be found by using
crossing lines as explained in IV-C.

B) Model Of Ultrasonics : The sensors of the horizontal ring
are to sense a line segment on the obstacle nearby which must
have a minimum two observed points 0y,...,0. Note that these
points will be obtained with respect to robot’s own position. Due
to this robot position estimated points on the obstacle nearby are
obtained as my,....,my in the model of the environment defined
in the world coordinates. Observations 01,...,0 of the scanned
line segment should be different than corresponding points
my,...,my in the model if the robot is out of its course during
navigation. If there is an error in its location then using (9)-(15),
S, T, A, B, 6 are calculated to find out the actual orientation of
the robot resulting from the rotation matrix R.

C) Example : With reference to Fig. 4, the robot at the point
P(c-1) is to be sent to the point P’(¢). The position and
orientation of the mobile robot during the navigation at step 'c’ is

denoted by the point vector P'(c) = [x(e), y'(©), 6'(0)]T which
is expressed in Cartesian coordinates, and a heading defined
with respect to a global coordinate frame. The robot is supposed
to be at the point P’(¢c) but we know that it will lose its position
and orientation due to the slipping at the wheels. Therefore, the
actual robot position and orientation which are denoted by the

point vector P(c) = [x(c), y(c), 6(0)}T, must be found to prevent
cumulative localization errors. One of the edges of the obstacle-
1 and obstacle-2 can be displayed with reference to a prior

location estimate with model vectors myj,myp,my3 and

.
|

.

e



Mgy ,M9y, Mg respectively. However, the data obtained in the

panoramic scan of the environment using ultrasonic horizontal
ring at the actual point P(c) give the coordinates as the

observations 011, 012+ 013 and 091: 099, 093 for obstacle-1

and obstacle-2, respectively. Note that M model vectors are

defined in the world coordinates. Although, O observation
vectors are obtained with respect to the robot's own position.

The first step in the process is to use 2D absolute orientation
method in order to match M and O vectors which give us the
actual robot orientation 6{C). The second step is to seek for the
actual robot position coordinates x(c) and y(c). In the algorithm,
minimum ultrasonic edge observations of each obstacle are used
as normal (shortest) distances of robot to the related obstacles.
In Fig.4, these distances are named as dyand d; for obstacle-1
and obstacle-2, respectively. After that, two line crossings at the
robot position are represented as Ly and L, which are parallel to
the observed edges of the obstacles. Using some simple
trigonometric calculations, this crossing point can be presented
as robot's position coordinates x(c) and y(c).

The system has a 2D global representation of the environments
consisting of a list of line segments of the static obstacles.
Figure 4 illustrates that it is sufficient to use one captured edge
to obtain the actual robot orientation. From the figure the
predicted model vectors and the observation vectors generated
using ultrasounds for obstacle-1 are given as

YA Plc-1) \
N S - X

y'(e)
ye} I

Posi n N\
' Q\ ‘L1
: \ L2 -
~
x'(c) x(c)

Fig.4. Ultrasonic scan displayed with reference to the a priori

location estimate at P’(c).

35 39 45
myy = , M1y = , Myq =
11 13 12 30 13 25
0 5 11
0g1=| |,019 =] |,012 = .
11 9 12 9 13 9

respectively. Using (9)-(15), 0, m, A, B and 8 are found as;

39.7 5.3
m= 5= , A=55.33, B=44.33, 8=-39°.

The results presented here are taken from the an experiment
where the vehicle's estimated orientation is about 0°. However,
measurements showed that the actual orientation is
approximately -39°. In the second step, the sonar range readings
generated to the nearest obstacles 1 and 2 are obtained as dy =
10 and dy = 19, respectively to determine the actual position of
the robot. First of all, the line equations of the captured edges
should be calculated to provide a prediction of the parallel lines
(Ljand Lj) crossing at the actual robot position P(c). The
coordinates of acquired edges for obstacle-1 and obstacle-2 are
given as

(54 [29]
obsy1 = , obsyn =
11 17 12 137]
157 227
obs 5y = , ObS sy = ,
21 29| 22 2]

respectively. Using the trigonometric functions with the above
data, the line equations for Lland LZ are found as;

Yii = (—08).XL1 +47.39
and

Y12 = (-3.86)exy 5 +159.54,

respectively. The crossing point of these two equations are
calculated easily to provide the actual robot position that is
found as

x(c) 36.65
TR = = .
y(c) 18.07
V. EXPERIMENTAL RESULTS

The algorithm described in this paper has been run on real
sonar data. The following part describes some of the results
from the experiments carried out.

A. The Experimental Set-Up

Fig.5 shows the original scan of the known environment
shown in Fig.1 with reference to a prior location estimate. The
edges of the objects taking place within the room are determined
by the ultrasonic range readings. The edges in the captured
image do not fit with those on the real object indicating a
localization error.




x(c) ¥(c) s(c) -

Py 33 30 o

Fig.5 Original scan displayed with reference to the a prior
location estimate

Fig.6 shows the same scene for a new orientation of the
robot in order to demonstrate the use of 2-D absolute orientation
method. The extracted edges are parallel to the captured edge of
the objects within the scene, but they still do not fit to those of
the object’s own. The orientation of the robot is, therefore,
corrected accordingly. Note that even in that case there is

Pty 38 20 iy
Plc) - - -5°

Fig.6 Original scan displayed with reference to the updated
orientation

positional error in robot's location. The use of the information
obtained from the parallel crossing lines of the captured edges in
the image the actual position of the robot can be found and the
localization errors can thus be minimized as shown in Fig.7.

VI. CONCLUSIONS

The localization system developed in the study using 2D
absolute orientation method and the crossing line method based
on a variety of sonic range observations gives satisfactory
location estimates for the vehicle position. The application of
the method has been made for indoor case where a predefined
:nvironment can be easily structured, but the outdoor
application needs some further study on the problem.

Fig.7 Result of appliying the crossing line method to update
the actual position.

There is a limitation in the application of the method. In
determining the orientation of the robot capturing one edge of
the object may be sufficient, but determination of the robot's
actual position needs at least two edges of the object be captured
at a time. The latter condition may not be applicable to every
part of the environment to observe two edges at a time.
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Abstract — The automation of the land excavation
machines can find applications in the excavation of soil
in both terrestrial and planetary mining and construction.
The automation requires planning at different levels such
as task and trajectory pre-planning, and the automatic
execution of these pre-planned tasks. In the execution of
the pre-planned digging trajectories, the unexpected soil
properties along the trajectory rises problems such as ex-
cessive ram-forces that may harm the machine, or cannot
be applied because of the power limitations.

The cognitive force control for the automation of the
land excavation is developed to include the dynamics of
the excavator arm. The control of the ram forces of the
arm is proposed by regulating the digging depth and the
trajectory speed.

The developed control system is able to track the pre—
planned digging trajectories, and if the ram-forces be-
comes excessive then the trajectory is modified in time
and path to control the ram-forces.

INTRODUCTION

The excavation of soil for mining and construction pur-
poses are high volume repetitive operations. The auto-
matic tracking of the digging trajectory is an important
step of this automation. A backhoe excavator is made of
three main units: (i) a mounting or travel unit which may
be a crawler with heavy-duty chassis, or a heavy framed
rubber-tired chassis; (ii) a revolving unit or superstructure
which carries engine, transmission, and operating machin-
ery; {iii) an arm which includes a bucket at its end. An
important distinguishing feature of a backhoe is its work-
ing space that suits far digging below its own base level.
-Backhoes for heavy loads are always equipped by hydraulic
actuators. The arm of a backhoe consists of three strong
structural members; a boom, a stick, and a bucket as seen
in Figure 1.

The automation of these machines are needed to reduce
the uncomfortable operating conditions in mining and con-
struction, as well as planetary excavation requirements [1].
The automation of the excavators require both position
and force control along the trajectory of the bucket [2]. A
pre-planned excavation requires the representation of the
physical shape and properties of the excavation location,
and generation of the bucket trajectories to dig and remove
the soil {3]. The movement of the bucket against the soil is
one of the most critical action in controlling the backhoe,
because of the unpredicted soil properties and unexpected
sail slides.

0-7803-1772-6/94/$3.00 © 1994 IEEE

Figure 1: Moving items of typical backhoe excavator, and as-
signment of their coordinate frames

The generation of the excavation trajectories for a pre—
planned pile loading without considering the dynamics of
the arm has been presented by Hemami [4]. The unpre-
dicted resistance of the soil against the bucket movement,
and the unexpected amount of soil filled into the bucket
may require some modification in the trajectory and in the
orientation of the bucket. Neglecting the dynamic forces
of the mechanism the transformation of the force control
to the modification of the bucket trajectory has been pro-
posed by Bullock {2]. In the following sections, the dynam-
ics of a backhoe excavator is modeled, and the model is
used in a rule based cognitive force control through trajec-
tory modification. The dynamic control of bucket position
against an unpredicted soil resistance is simulated, and the
control of the digging forces through the bucket trajectory
by modifying the pre-planned trajectory of the bucket 1s
tested on a typical digging trajectory.

KINEMATICS AND DYNAMICS OF BACKHOE

During digging at a certain point on the excavation trajec-
tory, both the crawler and the rotational super-structure
bodies are stationary, and thus the kinematic and dynamic
model is reduced to 3 degree of freedom. Kinematic solu-
tion of the arm is accomplished in the form of homogeneous
transformation matrix by using Denavit-Hartenberg (D-
H) notation [6]. The assignment of the joint displacement
variables and the coordinate frames are as shown in Fig-
ure 1 and {(D-H) parameters are as shown in Table 1. The
forward kinematic transformation T = A; A;A; which is
obtained using the homogeneous transformation matrices
A, i =123 of the boom, stick and bucket, respectively.
It converts the coordinates in the bucket frame into the
fixed superstructure frame.

Using the Lagrange-FEuler formulation, the dvnamics
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Backhoe Excavator in D-H notation

Link g o a d
crawler 0 |1 90° | ¢g. |0
superstructure | go 0 ap 1]
arm boom q 0 ay | 0
arm stick q2 0 az | 0
bucket g3 0 az | 0

of the last three links is obtained as

7 =D(q)q + h(q,q) + g(q) + ra (1)

where 7 = [r1, 72, 13]” is the vector of joint torques applied
to the boom, stick and bucket by the hydraulic actuators;
Ta = (141, Taz2, rd,3]T is the loading torque vector due to
digging, D(q) € R**%, h(q,q) € R® and g(q) € R® are
coefficient matrices and vectors of the arm dynamics in
Lagrange-Euler form. The dynamic model (1) contains
inertial, coriolis and gravitational terms of the arm. The
loading forces on the bucket during the digging trajectory
is included to the dynamics through the Jacobian, J by

ra = JT()fs (2)

where £}, is the digging force vector on the bucket with force
entries for z,, z,, and torque around Yo (rotatior in ¢ )
directions of the superstructure. J is the Jacobian of the
arm to transform the generalized bucket forces to the joint
torques.

Di1GGING TRAJECTORY

The trajectory for digging action plays an important role
on the determination of both the digging forces and the
loading of soil into bucket. In the simulations, the soil
surface is assumed to be smooth. The digging trajectory
is composed of three parts, as seen in Figure 2. In the
first part, a rotation about the bucket joint determines
the depth of penetration of the bucket into the soil. At
the end of this circular path the bucket blade reaches at
the prespecified desired digging depth, and the bucket is
oriented to dig the soil horizontally. In the second part, the
bucket moves along a horizontal line at the desired digging
depth. At the last part of the desired path, the bucket is
rotated about the joint axis so as to weigh the bucket full
>f soil.

The bucket position in the free-space can be controlled
as if it is an open-chain mechanism going through pure
gross-motion control. At the contact instant to the soil,
the soil exerts a force constraint on the motion of the ex-
cavator. The developed forces are expected to increase
with the depth of penetration of the bucket. The forces
can be approximated as a function of penetration, digging
lepth and bucket orientation. But in moving along a pre-
>lanned trajectory, variations in soil properties, and unex-
>ected obstacles met on the path may result in exerting
»xcessive ram-forces. In such cases, a modification of the
re~planned trajectory is a solution to reduce the result-
ng joint torques and the ram-forces. The cognitive force
:ontrol technique is used to modify the pre-planned tra-
ectory whenever the ram-forces rise to unexpected high
ralues.
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Figure 2: Desired digging path and expected ram forces with-
out cognitive control. (a) path in z — y plane; (b) y vs. time;
{c) z vs. time; (d} bucket rotation g3 (rad.) vs. time (e) fy vs.
time; (f) f: vs. time.

DicGmng Forces

The ram-forces in digging along the path is computed ac-
cording to Vaha’s study [5]. The penetration of the bucket
and scooping of the bucketful of soil demand varying en-
ergy depending on the type of the soil, area of the cutting
edge of the bucket blades and the thickness of the cut.
During the digging of the soil, there are three tangential
resistance forces; the cutting resistance, the frictional re-
sistance, and the resistance to the moving prism of the
soil in (and front of) the bucket. The magnitude of the
ram-force vector is given as [5];

Vs)Vd)

[ =1.005(k.hb + o N + (1 + 7
b

(3)

where k, = 1.005 is a scale constant; V. is the volume
of the prism of the soil, (m®); V4 is amount of the soil
in the bucket, (m®); k, = is specific resistance to cutting,
(N/m?); b and h are width and thickness of the cut slice
of the soil, (m); p is the coefficient of friction between
the bucket and the ground; N is downward pressure force
of the bucket against the soil, {(N); and ¢ is coefficient of
the resistance to filling of the bucket and movement of the
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Figure 3: Digging forces for a 20 cm diameter spherical obstacle
centered at y = —2.05 and depth d as parameter. (a) force in y
direction, fy (b} force in z direction, f,.

prism of soil, (N/m®). The volume of the soil prism V.
is taken as (1 + sin g3 )bh?. The pressure force N is taken
directly proportional to digging depth & and cutting veloc-
ity of the bucket blade over a proportionality constant n..
The force vector is opposite in direction with the velocity
of the ram.

When the bucket ram is in contact with an obstacle
which has a comparable or larger area than the cutting
edge area, ram-forces are expected to increase because of:
(i) the increase in the area of the cutting edge of the bucket
blade, and (i) the increase of V,. In modeling the force
exerted by the obstacle, the increase of V, and the cutting
edge area are considered as a function of the position and
size of the obstacle in the bucket coordinate frame. The
parametric 3-d plot of the ram~forces for a spherical ob-
stacle of 20 cm diameter effective size at y = —2.05 m is
shown in Figure 3, where —y is the digging direction, f,
and f, are the ram-forces, and d is the position of the cen-
ter of the obstacle. The forces in these plots are obtained
for a bucket width of b =1.15 m, soil density 4000 kg/m”,
pressure force coefficient is n, =50 000 specific resistance
ke = 50000, soil slice friction g =0.5, and resistance against
the soil slice ¢ = 0.1k,. These parameters are also used in
the simulations of the cognitive force control.

COGNITIVE FORCE CONTROL

The mechanical strength of the bucket blades, and the
power limitations of the actuators impose certain bounds
for the application of the ram—forces. The pre-planned dig-
ging trajectories should obviously consider the force limits
of the mechanism. In case of the digging forces exceed
the limit values, the digging depth should be decreased
by changing the bucket trajectory. In this way, the prob-
lem of controlling the ram-forces are turns out to be the
problem of the modification of the bucket trajectory. In
this study, ram—forces are assumed as measured either di-
rectly, or computed from the hydraulic cylinder pressures.
The dynamics of the heavy mechanical structure of the

Table 2: Kinematic parameters of hypothetic backhoe in the
simulation

length | Center of Inertial
Link ay Gravity | weight | Moment kg m?
superstr. 0.5 0.6 6400 11750
boom 5.2 2.7 1600 14250
stick 2.6 0.6 740, 730
bucket 1.3 0.6 430 230

All units in MKS

excavators cannot be neglected in the development of the
ram—forces, and therefore both the speed and the path of
the desired trajectory is modified according to a rule based
cognitive control, so that the ram-forces remain within the
allowable ram-force range.

The rule based cognitive control algorithm has been
developed in the study by on-site observations of the expe-
rienced backhoe operators. Operator senses the excessive
ram forces by (i) the jerk of the backhoe superstructure,
(1) reading the hydraulic pressure indicator of the stick
actuator, or (iii} observing the elastic deformation of the
hydraulic tubes due to the excess pressure. The operator
stops the horizontal motion of the bucket, and gives a rota-
tion of about 15° to the bucket. This rotation compensates
the torque strain developed at the bucket joint, causing to
both downward and backward motion due to the dynam-
ics of the manipulator. The bucket is then raised a few
centimeters, and the forces are checked again while the
bucket moves forward with a 15° slope. The obstacle is
avoided after a few trials, by moving the bucket each time
a few cm up whenever the ram—{forces are excessive. Af-
ter avoiding the obstacle and reaching the desired digging,
depth the bucket orientation is corrected while the digging
is still continuing in horizontal direction. In the simula-
tion, this operation is accomplished in four steps. In the
first step, the bucket move along the nominal desired path
as long as the ram—forces are in nominal hmits. Wheneve
the ram—force f exceeds a limit far. step two operation
starts. The bucket is then rotated to 15° down, and the
desired path is oriented upward to hft the bucket. This
step ends after the desired path is shifted by 1 cm up rel-
ative to the point where f is higher than far. The third
step 1s moving the bucket forward with a 15° downwards
slope, until either the ram-force becomes excessive again.
or the digging path reaches to pre-defined desired path. If
the ram-force becomes excessive, the operation is switched
back to the second step; and if the digging path reaches to
pre-defined desired path, the fourth step is initiated. Iu
the fourth step, the orientation of the bucket is corrected
and returned back to step one again.

SIMULATION RESULTS

The dynamic model of a hypothetic backhoe excavator i~
simulated here to obtain an experimental environment fo
cognitive force control. The backhoe is assumed to hawv.
parameters as given in Table 2.

The simulation is carried out for the desired trajectors
described in Figure 2. In the simulation. the digging forco-
and unexpected soil resistances are implemented as giveu
in Figures 2 and 3. The PID controller parameter setting-
in the simulations are given in Table 3. fay = 17000 N i-
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Table 3: PID settings of the boom, stick and bucket joints

PID Parameter Joint 1 | Joint 2 Joint 3
Proportional Gain K. 3510% | 15105 | 0.75 10%
Integral Time Const. T} 1 1 2
Derivative Time Const. Tp 0.1 0.1 0.02

chosen to keep the ram-forces below 20000 N. An obsta-
cle, of 0.20 m effective diameter is centered at y = —2.05
m and z = —0.21 m. The modification of the path and
the resulting forces of the simulations are given in Figure
4. The effect of the bucket rotation at the first execution
of the second phase begins at y = —1.94 m when the dig-
ging force exceeds fas = 17000 N. The ram—forces during
the rotation reaches to 23000 N because of the dynamic
behavior of the bucket. After the bucket is rotated 15°
down, the ram-forces in z-direction increases because z-—
component of the motion is nonzero. After the rotation,
the magnitude of the force vector f remains bounded by
19000 N.

CONCLUSION

The satisfactory automation of land excavation depends on
using a successful method to keep the ram-forces in nom-
inal limits. The cognitive force control prevents excessive
ram-~forces by converting the control of the ram-forces into
the modification of the digging trajectory.

The researches on the automation of the land excava-
tion is expected to find applications in lunar and planetary
excavation, as well as in terrestrial and underground exca-
vation to reduce the hazardous and uncomfortable mining
and construction conditions.

Including the dynamic model into the cognitive force
control simulations gives a means to modify the digging
trajectory in time as well as in digging depth. The sim-
ulation results indicates that the dynamic behavior may
results unexpected ram-forces in manipulating the orien-
tation of the bucket. The dynamic cognitive force con-
trol of the digging forces and the forces against the unex-
pected obstacles should be modified based on the exper-
imental measurements related to the soil dynamics spe-
cific to the applications. The presented method bounds
the ram-forces satisfactorily to a pre-determined allow-
able Limit.
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Abstract:

Rapor “Bilinmeyen Degisken Ortamda Modelleyerek irdeleme ve Ofrenme Yontemleriyle
Nesnelerin Degisik Algilayicilardan Bilgi Fazyonu Elde Edilerek Ozelliklerinin
Tamimlanmas:” konusunda yapian caligmalan Szetlemektedir. Birden gok algilayscidan
edinilen bilgilerdeki duyaglardan ileri gelen belirsizlikler ve giriilti Once en aza
indirgenmektedir. Burada Oniglem algoritmalan kullaniimaktadir. Duyag bilgisindeki
belirsizlik ve ecksiklikler diger duyaglardan clde olunanlaria tamamlanmakta sonugtaki
gorintiniin tagidig1 bilginin tama yakmn olmasi saglanmaktadr. Bundan sonra gdrintii
{izerinde nesne tanima algoritmalan uygulanmaktadir. Nesne tanuma, kenar cizgisi belirlenmis
nesne Srimntitleri iizerine insa edilmigtir. Nesnenin kenar ¢izgisi, bu ¢izginin boyu, érintinin
agirlik merkezi, ve birinci ve ikinci momentlerin  bellekteki modelde tammiananlarla
kargilagtinimasiyla tanmma iglerm tamamlanmaktadir. Sisternin bu yéntemle Sgrenebilir bir
yapisi vardir,

Gergeklestirilen donanmnsal yapida ultrasonik duyag dizisi bir robot kol bilegine baglanmstr.
Taranarak ahinacak gorintii kolun bir tir siipiirme hareketi sonucunda almmaktadir. Kol bu
iglemi takiben iizerinde iglem gorillecck nesneleri tamiyip, yerlerini ve durug bigim ve
yonlerini belirledikten sonra gerekli manevralara baglayabilecektir. Bu bolim cahigmalar
kolun yériinge planlamasimin yapilmasina iligkin ¢alismalann konusudur.

The report summarizes the approach and findings in a study on “Model Based Recognition
and Leaming of the Characteristics of Objects by Sensory Fusion in an Unknown
Environment”. As a first step ambiguities on the collected information duc to the ultrasonic
device uncertainities and the noise is reduced by preprocessing of the image. Information
obtained from multiple sensors when fused reduces the inherited device uncertainity and
noise in the final image so that information lacking in the image may be compensated by that
supplied from another sensor. Following this phase algorithms related to object recognition
are applied on the preprocessed image.

The object recognition is based on the pattem of outer boundary of the object whose inner
surface area taken out. The outer boundary, the path length of the boundary, center of gravity
of the object, and the first and the second moments of the object are compared to match with
those of the model in recognition of the object. Any object characteristics not matching with
those of the model is identified as a new object which is to be added into the library. The
system with this feature is considered to be a system having the ability of learning.

In the hardware structure, an array of eight pairs of ultrasonic transducers are placed on the
wrist of a robot arm for scanning the scene involving the objects to be recognized. The robot
arm recognizes the objects, determines their positions and the orientations of the objects and
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then plans its trajectory, preshapes and plans its fine motion for grasping in accordance with
this data.
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