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EAKAPHAP THONGINTA : 3D ENVIRONMENT RECONSTRUCTION
USING CATADIOPTRIC SENSOR AND OPTICAL FLOW : THESIS

ADVISOR : ASSOC. PROF. ARTHIT SRIKAEW, Ph.D. 128 PP.

CATADIOPTRIC/OMNIDIRECTIONAL/OPTICAL FLOW

Nowadays, computer vision system has been considerably improved.
This improvement is mainly to reduce any restriction for using in real-world
applications. For example, in teleconference system, a narrow view of angle does not
allow to perceive all audiences which can give an inefficient communication system.
There have been many complications in computer vision that make this field of study
still an active research area. This work presents a development of catadioptric vision
system along with neural network and optical flow for 3D environment reconstruction.
The catadioptric sensor consists of two imperfect half-sphere mirrors. A simple back-
propagation artificial neural network has been sufficiently used as a model of mirror
surface to overcome both two imperfect-curved mirrors and un-calibrated internal
camera parameters. The optical flow on both omnidirectional images from two curved
mirrors are extracted and applied to compute 3D positions of the moving object.
The error of the proposed system is less than 5¢cm which is desirable in order to use for

various applications that require tracking of moving object in 3D space.
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d
232 Weanvuseleuvadlassviglszannien (Transfer function)

= vy

Y o do a g ' g A ¥y dyy K o
WudsdFunuuFadu  wie liidhusudun’la saliegarenunarsgiuuy
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1. Hansuore Tounuua1saana (Hard limit transfer function) Wansun1e Tou
a 49’ Y 4 1 1A 1 A Y a Ao 1 Y 4 I
siatvzlinuerana 2 A1 mwadune nanedduURAlnmAINI 0 9z liauedyailu o

Y a A ' A 1w Y o I
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\

0 a = hardlim (n) ,a 2{

d' &Y 1 Jd aa
517 2.5 Weansunie Toutuuasaaun

u

o oo 1 Y . . o Jo U a 49’
2. HanFuore Tounudua59 (Linear transfer function) Hanwua1e louwHall

Y 4 T W 1A A 9
Fﬂgel’ﬂﬂ'llﬂ'mV!G]LVI’]ﬂ'Uﬂ’]’f]uV!@VI‘ﬂ@HLGU'IN']

+1

a = purelin(n) =n

\

51/ 2.6 MeddFuneTounnuduas
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o o J a J . . . Jd v
3. Wenguate louuyvaen Fnuoua (Log - sigmoid transfer function) Wanau

1 a t:y Y 4 [] 1 1 =
ﬂ?ﬂjﬂusﬁuﬂufﬂgﬁlﬁﬂnfﬂﬂVAQ'ﬂQigﬁ'ﬂﬂ‘;}ﬂ\‘] 0991

-
|
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0 &8 l+e™

A o Jd o v a J
5UN 2.7 Hansuare Toutuvasn snuoea

Rl

o o ' J a J Aa J .
4. WHeanFuareTounvylawmes luanunuaud Fnuoea (Hyperbolic tangent

. . [ J o 1 a dy Y 4 ] 1 [} =
sigmoid) v\lqﬂ%uawiau%uﬂmﬂwmmmwmgizmnma 1 99-1

+1

2
n = tansi = -
5 a = tansig (n) re?)-1

\

51/%1 2.8 MeAduneTounnulawes Tuanunuud Gnuoss

9
Tasunlumel§ia Tasevedsgarmiionii Tasead1anatodu (Multiple
1 09; a 4 g‘ Y % 4 o 4
layer) ugazduiimminsimindszam w ludanaes b iuawe1ana # 1AZI01ANA y YD

S I o =
Furiudaaaslugilin 2.9



14

a a H
519 2.9 Tasavedszanieunuuralery
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Fuda lldaaaslugii 2.10
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Rx]S]xR S nl 1 S XISZxSI n2
R . Six] S2x1
I b \ b2
Six1 S%x1 SNy ]

{ o a J 1 qgj
51N 2.10 MINMUANII VATV AT Ied seaMNeu LU a8y

U
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uazANuFNRUTVRIA D IANALAas Fuaa luaNMITh 2.16
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y1+1 =f/+1(W1+1y1 +bl+l) (2.16)

9 v
U a ~

{ usj I v Aa
Taoi (=0,1,2,...N-1 Fusmdusudunansuduna lagnsaa1nnigusn
] = 0 us.:’ 9 I 3 4 A N = [l 09/’ ~ a 4
Tn59018 Av Y’ = p uazdugamailuduwoiana aeo " alulassiienatesuazingines
v Y [ 3 o [} )=} Iq = 9 o =R =&

Aput1an Auiumsizthinsenelseamion liszgnd lFaudsdesdiilsdeimsesnuuy
a g 1 o 09/' o 4 1 3 o a o
WITADIAN ) 15U 1UIUFY NusadlszammonTugaazsu :1uIUdUNRe 119U

4 a J v 1 Y [ 9
1N FilavodansuaeTou 4aq Timunzannums leau
233 Tasenedssannifieuuuunnsnau (Backpropagation neuron network)
1 =1 [ Y] | 1 =1 3

Tasevnedseamneusuunns nauu Iasevielssarmennuualssu
= = 9 A Y . . A A ¥ P v I Y o ¥
Umaseuiuuulldrndou (Supervised learning) Ao FouiNazasIwadnindoan s 1 lanw
@ v A Y 1 a 4 Y 9 A = o
dred19Ntloulduazandiniiuianalaveoueranalndoofiga Tasiiouny
' 3’ Y] & I a 4 1 a o w {
AninYszam FudumsIns e IAINNUAANAIALUUF 18989 URAY (Mean square

[ a KR | [ =) o 1A Y ] =% 9
€error) TudaneSNUUUUUNTNAY umiuuaua@,auwmmmﬂmmﬂ‘lwimwwmiﬂug

aaaasluaunsn 2.17

1P 3 AP, ) APg o} (2.17)
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1J5@NTNIN (Performance index) Ao

F(x)=E[(t-y)" (t-y)] (2.18)

A 3| a 4 oy o o [ AR [
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ﬁ’]W'i‘ll‘ﬂﬁﬂﬂWHWWuﬂﬂigﬁ'lﬂllaghlU@ﬁ U IDUN A+1 UAZAIAINNITITEUY o AD

Wy (k+2) =W, (k) - ad!" (k) y; " (k) (2.19)
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b" (k+1)=b" (k) - ad;" (k) 2.20)

~ m I 1 1 a qg/l & A
Tagi 6" Wumanulvesminnudanain o Fu m FIEWTOHENNITU
I
&l 2 nsaife

~ 3 ~ I 3 o Y
nsdidui miduduedya azla

8" ==20t,-y")f'(n") 2.21)

9 v
o (3

= A 3| v 9 Y
Lla$1Uﬂim°ﬂu% m WU UOUITY i]zllﬂ

Sm+1

6'[m :fl(nlm)z 6']m+1wi};1+1 (222)
=1

Y Y Y < J 1 1 a A Y 3 A
NNAUMTUNAULEAITATAUN ﬂWﬂiﬂﬂJhl?]ell’e]\‘lﬂ1ﬂ’313JNﬂW’ﬁWﬂ‘ﬂvlﬂGlu°]5u‘Vl

Y
wasan ansoana ldanesnlszneulusuda 'l

o a J k%
24 UHUUVITNADINNNAUAA A TUDINADN
1 dy IS a = o a J o o 9y = <3|
GLL!ﬁ"Ju‘lﬁ]m‘]Juﬂ'liE]‘ﬁ‘]JWﬂﬂ\HL“U“Uiﬂﬁ@\‘]‘l/l1\1ﬂmﬁﬁ1ﬁﬁiﬁ1ﬂiﬂﬂaﬂﬂ Glf\‘ifﬂ%!,ﬂu
v o d 1 ) 1 @ a o o ] @ { [
ﬂ’ﬂiJ’ﬁiJ‘WH‘ﬁi%W’J'NG]1LLWHQGIJ’EJ\1’J§]Q°]JHLLT1H€J)N'OQﬂﬂﬁﬂlﬁu\‘]ﬂl'ﬂﬂ’:}@i}ﬁﬂi1ﬂg‘]J‘L!iﬂﬂi‘]JﬂTW

A Ao =2y ) v ~ s o a PN < PN
’Viif)‘]JuﬂTW‘Vl‘lJu‘Vlﬂhlﬂmﬂﬂﬁﬂx‘] NADNITULRAUTANRY G]i]i]i\‘]ﬁ'nﬂ\lﬂiﬂﬂi'lﬂj‘]l,ﬂuzﬂﬁﬂ\‘IiJG]‘lJu

Q

o

Ed
@ Y Yy o o 1
RINTUNN 'ﬁﬂ'};l‘mgﬂ’]iﬂ18ﬂ1WLLUUﬁi]$1/]'lalﬂell@lluaﬂﬁ'lﬂﬁﬂﬂﬁ]\?ﬂ@ilﬂ'lﬂ]lﬂ UASATIARUIUU

v
9 =

< o @ Jd v 9 a AaAa v o o & Y A A
ﬂWWﬂﬂ%ﬁﬂJ‘Wl&‘ﬁﬂU!ﬁuﬂ’]\?!ﬂu!Lﬁ\‘lclUﬁ'liJﬂJ@l @Nuu%']L‘l]l!@l@\iﬂﬂl@ﬁ;ljﬁﬂllﬂigﬂ@ﬂ INB3IT1)
o ] aa £ Y dy 4 @ A Yy 9 v A 1
mtmuﬂu’dmmmmﬂmwuﬂumw GUE)?J”ﬂu'fJ1’1]il'l%'lﬂﬂﬂENWa’lﬂ@nﬁﬁﬂi‘]ﬂﬂa@ﬁﬁﬁlﬂﬂﬁ!m
D19MANY ) YUed NI MeINYAz U NI TN wIIno AN NsaNsEne

o a Jd o o v o 1 o 1 @ Aa o o 1
HUUADINNAUAMNTATATHIVUTAIANUTUNUTTENIWAUH UIVDIAYITIN VAN U

[ d‘ L% = 9);:' 9 o o‘/ = ) A ) % ana
‘lJ'E)Q'JﬁQU“LJﬂTWVIUu%ﬂulﬂﬂﬁlslfﬂlﬁﬂﬂﬂﬂulﬂll 3UUUNADIAD LUVITADINTINRIINAUUA

o J N . . .
(Perspective projection) sUUINADIDDT Tnns1lauyuanvuia (Scaled orthographic projection)
F4
HAZIUUIIADIFUNTTA (Affine projection) Tagse 1)az IdnadasieaviBeaveanuuiiann

v
WUV VTU 9



17

9 o o OBJ} { ' o 4
ﬁ']‘l/ii‘ULL‘U‘]Jﬂ']ﬁ@\iﬂ\iﬁ']i]ﬁi]$ﬂﬁ'nﬁﬂ ﬂ']“l"iu@iﬁ}ﬂﬂﬂuﬂﬂa’]ﬂﬂl@ﬂﬂWﬁﬂ’]ﬂﬂ’]Wﬁ]%L‘ﬂu@ﬂ
= YY) .. Ao an A d" Y 4 £ g
RPINUNUYA Origin VOITEUUNNATIUNE TﬂEqum/lﬁuﬁl%u%Lmummaﬂmas x vy 2z RN
= v W 3| < 09)1
IZUURYINDUNUISUUNITRIINTIN Iﬂﬂuﬂu X L‘]Juuﬂuslmmauau Ny L‘]JulLﬂuGlULLu’J@N
Id ~ 9 [ 1 ) oA @
LUASUNU z LﬂHLLﬂHVIN@Qﬁ]"lﬂﬂaﬂﬂ]l‘ﬂfN3@]@531&1‘].]5]waﬂzi’)giuﬁ”ILLTTHQTI"UU"IHﬂ‘UﬁS‘L!”I‘]J X
L 4 - % o !
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YoIIagUUMINTUNMNIZYNIZYS BN u Az v Asaalugli 2.1
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\\: JEUIUNN
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2.4.1  UUUDADIMNMENAUNA
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uuuiiaesilazlianyuzmiiouresrseiiga Tasazldnanmsnoisanmadu
Y

A o A a Ao o o ¢ T & Ao ' v v d
UAUNDWIATUUUINNIUAUUAANURINTUNIN A P:[x,y,z] BIAWANLUUITUNUD

o Yy a 9 < o Ao 1 T
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7(x,y,z) = {ﬂ = g{ﬂ (2.23)

o & a
2.4.2 !l'iJ‘lJﬂ]ﬁi’Ni’JﬂiI‘ﬂﬂiﬁ/‘lﬂ!!‘ﬂ‘ﬂﬁﬂﬂlu]ﬂ
o @ aa A o IS 1 Aa y & Y1 =)
uummmmwa1Emﬁum61i]zmﬂymmﬂmmﬂmmmumgm’szumm
L4 13 A v 9 ~ v o Jdq Y & a Y A Y
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o Y o 4 o J T Y
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z(x,,z) = {%} = L{;} (2.24)

o o ) dy = ] o dd' =
nuUd1aede0s Innsiatuuaavuiativzianuuiudr lunsainaiiuan

s sz nIeganie q dsdeeieiouiuszoeneseninndesduniniunm

243  uUUA0I Affine
[~ o a Y Aq Y @ aa S w =
Wusvuiraeuruaunlylunsisznanmaeiauialudnanyus i
A 1 Y o o = S I o a =
w30019na1218791 nuudiaetees Inndasuvasvandunuuiaeweiluuyvwi
o ) [~ ~ a Y 1o 8! KR o v =K

suusraeaedNwiuiissnisUszmansudu Taslumiladsdnvaz lumsiuiinn

W P=[xy,z] 1ldnn
zr(x, Y, z) = {Z} =A°P+c (2.25)
A%

{ a o I o
Tasd 4 A0 ATATUUIA 2x3 Ay ¢ Wunmaes 1x2

) a ng 9 Y 1 1 o 9
nyudraeweriurgsmielnssaseneludiediury mud vaglaseasi
o (] 1 o 1 4 o I a o
MoUNAIBE1UTY Aunisveendes taziflosnnuuuiiasudunuwFadu filvannse
Murunma 4 uag ¢ 961341814 lag1¥35n150A0081%UFY (Linear regression technique)

o Y o = Y v v Y
uamz‘nﬂﬁmmstsumsmﬂamamma"lﬂ
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auNININIINIY (Projection) VBIYAIUNAAMINIA (3D point)
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Gaspar and Victor (1999) ldoenuuuaumsmsnievesyaluiinagiminvesnszangl
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vingdd 2. 28 muald r=VX2+Y? nar - =yx*+)° Tagazaiuisond

ANUFNWUS IAA9aunITN (2.26) DIaUMIN (2.28)

2 =tan g - ﬁj L (2.26)

Z,zn +r,: —R? (2.27)

7, =yi<:>2tan‘1( n jza—ﬂ (2.28)
—Z

e P=[X,Y,Z]" unudwnsauiiavesyailmuie iiedosnisniganiniu
FTUIVVOININ p=[x,y] AOUTHVINNITHIYA P, 9INAINTZINUAZ P dIN1TDUAAI

Y
ANUFURUS IUNAANTINTEUONA I3

y tanil(Y/X) X
pe| || vEET ||y 2.29)

Z V4 Z

7_
a= lan_l[ Zn j+% (2.30)

A s ] A = A
NIFTUND T r. z, ¢ e ﬂ ﬂ11ﬂﬂ1ﬂﬁllﬂ15‘ﬂ (2.26) DIFUNITN (2.29) LLALTTINITD

naluszuuesnm p = (x,y) ladeaumsi 2.31) uazaumsa (2.32)

{x*} = ftanﬂ{cos ¢} (2.31)
¥ Sing
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X a, 0 x, .
L}}z{o a yo:| y (2.32)

1o o, 10% o, UNUAIYEITATIAIUANYULUDIYANN (Pixel aspect ratio) dIU x,

uag y, Lmuigmgmﬁﬁﬂg (Principal point)
a v d' d' Y
2.6 JMHIVYNDNEYIVD
[ a Yy Y Y Y] ax |4?} 1

FTUUMITUMNIUUsUN Idimsduaiaziannismsuuulvidvedaasanal
A Y = A A d’dd? Aav A Yy =
e ldszuniidszaniamiadu lunuiseszozisunsn lainsAn¥INIsYUNOININIUL
59UTA (Panorama) 1A8 Yagi and Kawato (1990) iauanmsavuiiania lasl¥msazneuves
A329n 1A9INIINT I8 (Conic mirror) IINAUNADI CCD 1 dnazaruisatlszulanalaodns

1< @ Yy a dydd' = ' . . . A o Y
TIALII AINTIVIFUAUNYDLT8NIT COPIS (Conic projection sensor) et g lunisnn
1 a 1 S L an ) ] Y] o Y A A 9
FOIMUAUVDIYUIUA FITFNT TumImid e singi ldTasmsinasuuesndoaas
o 1 d‘ d' o 1 d‘ 9 o [ d‘ d' a o
nszannndwnrideina ¢, ldadurisine ¢ udhimsiaszezmsnasuiiuazyuuesim
Y 1 v
UY999A 2 IANINOULATHAINITIAAoUTN Iaod e sTngazA1ula 1A91n triangulation
19 9 2 A AY o w <3 (=1 [V A
uadealsveInszanldanseniaeneldodinalumsvouriu uaz hiigavdavesnszani
1 [ 09/' = 1 9 (] [ 1 d‘ N ¥

uuvou aaiuds ldansomasnmlvegludadiunauysol 14

1 o o

A0 Yagi and Kawato (1993) 1@ nduenszanlaegylatos Tuat (Hyperbola
mirror) #41¥nMuTNUVOUAMWIMITEU COPIS LATIANAZIBIANINLTNUNANNNG UL DU

9

Y = o Y a dyl . .. &2 o Y a ayy
nszangilIdeginseanan Tneisendans1935iatia1 HyperOmni Vision #3d1a35293%iiall 14

e

i ldsumsndeufivesiusud lasusudezindeniiluanziandouiigna1eiu g
Tues szidsamadn Wudu Tag Yagi and Kawato (1993) 1814 HyperOmni Vision 11113018
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A1TWN 4.6 NANNNTAADUNATNLUIN 13

MAUMS ﬁﬁ@mﬁﬂmm‘ﬁuﬁﬁ@q firamasisiam 1dves AMNNUHAND A
indoud NAFOY (cm) INATDY (cm) (cm)
1 (-10,111.23,10) (-6.48,114.37,6.92) (3.52,3.14,3.08)
2 (-5,111.23,10) (-2.76,115.11,7.86) (2.24,3.88,2.14)
3 (0,111.23,10) (2.28,114.71,7.61) (2.28,3.48,2.39)
4 (5,111.23,10) (8.29,114.43,6.58) (3.29,3.2,3.42)
5 (10,111.23,10) (13.24,113.96,7.43) (3.24,2.73,2.57)

= A A 4 <
ATNN 4.7 NANTIMIATDUNAULUIN 21

Maums | W ”ﬂm?;ammﬁruﬁﬁm fitamaviimuinldves AMANUHANDIA
mﬁ'auﬁ NAFOU (cm) ’j@]fmﬂﬁﬂﬂ (cm) (cm)
1 (-10,51.23,20) (-7.95,53.74,17.65) (2.05,2.51,2.35)
2 (-5,51.23,20) (-3.23,54.16,18.07) (1.77,2.93,1.93)
3 (0,51.23,20) (2.15,53.56,17.71) (2.15,2.33,2.29)
4 (5,51.23,20) (6.84,52.73,17.24) (1.84,1.5,2.76)
5 (10,51.23,20) (12.35,54.27,17.82) (2.35,3.04,2.18)
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ATNN 4.8 NANWNITLAADUNANLUIN 22
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Maums | W ”ﬂmﬁ'ﬂmmﬁyuﬁﬁﬂq firamasiimuinldves AMANUHANDA
mﬁ'au‘ﬁ NAgOU (cm) ’jﬁfmﬂﬁ@ﬂ (cm) (cm)
1 (-10,81.23,20) (-7.12,84.69,16.94) (2.88,3.46,3.06)
2 (-5,81.23,20) (-2.64,85.14,17.23) (2.36,3.91,2.77)
3 (0,81.23,20 (2.52,84.31,17.51) (2.52,3.08,2.49)
4 (5,81.23,20) (6.83,84.97,17.16) (1.83,3.74,2.84)
5 (10,81.23,20) (13.14,84.32,16.74) (3.14,3.09,3.26)

= a A A A
A1TWN 4.9 NANNNNTIAADUNATNLUIN 23

MAUMS ﬁﬁ@mﬁﬂmm‘ﬁuﬁﬁ@q firamasisiam 1dves AMANUHANDIA
indoud NAFOY (cm) INATDY (cm) (cm)
1 (-10,111.23,20) (-6.57,115.82,16.35) (3.43,4.59,3.65)
2 (-5,111.23,20) (-1.54,115.96,16.43) (3.46,4.73,3.57)
3 (0, 111.23,20) (2.76,114.78,15.68) (2.76,3.55,4.32)
4 (5,111.23,20) (8.59,114.69,17.24) (3.59,3.46,2.76)
5 (10,111.23,20) (13.24,115.78,16.67) (3.24,4.55,3.33)

= A A 4 <
ATNN 4.10 NANNNTAADUNATULUIN 31

Maums | W ”ﬂm?;ammﬁruﬁﬁm fitamaviimuinldves AMANUHANDIA
mﬁ'auﬁ NAFOU (cm) %G]Qﬂﬂﬁﬂﬂ (cm) (cm)
1 (-10,51.23,30) (-6.57,54.46,26.59) (3.43,3.23,3.41)
2 (-5,51.23,30) (-2.36,54.57,26.71) (2.64,3.34,3.29)
3 (0,51.23,30) (3.09,55.14,27.15) (3.09,3.91,2.85)
4 (5,51.23,30) (8.49,54.37,26.42) (3.49,3.14,3.58)
5 (10,51.23,30) (13.76,54.21,26.13) (3.76,2.98,3.87)
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ATNN 4.11 NANNNITAADUNATVULUUIN 32

aAums mﬁ'ﬂmmﬁ’yuﬁﬁﬂq firamasiimuanldues AANUHANDA
mﬁ'au‘ﬁ NAgOU (cm) %ﬁgﬂﬂﬁ@ﬂ (cm) (cm)
1 (-10,81.23,30) (-6.22,84.91,25.08) (3.78,3.68,4.92)
2 (-5,81.23,30) (-1.85,85.32,26.79) (3.15,4.09,3.21)
3 (0,81.23,30) (3.26,85.67,25.61) (3.26,4.44,4.39)
4 (5,81.23,30) (8.74,85.29,26.54) (3.74,4.06,3.46)
5 (10,81.23,30) (14.16,85.63,26.17) (4.16,4.40,3.83)

= a A A A
A1TWN 4.12 NANWNTATDUNAIULUIN 33

MAUMS ﬂma%ﬂ;ﬂmaqﬁuﬁﬁ@q finamasisam 1dves AANUHANDIA
indoud NAFOY (cm) INATDY (cm) (cm)
1 (-10,111.23,30) (-5.61,115.69,27.57) (4.39,4.46,2.43)
2 (-5,111.23,30) (-2.44,115.94,26.78) (2.56,4.71,3.22)
3 (0,111.23,30) (3.54,114.89,26.16) (3.54,3.66,3.84)
4 (5,111.23,30) (9.32,116.21,25.75) (4.32,4.98,4.25)
5 (10,111.23,30) (14.62,115.74,25.06) (4.62,4.51,4.94)
M3197 4.13 Aemumaadeufinmnuaii 41
Maums ﬂmﬁ'ﬂm@w‘%uﬁﬁﬂq firamasiimuandves AMANUHANDA
mﬁ'auﬁ NAFOU (cm) %ﬂf}‘ﬂﬂﬁﬂu (cm) (cm)
1 (-10,51.23,40) (-4.65,59.31,33.72) (5.35,8.08,6.28)
2 (-5,51.23,40) (1.24,58.41,32.53) (6.24,7.18,7.47)
3 (0,51.23,40) (5.88,60.31,33.46) (5.88,9.08,6.54)
4 (5,51.23,40) (11.06,60.79,32.93) (6.06,9.56,7.07)
5 (10,51.23,40) (15.67,57.26,31.58) (5.67,6.03,8.42)
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= A A 4 <
ATNN 4.14 NANNNITAADUNATULUUIN 42

dums | Anamasvesiiuiiag | Anamdeidiuialdves AINNUAANAIA
AADUN NAgOU (cm) ’j@]fmﬂﬁﬂﬂ (cm) (cm)
1 (-10,81.23,40) (-3.21,88.94,31.41) (6.79,7.71,8.59)

2 (-5,81.23,40) (0.64,89.16,33.65) (5.64,7.93,6.35)
3 (0,81.23,40) (5.87,87.61,32.25) (5.87,6.38,7.75)
4 (5,81.23,40) (10.32,90.07,33.21) (5.32,8.84,6.79)
5 (10,81.23,40) (16.25,89.23,32.11) (6.25,8.00,7.89)

= a A A A
A1TWN 4.15 NANWNTATDUNAIULUIN 43

drums | Anamacsvesiiuiriag | Anamdeiisiuialdues AINNNAANAIR
PaABUN NAAOU (cm) Fagnaaey (cm) (cm)
1 (-10,111.23,40) (-4.54,119.56,33.26) (5.46,8.33,6.74)

2 (-5,111.23,40) (1.24,117.73,31.81) (6.24,6.5,8.19)
3 (0,111.23,40) (6.76,120.74,30.19) (6.76,9.51,9.81)
4 (5,111.23,40) (10.65,117.53,32.93) (5.65,6.3,7.07)
5 (10,111.23,40) (16.48,120.35,34.53) (6.48,9.12,5.47)
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- 1/2” Progressive scan CCD imager (R, G, B primary color filters)

- 659 x 494 active pixels

- 10-bit RS-644 (LVDS) /Camera Link output

- Full frame shutter

- <56 dB

- Asynchronous reset

- 110 Hz frame rate

- 40 MHz pixel clock

- RS232C interface control

- C-mount lens
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CCD Sensor 1/2” Progressive scan CCD
(R, G, B primary color mosaic filters)
Chip Size 7.48 mm x 6.15 mm
Unit Cell Size (Hx V) 9.9 mm x 9.9 mm

Effective Pixels (H x V)

659 x 494

Pixel Clock 40 MHz (80 MHz for master clock)
Frame Rate 110 fps
Sync. HD: 55.6 KHz; VD: 110.0 Hz
Digital Video Output 10-bit RS-644
Analog Video Output 1 V p-p, 750hm (BNC or 12 pin Hirose)
S/N Ratio <56 dB
Min. [llumination 3 lux
Gain MGC
Gamma 1.0

Electronic Shutter

1/110 ~ 1/110,000 selectable

Lens Mount

C-Mount

Operating Temperature

-10°C ~+50 °C

Power Requirement

12V DC, 280 mA, 3.4 W

Dimension 50mm x 39mm x 83mm
Ext. Sync. Internal/External Auto Switch
Asynchronous Reset Standard
Weight 200 g
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3D OBJECT TRACKING SYSTEM BASE ON NEURAL NETWORK
AND IMPERFECT-CURVED-MIRROR OMNIVISION

ARTHIT SRIKAEW AND EAKAPHAP THONGINTA

Robotics & Automation Research Unit for Real-World Applications,
School of Electrical Engineering, Suranaree University of Technology,
Nakhon Ratchasima. 30000, Thailand.

ABSTRACT. This work presents a development of omnidirectional vision system to track moving
object in 3D space. Two imperfect half-sphere mirrors have been combined in the system to achieve
the calculation of 3D positions in space. A simple back-propagation artificial neural network has
been sufficiently nsed as a model of mirror surface to overcome both two imperfect-curved mirrors
and un-calibrated internal camera parameters. The optical flow on both omnidirectional images
from two curved mirrors are extracted and applied to compute 3D positions of the moving object.
The result of the proposed system is desirable in order to use for various applications that require

tracking of moving object in 3D space.

1. INTRODUCTION

Recently, robot vision has been widely used in reducing complications for many
real-world applications. With more advanced technology in both hardware and soft-
ware allows developers to attack various scenarios of problem. The traditional monoc-
ular system has a confined view angle while stereo vision system provides depth infor-
mation which is very useful in many situations. Not long ago, there are many studies
and developments in several types of omnidirectional vision system [9, 1, 2]. Such
systems can yield more information including wider view of angle and depth of field.
Great number of applications can then utilize the advantage of such system e.g. the
motion estimation [7], detection [6], tracking [3], environment classification [10] and
navigation [4].

This work presents a 3D object tracking system using catadioptric sensor. The
system is mainly composed of two curved mirrors for a simple calculation of object’s
3D positions. Due to difficulty of making a curved mirror, the mirrors used in this
system have imperfect shape which can be estimated theirs surface by using technique

of an artificial neural network (ANN). The optical flow technique is then applied to

Received May 30, 2010 2010 (c)Dynamic Publishers, Inc.
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Ficurge 1. Omnidirectional system with two curved mirrors

effortlessly extract and detect of moving object in the omnidirectional image plane.
Information of extracted optical flow 1s used to calculate for object’s positions in 3D
space. The main goal of the proposed system is to be able to achieve 3D points of
moving object in real-world coordinate using only 2D information from omnidirec-
tional images. Finally. the system shows desirable results which is sufficient to use in

many applications,

2. OMNIDIRECTIONAL VISION SYSTEM

This section describes omnidirectional vision svstem used in this study. Figure 1
shows diagram of the overall system. T'wo mirrors used in the system are imperfect
half-sphere curve which is estimated by ANN. Additionally, optical flows of moving

object are used to compute 3D positions with the two-mirrors camera systenn.

2.1. 3D Point Projection of Half-Sphere Mirror. The projection of 3D posi-
tion onto a half-sphere mirror is described in Figure 2-(a) where a real-world 3D
point P(X.Y.Z) is projected to 3D point P, (. Ym. zm) on half-sphere mirror sur-
face and to 2D point p(x,y) on the ommidirectional image plane. To simplify the
calculation, the 3D system 1s examined in Z-axis cross section as demonstrated in
Figure 2-(b). Thc 3D point P(T.Z) and P,,(t,,. z,) are then considered instead
where 1, = /a2 +y2, and T = VX2 + Y2 From [4], the calculation of T" can be
computed using the following equations:
Z = Zn

tan ! (u- - %)

(2.1) T = it

where £, and z,, are the point on the mirror surface, o = 2tan™! (f'%) + 4 and
—Zm

3 = tan ! (‘T) where t* and f are distance in image plane and camera focal length.

2.2. 3D Point Projection Using Two Half-Sphere Mirrors. Obviously, Equa-

tion (2.1) has two unknown parameters, 7" and Z, which require two equations to

find solution of both parameters. In this work. a smaller half-sphere is attached to
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FIGURE 2. Projection of 3D position onto half-sphere mirror surface

FI1Gure 3. 3D point projection onto two half-sphere mirrors

the system in order to obtain another equation to solve for 7" and Z. Consequently,
two equations with two different points on both mirror surfaces and image plane can

be achieved for which both 7" and Z can then be computed as follows:

Z— z
(22) = —1 = = +tml
tan (a. - -_;)
(2.3) oo il B g

tan—! ({}:'2 — "')

ra]

3. 3D MIRROR SURFACE ESTIMATION USING ARTIFICIAL
NEURAL NETWORK

Consider Equation (2.1),(2.2), and (2.3), there are also internal camera parameters

which are required to calibrate first. Moreover, the mirror surface which is assumed to

be a half-sphere mirror is also imperfect to fabricate or measure. An artificial neural
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FIGURE 4. Training points (a) on the actual mirror surface (b) corre-

sponding points on image plane

network (ANN) is then introduced to overcome these imprecise system parameters.
There are many researches that successfully apply ANN for omnidirectional vision
system e.g. [11, 8]. In order to build a network to estimate the mirror surface, the
training points are marked on the actual mirror surface A and B where positions of
these marks can be manually measured (see Figure 4). With a simple 2-50-2 and 2-
60-2 log-sigmoid back-propagation, the networks can sufficiently represent the mirror
surfaces as depicted in Figure 5 where the input of the network is the 2D position
(z,y) on the image plane and output of the network is the 3D position (£, z) on the
mirror surface. The averaging error of the tested surface points is less than 4 cm

which is adequate in various kinds of applications. The resulting surface estimation

FIGURE 5. Results of ANN-based estimated surfaces (a) mirror A (b)

mirror B (“0” and “x” represent estimated and actual points, respec-

tively)
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is used together with actual mirror surface to calculate 3D points (see Figure 6-(a)).

Examples of 3D point calculation are displayed in Figure 6-(b).

FIGURE 6. (a) Omnidirectional image example with grid sheet for test-

ing (b) Example 3D points from calculation using estimated mirror
surfaces (“o” and “x¥” represent estimated and actual points, respec-
tively)

4. 3D MOVING OBJECT TRACKING USING OPTICAL FLOW &
OMNIVISION SYSTEM

The proposed system has been tested for 3D moving object tracking. The moving
object is extracted by using the optical flow calculation [5]. In this work, the 3D points
of moving object are computed from the flow vectors appeared in the omnidirectional
images. Figure 7-(a) depicts the calculation of 3D position using positions from
optical flow from the image plane. The 3D points of moving object at time ¢t and ¢+ 1
are represented by P, and P, respectively. Examples of optical flows that appear
in the omnidirectional image is shown in Figure 7-(b), (¢), and (d). The proposed
system has been tested for tracking moving object as demonstrated in Figure 8. The
moving points have been examined through out the workspace around the system.

The results show that the proposed system is capable of tracking moving in 3D space.

5. DISCUSSIONS & CONCLUSIONS

This work presents the development of catadioptric system to track moving object
in 3D space. Two imperfect half-sphere mirrors have been combined in the system
to achieve the calculation of 3D points in space. The simple back-propagation ANN
has been used as a mirror surface model to overcome these two imperfect curve of
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FIGURE 7. 3D motion projections using optical flow (a) modeling of
optical flow in the catadioptric system (b) optical flow in the omnidi-
rectional image (c) optical flow on omnidirectional image from mirror

A (d) optical flow on omnidirectional image from mirror B

FIGURE 8. (a) moving object in 3D space (b) Reconstructed 3D points

using optical flow and catadioptric system

mirrors and the un-calibrated internal camera parameters. The optical flow on both

omnidirectional images from both curved mirrors are extracted and used together to
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compute 3D position of the moving object. The resulting shows that the system can
efficiently track moving object. The error of 3D position estimation is depend on
position around the camera system. The higher range along z-axis, the greater error
for estimation. Because the higher 3D point appears on the edge of the mirror and
the omnidirectional image, the pixel resolution is then less than the image which is
near center part of the mirror. This results in greater error for 3D estimation. Also,
the smaller mirror which is attached at the center of the bigger mirror can obscure the
view in the omnidirectional image. Using the smaller mirror with higher resolution
camera can alleviate such limitation. However, the result of the proposed system is
still desirable in order to use for various applications that require tracking of moving

object in 3D space.
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