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ABSTRACT

This research proposes computer vision system that can extract 2D and 3D visual
properties of mango such as size, projected area, color, volume, surface area and peel area from
images. The 2D/3D visual properties are extracted from multiple view images of mango. The
images are segmented based on constructed hue model of the sample mangoes. A spatial filtering
technique is then applied to clean noises before fitting spline curve on the mango boundary.
From the clean segmented top-view image, the projected area, length, width and color can be
computed. The thickness can be computed by special side-view image. After cameras are
calibrated to obtain the intrinsic and extrinsic camera parameters, volumetric caving is performed
on multiple silhouette images to construct 3D model and estimate its volume and surface area. To
obtain the peel area, the mango is peeled and its scanned peels image is then segmented and
filtered using morphology approach. With calibration parameters, the peel area could then be
computed. After that we use these features in automatic mango sorting which we employ a
typical backpropagation neural networks. We employed the proposed system to evaluate physical
properties of a mango cultivar called “Nam Dokmai”. There were two sets total of 182 mangoes
in three various sizes sorted by weights according to a standard sorting metric for mango export
as a ground truth. The experimental results show the technique could be a good alternative and

more feasible method for sorting mango comparing to human’s manual sorting.
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3.2.4 1naad4 (Closing)
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3.3 HUUA0A (Color Model) (Castleman. 1996 ; Mai. 2005)
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3.3.2 HUUI009dT HSI
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1:%(R+G+B) (3.9)
s __3min(R.G,B) (3.10)
) R+G+8B

l[(Rgc;)+(;re-3)] G.11)
H =cos™ 2

(R-G)* +(R-B)G - B)

Won1 B uINNA G azimuald H=360-H
= o - o = o Y
wazlunmsudasmdnnuuudiaesd HsH Wunuusiaesd RGB awsan 1@ Tauuon
NIMAINAT H fame TUu

v
4

nstin 0°<H < 120°

R=_L|_ScostH) (3.12)
3| cos(60" - H)
G=\3I1-R-B (3.13)
! (3.14)
B=—e (1=5
\5( )
NIWN 120" <H < 240°
/
R=—(1-5) {3.15)
J3
0
G=_L |, ScostH ~1207) (3.16)
J3 cos(180° - H)
Bi=iAt=R-G (3.17)
Asdif 240" <H < 360"
R=\31-G-B (.18)
G = ! 1-5
=pds) (3.19)

e (3.20)

I Scos(H —240%)
— e 2
3 cos(300° — H)
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a ¢ ¢ 1 o
3.4 MINZHINUSZNOUNIFENADNUVYDINN (Connected Components)

(Lohmann. 1998)
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3.6 MIHYUMN

mamygunmiiunszuaumslumsnlfounlasniwedimils Fazdosiimasmua
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SAwiudy uarglindnuazvoanmidinamiowduruiy udiageziimsianiiay
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wiin wazvyuluirmudnuin msuenvuiaveayuiidennasin dmyulufiemaudy
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Tadsaunisanlail

X, = x,cos0 - y,;sinf (3.21)

y, = y,cos0 + x,sinf (3.22)
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137 3.1 szilumsmyuluimuduuin Seempuluirauduninie
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3.7 msdszanaumilugisganmmdisdulng (Jsilund mvzérln, 2544)
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3.7.1 msdszanamluy s adu
& M 4 o
Wlunmsadeilasdulumsidonyanmlasms 1idunss (Linear Spline) Failunisvi
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f(x) = flx,) + m,(x-x,) Xy S XSX, (3.23)
E(x) = Rx) + myx-x,) X, X <X,
f,(x) = flx,) + m,y(x-x,) X, SRy
£x) = o Jmibex, ) Xy S,
r(xi) - r(xi_l)
m = ——— i = 1,23 .y (3.24)
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fi(x) = :1|x1+b,x+cI X; SXEX, (3.25)
f,(x) = a:x: +hprte, ¥, £ XEN,
f(x) = ax + b+ e, Xy 5 XK,
f(x) = a".\'2+bnx+cn K., SXEX
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(3n-1) x (3n-1) = (3n-1) x 1 (3.26)
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Wumsadraflansuiedeudeyaninlaonis#idu18asdsan (Cubic Spline) M3
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filx) = ax +bhx +ex+d Xy X <X, (3.27)
3 2

Lix) = ax +bx" + gx+d, % € K EX,

s 3 2

fx) = ax +bx * gx +d; %, =R ER,

: 3 2

fix) =ax +bx #ex+d Xy ERE X,
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4n x 4n = 4n x 1 (3.28)
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=1 o = ar
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3.8 nguealnlail (The Law of Cosines)
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3.9.2 ANUBAVUINAIFIM (Standard Deviation)
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3.10 aUFUWUE (371 aoea HAZdINN MR, 2540)
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3.10.2 MsAUMTNszansandunus

"o a o @ ar o o ¥y g "y =) o @ o [

mdulszansanduius (0 i ldmiuideya X uay Y Ianmdunusiumla
Tavaumsnvzinnldlumsannuszduaumsiannsmiidoyaduinldlunsdon 14

Tavirodaso i
. NY XY-> X>r (3.33)
J(TVZ x? _(Z ay? )(Nz y? _(Z },):

Tav N unudaudeya

z )

ZX  ununRaIINNIMuAveIvoya X
i v

2Y  unuwnasIunamuavesdoya Y
¥

22X WNUHATINIINLAYeIdaYA X uAazAIunMaIaes
»

ZY' ununasmiaimuaveadeya Y uanyaauningined

ZXY ununasIuiIimuavestoya X uaz Y auiuidoss

3.11 i:nuﬁﬁ'ﬂmnhﬂ?sgﬁ 3 3a (Rectangular Coordinate in Three Dimension)

(Stein and Barcellos. 1992)

3.11.1 MSMHHAUDUINA
o - o oo aa : o " 9 o
TumsfmuauAURNAT0ITZUUNAARIN 3 TATY asofivua lavuusean lanlu
2 521D

3.11.1.1 52UVBYN (Right-handed System)

X

5U% 3.26 msimuaunuinanin 3 1@ laoszuuiieyn
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3.11.1.2 sxuuﬁaq’hu (Left-handed System)

t:i o = oas aa - 9
3‘1]71 3.27 MINMHAUALNUNAARIN 3 HﬂiﬂUi:ﬁ‘U‘UHB‘HWU

3.11.2 SLMUNHARIN (Rectangular Coordinate Planes)

11391l 3 i@ (Three Dimension) WAAYBIYANLIVHITLUTHIININTTUIY 3 STUN
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w S

4 o’: 4 o ar s 4 Aa v o = .. "
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Taw

STV XY Ty X uazunu Y agluszuiy

LU YZ Uy Y uazunu Z ogluszuiy

TEUN XZ Tunu X nazunu Z agluszuiuy

=

ansonaaslasssln 3.28
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= aa

3UM 3.28 szuruve)igii 3 6A
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3.11.3 9ANNA
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x00.~ -+
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51l 3.20 Aumianinaveagales Tulsgi 3 44

nngii 3.20 19 piflugalaq Lulind 354 Wemnidunsasinga p Wdamndi
szmuﬁﬁ'ﬂmﬂ?{amuﬁagﬂ ITOLHNTZUI YZ §939 P Favunufuunu X Sondr fife
13N (X-coordinate) ¥943A P azdinuiiuuoniiiogn p BYNIAIU Ox VOITTUI YZ uazaziin
auiloya P agiansadiu Gonox dwnu X meuan luihwesdosuiifafiaes (v-
coordinate) MUWHTZULMIININTLUIY XZ 11990 P Fannufuunu Y uazidefian (z-
coordinate) BT 5EBH1ININTEUN XY B990 P Fauiuiuun Z Sefifansauvoga p
VAOUINUAIY (x,y,2) (5UNIIMAARIN (Rectangular Coordinate) Y430 P

- = a o

" ¥
NN luYigil 3 UAvINAARIN (xy,2) NLINfaReInunuyaiy wazlunig

a a Wy

a w

oo 4 o = a a aal ¥ A
NAUAUNANAARIN (x,y.2) 110 x v uaz z iWuswauese szunuyaluiigil 3 T@1dHoega
" e = o a o a ' o o oA <4 '
RoNBUAY Aawdsmammuaiiavesgadinad ldamisosugnilaneniissznigaly

o o

1Sqil 3 HARURANA (x,y,2) 1110 x y uay z Wudmoueiald

3.12 UYs5z1AMnIoUNNA (Coordinate Frame) (Babis. 2004)
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3UN 3.30 Uszianveanseviina

3.12.1 N30UNAAIAY (Object Coordinate Frame)

@ o

nsouninadnquluszuuinalu®a 3 53 9103107 3.30 vzszylaoldunu x y,z, ¥
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¥
o o [ o a 3
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Awmis ) wuge B 1ingeziiiing (x,0.2,) iWudu

3.12.2 nseuUNinAlan (World Coordinate Frame)
nsounna Tanuszuuiteluda 3 53 910314 3.30 vzszyTaoldunu x_y,_ 2z, 4
ﬂ; Y o ar @ - 9 s W o T a v - 3
witlunini dmiuuansing nioldlumsuaasnnuduiutsznieingdig nieldlu
v =) c‘ @ [ a ° ' 9 iy a o v
nmsgndimsnlasunlavesing wu msvyu msnlavudumis Wudulasdradadwmis

wnazAnmuanalaou lanszounnalan

3.12.3 NSOUNNANDDY (Camera Coordinate Frame)

T b a =Y aa - 3/ =&
nsounnandeutiuszuuinalwda 3 98 9ngUi 3.30 vzszyTaoldunu x_ y 2 ¥4

'
o s 9

° o = o o '
vrgminnlglunisuansiagiduiusiusumisveandes

3.12.4 NSOUNNATZHIVMN (Image Plane Coordinate Frame)

nsounnaszuumwiuszuuinaluF 2 53 913U 3.30 vzszy Taoldunu x .y

f

[

A o = o { s L) ar
Faozgniinn lylunisuaasiiavesingiignaiouidaszuiunv wusingilya B veatngey

QARILINUUIZUIUNINTYA b iTudu
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3.12.5 NIDUNNANNYD (Pixel Coordinate Frame)
oo & [=¢ oo =Y e = 3 [
nipunnannraiuszuunna g 2 58 9ngun 3.30 sxsylavldunu re unaz
wnalunsevfidaiiszgminnlfuaasinavesinguinsaununmuiiugiuuuiidaves
WA 1A b uuszuunmeziiug afij] vunseufinafina uAsszegludumiaing

{ o o -~ [ P
(Row) 1 i taznpd (Column) #1 j 1hudu dauanalugdi 3.31

Image Plane Image Array
A4 Column |
\ a(0,0] JL
- b
Rowi i
d afl,

v

Ty

JUN 3.31 MsuanIRnAgAUUNSDUNAARNID

b

- 1 - o w @ a d o e o
1NM)TINNYBINTOUNNAA Y wildduaNuduiuE lumsulainsauniadagli

332

Object Coordinates (3D)

World Coordinates (3D)
Extrinsic Camera Parameters

Camera Coordinates (3D)

!

Image Plane Coordinates (2D) Intrinsic Camera Parameters

l

Pixel Coordinates (2D)

o o a o a o
3UN 3.32 dduanuduiuslunmsasnseunnag

d. oA o - el | C: l:: é o
110310 3.32 Tumsulasnsevinasei Ififadaudsaren ifvades Faezily
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3.13 M9AUNN (Projection)

msmwnmiuislunsuaasinguinluida 3 ffeguuszuunmwluda 2 53 &
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min Tasmusanaaalddaounu X unu y uazuau z udidognnioueguuszuiuni
Tdumsaaunuinalunisuananmyesiagmio 2 unu SEmsawnmannsouyseen’ld

i 2 5370

3.13.1 MSMEMNIUVUVYUIY (Parallel Projection)
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Lines of Projection

31U 3.33 mismenmuuuvLI

3.13.2 msmummnuuwean)anl (Perspective Projection)
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Center of e PR
. eezz
Projection

3UN 3.34 Msmwnwuuumemila@il

3.14 aumamsmemnuumemunfy (Babis. 2004)
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. ¥ .
amddludiunm  udluanudhusTaiuszununimezdessgnasgagudnarsvesnsai
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P o3 S o
1n3URN 3.35 Wumsmeamuuumeanlanlveasa (X,Y,2) mdaszuiuninlavan
= 4 wa - by = v N
N9A (xy) FnauaulfvoImumasuaiioiu Mnaumasy OAB iU OA'B’ MW 1A

S _ 7 wazainmumaoy ABC nu A'B'C’ mihtle oY -7 faldaumsmisnionin
R

.

Z R X Y
¥

wvtmemafhitludei

x=g‘y=ﬁ ,z=f (3.34)

& o ' =t @ W o s =
mqﬂﬂagiuummmmmngﬂ (X,Y.Z) ﬂilzQﬂﬂTUH]UQ‘JSUWUﬂWWIﬂUﬂﬂ'ﬂ'lzﬂ (x,y)

= o
WRUINY

3.15 salsmeuennaog (Extrinsic Camera Parameters) (Babis. 2004 ;

Bouguet. 2005)

Tawm lUudrszuunna Tanuagszuunnandesy luldeglunuadvinuiadesdinig

L7 =oo ' =Y o (-1 %) @ o oas 9 Y a
wlaslvinseunna lamnegluiiemanazdumisfeinuiunseunnandes Tavesldeduls
v &4 v o a o ) . &
muuenndearalsznou lidrunnnesnisidoudumua (Translation Vector) taziumines
MM (Rotation Matrix) Taoranmesmsilaoudwmissznuiediodwmisgasuiiaves
nseuRna lanuegdumiufuatuiuyeiiiavensouRIANdDY LAz nFnIsnyuLe

b ¥
wunonyu lununsavesnseving lanuiegluiimmadvanufiuunuueanseuinandos

4

w

4 o o a o a o ¥
3UN 3.36 AwduWuTYeIga P lunseunina lanuazniouniandes
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w o o ' a e
nnglvzamnsaldaunlsnouenndeslumsmanuduiusssiannavesya p

= o A a oa 3 -~ 4 = v o do o 3 dy
Tuszuuinalanfio P, uazluszuunnandesiio P aeziinnuduiusiuasaunisas i

P.=RP +T (3.35)

oy (3.36)

T,
r=lp (3.37)
T,

a o
IWU R IMUIUNITNYNITHYU

o H o [
T ununmeinsildvudiumua

3.16 amndsmelunasa (Intrinsic Camera Parameters) (Hartley and Zisserman.

2003 ; Bouguet. 2005)

o b [ = = [ " b r-i ar 4=;
aulsnwlundeadudinlsiuaastiquansuzaiag nolundes Fedush
¥

Wl lunisisisaniideiie anwen i Wnagansudina A1nsidoauu (Skew

¢ I,
Factor) Lazdul)sza@nsninutaiiien (Distortion Coefficients)

3.16.1 annenlving
q. 3 U Vv ' v ) n‘: o
1ni Idnanluudrhanuenidiailuszozninganarndesndininiuszuiy
& o o n‘: lﬂl . ] - 1 l:;
amdalumsidwraniuegdeadousrezanue ey lumisvvesinma Tavaineh
4 o ﬁy " A o — A ]
MminnlFlunsuasiifemanauramnes (Scale Factor) Fuiluimauiinaalunilamioy
A - 3 o ar ¢ ¥ A
A0 1N5121H0991n3%A Tundeuiluginssisuniw (Photo-sensor) ¥ ainiinluns
Tuiinnmueaing Tavvzilaouwdsaiunaa (Light Energy) uoglugdveadaygio v
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& a aaa A d o s '
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3.16.2 NNAYANIUTIND
v ldnanldudnganiudmadiugaiifaninununiuFmivasaduszuiunw
4 o " oan ' dvy ¥ o ¥ - o '
Faorwiludwmiaiihiogasinataszuuamild Taolunisdiuimszdeanldsuduomia
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—_

3UN 3.37 msilvauuveanin

3.16.4 dulszansanudaia
A 29 [ q’j g/ ] o & a 9 a
199910 TUMTTUNNNWYDINABITUILABIALAUE (Lens) FIn1wh ldorafan

¥ "
Uailiua (Lens Distortion) Aauaaslugii 3.38

Barrel Distortion Pincushion Distortion

y o a o
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x = x_+L({)(xx) (3.38)

=y +L() (y-y) (3.39)

=

'
Qe Aa =

¥
Tov  (xy) ununnafinaauiiadod 1y

w Al Y [

(%,7) ununnan lasinmsdsua

(x,y) WnunWARgana1avesialifitiaiiion (Radial Distortion)

r UNUTZOZ T 7Y (Radial Distance) Naol laoliair= \/(x -x, ) +(y- ».)?

¥
o o o =1 [ |
L(r) unuWINFuUANUTAY7 (Distortion Function) Taulsaisail r

3.17 mandasrinaveaingluda 3 ddiunnauuszinunwhuga 2 1a
(Bouguet. 2005)

~ o o - v w o 4 1 [ 4
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naf lafensaulsmolunaznuenndesdaildnanluudsy Tavezii 14 lumsuans
o a 1 - W Y = - _a o = o o ¢ - oy A

ANuFuRuTsznIeRtaveaiagselga 3 dafufisavesiaguuszinunmwluga 2 58 &

Tumsilasiinavesnguuiluifauuszuunmannsoi 14 Taosuninmsulasnniida

voadagluszuunnalamnegluszuuinandeslaolsiusmouenndesdsaunisae il

X, = RX, +T (3.40)

o

lau X, ununnadagluszuunnalan [x_y, z.]

as

X, unuiinadagluszuuinandes (x y, z]'

e lannadag luszuuinandewdnz 1ddulsnwlundeslumslaslvuioglu

szyunnanna 1aoldaunisane U

[xc. /zt} {x}
x, = = (3.41)
yolz.] |y

P g 4 g (3.42)
2 2

o 2keyxy + ke, (r® +2x7) (3.43)
ke, (r® +2y*)+ 2ke,xy

%
{ m} = (l +ker? +keyr' + kegr® }rn +dx (3.44)
Yy
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X r / X Sf \ 0 v \xi\'
'Vf' = 0 f‘ ()‘ ych- (345)
| 0 0 | |
Tau  x, unuAnauosuoa lad
ke, unududszansanuiaioidin g nas

ae o Y o ¥ - dy ¥
Xy Vo, WNUAAAT ISuARMUTATvmd Tunnu x nazunu y

£,f  wauanuen Idnaluunu x taziunu y

x 1y

0,,0, UNUWAAYANTUNWA TUNNY x LaZUAU y
S UNUATMSITUAVUYBININ

x,.y, unuidadagluszuundannaa

3.18 Avamdamiviia (Space Carving Method) (Wada. et.al. 2000)
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i i
g0 | win | eowen | anwnde| anwmn | nes | ameie | olden
(N3N) (931.) (¥3.) (¥0) | (@uaw) | (a3an) | (AT.9.)
L1 442.09 15.62 8.08 7.15 432.18 108.60 229.20
L2 | 417.62 14.64 7.96 7.07 403.55 104.90 243.00
L3 | 407.70 15.14 7.86 7.11 392.48 102.10 224.30
L4 | 41025 14.44 8.20 6.92 394.98 103.50 245.70
L5 | 436.42 15.11 8.16 7.33 420.93 107.60 264.90
L6 | 42881 15.11 8.08 7.23 411.00 110.00 256.80
L7 | 43291 16.08 7.85 7.27 466.51 110.30 265.50
L8 | 549.40 18.12 8.53 7.43 538.46 138.00 328.70
L9 | 468.83 15.53 8.28 7.43 458.84 113.40 263.80
L10 | 471.98 16.87 7.97 7.13 459.13 118.60 290.70
L1l | 44552 14.87 8.99 7.37 428.36 108.20 267.90
L12 | 43325 16.00 7.84 7.09 419.91 111.30 263.00
L13 | 43043 15.44 8.10 6.85 419.96 110.00 276.00
L14 | 404.28 14.69 8.01 6.94 389.74 104.60 243.80
L15 | 406.68 15.85 7.66 7.01 400.70 108.30 256.90
L16 | 439.37 16.28 7.93 7.04 429.38 113.90 260.60
L17 | 427.50 15.38 7.99 722 407.81 98.90 259.60
L18 | 350.69 14.51 7.56 6.58 343.98 94.80 230.80
L19 | 367.49 14.75 7.58 6.63 361.17 100.80 216.50
L20 | 365.12 14.20 7.62 6.62 354.34 98.10 229.00
L21 | 380.33 15.59 7.64 6.69 371.42 104.30 236.30
L22 | 388.00 13.57 7.98 7.03 375.49 98.80 235.40
L23 | 353.88 14.56 7.23 6.38 342.43 95.90 217.00
L24 350.64 14.62 7.49 6.52 339.93 96.70 22240
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fui | i

$o | shwiin | anwem | anwnte | aowmn | YSmas | amee | wden

(n5W) (91.) (1.) (530.) (AU | (@5.91) | (R3.91.)
L25 351.57 14.99 7.51 6.56 341.08 98.20 230.00
L26 383.57 14.33 7.40 7.05 369.87 97.20 239.40
L27 | 364.13 16.11 7.18 6.38 355.45 104.10 234.90
L28 | 358.46 13.71 7.52 6.63 346.65 92.70 213.30
L29 351.59 14.94 7.46 6.40 337.48 99.50 205.10
L30 362.54 15.61 7.30 6.52 349,53 100.10 226.10
L31 375.59 14.32 0T 6.96 363.18 98.40 244 .90
L32 339.31 14.78 722 6.33 328.18 86.30 213.10
L33 340.60 15.14 7.54 6.34 335.80 98.70 221.80
L34 336.31 13.41 7.30 6.95 324.81 87.60 213.20
L35 338.34 15.73 6.94 6.41 328.94 96.80 227.80
L36 334.75 14.80 7.40 6.08 323.43 98.80 215.80
L37 348.09 13.99 7.52 6.58 336.98 96.30 239.50
.38 344 .88 14.80 7.41 6.43 330.82 94.80 236.30
L39 341.23 14.60 7.47 6.46 342.04 95.90 227.60
L40 344.13 14.44 7.59 6.52 332.91 94.30 226.90
L41 33496 14.90 7.11 6.47 323.48 93.70 220.10
L42 336.05 14.18 7.36 6.62 318.77 91.00 219.90
L43 336.56 14.38 7.33 6.52 32232 93.20 219.10
L44 339.31 14.16 7.44 6.52 327142 95.10 227.70
L45 349.15 14.53 772 6.51 339.21 93.00 237.70
L46 344.11 14.99 7.29 6.46 332.77 96.60 214.10
L47 350.40 13.99 7.43 6.76 336.83 93.00 221.90
L48 341.95 14.27 7.33 6.46 327.62 96.00 228.10
L49 340.05 13.53 7.32 6.67 324 .81 89.20 195.90
L50 348.18 14.62 7.43 6.53 334.59 95.40 220.00
L51 347.15 14.22 7.27 6.39 332.36 95.00 232.60
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go | ahmin | awen | anwndie | s | U5nes | amee | wlden
(N5W) (ar.) (. () | @uay) | @5au) | (93.9.)
L52 | 333.80 15.35 6.97 6.37 323.91 95.90 231.90
Ls3 | 334.16 14.26 7.28 6.65 323.45 93.10 212.00
LS4 | 333.20 13.97 7.41 6.46 325.19 91.20 220.10
L55 | 334.20 13.96 7.37 6.47 321.56 91.10 204.10
Sl 321.49 14.75 7.13 6.12 311.48 94.00 222.60
S2 | 309.67 13.84 7.07 6.35 298.33 86.50 202.10
S3 | 319.44 13.79 7.30 6.39 307.21 89.40 211.70
S4 | 321.01 14.18 6.93 6.38 310.11 87.50 199.80
S5 | 299.98 14.18 7.21 6.04 252.91 88.30 205.20
S6 | 288.55 14.00 6.96 6.25 280.52 84.50 192.90
S7 | 321.59 14.02 7.36 6.49 310.06 87.90 210.20
S8 | 298.82 14.04 6.97 6.30 287.94 86.10 212.30
S9 | 319.67 14.24 7.32 6.37 310.97 90.00 212.50
S10 | 289.53 12.51 7.29 6.33 278.00 79.50 220.70
SI1 | 32938 14.53 7.20 6.37 315.77 92.70 216.00
S12 | 291.81 13.64 6.95 6.30 283.16 83.40 210.00
S13 | 312.22 13.68 7.11 6.37 299.18 86.80 210.80
S14 | 305.65 13.49 7.24 6.25 294.66 87.90 208.30
S15 | 313.16 13.47 7.22 6.33 299.58 86.90 190.30
S16 | 317.68 14.01 7.18 6.59 306.30 91.10 222.40
S17 | 298.06 14.50 6.97 6.20 289.91 89.80 187.70
S18 | 287.03 12.61 6.95 6.21 275.07 81.50 201.30
s19 | 325.19 14.62 7.13 6.32 312.59 95.40 239.90
$20 | 324.10 14.35 7.08 6.30 316.06 92.30 210.40
S21 | 291.64 13.22 7.35 6.14 283.84 85.10 195.50
s22 | 32112 13.88 7.23 6.31 302.34 90.40 205.10
S23 | 325.19 14.71 431 6.49 316.16 50.20 220.00
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g0 | vmin | anwen | anwna| aowmn | USinas | amew | wlden
(n3) (%30.) (%31.) () | (@uaw) | @ian) | (P5.aw.)

SS1 | 276.80 12.79 7.01 6.24 268.61 79.20 195.00
$S2 | 261.70 13.67 6.56 6.88 251.30 77.60 181.60
SS3 | 263.18 14.34 6.70 5.66 259.27 83.80 178.80
ss4 | 270.12 13.98 6.72 5.94 261.63 80.40 189.00
SS5 | 269.65 14.14 6.80 5.87 262.25 83.40 191.90
SS6 | 269.54 13.36 6.84 6.01 258.72 78.30 198.40
ss7 | 247.13 12.55 6.68 6.02 239.74 72.70 169.70
SS8 | 266.08 14.15 6.72 5.92 259.32 81.90 207.90
SS9 | 254.83 12.22 7.07 6.05 242.81 77.00 175.50
SS10 260.68 13.16 6.84 6.07 250.99 77.40 221.60
SSI11 | 252.06 13.72 6.65 5.66 243.68 78.60 168.40
SS12 262.69 13.01 6.91 6.15 252.62 76.40 194.30
SS13 | 238.06 11.60 6.69 5.91 224.02 61.20 176.60
SS14 | 239.07 14.66 7.31 6.52 318.54 93.70 222.40
SS15 | 271.67 12.72 6.93 6.21 260.91 76.80 195.00
SS16 | 268.37 12.32 6.88 6.21 256.41 74.60 182.40
SS17 | 242.29 13.24 6.72 5.83 238.17 75.70 193.00
SS18 | 278.75 14.45 6.72 6.01 269.84 84.50 202.20
SS19 | 277.59 13.33 6.97 6.00 265.84 81.10 181.00
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i i
S0 | arwen | aawnda| aoumn | Wswes | wuifd | e | wden
(1.) (a3.) 1) | @uaw) | @5.99) | @5.950) | (R5.9)
L1 15.76 8.98 6.87 475.57 473.20 106.21 227.32
L2 16.80 9.24 6.69 435.56 443.68 112.87 239.34
L3 15.44 8.80 6.67 428.26 446.06 100.80 240.61
L4 15.93 8.76 6.44 434.64 446.48 99.82 241.17
L5 16.07 9.36 6.62 464.37 466.32 108.36 258.91
L6 16.18 9.56 6.53 448.35 459.38 113.06 254.10
L7 17.73 9.13 6.47 500.40 492.04 114.48 261.36
L8 19.62 9.87 6.71 602.09 561.44 142.24 327.37
L9 17.20 9.56 6.78 602.09 561.44 119.58 258.49
L10 | 17.58 8.67 6.13 502.01 501.90 114.45 289.36
L1l 15.60 9.02 6.20 468.69 468.60 104.45 266.93
L12 16.31 8.82 6.04 462.71 472.84 106.56 257.55
L13 16.04 8.91 5.82 457.03 462.78 105.53 271.80
L14 15.04 9.00 5.91 429.09 445.32 100.63 245.80
L15 16.78 8.47 5.96 432.72 457.34 104.51 261.89
L16 17.29 8.67 6.09 472.86 482.86 108.91 265.02
L17 16.13 8.62 6.09 444.29 459.20 102.75 258.57
L18 15.24 8.29 6.04 373.31 404.32 92.83 230.67
L19 1558 8.38 6.40 402.82 423.96 96.21 225.12
L20 | 15.13 8.91 6.04 389.06 414.18 101.40 226.86
L21 16.78 8.73 6.16 402.99 429.44 106.78 236.09
1.22 15.22 9.29 6.38 414.96 431.06 103.68 242.83
L23 15.91 8.47 5.78 373.19 406.50 100.47 251.75
L24 15.44 8.82 6.09 371.07 405.88 99.92 220.43
L25 16.40 8.51 5.93 373.47 408.70 101.38 234.30
L26 15.09 8.29 6.02 405.65 425.40 92.68 237.73
L27 17.18 7.84 5.67 372.35 421.68 97.21 235.32
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fui | A
$o | pwon | anwnda| arumin | d5ues | wuiida | amee | nlden
(5.) (WY.) (3.) (AU.9.) | (M3.wu.) | (AI.a) | (R3.5.)
L28 14.44 8.42 5.80 376.70 403.80 90.41 210.85
L29 15.51 8.20 5.62 367.41 405.88 93.40 224.41
L30 16.36 7.98 5.69 377.92 416.00 95.84 224.04
L31 14.82 8.47 582 392.78 418.90 93.17 237.42
L32 15.31 8.11 6.09 364.75 401.56 91.18 210.51
L33 16.73 8.49 5.67 364.64 404.00 102.40 225.06
L34 14.58 8.40 6.33 352.60 385.66 90.07 214.61
L35 16.78 8.02 5.82 359.54 403.92 99.01 227.32
L36 | 16.16 8.44 5.40 353.72 397.54 102.08 215.76
L37 15.51 8.82 5.89 369.05 401.06 100.71 233.82
L38 16.02 8.38 5.93 360.83 398.40 99.24 231.72
L39 15.98 8.47 5.87 371.74 403.80 100.66 224,51
L40 | 14.98 8.29 5.60 361.42 399.74 89.40 228.52
L41 15.16 7.93 5.53 352.41 394,78 89.37 216.55
L42 14.80 8.16 5.69 348.26 389.68 87.05 216.26
L43 14.93 8.09 5.62 352.28 392.52 88.84 214.26
L44 15.56 8.29 6.71 353.72 392.78 95.78 228.71
L45 15.82 8.73 5.96 369.67 402.60 99.80 232.75
L46 16.44 8.40 5.89 364.75 403.22 99.95 215.16
L47 14.73 8.09 5.62 368.23 399.24 88.48 220.43
L48 14.93 8.16 571 355.54 396.08 90.71 226.71
L49 | 14.04 8.00 5.71 353.15 385.12 85.01 196.13
L50 15.47 8.09 5.67 359.07 400.86 90.85 218.49
L51 14.73 8.11 5.73 361.17 397.82 89.63 234.38
L52 16.27 7.69 6.04 359.43 399.42 91.16 233.87
L53 15.51 .27 6.00 349.94 389.24 94.44 213.89
L54 14.78 8.04 5.53 350.94 389.86 87.53 217.13
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§o | anwon | anunta| e | U5uas fuiin | nmee | wden
(91.) (3. ) | (ua) | @5.90) | (R3an) | (95.90)
L55 14.60 8.22 5.69 351.34 393.64 88.75 212.93
Sl 15.22 7.80 5.84 341.17 382.84 88.10 219.60
S2 14.64 7.73 5.93 331.05 372.04 82.68 206.29
S3 14.82 8.33 5.82 337.48 376.42 92.60 207.67
S4 15.67 738 5.78 336.08 378.20 91.55 206.22
S5 15.11 8.16 5.64 316.68 366.52 90.29 208.63
S6 14.93 7.96 5.76 311.56 361.94 87.36 193.94
S7 15.31 8.49 5.91 338.85 378.96 91.78 208.80
S8 15.11 8.07 5.98 326.65 375.78 89.37 211.41
S9 14.78 7.93 5.53 336.80 380.80 84.30 207.09
S10 13.33 7.93 5.40 304.42 350.90 78.15 201.88
S11 14.89 7.98 5.44 345.60 388.38 88.05 209.22
S12 14.33 7.56 5.40 308.03 356.54 79.21 206.18
S13 14.09 7.73 5.73 325.64 371.10 81.39 206.20
S14 14.29 7.87 5.33 320.12 365.08 83.68 233.63
S15 14.11 7.71 5.64 326.76 369.40 81.64 189.78
S16 14.69 7.98 5.69 335.90 381.52 85.94 217.44
S17 15.29 7.64 5.38 317.73 373.28 85.16 187.56
S18 14.33 7.82 6.73 297.03 348.30 83.85 198.36
S19 15.62 7.76 5.51 338.07 384.90 88.68 218.56
$20 15.31 7.53 5:51 339.36 381.20 87.02 208.43
S21 14.87 8.36 5.64 310.79 358.48 89.23 195.78
S22 15.29 8.27 5.71 329.50 376.78 93.79 205.94
S23 15.80 8.11 5.98 348.48 392.55 93.29 220.38
SS1 12.84 8.02 5.89 295.11 343.70 76.39 199.47
SS2 14.27 7.04 5.64 273.75 331.96 73.49 184.21
SS3 15.60 7.53 5.31 286.93 344.78 87.12 181.28
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SS4 | 14.58 77 5.40 286.79 341.34 83.21 188.42
SS5 15.22 7.76 5.20 283.83 341.54 86.06 189.53
SS6 13.84 7.82 5.58 284.28 339.66 81.60 193.86
S§S7 13.11 7.18 5.24 257.10 316.62 69.20 167.55
SS8 13.96 7.49 5.18 284.74 342.82 76.39 198.12
S89 12.69 7.71 5.18 264.31 320.16 71.23 169.01
SS10 13.40 7.53 5.33 274.80 332.36 73.43 217.48
SS11 13.71 7.27 4.93 267.32 331.52 75.35 173.45
SS12 13.60 7.42 5.36 279.47 335.02 72.34 188.55
SS13 11.98 7.13 5.13 240.41 297.22 63.11 158.98
SS14 14.84 7.93 5.60 348.62 392.74 88.12 216.37
SS15 13.36 7.53 5.47 278.61 334.54 7332 182.47
SS16 12.80 7.36 5.49 273.72 326.88 70.00 175.72
SS17 14.62 7.49 6.29 252.87 319.38 77.27 185.00
SS18 15.51 7.69 5.53 296.96 351.72 87.39 203.17
SS19 13.87 7.49 5.31 289.72 343.16 76.43 182.42
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L1 16.93 8.82 6.33 469.08 476.40 110.35
[.2 17.73 8.58 6.42 476.39 485.92 113.10
L3 15.58 8.38 6.31 404.28 429.84 96.25
L4 15.91 8.89 6.31 443.89 457.16 103.94
L5 17.40 8.62 6.22 408.17 433.72 108.38
L6 15.49 8.27 6.20 349.37 388.76 94.78
L7 16.07 8.22 5.89 342.52 382.46 97.77
L8 16.96 8.36 5.89 365.30 409.84 105.27
L9 15.73 8.69 6.13 370.97 404.26 99.04
L10 16.58 8.04 6.27 363.73 400.46 98.43
L1l 16.42 8.02 5.98 347.05 389.40 96.24
L2 15.24 8.42 6.42 362.77 395.42 95.62
L13 15.47 8.38 6.18 341.97 384.70 93.72
L14 16.82 7.96 5.89 348.27 390.44 9712
L135 16.78 8.47 6.00 374.50 409.00 104.14
Ll16 15.80 8.36 5.96 336.00 376.70 97.17
L17 1536 8.49 6.24 351.61 385.60 96.42
L18 15.49 8.27 6.29 331.90 369.80 93.36
L19 16.53 8.31 5.96 356.18 391.12 99.24
L20 18.07 8.27 6.07 409.12 435.44 110.09
[:21 14.96 8.58 6.16 335.85 371.84 92.43
122 16.89 7.93 5.91 342.79 386.48 97.69
L23 16.58 8.80 6.60 428.92 439.02 107.79
L24 17.51 8.56 6.51 440.05 449.52 110.00
[25 16.38 9.27 6.31 421.59 438.02 110.41
L26 16.96 9.09 6.36 429.73 442.36 109.96
L27 15.96 9.58 7.00 449.07 447.38 111.55
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L28 17.80 9.38 6.56 490.60 494 .36 121.79
L29 16.49 9.09 6.49 421.83 437.04 111.15
L30 17.20 8.93 6.38 433.64 444 .44 113.42
L31 16.93 9.20 6.78 447.73 448.44 115.62
L32 16.62 8.02 5.96 398.78 426.14 97.46
L33 16.38 7.49 5.82 362.82 404.58 92.33
Sl 15.07 8.11 5.40 325.50 378.18 89.54
S2 16.13 7.93 5.7 353.73 398.90 93.61
S3 15.22 8.04 5.80 353.35 389.20 89.54
S4 15.40 7.49 5.42 311.44 365.98 84.29
S5 14.67 8.09 5.84 340.94 384.06 87.02
S6 16.16 7.71 5.49 346.43 394.86 92.27
S7 15.40 7.40 5.29 307.99 364.56 84.62
S8 16.00 7.71 5.71 341.56 391.04 89.67
S9 15.69 7.82 5.89 357.81 400.56 91.11
S10 14.87 8.13 5.78 349.78 392.34 91.73
S11 15.47 7.71 5.38 316.54 370.10 86.47
S12 15.07 7.64 5.58 308.37 363.42 83.92
S13 15.96 7.76 5.62 351.96 398.66 91.00
S14 15.53 7.56 5.38 336.77 383.74 88.51
S15 16.58 7.80 5.58 352.16 399.10 95.15
S16 15.62 7.58 5.58 316.78 371.98 87.47
S17 16.09 7.53 5.73 351.08 399.54 90.30
S18 15.96 7.78 5.87 360.46 402.82 90.67
S19 16.47 7.71 5.69 349.19 397.22 92.86
S20 14.69 8.11 6.04 350.56 387.74 86.82
S21 15.60 8.04 5.89 352.83 396.68 90.36
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S22 15.09 T8 5.76 333.64 379.52 87.65
$23 15.80 7.80 5.76 353.02 395.86 89.85
S24 15.04 7.44 5.49 303.92 357.06 83.25
S25 14.64 7.78 5.91 333.67 376.02 84.47
SS1 15.13 7.38 5.53 294.78 354.30 82.02
SS2 15.02 7.22 5.42 282.53 343.76 79.09
SS3 14.18 7.16 5.36 272.93 333.34 75.22
SS4 14.20 7.09 5.18 271.84 331.34 74.55
SS5 15.22 7.09 5.42 285.78 345.28 79.69
SS6 14.42 7.36 5.49 284.71 339.20 77.90
SS7 14.47 727 5.47 295.15 351.72 78.08
SS8 14.73 6.69 5.38 268.84 334.22 74.35
SS9 15.04 7.31 5.49 293.67 353.44 80.54
SS10 15.29 7.27 5.60 307.71 362.26 83.84
SS11 14.29 7.13 5.11 270.55 332.20 76.24
SS12 15.07 7.07 5.33 281.25 344.12 79.86
SS13 13.91 7.07 5.62 268.68 326.62 71.91
SS14 14.02 6.84 5.42 237.99 305.58 69.21
SS15 15.38 7.42 5.44 304.12 360.96 82.99
SS16 14.38 7.33 5.31 276.86 335.76 77.79
SS17 14.51 7.47 5.29 278.70 337.30 77.81
SS18 14.58 7.38 5.36 276.25 335.36 77.27
SS19 13.53 208 5.29 262.15 318.96 70.82
$S20 15.04 7.22 5.29 293.54 353.44 81.50
SS21 14.20 7.49 5.36 275.72 333.12 76.05
$S822 14.84 7.44 5.33 281.74 344.06 79.54
$S23 14.98 7.33 5.18 281.62 344.44 80.45
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$S24 14.98 7.27 5.44 290.86 348.66 79.11
$S25 15.53 7.16 5.18 281.47 344.18 79.08
$S26 14.38 7.22 5.24 279.55 342.78 77.50
$S27 13.96 6.93 5.33 250.00 314.20 69.45
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do a1 a2 dufi 3 dni 4 Y4 4 don
M. g 1, Haoo o B, L R [ S Fao Ho o Hy

L1 | 139,145,67 | 152,164,85 | 122,129,56 | 123.139,64 | 134.0,144.3,68.0
L2 | 143,144 ,67 | 150,164,87 | 134,135,59 | 121,137,63 | 137.0,145.0,69.0
L3 | 135,139,58 | 153,162,81 | 130,128,57 | 128,138,64 | 136.5,141.8,65.0
L4 | 144,145,61 | 155,165,79 | 129,128,47 | 124,134 ,53 | 138.0,143.0,60.0
L5 | 138,142,68 | 155,167,93 | 124,128,55 | 131,143 ,68 | 137.0,145.0,71.0
L6 | 138,130,54 | 157,161,78 | 122,121,49 | 129,135,61 | 136.5,136.8,60.5
L7 | 136,146,67 | 152,169,89 | 118,131,57 | 128,147,70 | 133.5,148.3,70.8
L8 | 130,134,58 | 157,168,89 | 115,123,51 | 131,144 ,70 | 133.3,142.3,67.0
L9 | 139,135,55 | 159,166,85 | 126,117,44 | 132 ,135,58 | 139.0,138.3,60.5
L10 | 139,140,66 | 156,165,890 | 121,126,57 | 127,139 ,66 | 135.8,142.5,69.5
L11 | 134,135,53 | 149,162,74 | 121,126,49 | 125,138,59 | 132.3,140.3,58.8
L12 | 143,143,68 | 161,170,93 | 117,122,55 | 125,139,67 | 136.5,143.5,70.8
L13 | 141,140,66 | 154,164,86 | 120,122,52 | 123,134,59 | 134.5,140.0,65.8
L14 | 136,141,59 | 155,167,86 | 120,124 .49 | 123,138,61 | 133.5,142.563.8
L15 | 143,150,70 | 157,172,91 | 122,131,58 | 119,137,63 | 135.3,147.5,70.5
L16 | 145,146,69 | 160,168,90 | 125,130,59 | 126,139,65 | 139.0,145.8,70.8
L17 | 137,146,67 | 156,172,92 | 116,128 ,57 | 119,138,65 | 132.0,146.0,70.3
L18 | 142,150,73 | 150,167,90 | 130,135,61 | 126,143,69 | 137.0,148.8,73.3
L19 | 142,153,75 | 151,169,91 | 130,138,64 | 126,144,68 | 137.3,151.0,74.5
L20 | 133,144 ,60 | 143,160,73 | 126,137,59 | 126,146,63 | 132.0,146.8,63.8
L21 | 133,145,64 | 149,169,838 | 121,132,57 | 120,136,60 | 130.8,145.5,67.3
L22 | 141,145,63 | 155,170,87 | 124,131,56 | 129,146,66 | 137.3,148.0,68.0
L23 | 145,142,62 | 157,164,83 | 127,127,56 | 121,132,60 | 137.5,141.3,65.3
L24 | 138,143 ,64 | 154,168,84 | 125,134,58 | 125,144,63 | 135.5,147.3,67.3
L25 | 143,145,66 | 154,163,77 | 129,127,57 | 128,136,60 | 138.5,142.8,65.0
L26 | 142,139,59 | 161,167,83 | 121,125,52 | 132,142,64 | 139.0,143.3,64.5
L27 | 131,149,69 | 145,169,85 | 112,129,56 | 111,135,59 | 124.8,145.5,67.3
L28 | 140,141,70 | 158,163,85 | 129,130,60 | 139,145,71 | 141.5,144.8,71.5
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L29 | 135,144,59 | 147,168,80 | 119,129,52 | 113.137,57 | 128.5,144.5,62.0
L30 | 134,143 .62 | 153,168,86 | 117,128,55 | 121,139,64 | 131.3,144.5,66.8
L31 | 139,146,67 | 152,167,87 | 129,138,64 | 126,143 ,68 | 136.5,148.5,71.5
L32 | 137,146,64 | 144 165,82 | 125,133,55 | 119,138,610 | 131.3,145.5,65.5
L33 | 140,152,69 | 150,170,85 | 128,140,60 | 127,144 65 | 136.3,151.5,69.8
L34 | 140,149,68 | 147,166,83 | 128,135,60 | 126,148 ,69 | 135.3,149.570.0
L35 | 120,142,58 | 141,167,79 | 114,134,55 | 117,144,61 | 123.0,146.8,63.3
L36 | 137,150,64 | 157,172,85 | 126,139,59 | 135,150,68 | 138.8,152.8,69.0
L37 | 132,141,53 | 153,166,74 | 122,130,47 | 130,148,59 | 134.3,146.3,58.3
L38 | 136,144 ,65 | 153,167,86 | 129,135,60 | 129,145,69 | 136.8,147.8,70.0
L39 | 128,139,63 | 149,165,81 | 123,133,58 | 126,143 ,63 | 131.5,145.0,66.3
L40 | 129,141,63 | 149,168,83 | 119,132,60 | 119,140,64 | 129.0,145.3,67.5
L41 | 131,140,59 | 157,169,84 | 123,133,58 | 127,145,65 | 134.5,146.8,66.5
L42 | 140,137,55 | 162,167,80 | 130,121,46 | 127,131,53 | 139.8,139.0,58.5
L43 | 147,142,66 | 157,159,78 | 129,130,59 | 128,138,63 | 140.3,142.3,66.5
L44 | 152,139,64 | 157,160,83 | 131,121,55 | 136,134,65 | 144.0,138.5,66.8
L45 | 140,135.62 | 155,163,85 | 136,132,61 | 139,148,73 | 142.5,144.5,70.3
L46 | 140,146,62 | 150,167,80 | 124,132,54 | 116,136,56 | 132.5,145.3,63.0
L47 | 140,138,60 | 157,165,83 | 129,127,53 | 133,142,64 | 139.8,143.0,65.0
L48 | 144,145,63 | 163,173,87 | 126,131,55 | 129,145,64 | 140.5,148.5,67.3
L49 | 142,135,59 | 164,166,84 | 133,124,50 | 142,142,63 | 145.3,141.8,64.0
LSO | 137,147,70 | 153,172,91 | 120,132,58 | 122,142,67 | 133.0,148.3,71.5
L51 | 150,146,64 | 162,168,87 | 130,131,56 | 125,138,64 | 141.8,145.8,67.8
L52 | 137,143,65 | 144,160,81 | 130,135,59 | 120,135,59 | 132.8,143.3,66.0
L53 | 133,149,73 | 154,175,97 | 117,133,61 | 125,149,72 | 132.3,151.5,75.8
L54 | 144,154,76 | 159,175,99 | 127,138,65 | 127,144,72 | 139.3,152.8,78.0
L55 | 139,144 ,60 | 156,170,82 | 119,124,50 | 124,140,59 | 134.5,144.5,62.8
S1 | 136,147,63 | 145,165,82 | 120,131,52 | 114,133,56 | 128.8,144.0,63.3
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S2 | 138,145,67 | 154.166,90 | 131,137,64 | 132,142,70 | 138.8,147.5,72.8
S3 | 141,146,60 | 151,168,77 | 133,138,55 | 127,144 60 | 138.0,149.0,63.0
S4 | 137,147,62 | 153,170,83 | 127,130,51 | 123,138,58 | 135.0,146.3,63.5
S5 | 114,138,58 | 134,164,77 | 106,129,50 | 113,144,59 | 116.8,143.8,61.0
S6 | 135,145,66 | 157,172,93 | 131,140,64 | 132,149 ,72 | 138.8,151.5,73.8
S7 | 140,148,69 | 155,172,90 | 129,138,65 | 130,148,70 | 138.5,151.5,73.5
S8 | 127,140,57 | 146,165,78 | 122,136,57 | 130,152,68 | 131.3,148.3,65.0
S9 | 139,142,65 | 157,168,84 | 130,132,60 | 129,140,64 | 138.8,145.5,68.3
S10 | 133,140,60 | 154,170,85 | 129,136,62 | 132,149 68 | 137.0,148.8,68.8
S11 | 133,133,61 | 161,165,86 | 115,120,52 | 130,138,65 | 134.8,139.0,66.0
S12 | 136,147,67 | 156,174,838 | 122,135,57 | 125,146,63 | 134.8,150.5,68.8
S13 | 143,146,63 | 154,166,85 | 129,131,56 | 130,142,67 | 139.0,146.3,67.8
S14 | 147,147,69 | 156,166,86 | 137,136,60 | 128,139,63 | 142.0,147.0,69.5
S15 | 149,145,69 | 164,170,89 | 133,126,58 | 134,139,66 | 145.0,145.0,70.5
S16 | 142,143 ,63 | 162,173,90 | 122,128,54 | 125,142,63 | 137.8,146.5,67.5
S17 | 139,142,60 | 161,173,90 | 124,125,52 | 135,149,71 | 139.8,147.3,68.3
SI8 | 143,141,62 | 155,163,81 | 139,133,59 | 133,134,59 | 142.5,142.8,65.3
S19 | 138,143,66 | 160,171,91 | 129,130,58 | 128,138,63 | 138.8,145.5,69.5
S20 | 137,145,64 | 156,173,89 | 125,129,55 | 124,139,62 | 135.5,146.5,67.5
S21 | 135,138,55 | 153,162,76 | 134,137,58 | 142,151,70 | 141.0,147.0,64.8
S22 | 149,149,69 | 160,170,838 | 141,141,59 | 133,148 ,66 | 145.8,152.0,70.5
S23 | 138,150,65 | 155,173,89 | 126,136,56 | 126,145,64 | 136.3,151.0,68.5
SS1 | 147,143,64 | 158,167,83 | 130,133,55 | 127,144,62 | 140.5,146.8,66.0
SS2 | 140,150,66 | 148,165,80 | 133,141,60 | 125,141,61 | 136.5,149.3,66.8
SS3 | 127,146,55 | 143,167,77 | 119,134,51 | 121,146,56 | 127.5,148.3,59.8
SS4 | 138,142,66 | 151,165,86 | 131,133,61 | 126,141,67 | 136.5,145.3,70.0
SS5 | 146,150,69 | 161,178,95 | 123,128,56 | 121,140,62 | 137.8,149.0,70.5
SS6 | 147,151,70 | 170,179,98 | 128,136,60 | 143,153,73 | 147.0,154.8,75.3
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SS7 | 139,150,69 | 155,174 ,89 | 124,134,59 | 121,140,62 | 134.8,149.5,69.8
SS8 | 134,144 ,65 | 161,177,94 | 118,134,58 | 133,154,72 | 136.5,152.3,72.3
SS9 | 141,134,58 | 160,165,79 | 131,126,53 | 135,141,62 | 141.8,141.5,63.0
SS10 | 132,140,57 | 150,166,78 | 122,133,53 | 130,149,64 | 133.5,147.0,63.0
SSI11 | 142,139,61 | 173,168,87 | 125,122,53 | 151,144,69 | 147.8,143.3,67.5
SS12 | 149,145,62 | 164,170 ,83 | 135,133,57 | 133,140,610 | 145.3,147.0,65.8
SSI3 | 142,149,610 | 145,163,75 | 127,137,54 | 124,146,64 | 134.5,148.8,63.5
SS14 | 141,145,68 | 160,171,95 | 126,129,61 | 124,136,65 | 137.8,145.3,72.3
SSI5 | 134,146,63 | 151,174,86 | 121,134,57 | 126,150,66 | 133.0,151.0,68.0
SS16 | 130,147,66 | 148,172,82 | 124,134,55 | 122,144,59 | 131.0,149.3,65.5
SS17 | 134,151,63 | 147,172,83 | 114,131,53 | 112,134,54 | 126.8,147.0,63.3
SS18 | 136,145,65 | 153,169,87 | 124,131,55 | 130,144,66 | 135.8,147.3,68.3
SS19 | 142,147,67 | 160,173,89 | 126,133,57 | 128,142,63 | 139.0,148.8,69.0
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L1 421.53 471.46 463.08 450.64

L2 429.28 478.56 471.09 457.18

L3 364.1 404.14 396.99 387.77

L4 398.84 448.88 440.17 424.66

LS 405.63 453.56 445.42 432.01

S1 298.77 331.33 325.08 316.82

S2 318.26 356.75 350.19 339.80

s3 317.95 355.88 349.05 329.73

sS4 282.43 313.33 307.77 298.40

S5 307.38 341.73 335.36 324.63

SS1 263.72 291.56 290.30 281.43

SS2 256.89 279.37 279.02 272.84

SS3 246.81 270.04 269.73 256.61

SS4 243.52 269.40 268.22 254.93

SSS 259.06 280.42 280.26 271.81
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LI L L
L2 L L
L3 L L
L4 L L
LS L L
L6 L L
L7 L i
L8 L L
L9 L i
L10 L L
L1l L L
L12 K L
L13 L L
L14 L i
L1s I, L
L16 L L
L17 I L
L18 L L
L19 L L
L20 L L
L21 L L
152 i L
L23 L iy
L24 L. L
L25 L L
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L54 L L
LSS s L
S1 5 S
S2 S S
S3 S S
S4 S S
S5 S S
S6 S S
S7 S S
S8 S S
S9 S S
S10 S S
Sl11 S 5
512 S S
S13 S S
S14 S S
S15 S S
S16 S S
S17 S S
S18 S SS
S19 S S
S20 S S
S21 S S
S22 S S
$23 L L
SS1 SS SS
S82 SS SS
SS3 SS SS
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SS4 SS SS
SS5 SS SS
SS6 SS SS
S§7 SS SS
SS8 SS SS
SS9 SS SN
SS10 SS Ss
SS11 N Ss
SS12 SS S
SS13 SS SS
SS14 SS Ss
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Abstract: This paper describes image processing techniques that can detect, scgment, and analyzc the mango's physical properties
such as size, shape, surface arca. and color from images. First, images of mangoes tuken by a digital camera are analysed and
segmented. The segmentation is done based on constructed hue model of the sample mangoes. Some morphological and filtering
techniques are then applied 1o clean noises before fiting spline curve on the mango boundary. From the clcan segmented image, the
mango projected area can be computed. The shape of the mango is then analyzed using some structuring models. Calor is also
spatially analyzed and indexed in the database for future classification. To obtain the surfacc arca, the mango 15 pecled. The scunncd
imuge of its peels is then segmented and filtered using similar approach. With calibration parameters, the surface area could then be
computed. We cmployed the system to cvaluate physical propertics of a mango cultivar called “Nam Dokmai”. ‘There were sixty
mango sumples in three vanous sizes graded by an expenenced farmer’s eyes and hands. The results show the techniques could be o
good alternative and more feasible method for grading mango comparing 10 human’s manual grading.

Keywords: Machine Vision, Physical Propertics Analysis, Mango, Image Processing

L INTRODUCTION

Thailand 15 known as u home to a large variety of fruits, both
seasonal and all-year-round. Mango is one of the potential
fruits for both local and international markets. [lts industry
plays an important role in the country's export cconomy. It is
grown in all regions but area of concentration is in the Central
and Northeast. At present, mango production has greatly been
developed through improved vancties to meet the consumer
tuste and preference. Overscas demand for Thai mango has
steadily increased both in the forms of fresh and canned fruit
In grading mangoes for export, the farmers must examine all
the harvested mature mangoes by eyes and hands. This is quite
subjective.  So, farmers need alternatives for sorting and
grading mangoes since hand labor is costly and inaccurate. An
automated mango sorting system could be more feasible.

In recent years, machine vision technology has become
more potential and more important to many areas including
agncultural industry. The uses of machine vision technology
for quality inspection, classification, sorting, and grading
agncultural products become more interest [1-3]. Runtz [4]
developed o real-ime plant recognition algonithm, which is
able to distinguish between broadleaf and grassy plant species.
It wus then applied to build a sprayer control system.  Later,
Dave and Runtz [5] improved the methods and evaluated three
mage processing methods for their ability 1o identify species of
plants. The study concluded texture analysis yields best result.
Chapron ct al_ [6] proposed o multiresolution-bused method for
recognizing weeds 1n com fields. They used a color camera,
which provides four-band (R, G B, IR) images, to capture
agronomic scene. These multi-band images were processed to
obtain color and geometrical features of the vegetation and soil.
Bayesian networks was then used to recognize and classify the
vegetal species.  Recently, Cunha [7] showed another use of
image processing approach in crop modeling. He developed a
system that analyzes and models lcal images. Some other
reports on fruit analysis include works of Njoroge et al. [8] and
Gejima et al. [9). The first developed an automated fruit
grading system using color image processing and some special

censors. The latter used color image processing techniques in
Judging the matunty level of tomatoes. Both RGB and L*a®b*®
color metrics were used. The research concluded that the a*
value of the tomato’s external surface color can be used as a
maturity index.

In this project, we proposc a vision system that can detect,
segment, and analyze the mango's physical properties such as
size, shape, surface arca, und color from images. Furst, the
chromaticity of the sample mangoes 1s learned.  The ongmal
RGB color image of a mango is transformed to HSI image. H

dimension is then used to build the mango's chromaticity modcl.

After training, the input mango image is then segmented from
the background image using chromaticity similarity. Some
spatial morphology is applied 1o suppress the scgmentation
errors. We then apply a spline fitting to obtain smooth curve of
mango boundary. From the segmented image, the mango
projected area can be computed. The shape of the mango is
then analyzed using some structuring models. Color is also
spatially analyzed and indexed in the database for future
classification. To obtan the surface area, the mango is peeled.
The scanned image of its peels is then scgmented and filtered
using similar approach. With calibration parameters, the
surface area could then be computed. We employed the system
10 evaluate physical propertics of a mango cultvar called “Nam
Dokmai”. There were sixty mangoes in three various sizes
graded by an cxperienced farmer’s eyes und hands, twenty
mangoces cach size.

The general objective of this research is to investugate the
potential of using image processing techmiques on mango’s
external physical analysis as an alternative or supplemcental to
the traditionul manual method.  The techmques could be
extended and applicd to analyze external physical properties of
other agricultural products as well.

The organization of this puper is as follows. Secton 2
describes our proposed methods in segmenting and analyzing
the mango images. Section 3 discusses the expenimental sctup
and results. Section 4 concludes the paper and addresses future
works
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2. OUR APPROACH

In this section. we desenbe in detnls our inethods in
processing und analyZing mango images in order to extract their
physical propertics. We divide the section into three pants first
part discusses our smage acquisition method and sctup The
second part proposes umage processing lechmques used for
segimenting mango image from the buckground image. The last
part descnibes methods for computing mango physical
propcriies.

2.1 Mungo Images Acquisition

The image acquisition setting 1s shown in Fig.1. A digital
camera is used to capture top-view image ol the mango, which
15 placed on a back-and-white chessboard calibration grid. The
image resolution 15 about 3 milhon pixels and saved in raw
RGB format. The reason that we need that high resolution 1s
that we want o measure accurate size. |In addition, we plan to
extend this work by reconstructing the 3D volume of mango
using voxel crafling techniques on multiple-view images The
cuhibration gnid 15 used for two purposes: 1o calibrale size, and
to calibrate color The normal illumination condition with
white fluorescent lamps i1s used  Fig. 2 shows an obtained nnage

=

Fig.2 Acquired input image of mango.

1.2 Mango Image Scgmentation

After acquinng all mango images, a set of nmages is
randomly picked and used as a training set for building a
mango’s surface chromaticity model. First, the onginal RGB
color image 1s transformed to obtain hue value, #, according to
this equation:

Mango pixel regions are segmented by hand from the
tnuming images. A nango’s surface hue model 15 then
constructed using huc valucs computed from those piaels. This
model 15 then used to segment mange region from the onginal
nput imagces using a simple chromauicity similarity.  Fig. 3
shows huc histogram of an nput unage. Some spatial
morphology such us closing and opening operations [10] are
then applied 1o suppress the scgimentation errors The
segmentation result i1s shown in Fig. 4.

Fig. 4 Segmented mango image

Although the spatial filicning can climinate most
segmentation false, however, there is still some erroneous
scgmentation found along the edges of the mango (sce Fig. 5).
This could be due to the sampling efTect and blurry image.

Fig. 5 Erroncous scgmentation along the cdges.

To smooth the mango region, spline curvature fithing using
MATLAB function is then applied. The initial control points
for spline fitting are extracted from preliminary boundary
pixels. To do this, we first apply boundary detection algorithm
[10] on the early segmented image. Then every a™ boundary
pixcls arc sclected and used as initial control points. A cropped
region of spline-fit mango image is shown in Fig. 6
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Fig. 6 Result after sphine fit

2.3 Physical Properties Analysis

Afler obtaining clean segmented mango region, we then
further analyze the image to obtain some physical properties of
the mangoes such as size. shape, arca, and color. In this
rescarch, we define a set of paramcters that are used to refer 1o
mangoes' physical properties as follows:

Projected ares (A) is defined as the arca of the 2D
projection image of the top view mango. This can be
casily estimated by counting number of pixels inside
the boundary. With the known calibration grid size, we
can calculate the region area.

Length & Width: Mangoes® shape and size can be
imphed  using their  lengths  and  widths.
Vasquez-Caicedo et al. [11] defined five mango size
parameters as shown in Fig. 7. However, we found
these paramcters are very difficult to measure either by
automate process or by hands. In this project we define
two paramcters; length L and width W as follows (scc
Fig. 8):

- Length (L) is defined as the distance between the
pole and the tip of the mango. The line between the
pole and the tip called mango ¥ major axis.

- Width (M) is defined as the maximum distance from
o boundary pixel 1o another boundary pixel that 1s on
the other side of the major axis, and the linc between
them, which is called mangos minor axis, is
perpendicular to the major axis.

Wanax !

L 1

]

Waa i

|
.
Fig 7 Mango size parameters defined by

Vasquez-Caiceda et al, [11)

To compute L and W. we first must find major and
minor axes. We do this by computing angle of mango
boundary pixels, 1e., angle between 3 points (P, P,
P..w) where P, is the i™ boundary pixel. Then, the rip of
the mango is the boundary pixel P; that has global
minimum angle. The pole of the mango is estimated by
finding a boundary pixel P; that has local minimum
angle and 1s located about half of the mango perimeter
from the tip. Once we get pole and tip, we can obtain
major axis and its length, L. We then rotate the image

s0 that the major axis is hined horzontally. We then
scarch for the minor axis. The nunor axis is the line
that is perpendicular to the major axis and has
maximum distance measured belween two boundary
pixels that cross this line and be on the other side of the
major axis. The maximum distance is the width #

Fig. 8 The proposed mango size parameters.

= Color: Color can also be spatially asnalyzed and
indexed in the database for future classification. The
color features are measured separately in five regions.
northeast, southeast, southwest, and northwest of the
major and minor axes, and at the center where major
and minor axes intersected as shown in Fig.9. We keep
the color model in RGB as it is original color space
when acquiring image, and it 1s easily to transform to
other color metrics when needed.

Fig. 9 Segmented regions for color analysis.

*  Surface area (5) is defined as the area ol the surface of
mango in 3D. To measure surface area of the mango, all
the mangoes were peeled using hand peelers. The
pecls images are then captured and digitized using a
scanner at 300dpi. The image 1s then binarized, where
white pixels correspond to mango peel and black pixels
correspond to background. Howcver, the image
obtaining from scanner is not clean. A sali-und-pepper
noise reduction techmque must be applied. Fig. 10
shows the clean binary mango peel image. Then, the
white pixels are counted and the urca of the surfoce can
be estunared using the known calibration grid size

3. EXPERIMENTS AND RESULTS

‘The proposed algorithms mentioned in the previous section
were implemented in C/C++ and MATLAB on a typical PC
For image acquisition, a scanner and a 3 Mega-pixel digital
camera connected to the PC arc used. We employed the
system to evaluate physical propertics of a mango cultivar
called “Nam Dokmai”. Sixty mango samples were obtained
from a local mango farm in Chachoengsao, a province in
Central of Thailand. The mangoes were harvested at the
same maturity as they are harvested for export. There are
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three vanous sizes: Small, Methum, and Large, twenty
mangoces cach size.  They were graded by an expenenced
farmer s cyes and hands

Fig. 10 Image of mango peels after noise cleaning

Afer obtaining the mangoes, we caplured their images
using sctup as shown in Fig.l with a Kodak CX6330 digial
camera  Each mango is placed on a black-and-white
chessboard calibration grid with Smm x Smm grid size (see Fig
2). To measure 3D surface area of the mango, all the mangoces
were peeled by hands.  The peels of each mango were laid
down on a trunsparent sheet and covered by a black plastic box
They were then scanned by a scanner (HP Scanjet3500c Senes)
at 300cpi resolution. The image is then binarized. where white
pixels correspond to mango pecl and black pixcls correspond 1o
background.

All the 60 1op-view mango images were then processed
according to the ulgorithms explained in previous section 10
obtain projected arca, length, wadth, and color.  Another 60
scanned image of mango peels were also processed and the 3D
surface arcas were computed. The results show in Table |

Table | Physical properties of “Nam Dokmai™ in three size.

Paramct Small Medium Large
ks H a n o n o
5 21395 644 | 23272 745 | 206007 12.50
| (em?) |
A 60.26 .50 6718 2.86 75.22 3
(em’)
L | 1260 044 1346 | 047 1402 0.59
(em) |
w 6.58 0.21 6.4 0.19 7.31 0.21
(em)

For color analysis, we segmented projected image of mango
inte 5 regions as shown in Fig 9. Each region was then
analyzed and its average color in R,GB was recorded. This
spatial color informanion is indexed in the database for future
classification. Table 2 shows the color in each region of the
sixty mangoes. The results demonstrate that the color spatial
distribution 1s not related 1o its size.

lable 2 Color of “Nam Dokmai™ at vanious positions

Region

__Small Medium I large

- | (Hie BGr Bo) | (Bro Bge Ba) | (B Mg Bn)
1 (78173,035) | (1X1175,139) | (175,171,136)

2 (OVI83,139) [ (1941850441 | (191.186.138)

[ 3 (195.187.134) | (196.191,148) | (1K9.185.140)
4 (214201.158) | (212.202160) | (210,203.166)

[ s ] T@ieaioies) | (17200068) | (212,308.1681

4. CONCLUSIONS AND FUTURE WORKS

We have desenbed ymage processing techniques that can
detect, segment, and analyze the mango’s external physical
properties. Some parameters are defined and calculated from
the segmented mango images. These include 2D projected arca.
2D prajected length, 2D projected width. and 3D surface arca.
Color 1s also measured and modeled spanally.  Sixty “Nam
Dokmai™ cultivar mangocs in three sizes (S, M, L) were
evaluated. Their physical properties parameters were recorded
The results show the techniques could be a good alternative and
more feasible method for grading mango companng to human’s
manual grading.

To extend the work, we plan to work with multiple-view
mango images. The goal is to estimate 3D volumetric of the
mango. This would be donc using voxel crafting techmque
Once the 3D volume 1s constructed, we can estimate the 3D size,
shape as well as the volume more precisely.
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Adszact - Thrs paper describes 2 vinon system that cam
extract 2D and 3D visual propertes of mango such as size
(length, width and thickness), projected area, volume, and
surfice area from images and wse them in sorting The XD3D
visual properties are extracted from multiple view images of
mango. The images are first sezmented to extract the silhouette
regions of mango. The 2D viseal properties are then measured
from the top view silhouette 23 explained in [7]. The 3D mango
volume recomstruction b dome wimg velwmetric caving om
multiple slbouette images. First the cameras are cabbrated to
obtain the intrinsic and extrinsic camera parameters. Then the
3D volume voxels are crafted based om silhouette images of the
fruit in multiple views. After craving all silhouettes, we obtain
the coarse 3D shape of the fruit and then we cam compute the
volume and surface area. We them uie theswe features in
automatic mango sorting whikh we emplov a typikal
backpropagation neural metworks In this research, we
emploved the system to evaluate visaal properties of 2 mango
cultivar called “Nam Dolanai™. There were two sets total of 182
mangoes in three various sizes orted by weights according to a
standard sorting metric for mange export Two experiments
were performed. One iv for showing the accuracy of our vision-
based feature extraction and measurement by comparing results
with the measurements using variows instruments. The second
experiment iy to show the sorting accuracy by comparing to
buman sorting. The results thow the techmique could be a good
alternative and more feauble method for sorting mango
comparing to human’s manual sortmg.

Index Terms - Vhsion nyvtem, Fhion-base frun sorimg, 3D
Volume reconsmucnoon, Feature exeraction .

I INTROOUCTION

Thaland 15 known 23 3 home to a large vanery of frurs.
both seasocal and all-year-round Mango s one of the
potennal fruirs for both local and wemationsl rurkes. I
mdustry plays an mpormant role m the counoy’s export
ecovormiv. It is grown 1n all regions but area of concenmaton
15 10 the Cenmal and Northeast At present, manzo producton
has grearly been developed tarough improved varieties to
meet the consumer mste and preference. Overseas demand for
Thai mango has sreadily increased boch mn the forms of fresh
and canned fruir. [n prading mangoes for export, the farmers
nmist examine all the harvested mature macgoes by eyes and
hands. In sorting mangoes, some confused manzo is resolved

by weigking This 15 qure subjectve. So, farmers need
alternanves for sortng and grading mangoes since band labor
15 costly and ipaccurate. An suromated manzo sortng system
could be more feasible.

In recemt years, image processing and comyputer vision
technology has become more potennial and more important ™
many areas including agriculrural indusoy. Machine wision
Las been often used to develop automanc fruirsvegetable
sorting and grading  Color muage processing techniques.
presented in [1-3], were proposed t0 judge matunty levels or
growtng of the agriculnural products Reference [3] developed
an automated fruir grading system using phnvsical properbes
analysis such as size, myaomm and mopivom dizmerers,
projected area. shape. color, bruise, emw. Cunha [4] nsed
recoguinon technique to malyse the patbological smess
conditions and characrerizanion of the fruits or plant leafs
Puxez and Dave [Sﬂapphdmppmcusmguchmq\mfu
classificaon and idennfying of the plant species. Al.l above
systems are very bexeficial to the agniculrural indusary

Thutha“bmmmnuhmmnhﬂpmdm
sorting using visica techniques. However, most of them work
on 2D vision such as work presenred in [3] which considered
the size such as diameters or projecred area  Also, most
techniques are swnble for circular agnculnral products.
Thus, the moavarion of our work 15 to develop a methed that
cmmﬂboth’Dmd:Dnsmlpmpudﬁo[gm shape
frures for grachng and sorting.

Thus repoct describes a vision system ar can exwact the
2D and 3D maago’s visual feanmes and use them in fruit
sarting. The work is an extension of the previous system
proposad ia [7] which toroduced rechruques for exract and
analvse the 2D macgo propertes which include projecred
area. lecgrh and width This report inroduces an addrtional
2D property which is thxkvess and also 3D properdes.
volume and surface area, of the fruir. Tke thickness comes
from the side view iunage, The 3D frzt volune reconstuction
15 dore usicg volumemic caving on multiple silbouetre mages.
First the cameras are calitwated o obtain the muinsic and
exIrinsic camera parameters. Then the 3D volume voxels are
crafted based on silbouerre images of the frust m rwltple
views. After cravmg all sithoueres, we cbran the coarse 3D
skape of the fiut and then we can comipure the surface area.
We thea use these festures in suromanc mango sortanz which
we emplov a rypical backpropaganon neural nerworks
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We enzploved the system to evaluate visual properces of
a mango culovar called “Nam Dokmar” There were vo sets
total of 182 mangoes in three various sizes sooted by weighns
according 1o a standard sorneg mem¢ for mango export. Two
expenments were performed  One 15 for showmz the
acuracy of owr vision-based featwre exwmacoon and
measirement by comparing results with the measwemenn
using vanous instuments. The second experiment is to show
the sormng accuracy by comparing 1o buman sornng.

The main objectuve of thes research is to invesngare the
potennal of usmg image processing and compurer vision
rechmiques on mango's external physical amalysis as an
alternative or supplemerml to the madincnal manual method
The method 15 shown o be more convemenr, comfortable.
efficent, and less mme consummng than management by
buman. In addinons, the method can be extended and applied
to analyse and exwract visual propernes of other agnculraral
products as well.

IL SHAPE FROM SILEOUETTES

The reconstuction of object’s 3D shape from ms nulaple
2D mmages has been a challenzing problem in the field of
computer \ision  Shape from silhouertes s well-known
techmque for estimating 3D skape The process stuts by
obuuring the mulnple views images of the object which can
perform m many ways. The works presented in [8-14] capture
an object images using nminple cameras which are locared in
the chfferent posinoms suroundmg the object. References
[15,16) use a fixed camera capruring image sequence of an
object wkich 15 placed on a nuning table. Kuru and Simram
[17] use a camera moving swroundicg an object to capure
mulrple views sequence. Afrer camera calibranon 1 doae ro
produce the inmesic and exminsic parameters of each camera,
these parameters are then used to reconstruct 3D model
There are spproaches for 3D model reconstrucnon.  Reference
[10] emploved a basic theory of epipolar geomemy to
reconstuct the 3D shape of the object by considenny camers
calibration mformaton and maiching points 1o the images.
References [11-15.17-18) used volumemic mrersecnion
techmques. The idea 13 based on silkboustte constraints that
each 2D silhouerte of an object consrains the object inside the
volume produced by back projecting the silhoverte from the
comespondmg view point. The object is generated by
inrersecnon of back-projecnng silhouere mmazes icto the 3D
world space. Reference [14] apphied parallel processing for
the vohume mrersacrion because the back-projection procass
can be divided woro small independent processes. The back-
projecting of each silhouveme o 3D space runs om each
computer without referring to other silhouemes. The metbod
Zenerates 3 coarse conpical shape, whxch is an approxmmate
model that called visual il The shape is more sirvlar and
accurare 1o the real object. if it i1s generared by more nnultiple
iew mages of the object However, the concavinies and
cnincal areas on the object cannot be recoverad because the
viewing rezion doesn’t completely swmoucd the object

Works presented 1n [§,9.16] employ another methods for 3D
reconstrucnon  whick 15 space camipg technique.  This
technique ts quite ionuitve.  Afer camea calibranon is
proceised 0 obmin the mmpsic and exmnsIC Carera
paramerers. A 3D bounding box 15 modelled to be an 1mnal
volie model of the object. then drscrere it 1nro voxels. The
algonthm 15 performed by projecnng esch voxel onro each
1mage plane If the projected voxel is cot torally contamed by
tae sibhouere regon the voxel is removed from the object
volume. Ocherwise, it 15 kept 1o the object volume

111 PROPOSED SY'STEM

In tus secnon we describe in detmls our methods
processing and analysing manzo images 1n order 1 exmact
therr 2D and 3D visual propertes. We divide the section o
five subsections: first subsecnon discusses our mage
acqusinon method and semp. The second subsection
describes camera calibration. The third subsection descnibes
the methed for 3D object reconstnicnon from molople views
of ulboueme images Then, pext subsecnon descnbes
methods for compunng XD and 3D mango’s visual propernes.
The last ome, we discuss about the sutomatic soring method
using these exwacred fearures.

A Mango Images Acquisition

Owr image acquisition serup is shown ia Fiz 1. The fouwr
dizptal cameras are used Oope camers caprures top-view
image of the object; the other three are pur surrounding the
object to capmare three side-view images. The imazes are
1200 x 900 pixels and saved in raw RGB format The mango
is placed on 8 back-and-white chessboard calibration grid with
20mm x 20mm gnd s:ize. The caprured images are shown m
Fig. 2. After capnwing all mango images, the remon of
mango is sezmented by owr methods explained in [7], and it is
defined o be the object silhouerte Fig. 3 shows the four
silbouerte images which are results of our sezmentation on the
mpart mmages shown in Fig 2

Fig. ] =2 ge 3cqnuncn seep



Fig 2 The cxprared ucezes from four coamman viewns.

Tepview Side-view]
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Fig. 3 Seqmucatca rwuls

B. Camera Caibranon

To recomstruct 3D miodel fom nmluple view mazes, we
calibrate owr cameras usinz methed e [19] o obmia both
nmnsac and exrinsic camera parameters.

The mminsic camera parameters are the parxmeserss to Imk
the pixel coordmates of an image point with the comespondme
coordinates m the camera reference frame The inmrsic
camera parameters chude focal leagth (f.f). pnnaipal poinr
coordinate (0, 0,), skew coefficient (5) and 1maze distorton
coeffcienss (k) which comra:r botk radial and rangennal
dstornons.

The exwinsic camery parameters are the parameters that
define the onentation and locanon of the camera reference
frame with respect to the world reference frame. The exmrsic
CImeTa paramerers. rotation mamix (X) and macslanon vector

n.

C. iD Volume Reconzmrucnion

After cbmunmg the coinsic apd eXmmsic  camera
parameters ‘rom calibranon, the next process 1t based oo
space canmz method. A Jarge bounding box 15 modelled 1
be an icital vohene enclosing e 3D as tuvalizanon  After
thar we divide the whole vohume 1nto cubacal voxels. Then
the voxel space comming a' voxels 15 geperated
Subsequently, we project eack voxel in the voxel space onto
the mmages by using the cormesponding camers parameters. If
the projected voxel falls outside the silhouvertre mn at least one
view, it is discarded from the volume which is set to be
transparert. Otherwise, it is kept in the object voel space and
sef opaque 1o be an object voxel. After all voxels in the voxel
space are processed, the remainmy is an approxamarion of the
object vohume  The correct object volume is defimitely equal
or less than this rough spproxuxacon. Fig 4 illusoates the
explamed method of 3D vohune recoasoucuon

Fig. 4. Vexal space 2zd 3D velo=e reconsmrzcen S nmluple
ulbouste =ooges

To project the voxel onto 1mage planes, we follow these
equanoms. Fiust, wansform the world coordinaze to camera
coordinate by corsidering exmusic cansera parameters using
this equation

X=RL~-T (D
where . is an object’s coordinate in the camera coordipate
aad X 15 an object’s coordinare in the world coordinare.

Egquadon (2)-(6) are then used to mansform the camera
coord:are ro pixel coordcate by considerme reminsic camera

parameters
i 3
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where x, is normalized mmage projecton. dr is a tangenmal
distornon, k¢ contams both radial and mngecnal distornen
coeificients. x,), is a projected pxel coordinate m the mage.

D. 2D-3D ¥Vizuai Fearure Exzrocrion

As mearioned, this work is an extennion of the previons
svstem proposed i [7] whichk mwoduced techmiques for
exmract and amalyse the XD mango propertes which include
projected area, Jengh and width This report mmroduces an
additional 2D property which is thickness and also 3D
properties, vohrne and soface area, of the frut The 2D3D
features thar ouy sysrem exmacts inchude:

1) Projecied aren 14) 15 defined as the area of the XD
projection image of the manzo's rop-view shown in Fig. 5a.

2) Length (L) 1s defined as the lenzh of the mango's
major axis wiuch lies beraeen the tip and the pole of the
mango.

3) Width (i) s defined as the lenzth of the mango's
minor axis m the top-view 1mage. The mupor axis 1s the
widest line that perpendicular to the major aas.

4) Thicknezs (T) is defined as the lensth of the mango's
minor axs m the ude-view unage.

3) Voiume (V) is defined as the volume of 3D object
whach 15 reconstucted using four views of silhouente images.
The vohune 15 estimared by counnmz the number of voxals
whach are set to be obrect voxel m tte 3D object voxel space.
With the kcown cabbranor zmid size. we can calmmlare the
volume

0) Surfoce area 15/ 1s defped as the suxface area of the
reconstructed 3D object  Swface area s esomared by
couzrey the xumber of voxels that are located on the surface
of 3D object.

Fig. 5 shows 2D visual propermes: 4, L, M and T Fig. 6
shows the image of the reconsmucred 3D macgo volhune from
four view images which we can computed Jand S

E. Mango Sorang

In sorting manzoes for export, the farmers examize all te
harvested marure manzoes by eyes and hands which are quire
subjectve. The maoual samnz i1s wsually acceprable bur
sometimes nustaken Moreover, the sorming process by hands
15 quite ume comsumingz Ouwr objective of tus work is to
1vestizate the potennal of usirg mmage processing and

Fiz 32D 3sal fances {a) Projected Arsa (4) Lecgk (1)
Width(#’), and (b) Thickzass (1)

Fig. 6 Raconrzrucied 3D voxal rurfacs.

conypurer vision techniques xs an ab e of suppl 1
to the madinonal maonal method To sort the mangzoes. we
employ backpropagation peural nerworks to clasufy the
mangoes samples mro three classes — SS, S, L- according to
the standard soring metric used m export business. The
cerwork is three-layer perwork., The imput layer connms &
codes, each comresponds o each of the 6 measuremenrs
described in previous subsection. The peswork contains ope
hidden lyyer The owpur lxyer conains 3 nodes; each
corresponds 1o each size (SS, S, L).

IV. EXPERIMENTS AND RESULTS

The proposed teckniques mentioned o previous secnons
were implemenred in CC+~ and MATLAB ou a rypical PC.
We emploved the system 10 evaluare visual propernes of a
mango culovar called “Nam Dokmai” obtained fom a locsl
mango farm m Chachoenssao, a province in Cenmral of
Tbanland. The mangoes were harvested ar the same matuniny
as they are harvested for export  There were two sets total of
182 mangoes in three vanous sizes sorted by weights
according to a standard sorming memic for mango expart. The
standard meric for expon sortng uses macgo's weighe SS is
for margo weighs less than 180 grams, S 15 for weight
berween 280-330 zrams, and L is for weight berween 331-530
grams.

The mango saples were divided mro two groups. First
group consists of 97 mangoes. We analvze this group for two
purposes, first is companng the feanue measurement accuracy
berween proposed vision techniques and using mstmrments.
Tke other purpose is to compare the classificadon accuracy

[Ro)
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usinz the ewwacted visual fearures. The second sroup of
mango sanples coasists of 85 macgces. We anahze thu
zroup for companeg of classificanon accuracy between
proposed vision techn:gue acd expenerced farmers

A. Experiment#i. Feanwre Exzraction and Anahziz

The purpose of thus experiment 15 to evahuate the accuracy
of our proposed vision-based margo fearure exraction and
analysis. We did this by comparing the vision-based resuls
with the results obtamed from using msoumentss npcally
used 1o laboratory. Various instuments were used to measure
mango’s physical properdes. Lenzth, width and thickness are
measured using vermeer caliper. The mangos’ volume 13
measured by weighing nango in the distilled water, The
obtamed weight zenerates the volume using Eq. (7), where T,
is weight of the fluid displaced by the object (g), o is density
of the fiuid that is abour 1 giex’, ¥ is voiune of the fud
displaced by the object (e’

m. = o @

The projected area is mexsured using planumeter on top-
view images. Fig. 7 shows some of the equipment serap and
measirement. The measurements were doce on the first set of
mangos, and the results are shown in Table 1.

Veciar caliper Waghngin
distlled wate
Fig 7 Equp ezp for o by lab

To evaluate cur wision system. we capurred unages of
those mangos vang four Kodak CX6330 diziral carmeras. We
then perform techmiques we bave described above to exmact
those feanwes and apalyse them 10 obrain those &
measwrements. The results are shown i Table 2. Comipare to
the resulrs from msmement measuremert, OUr Visxon approach
vields bizger variatoams. However, the 11sion-based
measwement 15 nmch effidenr m tenm of speed and
convenience.

B. Expermmenr=2: Marngo Sorning

For sorung, we used the backpropazaton ceural aerwork
roolbox m MATLAS. The rwo sroups of samples m the toral
of 182 mapngos were used in sormpg experimens,  All
mangoes were classified into three size groups (SS. S and L)
based oo their visual featwes exmacted usicg our vision-based
techmque The 6 fearures (4, L. W, T, P, 5) were used and the
classification result shows 96.47% accuacy.

Taia | Macgo't pyucal propartes measursd using lek ieitunsen

R % 3 T
i “ g = a o -3
e 363 | 527 | 8814 | 383 | w607 | 536
(e V34 [ 98+ | 1357 [ 658 | 1487 | 084
W (o 583 [ 91 T4 ol 76 |09
(o) aCd [0>e | 6% Jeia| 614 [0
) TTT06 1893 | 39746 [16.31 | 36389 3803

Tabla 2 Mango's phivvical proparss mearured nrimg propossd Tisice-based

TR
R I 3 T
u < [ =3 M o

A 769 | 698 | 8667 | 446 | €930 | 58€
Lfcm) 1388 1100 ] 1485 [C39 | 1583 | 989 |
Wl T8 027 | 793 |06 54 [ 047
Tlom R N I ) RN
=S 2%se o212 ] 32712 [1402 [ 46114 [5885
S {car) 336.16 1873 | 37268 [11.63 | #3610 |40.38

For the second sample set, we asked wo experienced
farmmers sorted mangos usicg their eyes and hands comparing
to the ground-truth which 15 the classification based on weight
following the standard metic. The average classification
accuracy of the o experenced farmers 15 87.65% (farmer] .
83,539, farmer? | 91.746%).

IV, CONCLUSIONS

We have described tumage processing and compurer vision
techniques to analyze the 2D and 3D mango’s physxal
properces. Some parameters are defined and calculared for
physical propernes. These include projected area (), length
(L), midh (M), thickness (7). 3D vohune (F), and 3D swriace
area (5). One hundred and eighry two “Nam Dokanai™ culavar
mangees in three sizes (SS, S and L) were evahuted The
experimental results show that our propose techniques could
be a zood alternanve and more faas:ble method for grading
aad soropg margo coatparkg to buman’s manaal
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