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Abstract This research studies the automation of bovine muscle separation using a robot in the meat
processing industry. We propose a vision system that recognizes deformable bovine muscles in real-time,
extracts the cutting path on the surface using a robotic manipulator, and dynamically tracks the
deformation of the muscle surface and cutting path. The contributions of this paper are threefold. First,
it defines a framework to recognize the bovine muscle using a spin image generated from a 3D point
cloud. Second, it presents a method to remove the outliers from the feature points extracted for correct
posture estimation through statistical techniques. Last, it proposes a method of finding and tracking the
deepest cutting-guide path using a virtual cylinder and curvature information. The system's ultimate goal
is to track the separation cuts in real-time, and through this process, help a robot butcher separate the

muscle correctly without damaging the meat.
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Fig. 1. Overall architecture of free-form object recognition and pose estimation

9 22 9Ft 7P o A+ FA F SR o
AAN gt 58] 7t BRE St A ISR E2 &
A A wWie- HAZHA 54YE Hole Free-
form EA0|BE Q14| A 24 & 24 7|&Z At
s7lof] vl =AHA A F shtolth

Free-form EA419] 4]0 &3t JEHQ AF=E=
Andrew Johnson®l 95| A& AAE A9 331+ &+
H FEHE 249 AA AT ARARE st EAE
Q145H= Spin-image?t AtH1]. Spin-image® Y9
9] 32+ HHE 224 HE R HERE 4= L]0 FH
B4 BEE IYE fAT £ 32, A #sto] ZRlst
T iy &7} e} Free-form £ Q4]0 @2 &g
Eof $trt

Koértgen2 3D Shape Contextsg °©]-€5t] 3D
shapes WiAstal FMsk= WHS ARb6ll=tl 3D
Shape Context= Spin image®} F-ARH A4 =4
9] Surface pointE 54102 Semi-local EAS A¥
ZHdescriptor)2 &-85k= HHAleltH2]. E o2 X
ABA2= Radu Rusu©l 9Jd Fast Point Feature

848

Histogram(FPFH)°] AA==H 339 #HE At
HAWE 9 ZLeXg Feta olF 16709 ¥l(bin)ol
25t s|AETdH(histogram)& T8k WAl ©]
S|IAETHS AR &850 Y S FHoke
140l H3].

Hui Chen¥ Bir Bhanu+ Local Surface Patch 4
HAE A5 a[4], o]E o]&3ste] 3D point cloud
2HE Free-form EAE A4S, Joel VidalZ
Bertram Drostell &J5f AIFE Point Pair Feature [5]
£ ©o|-&35to] 3D Free-form EAIE 14lok= WHE Al
QFsHATHAI.

o= d#5d 7l

[e]

< ©°]&ste 339 Point
cloud®] 4 EFE QAlote WE0] 1A= e
9] PointNet/PointNet++0] THEAQI ool [7,8], ©]
& Sparse tensors -850 73 37Hspace-time-
chroma)ol4] Semantic Segmentatione $3ok= A
- [9]19} Point cloud®f Transformer 7]5-& #-8-5}0]
32 EAIE Aok AR o]ojX AL SITH10]

E =22 4 I5E Alska &A| st7] 9lsh

o -
= 4



A A9F BA A 34 L FUAR 34

Al RGBD AIAE 0]&3}o] Free-form surfaceZ 3%}
Yo7 EY5H Spin-imageS AJAISH] AR ARE
3D mdlyl gk Ao ZE A& F&9] AAE 4
Sk HAlS HEE AU, F5E AA JRE o]
&5t} dfd 2419 dd F=(cutting path)E AAIZE
o7 4 9 FH5= WS AR

FAAQ] & =79 7|9 a3t 2k

- & 282 AP AlIFE Spin-image @3} B W s}

o] Q4] 9 AAE F7g5ta, Hdlof AJod AT

P A TlolE HRE 7Rte R XHo) Ho
ARE 20 FAHs= A Y EAG S99
A 74 E A A2 24 ZAYS HEE A
Qrgitt,
a2 2E AojR Spin-image®t Point cloud®
e dojZl Spin-imageE Blwsf /4] -S4
< k= #gollA Spin-image®] B (overlap)
gt 2t Hl9] A (intensity) & &4 123t &
AR FAHE S IS AR

oAl A9 334 S Tt Sdh
Voting®l 7|¥Feto] EolZk(outlier)& AAsk= &
E4 43 U3 948 A5 S AR
At 25 Fg57| e M9 34 ARG E
dAZsta, Ay YollA X9 FEo] 7P & A
& Zot 334 ZA F"(curve fitting)3F &
Non-rigid ICP 7]'Ho] 2Jsf ggtotal A=2E 7841
Sk WS ARk

= =7

imageE 0|83t 3%} Free-from &4 Q14

7 wiol disto] AjketaL, 34olA= dAgH
=1 9 FA57] fisto] AAH FHE9| 7H}
Sk B AASH, 484 2
Aol

% =

Al Ol

ol
" x

XMl =8

Q1A U K| F AlAHY

A 5 A 9 A = A Fig. 13
"o} AA”Y] AA 582 o 2ok A
A, RGBD AlAE o]83}o] Point cloudE 53k 4
Ao A glo]E9] HAME (surface normal) RS
-8olo] glolERRE 17| 2& NAE Ei(segmentation)

AHE|O

—

p=Xel

o]

849

gt} o714 24 Y A= 43 vSl(mesh)E A
=1 BE BF ZQEE Spin-image® WEET
Spin-image+= 3ol YAt 7 ¥19] ZRIE & 3
sto] AlAbE 4%9] 2D Hash glolEo|t} 927t E4
HEZ Spin-imageE A3 o= £ YA|o|A] vt
22 ofel 334 ZRIEQ] 9Xet U= g 24 FA2
2 BgoiA 2E AHoA 9 A & AA Het
o ZA2(pose invariant)HA AT HY oA <l

¥ 4 gk W, 293 o]z Qlsh mE Ao 24
P 2 gIekE 23 Ao BAY 33 3
2 574 4 Uk 3t Point cloudst g2l Has
o QOB ol dlof B 4 Yk AA HE T
o5 girt.

RE Wk IQIE| et E Spin-image”} AHAE
A AT A RS ol £ AANA AP AR 3
A A4 299 Spin-image®} YA oJHE mHHsfjof
gt} o714 A4 BeloA A% Spin-images WA
HHT} FUS AEAE Z=th. 9 thE ASs Al
D224 AFE BHIE E 7IREC R 3X B4
mdy 4 ZS{(bovine muscle)?] 3 EH
(representation) At0]9] 49| tlS- Spin-mape A€
gtk T2y o [ds] AxE B8] Sl 4 e
2 =24 ARkle AT 9s dIMutual
Correspondence Consistency) & 21 H'HS E3)
oHA] ERIgITE o] IHgofl4 RANSAC < (111 ©]
£51o] BE S FollA 4719] th-go] A=, Fgt v
& 7 B AR HHES Fashct g
I HEEo] b A4 W FES FH xR
HEE ICP Ea18jE (1210 g5l & 259 AAIE st
IHE AA 5 "
WHEYAVF AYEH EH 524 S Agste] dd 4
Z(cutting path)s #AE 4 JY== i},

=37

FZolH

P o ™

2.2 3X Free-form =& Q1A 2 XMl FH

o] oA A& I8 UAIskaL A s T

4 % E4HERI Spin-imageE A/dok= W, A

o -
!

H Spin-images "ot Rom|t e Zoh
Y, IR AAE SR Fske e A

5] ARttt

2.2.1 Spin-image 44
%4 Spin-imageg 45| floiA= HA WEQt
AEH EZAE(poiny)7} Bostu g w4 B/g77go] A



fill‘

Web71&stel=R Al A2348 AllE, 2022

PHog FQsitt & =RolAx HHE A5 A
3l Ohtake®] =4 4/ WS AREIICH16]. Ohtake®]
wA] A e
Decimation, Sharp feature restoration, Topology
cleaning AH|C|AZ FLAJHL).

Spin-imaget+ Andrew E. Johnson©| *& A7t
229 39 7Y 7)eoln 334 Aol EA| E(surface)
w3 9 24 Q14]ofl AREHTH1]. Spin-image= Fol A%
(Viewer-oriented) FHEAZ} obd A A Object-
oriented) EANA HE 7|5keHy EHO| HAA] &

o2
o

Mesh reconstruction, De-noising,

‘d& AFFL 5 Atk Aol et A A A
© B9 B 449 B4 9AE dHoR uske &

HAlPIH Ro XFF A= EHS TR AR AIRES
7|5to & Sk= HFEAlelty. AA| A& HFEAF AH&SHH
HHoIU Ao tigt o] AT Fste] AFo]
HAEEHE gho] WAHA] gt S 2=t

Spin-image 49 4 Q4= Oriented points
ARE3ItHE Zlo|tH13]. Oriented points O= A2+
e B 2 33 #9E 99 J 1Y Uit
&, o]g3t Oriented PointsE Zte= EWL Vertexs
zh= oty H4] Mo 2 ZdHET EH 4 Q] Vertex
oA Oriented point O= HH Vertex (p= HA|)}
#H WA HE p0 R FgEE 33 FoR Po=,
o] p, n& Aot EA FHIA| FHFol= 23
basis (p,0)E 415 & &= itk 4714 nofl =2 A
A BH PE T 5 9L, So] ofd =4 A o g
o AF HrA7H BdEchFig. 2).

S, : R~ R?

S, (x)—(a, ) M

=(Vllz—pll*~(n+ (—p)), n-(x—p))
I t}2 o]& ol&dl A== Spin-map, S= 3AF
X2 249 HE (o, f)F EG3 Aoz Qo4

(p,n) Y& HEAZTEH 7 & At (Eq. (1).

2 A

o
At

Fig. 2. Cylindrical coordinate system of Spin-image
and its (p, n) 2-D basis ([131&%)

850

e A= Spin-image® YErd 239 =#E
(Spin-map)& FH=i= Zoltk. olE 98] 24He & i

(o)
Al

Q9] o4t Hl(bin)o| &4 5= ot 221 A&
o] Hlo] +&4 juit} glolEoA FH S F7HAIA
224 v G 73AIgT o] A4 HlolE ] ko]2E
aEsfoF gteh wEbA] 239 HO| 7loj=& Bilinear
interpolation®l 9Js 22+ #iG9] 47)9] ¥ dlog
A EAHES AAFoR HxEsH] o) 2H HH
o HoJ¥l ®E Oriented pointol] tis] o] IHL vk
5l9] Spin-imageS AJAISIH.

222 iy ¥ Ld HAS

th BAE AP AR of 29 Spin-images
I AetAA BFE =AY Spin-imagesS WA
st} FALEE S7g3h

Andrew E. Johnson©] A9t Y2l Spin-image
i HE2 Tk Rle] B2 Bt fAoA EAIE 2
7] 91t A9 &4 WHO =R Spin-image 79 SHE
B SRt Ffol ARSFTE 1y R WY A
AT 7R 1= SES AEES AFsHA] E7]0] A
A2 FARE Spin-image AtelollA 3 Hlo] 3+
Ste 2t A7 =4 A g ] gy
9, o]z, 11719] FA Ao| Fo| ol2gt EAE o]
k=g

uthA o2t ZAIE sidsiEH
A#(overlap) 2 Z+ 419 Z(intensity)S T
oE = H HAE aEsjof gtk

2= o] HHE 25 sl F 7HA HE #HA
ARgSElTE AA,
Bhattacharyya distance[14].

AN

v
(=]

BH=4d
. R

tiHA] Spin-image]

o
=

=

Stochastic  distance, S,

a) Stochastic Distance

dutd o2 EA4 Q4o Bayesian EE2 &8
= Rfeaturéspiea | featuremodd), < model®] &4
H7} FojF S o A9 SRR IAE gE3 At
g3t Ty Holxet FEolH  P(BlA)=
P(BA)ge =37 et (q. Q). 5. 98 34
B7} 2361A] ol EeoA= 3
St

gl

o|AL rdo] £ 99 & 15t
AAER] k=opd ggo] G4 19 77ke gol v
+ A2 Yulsit}. o]& QIE) Spin-image WAl &
vz 283k 471 glct.

N
o



].

G BEAQ A 34 4 d9HE 33

HA | BAB)
AA | BAB + KA | BAB

w2hA], B =RoAE Spin-image WA 2=
- E‘fi:]_—‘l 23 %x] O_J_—_Q_ E_X]Q_ o]lxlq]lg—_Q_ 7= 761 Q=
asto] - 248 &8 v, & WFYSHT (Eq. 3).
A8 2okt Pls M)/ PlsUm) T 211, o]7]A4

s&= ¥d¥ Spin-imaged ©I me g
Spin-image®] @Y ¥ Ju|gict

PB | A)= @

He,

wm,» —
Hs | m)Am)
Ps | m)Pm)+Hs | m)Pm)+Pm | 5)P5)
_ P(sNm) _ P(sNm)
P(s)+ Pm)—PsNm) PsUm)

®

HEHo=z wiHo] LiE= 42 F(overlap) F
AHE Eq. )3 A= (intensity) ABAG2] FO& o]F
oAt} £4E "4 Pm = theg) gk

P s = Wi X P s 4)
oJ7]14 ZZ(intensity)S YEZEOZ ARESH= ATHA S
P.s = Eq. 52 2o, m, = ifA 22 W(bin)2|
= 9 Spin-image® A ®9| FAZ

G4} Spin-image®] Hdt 7

o

A7 s
m, g% 27k HEat 9fE
T (intensity)S oJu|gtct.
n
N (m,—m)(s;—5)
i=1
(n—1a,,0,

3 (m, — (s, ~ 3)

=1

3 (m, — ) (s, — )

i=1

Pm,s
®)

b) Bhattacharyya distance

Ae 242 o) A8 T Wi A 275 W
Bhattacharyya Al<=o]t}t. Bhattacharyya A= A3
(overlap) HEE o] gslo] T B4 AME 7}o] Atz
AL st Aol 7|1E $£42 Eq. (6)3 Ztt

eSO,

i=1

=9 o

1 o=

Fl

©)

o}7]A i+ Partition®] U= A9 Zt Partitione] 2421
< 9ulslA|Y, 2 =EoAE 2 Spin-image FA] ¥

851

(bin)9] 4= 512x5120]1L, i= ZF ¥l(bin)9] A191-& 9u]
gt =, Za,;, Eﬁ,% A8 AH(input scene)
Spin-image®t 2@ Spin-image ZFZF9] iHA binol
A= FHF5d(normalized) FAZE ugict. whabA
o] AL F A& Fo] €&5E #eol ¢ A H
o, Alo] AY glew 0°] He B4 2=t

0 4% A 4T

o]A| Spin-image "%
14—0 _L].FGO UHFQ _L]-quﬂkl E'_ ‘§‘_ R_‘i‘cﬂ—ﬂ
Sk Aot} WA TgoA thee] &
g ol AT 5= Qe
A=t A2 gujshar, JA 2 4—4 QFE oPIAA
ot o]= A4 Y9l Spin-images ARHES wjo] o
Z shyoltt. E® o]z A3 ZT E¥(combinatorial
explosion)°] BF 4= St} whetA] [15]= A9 719
B A5 FYES AL, AR I
< ASSHL T 4 (= Al )Y 8-S FokA E84
HE 536k WS ARSIt

T84 o] BHAlol= & 7HA] ©@o]

4%
2 B9 heHES

Ak At B

I AL 9] g-(correspondence)qt Aolgd= Zlo]
o} fj 2 2] AdoA= o] HAE AEHE B¢

% 2~3 79] Ak Ao} Joftt. E3F 3 BSgo=
Qs HrAsl= BEAIE EERSHHA] E°er

makA 2= Al Voting®l 7|4t
HRALS ARk}, ARME SEH %Pd"‘é 7&"\]‘ e

o 1=

212 fj8o] AAA] A ko2 A XY
2|Aok ek Aolth. &, g4l BUF AFA e
A2 gt

P'(ClCy) =

o
=

O

2 Hojof jith= AS
PN Cy)
P(C,UC,)

—_

correspondences
£ from the model
“ to the scene

" Model

correspondences;
from the scene
to the model

Scene
Correspondences

Fig. 3. Concept of consistency checking method

o] i HpAle] AL TeaiAITt QP o) T Wi
2 oS $A442 5 ke Aol Fig 3
2 419 ololrjol Awalth of7149) 72 AKe
Apeqiol 2 %, T2 AHE 7ol ek Ao,

Eq. 3)3} o] ol gk= wiaput 27

oA %
< USRS o EFo] 10 7PHAE 2AEE UA

oo

ono
o o=

O

ZJ A1 O

o=



AR &85 =2 A A2338 Al1E, 2022

Table 1. Mutual consistency checking of pair-wise correspondences

Algorithm

2. C; for all correspondences

2.2 H for all neighborhoods in G
A. Calculates the consistency probability P77 of G

B. Representative correspondence R; = argmaw (P i)
(3

1. Sort all the correspondences according to the distance value calculated in matching sequence.

2.1 Search all neighborhoods for each correspondence using Euclidean distance threshold 7

C. Remove other correspondences except the representative correspondence.
D. If a representative correspondence is selected in a group, the correspondence is copied as same as the number of neighbors
in the group to preserve the amount of correspondences.
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Fig. 10. Example of bovine muscle, 2D input image,
3D Point cloud, reconstructed 3D mesh model
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Fig. 11. From the left-top, input scene of bovine
muscle, right: segmented meat surface,
bottom-left:  ball representation  for
searching neighborhoods and outlier
removal, bottom-right: generated mesh

o2
> After consistency checking,
this kind of mismatches disappeared
- o

Fig. 12. Examples of mismatches and best matches
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Fig. 13. Best matches extracted by consistency
checking algorithm

Fig. 14. Refined cutting guide-path: rainbow colored
lines represent the cutting guide path
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