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(a) threshold = 0.16 (b) threshold = 0.2 (c) threshold = 0.24 (d) threshold = 0.28
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Algorithm 1: Cluster Scoring Algorithm

1 Input: Mesh M = (V, E, F), Clusters Ckey = {C1, C2, Cs, Cs} (for towel) or

Ckey = {05, Cs,y..., C]_O} (for t-shirt)

N

Output: Scores S

3 for each cluster C' € Cj,y do
4 IntersectionCount = 0

5 for each node v € C do

6 Pray <— position of v as ray origin

7 Ny < normalized average of normal vectors of faces containing v as ray direction

8 for each triangle f; ; . € F do

9 is_intersected <— The ray intersects f; ;,» and the intersection lies inside the triangle
if is_intersected then IntersectionCount++

10 S.append(IntersectionCount/|C|)

11 Smin, Smax <— Minimum and maximum scores in .S

12 for each score s € S do

Smax — Smin

13 Ls:l—wx()ﬁ

14 return S // Normalized cluster scores

35



o

HF score gh= AlAgstH O9 473 2ok =8
o] & EE I FFA v FEFH 77 =EE score e 022 FA 3
o] FA]l HAHeE HedE gEo| IFAE TSI T3 FAAS] wiY
NFE AREste] 2837 HT Al 23 FE0] A2

Ao ol 4Hel AAPor Hud B0 NES FASAT.

A A FH2E ol &kt

2

Ol BAl AL score G FAHE AT GNN| F Hlo| B2 AGFOH

GNNo| o]zl JA & AT  U=F 3t

2 dei¥ e A2 B ok

aeH e AT HEFS shaet] fd, %9 kEE F oW k=7
Al G A o Eo) fAsh=Al, H& ugEe HAs=AE TR R
st ol Qian®l =&[12]3 2ol 2& e B+
Zol ditx o v 7] dvk= HE& FAF Zolnh. mEhA ¥ A2 HEs

N2 GTed 4% HFE Ho YIEs P

(@F3 FH2=HAY OREEES=EN=E

9 48 . Zold E =& FHHY

36



B AFoAE 29 489 o] uigel] #BI 22 YelA WG B o 9F
Mo ZRE ZlolE 7|Fo2 g% wEo) Qo ¥ =g FEIT &
A9 BF Giower = {G1,G2,Gs, Grone} &2 S 2HY 8tH, G, & 7H 91#9

FY2H, G /M UdF == ZFYHAHE Yeihg. EMxe HS
Gi—snirt = {G4,G5,G6,Gr, Gpone } = FEIZE ™SI Gy 7F 71 939 == 9
2HE G, 7P 9Z9] = ZH2EE Uit

EE o7 A2 HaE9S w aglHe HE WEF o, 19 499 2o

1 == . 7F Gpol &8 JE W, G ol 3% =2 T v 9 9 A
olviel = HE Fde No= Aot No| £33 F59 Ho S At
st =& oy oA O BAAAE Febe HEHE A sste r, 2 ARSI

Iﬂ

49. 3959 HZ W e N, Gas 52

& vehar

B
rr oo

3. 289 5 &7 Aol B Hol g

37



19 4.10. 28 Zo] F82H Y dH ==

e 8 4103 Zo] Attt t g, 9 2o Zlojo] FH AH £33 & =

o
m
e
b
Ir

& A3l O =289 YAE adj,, adj, & F A 2T} adj, — adj,
S veata & u, 2] 443 o] v oA r o F2Q ke WE Y Y At}
She WA o= r 2 Ao

(Vv—(v-r)r,)

Ty (4.4)

ry =

o]% 3 xPd R = [rx r, rz}-/] Zt @¥E7E AR FH0] HEE r, =1, X1,

o

$o) 7t wE7} Ao HduE A9e] aue] £2 HolBe 7 WA el
AR ol ERE 19 4119 2o TAolA A SEE Te)¥e] D B,
254 SRS Jelwe] F £712 Abolo Wae et

38



% 4.11. 2839 2= gol&

ols} o] BALE ALgate] HolEE T ojkEold HolEE Frlatd
theFe] HolHE AEaete] £4A 9SO ERN GNNO S HolEZ ALgdth

39



V. 49 9 Z3}

o
=

booeld e A F2

33
1 =

P dagEew A

3
i

Aol A At

.

oAM=

%L
3t

B

o

Wy Oogry AdE &)

p
.

37}

ofy
Nm

o

)

—_—
fiTe)

=

EEEEE

?_]__

& 271 9

8k of

3

o1& 9

Zloltt.

s

7N

L
)

.
o

2
ﬂﬂ_l

o
Jo

0

o
N

sttt

Hl w7} 7

?}:

o] of A3}

S

)

o] &2

Ty AA =

159 2™ PyTorch Geometric

FA Tt

3

Ade AAs

s

u}

g

2] 2} Nvidia GeForce RTX 3090 GPUZ

He

gol

A. AARF H7t

a9 513 Zoh

j
T

I AL 2e)H o] vhA] A4 A3

PCA 7]¥F d18|&S &

el

i

A% o)A R FEe AT dolHAN BE

2 Ao A e Vehdth e 1A

shel, ek e A

o

Z

o

o) AoHk AL YEhH, Hebal saws 1ne) g

o

B

19 523

tel AG Leive s A4 Ass

S

GNN 74} 418 &S AHE

o

H

ol
A

47) 2} A 3ol A 9

o] =0
2L .

40



JeMe] E2E B ZT

41



% 5.1.PCA ¥4 Ao FA3 vl

El

42



1% 5.2.GNN 85 7]6k Axto] FAdA nlw

43



B. A& 37}

>,
ol
ol
Jg_g
m
o
N

1. 2= AF

Towel: position training Towel: direction training

0034 0110

0.033
0.105

0.032
0.100

é 0,031 ug
0.095
0.030
0.090
0.029
0.028 0.085
o 50 100 150 200 250 300 0 50 100 150 200 250 300
Epoch Epoch
2~ [e] = o) M 2~ o) et 3T
I3 53. 547 dolgHAS AMES g &4 g4 Y=
Tshirt: position training Tshirt: direction training
0.22
0.10
0.09 0.20
0.08 0.18
0.07
W w 0.16
2 0.06 g

o
=
S
8
-
G
=
~
S
8
N
I
=
5}
o
@
3
=
S
38
o
G
3
~
S
8
N
I
=
3

O 54 8z HolHAS AR Shae &4 o =

44



2. AEH Ol BT}

B Aol AE Agdol el Tel¥ e E2E WM S 1 AnE 27T
A% GA2E AgROH FAL YANY £A% tEE Qe 54 F ERE

A3

a9 55 94 AE oAF I

W2 g oAFe a9 553 Zo] Adgith F A /9] o] <1 E(way point)
agHE w2 oW, AWMA fo] ZJAEW AFF RO A =trt 13
& E7H Apolol]l FolEAE VIEoE ATEAT

A WA do] AEA, 8= 4 AN L3t AFH =2 2434
WA o] EJAEANA= AZHE dAH Al AXA7IAL, Add I FH}

HA =S IFANG. T F, Al HA do] EJAEANAE AdE 28
29 AABER AT o] HAolA ZElH et o] FER IS ko] WA
Ex @A dEyA Hol e ofF Fo Afd &t

T &7ke Aelol FolA %g FE Sl

A A3 2w b AXe goen YU Lo weole] AE
zA4@ o At AhEFE ANF £o weIt £ Aolo] FoEE

delse] HAYRE A Atk Frhe,

olo] mE HI7F A= & 51, % 528 2o ArsE Ade AT 9

45



S wmE7F T E7he Apolo] Bolex A%
Astel 114 W e AgaT AFsE
59 922 Yehith 29 Ao AHe 22 =

I 5.1.PCA 7|8t & 1glZe a3 2 3 Fyy}

d o] 2] AEF A7 | AstE A | sl 5 ©WE
. #1 Al 5 - 0.37
ALY 2
#2 2] 7 - 0.31
0.7m x 0.7m)
#3 AF 0.79 0.77
#1 2] 7 - 0.41
2R Yo £
#2 2l 7 - 0.48
0.7m x 1m)
#3 2l =) - 0.27
#1 AF 0.73 0.37
#2 2l 3 - 0.38
B =
#3 AF 0.46 0.64
#4 2] 7 - 0.34

46



0.62
0.41
0.77
0.65
0.81
0.47
0.30
0.74
0.36
0.71

4 %7}
3773}

ST
™

=

3L

dugEe T8 AT 189

o] 1gH 9

gtste A=
0.75
0.78
0.61
0.67
0.60
0.99
0.73
[e)

=

i=1

7]
B

#1
#2
#
#1
#
#
#1
#2
#3
#4

=

g o] ¥

(0.7m x 0.7m)
(0.7m x 1m)
A

-
R

7 HlalE YERAT

3

A

Him

H

i

ﬁy_wo

59 W)

453t

Aitshe Aelel B

A A 9%

5.3.PCA 7]

-
it

3l

Ho
dmo

=y

il
T

0.43
0.58

woh 94 47 457 9

=

=

0.66
0.77
| ALY

H
gui

PCA 7]
47

=0
=

Ad A7, GNN 7|8 &ag

GNN

PCA




9 =of A 228 4 & A3 A= HrtE 5 Avh ER]E ICRA 2024 €3]
(IEEE International Conference on Robotics and Automation) %l 4] PCA 7|45t 411 8|& &

ARERE Ay FHof dA the] X W] Ho] 0552 3919 ARE HAL, 1

2 "HE 060 7S5 T B AFolA AFSE PCA 7R & uE]EFS 0.43, GNN
719 G E]EL 0582 & o, o]= E Ao A A9ks GNN 7|4 darg]Eo] PCA
719 G Zo) nls] A A O U2 A5e HolH, g3 A}

Hudles M= 49 e 4S Y-S AR

48



L.l
uich
4
4
A
o
e
)
ko
ofy




VI. A&

2 7oA e 2Xol RS aHor 248 5 RS, RS A= ¥4
T e 29 HF A AAE Afste dadgEe AL ol s
PCA 7Rt &312]F3} GNN st 7|W dug]&S Abgste] 289 e] 34 AAE

Agea, F dnze] 45 vastd zAze] Avye BAwT.

el HolEAS Sralop s walol AN, T W AHd Folt U

AN = A Zd (motion planning) & L8 8FA] &S] Wl &
o] AA ALoAe AV EAY & Atk EI Al o)A ATt HIkE
. Aol e AP E BASA Fevde AV AT ole FF

S ox
B B7olAe) APe AYFoeHA, BIZ PP} TLHS U

N
v}
.
I

50



1 &9

o

[1] N.Rojas, R. R. Ma, and A. M. Dollar, “The gr2 gripper: An underactuated hand for open-
loop in-hand planar manipulation,” IEEE Transactions on Robotics, vol. 32, no. 3, pp.

763-770, 2016.

[2] S.B.Backusand A. M. Dollar, “An adaptive three-fingered prismatic gripper with passive
rotational joints,” IEEE Robotics and Automation Letters, vol. 1, no. 2, pp. 668-675,

2016.

[3] J. Bemfica, C. Melchiorri, L. Moriello, G. Palli, and U. Scarcia, “A three-fingered cable-
driven gripper for underwater applications,” in 2014 IEEE international conference on

robotics and automation (ICRA). 1EEE, 2014, pp. 2469-2474.

[4] M. Zhu, Z. Wang, S. Hirai, and S. Kawamura, “Design and fabrication of a soft-bodied
gripper with integrated curvature sensors,” in 2017 24th International Conference on

Mechatronics and Machine Vision in Practice (M2VIP). 1EEE, 2017, pp. 1-6.

[5] A. Gabas, Y. Kita, and E. Yoshida, “Dual edge classifier for robust cloth unfolding,”
ROBOMECH Journal, vol. 8 no. 1, p. 15, 2021.

[6] 1. Huang, Y. Narang, C. Eppner, B. Sundaralingam, M. Macklin, R. Bajcsy, T. Hermans, and
D. Fox, “Defgraspsim: Physics-based simulation of grasp outcomes for 3d deformable

objects,” IEEE Robotics and Automation Letters, vol. 7, no. 3, pp. 6274-6281, 2022.

[7] Z. Pan, X. Gao, and D. Manocha, “Grasping fragile objects using a stress-minimization
metric,” in 2020 IEEE International Conference on Robotics and Automation (ICRA).

IEEE, 2020, pp. 517-523.

[8] H. Ha and S. Song, “Flingbot: The unreasonable effectiveness of dynamic manipulation

for cloth unfolding,” in Conference on Robot Learning. PMLR, 2022, pp. 24-33.

51



[9] I. Garcia-Camacho, M. Lippi, M. C. Welle, H. Yin, R. Antonova, A. Varava, J. Borras,
C. Torras, A. Marino, G. Alenya et al., “Benchmarking bimanual cloth manipulation,”

IEEE Robotics and Automation Letters, vol. 5,no. 2, pp. 1111-1118, 2020.

[10] Y. Deng, K. Mo, C. Xia, and X. Wang, in 2024 IEEE International Conference on Robotics
and Automation (ICRA). 1EEE, 2024, pp. 7508-7514.

[11] X.Zhu, X. Wang, J. Freer, H. J. Chang, and Y. Gao, “Clothes grasping and unfolding based
on rgb-d semantic segmentation,” in 2023 IEEE International conference on robotics and

automation (ICRA). 1EEE, 2023, pp. 9471-9477.

[12] J. Qian, T. Weng, L. Zhang, B. Okorn, and D. Held, “Cloth region segmentation for robust
grasp selection,” in 2020 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS). 1EEE, 2020, pp. 9553-9560.

[13] W. Hamilton, Z. Ying, and J. Leskovec, “Inductive representation learning on large

graphs,” Advances in neural information processing systems, vol. 30, 2017.

[14] A. Grigorev, M. J. Black, and O. Hilliges, “Hood: Hierarchical graphs for generalized
modelling of clothing dynamics,” in Proceedings of the IEEE/CVF Conference on Com-

puter Vision and Pattern Recognition, 2023, pp. 16 965-16 974.

[15] N. Mahmood, N. Ghorbani, N. F. Troje, G. Pons-Moll, and M. J. Black, “Amass: Archive
of motion capture as surface shapes,” in Proceedings of the IEEE/CVF international

conference on computer vision, 2019, pp. 5442-5451.

[16] M. Fey, J. E. Lenssen, F. Weichert, and H. Miiller, “Splinecnn: Fast geometric deep learn-
ing with continuous b-spline kernels,” in Proceedings of the IEEE conference on com-

puter vision and pattern recognition, 2018, pp. 869-877.

[17] T. Pfaff, M. Fortunato, A. Sanchez-Gonzalez, and P. W. Battaglia, “Learning mesh-based

simulation with graph networks,”  arXiv preprint arXiv:2010.03409, 2020.

52



[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

R. Narain, A. Samii, T. Pfaff, and J. O’ Brien, “Arcsim: Adaptive refining and coarsening
simulator,” University of California—Berkley, Berkley, CA, accessed Oct, vol. 1,p. 2016,
2014.

C. Multiphysics, “Introduction to comsol multiphysics®,” COMSOL Multiphysics,
Burlington, MA, accessed Feb, vol. 9, no. 2018, p. 32, 1998.

T. D. Economon, F. Palacios, S. R. Copeland, T. W. Lukaczyk, and J. J. Alonso, “Su2: An
open-source suite for multiphysics simulation and design,” Aiaa Journal, vol. 54, no. 3,

pp. 828-846, 2016.

D. Blanco-Mulero, O. Barbany, G. Alcan, A. Colomé, C. Torras, and V. Kyrki, “Bench-
marking the sim-to-real gap in cloth manipulation,” IEEE Robotics and Automation Let-

ters, 2024.

E. Todorov, T. Erez, and Y. Tassa, “Mujoco: A physics engine for model-based control,”
in 2012 IEEE/RSJ international conference on intelligent robots and systems. 1EEE, 2012,
pp. 5026-5033.

E. Coumans, “Bullet physics simulation,” in ACM SIGGRAPH 2015 Courses, 2015,
p. 1.
M. Macklin, M. Miiller, N. Chentanez, and T.-Y. Kim, “Unified particle physics for real-

time applications,” ACM Transactions on Graphics (TOG), vol. 33, no. 4, pp. 1-12,
2014.

F. Faure, C. Duriez, H. Delingette, J. Allard, B. Gilles, S. Marchesseau, H. Talbot,
H. Courtecuisse, G. Bousquet, 1. Peterlik et al., “Sofa: A multi-model framework for in-
teractive physical simulation,”  Soft tissue biomechanical modeling for computer assisted

surgery, pp. 283-321, 2012.

53



[26]

[27]

[28]

[29]

(30]

(31]

T. Lips, V.-L. De Gusseme et al., “Learning keypoints for robotic cloth manipulation

using synthetic data,” [EEE Robotics and Automation Letters, 2024.

D. Bazazian, J. R. Casas, and J. Ruiz-Hidalgo, “Fast and robust edge extraction in un-
organized point clouds,” in 2015 international conference on digital image computing:

techniques and applications (DICTA). 1EEE, 2015, pp. 1-8.

R. Hess, Blender foundations: The essential guide to learning blender 2.5. Routledge,
2013.
J. Maitin-Shepard, M. Cusumano-Towner, J. Lei, and P. Abbeel, “Cloth grasp point de-

tection based on multiple-view geometric cues with application to robotic towel folding,”
in 2010 IEEE International Conference on Robotics and Automation. 1EEE, 2010, pp.
2308-2315.

Y. Li, Y. Yue, D. Xu, E. Grinspun, and P. K. Allen, “Folding deformable objects us-
ing predictive simulation and trajectory optimization,” in 2015 IEEE/RSJ International

Conference on Intelligent Robots and Systems (IROS). 1EEE, 2015, pp. 6000-6006.

K. Yamazaki, “Grasping point selection on an item of crumpled clothing based on re-
lational shape description,” in 2014 IEEE/RSJ International Conference on Intelligent
Robots and Systems. 1EEE, 2014, pp. 3123-3128.

54



ABSTRACT

Cloth Manipulation Algorithm Based on PCA and GNN

Learning Using a Dual-Arm Robot

Hyojeong Yu
Artificial Intelligence and Software
The Graduate School

Ewha Womans University

With the advancement of robotics, tasks such as handling simple repetitive chores or perform-
ing dangerous activities can now be efficiently carried out by robots, freeing humans from these
duties. Among these tasks, manipulating soft bodies, such as clothes, remains a challenging re-
search problem due to the excessive degrees of freedom. For a robot to effectively manipulate
clothing, its recognition system must accurately identify the cloth’ s position, and the grip-
per must determine the optimal grasping pose. Most existing research assumes that the cloth
is already stretched out and laid flat, simplifying the task for the robot’ s recognition system.
However, in the real world, clothes are often wrinkled or crumpled, posing a significant chal-

lenge.

This dissertation proposes two algorithms to estimate the gripper’ s pose for effective grasp-
ing and unfolding of clothing. The first method is based on Principal Component Analysis (PCA)
applied to the point cloud data of the cloth, while the second method uses mesh data in a Graph

Neural Network (GNN)-based approach to predict the optimal grasping poses.
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The PCA-based method analyzes the principal components of the point cloud and calculates
surface variation, filtering out sharp points. Grasping directions are predicted based on the den-
sity distribution of the points. In contrast, the GNN-based method generates realistic training

data through a physics simulator and uses this data to train the model.

The cloth data is generated through Blender simulation, and the evaluation is conducted within
the simulator. The physics simulator generates a large amount of data that closely approximates

real-world scenarios, enabling more accurate evaluations.

The performance of the predicted grasping poses is evaluated by checking if the gripper’
s two fingers successfully capture the estimated cloth vertex. The quality of the grasp pose
is influenced by potential collisions, which may cause the predicted vertex to not always lie
between the two fingers. Additionally, the evaluation includes a metric based on the area of
the cloth unfolded after grasping the predicted vertex and stretching it. For the GNN-based
approach, the evaluation also shows that as the model was trained, the Mean Squared Error

(MSE) gradually decreased and eventually converged, indicating that the model had stabilized.

The results show that the PCA-based algorithm is highly dependent on the shape of the ini-
tial point cloud, while the GNN-based approach, though requiring a large dataset for training,
can generalize across various cloth shapes. Additionally, the GPU-accelerated GNN algorithm
offers faster predictions for larger cloth data compared to PCA. However, the study does not in-
corporate motion planning, and therefore, real-world testing using a robot and ROS is essential

to enhance the algorithm’ s accuracy and efficiency.
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