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ABSTRACT

The table tennis robot technology has long been constrained by
technical and cost challenges, limiting its widespread application. The
advancement of deep learning and automation technologies has offered
new opportunities, particularly the application of Long Short-Term
Memory (LSTM) models, which effectively enhance the prediction of table
tennis ball trajectories in the temporal domain while simultaneously
reducing hardware requirements, thus improving cost-effectiveness.

This study emphasizes software innovation, achieving multi-object
recognition, and hardware collaboration through program control and
computer vision. It utilizes readily available components to construct
hardware, thereby reducing costs. Furthermore, this research addresses
various technical challenges, including camera calibration, spatial
localization, ping-pong ball tracking, model training, and robot control.
Ultimately, it culminates in the creation of a low-cost table tennis
collaborative robot, demonstrating the feasibility of technological
breakthroughs and practical applications. This development holds great
potential for the integration of robot technology in entertainment, sports,
and various other domains. In summary, this study, through the application
of deep learning and automation technologies, brings both academic and
practical innovation value to the field, paving the way for new possibilities
in future development and showcasing innovative, practical applications.
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C=WnIlL,,Nl,-NIl,, ¢ 22

W =10,w]
23
w € {x|3 < x < INPUT_LEN * x € Z}
Lyn = [begn, begy + iynl, 7 24
beg, € {x|3 < x < INPUT_LEN * x
425

€ Z}, iyn~round(N(3,2))

Round 2 72 # 7 » > RBP4 7 ¥ it A i#
i

Bl & 3k A ok ehgLE o TEST_LEN 4 INPUT_LEN s+ o & F]pt € {2+

SREGPES XFTREDL G AT > A PR = mHE LKA
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55
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200000 =% = g > JE B~ 7 1000000 £ 3" F AL = e R Sk T

% 3AB-CFHE 44

TR A B C

TEST_LEN 250 100 250

INPUT_LEN 40 100 40
SHUTTER_RANDOM_ERROR_STD(#}) 0.005 0
SHUTTER_SYSTEMATIC_ERROR_STD(#}) 0.01 0
CAMERA_POSITION_ERROR_STD( 2" %) 0.05 0
BALL_POSITION_ERROR_STD(2 %) 0.05 0
INPUT_IGNORE_AREA_MEAN 3 0
INPUT_IGNORE_AREA_STD 2 0
INPUT_IGNORE_WIDTH_MEAN 4 0
INPUT_IGNORE_WIDTH_STD 3 0
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forward (1:torch.Tensor, X1_len:torch.T
len(X1)
len(X2)

.input_size)).view( e, -1, self.mlpl_out)
-input_s 1)) .view(x2_b: -1, self.mlpl out)

X1 = Xl.transpose(@, 1)
X2 = X2.transpose(@, 1)
X1 seq, self.llstm hidden_cell = self.lstm(X1, self.llstm_hidden cell)
X2_seq, self.rlstm hidden cell = self.lstm(X2, self.rlstm hidden_cell)

X1_len_ind X1_len -
X2 _len_ind X2
X1_ind L len i 1, x1_batc iz, :. xpand{1, x : self.lstm out)

self.lstm out)
Y, X1_ind).v
8, X2_ind).view(1, <7 ba

1)
>
T.view(xl batch_size, T.shape[1], 1

ew(-1, self.lstm out * 2 + 1)).view(x1l batch size, T.shape[l], self.output size)
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1. small

ISEFWINNER_SMALL(

(mlp1): Sequential(
(0): Linear(in_features=5, out_features=50, bias=True)
(1): ReLU()
(2): Linear(in_features=50, out_features=40, bias=True)
(3): Tanh()
(4): Linear(in_features=40, out_features=40, bias=True)
(5): Tanh()
(6): Linear(in_features=40, out_features=15, bias=True)

)

(Istm): LSTM(15, 40, num_layers=4)

(mlp2): Sequential(
(0): Linear(in_features=81, out_features=45, bias=True)
(1): ReLU()
(2): Linear(in_features=45, out_features=30, bias=True)
(3): Tanh()
(4): Linear(in_features=30, out_features=20, bias=True)
(5): Tanh()
(6): Linear(in_features=20, out_features=3, bias=True)
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2. medium
ISEFWINNER_MEDIUM(
(mlp1): Sequential(
(0): Linear(in_features=5, out_features=100, bias=True)

(1): ReLU()

(2): Linear(in_features=100, out_features=80, bias=True)
(3): Tanh()

(4): Linear(in_features=80, out_features=80, bias=True)
(5): Tanh()

(6): Linear(in_features=80, out_features=50, bias=True)
)
(Istm): LSTM(50, 60, num_layers=6)
(mlp2): Sequential(
(0): Linear(in_features=121, out_features=90, bias=True)
(1): ReLU()
(2): Linear(in_features=90, out_features=60, bias=True)
(3): Tanh()
(4): Linear(in_features=60, out_features=50, bias=True)
(5): Tanh()
(6): Linear(in_features=50, out_features=30, bias=True)
(7): Tanh()

(8): Linear(in_features=30, out_features=3, bias=True)
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3. big

ISEFWINNER_BIG(
(mlp1): Sequential(

)

(0): Linear(in_features=5, out_features=140, bias=True)
(1): ReLU()

(2): Linear(in_features=140, out_features=120, bias=True)
(3): Tanh()

(4): Linear(in_features=120, out_features=100, bias=True)
(5): Tanh()

(6): Linear(in_features=100, out_features=90, bias=True)

(Istm): LSTM(90, 70, num_layers=7)
(mlp2): Sequential(

(0): Linear(in_features=141, out_features=90, bias=True)
(1): ReLU()
(2): Linear(in_features=90, out_features=90, bias=True)
(3): Tanh()
(4): Linear(in_features=90, out_features=90, bias=True)
(5): Tanh()
(6): Linear(in_features=90, out_features=60, bias=True)
(7): Tanh()
(8): Linear(in_features=60, out_features=60, bias=True)
(9): Tanh()
(10): Linear(in_features=60, out_features=3, bias=True)
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4. large

ISEFWINNER_LARGE(

(mlp1): Sequential(
(0): Linear(in_features=5, out_features=200, bias=True)
(1): ReLU()
(2): Linear(in_features=200, out_features=150, bias=True)
(3): Tanh()
(4): Linear(in_features=150, out_features=150, bias=True)
(5): Tanh()
(6): Linear(in_features=150, out_features=90, bias=True)
(7): Tanh()
(8): Linear(in_features=90, out_features=70, bias=True)

)

(Istm): LSTM(70, 60, num_layers=8)

(mlp2): Sequential(
(0): Linear(in_features=121, out_features=130, bias=True)
(1): ReLU()
(2): Linear(in_features=130, out_features=120, bias=True)
(3): Tanh()
(4): Linear(in_features=120, out_features=100, bias=True)
(5): Tanh()
(6): Linear(in_features=100, out_features=60, bias=True)
(7): Tanh()
(8): Linear(in_features=60, out_features=60, bias=True)
(9): Tanh()
(10): Linear(in_features=60, out_features=3, bias=True)
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127 3V Jearning rate=0.001 > Adam &t ® 2 7 F batch_size 3

B 8 T epoch #1loss & 1 :
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0.6 4 — train_loss 40 = train_loss
valid_loss valid_|oss
354
0.5 4 3.0 1
254
0.4 1
2.0
1.5
0.3 1
1.0
021 K 0s
T T T T T T T T T i i : ; : ;
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
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® fitE : Adam

® Batch size : 64

® [earning rate - 0.001

® Step scheduler : step size=8

® Epoch : 30

® [ oss function : MSE loss
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TEST_LEN = 50
INPUT_LEN = 40
SHUTTER_RANDOM_ERROR_STD = 0.005
SHUTTER_SYSTEMATIC_ERROR_STD = 0.03
CAMERA_POSITION_ERROR_STD = 0.05
BALL_POSITION_ERROR_STD = 0.05
INPUT_IGNORE_AREA_MEAN = 3
INPUT_IGNORE_AREA_STD =3
INPUT_IGNORE_WIDTH_MEAN = 4
INPUT_IGNORE_WIDTH_STD =3
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(2) waldamme o %

self.camera position
ball in world = np.matmul(self.homography matrix, np.array([x+ , y+h

ball in world[e] / 0, ball in world[1])

(self.lines)
1f.bounceTim time.time()
self.line MULATE INPUT LEN:
self.lines.p )
.lines.appen

ar(self)
self.lines.clear()

rad min
urn

elif self.
self.m

self.last
urn
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46



RS EEELE EERE LS

T

1 BBk S e oipy « 5 ede 7 g i i

Pt

T GBS ok onE S f25 (A B 37) o

2. 151 multiprocessing & ;% B B ExiE b end BiRAR R PFRGTA B
I g BRIR S R R e e 17 T2 e AR RN o

3. AR FAL  Fd BACT T Mz T o ol 5 R AR
FHEHRET L FRER 2 ®) TAELEB

3} ehE KB S| (4oF) 38) o

e output
— caml
— cam2

e output
— caml
— cam2

B 39 FuEIERIARLE g %

47



BEAPFS BAPESU- KR i Lkt > &4 » 1
BB P RN o BRI R R 4cB 390 42 o d chit 5 R
EEIER Nk TR e o R A > AP APF I ARE L BT B pisenE
MAFI(W 39 ¢ hf - %3 EA)F FEROIA T S - g
EA APl PR RIS (SR 2 A NP ¢ TR SRR cnpE gl ohi Bk
A0 2% 10H) P e b AP AkEE BRI
PR TR TR RE AT et VI K AprilTag JEP~cn¥ BB L@ d o ¢ o
Ll ER AR BE(E T PL L LRRA2T4 D T rg R
Hoe - SApip@ad £ 5 207 2% > ¥ — SARERIE R E_2.40
DR o APRAET R Ad A BPFEEL T EELEE
1. 4P 4 755 % ] (R F 640x480)

2. AprilTag %8 =~ | GEE {16 2> &)

A p o R enfEiA R

1. 7§ ~ 0 AprilTag & (7 & &

2. BAR S T inen g B d AprilTag 2 5 it ehd 3k & &
w\%ﬁi%

(- ) Bkt

2% iE SolidWorks 3t { et Bl & o o 7 LB
FEREEAPHT - A AT R ARPYTEE > T A AR

48



R 8 2R

B 40 ¥ £+ & CAD BRI(*# % '*Ff pivsg @ [15]~[16] ~ [17] ~ [18] ~ [19])

Bl 41§ B SRR WP S ¥ A 7 5 8[15) ~ [16] ~ [17] ~ [18] ~ [19])

PR o 2 Y S AR T AR mA T A i AR A

A B B 2 AL iE e RREE S G A

Frend AR T L il b -

49



Bl 42 FhLid s 2 (L %8 75 0 (151~ [16] ~ [17] ~ [18] ~ [19])

W 43 Rle s 2L %A AR [15] - [16]~ [17]~ [18] ~ [19])

RS R Ao BATE 0 2 2GT A 5 i 2040 gt RARH
4| 12 STBYGHS6 e i B i 3 6 £ & & 1400mm MGW 12H #1314 F

RS R RN I S E T S Y Sy )

50



EAPEE R * 3D A FRFEE AR o

Bl A4m &g p 78 W [15] [16] ~ [17] ~ [18] ~ [19])

LR AR e BT 0 % i S 270 A& o0 LD2TMG #R
Bidpedlrd » STBYGHS6 # 2 8 Er4iddp - B¢ » fag AP

* 3mm g S B AE > @ 5T e S Eap G eni > A PRt

3
“F
|
é@e

LH e Touee & 2GT A # 0 ¥ - =57 % 54 Fdpa on
Firgéa s X% 3D FIEGIT A RlY FF RS HiES
FRAELLT P RFEFEAF L hE iz T 2 2020 PERAE 2
FHoRBERIRE IR 2I0R > TP S AEA Y FHE K

B AF & Ot e IR S R dh e - BTG P o 2 AR R

51



:1:)ﬂ ATX Power

AC 110v

Raspberry Pi
type-citE &

LD27MG iR f5iZ

&

57BYGHS56 £ /i

bl AT LS RRER 12 R T RS A

B> P RERTREL OV HbE PR ERT o

52



1w #HE0h25 )

# i i * Raspberry Pi4&+ TB6600 I 12 1 ‘4 g STBYGHS6

Hig ks E(yEEE 1.8°) 0 * Python ¥  RPLGPIO & 3% & #7412 5165

3N

2y ]
dr o 2R

C R AT R @R 2 S0 3D A B 2 g SRR

PERTH > AoB] 460 0 KA 1T 0 ARG A R PR FG S B

(1) $PBLAFLEEITER L2 8 » ERIDAHF

(2) AT EHNE L FRE R

g

Bl 46 AU Fl 5 E S B2 T 2 77

53



A P 3R IV ARE AT W 47 ATT

Bl 47 #7% 23 "L(Pi" X p g @ [15]~[16] ~ [17] ~ [18] ~ [19])

& - B & 5 Stepper 7 class #-K threading. Thread » ™ &F = %
7 4 B 4% B £ K 5 2 Raspberry Pi it 53 7 %75 5T & 3k #uim 3R

gk (AR o FUE(D) B FFEREY i 2 P RN E

2.3 (FH e B E) o
BREeHSdiplk o PR % Raspberry Pi ~ TB6600 1 w4 Fx 8-
STBYGHS6 # it § i ¥ 2 Python % 2* 7 — % hit ball &3¢ » % £ 3k e

LR HEFERF e BT Ry - e

e
K
e
pr
{a

&=
IR

BTl (T @ GRB R R R RER kI F
54



@ A 4TAp i R BRPET 0 3]E ) 700 % (30 6 K 6.5m)s)

3.8 K e B R(FIRSE E)
A PWM kdrd| PIRE 20 2702 4.0-270 B 2 B Hd>
o - HPIRBIEFRY WIRE E

iEE 4§ DR SN A
T AR HITR® 2 e E 0 4 A PR
4_Raspberry Pi ik 7 % 813 = el 48 > *¢ A E R AT

Z(Uninterruptible Power Supply) ¥+ Raspberry Pi & = ) PR
/Pi%é_, #"i’&'}iﬁ/}é/,]\?];i)‘g mrﬁ/;ﬁiﬁ_} °

B Az A

R At

Bl 4B B L AF e % 4 )

55



g&:}ﬁq‘iﬁl &?'é #\rig\ﬁ"?iiﬁmﬁ ’f_,_ e )’é’ B8 p F?};%’i”xr"ﬁ

RAEL R AR As >R R A A FEBERHMA 2 D

FIERR LA B 35300 [ - S ARG ek O £ AR b 3 R

.
-
b2y
=
EI
Rt
=
b=
ST
ppas)
N
45

FARARERITS o AP RASERS EHO B REHC §E
L Rme Bl lthde P anizg o HY AR

L FApaukE < o &% VMR LR RV amck g (1]

L RN R EECS

Bk B R 0¥t 0 545 8 PyBullet Bkt 4 3k gL 4 2
RFA R FHAIPR R B R 30 B Sy SR IR e
H o A

1. 2 =93 » ~ & INPUT_LEN & TEST_LEN I 7 ¢

56



BAEHDRDWAG L E S L IR KT B
(&R B FA5)hid € @ 3p Rl sk fdF o
2. AprilTag 272 FF 2 2pF> FHP £5 < LR fpiae 755

XL A AL oo AR Y K 16.4 2 & e AprilTag & 640x480

Bofe AR ELRLA0A 0 P o S RRE ARG

L
Mg R P E Ol p e 4 Rehid > e & PIRE EREIRE
WS Eip I Fak o HY APgR
1. FRBEARIRA NI EF > ZLFRIAL P o
2. HEBEEFFEFEPEF B L RENHF R LIS
TREdr{3abt@gd > RERAPHIFBE - FiEf

PR 1—" PG 19 o

BEAREME A AFE - A T P LD TR I R R

B ERAEAPD LB L APG B0 A A gk A
A 59 % o BEREen kB P L Ik s U SRR DS B £ R v
cfe (7 FEHEART TR R AT 2 g R o R iR

JF," RAF iR * R o

57



SRR R

AFTPR T F I ASNEIRFIBE L TR Oy A KA
¢ 7R EBEHA 2 I OF IR T R A SR
EoLAMEAPEAOFRCRET AL D LR EEL W
RS

Fr o AP DA IFERE Y i Ig R 2 2% * %R &
et o { A BT AR SRz EE L o5 L S a2
POBEFIAAR RE SR T REREY S BT sE 0 T

R EEFHRORS > BE I AT AR ahEE 2 2, TE

b

Jx

CenfRAAES G R AE R k> A PIER b BT g X ]

Ho IRl eI B A FELR B 0 B B S IER gk 7 4o

OB~ T RFE G T R -

58



3L TH

[1] A. Kyohei, N. Masamune, Y. Satoshi, The ping pong robot to return a ball
precisely, Omron Tech. 51 (2020) 1-6.

[2] VPI - Vision Programming Interface: Pinhole Camera Model,
https://docs.nvidia.com/vpi/appendix pinhole camera.html (accessed October
21, 2023).

[3] SLAM » ' 2. AL % 2 425+ (2)  dpdeicd] (p # %> *t 4 42) - Brook icv -
f#22[5, https://www.cnblogs.com/wangguchangqing/p/8126333.html (accessed
October 21, 2023).

[4] E{&EHY5HL, Weis Blog. (2017). https://V Vingerfly.github.io/2017/08-13-CV-
ImageTransformation/index.html (accessed October 21, 2023).

[5] E. Olson, AprilTag: A robust and flexible visual fiducial system, in: 2011 IEEE
Int. Conf. Robot. Autom., 2011: pp. 3400-3407.
https://doi.org/10.1109/ICRA.2011.5979561.

[6] J. Wang, E. Olson, AprilTag 2: Efficient and robust fiducial detection, in: 2016
IEEERS]J Int. Conf. Intell. Robots Syst. IROS, 2016: pp. 4193—4198.
https://doi.org/10.1109/IROS.2016.7759617.

[7] G. Zhenglong, F. Qiang, Q. Quan, Pose Estimation for Multicopters Based on
Monocular Vision and AprilTag, in: 2018 37th Chin. Control Conf. CCC, 2018:
pp. 4717-4722. https://doi.org/10.23919/ChiCC.2018.8483685.

[8] D.E. Rumelhart, G.E. Hinton, R.J. Williams, others, Learning internal
representations by error propagation, (1985).

[9] Understanding LSTM Networks -- colah’s blog,
https://colah.github.io/posts/2015-08-Understanding-LSTMs/ (accessed October
21, 2023).

[10] S. Hochreiter, J. Schmidhuber, Long Short-Term Memory, Neural Comput. 9
(1997) 1735-1780. https://doi.org/10.1162/neco0.1997.9.8.1735.

[11] H. Li, H. Wu, L. Lou, K. Kiihnlenz, O. Ravn, Ping-pong robotics with high-
speed vision system, in: 2012 12th Int. Conf. Control Autom. Robot. Vis.
ICARCY, 2012: pp. 106—111. https://doi.org/10.1109/ICARCV.2012.6485142.

[12] H. L1, S.G. Ali, J. Zhang, B. Sheng, P. Li, Y. Jung, J. Wang, P. Yang, P. Lu, K.
Muhammad, L. Mao, Video-based table tennis tracking and trajectory prediction
using convolutional neural networks, Fractals. 30 (2022) 2240156.
https://doi.org/10.1142/S0218348X22401569.

[13] #7im, Hp®», FLF, HApPFEEHFW 3D €2 37> %,
(2010).

[14] Z. Zhang, A flexible new technique for camera calibration, IEEE Trans. Pattern

59



Anal. Mach. Intell. 22 (2000) 1330-1334. https://doi.org/10.1109/34.888718.

[15] GT2 Timing Pulley 20 Tooth | 3D CAD Model Library | GrabCAD,
https://grabcad.com/library/gt2-timing-pulley-20-tooth-3 (accessed October 21,
2023).

[16] HiWin MGW 12H linear guide rail | 3D CAD Model Library | GrabCAD,
https://grabcad.com/library/hiwin-mgw-12h-linear-guide-rail-1 (accessed
October 21, 2023).

[17] Lewansoul LD-27MG | 3D CAD Model Library | GrabCAD,
https://grabcad.com/library/lewansoul-1d-27mg-1 (accessed October 21, 2023).

[18] NEMA 23 - 57BYGHS56-401A | 3D CAD Model Library |
GrabCAD,https://grabcad.com/library/nema-23-57bygh56-401a-1 (accessed
October 21, 2023).

[19] Servo Bracket Mount Stand - Standard size x5 | 3D CAD Model Library |
GrabCAD, https://grabcad.com/library/servo-bracket-mount-stand-standard-size-
x5-1 (accessed October 21, 2023).

[20] raspberry-pi-4-product-brief.pdf,
https://datasheets.raspberrypi.com/rpi4/raspberry-pi-4-product-brief.pdf
(accessed October 21, 2023).

[21] TB6600 Stepper Motor Driver, https://www.dfrobot.com/product-1547.html
(accessed October 21, 2023).

60



[:=: ] 100035

1. AR fl* REEH S FEEY AR AL E
A RFRE O FEFEREA > LERIRAEE T R B -

2. MPERBUAMER AP TR 34

3. ERFTHLAFT R > 2 FIRFTHLIE Lk mFL

&5

2 A AR GRS EHOPFA LR T LR



	100035-封面
	100035-作者簡介
	100035-本文
	100035-評語

