creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

of
o
o
T
>~
>
o
do
rir

ZWLE BEE5Y AlEEH A 2d
TS 4:‘%%@}@%% o] &%
AAAE ol B AT

A Study on Building a Simulation Model of a
Smart Field Robot and Learning the Work Path
using Deep Reinforcement Learning
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A8t 53 HFA = AA B fXd X% 71E #HEA ZFE End-effector
o YIXE F3tr] AAME ZF BE HEA Abole WF PP Faof ) o]
of Denavit-Hartenburg Table< 3}@ Table 13 2t}

Table 1 6DOF field robot Denavit-Hartenburg Table

i a; Q; d; 0, status
1 L, % I, 9, (0) 0->1
2 Iy 0 0 6, (0) 1->2
3 l, 0 0 0, (—g) 2 -> 3
4 I —g 0 0, (0) 3->4
e T
5 0 -5 Is b5 (—5) | 4->5
6 ly 0 I+ I 0, (g) 5->6
Boom Joint Arm Joint

Bucket Joint

Swing Joint

Rotator Joint

End-Effector

Ly

Fig. 8 Simple reference coordinate system of 6DOF field robot



7}

do] Wg gE S wdstd 4 (D) ~ @QF 2o

r

1000 cosd; —sinb,; 00 1 0 0 0 1004q;

_ 0100 _ | sind; cosb; 00 - 0 cosa; —sing; 0 _10100 1)
20 1001d;|" "= 0 0 10| ~®* |0sina; cosa; O] "% (0010
0001 0 0 01 0 0 0 1 0001

T= ];,dX];,OX];,aX];,a (2)

=

Forward kinematics ruleol whzl zF #4do] H3 PH-S TdSH 2 )7 2o

(10 0 1] (1001, 010 0
00—10 0100 —100—!

T = , TP = , T3 = 4

O jo1r 0 4|’"Y |oo10]|  "? 0010 ©)
00 0 1] 0001 000 1
(1 0 01] [0 010 0—10 0

0010 -1 000 100 I

L= 0—100 Ti= 0 —100; X 00 1+

0 0 01] L0 001 000 1

HZ2A o7 Forward kinematics 24 FHL 2 D} Zo}

—10 0 l2+l3+l5_l9 Ty Oy Gy Py
010 0 n, o, a,p
T=T'X T°X T3X TIX TPx T8 = =V 4
0 1 2 3 4 5 0 O_lll_l4_l6_l7_l8 n,o0,a,p, ()
000 1 0001



2.3.2 977+ (Inverse kinematics)[19]
6DOF 2 3.9] Inverse kinematics+ End-effectore] ¢ X7} Fo)3 S wj 2+ &

dol Zt=E T8t Zlolth Forward kinematicsell X< p,.p,p, & &stAom,

)

verse kinematicsoll A= Roll(®), Pitch(d), Yaw(¥)E =213kt wrelA] Roll, Pitch, Ya
w4 n,0,a8] FAES EH A B) ~ (6)3 2T}

cos®—sin®00 cosf 0 sinf 0 1 0 0 0

_ | sin® cos® 00 . 0 1 0 0 _ |0cos¥—sin%? 0
R.(2) = 0 0 10 R, (0) = —sinf 0cosf 0 R, () = 0 sin? cos¥ 0 ®)

0 0 01 0O 0 0 1 0 O 0 1

(6)

o] 83} Inverse kinematicsE T3ttt ZF #do ¥
3 PP S 2F F3 A= 2 (DI 2o

)

(8

&< BlE= Aosta AYHEI BYE

A(1,1)=n,C +n,S,, A(1,2)=0,C +0,85, 9)

A(1a3): a’wq +ayS1 ’ A(1’4): pzq _l2 +py51

A@2,1)=n_, A2,2)=0,, A2,3)=a_, A(2,4)=p. -1, (10



AB3,1)=n,8 —n,C, A(3,2)=0,5 —0,C, aDn

A(3,3>: ale - ayq ) A(174>:p1,51 _pyq

B 1)= S35+ Cogy G Gy B1,2)= 83, Gy — Gy G55 B1,3)=— Gy G (12)
Nemen
BL4)= 1, Gy +15G — 1583, +1,Co3 Oy — 15,5, + B
ly G iz

o 02345507 + l8)+ l9523456 + 2

B2,1)= Sy GGy — oy Sy BM2,2)== Cgy G = 83, G55 B2,3)=— 5,5, 13)
INOWos 15552, C,

B(1,4)= 1Sy + 135, +1;Cogy + %"HG CosS) — 153 Gy + %

- 52345507 +l8)_l9 Csu%
B3,1)=— GG, B3,2)= 8,5, B3,3)=— C,, B1,4)=— G(l, +5)~ , G, (14)

A3 B o] HES HmEe 0,.6,.60,2 7 F Ytk
D 6, : A3,4)=B3,4)
pT‘Sl _pyq = (a’m‘Sl _a’ycyl)(l7+l8)+l9(n7c51 _nyq)

(p, —l-a, —la, —Iln,)S, = (py —la,~ka,— lgny)Q
=0, = Atan2 (py —la,—lsa,~lyn,, p, —la, —la, — lyn,)

@ 06 : A(3,3)=B3,3)

0,8 —a,C, = G

=0 =acos(a,C —a,S))



=)
=

@ 6, : A(3,1)=B3,1), A(3,2)= B3,2)

B(3,2) 55 085 —0,G
- B(3,1) GeSs N nyCi—nISl

505 = Atan2(0,.S, — 0,Ci,n, G — n,S,)

= tan(6;)

0,0,,0, % Tol7] 9% WA WL 4 (159 2}

] ez 7)< 1] =

of W, 4 (5°] 9% & CPY, ©2% F& DIAR FoJ3

o AiS vudt Hug A& 4 (16) ~ QD3 2o

ALV)=n, GGG —a,58 —a,GS, 41, GG, —0,CCy% —0,G585,

1.2)=0,G.C 0, GG, GG, +1, G, 0,188, 0,555,

1.3)==0,G.G—n, G —0,GiS — 1,55,

Al,4)=p, G —1, 0,5 —a,l; G —a,l G —lgn, GG — a5 —a,ly5)
—lgn, S +1n,8,.8 + 10, G G+, .S+ 150, G

C21)=n.GC—a.5—0.GS

012.2)=0.G,+n.GyS, ~ 0.5,

a2,3)==0,G;—n.5;

C(2,4)=pz —l,—al,—als—ln, +10 C+1n,S;

C3.1)=0,G8, —a,8,8 — 1, GG Gy +1, GG, +0,G, G5, — 0, G55,
6(372>: axcésl _aché —nUQCéLS; +nmcé’9155 +0yq55'5’6 _OISIS%*%
6(373>: Og/qcé +ny@‘96 0, Cé‘gl _nTSI‘Sﬁ

a3,4)= 0,5 —pyCi — ayl7C1 + ayZSCi + lQnyC1 —a, S —a,lS
o lgnm‘gl + l5n7551‘96 - l50yq Cé o l5ng/ qsé + l5OI Cé’gl

(16)

an

(18)



(1,1)= &
D(1,2)=0
D(1,3)=— Sy,

D(1,4)=1,Cs +1,C, + Gy

D(2,1)=S5,,,
D(2,2)=0
DI2,3)= Gy,

D(2,4)= LySh3 + 135 + 1553,

D(3,1)=0
D(3,2)=—1
D(3,3)=0

D(3,4)=0

(19)

(20)

21

Cyldx DYPA | &S vlwsty 6,,0,,0,= 72 5 AT

® 6,+0,+0,: A1,1)=D(1,1), A2,1)= D(2,1)

P34

nzC:’)Cé —(1255 _OZQBSG

9.
‘D(]"]‘) C;34 nﬂcchcé_ag/‘SYlS5_aqu5+ng/cgcé51_ozch*%_og/cgsl‘%

50, +0,+0, = Atan2(n,C, G, —a, S, —o0,CLS;,
nchgcyﬁ_ay‘gl‘% _azcyl‘st'i +nycy56Y6‘91 _OTQCE‘SYG_OUCESI*%



@ 0,,0,: A1,4)=D(1,4), O2,4)= D(2,4)

lgCy31Csg lyCyChsy
p,C1—1y +Pysl =1y Co3 130y = 15855, +16Cosy + 9 - 02345%(17+18)+l9523450+ 9
nemen LyCs_¢Chyy
pmq_l2+py51+l55234_l60234_ 2 +023455(l7+l8) — 1955345 — 9 =1,Coy+ 150

Ky =1,Cy +13G

lyCy_ 6534 lgSh3, G
P, —ly = 1Sy +135 15 Cosy + 9 15853, + 9 — 553455 (l7 + ls) — 1y Gy 55
lyCy_ 65934 lgShs, G
p, 1 —l5Ch3y — 9 l6Shas — T+ S3455 (l7 +l8) 1 Gy 96 = 1S53 T135,

Ky = 1,53 +135
(Z4S23 +135 )?+ (l4653 +l3C;)2 = ([(2)2 + ([(1 )?

(l4>2+2l3l46§—|—(13)z - ([(2)2+(](v1>2

1,C+1,)8, +1,5,C, = K,

UG+ 15) G+ 1,88, = K

(1,G+1y) x<1,8,8, + (1,2 (S,)° G, = K,1,S,

—((1, G+, + (1, (8)) G — K, (1,Cy + 1) = KL, S,

K (I,C +1,)
](2+1433
LS,

s~ = =X,
s s GRS
43+ l453

0, G+1)8 = K~ 1,86,

K,~1,5G

5= 0,G+1y)

~0, = At(mQ(Yl,)(l)



® 0,: Ad1,3)=D(1,3), 02,3)= D(2,3)

azq _'_aySl

=Xy, 5, =—a, =Y,

234 —S
5

Co3Cy — 5538, = Xy, 853 Cy + Cy35, = Y,

A7NN Gy =, 8, =y A3 oo i

rC =S, = Xy yG a5, = 1,

xtimes X, + ytimes Y, xtimes Y, —y X X,

4 2 2 M4
Tzt +y

2’ +y2

5.0, = Atan2(S,,C,)



Inverse kinematics®] Z-& & =o]7] YslA Table 29} o] 6DOF T = Z K o]

7t Bl 2w Adw,

Table 2 Limit angle for each joint of 6DOF field robot

H24 4% [degl Ho 4= [deg)

Swing (6,) -180 (Left) 180 (Right)

Boom (6,)

-57 (Down) 65 (Up)

Arm (6,)

Bucket (6,)

-108 (Down) 38 (Up)




Tilt (6,)

-40 (Left)

40 (Right)

Rotator ()

-90 (Left)

90 (Right)

180 (Left / Right)




YdE=ZHolH A2 6DOF &7 2] Forward kinematics®} Inverse kinematicse] 7l
b ARE &3] $18 MATLABS] GuideE o] &3t A4 A3E Fig. 9 ~ 107
Zol #y gz Yeh . WA, Forward kinematicsE &<13t7] 913l 2+ &
dol x5 e W & ALY o] edHolds 21 Xk =, o H

lo] HAZt=d we] QgjdHeldy €3 fAXE st 522, Inverse
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=
wn
o
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e
Red
i
i
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Jol A= £ X = Inverse kinematics Edol J&sle] Aakd z B9

Fe MmE A7 mdel Auo] BhdE AL el

Tilt-Rotator Field Robot (Fonward Kinematics) Tit-Rotator Field Robot (Inverse Kinematics)

/K—-;‘ o w aoa /'"/1

wo ko in ¥
oo oa e e E= ™
7 N 7 N
Theta 1 Theta 2 Theta 3 Nx Ox Ax Px
0 0 e a s 8s
Theta 4 Theta § Theta 6 Ny Oy Ay Py
o [ o [ ' . [
Nz Oz Az Pz
Saent . ' s
Nx Ox Ax Px
1 o smert || s
Theta 1 Theta 2 Theta 3
Ny - Oy - Ay - Py ] 4974006 999663

Nz [e23 Az Pz Theta 4 Theta 5 Theta 6
§1232e17 0 1 11285 0033664 o 0

Fig. 9 Forward kinematics and inverse kinematics program (home position)



Tit-Rotator Field Rabot (Forward Kinematics) Tilt-Rotator Fieid Robot (Inverse Kinematics)

-
e e —
= = = / o 7
- o - L (/ B i = /,
SEoEa i

w w ok om e i e

Theta 1 Theta 2 Theta 3 Nx Ox Ax Px
0 3 27 04703 0 024102 20052
Theta 4 Theta 5 Theta 6 Ny oy Ay Py
38 0 o o 1 o °
Nz Oz Az Pz
Nx Ox Ax Px 024192 L] 05703 4830218
05703 o 020132 2603 5121
Ny oy Ay Py Theta 1 Theta 2 Theta 3
) 1 ° ° 0 650232 270379
Nz Oz Az Pz Theta 4 Theta 5 Theta 6
024192 o 09703 3493 0219 380149 0 o

Fig. 10 Forward kinematics and inverse kinematics program (Max. angle)



3. Aekste

2 Z733}8k<(Deep reinforcement learning)S <=333t7] 98l 73Fs<(Reinforcem
ent learning)e] 7] 89} o] & tisl £ W& Sutton} Barto®] ‘Reinforcement L
earning 2" edition’ [20]3} Lonza$] ‘Reinforcement Learning Algorithm with pytho

n' [21)e] Wee aokatel Amath
31 Z3sks e
311 Z8he5e] A9
AEstae BAlo Hal wAAos NARS AAse TEE BAHSE 1A

o] Bopolth B BAE AR ool dEMgende] N FFS

2ol B4 FEAE
Ao

tlo
ok
X
et
£
g
R
)
)
0

(State, s,. )9} E3Reward, r)S I =gt}

State(S;.1) Reward(r;)

AGENT Environment

A

Action(a,;)

Fig. 11 Reinforcement learning cycle flow chart
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314 vf=23x AA 3}AHMarkov Decision Process, MDP)
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3.1.5 7}* 3F<=(Value Function)
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3.1.6 #vl 2] (Bellman Equation)
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3.2.2 3 == (Dynamic Programming, DP)

524 Z=2 g9 (Dynamic Programming, DP)&= EAE HA& 39 EAZ vir
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3.2.3 AIZtA} &<(Temporal Difference Learning, TD)
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Fig. 13 Bootstrapping update
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3.3.1 & 7]L7](Policy Gradient, PG)
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3.3.2 9E-= 8 ¥)(Actor-Critic, AC)

£ Zole AT W& FE2E#HFBootstrapping)e| 2Far gt} o= o W HgH
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0=0+(G — V,(s))Vlogm,(a,ls,) (50)
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3.3.3 291 A F & sk(Proximal Policy Optimization, PPO)

Schulman2 AA=2 Wl EFAFE ZFo]HA TRPO(Trust Region Policy Optimiz
ation)2} FAFSE ofolto] & AE-3E AFolA Jhedites RS RoFE o] WS
Proximal Policy Optimization(PPO)2}x. gt} TRPO® Hl3l] A& Hojxme]x] &

1=
I 1x HA3 AFEstE Ao AHolth. PPO= =3 TRPORTH © YWtz olar
T

g

o
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o

AME BE840 = vy WA= g3 due|E} 7ssit. PPOS) 7]
© TRPOOIA g} Zo] AzAlolE HXFsE Alddstes thil HEACIE =53 &

o]
58 OB W FYshE Zolth oA W UF 2 YuolES FASE AL

.

PAY & vk BAPEE 4 GD 2ok

£ CUP(g)= min(r,(0)A,; clip(r,(0), 1—€, 1 +¢)A, )] GD

5 Podr @ Toig [

A7 A, 1) 2 629 Zo] FeojHrt.

_ mlels). (52)

ry(0,,)=1°1TF. PPO E=FolA 2718 A
|2Q g Fe =&245]dA A &7iE ololroll UwkstHE o]y F4<0 GA
E(Generalized Advantage Estimation)®] A&l® wWZ(Truncated version)& A}&3hth.
GAE= 2] (63)3 #o] o|H S Altgth

A, =6,+ON8, (NS, (53)

where 8, =1, +yV(s, 1)~ Vs,
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PPO darglE2 A& ARGt whgolA oz ¥E Ao N7 Az o] At |

Y K dHolE " o3k Ao wet A
g2 vy #AE AHgste o8 W dulolE € = o Table 32 =& PPO
stoly wEtulEl g Ao & ZHAZF 23EO] vk ZE EAll dA sle]H
setu g 7F Easiths AMdol=E =7t s W efol thd ofojtolE A= Al

8 Zolth

Table 3 Range of PPO hyperparameters

Hyperparameter Symbol Range
Policy learning rate - [1e75,1e77]
Number of policy iterations K (3, 15]

Number of trajectories

: N [1,20]
(equivalent to the number of parallel actors)
Time horizon T (64, 5120]
Mini-batch size - (64, 5120]
Clipping coefficient € 0.10r0.2
Delta (for GAE) ) [0.9,0.97]
Gamma (for GAE) vy [0.8,0.995]
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Fig. 16 Configuration of smart field robot simulation model
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Table 4 Opening area value of boom valve

Boom Up Boom Down
ST PR CR PC ST PR CR PC
0 70 0 0 0 70 0 0
0.5 70 0 0 1 70 0 0
1 52 0 0 1.3 70 0 0
2 13 0.5 0 2 41 0 0
2.6 8.5 1.5 0.5 2.4 29.5 0.2 0.2
3 7 2.5 1 3 21 2 1.5
4 5 5 2.5 3.7 13.5 4 3
) 2 16 10 4 11 5) 4
6 0 50 39 5 4 8 7
6.4 0 70 o7 6 2 9.5 8.5
6.7 0 70 70 7 2 9.5 8.5
7 0 70 70




Table 5 Opening area value of arm valve

Arm In Arm Out
ST PR CR PC Re ST PR CR PC
0 70 0 0 0 0 70 0 0
0.2 70 0 0 0 0.5 70 0 0
1 41 0 0 0 1 52 0 0
1.6 11.5 0 0 0 2 11 0 0
2 9 0 0 0 2.2 10 0 0
2.4 7 0 1 0 24 9 1 0
3 6 1 3 0 2.8 5.8 4 2
3.5 5 1.5 4 0 3 5.5 5 3
4 4 2 6 1.5 4 3 13 7
o 2.5 2.8 13 5) 4.9 2.1 23 12
6 0.5 2.8 29 12 5) 2 25 13
6.1 0 2.8 57 12.5 5.5 0 45 34
6.3 0 2.8 70 13 6 0 66 54
7 0 2.8 70 13 6.1 0 70 58
6.4 0 70 70
7 0 70 70




Table 6 Opening area value of bucket and swing valve

Bucket In Bucket Out Swing

ST | PR | CR|PC| ST | PR | CR | PC| ST | PR |CR | PC
0 70 0 0 0 70 0 0 0 70 0 0
1 70 0 0 0.8 | 70 0 0 0.2 | 70 0 0
2 28 0 0 1 64 0 0 1 38 0 0
22 [ 195] 0 0 2 21 0 0 16 [ 135 0 0
3 10 | 1.5 | 25| 22 | 19 0 0 1.8 | 12 0 0
3.5 | 5.5 2 0.5 3 9 2 2 2 10.5 1 1
4 3 2.5 9 3.3 6 28 | 25 3 5.5 4 4
48 | 05 | 3.8 | 14 4 3 9 7 4 | 35 7 8
5 0 38 | 17 | 49 0 18 | 13 | 46 | 25 | 10 | 13
6 0 38 | 57 5 0 20 | 145 5 2 14 | 17
6.3 0 38 | 70 | 5.5 0 40 | 20 | 5.8 | 0.5 | 21 | 46
7 0 38 | 70 6 0 63 | 42 6 0 33 | 57
6.2 0 70 | 50 | 6.2 0 | 465 | 70

6.6 0 70 | 70 | 6.9 0 70 | 70

7 0 70 | 70 7 0 70 | 70
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Table 7 Cylinder specifications of 1.5 ton field robot

Boom Arm Bucket Tilt
Out Dia [mm] 65 65 65 42

Head
Inner Dia [mm] 55 55 55 32
Rod Dia [mm] 30 30 30 14
Stroke [mml] 385 380 280 135
Pressure [bar] 210 210 210 210
Max Flow rate [l/min] 15.8 15.8 15.8 20

2o A Force MAl¢} Velocity MAE A&3st AT 9 Forceol Velocitys &4
A 5 Utk A™koel] A& A= Zze] A™r o

=
FYsHA Hgstdon FHew Ao =YL Fig 33 ~ 363 2k
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Table 8 Comparison of hydraulic models

Stroke [mm]
Spec. Simulation Error
Boom 385 380 -5
Arm 380 380 0
Bucket 280 277 -3
Tilt 135 130 -5
Angle [deg]
Spec. Simulation Error
Boom -57 ~ 65 -56 ~ 64 1~-1
Arm -133 ~ -27 -132 ~ -27 1~0
Bucket -108 ~ 38 -109 ~ 38 -1 ~0
Tilt -40 ~ 40 -40 ~ 40 0
Max. Pressure [bar]
Simulation
Spec. Head Rod Error
Boom 210 188 (up) 210 (down) -22
Arm 210 210 (in) 210 (out) 0
Bucket 210 210 (in) 210 (out) 0
Tilt 210 210 (right) 201 (left) -9
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Table 9 Simulation results of single operation

Angle [deg] Max. Pressure [bar]

Input Output Head Rod
Boom -20 ~ 60 -18 ~ 59 158 (up) 210 (down)
Arm -120 ~ -30 -119 ~ -30 210 (in) 210 (out)
Bucket -100 ~ 30 -100 ~ 29 105 (in) 210 (out)
Tilt -40 ~ 40 -40 ~ 40 200 (right) 210 (left)
Rotator -180 ~ 180 -180 ~ 180 186 (right) 185 (left)
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Table 10 Simulation results of compound operation
Angle [deg] Max. Pressure [bar]
Input Output Head Rod
Boom -20 ~ 60 -19 ~ 60 210 (up) 210 (down)
Arm -120 ~ -30 -120 ~ -29 210 (in) 210 (out)
Bucket -100 ~ 30 -110 ~ 30 191 (in) 210 (out)
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Table 11 Random target point at the end tip of the bucket

Target Point [m]

No X y z
1 2.568 0.000 0.069
2 2.620 0.000 0.056
3 2.400 0.000 0.060
4 2.079 0.000 0.061
5 2.413 0.000 0.064
6 2.091 0.000 0.073
7 2.842 0.000 0.057
8 2.933 0.000 0.071
9 2.378 0.000 0.057
10 2.359 0.000 0.056
11 2.841 0.000 0.065
12 2.589 0.000 0.062
13 2.825 0.000 0.068
14 2.135 0.000 0.066
15 2.914 0.000 0.054
16 2.677 0.000 0.074
17 1.926 0.000 0.061
18 2.881 0.000 0.067
19 2.802 0.000 0.066




Fig. 71 Simulation for random target points
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Table 12 Target point at the end tip of the bucket for straight path

Target Point [m]

No. X y z
1 3.000 0.000 0.000
2 2.900 0.000 0.000
3 2.800 0.000 0.000
4 2.700 0.000 0.000
5 2.600 0.000 0.000
6 2.500 0.000 0.000
7 2.400 0.000 0.000
8 2.300 0.000 0.000
9 2.200 0.000 0.000
10 2.100 0.000 0.000
11 2.000 0.000 0.000

Fig. 72 Working range at the end tip of the bucket for a straight path
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Table 13 Result of random target point at the end tip of the bucket
Target Point [m] Learning Point [m]

Mo X y z X y z

1 2.568 0.000 0.069 2.665 -0.010 0.087

2 2.620 0.000 0.056 2.718 0.008 -0.029

3 2.400 0.000 0.060 2.304 0.076 0.084

4 2.079 0.000 0.061 1.980 -0.031 0.080

5 2.413 0.000 0.064 2.508 -0.045 0.089

6 2.091 0.000 0.073 1.994 0.020 0.109

7 2.842 0.000 0.057 2.941 -0.027 0.073

8 2.933 0.000 0.071 3.026 -0.043 0.102

9 2.378 0.000 0.057 2.281 -0.032 0.074

10 2.359 0.000 0.056 2.259 0.007 0.073

11 2.841 0.000 0.065 2.938 0.002 0.090

12 2.589 0.000 0.062 2.559 0.005 -0.038

13 2.825 0.000 0.068 2.918 0.022 0.095

14 2.135 0.000 0.066 2.036 0.026 0.091

15 2.914 0.000 0.054 3.010 0.043 0.068

16 2.677 0.000 0.074 2.694 0.009 -0.026

17 1.926 0.000 0.061 1.827 0.027 0.081

18 2.881 0.000 0.067 2.978 -0.015 0.093

19 2.802 0.000 0.066 2.885 -0.019 -0.032
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Table 14 Error value of random target point at the end tip of the bucket

Error [m]
No. X y z

1 -0.098 0.010 -0.018
2 -0.098 -0.008 0.084

3 0.096 -0.076 -0.023
4 0.099 0.031 -0.019
5 -0.095 0.045 -0.024
6 0.097 -0.020 -0.036
7 -0.099 0.027 -0.016
8 -0.093 0.043 -0.031
9 0.097 0.032 -0.017
10 0.100 -0.007 -0.018
11 -0.097 -0.002 -0.025
12 0.031 -0.005 0.100

13 -0.093 -0.022 -0.027
14 0.099 -0.026 -0.025
15 -0.096 -0.043 -0.014
16 -0.017 -0.009 0.100

17 0.099 -0.027 -0.020
18 -0.097 0.015 -0.026
19 -0.083 0.019 0.098
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Table 15 Learning result of straight path at the end tip of the bucket
No Target Point [m] Learning Point [m]
X y z X y z
1 3.000 0.000 0.000 3.041 0.041 -0.063
2 2.900 0.000 0.000 2.933 -0.042 -0.062
3 2.800 0.000 0.000 2.756 -0.093 -0.055
4 2.700 0.000 0.000 2.623 0.084 0.000
5 2.600 0.000 0.000 2.532 -0.018 -0.025
6 2.500 0.000 0.000 2.407 -0.067 -0.022
7 2.400 0.000 0.000 2.373 -0.092 -0.010
8 2.300 0.000 0.000 2.370 0.080 -0.077
9 2.200 0.000 0.000 2.135 -0.068 0.024
10 2.100 0.000 0.000 2.030 0.063 -0.066
11 2.000 0.000 0.000 1.966 -0.006 -0.087
Table 16 Torque values of boom, arm and bucket for straight path
No Torque [Nm]
Boom Arm Bucket
1 77673.075 -37691.850 11414.249
2 -100000.000 -100000.000 33045.086
3 100000.000 -100000.000 14456.230
4 100000.000 -61184.574 -16833.014
5 100000.000 100000.000 -32504.828
6 -100000.000 -34867.761 16603.407
7 -100000.000 14172.622 -3794.785
8 100000.000 44470.111 -12368.967
9 100000.000 100000.000 -54538.272
10 -49853.746 83307.823 -22895.921
11 -100000.000 -64781.229 15621.469
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Table 17 Error value of straight path at the end tip of the bucket

Error [m]
No. X y z

1 -0.041 -0.041 0.063
2 -0.033 0.042 0.062
3 0.044 0.093 0.055
4 0.077 -0.084 0.000
5 0.068 0.018 0.025
6 0.093 0.067 0.022
7 0.027 0.092 0.010
8 -0.070 -0.080 0.077
9 0.065 0.068 -0.024
10 0.070 -0.063 0.066
11 0.034 0.006 0.087
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Table 18 Result of angle values of boom, arm, bucket for straight path

Learning Angle [deg] Simulation Angle [deg]

N Boom Arm Bucket Boom Arm Bucket
1 33.41 -65.21 -24.26 37.61 -64.98 -25.24
2 30.56 -65.65 -4.21 33.43 -65.13 -4.70
3 29.29 -52.79 9.12 31.73 -53.05 9.05

4 31.12 -58.99 -12.62 31.72 -58.62 -9.48
5 31.10 -64.03 -3.65 31.47 -63.81 -6.50
6 25.98 -39.49 -25.85 28.18 -39.77 -23.73
7 23.42 -29.87 -32.16 25.28 -30.01 -31.54
8 21.36 -11.81 -60.45 23.03 -27.30 -60.09
9 25.15 -27.88 -30.44 23.00 -27.30 -33.62
10 21.20 -20.30 -36.84 22.94 -27.30 -33.39
11 19.73 -0.46 -58.99 21.27 -27.30 -57.58
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A Study on Building a Simulation Model of a Smart
Field Robot and Learning the Work Path using Deep

Reinforcement Learning

Seong-Woong Choi

Department of Construction Machinery Engineering
Graduate School, University of Ulsan

Abstract

Field robots are being used in various industries such as agriculture, forestry,
and manufacturing, as well as in the construction industry, and their scope is
expanding to the subsea area. The field robot referred to here is a robot that
works in the field rather than in a factory. Representative field robots include
excavators, wheel loaders, and forklifts. In this paper, excavators are expressed as
field robots.

Representative works of field robots include excavation work, leveling work, and
demolition work. However, when working in a narrow work space, due to the
limitation of the range of motion, the number of work hours and work time
increase due to unnecessary motion, and the work efficiency 1is lowered.
Therefore, it is necessary to increase the degree of freedom of the field robot to
increase work efficiency and work convenience. Likewise, a new mechanism such
as tilting and rotation of the bucket to replace the micro-turn is needed. By
applying the tiltrotator, a new mechanism to increase work efficiency, work
efficiency is increased by reducing work time.

Recently, in the construction field, research on core technologies for realizing
smart construction is being actively conducted. As a field of smart construction
machinery, we are conducting research on intelligent construction equipment that
combines artificial intelligence and Al with construction equipment. These studies
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are being used to predict the characteristics that occur while performing real field
robot tasks using a field robot model in a virtual space.

Therefore, in this paper, a simulation model is built for a 6DOF field robot to
which a tilt rotator is applied for a 1.5-ton small excavator, a field robot, and a
simulation to check and analyze its motion characteristics and a kinematic model
of a field robot and a reinforcement learning algorithm are used. The following
conclusions were drawn by proposing a deep reinforcement learning model and
conducting basic research on path learning that simulated the working path
scenario for the flattening task that is often performed in real field robots.

1. Research on simulation models for building simulators of various field robots

- Presenting 6DOF field robot system with tiltrotator applied

- Set the reference coordinate system for the 6DOF field robot system, present
mathematical models of forward kinematics and inverse kinematics, and verify
validity

- 3D model, hydraulic model, multibody model (mechanism/dynamics model), and
control model construction by checking the specifications and design
specifications for the 6DOF field robot system

- Confirm that the output value behaves similarly with respect to the input value
through three simulations of sine waveform, single operation and complex
operation for excavation operation

2. Basic study of deep reinforcement learning model for driver assistance machine
guidance

- Establishment of basic concepts such as reinforcement learning, a part of
artificial intelligence and Al, and definitions and theories of algorithms

- Construction of a work path learning model with URDF model of field robot,
GYM environment model, and PPO algorithm for application to reinforcement
learning engine

- As a result of learning the work path of the flattening work, it is confirmed
that the position of the end of the bucket is learned and operated within the
set error range of 0.1 m

- Apply the learned results to the simulation model to check the operation
results
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