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TOM TAT

Piéu khlen chinh xdc canh tay robot trong moi truong dong, bat dinh la thach thirc lon doz
vdi cac bo diéu khién kinh dién va cac phiwong phdp hién dai nhw diéu khién thich nghi hay dzeu
khzen 16i wu. Mdc dit hoc tang cu’a’ng sau (DRL) da mo ra huong di moi, nhung van boc 19 han che
vé tinh hoi tu cuc bo va thiéu sy can bang trong chzen lwgc kham pha khong gian. Pé gidi quyét
triét dé van dé nay, bai bdo dé xudt mot b diéu khzen tién tién cho canh tay robot 6 béc tir do (6-
DOF) dya trén phuong phap hoc tang cuong mém Actor-Critic (Soft Actor-Critic - SAC). Trong
nghlen ctru nay, heé thong trang thai trudc tién dwgc thiét lgp cac phwong trinh dong hoc, déng lic
hoc va mé hinh hoa dudi dang qud trinh quyét dinh Markov (MDP). Khong gian trang thai, ham
phan thuéng da muc tiéu va cau triuc mang no-ron Actor-Critic dugc thiet ke nham t6i da héa phan
thuvng tich lity két /’lO’p Vi cyc dai hoa entropy Co ché nay giip robot kham pha moi truong hi¢u
qua, tranh roi vao cdc diém t6i wu cuc b va bam quy dao tron tru. Dé klem chitng, bé diéu khién
dwoc ap a’ung vao bai toan thuc nghiém dong lyc hoc phirc tap: diéu khién robot dw doan va ddnh
trung gua bong ban vdi cac quy dao roi ngau nhién. Két qua ky vong cho thay thudt toan SAC vurgt
troi vé toc do hoi tu, do. on dinh va kha nang phdn xa theo thoi gian thiee, khang dinh tiém néng to
I6m trong viéc gidi quyét cdc tac vu da nhiém phire tap.

Twr khéa: Canh tay robot; Mo hinh hoc tang cuong, Diéu khién dir dodn; Phwong phép hoc
tang cuong mém Actor-Critic (SAC).

ABSTRACT

Precisely controlling a robotic arm in a dynamic, uncertain environment is a major challenge
for classical controllers and modern methods such as adaptive or optimal control. Although deep
reinforcement learning (DRL) has opened new avenues, but still exhibited limitations in local
convergence and a lack of balance in spatial exploration strategies. To thoroughly address this
problem, this paper proposes an advanced controller for a 6-DOF robotic arm based on the Soft
Actor-Critic (SAC) reinforcement learning method. In this study, the state system is first established
with kinematic and dynamic equations and modeled as a Markov decision process (MDP). The state
space, multi-objective reward function, and Actor-Critic neural network structure are designed to
maximize cumulative reward combined with maximizing entropy. This mechanism helps the robot
exploreits environment efficiently, avoiding local optimal points and maintaining a smooth trajectory.
To verify this, the controller was applied to a complex dynamics experiment: controlling the robot
to predict and hit a table tennis ball with random falling trajectories. The expected results showed
that the SAC algorithm excelled in convergence speed, stability, and real-time responsiveness,
confirming its enormous potential in solving complex multitasking problems.

Keywords: Robot Arms, Reinforcement learning model; Predictive control method; Soft
Actor-Critic Method (SAC).
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1. PAT VAN PE

Trong bdi canh cong nghiép 4.0 va su
phat trién manh mé cua cac h¢ thong tu dong
hoa, tri tué nhén tao (AI) va cu thé 1a hoc may
(Machine Learnlng) dang dong vai tro then
chét trong viée dinh hinh lai cac phuong phap
dan du’ong va diéu khién thong minh [1]. Doi
v6i cac hé théng robot va may moc ty hanh,
kha nang thich ung linh hoat trong moi tmong
phtrc tap la mot yéu cau cap thiét ma cac bo
diéu khién kinh dién kho c6 thé dap ung tron
ven. Viée tich hop cac nén tang hoc may cho
phép robot khong chi thuc thi cac quy dao duge
1ap trinh sdn ma con c6 kha nang ty trich xuat
dédc trung, hoc hoi tir dir liéu twong tac va lién
tuc t61 vu hoa hanh vi [2]. Su chuyén dich tu tu
dong héa co hoc thuan tﬁy sang tu chu thong
minh thdng qua Al da va dang m¢ ra nhiing
tiém nang to lon, nang cao dang ké do chinh
xéc, tinh 6n dinh va kha ning phuc hoi ctiia hé
thong robot khi d6i mét véi nhitng nhiéu dong
khong thé luong trudc.

Pé giai quyet bai toan dan duong va
d1eu khién chuyén dong cho canh tay robot,
nhiéu phuong phap. tiép can da duoc dé xuat
va phat trién. Ban dau cac bo diéu khién tuyén
tinh nhur PID hay diéu khién mo-men tinh toan
(Computed Torque Control) dugc 4p dung
phd bién nho cau trac don gian va kha nang
bam quy dao tt khi cau hinh dong luc hoc
duoc nhan dang chinh xéc [3]. Tuy nhién, céac
phuong phép nay bdc 10 sai s6 16n khi h¢ thong
hoat dong trong mdi truong dong va chiu nhiéu
blen thién phi tuyén. Dé xur Iy su thay d01 tham
s6 hé thong nhu tai trong dong, diéu khién thich
nghi (Adaptive Control) dugc Gng dung nham
tuw dong cdp nhat cac hé s6 diéu khién; _song,
tdc d6 hoi tu cham trong diéu kién nhiéu dot
ngdt van la mot han ché [4]. Dong thoi, cac ki
thuat diéu khién téi uvu (Optlmal Control) mang
lai hi¢u nang cao trong viéc tdi thiéu hoa ning
luong hodc thoi gian di chuyen dua trén mot
ham muc ti€u xac dinh, nhung lai phu thudc qua
murc vao d¢ chinh xac ciia mo hinh toan hoc va
kho dap tng yéu cau tinh toan theo thoi gian

thyc d6i véi hé 6 bac ty do phuc tap [5]. Nham
khac phuc tinh phu thu¢c vao md hinh, didu
khlen truot (SMC) duoc phat trién giup duy
tri 6n dinh dudi tac dong cua nhiéu ngoai vi,
du hién tuong chatterlng van chua duoc loai
bo triét dé. Pé nang cao tinh linh hoat [6], cac
phu’ong phap tich hop logic m¢ (Fuzzy Logic)
va mang no-ron nhén tao (Neural Networks)
da duoc dé xuat dé xap xi cdc thanh phan bét
dinh va hiéu chinh tham s truc tuyen [7]; tuy
nhién, ching thuong doi hoi khdi luong 16n
tri thire chuyén gia dé xay dung tap luat (dbi
v6i hé mo) hodc tiéu tén nhiéu tai nguyén tinh
toan dé xir ly dir liéu (d6i v6i mang no-ron).
Tuong tu, diéu khién du bio mé hinh (MPC)
du xir Iy t6t cac da rang budc cua hé thng
nhung lai vap phai rao can 16n vé ganh ning
tinh toan [8]. Khic phuc nhiing han ché d6 va
hudng ti viéc dam béao tinh da nhiém, t6i wu
héa quy dao trong mdi truong dong khong biét
trude, cac phuong phap tiép can dua trén hoc
tang cuong (Reinforcement Learning - RL) da
tao ra mot budc dot pha [9]. Cac thuat toan thé
hé dau nhu Q-learning hay DQN mang lai uvu
thé phi mo hinh (model-free) nhung lai bi gidi
han boi hién tugng bung n6 chiéu khong gian
do chi hoat dong trén khong glan hanh dong
roi rac [10]. Dé giai quyet rao can nay, cau
tric hoc tang cuong sau (Deep Reinforcement
Learning) dang Actor-Critic nhu DDPG (Deep
Deterministic Policy Gradient) da ra doi [11]
cho phép tbi wu hoa truc tlep trén khong gian
hanh dong lién tuc. Dau vay, DDPG van ton tai
nhuoc diém vé tinh hdi tu cuc bg, sy nhay cam
v0i céc siéu tham sO va thleu su can bang trong
chién luoc kham pha. Gan day nhét, phuong
phap hoc tang cuong mém Actor-Critic (Soft
Actor-Critic - SAC) n01 1€n nhu mot gidi phap
toan dién dé giai quyét cac khiém khuyét trén.
Bang cach tich hop co ché cuc dai hoa entropy
vao ham muc tiéu, SAC khong chi khuyén
khich robot kham pha khong gian trang thai
mot cach hi¢u qua tranh roi vao cac diém toi
uu cyc bg, ma con gia tang dang ké tinh 6n dinh
va téc do hoi tu. Uu thé vuot troi nay khién
SAC tr¢ thanh mot trong nhiing ky thuat diéu

khién hién dai, dap (mg xuét sic yéu cau thich &
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ung va ndi suy hanh dong trong cac tac vu dong
hoc phurc tap cta robot.

Trong nghién ctru ndy, chiung to1 de xuat
mot quy trinh thiét ké dong b6 bo didu khién
hoc tang cuong SAC ap dung cho canh tay
robot 6 bac ty do (6-DOF). Budge dau tién, nén
tang toan hoc ciia hé thong duoc thiét 1ap thong
qua viéc xay dung cac phuong trinh dong hoc
va dong luc hoc nghlem ngdt. Dya trén co s&
d6, hé thong duoc mo hinh héa dudi dang mot
qua trinh chinh sach quyét dinh, bao gdm viéc
x@y dung khong gian trang thai, dinh nghia cac
bién trang thai (nhu gbc khép, van tbc khop,
toa do doi tuong), thiét 1ap ham phan thuong
da muc tiéu va t6i wu héa cic mang no-ron
chinh sach (Actor) - gia tri (Critic) cua thuat
toan SAC nhiam dam bao diéu khién bam quy
dao tron tru. Cudi cung, do tin cay va kha nang
phan xa theo thoi gian thyuc ctua b diéu khién
dugc kiém chung khat khe thong qua mot bai
toan thuc nghiém dong luc hoc phirc tap: diéu
khién canh tay robot du doan va danh trung qua
bong voi cac quy dao ném ngau nhién va bién
thién lién tuc khi roi xuéng ban bong ban.

Méc du céc phuong phap hoc tdng
cuong sau da dat dugc nhiéu thanh cong trong
diéu khién robot, viéc hoc truc tiép trén toan
bd khong glan hanh dong van gip khé khin
do khong glan tim kiém 16n va dic tinh phan
thu:orng thua cta bai toan danh bong ban. Hon
nira, viéc diéu khién chinh x4c quy dao bong
sau va cham doi hoi su phdi hop chat ché glu’a
dong hoc robot va kha néng thich ngh1 cua
hoc ting cudng. Xuét phat tir nhimg vén de
do, nghién ctru nay dé xuat mot kién trac diéu
khlen lai két hop bo 1ap ké hoach quy dao dua
trén dong hoc nguoc véi thuét toan Soft Actor-
Critic theo co ché Residual Policy Learning va
Curriculum Learning. Dong thoi, quy dao bong
dugc du doan bang phwong phap Runge—Kutta
bac 4 ¢6 xét dén luc can khong khi va hiéu ting
Magnus, két hop voi ham thuéng phan ting
nham nang cao kha ning danh béng thanh cong.
Céac dong gop chinh cua nghién ctru bao gdm:
d& xuat kién tric diéu khién IK + Residual SAC

+ Curriculum Learning cho robot 6 béc ty do;
xay dung bo 1ap ké hoach vung vot dua trén du
doan quy dao bong; va danh g1a hi€u nang hé
thng thong qua so sanh voi cac thudt toan hoc
tang cudng phd bién va nghién ciru trong cung
linh vuec.

2. PHUONG PHAP NGHIEN CUU

2.1. M0 hinh dgng hgc canh tay robot 6 bac
tu do

Hinh 1. Biéu dién hé quy chiéu canh tay robot 6
bdc tu do

Cénh tay robot sir dung trong md hinh
thuc nghiém la dang canh tay robot 6 bac tu do
(6- DOF) trong Hinh 1, cho phép diéu khién day
du ca vi tri va huong cia dau cong tac trong
khong gian 3D. Dong hoc thuan cta robot duge
mo ta bang quy udc Denavit-Hartenberg (D—
H) trong Bang 1.

Bdng 1. Bang théng sé D-H ciia robot 6 béc tw do

Khau 0. d a o
1 q, L, 0 90°
2 q, 0 L, 0
3 q, 0 0 90°
4 q, L, 0 -90°
5 q; 0 0 90°
6 q, L, 0 0

Ma tran bién d6i thuan nhat tir khau i-1
sang khau i dugc dinh nghia nhu sau:

cosB, —sinf,cosa;, sinfsina; a;cos6,
i1p sinf;, cosfcosa; —cosf;sina; a;sinf, (1)
' 0 sing; cosa; d;
0 0 0 1
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Ma tran b1en d6i téng thé tir hé toa do
gbc dén diém cudi cong tic dugc tinh bing
phuong trinh (2):

DT = : =1 i_1T5=f(q] (2)

Cho truéc mot tu thé mong mudn cua
dau cong tac:

x=(p,R) 3)

Trong d6, p € R3 1a vi tri (x, y, z) va
R € SO(3) 1a ma tran quay.

i Phuong trinh dong hoc nguoc duge
biéu dién nhu sau:

qQ* = argmqin I f(q) —xI° @

Pé dam bao tinh dong bo hoan toan véi
engine vat ly cuia moi truong mo phong va xu
ly triét dé cac rang budc vé gidi han goc khop,
nghién ctru nay st dung phuong phap giai tich
s0 hoc thong qua bd giai IK tich hgp san cua
PyBullet.

Hinh 2. Moi truong lam viéc cia canh tay robot

Dua trén quy dao bay cua bong duogc
du doan bang Runge—Kutta bac 4 (RK4) trong
Hinh 2, canh tay robot xac dinh duoc diém
danh p,, va huéng tlep can bong. Thay vi giai
IK cho duy nhat dlem danh, dé tao ra ca danh
muot ma, tai ddu mdi episode robot chon ra 3
dlem dua trén diém va cham p,, va hudéng van
tdc bong tai thoi diém va cham:

Vhall

dpan = pr—— (5

Piém chuan bi :

Ppre = Phit + 0.12- dball (6)

biém vung vot :

Pollow = Phit — 0.1 " dpan (7)
Tir 3 diém nay, robot giai dong hoc ngugc

ra 3 cau hinh khép tuong tmg Qpre> Dhie Dottow”

Quy dao khdp co s¢ theo thoi gian q,
dugc tinh toan duya trén thoi gian con lai dén luc
vachamt .

{ qpre;
qQik =
Qi = (1 —t) Qnie + t Afollow

néu thie > 1:swing

(8)

néu thie < 1:swing

Trong do:

towing = 0.35s va t = clip (1 — e gy, 1.0)

tswing

Sau do, quy dao khop duge ndi suy theo
thoi gian dé tao ra chuyén dong lién tuc:

Qtarget = CIip(qik + (1 - O:) - Action - §, Amins qmax)(g)

Trong d6: o € [0,1]1a hé s6 curriculum
dong, 8= 0.8 rad 1a hé s6 bu trir tdi da cho phép.

2.2. Kién tric mé hinh

Dé giai quyet bai toan diéu khlen lién
tuc trong khong gian trang thai da chiéu, nghién
ctru ap dung thuét toan SAC véi co ché t6i da
hoa Entropy (Maximum Entropy RL). Nghién
clru nay st dung kién trac mang no-ron truyén
thang da tang (Multi- Layer Perceptron - MLP).
Hé théng SAC bao gdm hai thanh phan mang
song song: Actor Network va Critic Network
dugc biéu dién nhu trong Hinh 3.

i _ Actor Network dugc thiét ké véi 2 16p
an, moi l6p gébm 256 no-ron sir dung ham kich
hoat ReLU. Actor Network biéu dién chinh

séch ngdu nhién 7, (a | s) duéi dang phan phéi &
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Gaussian nhleu bién v6i trung binh p(s) va
d6 léch chuin o(s) phu thudc vao trang thai.
Hanh dong thuc t& duoc lay mau thong qua
Reparameterization Trick két hop v6i ham giGi
han dé dua tin hiéu vé [-1,1]:

~N(0, Ig). x = u(s) + o(s) @ e . a=tanh(x) € [-1, 1]¢(10)
Ham mat mat cla mang Actor du0’c

thiét ké dé t6i da hoa gia tri Q du kién ddng tbi
da hoa entropy:

‘]‘iT(q)) =Eswp [Ea-vﬂ¢(-Vs) (‘1108“43 (BV S) - Qmin(sx a) )] (1 1)

Trong do6:
Quin (5,2) = -lIE?iI%}QBi(S’ a)

Hinh 3. Kién triic mang hoc tang cuwong mém
Actor - Critic (SAC)

bé tranh hién tuorng overestimation cua
gia tri Q, von 1a nguyén nhan gy bét on dinh
trong cac thudt toan actor-critic, hé thong sir
dung hai mang Critic doc 14p. Hai mang no-ron
song song Qel (s,a), Q, (s, a) ¢ cung cau truc:
Nhan dau vao la vector noi giltta S, va A véi
kich thudce 1a 28 chleu di qua 216p a in (256 no-
ron, ReLU) va xuét ra mot gia tri Q vo hudng.
Gia tri nho nhét giita 2 mang nay duoc st dung
dé cap nhat cho Actor Network:

Quin(50,2¢) = min Qe (5,.2:), Qe, (Svr) ) (12)
. Ham méat mat cta Critic dugce dinh nghia
bang sai s0 binh phuong trung binh (MSE) gitra

du doan hién tai va muc ti€u Bellman:

]Q(el) E(s ar's:l:l)vD[ (QEI (S a) Y) ] i€ {112}(13)

Trong d6, muyc tiéu y dugc tinh bang:

y=r+ y(l_— d)[Qmin(s’, a’? — alogmg(a’Vv s')]
voi a' ~ mg(-vs') (14)

Heé s6 o kiém soat sy can bang giﬁ:a khai
thac va kham pha. Thay vi gan mét gia tri tinh,
hé thong trién khai co ché diéu chinh tu dong
dé duy tri mot mic Entropy muc tiéu. Loss
function dé cap nhat a dugc thiét 1ap:

I(C{) = ESND,a-V‘ITq)(-VS)[_a(logT[dJ (aV S) + Hta.rget)] (15)
2.3. RL State

Trang thai bao gdm théng tin vé dong
hoc cua canh tay robot, chuyén dong cua bong,
cling nhu thong tin thoi gian tuwong tac can thiét
cho nhiém vu danh bong. Tai mdi thoi diém t,
trang thai S € R dugc dinh nghia nhu sau:

St = {Q, 4, Pball, Vball Phit, thic} € R*2(16)
Trong do :

- [qlr dz,93, 94, QS:QG] la V1 tri cac kho'p
q=1[41,9293404,45,d6]"a van téc cc
khop Céc bién nay cho biét trang thai hién tai
cua tay may.

pball = {Xbl Ybl Zb}lél Vi tri Cﬁa béng
tai thoi diém t.

Vball = {Vbx. Vby,Vbz} 13 van tbc cua
bong tai thoi diém t. Cac thanh phan nay cho
biét trang thai hién tai ctia qua bong, trong vigc
du doan quy dao va xac dinh thoi diém danh
bong va vi tri ddnh bong.

Phit = {Xh, Vh,Zn} 12 diém danh ctia canh
tay robot dugc tinh toan thong qua viéc du doan
quy dao dua trén vi tri va van tdc hién tai cua
bong. Diém nay biéu dién vi tri t6i vu dé canh
tay robot thuc hién tiép xtc véi bong.

i 1a dai luong vO hudng nay biéu thi
thot glan con lai trudc khi bong dat téi diém va
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cham dy doan. Thong tin nay giup chinh sach
diéu khién thich nghi theo cac pha chuyén dong
khéc nhau.

Tong s6 chiéurvector trang thai S la 22.
Tur phuong trinh gia toc ctia bong:
mY = Fy + Fy + Fm (17)
Chuing ta xac dinh quy dao b(’)ng béng
phuong phap Runge Kutta bac 4. Dé xac dinh
Py canh tay robot chon diém danh béng thudc
quy dao cua bong va thudc workspace cua
robot, cac diém sao cho t ag =t o G = 0.02s,
diém gan dé robot, diém gan tam ban va diém ¢
dd cao phu hop.

2.4. RL Action

Khong gian hanh dong duoc thiét ké
dudi dang vector du lién tuc sau chiéu a €
[-1,1]°, trong d6 mdi chiéu twong tng véi mot
khép quay cua céanh tay robot. Thay vi diéu
khién tryc ti€p vi tri khdp tuyét doi, mang
chinh sach Q§u ra residual so v6i quy dao tham
chiéu tinh bang dong hoc nguoc, theo moé hinh
residual policy learning:

clip(gjx + (1 — @) - Action- §; Qmins max) (18)
Trong do, Action 1a dau ra cua mang
chinh sich ngdu nhién Actor m, (a|s), dugc
sinh ra thong qua k¥ thudt tai tham so hoa:

e ~ N(0,1.)

x = po(s) +0p(s) O € (19)
a, = tanh(x) € [-1,1]°

Qtarget =

Trong d() LLg(S) e RG va O'B(S) e RG
lan luot 14 vector trung binh va d6 1éch chuin
dugc mang Actor suy ra tur trang thai s, € 1a
nhidu Gaussian chuin. Ham kich hoat tanh(-)
duoc st dung dé gidi han khong gian hanh
dong trong mién [-1,1]°.

2.5. RL Reward

Phén thudng tong R la tong co trong s6

cua hai pha chinh (danh tring va roi dung ban)
cung vdi cac hinh phat an toan:

Rt = WhitRhit + WiandRiand + Rpen (20)

Trong d6: w,, =0.7 vaw nd—O 3. Banh
tring mot vat thé d1 chuyén ¢ toc do cao la
phan khé hon viéc gan trong s ap dao (0.7) ¢ép
mang no-ron phdi uvu tién glal quyet bai todn
danh tring bong trude khi toi vu duong bay cua
bong.

- Phan thuong pha danh tring R,..

Trong do:

Wpos

Pinhvi:R_ , .= —F"7"7"—
IPtep—Phitll+e

pos

€2y

s& khuyén khich TCP tjén sat diém cham béng
du doan. Sau do, van tdc ti€p can:

Rapprojm:h = Wapproach max({]rvtcp ) dball) (22)

thic day TCP chu dong lao t6i theo vector
huéng d_ v€ phia bong.

Trong giai doan danh bong:
(23)

sting = Wswing_ 4l Vicp Il

tiép tuc khuyén khich vén tdc cao tai thoi diém
danh.

Cham bong: Piém thuong tuyét dbi
+1.0 dugc cap ngay khi xdy ra va cham vat ly
gitta vot va bong.

- Phan thudng pha bong roi R, .
Thanh phan nay chi duoc tinh khi da
danh bong thanh cong:

Rland Rdlr + R?:I?;SE (24)

Trong do:
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Rair = Wair max(g]:vball,x]:
thudng khi bong bay vé phia doi phuong.
eparse _ {+ 1, bongnay ding ban d6i phlro'ng.

land 0, nguoc lai

thuéng khi bong tiép dat hop 1é.
- Phan thudng phat R

Remooth = _)l/]_ " d "21 Giam cac
hanh dong 16n, gitp chuyén dong muot hon.

ijnt =Xz Nlimit: Tranh ciu hinh
nguy hiém hoic khong kha thi.

Cudi cing, sau khi hoan thanh cac buéc
nhu trén, by di€u khién canh tay robot 6 bac danh
tring bong dugc bi€u dién nhu trong Hinh 4.

MHW
ez, ‘%" G
n—- Firtkbes Turien 1on BACUpdsim
& = IR & = 4 t\ ol # - afpl

Hinh 4. Cau triic tcfng thé bo diéu khién canh tay
robot danh trung bong dva trén phwong phap hoc
tang cwong mém Actor-Critic

E

3. KET QUA

3.1. Moi trueong moé phéng

-‘:—4&*

a) b)
Hinh 5. Méi truong thiee té do Pybullet mé phong
canh tay robot lam viéc voi (a): goc nhin trén cao, (b)
goc nhin tir hinh chiéu canh, va (c) goc nhin chéo 45°

Qua trinh m6 phong dugc thuc hién
trén may tinh voi cau hinh: CPU Intel Core i7-
11800H (Gen 11), RAM:16GB, GPU: NVIDIA
GeForce RTX 3050. Moi truong md phong

dugc xay dung trén PyBullet, trong dé robot
la mt tay may 6 bac tu do thyc hién nhiém
vu danh bong ban. Dau cong tac duge thiét ké
tuong tu mat vot, tao tlep xuc diém véi qua
bong, lam tang d6 kho cua bai toan do yéu cau
chinh xac cao vé vi tri va thoi diém va cham.
Ban bong ban dugc mo phong vai kich thudce
2.74 x 1.525 m, mdt ban & do cao 0.38 m. Vi
tri ban dau cua Robot 1a [0.0 ; 0.0 ; 0.0], bong
duoc phong ngau nhién tir ph1a d6i phuong voi
vitrix € [2.0;2.8] m,y €[-0.4;04]m,z €
[1.0 ; 1.5] m. M6 hinh khi dong h(_)c bao gébm
luc can khong khi va lyc Magnus dugc tich hop
dé tao chuyén dong giéng thuc té cuia bong ban
nhu trong Hinh 5.

Duya trén moi truong Pybullet, mo hinh
dugc huan luyén tong cdng 2000000 steps, voi
moi episode kéo dai toi da 500 steps.

3.2. Két qua thue nghié¢m

O giai doan dau hudn luyén , mic du co
nhitng episode thanh céng nhung phan 16n 1a
do hé sb curriculum a con cao, canh tay robot
dugc huong dan bai bo 1ap ké hoach IK. Theo
thoi glan cac két qua thu duogc tré nén 6n dinh
hon vi canh tay robot da hoc dugc cach danh
boéng t01 uu va lya chon quy dao vung vot dé
dat phan thuong 16n nhét.

i

Hinh 6. Két qua hudn luyén véi chi sé phan
thuong (reward)

Biéu d6 Training Reward trong Hinh 6
thé hién phan thuong trung binh theo sd budc
huén luyén. C6 thé théy phan thuong duy tri &
mirc cao ngay tir giai doan dau (2000 - 4000
diém) do co ché Curriculum Residual Policy.
Khi o giam dan, phan thudng tiép tuc ting 1én
mirc 6.000-8.000 diém, chimg to agent SAC
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da hoc dugc cac hiéu chinh vuot ra ngoai kha
nang cua bo 1ap ké hoach dong hoc. Diéu nay
chung minh rang mo hinh dé xuat hoat dong
thanh cong va kham phé hi¢u qua khong gian
hanh dong cia moi truong (xem Hinh 7).

a) 2

wvv

@

Hinh 7. Két qua mé phong canh tay robot danh
béng thanh cong véi tir (a) dén (c): danh thanh
cong bong bay tir phia nira ban bén phai va tir (d)
dén (f) danh bong bay tir phia nira ban bén trdi

Két qua m6 phong cho thiy robot c6 kha
nang hoc va thyc hién ci danh on dinh trong
nhiéu kich ban khac nhau. O truong hop (a) dén
(c), bong dugc danh thanh cong tir phia phai,
trong khi (d) dén (f), thé hién kha ning xir ly
tuong tu tr phia trai. Quy dao chuyén dong cua
tay may muot va phu hop véi huéng bong chimg
to chinh sach hoc dugc hdi tu tot, dong thoi cho
thdy ham phan thuéng va co ché Curriculum
Learning di hoat dong ding nhu thiét ké.

[ e PR somame oo

Hinh 8. Actor Loss

Ttr biéu d6 Actor Loss (Hinh 8) cho thay
trong giai doan dau (0 -20000 steps), loss giam
manh xu6ng khoang -380 do h¢ ¢d curriculum
con cao (o = 0.7), trong khi SAC chi can hoc
phan residual nho va Q-value van chua 6n dinh.
Tiép theo, Actor Loss tang 1én khoang -155 tai
step 80000. Giai doan nay tuong ung voi pha
chuyén tiép curriculum learning, khi SAC bat

dau didu khién tay may va kham pha khong
gian hanh dong T bude 100000 dén 500000,
Actor Loss ti€p tuc giam dan tir -155 xudng
khoang -250, cho thay policy ngay cang khai
thac hi€u qua hon.

e . — [ [— ey

Hinh 9. Critic Loss

Tt biéu d6 Critic Loss (Hinh 9) cho
thay Critic loss khoi dau ¢ mire cao (500) trong
khoang 20000 budc dau do mang Q-network
chua xay dung dugc udc luong gié tri dang tin
cay va replay buffer con thua dir li€u. Sau do,
gia tri loss giam nhanh va hdi tu vé ving on
dinh khoang 50-80 ké tir sau budc 100000 va
duy tri 6n dinh. Xu huéng nay cho thidy mang
Critic d3 dan hoc dugc ham gia tri Q(s,a) chinh
xac hon, phan anh t6t phan thuong tich Iy thuc
té ctia chinh sach.

Sau khi da hudn luyén thanh cong, robot
thuc hién danh bong vai 2000 episode, voi cac
chi s6 k¥ thuat dat duoc an twong nhu Bang 2.

Bdng 2. Cac chi $6 hidu sudt chat lwong dat dwoc
cua canh tay robot danh bong

. £ e Gia tri Trang thai
Chi s (index) (values) (state)
Hit rate 92% Hit the ball
Land rate 259 Ball lands on
opponent table
+
Inference time 0.O6OmSO.010 Per action step
Control 60 FPS Control
frequency frequency
Alpha 0.096 Exploration
coef
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Bang 2 trinh bay cac chi s hiéu ning
chinh ctia hé théng dé xuat. Két qua cho thay ty
1¢ danh triing bong (hit rate) dat 92%, ching toé
agent da hoc dugc chinh sach diéu khién 6n dinh
dé tiép can va va cham vdi bong mdt cach hiéu
qué. Tuy nhién, ty 1& bong sang ban ddi phuong
(land rate) chi dat 25%, cho thay nhiém vy diéu
khién quy dao sau va cham van con nhiéu thach
thirc, dac biét lién quan dén viéc kiém soat
hudng va van tdc ctia bong sau khi danh.

V& hiéu nang tinh toan, thoi gian suy
luan trung binh chi 0.060 ms mdi budc, tuwong
mg v&i tan s6 diéu khién 60 Hz, cho thdy hé
thdng hoan toan dap ung yéu cau thoi gian
thuc. Ngoai ra, gia tri hé s entropy a = 0.096
phan anh rang chinh sach da hoi tu vé mac khai
théc cao, voi mirc d6 kham pha thap hon so véi
giai doan dau huan luyén. Tong thé, cac két qua
nay xac nhan rang phuong phap nghién ciru dat
hi€u qua cao trong nhi¢ém vu danh triing bong,
ddng thoi van con cai thién dbi véi bai toan
diéu khién quy dao bong sau va cham.

3.3. Panh gi 6n dinh ciia hé thong

Badng 3. Cac chi so danh gia sw on dinh cua hé

théng
((131:‘(;:;’) Gidtri | SD 95%ClL
Hiz;:)ate 92 27.27 | [86.59,97.41]
Larz(;)l){ate 25 43.28 | [23.05,26.85]
ELI:;(g’tdhe 1345 | 725 | [120.1,148.9]
T}iglzt)o 0.0384 | 0.05 | [0.0281,0.0488]

Pé danh gia do on dinh cua hé thong,
mé hinh dugc kiém tra trén 100 episode doc lap
v6i cac didu kién khoi tao bong ngau nhién. Két
qua cho thay ty 1¢ danh tring bong dat 92.0%

(95% CI: [86.59, 97.41]), trong khi ty 1¢ bong
roi sang phan san ddi phuong dat 25.0%, cho
thay hé thong da giai quyét tot bai toan tiép xtc
canh tay robot danh bong nhung van con nhiéu
thach thire trong viéc diéu khién chinh xac quy
dao bong sau va cham.

3.4. So sanh véi cac thuit toan hoc ting
cuong khac

Sau khi robot dugc huan luyén véi cac
thuat toan hoc tang cuong khéc, canh tay robot
dugc chay véi 200 episodes.

Bdng 4. Cdc chi s6 hiéu sudt chat lrong véi cdc
thudt toan khac

Phuwong phap | Hit rate (%) | Land Rate (%)
PPO 1 0
DDPG 3 0
TD3 9 0.5
SAC 53 9.5
Dé xuit 90 25

Két qua so sanh cho thdy phuong phap
dé xuét dat hiéu nang vugt trdi so voi cac thuat
toan PPO, DDPG, TD3 va SAC thuan tay. Cu
thé, ty 1é danh trang bong dat 90% va ty 18 bong
roi sang phan san d6i phuong dat 25%, cao hon
dang ké so v6i SAC thuan tay (53% va 9.5%).
Trong khi d6, PPO, DDPG va TD3 hau nhu
khong hoc dugc nhiém vu voi ty 1€ danh trung
bong rat thip. Két qua nay cho thiy viéc két
hop bd lap ké hoach dong hoc nguoc voéi co
ché Residual Policy Learning va Curriculum
Learning giup thu hep khong gian tim kiém, cai
thién kha ning hoi tu va nang cao dang ké hiéu
quéa diéu khién trong bai toan canh tay robot
danh bong ban.
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3.5. Danh gia so sanh

Bang 5. Cac chi $6 hidu sudt chat lwong khi thuc
hién cac phwong phap khac nhau

Method Hit Rate (%) | Land Rate (%)
Full model 90 23
No Curriculum 60 20
No IK 58.5 10.5
No Residual 42 7

Két qua Ablation Study cho thdy mé
hinh ddy du dat hiéu ning cao nhat voi Hit
Rate 90.0% va Land Rate 23.0%. Khi loai
bo Curriculum Learning, IK hodc Residual
Policy, hiéu ning déu suy giam dang ké. Diéu
nay chung to su két hop gitta bo 1ap ké hoach
dong hoc nguoc, Residual Policy Learning va
Curriculum Learning dong vai trdo quan trong
trong viéc nang cao kha nang danh bong thanh
cong ciia hé thong.

3.6. Han ché ciia hé thong

Mac du hé théng dat Hit Rate cao, Land
Rate chi dat 25%, cho théy viéc diéu khién
chinh x4c quy dao bong sau va cham van con
nhiéu thach thtrc. Nguyén nhan chi yéu 1a ham
thuong uvu ti€n nhiém vy danh trung bong,
trong khi bo 1ap ké hoach IK chua truc tiép t6i
wu van tde va hudng ctia mat vot tai thoi diém
va cham. Ngoai ra, diéu kién phong bong ngiu
nhién va dic tinh phan thuéng thua cua nhiém
vu dua bong sang phan san ddi phuong ciing
lam tang d¢ kho cua qua trinh hoc.

4. KET LUAN

Bai bao nghién ctru nay da dé xuat mot
b diéu khién canh tay robot 6-DOF danh bong
ban két hop gitra bo lap ké hoach vung vot dua
trén dong hoc nguogc (IK) va thuat toan Soft
Actor-Critic (SAC) theo hudng residual policy,

nham diéu khién canh tay robot 6-DOF thyc
hién nhiém vu danh bong ban trong moi truong
PyBullet. Két qua thuc nghiém cho thiy hé théng
dat hit rate 92%, chiing minh kha nang hoc hi¢u
qua trong diéu kién khoi tao ngiu nhién. Dong
thoi, mo hinh Actor inference time dat 0.060 +
0.010 ms va do tré toan bo vong diéu khién dat
0.102 ms. va throughput 21,854 Hz trén CPU,
dap g yéu cau diéu khién thoi gian thyc. Trong
tuong lai, nghién ctru s€ tap trung vao cai thi¢n
land rate, thyc hién ablation study, danh gia trén
hé théng robot thuc, va m¢ rong sang cac kich
ban tuong tac phirc tap hon. <+
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