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MO DAU

Dbong lyc nghién ciru

Trong nhimng nam gan day, nhiéu nha khoa hoc di cung tham gia dé nghién ctru giai
quyet nhiéu vén d lién quan dén robot dang nguoi va cho ra doi 14 robot dang nguoi
noi tleng ASIMO tai cong ty Honda, Cog tai MIT, HRP-5P tai AIST, HUBO tai
KAIST, Lohnnie va LoLa tai TUM, NAO tai cong ty Aldebaran, Atlas Robots tai
cong ty Boston Dynamics, QRIO tai cong ty Sony, Robonaut tai NASA, T-HR3 tai
cong ty Toyota, WABIAN-2R tai dai hoc Waseda, iCub tai IIT, Robot Sarcos tai
cong ty Sarcos, ARMARX tai KIT.

Tuy nhién, viéc nghién ctru vé robot dang ngudi ludn ton tai nhitng thach thire rat 16n
vi day 1a loai robot giong ngudi, de mo ta cac dong tac cu dong glong ngudi doi hoi
¢6 nhiéu nghién ciru chuyén sau vé: két cau co khi, mé hinh toan va dleu khién.

O Viét Nam, nhiing cong trinh nghién ctru robot dang nguoi con rat han ché. V&i
mong mubn ché tao mot robot dang ngudi diu tién cia Viét Nam c¢6 kha ning bude
di gidng ngudi va gop phan vao dw an nghién ctru robot hai chan mé phong ngudi
dang thuc hién tai Phong Thi Nghiém Trong Piém Qubc Gia Piéu Khién S6 va K§
Thuat H¢ Théng (DCSELAB) véi hai phién ban (HUBOT-2 va HUBOT-3), chinh la
dong luc nghién ciru.

Muc tiéu nghién ciu

Hoach dinh, tdi uvu hoa va tao dang di cho robot dang nguoi 1a nhim lam cho robot di
dugc mot cach ty nhién va én dinh nhu con nguoi. Hién nay van 13 bai toan khé do
k¥ thuat hién tai chua tiép can duoc cac ddi tuong sinh hoc vo cung phtc tap vé két
c4u va tinh vi trong hoat dong.

Luan an nay tiép tuc tap trung nghién ciru va dé xuét nhiing giai phap mai vé hoach
dinh, t6i wu hoa va tao dang di cho robot ~dang nguoi kich thuéc nho co kha nang
bude di thang duoc mot cach ty nhién va 6n dinh nhu con nguoi trén dia hinh bang
phéng, nhim muc dich hudng téi cai thién kha ning budc di 6n dinh va bén ving
hon dugc trén dia hinh bang phang cho HUBOT-3.

Phuong phap nghién ciu

Tir quan diém toan hoc, hoach dinh, t6i uvu hoa va tao dang di cua robot dang ngudi
trg thanh van dé t6i wu c6 rang bude va phit hop véi cac k¥ thuat tinh toan t6i wru.
Trong luan 4n ndy, tic gia thyc hién nghién ctru va phat trién bo tao dang di
(Walking Pattern Generator - WPG) phu thudc 4 théng sé cua Dip (chidu dai budc -
S, d6 nhac chan - H, d6 khuyu gbi - h va d6 lic hong - n) két hop cac phuwong phap
t61 wu hoa ngdu nhién (meta-heuristic optimization approaches) va mé hinh mang no-
ron tién hoa thich nghi (Adaptive Evolutionary Neural Model - AENM) dé robot
dang nguoi co thé budc di dn dinh va tu nhién nhu con nguoi.



Két qua nghién ciru

Céac két qua nghién ctru dat dugc cua luan an, duge tom tat nhu sau:

Mot la, Dip da dé xuét bd tao dang (WPG) phu thudc 4 thong s6 (S, H, h, n) va thuc
hién tdi uu 4 thong s6 cua bo tao dang (WPG) dé robot dang nguoi (kich thuge nho)
bude di 6n dinh véi van tde nhanh nhét c6 thé st dung thuat toan di truyén (Genetic
Algorithm - GA). Tuy nhién, dé bt chudt dang di cia con nguoi thi robot dang
ngudi phai kiém soat dugc do nhac chan. Vi vay, tac gia tiép tuc thuc hién tdi uu 4
thong s6 dang di (S, H, h, n) cua bg tao dang (WPG) dé robot dang nguoi bude di on
dinh voi do nhic chan mong mudn sir dung cac phuong phap t6i wu héa ngiu nhién
(meta-heuristic optimization approaches). Két qua mé phong va thyc nghiém trén mo
hinh robot dang nguoi kich thuée nhé HUBOT-5 chirng minh dé xuét cua luan an 1a
kha thi. Két qua cua nghién cuu nay duogc trinh bay & bai bao [2], [4] va [7], trong
danh muc cong trinh cong b cua tac gia.

Hai la, trong qua trinh robot dang ngudi budce di thi 4 thong s6 cua bd tao dang
(WPG) cua Dip la khong dbi. Pidu nay lam cho robot dang nguoi kho thyc hién
bude di 6n dinh va tw nhién v6i 1 quy dao ZMP (Zero Momen Point) mong muon
Dé vuot qua khé khan nay, tac gia thyc hién nhan dang va diéu khién 4 thong s6 cua
b tao dang (WPG) nay sir dung mo hinh mang no-ron tién hoéa thich nghi (Adaptive
Evolutionary Neural Model - AENM) dugc tdi wu boi thuat toan (Modified
Differential Evolution — MDE). Két qua mé phong trén mé hinh robot dang nguoi
kich thuéc nhé HUBOT-5 chimg minh dé xuat cua luan an 1a kha thi. Két qua cta
nghién ctru nay dugc trinh bay & bai bao [3], trong danh muyc cong trinh cong bd cua
tac gia.

Ba la, bd tao dang (WPG) phu thudc 4 thong s6 (S, H, h, n) cia Dip dwoc dé xuit chi
ap dung cho robot dang nguoi trong giai doan budc di va thiéu giai doan chudn bi va
giai doan két thiic. D& bd sung, tac gia tlep tuc hoan thién b6 tao dang di (WPG) cua
Dip véi day dua 3 giai doan nhu mong muodn véi tén goi 1a bd tao mau di bd tu nhién
(N-WPG). Két qua moé phong trén md hinh robot dang ngudi kich thuéc nho
HUBOT-4 chimg minh dé xuét cta luan an 1a kha thi. Két qua cua nghién ctru nay
dugc trinh bay & bai bao [1] va [6], trong danh muc cong trinh cong bd cua tac gia.

B cuc ciia luin 4n

Luén 4n dugc chia lam 5 chuong nhu sau:

Chuwong 1: Nghién ctru tong quan. Chirong 2: Ti wu hoa dang di cho robot dang
ngudi kich thude nho bude di 6n dinh voi do nhic chan mong mudn sir dung thuét
toan tién hoa vi sai cai tién (MDE). Chuong 3: Tao dang di thich nghi cho robot dang
ngudi bude di én dinh st dung mé hinh mang no-ron tién héa thich nghi (AENM)
duoc toi wu boi thuat toan tién héa vi sai cai tién (MDE). Chuong 4: Hoach dinh
dang di ty nhién cho robot dang nguoi. Chirong 5: Két luan va kién nghi.



CHUONG 1 NGHIEN CUU TONG QUAN

1.1 Robot dang nguoi

Biped robot 1a khai niém dung dé chi robot c6 kha nang budc dugce trén 2 chan, hién
tai nguoi ta chi yéu sir dung biped robot nhu mét khai niém vé robot dang nguoi.
Nam 1970, tién phong nghién ciru vé biped robot 14 hai nha nghién ctru n6i tiéng
Kato va Vukobratovic. Ho déu xay dung mo hinh thyc nghiém vé biped robot va sir
dung khai niém ZMP két hgp mot so db diéu khién don gian dé robot dang ngudi c6
thé thuc hién di by vai budc rat cham trong trudng hop thing bang tinh. Vao thap
nién ké tiép — 1980, nhitng dot pha dén tir My véi hai nha nghién ctru R. MC Ghee
va M. Raibert. That sy, R. MC Ghee di bat dau nghién ciru vé biped robot vao thap
nién 60 tai dai hoc Nam Cali (USC) va thap nién 70 tai dai hoc Ohio (OSU) véi két
qua ndi bat 1a diéu khién biped robot di bd bing may tinh. M. Raibert tai dai hoc
Carnegie Mellon (CMU) bét dau nghién ciru 6n dinh dong luc hoc khi chay. Sau do,
M. Raibert thanh 1ap phong thi nghi¢m LEGLAB tai Vién ky thuat Massachusetts
(MIT) va dat dugc nhiing két qua kha 4n tugng cho robot c6 mot chan, hai chan va
bén chan. Cudi thap nién 90, véi sy phat trién cua khoa hoc ky thuat da chirng minh
rang c6 thé xay dung dugc robot dang nguoi. Trong so nhitng robot dang nguoi lic
bay gio thi ASIMO cuia hang HONDA ¢6 the di bo gidng nguoi nhat.

Hién nay, nhimng thanh qua 4n twong nhat van thuong xuyén duoc dé cap 1a san pham
duoc gidi thidu boi cdc truong dai hoc, cac vién nghién clru, cac cong ty va cac du
an. Cac hoat dong nghién ciru vé robot dang nguoi trén khip thé gidi da ting toc
trong nhitng thap ky qua. Ngoai ra, c6 rat nh1_eu robot dang ngudi kich thude nho dé
nghién cuu va choi. Vi du: ching ta co thé chon NAO cua Aldebaran Robotics,
DARwWInOP cua ROBOTIS, PALRO cua FujitSoft hodc sé-ri KHR cua Kondo
Kagaku. Vao ngay 10 thdng 4 nam 2012, dy an Nghién cuu Quéc phong Tién tién
(DARPA) cua Hoa Ky da cong bd mét chwong trinh, cu thé 1a Thir thach Robot
DARPA (DRC). Muc tiéu chinh ctia né 1a phat trién cac cdng ngh¢ robot co6 thé thuc
hién cac nhiém vu phtre tap trong moi truéng nguy hiém cta con ngudi bang cach su
dung céc cong cu, thiét bi va phuong tién c¢6 san ciia con nguoi.

Nhur véy, cic nghién ctru vé robot dang ngudi hién nay di phd bién & nhiéu nudc trén
thé gi6i. Ngoai viéc tap trung vao phan tri tué nhan tao, cac nghién ctru vé hoach
dinh quy dao budc va diéu khién can bang budc di cho robot dwoc xem xét. Hiu hét
cac robot nay st dung tiéu chuén 6n dinh ZMP dé thiét ké quy dao dong luc hoc
cling nhu thiét ké by diéu khién nham gitip robot budc di 6n dinh trong dia hinh
khong biét trude.

1.2 Téng quan vé xay dung quy dao va diéu khién robot dang nguoi

Budc di cua ngudi ludn an chira nhidu bi 4n ma cho dén nay cac miu robot dang
nguodi di bang hai chan van chua thé hién hét dugc. Chinh vi thé, cac nghién ctru
danh cho co ché budc di cua robot dang ngudi dang dugc phat trién theo nhiéu



hudéng khac nhau. Mot sb tiéu chudn da dugc 4ap dung cho robot dang ngudi dé bao
dam budc di 6n dinh va tu nhién. Budc di tinh (static walking) 1a nguyén ly duoc ap
dung dau tién, trong d6 hinh chiéu thang ding cta khéi tim (CoM - center of mass)
xudng mat d4t luén nim trong long ban chan chong (supporting foof); néi cach khac,
robot dang nguoi co thé dirng lai tai moi thoi diém lac bude di ma khong bi ngd. Voi
ban chit don gian, nguyén 1y nay ap dung hi€u qua cho robot dang ngudi cod tbc do di
cham, qua do6 cac hi¢u tng dong lyc hoc cod thé bo qua. Sau d6, cac nha nghién clru
bét ddu tap trung phat trién budc di dong (dynamic walking). Phuong phap niy cho
phép robot dang nguoi dat tbc do bude di nhanh hon. Tuy nhién, trong qué trinh
robot dang ngudi thuc hién budc di dong, robot co thé bi ngd do anh huéng cua
nhiéu moi truong va khong thé dimg dot ngdt. Vi vay, budc di dua trén nguyén ly
ZMP (ZMP-based walking) dugc dé xuit.

Hau hét cac robot @b choi thuc hién di b tinh bang cach st dung ban chéan 16n. Biéu
nay khong tha vi theo quan diém cua k§ thuat diéu khién vi n6 kha d& dang. Tuy
nhién, ban chan cua con ngudi qua nhd so vé6i chiéu cao ciia khdi tam dé thyc hién
bude di tinh va ching ta dang thyc hién budc di dong trong cudc song hang ngay.
Chung ta thuc hién dugce phong cach di bo bang cach kiém soat khéo 160 sy cin bang
toan bo co thé ma vé co ban la khong 6n dinh. Do do, robot dang nguoi vuot ra ngoai
pham vi cua ky thuét co khi thong thuong. Day la 1y do ma rat nhi¢u nha nghién ctru
va k¥ su bi thu hut dé robot dang ngudi bude di giong nhu con nguoi.

Theo quan diém ciia Shuuji Kajita, dé robot dang nguoi budc di nhu mong mudn thi
chiing ta phai c6 mau di bo (Walking Pattern). Dé tao ra mau di bo, ta st dung bg tao
dang (Walking Pattern Generator - WPG). Trong diéu kién 1y twong, robot dang
nguoi co thé thuc hién budce di nhu mong mudn néu thoa cac diéu kién: mo6 hinh toan
hoc cua robot dang ngudi chinh xac, két cAu co khi va bo truyér_l dong dién cua robot
dang ngudi dap ung chinh x4c yéu ciu cua miu di by, mit phing robot dang ngudi
budce di khong nhép nhé. Thuc té, robot dang ngudi chi bude duoc vai milimeters
trén mat phing khong bang phing thi nga. Khéi tim cua robot dang nguoi s€ thay
d6i nhanh khi robot dang nguoi thay d6i tu thé, nén robot dang nguoi bi mét thang
bang. Dé vuot qua kho khin nay, chang ta can phan mém thir 2 dé diéu chinh mau di
bd, bang cach sir dung con quay hodi chuyén, cam bién gia tdc, cam bién lyc va cac
thiét bi khac hay goi 13 b6 cdn bang

B¢ tao dang (WPG) duogc thiét ké dua theo tiéu chuin ZMP, ¢6 hai kiéu thiét ké bo
tao dang thinh hanh 1a: dya vao mé hinh con lic nguoc hodc dya vao quy dao ban
chan va hong. Ngudi tién phong theo mé hinh con lic ngugc 1a Shuuji Kajita. Tur do,
nhiéu ‘nghién ctru trén thé giGi da tap trung vao viée khao sat mo hinh con lic nguoc
3D dé 4p dung diéu khién cho robot hai chin mé phong ngudi. Ngudi tién phong
theo dua vao quy dao ban chan va hong 1a Qiang Huang. Phuong phap nay dua ra
cac rang budc cho hong va chan, tor d6 xay dung phuong trinh quy dao budc di béng
cach ndi suy spline bac ba. Sau khi c6 dugc cac phuong trinh quy dao budc di cua



khép hong, mot chuong trinh tinh todn ZMP va dua theo ZMP dé chon cac hé b
trong phuong trinh quy dao budc di sao cho robot & trang thai can bang nhit.

Bo cén bang c6 thé duoc xay dung dya trén nhiéu nguyén tdc khac nhau. BO can
bing duwa vao diéu khién momen xoén cta cd chan robot dang nguoi. Phuong phap
ndy dugc st dung boi nhidu robot dang ngudi dugc phat trién vao thap nién 1980 va
1990. Phuong phap thtr hai dia trén mé hinh con lic nguoc 1a sira ddi vi tri chan dé
6n dinh. B9 can bang dya trén diéu khién gia toc ciia khdi tim CoM thong qua thay
dbi dong thoi gian lay mau. Bo can bang dwa vao didu khién tu thé cua robot dang
nguoi boi khdp hong. Déi véi hau hét cac robot di by, ching ta mong muén co thé
duy tri mot tu thé thang dung trong khi di bo. Cach dé nhét 1a xoay khép hong dé co
thé giit trang thai mong muén dua trén cam bién tu thé. Gan day, Shuuji Kajita cung
dong nghiép da de xuit mot bo 6n dinh méi dua trén mé hinh cua LIPM véi diéu
khién ZMP. B9 6n dinh nay cho phép robot hinh nguoi méi HRP-4C cua ho di trén
bé mit khong bang phang ciing nhu thyc hién di bo giéng nhu con ngudi véi hd trg
ngon chan.

Mau di bo (WP) dwa vao Bo tao dang (WPG) dé xuét & trén khong phai la cach duy
nhét. Pbi v6i tao mau di bd (WP) online, Kajita dé xuit phuong phap didu khién
preview. Dbi voi phuong phép thuc té, Harada et al. d& xuat sir dung mdt gidi phap
phan tich ciia phuong trinh ZMP. Sau d6, diéu nay da dugc cai thién boi Morisawa et
al. dé thyc hién WP hiéu qua hon. Nhitng phuong phap nay dwoc kiém ching thuc
nghiém trén HRP-2. Diéu khién preview dugc goi chung 1 diéu khién du bao theo
mo6 hinh (MPC-Model Predictive Control), ma viéc tinh toan diéu khién dau vao
bang cach thyc hién tdi uu hoa quy dao tuong lai. Dya trén MPC, Wieber d& xuét
mot phuong phap tao mﬁu di bd (WP) dua trén viéc tdi vu hoa chuong trinh béc hai
(QP) ma khong yéu cdu mot ZMP quy dinh. Bang phuong phap nay, cic quy dao
ZMP va CoM c6 thé duoc tao ddng thoi tr cac phin tir ctia ving chén try.

Du6i quan diém toan hoc, nhiém vy tao mau di bo (WP) dugc nghién ctru nhu van d&
t6i vu da muyc tiéu c6 rang budc, do do bai toan can giai quyét rat phu hop vé6i ky
thuét tinh toan mém. Trong qua khu, da c6 nhitng dong gop dang ké trong viéc phat
trién robot dang ngudi nhim mang lai hiéu qua vé mét nang luong va t6i uu hoa cac
thong s6 dang di cuia chung bang thuat toan tién hoa. Ngudi ta da thay rang, diém
yéu ctia cac robot dang ngudi sir dung ZMP 14 chung tiéu thy rat nhiéu nang luong.
Nang lugng tiéu thu trong khi robot dang nguoi bude di bd phu thudc vao mau di bo
(WP).

Do do, viéc thiét ké can than mau di bo (WP) cua robot dang ngudi co the giup ich
rat nhiéu, trong viéc giam muc ti€u thu nang lugng cling nhu tang tinh 6 6n dinh cia
nd. Mot so dong gop lién quan dén t6i wu hoa dang di dang duogc dé cap o day.

Capi va déng nghi¢p da st dung thuat toan di truyén ma hoa thuc (Real Coded
Genetic Algorithm - RCGA) dé t6i wu hoa ning lugng tidu thu ciia robot dang ngudi.
Muc ti€u la tim ra cac quy dao cac géc quay & cac khdp dé robot dang nguoi tiéu thu
nang luong tbi thiéu. Ham nang lugng dugc xay dung du vao mo-men x0&n duoc tao



ra tai cac khop dong co ctia robot dang ngudi. Capi va ddng nghiép da tao ra mau di
bd (WP) hiéu qua nang luong thoi gian thuc st dung thuat toan di truyén (GA) va
mang no-ron ham co s¢ xuyén tdm (RBFNN - Radial Basis Function Neural
Network). Park va dong nghiép di sir dung GA dé giam thiéu ning lugng tiéu thu
cua robot dang nguoi, béng cach chon vj tri t61 wu cho khéi tAm cua cac khau. Choi
va df)ng nghiép da su dung GA dé t6i vu hoa quy dao di bd cua robot dang nguoi
(IWR-III) bang cach giam thiéu tong d6 1éch cua van toc (hay gia toc) dé duy tri sy
lién tuc ctia quy dao va phan phdi nang luong tai cac diém.

Bén canh ti€u thu nang lugng, mdt moi quan tdm lon khac cho robot dang nguoi la
su 6n dinh cia nd. Khai niém ZMP d3 duoc cac nha nghién ctru lya chon dé dam bao
su 6n dinh ciia robot dang ngudi.

Ames va dong nghiép da t6i wu hoa cac tham s0 dang di ctia robot NaO sao cho miu
di bo (WP) cua robot gan dung véi mau di bo (WP) cua con ngudi st dung phuong
phap binh phuong t6i thidu. Lin va va dong nghiép da dé xuit mot phuong phap can
bing dong cho robot dang ngudi bing cach sir dung mang no-rén may tinh s6 hoc
md hinh tiéu ndo (Cerebellar Model Arithmetic Computer - CMAC). Phuong phap
nay co thé tim cac tham s6 dang di duoc t6i ru hoa trong thoi gian thue. Miller va
ddng nghiép da cai tién thuat toan diéu khién cho robot dang nguoi tang tinh 6 on dinh.
Cu thé, Miller dd md hinh hoa dang di nhu mét bd dao dong don gian, ap dung thuat
toan diéu khién PID va sau do thyc hién huan luyén mang no-rén. Phuong phap nay
khong can biét thong tin dong hoc va dong luc hoc ma robot dang ngudi van budce di
6n dinh. Zhou va dong nghiép da st dung hoc ting cudng mo (Fuzzy Reinforcement
Learning - FRL) dé tao miu di by (WP) 6n dinh cho robot dang nguoi. Mic du
phuong phép nay khong yéu ciu thong tin vé dong hoc va dong luc hoc nhung khi sd
béc tur do (Dof) cua robot dang ngudi tang thi thoi gian dé dé tao mau di bd (WP)
phu hop nhéit cho mot trang thai ciing tang. Jha va ddng nghiép da s dung GA dé tao
quy tic co s& cho bd diéu khién logic m¢o (FLC) ¢6 thé tao ra dang di 6n dinh cho
robot dang nguoi. Udai da d& xudt GA va Mostafa cung dong nghiép dé xuit WOA,
dé t8i wu héa quy dao hong cua robot dang ngudi sao cho d6 1éch gitta ZMP va tdm
ban chén tru 1a nho nhat, diéu nay lam tiang tinh 6n dinh cua robot dang nguoi.
Vundavilli va ddng nghiép da str dung hai phuong phép lai 1d GA-NN va GA-FLC dé
tao ra céc dang di 6n dinh cho robot dang nguoi di 1én va xudng cau thang.

Maic du, nang lugng va do 6n dinh da duoc t6i wu hoa mot cach riéng biét nhu da dé
cap & trén, nhung co thé thiy rang hai muyc tiéu nay ddi lap nhau. Dé vuot qua kho
khin nay, nhiéu nghién ctru da thyuc hién t6i vu héa da muc tiéu va mot sb két qua da
thuc trong thoi gian qua nhu sau. Lee va ddng nghiép trong da st dung thuat toan t6i
vu da muc tiéu tién héa (MOEA) dé tao ra mau di bd (WP) cho robot dang ngudi voi
ba muc tiéu twong phan: nang lwong tiéu thy, tdc d6 di bo va do 6n dinh. Dip va dong
nghiép trong di 4p dung mot thuat toan di truyén (GA) dé tao ra miu di bo (WP) cho
robot dang ngudi véi hai muc tiéu tuong phéan: tbe d6 di bo va dd on dinh. Huan Dau
va dong nghiép trong di 4p dung mot thuat toan di truyén (GA) dé tao ra mau di bo



(WP) cho robot dang ngudi voi hai muc ti€u twong phan: nang lugng ti€u thu va 4o
on dinh. Pratihar va dong nghiép cho thdy MO-PSO hoat dong t6t hon MO-GA,
trong viéc t6i wu hoa dang di cho robot dang ngudi v6i hai muc tiéu twong phan:
cong suét tiéu thu va do on dinh. Didu nay la do thudt toan PSO tim kiém cac giai
phéap t6i wu ca trong khong gian tim kiém cuc bo ciing nhu toan cau. Jaj va dong
nghiép da ap dung MOEA dé tao dang cho robot dang nguoi NAO v6i hai myc tiéu
tuong phan: do 6n dinh va ning lugng. Fattah va dong nghiép st dung GA dé tao
dang cho robot dang ngudi v6i hai muc tiéu ddi 1ap nhau 1a d6 on dinh va cong suat.

1.3 Két luan

Mic du hién nay di c6 rat nhiéu Iy thuyét thanh cong trong viéc xay dung quy dao va
diéu khién robot dang nguoi dugc Ung dung vao cac robot thyc té. Tuy nhién néu so
sanh v6i con nguoi trong nhiéu cép d6 khac nhau thi cac két qua quy dao budc di
cung dang di cua robot dang nguoi c6 dugc, van chua that su ty nhién, 6n dinh va
bén vimng. R rang robot hai chdn mé phong ngudi van dang d6i mat véi rit nhidu
thach thie phai vuot qua. Trong ludn an nay, tac gia thyc hién nghién ctru va phat
trién bo tao dang di (WPG) phu thudc 4 thong s6 cua Dip (chidu dai buéce - S, do
nhic chén - H, d6 khuyu g0i - h va do lic hong - n) két hop cac phuong phap t6i wu
hoa ngiu nhién va mo hinh mang no-rén tién héa thich nghi dé robot dang nguoi
budc di 6n dinh va tu nhién nhu con ngudi. Muc tiéu nghién ciru trong tim cua luan
4n bao gdm cac van dé sau:

- Dip da & xuét bd tao dang (WPG) phu thudc 4 théng sé (S, H, h, n) va thuc hién
tbi uu 4 thong s6 cua bo tao dang (WPG) dé robot dang ngudi (kich thude nho) bude
di 6n dinh véi vén téc nhanh nhét co thé st dung thuat toan di truyen (GA). Tuy
nhién, dé bét chudt dang di cua con nguoi thi robot dang nguoi phai kiém soat duogc
d6 nhic chan. Vi vay, tac gia tiép tuc thuc hién tdi uu 4 thong s6 dang di (S, H, h, n)
cua b tao dang (WPG) dé robot dang nguoi bude di 6 on dinh v&i do nhic chan mong
mudn st dung céc phuong phép t6i uu hoa ngau nhién (meta-heuristic optimization
approaches).

- Trong qué trinh robot dang ngudi bude di thi 4 thong sé ciia by tao dang (WPG)
cuia Dip 1a khong d6i. Piéu nay lam cho robot dang ngudi khé thuc hién bude di 6n
dinh va ty nhién véi 1 quy dao ZMP mong mudn. Dé vuot qua khé khin nay, tac gia
thyc hién nhan dang va diéu khién 4 thong s cua bo tao dang (WPG) nay sur dung
md hinh mang no-ron tién hoa thich nghi (AENM) duoc ti wu boi thuat toan MDE.

- Bo tao dang (WPG) phu thudc 4 thong sb (S, H, h, n) cua Dip duogc dé xudt nam
2009 chi ap dung cho robot dang nguoi trong giai doan budc di va thiéu giai doan
chudn bi va giai doan két thiic. Dé bd sung, tac gia tlep tuc hoan thién bd tao dang di
(WPG) ctia Dip véi ddy du 3 giai doan nhu mong mudn.



CHUONG 2 TOI UU HOA DANG PI CHO ROBOT DANG NGUOI KiCH
THUGC NHO BUGC D1 ON BINH VOI PO NHAC CHAN MONG MUON SU
DUNG THUAT TOAN THUAT TOAN TIEN HOA VI SAI CAI TIEN (MDE)

2.1 Gioi thiéu

Dip da dé xuit bo tao dang (WPG) phu thudc 4 thong sb (S, H, h, n) va thyc hién tdi
uu 4 thong s0 cua bo tao dang (WPG) dé robot dang ngudi (kich thudc nho) budc di
6n dinh vé6i van tdc nhanh nhat c6 thé sir dung thuét toan di truyén (GA). Tuy nhién,
dé bt chu6t dang di cua con nguoi thi robot dang nguoi phai kiém soat duoc do
nhic chan. Vi vay, tic gla tiép tuc thuc hién t6i wu 4 thong s0 dang di (S, H, h, n) cia
bd tao dang (WPG) dé robot dang nguoi budc di 6n dinh voi do nhic chan mong
mudn st dung cac phuong phap t6i uru hoa ngiu nhién (meta-heuristic optimization
approaches). Két qua mé phong va thuc nghiém trén md hinh robot dang nguoi kich
thuée nho HUBOT-5 chimg minh d& xudt ctia lugn an 1a kha thi.

2.2 B§ tao dang (WPG)
B6 tao dang (WPG) cho robot -
dang nguoi gdbm c6 2 thanh
phan: b phat quy dao ctia 2 ¢b
chan (P;, Pip) va hong (Ps) phu
thudc vao 4 thong sé dang di (S,
H, h, n) nhu hinh 2.1; b6 tao qu¥y
dao 10 goc quay
(6,,9,.6,.,0,,0,,0,,0,,6 .,6,,

0, ) cho cac khép ¢ 2 chan tr 3

quy dao (P;, Ps, Pig) nhu hinh
2.2.

dr+drrdsden ()

Pio

Nhu chi ra trong Hinh 2.1, quy _ , —
dao héng P,= [P, P, P.] Mit dimg ngang Mt dimg doc
va quy dao c6 chan P=[P_, Hinh 2.1

P

1y »

[Bo.» By, B,.] cla chan di chuyén s& phy

P

1z

] cua chéan try, quy dao c6 chan A,=

thudc vao 4 tham sd (S, H, h, n) trong ca mat
ding ngang (YZ-Frontal View) va mat dung doc
(XZ-Sagittal View). Quy dao A, P, B, 1a nhiing
ham phu thuc thoi gian va cé dang sin, thé hién
qua cac cong thirc (2.1), (2.2) va (2.3). Trong do,
dy 1a chiéu dai than trén, d; 1a khoang cach giita 2
diém P; va P», d> 1a khoang cach giita 2 diém P;

Mat dimg ngang Mt dimg doc

Hinh 2.2



va P3, ds 1a khoang cach gitra 2 diém P; va Py, dy1a khoang cach giita 2 diém P, va
Ps. T'1a thoi gian thuc hién 1 budc di cia robot dang nguoi, w 1a khoang céach gitra 2

£ Eu0<r<
Chénshdékhuyugf)],T:{t neuOftiT,ut

t—T néut>T

e

[u(t —2T) — u(t — T)]

P
w.[ L (t) +0.5
S

ﬂ'[ T
AN P
T 2

B, (1) = —w.u(®) —u(t—T)]

P (1)=
P (1) =

P (t): H sin

1z

SRR

sin Ju(t—2T)—u(t—17)]

=

Ju(t —2T) — u(t — T))]

Ju(t) —u(t —T)]

S .
Pl()r (t) = ;Sln

P, (t)=Hsin n.[E°'—(t)+o.5 u(t) —u(t —T)]
s
S 7 T
t__ - - b
2 (1) 4sm[T[T 2]

N
P;yifirstihn_lfinycle (t) =nsin ?T :

+ncos[§[7_§] Ju T_g]_u(T_T)

PL(t) =Py 1 sy o ()@ —u(t=T)]
. (¢).[u(t —2T) —u(t — 1)),
(1)=(d, +d, +d,+d,—h).

s

P

6z

Quy dao cua 10 goc khdp quay & 2 chan
cua robot dang nguoi trong hinh 2.2 dugc
xac dinh nhu cong thuc (2.4). Trong

do: y, (1), z, (1), v, (¢), z,(1),0,(¢).05 ()
0c(1),0,(1),x,(2),x,(¢),4,(¢),1,(¢) tai thoi

diém ¢ duoc dinh nghia nhu hinh 2.3 va

cong thirc (2.5). Tuy nhién, luu y rang: /,

1a khoang céach gitta P, va Py, lr la khoang

1

0 néur<0
N néut>0

2.1)

(2.2)

2.3)

P

Po il

P7 P4

P
Ps
Po P
$)Pio Pi
Mit ding ngang Mt ding doc
Hinh 23



cach giita Py va P;. Trong do, d,, d,, d, va d, dugc minh hoa trong hinh 2.1.

% (r):mm(zg;], 0,(1)=-0,(1).

(1) 2.4)
0 ( ) 7=0 (t)° Hx(t)_”_ec(t)7
0,(t)==-0,(1)+6,(¢) arcsin{)li’((:))}
6,(1)="~6,()+86, (r)-arcsin ’;((t’))]
0 t) 0 ([)_04(t)’ ‘911(t):09(t)_97(t)
=B.-h, y»=h,-h, z=0-8,
J +(P,=B,) +(B.~B.)
=K, PIOX’ Y = P PlOy’ z, =F, - h,.,
2.5)
J +(P,~B,) +(P.~B.)

2_ 72 d : 0
6, = arccos [Mj, 6, = arccos [L(A)],

2d,d
6. = arccos[w} 6, = arccos{M].

2d,d, )
Toa d0 P, (x,y,z) duogc tinh dwa vao B (x,y,z), con toa dd [ 2 (x,3.z), P, (x,».z),
P, (x,y,z) , B (x,y,z)] dugc tinh dya vao [A (x,y,z) , P (x,y,z) ,
P, (x..z), By (x,y.2) ] vacéac goc quay [6,, 0, 6, 0,,]. Cong thirc (2.6) dudi day
dugc sirdung dé tinh P, P,, B, P, F,.

P.=R. P =dcos(8), P, =P, sin(6),

P,=P, P.=PR —d,ccos(§), P, =P, —(P.-PF.)sin(6), (2.6)
B.=B, L,=B,-w, F.=F,

P,=F,, P.=F.—dcos(0,), P, =F,~(F.—P.)sin(6,),

R.=hy, B.=h,+d, 005(6’10)’ K, =h, +(R;z —sz)sin(é’m).
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Nhu vay bd bdn tham sb H h,svan can duoc lya chon sao cho robot dang ngudi ¢
thé budc di 6n dinh v6i do nhic chan dugc cai dat trude. Chuong nay sir dung giai
thuat tién hoa vi sai cai tién (MDE-Modified Differential Evolution) dé giai quyét
théa dang yéu ciu trén.

2.3 Toi wu tham sb dang di sir dung thuat toan tién hoa vi sai MDE
2.3.1 Gidi thudt MDE

\ Bing 2.1
Thuét toan MDE dugc phat trién dua trén thudt T Begin
, \ . A J4 \ < 2. Initialization
toan DE trong do Storn va Price dé xuat vao ndm 3. pyalyation

4. For G=1 fo GEN do

1997. Thuét toan DE gdm 5 budc nhu sau: khoi

" X R , . - 5. For i=1 to NP do

tao, dot bien, lai ghép, chon loc, hdi tu. Ma code & Jani= randint(1, D)
5 . 2 .. R 7 F = rand[0-4; 1:0], CR = rand(0°7; 1-0]
cua MDE duoc phat trién boi Son va dong For =1 to D do
1A A 14 A 9. If rand[0,1] < CR 01 = jrma then
nghi¢p Erong duoc mé ta trogg Bang 2.1. = rdli 1] e ta
2.3.2 Xdy dung Ham muc tiéu 11. Select randomly r,=r, =r. =i
bé danh gia cac tham so dang di robot dang :; s T Fzio i)
\: 5. 4. ~ N “A i se
nguoi phai dinh nghia duge ham myc ti€u. Myc 12 Select randomly r, = 1, = basr=1
tiéu dicu khién robot dang nguoi HUBOT-5 la !> 1 = Foaia TR0 =520
M ) < A . I8 A A A 16. End if
nhim dat dang di 6n dinh v6i do nhac chan dugc 7 -
cai dat trudce. Tinh On dinh cua robot dang nguoi % g =
. 5. 5 r ;) \ 19. End if
duoc dinh luong boi khodng cach cia ZMP va 5 Eniti
tdm cua ban chan tru trong chu ky budc. Cac 2 I 7(T )2 7(%,) then
dang di bd véi tinh 6n dinh t6i da thu dugc bang 22 You=U,
r A < R r A 2 A . . 23 Else

cach t0i thiéu hda ham f; & cong thuc (2.7): o 5

T \/ﬁ 25. Endif

= X Jdt 26. End for

h f( ZMP+yZMP)d 27 End for

0 28.End

trong do: 7T 1a thoi gian thuc hién 1 budc di va
(X4 > Voup ) 12 toa d6 cua diém ZMP trong qué trinh robot nguoi thyc hién bude di
so v6i gbc toa do dat tai tdm ban chan try. Cong thirc (2.7) 1a ham muc tiéu thor 1.
Ngoai ra, dé robot dang nguoi bam st gi trj do nhdc chan da cai dat— H,,, thi sai
1éch d0 16n cia tham ) do nhéc chan — H véi do nhéc chan da cai dat— H ref (nhu
cong thuce 2.8) 1a ham muc tiéu tha 2.

f,=|H.,—H| (2.8)
Nhu vdy, d& HUBOT-5 c6 dang di 6n dinh v6i d6 nhic chan dugc cai dat trude thi
chung ta tim gié tri cuc tiéu ctia hai ham muc tiéu Ji va f,, hay tim gia tri cyc tiéu
cia ham f nhu cong thitc (2.9). Trong d6, F, + F,, va F,; + F,, 1a chiéu dai va

chiéu rong cua ban chan robot va hé sb )\(0 <A< 1) duogc lya chon giira muc wu
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tién veé do On dinh (\ tang) v&i muc sai 1éch so véi dd nhac chan mong muodn (A

giam).
(\/ x;MP + ngP )'dt

—Fy Sxpp S Foi—Fy S Xpup S F,

2.3.3 Tinh toan quy dao diém ZMP ) )
Doi véi robot dang nguoi kich thude nho, gia thiet mo-men quan tinh va gia toc goc
tuyét doi cua cac lién ket 1a du nho dé bo qua, cong thitc ZMP dugc tinh nhu cong

f=x +(1=A)|H,, —H]|

(2.9)

o\’\!

thire (2.10):
Z X, Z m3x,z,
Xoup = Xcou +
™ (2.10)
- ijlmiyi.z.i - Z;;lmij}izi
Yaup = Yeou Tt n
Zi:l m;

2.4 Két qua méd phéng va thue nghiém

Két qua md phong va thuc nghiém dugc kiém tra trén robot
dang ngudi HUBOT-5 (hinh 2.4). Bé tim gia tri thich hop cho
hé s6 A cua ham muc tiéu trong cong thic (2.9), bang cach
chon A= 0.4 thi robot dang ngudi HUBOT-5 ¢6 dang di 6n dinh
v6i dd nhic chan duoc cai dat trudec H ., va gia tri nay duoc st

ref 2
dung trong sudt qué trinh chay GA, PSO va MDE. Ban chét
toan hoc clia cac thuat toan tdi wu GA, PSO va MDE déu la
thuat toan tim kiém theo xac suat nén mdi thuat toan thuc hién
huén luyén 10 1an khac nhau, mdi lén huén luyén s& lap 500 lén
(N=500) véi cung kich thude quan thé (NP=30) va cung )
luong céc bién (n=4). Bang 2.2 trinh bay gia tri tham sé cua
thuat toan GA, PSO va MDE.

Cai dat dd nhac chan cua Bang 2.2
HUBOT-5 1a H,,= 2cm. Hinh [Phuonephip | Thamso i ej
ref GA Xéc suat dét bien (par) 0.2
2.5 minh hoa gi4 tri trung binh cua Xdc suit lai ghé(p (IJJC) 0.7
\ ia A PSO Hé 50 gia toc 1 (Cy 2
ham muc tiéu f sau 10 lan chay He 5 gia téc 2 (C2) 2
cia ting thuat toan (GA: mau Trong 50 quén tinh () 0
, N i R MDE Heé s0 d6t bien (F) Ngdu nhién [0.4; 1.0]
xanh 14 cdy, PSO: mau xanh Xéc sudt lai ghép (CR) | Npdu nhién [0.7: 1.0]

duong, MDE: mau d6). Bang 2.3
trinh bay gia tri t6i uu cua bo tham s6 dang di cho HUBOT-5 thoa muyc ti€u sau 10
lan chay véi tung thuat toan MDE, PSO va GA. Hinh 2.6 khao sat diém ZMP va
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COM khi HUBOT-5 budc di
trong 1 chu ky budc (T = 2s)
twong Ung v6i bd tham sé dang
di t6i wu sir dung céac thuat toan
GA, PSO, MDE. B¢ tham s6 téi
uu v6i tung thudt todn trong
bang 2.3 cho théy dat dugc muc
tiéu bam theo do nhéc chan da
cai dat la H,,= 2cm. Quy dao

ZMP va COM tuong Ung véi
tung thuat toan trong Hinh 2.6
cho thdy luén nim trong ving
chan tru hay la dat dugc muc
tiéu bude di 6n dinh. Dya trén
céc két qua mé ta ¢ hinh 2.5 cho
thdy ring: thuat toan MDE tim

kiém dugc diém tbi uu c6 gia tri
trung binh 1a 14.8706495 sau
khoang 144 thé hé, trong khi d6
thuat toan PSO 1a sau khoang
254 thé h¢ thi tim kiém dugc
diém t6i wu nhung co gia tri
trung binh 1a 14.87065, con thuat
toan GA phai sau khoang 465
thé h¢ thi tim kiém dugc diém
tdi wu co gia tri trung binh 1a
14.88492. Vay thuat toan MDE
¢ chat lwong va hi€u qua vugt
trdi so vdi cac thuat toan PSO va
GA. Bang 2.4 trinh bay gia tri toi
wu cia bd tham sé dang di dé
HUBOT-5 budc di 6n dinh voi 2
truong hop c6 do nhac khac
nhau st dung thuédt toan MDE.
Hinh 2.7 [A] va [B] minh hoa 2
dang di 2D trong mit phing X-Z
cua HUBOT-5 tuong tng véi 2
truong hop c¢6 d6 nhic chan
H=2cm va H=4cm. Bang 2.4 va

165 |

Gia tri ham muc tieu
=

Ham muc tieu cua ca the tot nhat trong moi the he
T T

giatri trung binh ham muc tiew-ga
= gia tri trung binh ham muc tieu-pso
giatri trung binh ham muc tizumds

100 10’ 102
The he
Hinh 2 5
Bing 2.3
Har T3 7 161 v o2 b5 tham =5 dang & che HUBOT Tiemy
(em) Siem) Hiem] Tifem] A fer)
G. ‘PSO‘MDE‘GA'PSO MDE | G ‘PSO‘NDE‘GA'PSO'MDE CA ‘ PS5O |MDE
0 5] 15 [ 15 205 200 200 | 10| 104 [ U805 | 708 | 691 [ 6% | 488 | A7 [ 1%,
ZMP & COM
. come
ZUF-GA
# COMFEO
O ZMFFO
# COM-MDE
O ZMP-MDE
E
H-awisfom)
Hinh 2.6
Bang 2.4
Hor K&t qua to1 vu MDE
(cm) | S{em) | Hicm) | h(cm) | n(cm)
20 | 15 20 0.8040 | 6.890
40 | 15 4.0 0.7950 | 6.860

Hinh 2.7 cho thdy HUBOT-5 c6 d¢ nhéc chan bam theo gia tri da cai dit.
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Hinh 2.8 [A] va [B] minh hoa diém
ZMP va hinh chiéu cia COM twong W
tmg v6i 2 truong hop c6 do nhéc chan =
H= 2c¢m va H=4cm. Didu nay cho thiy
diém ZMP ludn ndm trong dién tich
vung chan try, nghia la HUBOT-5
khong bi nga. Hinh 2.9 minh hoa hinh
anh HUBOT-5 thuc hién budc di 6n

dinh v6i d§ nhac chan H, .:2cm va o
=30 -20 10 0 .10 20 30 =30 -20 -10 0 10 20 30

H, ,=4cm. Hinh 2.10 minh hoa 10 quy Feastant F— xeaasm)

25

all * COM
i ZMP
A | |—LegLeft |20
| LegRight
| i

Z-axis(em)
Z-axisicm)

dao goc quay tham chiéu va goc quay . 21175 Com pH=zont
thuc té trong 1 chu ky budc & 2 chan .l
cua HUBOT-5, khi thuc hién budc di

Veasisiem)
o
.\
\
|
AN
. 2
e
A
-
\ D

v6i 2 bd tham so dang di c6 dd nhac st o RSN et
- * % -
chan khac nhau. o -~ 1
i 0 5 o 5 10 15
. , X Y L . ~ ® COM X-axisiom)
Toém lai, cac ket qua toi uu khi chay mo e 2MP 8 COM [H=ter]

phong da dugc thé hién diy du & bang
2.4, hinh 2.7, hinh 2.8. Tuong (g, ket B ]:
quéa thuc nghiém cua giai thuat dé xuat

nhing trén mo hinh robot dang ngudi  °f [ ]

kich thuéc nhé HUBOT-5 dugc thé = 5 = = =+ & =
hién trong hinh 2.9, hinh 2.10, ung véi )
dd nhéc chan H, lan Iuot 1a 2cm va

-aisan)

4cem. Cac ket'qua md phdong va thuc
nghiém cho thay viéc cai dat dang di co
do nhéc chan theo y muén — H,,, véi
tham s6 déng di (chiéu dai buéc S, do
nhac chan — H, d¢ khuyu goi — / va do
lic hong — n) t6i wu gitip robot dang
ngudi HUBOT-5 budc di 6n dinh khong
ngd va dat kha nang bam sat gia tri d¢
nhéc chan — H s theo y mudn, nhd st
dung thuét toan MDE da kha thi.

2.6 Két luan

Chuong nay gi6i thiéu thudt toan méi cho phep tao dang di can bang dong cho robot
dang ngudi dya trén thuat toan tién hoa vi sai cai tién MDE. Pau tién, dong hoc
nguoc dugc su dung dé woc tinh vi tri cia cac ddng co dat tai cac khép 6 2 chan. Sau
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do, thuat toan t5i vu MDE duoc str dung dé tim gia tri t5t nhat cho cac tham sb dang
di cta robot dang ngudi sao cho robot dang ngudi budc di on dinh v&i d6 nhic chan
cai dat trude. Két qua m6 phong va thyc nghiém trén robot dang nguoi kich thude
nhé HUBOT-5 cho thdy viée st dung thuét toan MDE v6i ham muc tiéu hop 1y, cho
phép robot dang ngudi bude di bén viing véi thoi gian hudn luyén dwoc rat ngan rat
hiéu qua.

CHUONG 3 TAO DAN(; PI THICH NGHI CHO ROBOT DANG NGU’;‘)I
BUGC DI ON PINH SU DUNG MO HINH MANG NO-RON TIEN HOA
THiCH NGHI (AENN) PUQC TOI UU BOI THUAT TOAN MDE

3.1 Giéi thiéu

Trong qua trinh robot dang nguoi budc di thi 4 thong s6 cua bo tao dang (WPG) cua
Dip 1a khong dbi. Diéu nay lam cho robot ‘dang nguoi khé thue hién bude di on dinh
va ty nhién véi 1 quy dao ZMP mong muon Dé vuot qua khé khin nay, tac gia thuc
hién nhan dang va dleu khién 4 thong s6 cua bod tao dang (WPG) nay su dung mo
hinh mang no-rén tién hoa thich nghi (AENM) dwoc t6i wru boi thuat toan MDE. Két
qua md phong trén mo hinh robot dang nguoi kich thuée nho HUBOT-5 ching minh
dé xuét cuia luan 4n 1a kha thi.

3.2 Nhin dang va tdi wu mé hinh mang no-rén tién héa thich nghi (AENM) sir
dung thuét toan tién hoéa vi sai cai tién (MDE)

Trong chuong nay, mé hinh e

no-ron  tién hoa thich nghi _

(AENM) dugc dé xudt dé tao | NNARX (5,7, Walking o
tham s6 diu vao cho bd tao madel patfer ]
dang (WPG) nhu minh hoa 2
trong hinh 3.1. By tao mau
(WPG) dugc moé ta bdi
Goswami Dip nhu trinh bay
trong muc 2.2. M6 hinh no-ron tién hoa thich nghi (AENM) dugc khao sat 1a két hop
giita cdu triic mang no-rén da 16p (MLPNN) véi mé hinh hoi qui phi tuyén (NARX-
Auto Regressive eXogenous model) thuong dugc dung trong ky thuat nhan dang.
Nho két hop nay, mo hinh no-ron tién hoa thich nghi két hop dugc kha ning x4p xi
rat manh cia mang no ron da 1dp voi tinh nhd va du bao rat t6t cua mo6 hinh hoi qui
phi tuyén NARX. Ngd ra cia m6 hinh no-rén tién hoa thich nghi 1a ngd vao bd tao
mau (WPG) va ngd ra ctia b tao mau (WPG) 14 tao ra gia trj ctia goc quay tai khép &
hai chan robot dang ngudi. Ngé ra ciia md hinh robot dang ngudi 14 gid tri ctia diém
ZMP (dugc tinh nhu trinh bay trong muc 2.3.3). Ngd vao cua mo hinh no-rén tién
hoa thich nghi 1 gia tri cua diém ZMP mong mudn va ngd ra cua md hinh robot
dang nguoi. Céc gid tri trong s6 ctia md hinh no-ron tién hoa thich nghi s€ dugc nhan

Biped

generator

[ZMP,,ZMF,]

Hinh 3.1
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dang t6i wu boi thuat toan tién hoa vi sai cai tién (MDE). Mang no-ron c6 4 té bao

than kinh & 16p vao (twong Ung desiredZMP«[n], DesiredZMP,[n], ZMP.[n-1] va

ZMP,[n-1] ) va 4 té bao than kinh & 16p ra (twong ung S/n], H/n], hin], n[n]). Ngd

ra cia mo hinh mang no-ron tién héa thich nghi (AENM) dwoc mé ta nhu sau:
net,[n]=v"[n]x{n]+b,

—net;,

l—e
1+e—net,,
netn[n] = WTyh[n] ero

Y,[n]= net,[n]
trong do, net; 1a téng co trong s6 (v) cua tin hiéu vao (x) va murc ngudng (by) trudce
khi dwra vao ham tac dong ciia cac té bao than kinh & 16p an. yj 1a tin hiéu ra cia cac
té bao thn kinh & 16p an. y, 13 tin hiéu ra cta té bao than kinh & 16p ra va cé gia tri
béang véi tong c6 trong sd (w) clia tin hidu (v4) va mirc ngudng (b,).
Nhu vy bén tham s co ban H, h, s va n s& dugc nhan dang t6i wu dé gitip robot
dang ngudi bude di theo quy dao ZMP tham chiéu.

nlnl=

3.4 Két qua nhan dang ciia bd tao dang cho robot dang ngudi sit dung mé hinh
AENM

Trong chuong nay, md hinh mang no-rén tién :

hoa thich nghi dugc thiét ké véi 8 & bao thin s [ e O

kinh ¢ 16p an, 4 té bao than kinh ¢ 16p vao, va layer layer

4 té bao thin kinh & 16p ra, voi cdu triic nhu  xn)] —oc 7/ = NP Sin]
Hinh 3.3. M6 hinh mang no-ron hoat dong nhu R
mot bo diéu khiénwvbng kin dam bao robot P 5=
dang nguoi budc di on dinh. Cac ngd vao latoa  x[n-1] —OGAR, — JIX )~ h[n]
d6 ctia diém ZMP nhung bi trd mot bude (x[n- /o

1] va y[n-1]) va toa do ciia diém ZMP mong

mUSn (Xd[l’l], yd[n])' Cac ngd ra lé,4 tham Sé 4 nodes Snodes 4 nodes
(S[n], H[n], h[n], n[n]) va 4 tham s6 nay chinh
la ngd vao cua bo tao mau dang di (WPG). Hinh 33

Trong sb ciia md hinh mang no-ron tién hoa

(AENM) da dé xuat s& dugc nhan dang va toi wu bang cach sir dung thuat toan tlen
héa vi sai cai tlen (MDE). Ham muc ti€u duoc tinh toan dya vao ti€u chudn sai sb
binh phuong t6i thiéu (LMS) nhu cong thire (3.1).

Total Sample
r= 3 (xa
Ban dau, cac trong s6 ciia md hinh mang no-ron tién hoa thich nghi (AENM) dugc
khoi tao ngau nhién. Sau do, cac trong sO cia AENM duogc cap nhat t8i wu voi bdn

gia tri daura (S, H, ‘h n) Qe Cap cho b¢ tao dang (WPG), bo WPG§ s& tao ra 10 gia tri
goc khdp cho bd dicu khién di bd cua robot dang nguoi. Tiéu chuan ZMP dugc chon

—desiredX ,, ) ( ' —desiredY,, )2 ) 3.1
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dé dam bao do 6n dinh cho robot dang Bing 3.1
nguoi bude di, ZMP duogc tinh toédn tu
AENM dugc so sanh véi ZMP mong | BSO S Lln

mudn. Sau do, ham muc ti€u duoc tinh Ci g.ggl f{‘; 3-31 ‘ZR ggom [g’::f i'g]
nhu trong phuong trinh (3.1). fv 08 - - Gl o)
Phuong trinh (3.1) cho thay gié tri nhé

hon cta ham muc tiéu sé€ trd nén chinh - PSOiGreen; GA: Blue; MDE: Red
xac hon cia mé AENM duoc dé& xuit
dat dugc. Cac két qua so sanh thu duoc
tor ba thuat toan dugc thir nghiém, cu P
thé 1a PSO, GA va MDE dugc dé xudt, ¢ "

s& duoc trinh bay ddy di. Mdi thuat
toan ngau nhién duogc ap dung dé hudn
luyén AENM duoc thuc hién 10 1an v6i .t
céc trong sd ban diu ngiu nhién khac
nhau. Mbi 1an hudn luyén sé lap 200 thé
hé cho muc dich so sanh. Cac tham )

Fitnessvalue

cta ba thuat toan ti wu hoa dugc tong o 'é'eneram &
hop trong Bang 3.1. Céc tham s0 ¢y, ¢
dai dién cho gia toc va w dai dién cho Hinhi3:4

quan tinh cta thuat toan téi uu hoéa PSO. Trong truong hop thudt toan GA, tham sO
CP tuong g véi xéac suit lai ghép va gia tri MP twong tng voi xdc suat dot bién.
Hinh 3.4 trinh bay két qua so sanh vé sy hdi tu ctia ham muc tiéu tuong tng ba thuat
toan dugc thir nghiém, do 1a PSO, GA va MDE duogc dé xuit trong h¢ truc toa do
logarit. Mau xanh 14 cay dai di¢n cho su hoi tu cua ham muc tiéu st dung thuat toan
PSO, trong d6, dudng gach ngang mau xanh 14 cay la sy hi tu cia ham muc tiéu
trung binh duogc tinh tr 10 dudng chdm mau xanh 14 cay. Tuong ty, mau xanh lam
dai dién cho sy hodi tu cua ham muc ti€u su dung thuat toan GA, trong do, duong
gach ngang mau xanh lam 1a sy hoi tu ciia ham muc ti€u trung binh dugc xac dinh tur
10 dudng chdm mau xanh lam. Cudi cing, mau do dai dién cho sy hoi tu ciia ham
muc tiéu sir dung thuat toan MDE dugc dé xuat, trong d6, duong gach ngang mau do
1a sy hoi ty ciia ham muyc tiéu trung binh dugc tinh tir 10 duong chdm mau do. Trong
Hinh 3.4, két qua so sanh vé su hoi tu cia ham muc tiéu cho th'c”iy thuat toan PSO da
bi roi vao nghiém cuyc tri cuc bd nén khong thé nhan dang thanh cong AENM dugc
dé xuét. Trong khi d6 GA va MDE chirng minh thanh céng dé c6 dugc nghiém toan
cuc. Puong mau xanh lam cua sy héi tu dua trén GA va dudng mau dé cta su hoi tu
dua trén MDE duoc dé xut cho két qua tdt hon so véi dudng mau xanh 14 cdy. Hon
nira, so sanh gitra GA va MDE dugc dé xuét, Hinh 3.4 cho théy su hdi tu cia ham
muc tiéu dua trén MDE dugc dé xuét chimg minh t6t hon thuat toan t6i wu hoa GA.
Trong hinh Hinh 3.5 cho thiy két qua so sanh gitta dap ung quy dao ZMP cua
AENM dugc dé xuit va ZMP mong mudn. R rang dé thay rang két qua mau xanh

17



lam va mau doé dai dién cho dap ung
quy dao ZMP cua mdé hinh AENM
duoc dé xuit duoc huén luyén voi a0p
thuat toan GA va MDE, giong véi
ZMP mong mudn. Hon nita, rd rang la
xac nhan rang duong mau xanh lam va
duong mau do di theo quy dao ZMP
da dinh hudéng tét hon dudong mau gl
xanh 14 cdy ma no thé hién dap tng
ZMP cua AENM duoc dé xuit sau khi ok
duoc hudn luyén véi PSO.
Béng 3.2 cho thiy két qua huan luyén ]
so sanh cua PSO, GA va MDE. Dva

¥ Avis (om)

trén ket qua trung binh tir 10 lan chay Hinh 3.5
thtr, gid tri cia ham muc tiéu MDE Bing 3.2
chiing minh t6t hon GA khoéang 14,9% P50 Ga SIDE
\ ” , Min. 1.1381e+04 1.3099e+03 1.2987e+03
Va nhanh hon GA 3 8%. Su dung cac Avg 2,3271:+04 1ssss:+03 1.3325:+03
k h d l b Max. 3.5075e+04 1.9121e+03 1.6370e+03
et qua SO San uoc ap ang trong WVariance 0.7820e+04 0.2660e+03 0.1035e+3
Bang 3.2, rd rang c6 thé két 1uan rang [TimeGecond)  [51933 3132 32129

thuat toan MDE dugc dé xuit chung

minh kha ning tot nhat va manh mé so e
voi cac thuat toan PSO va GA. Hinh £,
3.6 cho thiy két qua so sanh vé goc = o J %
quay & 10 khép cua robot dang nguoi. ' '

MDE

GA

iy )

Tir Hinh 3.6, ching ta c6 thé nhan thay o | Leof
raLlng glé tI'l géC quay cua 10 khO"p dIIQ'C Yo 2 a0 s s 0 Yo 2 4 s s
xac dinh st dung GA kha gin v6i = F—= — = 3 e | L
MDE. Thyc té 1a su khac biét nho nay =" =" Y=

d3 tao ra mot tic dong dang ké quyét gy ® wiel fer OV 20 e v m g

dinh dén robot dang nguoi trong viee £, ———— | E L _—
di bo 6n dinh va manh mé. Goc quay = - ;. s
cua 03 va 05 duge xac dinh sir dung GA o 4 oz
¢6 thay ddi 16n hon so v6i MDE. Diéu
l'léy da k_hlél'l robot dang ngudi khél'lg 20w w e @ w0 % 2 w ® @
chi doi hoi nhiéu ning lugng hon ma e e

con phai chiu su kém 6n dinh hon khi HERE6

di bo so véi két qua dugc xac dinh dya trén MDE. Céc gié tri trong s phu hop nhét
ciia AENM dé xuit dugc huin luyén t6i wu bang thuat toan MDE dugc trinh bay
trong Bang 3.3. Bang nay cho thdy v; dai dién cho gia tri trong s6 ngd vao cua lép
4n, trong do6 i tir 1 dén s6 ngd vao, j tur 1 dén s6 té bao than kinh trong lop a an, trong
{mg; by biéu thi mirc ngudng cua 16p 4n; wy; dai dién cho gia tri trong sé ngd vao cia
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Bing 33

16p ra, trong d6 i tr 1 dén
s0 t€ bao than kinh trong I 2 3 4 5 § 7 8
fon Ara 4 An <A X 12357 |-12.592 | 7316 | -1301 | 14.576 | 14.081 |9.858 | -12.372
lop an"J tu .1A dén s6 ngd r,a’ 10932 | 11555 | -14233 | 13.448 | 12.560 | -13.717 | -14 167 | 10.584
by dai dién cho muc

8593 | 14005 | 13840 | 8439 | 7.603 | 11037 | 14667 | 4733
ngudng cua lop ra. B 7986 | 14325 [9737 [9.043

Vi

JFIY VY Y PR B

-10.692 [ 14587 | -11.068 | 12.779 | 12.470 | -14.829 | -6.672 | 13.275

1 14497 |7.569 | -14.988 | 11953
, 2 14578 [0.796 | 6210 | 7751

é 4 3 14825 | 14379 | -11.735 | 14.034

3.6 Ket lug}n X A . 4 10463 | 5010 | 13455 | 12009
Chuong nay dé xuat mét |™[5 12008 | 7553 | -13.485 | 3.9
A , . A ,o 6 6.639 -10.645 | 5.226 13.069
b() tao dang di b() mo1 7 14256 [-9189 | 13337 | 9.730
. A 8 14956 | 13.174 | 13.249 | 6.786

dugc ap dung cho mot b 6.733 | -12.324 [ 12.967 |-14.716

robot dang nguoi kich

thude co nho, dugc nhan dang tbi wu b'fmg thuat toan tién hoa vi sai cai tién (MDE),
cu thé 14 mé hinh mang no-ron tién hoa thich nghi (AENM). Théng qua md phong
dong luc hoc cua robot dang ngudi di bo én dinh Kkét hop gitra dong hoc ngugc va
nguyén Iy ZMP, két qua chimg minh ring ing dung méi c6 duoc hiéu sudt cao cho
bd tao dang di cho robot dang ngudi manh mé va chinh xdc. AENM duogc dé xudt
thuc hién kha nang du doan tdt dé robot dang nguoi budce di tu nhién. Thong qua
thuat toan MDE dugc sir dung nhu mot vai tro tim kiém, né khong doi hoi cac diéu
kién ban dau cu thé, dé dang tranh dugc cuc tiéu cuc by va nhanh chong hoi tu dén
nghiém tdi wu toan cuc.

CHUONG4 HOACH PINH DANG PI TU NHIEN CHO ROBOT DANG
NGUOI

4.1 Giéi thi¢u

B9 tao dang (WPG) phu thudc 4 thong s6 (S, H, h, n) clia Dip dugc dé xuét chi ap
dung cho robot dang nguoi trong giai doan bude di va thiéu giai doan chudn bi va
giai doan két thiic. D& bd sung, tac gia tlep tuc hoan thién b6 tao dang di (WPG) cua
Dip voi day dua 3 giai doan nhu mong muodn vai tén goi 1a by tao mau di bo ty nhién
(N-WPG). Két qua mo phong trén md hinh robot dang ngudi kich thudc nho
HUBOT-4 chimg minh d& xuat ctia ludn 4n 13 kha thi.

4.2 B tao miu di by tw nhién (N-WPG) cho robot dang nguoi

4.2.1 Chu ky budc di tw nhién

Nhu chi ra trong Hinh 4.1, qué trinh robot dang nguoi budc di tw nhién ¢ day du 3
giai doan: Giai doan chudn bi lién quan dén robot dang nguoi bét dau chuyén tu thé,
tir tu thé 2 chén ding thing sang tu thé 2 chan khuya gbi va so le nhau. Giai doan
buée di lién quan dén robot dang ngudi thuc hién bude di déu vé phia trude voi chan
tru va chan di chuyén dugc thay ddi lién tuc cho nhau (tuy nhién trong hinh 2 chi
minh hoa 1 budc di trong giai doan buée di). Giai doan két thiic 1ién quan dén robot
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dang nguoi chuyén tu thé 2 chan khuya gdi va so le nhau sang thu thé 2 chan ding
thing.

Pspv.z)

) Frontal Plane

b) Saginad Plane

Starting step Periodic step

Hinh 4.1

Thoi gian trong mdi bude di (0 — T) & 3 giai doan déu chia thanh 3 khoang thoi gian.
Khoang thoi gian dau tién (0 — T) 1a pha d6i (DSP — Double Support Phase), robot
dang nguoi lic hong vé phia chan try. Khoang thoi gian thtr hai (T) — T») la pha don
(SSP — Single Support Phase), robot dang ngudi nhic chan di chuyen v€ phia truéc
va ha chan xuong. Khoang thoi gian thr ba (T, — 0) la pha déi (DSP — Double
Support Phase), robot dang ngudi lic hong nguge lai. Khoang thoi gian trong mot
budc di dugc minh hoa trong Hinh 4.2.

=0 =1 t=T. =T
R DESB e, ahonean SEP e ey | DED: s 3
1 I I
: (swaying) ! (lifting) : (moving forward) : (landing) (5\\ aying back) I
et a ke = == e mmm = mm e e m 3
Hinh 42

Mbi dang di cua robot dang nguoi phu thuég vao bo tham sb: S — chiéu dai budc, h —
d6 khuya chan, H — d¢ nhac chan, n — 46 lac héng, T — chu ky buéc nhu Hinh 4.2.
Van dong cua robot dang ngudi dugce thyc hi¢n bang cach dua vao nhitng ham phu
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P,

S5y

P. 1 coa hong, B=[F

thudc thoi gian cta 3 vi tri tham chiéu: P,=[ P, Y

Ply > Plz
Dua vao chu ky buéc di tw nhién nhu phan tich trén, bd tao mau di bo tu nhi§n (N-
WPG) cho robot dang nguoi tiép tuc xay dung voi bo phat quy dao cua 2 c6 chén
(P1, P1o) va hong (Ps) phu thudc vao 4 thong so dang di (S, H, h, n) nhu trong muc
4.2.2; va bo tao quy dao 10 goc quay (6,,0,.6,,0,,0,,0,,0,,0;,0,,0,,) cho cac
khop ¢ 2 chan tr 3 quy dao (Py, Ps, P1o) nhu trong muc 4.2.3.

4.2.2 Quy dgo tham chiéu cia hai ban chéin va hong

4.2.2.1 Quy dao tham chiéu cia chdn phdi

X

1va B,=[B,,. PlOy’ B, 1 cta ban chan trai va phai.

Quy dao mong mubn cua PDr nhu mo ta trong cong thirc (4.1).

0 ,0<t<T+371
P(6)=1 - ST 137r) Ta3r<i<T+5r “.1)
- 2t 271

s ,T+57<t<3T

Tai thoi diém T +37 va T + 57 thi robot dang ngudi s€ bi dung dot ngdt va giat
manh. D¢ giai quyét van de, ham sin dugc st dung d€ thay thé nhu nhu cong thic
(4.2).

0 ,0<t<T
p(0)=12 1—sin[lvt—f] ,T<1<2T (42)
’ 2 2 2
S ,2T <t <3T
Quy dao mong mudn cua B y nhu mo ta trong cong thirc (4.3).
B, (1)=0 , 0<r<3T (4.3)
Quy dao mong mubn cua Plz nhu mo ta trong cong thirc (4.4).
0 ,0<t<T+27
ﬁt—H[Z—i-Z] T +217<t<T+3T1
T T (4.4)
B.(1)=1H T 437 <t<T+57
—EH—H[Z-I—6] T+ST<1<T+67
T T
0 , T +67<t<3T
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Tai thoi diém T +27, T+37, T+57va T+ 67 thi robot dang nguoi s& bi
dung d6t ngot va gidt manh. D€ gidi quyet van de, ham sin dugc st dung dé thay thé

nhu cong thirc (4.5).
0 ,0<t<T
4.5
R.()={HsinE |sin| 2~ Z| 1)) ,T<i<or (4.5)
2 2 2
0 2T <t <3T
4.2.2.2 Quy dao tham chiéu ciia chén trdi
Quy dao mong mudn cua B, nhu mé ta trong cong thirc (4.6).
0 ,0<t<3r
%t—%S ,3Ir<t<5T
g (4.6)
By, (1)= 5 ,5T<t<2T +37
it—§ l+z 2T + 31 <t < 2T + 57
4T AV S
S 2T+ 57 <t <3T

Tai thoi diém 37, 57, 2T +37 va 2T + 57 thi robot dang ngudi s& bi dimg dot
ngdt va giat manh. D¢ giai quyét van dé, ham sin dugc sir dung dé thay thé nhu cong
thie (4.7).

§1+sin[3t—i] ,0<t<T
4 2 2
4.7
wa(t)zg T<t<2T (4.7
§3+Sin[%t—5ﬂ- 2T <t <3T

Quy dao mong mudn cua B, y nhu mo ta trong cong thirc (4.8).
B, (t)=—w ,0<1<3T (4.8)

Quy dao mong mubn cua PlOz nhu mo ta trong cong thirc (4.9).
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0 ,0<r< 27

E1,‘—2H ,21 <t <371

-

H 3Tt <t <5t

—Et—éH S <t <61 (4.9)
r

P10z(t): 0 ,0T <t <2T +271

Et—ZH[Z—H] 2T+ 217 <t <2T 4371

T T

H V2T +317<t<2T + 571

7£t+2H[Z+3] ,2T 457 <t< 2T+ 671
T T

0 2T+ 67 <t <3T

Tai thoi diém 27, 37, 57,67, 2T +27,2T +37, 2T +57va 2T + 67 thi
robot dang nguoi s bi dung dot ngdt va giat manh. Dé giai quyét vin dé, ham sin
duogc sir dung dé thay thé nhu cong thire (4.10).

Hsin(;.[sin %tfg +1)  ,0<t<T
(4.10)
Ry (t)=10 ,T<t<2T
Hsin(z. sin KI—S—Tr +1)) ,2T <t <3T
2 2 2
4.2.2.3 Quy dao tham chiéu ciia hong
Quy dao mong mubn cua Psx nhu mo ta trong cong thuc (4.11).
0 ,0<t <37
il‘—ES L3Ir<t<5T
8t 8
S S5T<t<T+3
Z N T_I< + 37 (411)
P, (f)= it—E[lJrL] ,T+37<t<T+57
4t 2 2T
% T+ 51 <t<2T 437
it—&—s[é—zl 2T +317<t<2T + 571
8T 42 7
S 2T +57 <t <3T
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Tai thoi diém 37, 57,7 +37, T+57 2T +37 va 2T 4 57 thi robot dang
ngu(‘)ri s€ b’j dung d6t ngot va gidt manh. Beé giai quyét van dé, ham sin duoc st dung
de thay thé nhu cong thirc (4.12).

S 1+sin[3t71] 0<t<T
8 2° 2
(4.12)
P (1)= gl—k%sin[%t—%] ,T<t<2T
§7+sin[%t—5—w 2T <t <3T

Quy dao mong mudn ciia P, , nhu md ta trong cong thire (4.13). Tai thoi diém 27,
67,7 +27, T+67 2T +27 va 2T + 67 thi robot dang nguoi s& bi dung dot
ngdt va gidt manh. Bé giai quyet van dé, ham sin dugc sir dung dé thay thé nhu nhu
cong thuc (4.14).

—t ,0<r<2r
2T
n , 21 <t <6T
2n 127
t+n|l— 21 <t<T+2r1
(@r—1) (@r—1) (4.13)
Py (t)=1-n T+2r<t<T+67
4(T
2 ahs (r+7) T +67<t<2T+2r
(47-T) (47-T)
n V2T + 217 <t <2T + 671
" nT 2T + 67 <t<3T

6r—1) (67-7)

By, st hair_eyele (1)-[”(0 —u(t—T1)]
— By st hay_eveie (t)~[”(t*2T)*u(t*T)] ,0<e<T (4.14)
7P5yi/irslihalficyde (tl )‘[u(tl ) - u(tl - T)]

By lr)= TPy ot tap epete (1)t =2T)—u(t, =T)] —w ,fy=t—TandT <t<2T
By, st hair_eyele (’2 )-[”(’2) —u(t, =T)]
=Py s atfoyere (1) Lty =2T) —u(ty = T)] ,t,=t—2T and 2T <t <3T
trong do6 :

va

M[T_g]_u(f_r)

i3

044

N
Py ot hatrcyete (t ) = hsm [? T]-
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T:{t if0<s<T (z):{o ift<0'
t—T itt>T 1 ift>0
Quy dao mong mudn cua P, nhu mo ta trong cong thuc (4.15).
f%twtl ,0<t<T
P (t)=1l—h ,T<t<2T (4.15)
;z+l—3h ,2T <t <3T

trongdo: [=d, +d,+d;+d,.
Tai thoi diém T va 27T thi robot dang ng}I(‘?i s€ bi dung dot ngdt va giat manh. bé
giai quyét van d€, ham sin dugc sir dung dé thay thé nhu cong thic (4.16).

7 .
t+l]].s1n
4

P_(t)=1k T<t<2T

k1+h.sin[72r.sin %f%] 0<i<T

(4.16)
k1+h.sin[7r.sin[w(3Tt)+1]].sin[w(3Tt)+7T] ,2T <1<3T
27 (4 2 2
trong do: k, =d, +d, +d,+d,—h.

4.2.3 Phan tich dong hoc ngugc robot dgng nguoi

Cudi cung, quy dao ctia 10 goéc quay & 2 chén robot dang nguoi trong 1 qud trinh
budc di co thé xac dinh dwa vao = [F, ,A,,B.], B=[R, B, B. ] va =
[ Bo. > Ro, » Bo. ]- Bai toan dong hoc nguge robot dang ngudi cd thé dugc giai bang
phuong phap gidi tich hoac phuong phéap s6 hodc phuong phap hinh hoc. 10 goc
khop quay ¢ 2 chén cla robot dang ngudi duge xac dinh nhu cong thuc (2.4).

4.3 Van dong ciia robot dang ngwoi dua trén nguyén ly ZMP

Muc tiéu diéu khién robot dang ngudi 1a nhiam dat dang di ty nhién 6n dinh. Mudn
thé, diém ZMP ludn nim bén trong dién tich cua vung chén try. Khi hai chan cham
dét thi di¢n tich vung chan tru 1a dién tich bao quanh ctia 2 ban chan cua robot dang
nguodi, va khi 1 chan cham dét thi dién tich vung chan tru 1a dién tich cua ban chan
cham dit. Néu ZMP niam trong vung dién tich ving chan try thi robot dang nguoi
khong bi ngi. Pbi voi robot dang ngudi kich thude nho, gia thiét mé-men quéan tinh
va gia toc goc tuyét ddi cua cac lién két 1a du nho dé bo qua, cong thire ZMP duge
tinh nhu cong thie (2.10).
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4.4 Phan tich quy dao ZMP ciia bo tao miu di by tw nhién
Trong phan nay, chit lwong
quy dao ZMP trong qué trinh
budce di ty nhién cta robot dang
ngudi dugc mod ta trong muc
4.2 s€ dugc phan tich. Trong
truong hop quy dao ZMP
khong ndm hoan toan bén trong
ving 6n dinh, quy dao cua
ZMP duge thyc hién diéu chinh
thong qua viéc sira doi 4 tham
s6 dang di (S, H, h, n).

Dé anh hudng gitra cac tham sb
dang di va quy dao ZMP, (a) (b)
chung t6i thiét 1ap mot s mau

di bo tu nhién va quan sat cac

hiéu ung cua ching trén cac quy dao

ZMP cho robot dang ngudi kich thude Miu | S(em) | H(cm) | h(em) | n(cm)
nho HUBOT-4 cta chung t6i. Robot a 12 2 L1 6
dang ngudi kich thuéc nhé (HUBOT- b 12 2 11 11
4) c6 than trén va hai chan nhu mo ta ; g g {1)} é
trong Hinh 4.3. Bang 4.1 trinh bay 6 . 3 3 11 5
b tham so dang di cho viéc khao sat £ 12 3 1.1 6

nay. Hinh 4.4 minh hoa quy dao ZMP
va GCOM cua HUBOT-4 trong qua s Patoma L ocou] e

zir%nh ggéc di ty nhién twong tmg v&i 6 £ <\ s Ay L Eel s T
ang di. L (W) =" L (e -
Mau a (trong bang 4.1) dugc lya chon " ‘TL 5 "Hj 2 ITL";“ JN—L
dé thyc hién khao sat dang cho oy ot
HUBOT-4. Dang cia HUBOT-4 trong .[[ "~ .7 i T A1

mit phing dimg ngang va mt phing : .ol f L %ﬁ? 7
dung doc duoc thé hién trong Hinh 4.5 " [ e 40 | et |
va Hinh 4.6 voi [A]: Giai doan chudn - S " N
bi. [B]: Giai doan buéc di. [Cl: Giai — *—— 5 s
doan két thiic. Cac quy dao ciia 5 khép & °/L W | E ol W A
cho chan tri va phai duge thé hien * ° [N | E T N
trong Hinh 4.7 v6i [Xanh la]: Giai ¢ " G I
doan chuan bi. [Do]: Giai dogn buodc

di. [Xanh duong]: Giai doan két thiic. Hinli 4
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4.5 Két ludn

Chuwong niay cha yéu trinh bay
phuong phap off-line méi cho bo
tao mau di b tu nhién 6n dinh lan
dau tién dugc ap dung cho robot
dang ngudi  kich thuéc nho
HUBOT-4 xét theo mat dung
ngang (YZ-Frontal View) va mat
ding doc (XZ-Sagittal View). Bo
tao mAu di tu nhién bd 6n dinh phu
thudc vao bén tham sb (chidu dai
budc, do nhac chan, do khuy gbi,
d6 lac hong) cua robot dang ngudi
kich thudc nhoé duoc thuc hién dua
vao phén tich dang di thuc té cua
con ngudi. Quy dao goc quay & cd
chan, dau gdi va héng ciia robot
dang nguoi dugc thuc hién dua vao

——Letim
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| ] s
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5 -1 5
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05 05
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Hinh 4.7

thong s6 vat 1y ciia robot dang ngudi va diéu kién twong tac mat dat. Dya trén cac
thong 6 chinh nay, cac chuyén dong chan khéac nhau dugc tao ra, va quy dao di bo
cudi cing dap g cac rang budc ZMP 6n dinh dwoc xac dinh dé tao ra cac goc quay
& cac khop tuong ung. Két qud mo phéng, chung minh bd tao mau di b tu nhién
duogc dé xuit cho phép robot dang nguoi bude di viing chic va manh mé ma khong

nga.
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CHUONG 5 KET LUAN VA KIEN NGHI

5.1 Két luan _

Trong ludn an tac gia da nghién ctru va phat trién bo tao dang di (WPG) phu thudc 4
thong sé cua Dip dé robot dang nguoi bude di 6n dinh va ty nhién nhu con nguoi.
Trén co s¢ cac két qua mo phong va thyc nghiém, tic gia da dé xuat thanh cong mot
sO cai tién moi dé tang hiu qua va chat luong cua robot dang nguoi. Cac dong gop
chinh cua tac gia trong ludn an duoc tom tat nhu sau:

- Tbi wu 4 thong so dang di (S, H, h, n) cia b tao dang di (WPG) dé robot dang
ngudi bude di 6n dinh voi do nhéc chan mong mudn sir dung cac phuong phép tdi uu
hoa ngiu nhién (meta-heuristic optimization approaches). Két qua cua nghién ctru
nay dugc trinh bay & bai bao [2], [4] va [7], trong danh muc cong trinh cong bd cua
tac gia.

- Tao dang di thich nghi cho robot dang nguoi budce di 6n dinh véi quy dao ZMP
mong mudn sir dung md hinh mang no-ron tién hoa thich nghi (AENM) duoc t6i uu
boi thuit toan MDE. Két qua cia nghién ctru nay dugc trinh bay ¢ bai bao [3], trong
danh muc cong trinh cong b cua tac gia. _

- Hoach dinh dang di tu nhién (déy du 3 giai doan: chuin bi budc, bude déu, dung)
cho robot dang ngudi phu thudc vao 4 thong sé (chiéu dai bude - S, dd nhic chan -
H, d6 khuyu gbi —h va do lic hong - n). Két qua ciia nghién ctru nay dugc trinh bay
& bai bao [1] va [6], trong danh myc cong trinh cong bd cua tac gia.

5.2 Kién nghi

- Tiép tuc thuc hién diéu khién vong kin dé kiém soat tdc dd cua robot dang ngudi
khi st dung bd tao dang di (WPG) duoc dé xuat trong luan an.

- Tiép tuc phat trién bo tao dang di (WPG) dé robot dang nguoi c6 thé bude di thing
trén bé mat khong béng phé‘ing (vi du: lén déc va xuéng déc, 1én xuéng ciu thang),
hodc bude di vong trén bé mit bang phing.

- Ap dung bd tao dang di (WPG) phu thudc 4 thong 6 cho robot dang nguoi kich
thude that (HUBOT-3).
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INTRODUCTION

Motivation

In recent years, many scientists have joined to research and solve many problems
related to humanoid robots and created 14 famous robot-types [1]: ASIMO at Honda,
Cog at MIT, HRP-5P at AIST, HUBO at KAIST, Lohnnie and LoLa at TUM, NAO
at Aldebaran, Atlas Robots company at Boston Dynamics, QRIO at Sony company,
Robonaut at NASA, T-HR3 at Toyota company, WABIAN-2R at Waseda
University, iCub at IIT, Robot Sarcos at Sarcos, ARMARX at KIT. However, the
study of humanoid robot has always had great challenges because this is a human-
like robot, to describe the movements of human-like movements that require many
in-depth studies on: mechanical structure, mathematical model and control.

In Vietnam, human robotics research is still very limited. The desire to create a first
human-type robot being capable of walking like a human in Vietnam and contribute
to the research project of bipedal robot simulation of human being carried out at the
National Key Laboratory of Numerical Control and System Engineering
(DCSELAB) with two versions (HUBOT-2 and HUBOT-3) is the driving force for
research.

Research objectives

Humanoid robot motion planning, optimization and gait generation is to make the
robot walk naturally and stably as humans. Up to now it has been a difficult problem
since the current technology has not yet reached the biological objects with highly
complicated structure and sophisticated operation.

This thesis continues to focus on researching and proposing new solution for motion
planning, optimization and gait generation for small-sized biped robot being capable
of walking as naturally and stably as human on flat terrain, aiming to improve the
ability to walk more stably and sustainably on flat terrain for HUBOT-3.

Research methods

Under mathematical viewpoint the task of humanoid robot motion planning,
optimization and gait generation is investigated as an optimization problem with
respect to various trade-off constraints.

In this thesis, the author performs the research and development of Walking Pattern
Generator (WPG) depending on 4 parameters of Dip (S- step length, A- leg
displacement, H- height of swing ankle, n- hip displacement) combining meta-
heuristic optimization approaches and Adaptive Evolutionary Neural Model
(AENM) for humanoid robot to move smoothly and naturally as humans.

Research results
The research results achieved by the thesis are summarized as follows:



Firstly, Dip proposed WPG depending on 4 parameters (S, H, h, n) and made optimal
4 parameters of WPG for the small-sized humanoid robot stable movement with the
fastest possible speed using genetic algorithms (Genetic Algorithm-GA). However,
in order to catch people's gaits, humanoid robots have to control their foot-lifting.
Therefore, the author continues to optimize the four gait parameters (S, H, h, n) of
the WPG that permits the biped robot able to stably and naturally walking with pre-
set foot-lifting magnitude using meta-heuristic optimization approaches. Simulation
and experimental results on small-sized human robot model (HUBOT-5) prove that
the thesis's proposal is feasible. The results of this study are presented in articles [2,
4, 7], in list of published works of the author.

Secondly, while the human robot walks, the 4 parameters of the WPG of Dip are
unchanged. This makes robot humanoid difficult to perform a stable and natural walk
with a desired ZMP trajectory (Zero Momen Point). To overcome this challenge, the
author identifies and controls these 4 parameters of the WPG using adaptive
evolutionary neural model (AENM) optimized Modified Differential Evolution
(MDE). Simulation results on the small-sized human robot models (HUBOT-5)
prove the thesis's proposal is feasible. The results of this study are presented in
articles [3], in list of published works of the author.

Thirdly, the WPG depending on the 4 parameters (S, H, h, n) of the Dip proposed is
only applicable to humanoid robots in the stepping stage and lacks of preparation and
end stages. In order to overcome these problems, the author continues to complete
WPG of Dip with full 3 stages as desired with the name of a Natural Walking Pattern
Generator (N-WPG). Simulation results on the small-sized human robot models
(HUBOT-4) proves that the thesis's proposal is feasible. The results of this study are
presented in articles [1] and [6], in list of published works of the author.

Outline of Dissertation

This thesis contains 5 principal chapters:

Chapter 1: Overview and thesis tasks. Chapter 2: Optimal Stable Gait for Small-
Sized Humanoid Robot Using Modified Differential Evolution Algorithm. Chapter
3: Adaptive gait generation for humanoid robot using evolutionary neural model
optimized with modified differential evolution technique. Chapter 4: Planning
natural walking gait for humanoid robots. Chapter 5: Results and Conclusions.

CHAPTER 1 OVERVIEW AND THESIS TASKS

1.1 Planning walking gait and control for humanoid robots

The step of the person is always hidden with many mysteries, but so far the robot
model of human walking with two legs has not been fully shown. Therefore, studies
for the walking mechanism of humanoid robots are being developed in different



directions. Some standards have been applied to humanoid robots to ensure stable
and natural walking. Static walking is the first applied principle, in which the center
of mass (CoM) on the ground is always in the soles of the feet (supporting foot). In
other words, humanoid robots can stop at all times when walking without falling.
With its simple nature, this principle applies effectively to humanoid robots with
slow speed, so that the dynamic effects can be ignored. After that, researchers began
to focus on developing dynamic (dynamic walking). This method allows robots in
human form to achieve faster walking speeds. However, during a human-type robotic
movement, the robot may fall due to environmental noise and cannot stop abruptly.
Therefore, a step based on ZMP-based walking is proposed.

Most toy robots perform static walking using large feet. This is not interesting from
the point of view of control engineering because it is quite easy. However, the human
foot is too small for the height of the center of mass to perform a static step and we
are taking a dynamic step in everyday life. We are able to achieve a walking style by
skillfully controlling the whole body balance which is basically unstable. Therefore,
humanoid robots are beyond the scope of conventional mechanical engineering. This
is the reason that many researchers and engineers are attracted to humanoid robots
walking like humans.

In the view of Shuuji Kajita, in order for human robots to walk as desired, we must
have a walking pattern (Walking Pattern). To create a walking pattern, we use the
designer (Walking Pattern Generator - WPG). In ideal conditions, humanoid robots
can take the desired step if they meet the following conditions: the mathematical
model of the correct humanoid robot, the mechanical structure and the electric drive
of the humanoid robot. Accurately, required by walking pattern, human robot plane
walks undulating. In fact, humanoid robots can only walk a few millimeters across
uneven planes and fall. The center of the humanoid robot will change rapidly when
the human-type robot changes its posture, so the human-type robot loses balance. To
overcome this difficulty, we need the second software to adjust walking patterns,
using gyroscopes, accelerometer sensors, load cells and other devices or called
equalizers.

WPG is designed according to ZMP standard, there are two popular design designs:
based on an inverted pendulum model or based on the foot and hip trajectory. The
pioneer of the inverted pendulum model is Shuuji Kajita. Since then, many studies
around the world have focused on investigating the 3D inverted pendulum model to
apply control to human simulated bipedal robots. The pioneer who relied on the foot
and hip trajectory was Qiang Huang. This method gives constraints to the hips and
legs, thereby constructing the orbital equation of step by way of the third-order spline
interpolation. After obtaining the hops orbit of the hip joint, a ZMP-based and ZMP-
based calculation program to select the coefficients in the step trajectory equation so
that the robot is in the most equilibrium.

The equalizer can be built on many different principles, as Table 1.



Table 1. Principles of Stabilizing Control

Control by an Ankle | - WL-10RD by Takanishi et al.
Torque - Idaten II by Miyazaki and Arimoto
- Kenkyaku-2 by Sano and Furuhso
Control by Modifying | - BIPER-3 developed by Shimoyama and Miura
Foot Placements - The jumping robot of Raibert and colleagues
ZMP control by CoM | - MK.3 and morph3 by Okada
Acceleration
Body posture control by | - Raibert hopscotch robots
crotch joints - Humanoid robots developed by Kumagai and
colleagues
Model ZMP control - HRP-4C by Shuuji Kajita and his colleagues

Walking patterns (WP) based on WPG proposed above are not the only way. For
walking modeling (WP) online, Kajita proposed a method to control the preview
[26]. For practical methods, Harada et al. propose using an analytical solution of the
ZMP equation [27]. Later, this was improved by Morisawa et al. to make WP more
effective [24]. These methods are empirically tested on HRP-2. The preview control
is collectively referred to as the model predictive control (MPC-Model Predictive
Control), which calculates the input control by implementing future trajectory
optimization. Based on MPC, Wieber proposes a walking pattern (WP) method based
on quadratic program optimization (QP) without requiring a specified ZMP [28, 29].
By this method, ZMP and CoM orbits can be created simultaneously from elements
of the cylinder base.

Gait parameter optimization is another important issue. It is important to decide
optimal foot placements, CoM trajectory or walking speed considering constraints in
joint actuators and energy efficiency. Up to now it has been a difficult problem since
the current technology has not yet reached the biological objects with highly
complicated structure and sophisticated operation. However, under mathematical
viewpoint the task of humanoid robot motion planning, optimization and gait
generation is investigated as an optimization problem with respect to various trade-
off constraints, hence it refers to evolutionary computation techniques. In the past,
there have been significant contributions to the development of humanoid robots to
provide energy efficiency and optimize their gait parameters with evolutionary
algorithms, as Table 2.

Compared with previous works, our main problem was to control hip-shift
magnitude that can be achieved with given biped robot under kinematic and joint
limit constraints. We used two approaches to solve the problem. The first, kinematic
approach, estimate the position of the actuators located in the joints of the two legs of
biped and the ZMP. Then, the meta-heuristic optimization algorithm is applied to
solve optimization problem with four key walking parameters.



Table 2. Gait parameter optimization with evolutionary algorithms

The objective | Evolutionary Authors (year)
function algorithms for
optimization
The energy GA Arakawa et al. (1996)
Choi et al. (1999)
Jeon et al. (2003)
RBFNN+GA Capi et al. (2002)
The stability NN Miller et al. (1994)
GA Udai et al. (2008)
GA+FLC Jha et al. (2005)
Vundavilli (2007)
GA+NN Vundavilli (2007)
AENM+MDE Huan et al. (2018)
WOA Mostafa et al. (2019)
The stability and speed | GA Dip et al. (2009)
PSO Huan and Anh (2015)
The energy and | GA Huan Dau et al. (2008)
stability Fattah et al. (2009)
MOPSO/MOGA Rajendra et al. (2012)
MOEA Raj et al. (2017)
The stability and preset | MDE Huan and Anh (2018)
foot-lifting magnitude | CFO Huan and Anh (2019)
The stability and | JAYA Huan and Anh (In revision
naturally walking with 3rd)
preset foot-lifting
magnitude

1.2 Thesis Tasks

In this thesis, the author performs the research and development of Walking Pattern
Generator (WPG) depending on 4 parameters of Dip (S- step length, A- leg
displacement, H- height of swing ankle, n- hip displacement) combining meta-
heuristic optimization approaches and Adaptive Evolutionary Neural Model
(AENM) for humanoid robot to move smoothly and naturally as humans. The main
research objectives of the thesis include the following issues:

- Dip proposed WPG depending on 4 parameters (S, H, h, n) and made optimal 4
parameters of WPG for the small-sized humanoid robot stable movement with the
fastest possible speed using genetic algorithms (Genetic Algorithm-GA). However,
in order to catch people's gaits, humanoid robots have to control their foot-lifting.
Therefore, the author continues to optimize the four gait parameters (S, H, h, n) of



the WPG that permits the biped robot able to stably and naturally walking with pre-
set foot-lifting magnitude using meta-heuristic optimization approaches.

- While the human robot walks, the 4 parameters of the WPG of Dip are unchanged.
This makes robot humanoid difficult to perform a stable and natural walk with a
desired ZMP trajectory (Zero Momen Point). To overcome this challenge, the author
identifies and controls these 4 parameters of the WPG using adaptive evolutionary
neural model (AENM) optimized Modified Differential Evolution (MDE).

- The WPG depending on the 4 parameters (S, H, h, n) of the Dip proposed is only
applicable to humanoid robots in the stepping stage and lacks of preparation and end
stages. In order to overcome these problems, the author continues to complete WPG
of Dip with full 3 stages as desired with the name of a Natural Walking Pattern
Generator (N-WPGQG).

CHAPTER 2 Stable Gait Optimization for Small-Sized Humanoid Robot Using
Modified Differential Evolution (MDE) Algorithm

2.1 Introduction

Dip proposed WPG depending on 4 parameters (S, H, h, n) and made optimal 4
parameters of WPG for the small-sized humanoid robot stable movement with the
fastest possible speed using genetic algorithms (Genetic Algorithm-GA). However,
in order to catch people's gaits, humanoid robots have to control their foot-lifting.
Therefore, the author continues to optimize the four gait parameters (S, H, h, n) of
the WPG that permits the biped robot able to stably and naturally walking with pre-
set foot-lifting magnitude using meta-heuristic optimization approaches. Simulation
and experimental results on small-sized human robot model (HUBOT-5) prove that

the thesis's proposal is feasible.

2.2 Gait Generation for Biped Robot
In this study we focus only on the humanoid robot for straight walking. So we fixed
the upper body of the robot and lower body have 10 controlled joints for the legs and

10 rotation joint angles (6,,6,,6,,6,,6;,6;.,0,,6,,6,,6,,) are defined as shown in

Figure 2.1. The position of the joints (P;, P>, P3, P4, Ps, Ps, P7, Ps, P9, Pjg) is also
defined in Figure 2.1. As to humanoid robot stable walking, it needs to plan a
walking pattern generation for humanoid robot in the walking step period. The
walking pattern is a set of time series of joint angles for desired walking, and to
create it, we use a walking pattern generator (WPG). The walking pattern generator
consists of the generater the two foot trajectorys, hip trajectory and the inverse
kinematics. The Zero Moment Point ZMP standard is used to maintain stability with
accurate preset foot lifting magnitude.



Frontal Plane Sagittal Plane

Figure 2.1: Humanoid robot structure

2.2.1 Generated Trajectories of Two Foots and Hip

Four most important variables of the humanoid robot that play an essential role in
stable gait generation, including S — walking step length, H — Leg lifting [m], # — Leg
kneeling [m] and » — Hip swinging, are clearly described in Figure 2.2. In which, d0
represents the height of the torso, d/ is the distance between the 2 dof at the knee
joints, d2 is the length of the leg, d3 is the length of the femoral and d4 represents the
distance between 2 hips.

n

di+d2+

Pio

Pi

Frontal Plane Sagittal Plane

Figure 2.2: Four key variables determine the human walking gait of humanoid robot.



As described in Figure 2.2, the total three trajectories of biped, including hip
trajectory P = I:P P ,P :|and ankle trajectory B, = I: 1o 1},P] of the

5x275y27 5z
supporting leg, and ankle trajectory £} = I:me, 10,5 PIOZ] of the moving legs, will
depend on 4 variables (S, H, &, n) with respect to both of the frontal (YZ-Frontal
View) and sagittal (XZ-Sagittal View) interface. The three selected trajectories P, ,

P5 , P10 are considered as sine-time dependent, and described in the equation (2.1),
(2.2) va(2.3).

Plx(t)zgsm[T (I_EH [u(t—2T)—u(t—T)]

B, (t)=wlu(t—2T)~u(t~T)] @2.1)

o| {220
B_(t)=Hsin| . T+0.5 Ju(t=2T)—u(t-1)]

B, (1) :%sin[%.(t—%H.[u(r)—u(l—T)]

Pmy (t) =—-w.lu(t)—u(t-T)] (2.2)

B,. (t):Hsin{ﬂ UM )+o SH.[u(t)—u(t—T)]

S
B (1) =isin(;(r—§j],
By o o) ns1n[; ].[u(r)—u(z’—gﬂ
DG
)

P5}’ (t) = ayiﬁmiha‘l/;que (t [u(t) —U(t _D]
_PSy first_half _cycle (t)[u(t _ZD _u(t _T)]’
(d,+d,+d,+d,—h).

E.(1)



In which, T represents the time to perform a step of the humanoid robot, w represents

. ifO0<t<T
the distance between 2 legs, = ! yo<t and
t—T otherwise
0 i t<0
u(t)= yoe<0
1 otherwise

From equations (2.1-2.2-2.3), both of hip and ankle trajectories of the supporting leg
and ankle trajectory of the moving leg are used to generate walking gait for the
humanoid robot.

2.2.2 Biped Inverse Kinematics

Finally, the trajectories of the ten angular joints located at the 2 legs in one walking

interval cycle can be defined from F = [ 1 1y, :' P = [PSX,}Z.},PSZ]
B, = [PIOX,RO y’ROz:| based on the biped inverse kinematics. The biped inverse

kinematics can be conventionally solved by calculus or numerical methods.
However, in this section, the geometric method based on the humanoid robot rotary
joint will be shown, as described in the equation (2.4).

6,(1) = arctan[jl’ 8] 0,(1)=-6,(1).

aw(t)=arctan[§r(’>j, 6,()=-0,(1).
O,(t1)=n—-6,(t), 6(t)=n—6.(¢),

0.()=2-0, (r>+eg<f>-af°si“[2’<r>}

~

—~
~

~—

2.4)

6, (1) =§—9c (£)+6, (r)_arcsn{ ;
o, (t)_94 (t)7 6, (t) =6, (t

which, y, (1), 2, (1).3, (1), 2, (1).0, (£).8, (1).00 (£).6, (¢).x, (1), ()., (1)1, (¢) at

specified time 7, are defined as in Figure 2.3 va equation (2.5); /, represents the

~
|
~—
S
—~
~
~

)
—~
~
~
Il

distance between P, and P,, [ represents the distance between P, and P,.
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Figure 2.3: Variables defined in formula (2.4).

xl:})Sx_Plxﬁ yl:})Sy_Ry’ Zl:f)Sz_Plz’
I :\/(P ~p.)+(P,-B,) +(P.~P.),
P lDle’ y; P })IOV’ Zr =])()Z_I)102’
2
\/ +(B,-B,) +(B.-B.) (2.5)
d? a’z—l2 sin (@
6, = arccos Gtd 7h , 6, =arccos # ,
2d.d, )
d?+d? -1 d, sin(6
6, = arccos GLrG T , 6, =arccos| — (%) .
2'd2d3 1

In which d,, d,, d,and d, are illustrated in Figure 2.2. The coordination

P6(x, y,Z)is calculated based on Ps(x, y,Z), and the coordination of
[Pz(x,y, ) (x v,z ), P7(x,y,z), ]:;(x,y,z)] is calculated based on

[R(x,y, ) (x v,z ) P6(x,y,Z), B, (x,y,z)] and the rotrary angle
[6,.0..0,.06,]. Equations (2.6) below are used to determine P, P,, P, P, F,.
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B, =R, P, =dcos(§), B, =P,sin(g),

P, =P, B. =P -dcos(q), P, =R,~(R.,-P,)sin(),

R,=R, R,=R,-w P =P, (2.6)
B,=F,, B.=h -dcos(,), B,=F, (k. -P.)sin(6,),

B, =Ry, B.=Ry.+d,cos(6,). B, =Ry, +(R.—R,)sin(d,).

In summary, using the equations (2.4-2.5-2.6), the ten trajectories of the rotary angles
located at the 2 legs of biped HUBOT-5 in one interval walking cycle are computed
to accurately and efficiently control the biped walking gait.

Table 2.1. Pseudo-code of MDE

1. Begin
2. Initialization
3.  Evaluation
4.  For G=1 to GEN do
5. For i =1 to NP do
6. Jrand= randint(1, D)
7. F =rand[0:4; 1:0], CR = rand[0:7, 1:0]
8. For j =1 to D do
9. If rand[0,1] < CR Or j == jsnq then
10. If rand[0,1] > threshold then
11. Select randomly #; ¥, 1 #1i
12. Ui jga = X6t F(xrzx/,c - er,j,G)
13. Else
14. Select randomly #; ¥, # best#i
15, U o =Yesjc TF (X6 = X0,6)
16. End if
17. Else
18. U i1 = Xij6
19. End if
20. End for
21. Iff(U:,’GH)sf(XiG)then
- _ Tk
22. i,G+1 Ui,G+1
23. Else
24. Xi,G+1 = Xi,G
25. End if
26. End for
27. End for
28. End

11



2.3 Proposed Gait Parametric Optimization Using MDE

2.3.1 MDE Algorithm

MBDE algorithm was developed based on a DE algorithm has been introduced in 1997
by Storn and Price. The pseudo-code of DE. The pseudo-code of proposed modified
differential evolution (MDE) is developed from Son et al. and clearly described in

Table 2.1. In the MDE algorithm, )?[’G: [ XG> s Xjigs - Xpig]and UI.,G:
(4,65 --» Uj;Gs> --» Up;] represent the target and the trial vector (D-
dimensional) of the /" individual in G generation, x,,; and u, , , represent the j

element of the target and the trial vector, the parameters F (the mutation scale
factor), CR (the crossover rate) are chosen randomly for each individual and for each
step, f represents the cost function, with G =1, 2, ..., Gmax represents the number of
generation, and i = 1, 2, ..., NP denotes the size of population, j = 1, 2, ..., D
represents the number of parameter.

2.3.2 Objective Function

To evaluate human gait parameters of the humanoid robot, one must define the
objective function. The goal of humanoid robot is to achieve a stable gait with preset
foot-lifting value. For this purpose, the ZMP point is always within the foot area.

If the ZMP is within the area of the supporting leg, the robot does not fall. The
calculation of the ZMP of biped robots in walking is shown in section 2.2.3.

The stability of the human robot is quantified by the distance of the ZMP and the
center of the foot in the step cycle. Walking gait with maximum stability are obtained
by minimizing the function f; in equation (2.7):

T
Si= I\I x;MP + ngP dt 2.7
0

withT" denotes stepping cycle and (xZMP, yZMP) denotes the coordination of ZMP

point in the robot's process of stepping away from the quadrant in the center of the
foot. The equation (2.7) is the first objective function.

Additionally, for the humanoid robot to follow the pre-set foot-lifting height value —
H,, , the difference between the magnitude of the foot-lift parameter - and the foot-

lift preset value — H, , (see Equation 2.8) represents the second objective function.
1, = |H,4¢,» —H| (2.8)

Thus, in order for biped robot to obtain a steady gait with the foot-lift set up in

advance, we find the minimum value of the two objective functions f1 and fz , or

similarly to find the minimum of the function f* as:

12



f=A

T
f(\/xéMP + yéMP )-dt
0

—F, <xpp <Fo—F, <xu,<F,

+(1-)|#,, —H|

(2.9)

In which, F;+F,, and F, +F, is the length and width of the robot foot,

/1(0 <A< 1) is optimally selected as to prioritize between the walking stability (A

increase) and the variance with the desired foot-lifting magnitude (A decreased).

2.3.3 Zero Moment Point (ZMP) Calculation
For small-sized biped robot, assuming the inertia and absolute angular acceleration
of the links are small enough to be ignored, the ZMP formula is calculated as (2.10):

n . n .o
E mx.z — E mx.z.
o j=1 i j=1 i
Xzp = Xcou + a
Z‘ 1mi
i
2.10
n .o n .o ( )
_ n E :izlmiyizi 7§ :izlmiyizi
Yzupr = Ycou n
Z‘ 1mi
i

2.4 Simulated and Experimental Results
The simulated and experimental results are fully tested on the small-sized HUBOT-5
biped robot (Fig 2.4).

Fig 2.4: Photograph of small-sized humanoid robot (HUBOT-5)
In order to find the most appropriate value for the coefficients A of the objective
function in Equation (2.9), it optimally selects A =0.4 which permits the HUBOT-5
biped robot attaining a steady gait with an adjustable foot-lift value, and this A value
will be used thorough the comparative testing process using GA, PSO and MDE.

13



The mathematical properties of GA, PSO and MDE optimization algorithms are
meta-heuristic algorithms, so each algorithm will perform 10 different training times,
with each training will repeat 500 times (N = 500) using the same population size
(NP = 30) and the same number of variables (n = 4). Table 2.2 eventually presents
the GA, PSO and MDE selected parametric values.

Table 2.2: Parameters of GA, PSO and MDE Algorithm

Method Paramters Value
GA Mutation Probability (MP) 0.4
Crossover Probability (CP) 0.9
PSO Accelaration factor (C)) 2.0
Accelaration factor (C,) 2.0
Inertia Weight (w) [0.4;0.9]
MDE Mutation value (F) Random [0.4; 1.0]
Crossover Probability (CR) Random [0.7; 1.0]

s Ham muc tieu cua ca the tot nhat trong moi the he
. T

gia tri trung binh ham muc tieu-ga
— gia tri trung binh ham muc tieu-pso
gia tri trung binh ham muc tieu-mde | |

Gia tri ham muc tieu
o >

() o

T

.

-
o
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15

145 : :
10° 10" 102
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Figure 2.5: Mean value of fitness convergence f°
Specify the foot-lifting height of biped HUBOT-5 being #,,,

illustrates the mean value of the target function after 10 runs of each algorithm (GA:
green, PSO: blue, MDE: red). Table 2.3 shows the optimum gait value and the best
value for the target function of 10 runs corresponding to the GA, PSO and MDE
algorithms. Figure 2.6 shows resulted comparative ZMP and COM trajectories when
HUBOT-5 steps along with a stepping cycle (7=2s) with respect to the
configurations based on GA, PSO and MDE algorithms, respectively.

=20mm . Figure 2.5
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Table 2.3: Resulted parametric set for four comparative algorithms

Hrer=2 cm
Agorithms Walking Gait Parameters value Best firness
S (cm) H (cm) h (cm) n (cm) value f(cm)
GA 15 2.05 1.000 7.08 14.88
PSO 15 2.00 1.040 6.91 14.87
MDE 15 2.00 0.804 6.89 14.87
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Figure 2.6: Resulted comparative ZMP and COM survey

The optimal set of four key parameters for four comparative algorithms presented in
Table 2.3 shows that the target is reached with respect to the preset foot-lift value.
The ZMP and COM trajectories corresponding to each of the four comparative
algorithms presented in Figure 2.6 show that they are always within the footprint and
this means that biped HUBOT-5 are achieving steady-state stable and robust
walking.

Based on the results described in Figure 2.5, it is important to notice that the MDE
algorithm searches for an optimal solution with an average value of 14.8706495 after
about 144 generations, while the PSO algorithm is approximately 254 generations
after the search, finding an optimal solution obtained an average value of 14.87065,
while the GA algorithm must need around 465 generations to find the optimal
solution with an average value of 14.88492. These results show that the MDE
algorithm outperforms GA and PSO algorithms in terms of convergence speed.

Table 2.4 demonstrates the optimized value of the walking gait parameters to ensure
the biped HUBOT-5 to walk steadily with both cases corresponding to differnet
preset foot-lift magnitude. (H,, =2cmand H,, =4cm) optimized by MDE

algorithm.
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Table 6. Optimal parameter set

Hef MDE optimization Results

(cm) S (cm) H (cm) h (cm) n (cm)
2.0 15 2.0 0.8040 6.89
4.0 15 4.0 0.7950 6.86

Figure 2.7 illustrates the 2D gait in the X-Z plane of the HUBOT-5, corresponding to
two cases with different preset foot-lifting amplitudes. Tables 2.4 and Fig. 2.7 show
that the biped HUBOT-5 attains a pickup lift in term of the preset value.

25 25

[A] * COM
ZMP

| |~ Leg Left

| | Leg Right

20

Z-axis(cm)

o

-30 -20 -10 0 -10 0

X-axis(cm) X-axis(cm)
Hinh 2.7. Simulated 2D gait result of biped HUBOT-5 with different preset foot-
lifting amplitudes
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Figure 2.8: Resulted ZMP va COM trajectories
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Figure 2.8 illustrates the resulted ZMP point trajectory and the projection of COM
trajectory for two different preset foot-lifting amplitudes. This result shows that the
ZMP point is always in the supporting foot area and then it ensures that the HUBOT-
5 biped robot surely keeps stable walking.

Figure 2.9 demonstrates the ten rotary angular trajectories in one stepping cycle of
the two legs of biped HUBOT-5 (4,6,,6,.6,.6..6;.6,,6,,6,,6,,) during walking with

two optimally resulted sets of gait parameters with respect to two different preset
foot-lift values. Using ten rotary angular values to control the biped HUBOT-5, it
performs two corresponding steps with two different foot-lift values. Figures 2.10 (a,
b) illustrate the photos of the HUBOT-5 biped robot in performing a stable and
steady walking step with respect to the two foot-lift values H,, =2cmand

H,, =4cm.

an phal Chan tral chan phai Chantral

#9(rad)

610(rad)
5 o
Goo

Figure 2.10: Photos of biped HUBOT-5 performing stable gait
Based on the results of the optimization and simulation shown in Table 2.4, Figure
2.7 and Figure 2.8, as well as the experimental results presented in Figure 2.9 and
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Figure 2.10, which once more demonstrate that the work of preset foot-lifting
parameter - ]‘I,L_,.f and four optimally selected parameters (S-step length, H-foot

lifting, 7 — kneeling, and » — hip swinging) ensuring the HUBOT-5 biped robot to
steadily walking without falling apart and keeping pace with desired foot-lift
amplitude. The proposed algorithm with gait parameters optimized by MDE
algorithm is convincingly feasible.

2.6 Conclusion

This paper innovatively proposes a new algorithm based on four key gait parameters
that enable dynamic equilibrium in stable walking for nonlinear uncertain humanoid
robots of which gait parameters are initiatively optimized with MDE algorithm. First,
the inverse kinematics is used to estimate the position of the actuators located in the
joints of the two legs of biped. Then, the MDE optimization algorithm is applied to
find the best solution for biped gait parameters so that the ZMP distance to the center
of the supporting foot attains the smallest with respect to the preset foot-lifting value.
The simulated and experimental results of proposed algorithm applied on the small-
sized biped HUBOT-5 robot demonstrate the performance of novel algorithm
allowing the biped robot to move steadily with an effectively reduced training time.

CHAPTER 3 Adaptive Gait Generation for Humanoid Robot Using
Evolutionary Neural Model Optimized with Modified Differential
Evolution Technique

3.1 Introduction

While the human robot walks, the 4 parameters of the WPG of Dip are unchanged.
This makes robot humanoid difficult to perform a stable and natural walk with a
desired ZMP trajectory (Zero Momen Point). To overcome this challenge, the author
identifies and controls these 4 parameters of the WPG using adaptive evolutionary
neural model (AENM) optimized Modified Differential Evolution (MDE).
Simulation results on the small-sized human robot models (HUBOT-5) prove the
thesis's proposal is feasible

MDE
Algorithm

Walking
pattern
generator

desired

NNARX
model

[ZMP,, ZMF,]

Fig. 3.1: Proposed control scheme using novel Adaptive evolutionary neural
model (AENM)
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3.2 Adaptive evolutionary neural model (AENM) identified and optimized by
modified differential evolution (MDE) algorithm
In this chapter, an adaptive evolutionary neural model is proposed to generate the
input parameter for walking pattern generator (see Fig. 3.1). A Walking pattern
generator was described by Goswami Dip as described in section 2.2. An adaptive
evolutionary neural model using nonlinear auto-regressive with exogenous input
(NARX) model is proposed. The outputs of neural network are the inputs of walking
pattern generator that generate rotation angles for biped robot. The output of biped
robot is X, y coordinates of the ZMP value (calculated as described in section 2.3.3).
Those parameters will be feedback to neural network with desired ZMP coordinates.
The parameters of neural model will be optimally identified by modified differential
evolution algorithm (MDE). The neural network system has 4 inputs
(desiredZMP,[n], DesiredZMP,[n], ZMP.[n-1] and ZMP,/n-1]) and 4 outputs
(S,H,h,n).
The outputs of neural model are described as:

net,[n]=v'[n]x{n]+b,
1— e "
1+e "
net [n]=w'y,[n]+b

v, [n] = net [n]
Where, net; is sum of input (x) with weight (v) and bias (b;) before going through an
activation function. y; is output of the hidden layer.., y, represents output of the
output layer, the output is the same as net, function is sum of output hidden layer (y,)
with weight (w) and bias (b,).
Thus the basic four parameters H, &, s and n are to be optimally chosen so that the
biped ZMP are guaranteed, thereby helping the biped robot to steadily walk along
with a ZMP reference trajectory.
3.4 Identification Results of Biped Gait Generation Using AENM Model

yulnl=

Hidden
Input | layer  Output
Xy[n] S[n]
yaln] Hin]
x[n-1] h[n]
y[n-1] n[n]

4nodes | 8nodes §4nodes

Fig. 3.2: Proposéd AENM neural model
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The proposed AENM neural model has been designed with 8 neural in hidden layer,
4 inputs and 4 outputs with its structure is presented in Figure 3.2. The neural
network model operated as a close-loop controller guarantee humanoid robot
walking stable. The inputs are the one-step delay x, y (x/n-1], y/n-1]) coordinates of
the ZMP and the desired x, y (x4/n/, va/n]) coordinates of the ZMP. The outputs are 4
parameters (S/n/, H[n], h/n], n[n]) those are themselves the input of the walking
pattern generator.
The parameters of proposed AENM neural model will be optimally identified using
evolutionary optimization MDE algorithm. The cost function is calculated based on
the least mean square (LMS) error criteria.
Total Sample

r=3
For the beginning, the parameters of AENM neural model are initialized randomly.
Eventually, the parameters of AENM neural model are optimally updated with the
four output values (S, H, h, n) being the inputs of walking pattern generator, which
will generate the ten joint angle values for biped robot walking control. Since ZMP
criteria is chosen to ensure the biped walking stability, ZMP calculated from AENM
neural model is compared with the desired ZMP. Then the cost function is calculated
as in (3.1). The equation (3.1) shows that the smaller value of the cost function
becomes the more robust and precise of the proposed AENM neural model attains.
The comparative results derived for three tested algorithms, namely PSO, GA and
proposed MDE, will be fully presented. Each meta-heuristic algorithm is applied to
train the neural network model 10 times with different randomly initial parameters.
Each training process will run with exactly 200 generations for comparison purpose.
The parameters of three optimization algorithms are comparatively tabulated in
Table 3.1 The parameters c¢;, c; represent learning factors and w denotes forgetting
factor of the PSO optimization algorithm. In case the GA algorithm, parameter CP
represents the crossover probability and MP value represents the mutation
probability, respectively.

Table 3.1: Principal parameters of comparative optimization algorithms
PSO GA MDE

¢; 10001 | CP| 09 | F | Random [0.4;1.0]
c2| 005 | MP | 0.01 | CR | Random [0.7; 1.0]
w| 0.8
Figure 3.3 presents the comparative results of the fitness convergence of three tested
algorithms, namely PSO, GA and proposed MDE in logarithm calibration. The green
colour represents PSO fitness convergence, in which, green dash line is the average
fitness convergence calculated from 10 green dot lines. The same way, the blue
colour represents GA fitness convergence, in which, blue dash line is the average
fitness convergence determined from 10 blue dot lines. Eventually the red colour

2 2
X —desiredep) +<Y —desiredY, )) 3.1

zmp zmp zmp
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represents proposed MDE fitness convergence, in which, red dash line is the average
fitness convergence calculated from 10 red dot lines.

In Figure 3.3, the comparative results of the fitness convergence show that the PSO
algorithm has been trapped into a local minimum solution and then it is impossible to
successfully identify the proposed AENM model. Meanwhile GA and MDE prove
successful to obtain the global solution. The red line of GA-based convergence and
the blue line of proposed MDE-based convergence give better results than the green
line. Furthermore, in comparison between GA and proposed MDE, Figure 3.3 shows
that the proposed MDE-based fitness convergence proves rather better than the GA
optimisation algorithm.

PSO:Green; GA: Blue; MDE: Red
T

108

FitnessValue

10° 10° 102
Generations
Fig 3.3 Comparative fitness convergence results

In Fig 3.4 shows the comparative results between the response ZMP trajectory of
proposed AENM model and the desired ZMP trajectory. It is clear to see that blue
colour and red colour results represent the ZMP trajectory response of proposed
AENM model trained with GA and MDE algorithm, respectively. Furthermore, it is
evident to confirm that blue line and red line follow the desired ZMP trajectory
strongly better than the green line which represents the ZMP response of proposed
AENM model after trained with PSO.

Table 3.2 shows the comparative training results of PSO, GA, and MDE. Based on
average results from ten tested runs, MDE fitness value proves better than GA about
14.9% and faster than GA 3.8%. Using comparative results tabulated in Table 3.2, it
is evident to conclude that the proposed MDE algorithm proves the best precise and
robust capabilities in comparison with the PSO and GA algorithms.
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Fig 3.4: Comparative results of responding ZMP and desired ZMP trajectory

Table 3.2: Comparison training results

PSO GA MDE
Min. 1.1381e+04 1.3099¢+03 1.2987e+03
Avg. 2.3271e+04 1.5888e+03 1.3825e+03
Max. 3.5075e+04 1.9121e+03 1.6370e+03
Variance 0.7820e+04 0.2660e+03 0.1035e+3
Time (second) 5193.3 5413.2 5212.9

Figure 3.5 shows the comparative results of rotation angle of 10 joints of biped robot.
From Figure 3.5, we can notice that the fitness value of the GA rather close to the
MDE. The fact is that this small difference has made a decisively significant impact
to a humanoid robot in stable and robust walking. The rotation angle of 6, and 6,

resulted from GA have changed greater than MDE ones. As a consequent these
results have made the humanoid robot not only to require more energy consuming
but also to suffer less stable in walking in comparison with MDE based identified
results.

The best fit weighting values of proposed AENM model optimally trained by MDE
algorithm are shown in Table 3.3. This table shows that v; represents the weighting
value of input hidden layer, where 7 from 1 to input number, j from 1 to number of
neural in hidden layer, respectively; b, denotes bias of hidden layer; eventually w;
represents the weighting value of input output layer, where i from 1 to number of
neural in hidden layer, j from 1 to output number; b, represent bias of output layer.
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Fig 3.5: Comparative rotation angle of biped robot joint-angles

Table 3.3: The best parameters of v; and bias

7 1 2 3 4 5 6 7 8
1 12.357 -12.592 7.316 -1.301 14.576 14.081 9.858 -12.372
2 -10.932 11.555 -14.233 13.448 12.560 | -13.717 | -14.167 10.584
Vi 3 8.593 -14.095 | -13.840 -8.439 7.623 11.937 -14.967 -4.733
4 -10.692 14.587 -11.068 12.779 12.470 | -14.829 -6.672 13.275
by, -7.986 14.325 9.737 9.043 12.851 -6.384 -12.212 -4.584
1 14.497 7.569 -14.988 | -11.953
2 -14.578 0.796 6.210 -7.751
3 14.825 14.379 -11.735 14.034
4 -10.463 -5.919 -13.455 | -12.909
Wi 5 12.908 -7.553 -13.485 -3.129
6 6.659 -10.645 5.226 13.069
7 14.256 -9.189 13.337 9.730
8 -14.956 13.174 13.249 -6.786
b, 6.733 -12.324 12.967 -14.716
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3.6 Conclusions

This paper proposes a new biped walking gait generator applied to a small-sized
biped robot, which is optimally identified by modified differential evolution (MDE)
algorithm, namely adaptive evolutionary neural model (AENM). Through the
dynamic simulation of the biped robot stable walking combined between inverse
kinematics and ZMP principle, the results prove that the novel approach obtains high
performance for a robust and precise biped gait pattern generation. Proposed AENM
model performs the excellent predictive abilities for the biped natural gait generation
solutions. Via MDE algorithm used as a searching role, it is not required specific
initial conditions, easy to avoid local minima and quickly converge to globally
optimum solutions.

CHAPTER 4 PLANNING NATURAL WALKING GAIT FOR BIPED ROBOT

4.1 Introduction

The WPG depending on the 4 parameters (S, H, h, n) of the Dip proposed is only
applicable to humanoid robots in the stepping stage and lacks of preparation and end
stages. In order to overcome these problems, the author continues to complete WPG
of Dip with full 3 stages as desired with the name of a Natural Walking Pattern
Generator (N-WPG). Simulation results on the small-sized human robot models
(HUBOT-4) proves that the thesis's proposal is feasible.

4.2 Nature-walking pattern generation (N-WPG)

4.2.1 The nature walking sequence

As shown in Figure 4.1, the nature walking sequence can be seen as three sub-
sequences: Starting step, the robot starts from a complete stop (i.e., all velocities to
zero) and takes the first step, leading to the periodic motion. Periodic steps, which
are the steps that the robot can repeat during walking. In this case, we assume single-
step periodic, i.e., the left and right leg configurations can be mirrored, as the robot is
symmetric. The periodicity is enforced on touchdown. Ending step, the final step
where the robot comes to a complete stop from the periodic motion.

To be simple, we take the walking step period(O -T ) . The walking step period of
humanoid robot walking is composed of three intervals. The first interval is a DSP
(Double Support Phase) whose range is(O—Tl], humanoid robot sways it’s hip

towards the supporting leg to move the center of gravity and prepares to lifts it’s
swing leg moving forward. The second phase is an SSP (Single Support Phase)

whose range is [T{ - Tz) , humanoid robot lifts it’s swing leg moving forward. The

third interval is a DSP whose range is [Tz -T ) , humanoid robot lands it’s swing leg
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and sways back it’s hip. 7} and 7, are times that humanoid robot start and stop on

the swing leg at the beginning and the ending of SSP. Fig. 4.2 shows the timeline of
step, which includes bring the back swing leg to the forward position.

Ps(y,z)

a) Sagittal Plane

P1ofy,z)

b) Frontal Plane

82 2

Starting step Periodic step Ending step

Figure 4.1. Walking phases of Humanoid robot

=0 =1 =12 =T
e DSP__ _ . _)%_____S§Il____>:<. ________ DSP__ ______ 3
: (swaying) ! (lifting) : (moving forward) : (landing) I (swaying back) :
e e e R e e S LA >

Fig 4.2. Timeline of a step to bring the back leg forward.
The nature walking gait is expressed in terms of the following parameters: step-
length s, bending-height h, maximum lifting-height H, maximum frontal-shift n, and
step-time T. Hummanoid robot movement is done by relying on the timedependent

P, , P._1of hip, B=[FR

Sy

land B =[ B, , B, B, 1of left and right foot.

function of the three reference positions: P =[ P

P .F

ly> 71z

X’ x°
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4.2.2 Generation of Reference Trajectories for Two Foots and Hip
4.2.2.1 Reference trajectory of the right feet
Desired trajectory of Pjx is described as equation (4.1).

0 ,0<t<T+3r

B, (t)= zit—zi(THT) T +37<t<T+57 (4.1)
T T
S ,T+57<t<3T

At the time 7437 and T + 57 2T + 67, biped stop suddenly and lug. In order to
solve the prolem, the sin function is used in order to replace zigzag line as equation
(4.2).

0 ,0<t<T
B ()= %[lsin[gtg]] ,T<t<2T (4.2)
S ,2T <t <3T

Desired trajectory of P;, is described as equation (4.3).

B, (1)=0 , 0<r<3T (4.3)

Desired trajectory of Py is described as equation (4.4).

0 ,0<e< T+ 27
ﬂt—H[Z—i-Z] T +27<t<T+37
T T (4.4)
B.(1)=1H T +37<t<T+57
—EH—H[Z-I—6] T+ST<1<T+67
T T
0 ,T+67<t<3T

At the timeT 4+ 27,7 4+ 37 ,T 4+ 57 and T + 67, biped stop suddenly and lug. In
order to solve the prolem, the sin function is used in order to replace zigzag line as
equation (4.5).

0 ,0<t<T
» (4.5)

1z

(t) = Hsin(g.[sin

w s
—t——|+1 , I <t<2T
2 2J ])

0 2T <t <3T

4.2.2.2 Reference trajectory of the left feet
Desired trajectory of Pjq. is described as equation (4.6).
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0 ,0<1 <37

%;_%S ,3r<t <57

ST (4.6)
Py, (t)= 3 , 57 <t <2T 437

it_g l+z , 2T +37 <t <2T +57

47 22 T

S ,2T 4+ 517 <t <3T

At the time 37, 57, 2T 437 va 2T + 57, biped stop suddenly and lug. In order
to solve the prolem, the sin function is used in order to replace zigzag line as
equation (4.7).

S L (woow
—|14sin|—¢t——
4[ [2 2]

4.7
B, (t)= g T<t<2T (4.7

Slapsin| Y| ar<i<ar
4 2" 2

Desired trajectory of P;g, is described as equation (4.8).
By, (t)=—w ,0<1<3T (4.8)
Desired trajectory of P;- is described as equation (4.9).

0 ,0<r< 27

ﬂt—ZH ,21 <t <371

-

H 3Tt <t <5t

—Et—éH O <t <6t (4.9)
r

P10z(t): 0 ,0T <t <2T +271

E1,‘—2H[Z—H] 2T+ 27 <t < 2T 4371

T T

H V2T +317<t<2T + 571

7£t+2H[Z+3] ,2T 457 <t< 2T+ 671
T T

0 2T+ 67 <t <3T

At the time 27, 37, 57,67, 2T + 27,27 4+ 371, 2T + 57 va 2T + 67, biped
stop suddenly and lug. In order to solve the prolem, the sin function is used in order
to replace zigzag line as equation (4.10).
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Hsin(ﬁ.sin[ﬁr—ﬁ]ﬂ) L0<t<T
272 2

4.10
B,.(t)=10 ,T<t<2T (4.10)
Hsin(E|sin| e~ 2T\ 1)) ar<i<ar
2 2 2
4.2.2.3 Reference trajectory of the hip
Desired trajectory of Ps. is described as equation (4.11).
0 ,0<t<37
il‘—ES L3r<t<5T
8t 8
S S5T<t<T+3
Z N T_I< + 37 (411)
P, (f)= it—E[lJrL] ,T+37<t<T+51
41 2 2T
% T+ 51 <t<2T 437
it—&—é[é—zl 2T +317<t<2T + 571
8T 412 1
N 2T +57 <t <3T

At the time 37,57, T 4+37, T+ 57 ,2T + 37 and 2T + 57, biped stop suddenly
and lug. In order to solve the prolem, the sin function is used in order to replace
zigzag line as equation (4.12).

§1+sinﬁz—5] ,0<t<T
8 2 2
(4.12)
P.()= §1+%sin[%t73§] T<t<2T
§7+sin[yt75—7r] 2T <t <3T
8 2 2

Desired trajectory of Ps, is described as equation (4.13). At the
time 27,67, T +27,T +67,2T + 27 and 27T 4 67, biped stop suddenly and
lug. In order to solve the prolem, the sin function is used in order to replace zigzag
line as equation (4.14).
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——t ,0<r<2r
2T
n , 21 <t<6T
2n 127
t+n|l— 2T <t<T+2
@) ) rerste (4.13)
Py (t)=1-n T 4+2r<t<T+67
- f+"1+4(T+T) T +67<t<2T+27
(47-T) (47 —T)
n V2T +27<t<2T 467
n 3nT

t— ,2T + 67 <t<3T
(67'7T) (67'7T)

By st nair _cyele (t)-[“(t) —u(t—T)]
- PS)Lﬁrsliha[/ _cycle (t)[u(t - 2T) - M(l - T)] 5 0 S t<T

(4.14)
_ —Fsy st haty _evete (tl )~[“(t1 )—u(t, —T)]

P
N ¥ By, frthair_cyee (t,).[utt, —2T)—ut, —T)] —w ,t,=t—TandT <t<2T
By st nair_cyele ([z )-['4([2) —u(t, —T)]
=Py st hatr_ovete (12)-[u(ty = 2T) —u(t, = T)] Jty=t—2T and 2T <t <3T

Which,
Py, st atf epete () = 18I0 [%T] (r)- u[r - g] + ncos[; T —g]] u[r - g] —u(r— T)]
and

t if0<s<T 0 ifr<0

= . and u (z‘) = ] .
t—T ift>T 1 iftr>0

Desired trajectory of Ps, is described as equation (4.15).
—?t+l ,0<t<T
P.(t)=4l—h ,T<t<2T (4.15)
%t+l—3h 2T <t<3T

which: [=d, +d,+d;+d,.

At the time 7 and 2T, biped stop suddenly and lug. In order to solve the prolem, the
sin function is used in order to replace zigzag line as equation (4.16)
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k, + h.sin z.sin[KtJrl] .sin[KtJrz] ,0<t<T
2 4 2 2

4.16
P (t)=1k ,T<t<2T (4.16)

k1+h.sin[7r.sin[w(3Tt)+1]].sin[w(3Tt)+7T] ,2T <1<3T
27 |4 2 2
which k, =d, +d, +dy+d, —h.

4.2.3 Biped Inverse Kinematics
Finally, the trajectories of the ten angular joints located at the 2 legs in one walking
interval cycle can be defined from A= [A,,5,,A.], B=[RA,,5,,B.]va F=

x> %1y »
[ Bo.sHRo,»Fo.] based on the biped inverse kinematics. The biped inverse

kinematics can be conventionally solved by calculus or numerical methods.
However, in this section, the geometric method based on the humanoid robot rotary
joint will be shown, as described in the equation (2.4).

4.3 Humanoid robot movement is based on the ZMP principle

The goal of humanoid robot is to achieve a stable natural gait. For this purpose, the
ZMP point is always within the foot area. When the feet touch the ground, the area of
the supporting foot is the area between the two feet of the human robot, and when
one foot touches the ground, the foot area is the surface of the foot touching the
ground. If the ZMP is within the area of the supporting leg, the robot does not fall.
For small-sized biped robot, assuming the inertia and absolute angular acceleration
of the links are small enough to be ignored, the ZMP formula is calculated as
equation (2.10).

4.4 Analyze the ZMP trajectory of the nature walking pattern

In this section, we qualitatively analyze the ZMP trajectory of the nature walking
pattern described in the section 4.2. In the case that the ZMP trajectory does not lie
completely inside the stable region, we present a strategy to adjust the trajectory of
the ZMP through modification of the pattern parameters (S, H, h, n). In order to
study this, we set up several walking patterns and observed their effects on the ZMP
trajectories for our small-sized biped robot HUBOT-4 (as Fig 4.3).

Table 4.1 shows 6 sets of pattern control parameters for this study. Figure 4.4 shows
ZMP trajectories for walking patterns in Table 2. The nature walking pattern (pattern
a) in the saggital plane and frontal plane is shown in Figure 4.5 and Figure 4.6,
respectively. With [A]: Starting step. [B]: Periodic steps. [C]: Ending step. The
trajectories of 5 joints for the left and right legs are shown in Figure 4.7 with
[Green]: Starting step. [Red]: Periodic steps. [Blue]: Ending step.
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(b)

Fig 4.3: Photograph of small-sized humanoid robot (HUBOT-4)

Table 4.1: Parameters for Nature Walking Patterns

Pattern S(cm) H(cm) h(cm) n(cm)
a 12 2 1.1 6
b 12 2 1.1 11
c 12 2 1.1 1
d 12 2 0.1 6
e 8 2 1.1 6
f 12 5 1.1 6
ZMP
Pattern a Pattern b
E o
s s
>
-10
X-axis(cm) X-axis(cm)
Pattern ¢ Pattern d
5 = 5
£ -7 i ‘ E D‘ o G -\
@ >< —tn, > 7 5 i | P |
?.3 6 - 3.5 bl N i P ‘
= > : :
) B A =
0 5 10 15 0 5 10 15
-axis(cm) X-axis(cm)
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) E AR z E < 1
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Fig 4.4: ZMP trajectories for walking patterns in Table 2.
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Fig 4.5: Stick diagram of biped robot for a nature-walking sequence in the x-z plan.
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Fig 4.6: Stick diagram of biped robot for a nature-walking sequence in the y-z plan.
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Fig 4.7: Resulted ten joint-angles of biped robot HUBOT-4

4.5 Conclusion

This paper initiatively presents the new offline method for planning robust nature
walking patterns firstly applied to the small-sized biped robot HUBOT-4 in both of
sagittal and frontal plane. Human-like robust walking patterns is realized by
analyzing human walk and then set the desired step length, foot lift, etc. according to
this. The hip, knee and ankle joint angle trajectories are then planned according to
the typical parameters of the humanoid robot and the ground conditions. Based on
these principal parameters, different foot motions are produced, and the final gait
walking trajectory which satisfies stable ZMP constraints is determined for deriving
the correspond joint actuators. Simulation results prove that this proposed nature

walking planning successfully enables a stable and robust humanoid robot walk
without falling.
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P
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CHAPTER 5 CONCLUSIONS
5.1 Conclusions and Contributions

In this thesis, the author has researched and developed the Walking Pattern Generator
(WPGQG) depending on 4 parameters of Dip so that biped robot can walk as stably and
naturally as humans. Based on simulation and experimental results, the author has
successfully proposed a number of new improvements to increase the efficiency and

quality of biped robot. The main contributions of the author in the thesis are
summarized as follows:
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- Optimize the four gait parameters (S, H, h, n) of the WPG that permits the biped
robot able to stably and naturally walking with pre-set foot-lifting magnitude using
meta-heuristic optimization approaches. The results of this study are presented in
articles [2, 4, 7], in list of published works of the author.

- Adaptive gait generation for biped robot to perform a stable and natural walk with a
desired ZMP trajectory, using adaptive evolutionary neural model (AENM)
optimized Modified Differential Evolution (MDE). The results of this study are
presented in articles [3], in list of published works of the author.

- Natural gait planning (3 stages in full: step preparation, steady steps, stopping) for
biped robot depending 4 parameters (S- step length, /- leg displacement, H- height of
swing ankle, n- hip displacement). The results of this study are presented in articles
[1] and [6], in list of published works of the author.

5.2 Future Work

- Continue to perform closed-loop control to control the speed of biped robot when
using the WPG proposed in thesis.

- Continue to develop the WPG so that biped robot can walking straight on uneven
surfaces (for example: uphill and downhill, up and down stairs), or walking around
on flat surfaces plan.

- Apply the WPG depending on 4 parameters for a human-sized robot (HUBOT-3).
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