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ABSTRACT

Various aspects of humanoid robotics attractechttention of researchers in the past
four decades. One of the most challenging taskshis area is the control of bipedal
locomotion. The dynamics involved are highly noetdn and hard to stabilize. A typical full-
body humanoid robot has more than twenty joints thiedcoupling effects between the links
are significant. Reference generation plays a uitdé for the success of the walking
controller. Stability criteria including the Zerodvhent Point (ZMP) criterion are extensively
applied for this purpose. However, the stabilittecia are usually applied on simplified
models like the Linear Inverted Pendulum Model (U)Pwhich only partially describes the
equations of the motion of the robot. There are #igal and error based techniques and other
ad-hoc reference generation techniques as well.

This background of complicated dynamics and diffies in reference generation
makes automatic gait (step patterns of legged sdltoning an interesting area of research. A
natural command for a legged robot is the velooityits locomotion. A number of walk
parameters including temporal and spatial varialikesstepping period and step size need to
be set properly in order to obtain the desired dp&bese problems, when considered from



kinematics point of view, do not have a unique aetvalking parameters as a solution.
However, some of the solutions can be more suitedl@ stable walk, whereas others may
lead to instability and cause robot to fall.

This thesis proposes a gait tuning method baseglolutionary methods. A velocity
command is given as the input to the system. A AMBed reference generation method is
employed. Walking simulations are performed to ssdbe fitness of artificial populations.
The fitness is measured by the amount of suppersiimulated bipedal robot received from
torsional virtual springs and dampers opposingdh@nges in body orientation. Cross-over
and mutation mechanisms generate new populationsaukber of different walking
parameters and fitness functions are tested tocowepthis tuning process.

The walking parameters obtained in simulations applied to the experimental
humanoid platform SURALP Sabanci University Reséirch Labaratory Platform).

Experiments verify the merits of the proposed mfiee tuning method.



IKI BACAKLI INSANSI ROBOTLARICIN EVRIMSEL ALGORITMALAR
KULLANILARAK YURUME REFERANSI AYARLANMASI

Tung AKBAS

Mekatronik Muhendisfii Programi, Master Tezi, 2012

Tez Dangmani: Dog. Dr. Kemalettin ERBATUR

Anahtar Kelimelerinsansi robotlar, iki bacakli yiirime referansstitulmasi, iki bacakli

yurime bigimi ayarlanmasi, genetik algoritma

OZET

Gectigimiz kirk yil boyunca insansi robotlar alani bircakidan bilim adamlarinin
ilgisini ¢cekmg ve ilgi uyandirmgtir. Bu alandaki en zorlu problemlerden biri ikidadh
hareket kontrolidir. Bu problemin igcinde bulunamadikler lineer dgildir ve zor
dengelenmektedir. Tipik bir tam vicutlu insansiatvéd yirmiden fazla sayida eklem bulunur
ve bu eklemler arasinda glanma etkilgimleri oldukga ©nem tar. Bir yilrime
kontrollorinin bgaril bir sekilde calsmasinda referans glwrulmasi anahtar bir rol oynar.
Bu acidan dengeli bir referans sentezi yiksek kjed tgir. Bu konuda Sifir Moment
Noktasini'da kapsayan denge kriterleri yaygingeikilde kullaniimaktadir. Ancak bu denge
kriterleri genellikle Ters Lineer Sarka¢ Modeli gitwmbotun hareket denklemlerini kismen
saglayan basitlgtiriimi s modeller Gzerinden uygulanir. Bu yontemin yana ggitli deneme
yanilma tabanli ve gegici olarak belirlegrgbntemlerde mevcuttur.

Karisik dinamik denklemler ve referans giurma zorluklari otomatik yiriime referansi
olusturulmasinin ilging bir aggirma alani olmasina sebep olur. Yuariime hizi badakrobot

icin dogal bir komuttur. Adim uzunlgu ve periyodu gibi ggtli degiskenler yurime hizinin
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belirlenmesi icin ayarlanmahdir. Kinematik aciddrakildginda bu problemin sonsuz
miktarda ¢Ozimi mevcuttur. Bu gholtuda bazi ¢ozimler daha dengeli bir ylrimeyi
saslarken dger ¢cozimler dengesiz yurimeye ve robotugnigsine neden olabilir.

Bu tez evrimsel metodlar yardimiyla yurime referaamgarlanmasini énermektedir.
Yirume hizi sistem girdisi olarak belirlemgtni. Sifir Moment Noktasi tabanli bir referans
olusum metodu kullanilngtir. Yldrime simuilasyonlari yapay bir populasyonagunjuk
degerleri bicilerek gercekkgirilmi stir. Robotun viicut oryantasyon gigikliklerine karsi etki
eden sanal torsiyonal suspansiyon sistemleri uydundeserlerini belirlemek igin
kullaniimistir. Atlama ve mutasyon operatorleri yeni yapay (dapyon olgumunu
saglamistir. Bu dgrultuda dgisik yiruime referansi parametreleri uygunluk fonkeigol test
edilmistir.

Yurime simulasyonlarindan elde edilen sonuglar yielebir insansi robot platformu
olan SURALP SabanciUniversitesiRobot Arastirmalari LaboratuvarPlatformu ) tizerinde

test edilmgtir. Deneysel sonuglar uygulanan metodupediai onaylamgtir.

Vii



To my beloved family

viii



ACKNOWLEDGEMENTS

Firstly, | would like to express my gratitude forynthesis advisor Assoc. Prof.
Kemalettin Erbatur. Throughout my Master of Sciemdecation, he always encouraged and
supported me to improve myself further. | could maasure the value of his enthusiasm and
guidance in my master education and on this thesis.

| would also like to state my appreciation and rdgado my thesis jury members Prof.
Dr. Asif Sabanovic, Assoc. Prof. Dr. Ozgiir Ercetissoc. Prof. Dr. Ali Kear and Assist.
Prof. Dr. Hakan Erdgan, for pointing their valuable ideas.

My student colleagues Kaan Can Fidan, Utku Sevener<emal Adak, Selim Ozel
and Emre Eskimez deserve particular thanks for thealuable support and friendship. | also
particularly thank Omer Kemal Adak due to his supjoexperimental work of this work.

| would like to thank; lyad Hashlamon, Ahmetcan &Jah, Serhat Dikyar, Beste
Bahceci, Can Palaz, Kadir Haspalamutgil, SanemrEwaygun Kekeg, Soner Ulun, Mehmet
Ali Guney, Alper Yildinm, Mine Sarag, Ozan Tokafliarik Edip Kurt, Emrah Deniz Kunt,
Edin Golubovic, Zhenishbek Zhakypov , Teoman Naskaynep Tgba Leblebici, Duruhan
Ozcelik, Yusuf Sipahi, Sena Ergullii, Alper Ergirir& Havur, Bair Celebi, Mustafa Yalgin,
Selim Pehlivan, Osman Yavuz Perk, Turkeei, Talha Boz, Elif Cetinsoy, Umut Tok, Eray
Baran and many friends from mechatronics laboratory

Finally and most importantly, | want to express gratefulness to my parents, Ali
Hilmi Akbas and Arzu Akba for their invaluable love, caring and support tighout my life.

This thesis is dedicated to my dear family.



BIPEDAL HUMANOID ROBOT WALKING REFERENCE TUNING BYTHE USE OF
EVOLUTIONARY ALGORITHMS

TABLE OF CONTENTS

ABSTRACT ..ttt ettt ettt 4444ttt e e e e e e ettt ettt e e e e e e e e e e e eee s iv
(@ 774 =3 E PO SRR UPROUPRPPR Vi
ACKNOWLEDGEMENTS ... e et e e e e e e e e e eneeean s IX
TABLE OF CONTENT S ..ttt m et e e et e e e e e et e e et e e e e e e e aeanaaee X
LIST OF FIGURES ... e e e e e eees Xii
LIST OF TABLES ...t e e XViii
LIST OF SYMBOLS ....ccoiiiiiiiititiie ettt sttt ettt e e e e e st eneee e eeeaeee e aaes Xix
LIST OF ABBREVIATIONS ... ..utiiiiiiiiiieee e ettt eaeea e e e e s XXi
1. INTRODUGCTION ....ciiiiiiiiiie et ettt ettt e e e e s e e b mne et e e e e e e e e e e e anaes 1

2. BIPEDAL LOCOMOTION TERMINOLOGY AND EXAMPLE HUMANOID ROBOT

PROUJECTS .o 4
2.1. Terminologies in Humanoid RODOLICS ............ccooviiiiiiiiiic e 4
2.2. Examples of HUManoid RODOLS ..o 9

3. A SURVEY ON BIPEDAL ROBOT WALKING REFERENCE GENHATION AND

TUNING . e e ettt e e ettt e et e et e e e em e e ee e e eeaneeeanaeeennaaees 18
3.1. Reference Generation Methods for Bip&dalking................ccoooeviiiieiiiin s 18
3.1.1. Walking Reference Generation Mdghdsing ZMP Criterion ........................ 18
3.2.2. Alternative Walking Reference Gatien Methods ..............c.oooeeiiiiiiiniion 24
3.2. Reference Generation Tuning of Bipeddd@®..................ccceiiiiiiiiine e, 28
4. SURALP: A FULL BODY HUMANOID ROBOT ... .ceti et 30
O I o =T 6 1T U= PP P PP PPPPPPPPPPPIN 30
4.2. ZMP Based Walking Reference GeneratiQn................uueiieeeeieiiiiiiinnneeeeeennns 36
4.3. Control AlgOrithm........oooiii oo e e e 45



5. GAIT TUNING VIA GENETIC ALGORITHM WITH UNCONSTRANED JOINT

VELOCITIES ...ttt ettt e e e e ettt et e e e e e a e e e s e e e bbb e aeeeeas 46
5.1. Problem DefiNItiON ...........uuiiiieeee e 46
5.2. The Setting of ChromMOSOME........cccemmm i 46
5.3. Dependent Walking Reference GeneratioarR@ters. ...........ccoovvvvvviiinneeeeeeennnn. a7
5.4, SIMUIALION SCENAIIO ...ttt ettt ee e 49
5.5. Virtual Walking Aid and The Fitness FuDOL...............ccouviiiiiiiieiiiiiiiieeeeean 50

5.5.1. Virtual WalKing Aid.........coooeeiiiiiiei e 50
5.5.2. The FItN@SS FUNCHON ... cceeeeeeeiiiii ittt 52
5.6. The Selection of the Next GeNeration.............oceeiveiiiiiiiiiee e 53
5.6.1. The Cross-over MeChaniSIM ........cccooiiiiiiiiiiiiiiiiiiiie e 54
5.6.2. The Mutation MECNANISM..........uuuriiiiiiiiiiiiiiiiie e 54
5.6.3. Overall Reproduction PrOCESS ........ccciuiuiuuiiiiiieeiiiiiiiiee et 56
5.7. Outcome of The TUNING PrOCESS ....coeemeeiiiiiiiiiie e 56
5.8. DISCUSSION ...ttt emeee ettt e e e ettt e e e e e e e e e e e e eeeseban s 64

.................................................................................................................................. 66
6.1. A Modified FItNeSS FUNCHON........couiriiiiiiiiiie et 66
6.2. Outcome of the TUNING PrOCESS....cceeuciiieiiie e e e 67
6.3. EXperimental RESUILS ..........cooueeei e e 75
6.4, DISCUSSION ...evvvevieiieieeiete et mmmmee etttk e e e e e e e e e e e e e e e e ee s 78

LATERAL MOTION L.t et e e e e e e e e e e eeens 79
7.1. An Extended ChromMOSOME .........uuiieiiieiii ettt e e e nn e 79
7.2. Outcome of the TUNING PrOCESS. ... cccaeiii e 80
7.3. Experimental RESUILS .........cooiioiiiiei e 88
7.4, DISCUSSION ...ttt mmmeme et ee ettt e e e e e e e e e e e e e e e e eeeas 90

8. CONCLUSIONS ...ttt ettt et e e e e e e e e e e e e e 92

REFERENCES. ... ..ottt ettt e e e e et e e e e e e aaaae 94

Xi



LIST OF FIGURES

Figure 2.1: Reference body pPlanes........ .o 4
Figure 2.2: A complete walking gait.........ccccoiiiiiiiiiiii e 5
Figure 2.3: Step size and SWing OffSet.....cccceeiiiiiiii e 6
Figure 2.4: SUPPOIT POIYGON ... 6
Figure 2.5: CoM and its ground Projection ...........ccoeeeveiiiieeeiiiii e 7
Figure 2.6: Static walking and CoM projection 0@ .............ccoevvviiiiiiineeeeeeeiiiinnnn. 7
Figure 2.7: Dynamic walking gait cycle and CoM atjon on ground ....................... 8

Figure 2.8a: Bipedal Robots developed by Wasedaddsity: WL-1, WL-3, WL-5,
WL-9DR and WL-10RD (from left t0 rght) .......cccceoeiiiiiiiiie e 9
Figure 2.8b: WAP family by University of Waseda: \WAL, WAP-2 and WAP-3 (left
LCO TN {0 | 1 IO PPPTRR 10
Figure 2.9: Humanoid robot prototypes by Wasedavéhsity: WABOT-1, WABIAN-

RII and WABIAN-RIV (I€ft t0 Fght).......cooooiiie e 11
Figure 2.10: HONDA humanoid robots; E0-6 t0 P1:3.......ccoiiiiiiiieeeeieeeee 12
Figure 2.11: ASIMO Of HONDA ... oo 13

Figure 2.12: Humanoid robot prototypes by Universif Tokyo: H5-7 (from left to

17|01 TP 13
Figure 2.13: HRP-2, HRP-3, HRP-4 and HRP-4C (efight) ...........ccovvvvieeeeeennnnne 14
Figure 2.14: KHR-1, KHR-2 and KHR-3 (HUBO) of KAIST.........ccccceiiiviiiiieeeeene, 15
Figure 2.15: Reem-B of PAL Robotics and PETMAN aflsBon Dynamics .............. 16
Figure 2.17: Figure 2.16: NAO of Aldeberan and DARwf RoMelLa .................... 17
Figure 3.1: 3D inverted pendulum model......cocoocooiiiiiiiiiiii e 20
Figure 3.2: A complete walking gait CYCle ....cooeevviiiiiiiii e, 21
Figure 3.3: Online walking pattern generation aegtture ................ccveeeeiviiieeens 1.2
Figure 3.4: A table-cart Model ........... oo eeeiiiie e 22
Figure 3.5: Control architecture proposed in [54].........couviiiiiiiiiiiiiiiiiiie e 25

Xii



Figure 4.1: Humanoid robot SURALP .........otceeii e 30

Figure 4.2: DIMensions Of SURALP ............oii e 31
Figure 4.3: Kinematic arrangement of SURALP e, 32.
Figure 4.4: Denavit-Hartenberg axis assignmen6f®OF leg...........c.cccevveeeeeinnnnnnn. 32
Figure 4.5: The complete hardware architecturedRALP ............ccccceeiiiiiiiiiiiinnnnn. 35

Figure 4.6: Typical biped robot kinematic arrangamen single support phases, it

behaves as an inverted pendulum. ... 36
Figure 4.7: The linear inverted pendulum mModel............cccoviiiiiiiiiiiiiiin 36
Figure 4.8: Fixed ZMP refe€renCES...........cooeemrreeeeiiiieeeeie e e e e e e 38
Figure 4.9: Forward moving ZMP reference ....cccccvvoiieieiiiiiiiiiiieeeeeeeeein 38

Figure 4.10: Forward moving ZMP references with-gssigned double support phases

......................................................................................................................... 38
Figure 4.11: The PArametel .............cocoeeeiiieeieieeeeeeeeeceeeeesereeeesereeesereeeeeree e, 40
Figure 4.12:p"¢ (t), the periodic part of the -direction ZMP referencep (t) ...... 42

Figure 4.13x andy-direction CoM references together with the coroesiing original
ZIMP TEIEIEINCES ...ttt ettt e et e e e e e e e e eeenaen s 43

Figure 4.14:x and zdirection foot references in as expressed in toddiframe. Solid

curves belong to the right foot, dashed curvescatdi left foot trajectories. ............... 44
Figure 4.15: The control block diagram of SURALP.............ccooiiiiiiiiiiiec e, 45
Figure 5.1: Sample chromosome and correspondiraympter values........................ a7
Figure 5.2: Linear relation betwe8mandh, ... 48
Figure 5.3: The trigonometric relation betwelgg and B ..............ccccooeoiiiiinnn 48
Figure 5.4: The animation WINAOW ............couummeeeiiiemiiiiae e e e 49
Figure 5.5: Virtual torsional spring-damper systeattached to trunk of the robot .....50
Figure 5.6.a: The deflections around trunk coorgirzes without external aid ......... 51
Figure 5.6.b: The deflections around trunk coortlirexes with external aid.............. 51
Figure 5.7: A SAMPIE CrOSS-0VEN ............ommmmersnnaeeeeeeeeeiutiaaaaaaeeeesasnnnaeeeesaeens 54
Figure 5.8: MUtation SCREME ...........oiiiieeei e e 54
Figure 5.9: Reproduction SChemMEe...........coouiiiiiiii e 55

Xiii



Figure 5.10.a: The mean values Bf, T,, and F of v, for each generated

fitness
[10] o181 F= 11 o o PP 57

Figure 5.10.b: The standard deviation valuesTof T, and F of vy, for each

fitness
generated POPUIALION .......cooiiiiiii ettt e e e e e e e e e ee e es 57

Figure 5.11.a: The mean values f, T, and F of v, .m for each generated

fithess
[10] o101 F= 11 o] o 1S PPN 58

Figure 5.11.b: The standard deviation value§ of T,, and F of V,4um fOr each

fitness

generated POPUIALION ..........oiiiiiii e et e e e e e e e e e ea e e aaaanas 58

Figure 5.12.a: The mean values Bf, T, and F of v, for each generated

fitness
[10] o101 F= 11 o] o [0S PRSPPI 59

Figure 5.12.b: The standard deviation valuesTof T, and F of v,y for each

fitness
generated POPUIALION ..........oiiiiiii e et e e e e e e e e eaa e e eaaanas 59
Figure 5.13.a: The resistance of torsional spriagyder systems around pitch, roll and
yaw axes for worst individual in the given genamati...............ccccoeeeeviiiiieeeinnnnnnn. 60
Figure 5.13.b: The angular deflections around rdhotk axes for worst individual in
the gIVEN GENEIALION. ...eueii et e e e e e e e 61
Figure 5.14.a: The resistance of torsional spriagyder systems around pitch, roll and
yaw axes for best individual in the given generatia..................oooooiiiiiiiiinne. 61
Figure 5.14.b: The angular deflections around rahotk axes for best individual in the
(o TAVZ=T Ao =T aT=T = 1o o PO PP 62
Figure 5.15.a: The angular deflections around rttomtk axes for fittest individual with
EXEEINAL AU ...t et e e 62
Figure 5.15.b: The angular deflections around rabatk axes for fittest individual

WITNOUL €XEEINAL QT ... e oo e 63

Figure 5.16: Maximum joint velocity peaks with resptov values .................. 64

average

Figure 6.1.a: The mean values ©f, T, and F of vy, for each generated

fitness

population using modified fitness fUNCHION ...ccceeee i, 68

Xiv



Figure 6.1.b: The standard deviation valuesTgf, T, and F of vy, for each

fitness

generated population using modified fitness fumctia...............cccooeieiiiininnnnnnn. 68.

Figure 6.2.a: The mean values &f, T, and F of V.. fOr each generated

fitness

population using modified fitness fUNCLION ...ccceeei e, 69

Figure 6.2.b: The standard deviation valuesTof T, and F . Of V.. fOr each

generated population using modified fitness fumctia...............cccooeieiiiininnnnnn. 69.

Figure 6.3.a: The mean values ®f, T, and F of v,y for each generated

fithess

population using modified fitNeSS fUNCHION ...cceeeieeiiiiii e, 70

Figure 6.3.b: The standard deviation valuesTgf, T,. and F of v.4 for each

fitness
generated population using modified fitness fumctia...............ccooeieiiiniinnnnnnn. 70.
Figure 6.4.a: The resistance of torsional springyaler systems around pitch, roll and
yaw axes for worst individual in the given genaratusing modified fitness function71
Figure 6.4.b: The angular deflections around rahotk axes for worst individual in the
given generation using modified fitness function................ccccevvvviiinienievviennnnn 2
Figure 6.5.a: The resistance of torsional springyoler systems around pitch, roll and
yaw axes for best individual in the given generatigsing modified fitness function ..72
Figure 6.5.b: The angular deflections around rahotk axes for best individual in the
given generation using modified fithess function................cccceeeveeiiiiiiiiien e 43
Figure 6.6.a: The angular deflections around rahotk axes for fittest individual with
external aid using modified fitneSS fFUNCLION .cewmme.vvveeeiiiiiic e, 73

Figure 6.6.b: The angular deflections around robobhk axes for fittest individual

without external aid using modified fitness funatiQ...............cccooveeiiiiiiiiiiinnneee. 14
Figure 6.7.a: Body pitch angle of the robot dunivagking with v, ... = 003m/s....75
Figure 6.7.b: Body roll angle of the robot duringling with v,..... = 003m/s....... 76
Figure 6.8.a: Body pitch angle of the robot dunvagking with v, ... = 007m/s....76
Figure 6.8.b: Body roll angle of the robot duringling with v, = 007m/s....... 76
Figure 6.9: Snapshots of SURALP walking with), ... = 007m/s .............cooeiins 77

XV



Figure 7.1: The extended chromosome setting anésmonding parameter values ...79

Figure 7.2.a: The mean values Bf, Ty, A, lging ora @aNdF of vg,, for each

fithess

generated population using extended chromosoOme..............c.ceeieiiiiiiieeiiieeens 1.8
Figure 7.2.b: The standard deviation valueJ of Ty, A, Iy o @Nd Fpes OF Vg,
for each generated population using extended chsome...............cccoeeevviiieeeinnnnnnn. 81
Figure 7.3.a: The mean valuesTf, Ty, A, lging o @NA Fpipess OF Vi, fOr €ach
generated population using extended ChroOMOSOME..........ccouviiiiiieeiiiiiiiiiien. 2.8
Figure 7.3.b: The standard deviation valuesTf Ty, A, lg iy o @Nd Fppes Of
V.ium fOr €ach generated population using extended abgome..............ccccceeeinnnns 82

Figure 7.4.a: The mean values f, Ty, A, lging o @NAF of v, for each

fitness

generated population using extended ChromoSOMe...........cccvvvviiiiiiiiiiieeiiiiieees 3.8
Figure 7.4.b: The standard deviation valued of Ty, A, lgng o @8N0 Fnes OF Viog
for each generated population using extended ch8O0MO.............cccoiveviiiiinieeiinnnnnn. 83

Figure 7.5.a: The resistance of torsional springyaler systems around pitch, roll and
yaw axes for worst individual in the given genaratusing extended chromosome....84
Figure 7.5.b: The angular deflections around rahotk axes for worst individual in the
given generation using extended ChromMOSOME ..cceeeeivvniiiiiiiieeiiiiceeee e 85
Figure 7.6.a: The resistance of torsional springyoler systems around pitch, roll and
yaw axes for best individual in the given generatiging extended chromosome ...... 85
Figure 7.6.b: The angular deflections around rdhatk axes for best individual in the
given generation using extended ChromOSOME ....ccceeiiiiiiiiiiiiiiii e 36
Figure 7.7.a: The angular deflections around rahotk axes for fittest individual with
external aid using extended ChrOMOSOME. ... ccceueeiiiiiiiiiiiiiie e 86

Figure 7.7.b: The angular deflections around rofbobk axes for fittest individual

without external aid using extended ChromMOSOME. .. ccovvviiiiiiiiecciiiee e, 81.
Figure 7.8.a: Body pitch angle of the robot dunvagking with v,.... = 009m/s ....88
Figure 7.8.b: Body roll angle of the robot duringling with v = 009m/s...... 88

average

XVi



Figure 7.9: Snapshots of SURALP’s walk With, ... = 009m/s ..., 89

Figure 7.10: Fitness function values with respecgiven average walking velocity.
Solid curve: Fitness without the added paramet®eshed curve: Fitness with the

Loy =T 0 [=Y0 I e a1 0] 0 gT01sT0] 14 =1 T 90

XVili



LIST OF TABLES

Table 4.1: Denavit Hartenberg table with respeéiigure 4.4 ... 33
Table 4.2: Length and weight information of lINks................cccciiiiieinennee 33
Table 4.3: Joint actuator SPECIfiCAtiONS ... euueeeevvieeieiiee e 34
Table 4.4: Sensory system of SURALP ..o 35
Table 5.1: The parameters Of GA.......... . commmeeriie e e e e e ean s 55
Table 5.2: The parameters of GA tuning with resploisen velocities...................... 56

Table 6.1: The parameters of GA tuning for choseloaities with the modified fitness
FUNCHION ..ttt 67
Table 6.2: The parameters of GA tuning with respdaisen velocities for extended
CRIOMOSOMIE ... ettt e e e e e e et e e e e e e eern s 75
Table 7.1: The parameters of GA tuning with respelabsen velocities with the
extended CNrOMOSOME ......o.ouuiiii e e e e ee s 80

Table 7.2: The parameters of GA tUNING .....coumeeeneeeiiiiee e eeeen 88

XViii



Pref

X

Pref

o (t)

cl? (1)

LIST OF SYMBOLS

. x-directional component of Zero Moment Point refe vector

. y-directional component of Zero Moment Point refe vector

z-directional component of Zero Moment Point refeeevector

. X-directional component of center of mass referexeor

. y-directional component of center of mass referamzor

z-directional component of center of mass referemotor

Constant height of the Linear Inverted Pendulum

. x-directional acceleration of the robot body

. x-directional position of the robot body

z-directional position of the robot body

. y-directional acceleration of the robot body

. y-directional position of the robot body

Reference ZMP for x-direction

Reference ZMP for y-direction

Double support phase

Half walking period

Square root of gf,
Unit step function

COM Reference for x-direction

COM Reference for y-direction

XiX



V

average

Xassymetry

T

S

T

ss
spring
damper
g
hoﬁset

fithess
udsaverage

uss‘average

wpeak

[/

max

K

penalty

swing _ offset

A
y
B
a
Us

uSd pitch

usd yaw

Magnitude of peak difference betwee(f' and the non-periodic

component ofp.®

. Average walking velocity

. x-reference offset

Double support period
Single support period
Step height

Virtual torsional spring coefficent

. Virtual torsional damper coefficent

. The height of the leg

Distance between foot sole center and the hip frame

Fitness function

. Average supporting torque during double support period
. Average supporting torque during single support erio

:Joint velocity peak

Maximum joint velocity
Penalty coefficent

Swing offset

: The amplitude of the ZMP lateral motion

Body yaw angle
Body pitch angle
Body roll angle

Supporting torque around roll axis
Supporting torque around pitch axis

Supporting torque around yaw axis

XX



LIST OF ABBREVIATIONS

CoM : Center of Mass

ZMP : Zero Moment Point

LIPM . Linear Inverted Pendulum Model
DoF . Degrees of Freedom

2D : Two Dimensional

3D : Three Dimensional

GA . Genetic Algorithm

RBFNN : Radial Basis Function Neural Network

3D-LIPM : Three Dimensional Linear Inverted Pendulum Model

CPG : Central Pattern Generator
FFT . Fast Fourier Transform
CoG : Center of Gravity

XXi



Chapter 1

1. INTRODUCTION

Humanoid robotics is a field which improved draroally in the last 25 years. The
bipedal structure is favored in the human enviromniecause of its advantages in obstacle
avoidance. A humanoid robot can have virtues indpeiccepted as a co-worker or care giver
by humans too. The field appears to have a promisiture.

In order to reach the goal of using humanoid rolotdaily life there are a lot of
problems to be solved. The bipedal free-fall malaifmr is intrinsically hard to stabilize. The
commonly large numbers of degrees of freedom (DoF)lved pronounce interlink coupling
effects. The dynamics are nonlinear and complex. aAsesult, walking control is a
challenging task. The control of the walking iscomjunction with the gait planning. In order
to maintain the stability of walking, stable wal@ireference generation is necessary.

Another challenge in the field of bipedal walkingntrol is the definition of a stable
walk. A robot, conceptually, exhibits a stable wilit does not fall. In other words, it is hard
to call a walk unstable before the robot falls.

Ad-hoc methods do not consider stability of thekndirectly. Reference trajectories
are devised manually for the Cartesian posturetheffeet or for joint positions. Trial and
error iterations are then used to adjust trajecpanameters for a balanced walk. The feet or
joint trajectories in these approaches usually isbre§ combinations of lines, higher order
polynomials and trigonometric functions. Typicalgmooth position and velocity reference
curves are employed in order not to invoke vibraio the robot motion. There are other ad-
hoc methods which contrast with the above mentiamesk, in those methods trial and error
iterations are performed automatically rather thremually. The generated gait is considered
successful if the robot does not fall during theaistion of the walking task.

Central Pattern Generators (CPG) are biologicafigpired algorithms for the
generation of references. Joint or Cartesian spadedic trajectories are generated and gait
transitions are addressed in the CPG context. Atgaisition refers to a change of walking
speed or timing properties on the fly.

It is desirable to base walking references on weflned stability criteria in the

trajectory generation phase. The Zero Moment PGIMP) criterion, the Foot Rotation
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Indicator (FRI) and the Poiae maps techniques are quite commonly employedadity
metrics.

The ZMP criterion stands out as the most widely legga stability norm, applicable
to multi-body systems. The criterion states thatrduthe walk, the ZMP must lie within the
supporting area - often called the support polygohthe feet in contact with the ground.

The ZMP coordinates are obtained as functions efptbsitions and accelerations of
each of the links and the body of the humanoid tolhas quite difficult to compute these
functions online in the design of reference genenatdue to the number of variables
involved and the dynamic complexity of the bipedstucture. The aforementioned
complexities of the bipedal plant, urges the ussiwiplified models in the process of gait
synthesis. The Linear Inverted Pendulum Model (L)Rivesents a quite basic set of motion
equations and found extensive use in this contiegonsist of a point mass of constant height
and a massless rod which connects the point madbetoground. With this model a
relationship between ZMP and the Center of MassV[Canordinates is obtained. For such
methods, robot CoM trajectory is derived from ZM&jectories which are predefined in such
a way that the ZMP is always in the support polyghfterwards the reference trajectories
for the leg joints are obtained via inverse kingasatising the robot CoM coordinates.

The FRI concept is quite similar to the ZMP. Thaneare Maps are applied for
restricted bipedal model with only a few DoF, wlithited practical value.

No matter how the reference gait is planned andtedg there is a room for final
tuning. Usually, there are many parameters to heduThe walking performance is related
to these parameters nonlinearly. The search sgatarge. The ad-hoc methods, by their
working mechanism, require tuning with simulaticarsd experiments. The methods which
are based on planning with a stability criterioe sanplified models which do not reflect the
plant dynamics fully. Theoretically, an optimal gadesign for a humanoid robot can be
achieved using dynamic analysis. However, as meatidoefore the dynamic equations of
biped robots during the walking process are toogiernand hard to determine, especially if
the whole robot is taken into consideration. A éetierformance (for example in terms of
speed of the walk) or more stable walk (in termghef position of the ZMP in the support
polygon, or in terms of a less oscillatory behavioan be obtained with tuning. The
effectiveness and dexterity of the humanoid robeikimg reference generation can be
improved further by tuning the parameters involvedwalking pattern generation while
obeying a stability criterion. Consequently, mostdges in the field of humanoid robots

employ a heuristic method in order to further imgreéhe walking of a humanoid robot. Also,
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even though the works on stable reference genarddiowalking are very important and

encouraging, there are additional requirements elachr the human walking dexterity,

efficiency and effectiveness. Generating a walkieference generation by itself is not
sufficient for a humanoid robot to adapt to daifg-lenvironment. The improvement of the
walking in terms of power consumption and natursénean be implemented by automatic
tuning as well.

Genetic Algorithm (GA) is an heuristic method us#ten to improve the walking
pattern of biped robots [1-4]. It is also known ke a robust method for search and
optimization problems [5].

In this work a genetic algorithm is applied for itum the parameters of walking
pattern generation for a given walking velocity.ning is performed for a range of velocity
commands. A ZMP based approach is used in refergeoeration. Virtual torsional springs
and dampers are attached to the trunk center eflbip order to maintain its balance during
the simulations. The exerted forces and torquethége springs and dampers are employed
to design a fitness function to assess the stahifithe generated walking gait. A Newton-
Euler method based full dynamics 3D simulation mspkyed for a 12-DoF biped robot
model to implement the GA. The reference trajee®btained via simulations in the GA
framework are used in walking experiments withrieot SURALP.

The thesis is organized as follows. The next chialptiefly explains the humanoid
locomotion terminology and describes the historyso€cessful humanoid robot projects.
Chapter 3 presents two different surveys. Firstesuinvestigates the developed methods for
bipedal robot walking reference generation whess®nd one examines the methods used
for gait reference tuning and improvement via hgiaimethods. The full-body humanoid
robot SURALP is briefly represented in terms of dveare, implemented gait reference
trajectory generation and control architecture inagter 4. The problem definition and
implementation of GA on gait reference tuning withconstrained joint velocities and
corresponding simulation results are examined iapBdr 5. Chapter 6 adds joint velocity
constraints and introduces a modified fitness fiancfor GA algorithm. Simulation and
experimental results are presented. The chaptes efitth the discussion on experimental
results which point out the importance of lateraition in walking reference generation. In
Chapter 7, a revised chromosome for GA is emplaysatitested experimentally. Conclusion

and future works are presented in Chapter 8.



Chapter 2

2. BIPEDAL LOCOMOTION TERMINOLOGY AND EXAMPLE
HUMANOID ROBOT PROJECTS

This chapter presents the fundamental conceptanmhoid locomotion terminology
and the successful humanoid robot projects in thterdy of the field.

2.1. Terminologiesin Humanoid Robotics

The motion (including locomotion) of a humanoiddesscribed with respect to planes
perpendicular to each other. Figure 2.1 pointgsioaithree primary planes which describe the
basic human movements. The basic motion of humaradidts is defined over these three
reference planes.

Sagittal Plane

Frontal (coronal) Plane

Axial (Transverse) Plane

Figure 2.1: Reference body planes [6]

The direction of the straight walk is defined oe #agittal plane. This plane divides
the body into left and right sides vertically. lonse of the works the walking reference

trajectory is obtained by considering the motiothia sagittal plane alone [7-10].



The step patterns of legged robots are definedhéydrm "gait". If the motion is set
to be periodic then the generated pattern is catjad cycle". [11] The gait cycle of bipedal
robots consists of two phases; "swing phase" angpg@t (stance) phase". [11] In swing
phase only one leg of the biped robot is in conteith the ground whereas the other one
moves freely to take a step. At the same time #gewhich remains in contact with the
ground is on its support phase. Support phase dayf itan be evaluated in two different
subcategories; "single support phase" and "doulppat phase". In the single support phase
only one leg supports the whole weight of the bddly.the other hand, in the double support
phase the body weight is supported by each foibieasame time.

These phases have to be identified clearly in otdegenerate a stable walking
reference trajectory. In Figure 2.2 a complete walkcycle is represented in order to
emphasize the relation between gait cycle, singppart phase and double support. The feet
of the humanoid robot also defined according tospkaf gait cycle. In that sense the foot in

support phase is defined as support foot and gimitae foot in swing phase is defined as

swing foot.
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Figure 2.2: A complete walking gait [12]

During the gait cycle at the end of each singlepsupphase there is a distance
covered by swing foot. The distance between thestmions of the feet after the step is

defined as the "step size". The total distanceettest by the swing foot is called the "stride



length". "Swing offset" is half of the distance Ween ankle centers of the feet in the lateral

direction. Figure 2.3 represents these terms iaildet
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Figure 2.3: Step size and swing offset

Support polygon is another term which has a direlettion with the stability of the
robot. Figure 2.4 presents the support polygors ttefined as the area that is enveloped by

the supporting feet/foot.

: Support
Foot £
i~ Polygon
Single Support Phase
'\ Support
Polygon

Double Support Phase

Figure 2.4: Support Polygon



The position of humanoid robot’'s CoM ground proj@ct shown in Figure 2.5, is
related with stable walking reference generatidnthie CoM projection stays in the
supporting polygon during the whole walking cydlee gait will be called static. Although
this is a genuine way to generate a stable wallefeyence, it is slow due to length of single
and double support phases.
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Figure 2.5: CoM and its ground projection [13]

In dynamic gait generation, the CoM of the roboi@ restricted by the support
polygon unlike static gait. The stability of thendynic gait is maintained by inertial effects.
As a result dynamic gait generation is more chgile compared to static gaits. However,
faster locomotion can be accomplished by dynamitsgkigure 2.6 shows an example of
static walking and pertinent CoM trajectory projent whereas Figure 2.7 shows a dynamic
walking example and the corresponding CoM trajecpoojection.
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Figure 2.6: Static walking and CoM projection oounrd
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Figure 2.7: Dynamic walking gait cycle and CoM ajon on ground

The ZMP criterion is frequently used in order teess inertial effects in a dynamic
walking gait. The term is firstly introduced by \allratovic [11]. According to the
definition, it is the point on the ground where swh all torques will be zero. This
terminology is often used in the stability analysiiped robots. If the ZMP lies within the
support polygons during the gait, the generatedinglis said to be stable.



2.2. Examples of Humanoid Robots

The field of bipedal locomotion and bipedal walkingbots is considered as a
promising area. The realization and developmerheffirst walking biped robot by Waseda
University, by professor Ichiro Kato’s robotic teamas in late 1960’s [14]. The fundamental
function of bipedal locomotion (walking) was applien the artificial lower-limb leg module
WL-1 in 1967 [15]. Afterwards WL-3 was developedaving electro-hydraulic servo
actuators. It managed human-like movement usinggwnd stance phases [15]. The first
robot with the ability to change direction was W&.in 1972 [15]. The family of these leg
modules continues until WL-10RD which was the fitsped robot to achieve dynamic
walking in 1984 [16]. At the same time period Waséthiversity also created a biped family
which is actuated by artificial muscles attachednoutside pneumatic source [15]. The first
of these robots was WAP-1 (1969) which used rulaiseartificial muscle, then WAP-2 was
introduced with powerful pouch-type artificial miess [15]. The final member of this family
was WAP-3 which achieved three-dimensional autari@iped walking in 1971 [15]. Figure
2.8 shows the WAP and WL family in chronologicaber. After the improvements and
developments made by Waseda University the bipledamotion studies gained pace and
the works on walking trajectory generation methodsied on with a number of different

biped robot designs.

e

Figure 2.8a: Bipedal Robots developed by Wasedadudsity: WL-1, WL-3, WL-5,
WL-9DR and WL-10RD (from left to right)



right)

In 1973 WABOT-1 (WAseda roBOT) was introduced a< tfirst full-scale
anthromorphic robot. WABOT-1 was capable of usirgiaic walking gait and it can change
the direction of the walk in a way similar to WL-6oncurrently, Marc Reibert from MIT
(Massachusetts Institute of Technology) establistmedMIT leg lab, which was specially
dedicated for biped locomotion and dynamic stabikitsearch.[17]

The next goal in the humanoid robotics field icteate an adult-size robot which has
human proportions and the size. WABIAN-1 (1996) wles first example of such robot, it
had 35 DoF in total which consists of two 3 DoFsletgvo 10 DoF arms, a 2 DoF neck, two 2
DoF eyes and a torso with a 3 DoF waist [18]. & Bdimb control system, a vision system
and a conversation system to mimic human-like astioln 1999 WABIAN-RII was
introduced. It had a more human-like body posturd @& was able to mimic the human
motions by the realization of body motions by w®1t7 DoF legs [19]. Since interaction with
the human environment and communication with hummeass also the purpose of this project
a new prototype, WABIAN-RIV, equipped with visiomé voice recognition systems was
presented in 2004. Figure 2.9 shows the humanddisoWABOT-1, WABIAN-RIl and
WABIAN-RIV of Waseda University.

After the achievements of Waseda University, otheiversities and a number of
corporate technology institutions started to geived in the field of humanoid robots.
HONDA is the first commercial firm to conduct resga and development in humanoid
robotics in 1986. HONDA's humanoid robot family gad significant interest and popularity
all around the world. The members of this humarfaichily are considered to be most

advanced humanoid robots of their time. The fiesesn members of HONDA’s humanoid
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Figure 2.9: Humanoid robot prototypes by Wasedavélsity: WABOT-1,
WABIAN-RII and WABIAN-RIV (left to right)

family were leg modules EO to E6, then the humamokibts were introduced with P series
from P1 to P3. P2 was the first humanoid walkingotonvhich uses wireless communication
tools for self-regulation. As a result it was alie walk independent of wires and
accomplished more complex motion tasks such as buolign the stairs and object
manipulation. From these robots P3 can be congidesea milestone in terms of human-like
appearance and posture. This was partially dueh@oréduced height and weight of this
prototype. Compared to P2, P3 was 0.22 meters eshartd 80 kilograms lighter. This
prototype allowed the development of a much momhsticated and advanced humanoid

robot generation. Figure 2.10 shows the humanadliyeof Honda from EO to P3.

ASIMO (Advance Step in Innovative Mobility) was thiatest generation of
HONDA'’s humanoid robot family. It was introduced public in year 2000 and gained
popularity very quickly in all around the world. like the previous generations, ASIMO had
a more teenage-size look. First version of ASIMG W& m tall and weighed 52 kg with 26
DoF. It has become the most popular humanoid rebtt smoother and more versatile
human-like motion capabilities. In addition it igugpped with the superior image and voice
recognition instruments when compared with previgeseration humanoid robots. The
second version of ASIMO was announced in 2005. Wakking speed of this version can be
speed up to 6 km/h and has 8 additional DoF ontheplast version. The final version of

ASIMO was introduced in 2011. It is capable of rungnas well as walking and walks in
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Figure 2.10: HONDA humanoid robots; E0-6 to P1-3

omni-directional patterns. The maximum speed a@ddw the latest version was 9 km/h. In
addition it has larger upper-body workspace andaivsize. The technology called i-WALK
helps ASIMO to walk while interacting with the eramment [20]. Also, it is one of the first
commercially available humanoid robots which canréeted or bought for research and
development studies. Currently there are 46 ASIM®ots located in different research

facilities around the world. Figure 2.11 showslttest version of ASIMO.

University of Tokyo contributed to humanoid reséafield with their humanoid
prototype; H5, H6 and H7. Figure 2.12 shows thessofypes. H5 was a child-size
humanoid robot with 30 DoF. However it was incapatbl achieve full-body motions such as
lying-down, supporting body by hand and manipula{@l] In order to obtain such full-body
motions H6 was developed. The motivation behind g@neration was to make a humanoid
robot capable of proper environmental interactidiis is achieved by improving the
arrangement of DoFs, rotation range of joints arakimum torque of joints in H6 [22]. H6
consisted of 35 DoF and it was 1.36 meters tallweadhed 51 kilograms. It was equipped
with 3D vision and voice recognition sensors. Therent prototype is H7. It was built in

human proportions with 1.47 meters of height an&®Wweight.
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Figure 2.12: Humanoid robot prototypes by Universit Tokyo: H5-7 (from left ro
right)
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After the improvements in the field of humanoid ot by HONDA and other
Japanese universities, The Ministry of Economy atlistry (METI) of Japan announced
the Humanoid Robot Project (HRP) in 1998. The nmagtivation behind this project was to
use humanoid robots as part of the labor powerinvghciety. HRP-1 was the first humanoid
robot developed under this project by HONDA Reseaned Development. It was designed
as the next generation after the HONDA P3 robderms of shape and controller strategies
[23]. Later on National Institute of Advanced Inthied Science and Technology (AIST)
commenced their own prototype HRP-2 as the secantahoid robot within the project in
2001. Compared with HRP-1 it was a lighter robahvia8 kg weight and 1.54 meters height.
The mechanical design and the controller systerhilRP-2 was developed by AIST. The
main success of HRP-2 was its compact design. Eiiik previous humanoid robots, it does
not use any backpack and has a thinner more huikeubddy structure. Afterwards HRP-3P
was developed. It was designed to perform in rougtking environments [24]. The current
prototypes of this project are HRP-4 and HRP-4Ce Wtain contribution of HRP-4 was its
lighter and cheaper design. HRP-4 weighed only g8vith 1.51 meter height and it has 34
DoF [25]. Unlike the pervious prototypes of AIST damRP-4, HRP-4C is developed
straightly by the motivation of humanoid robot usag entertainment industry such as
exhibitions and fashion shows [26]. It is a femlalemanoid robot designed with a realistic
head and a realistic figure of human being [26puFé 2.13 shows the prototypes of
Humanoid Robot Project by AIST.

%

Figure 2.13: HRP-2, HRP-3, HRP-4 and HRP-4C (kefight)
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Figure 2.14: KHR-1, KHR-2 and KHR-3 (HUBO) of KAIST

Korea Advanced Institute of Science and TechnoldgAIST) presented the
humanoid robot platform KHR-1 (KAIST Humanoid Ropot 2002. It was 48 kg of weight
and 1.2 meters of height with 25 DoF. Success#lilstwalking performance was realized by
using force/torque and inertial sensors [27]. KHR&S the second generation of these robots
which was able to walk on uneven surfaces andniadlifloor [28]. Current prototype of the
KHR series is KHR-3, it has more human-like feasursmovements and human-friendly
character [29]. It is also able to generate a wglikirajectory online by varying walking
period and stride [30]. Figure 2.14 shows the KldRots of KAIST.

PAL Robotics and Boston Dynamics can be consideredthe most successful
commercial robotic firms manage to create their gwatotypes. The Reem series was
developed by PAL Robotics which is located in Spaincan be considered as the most
advanced adult-size humanoid robot built in Eurdpeem-B , the second prototype of the
series, is equipped with sensors that allow ituto@omously learn its environment and to
walk within it, avoiding obstacles, with no humamervention [31]. Another commercial
humanoid robot, Petman, was introduced by Bostonabycs (USA) in 2011. It is the first
humanoid prototype which able to walk using actuahan shoes. In addition, it successfully
achieved human-like heel-toe walking [32]. Figuré&2shows Reem-B of PAL Robotics and

Petman of Boston Dynamics.
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Figure 2.15: Reem-B of PAL Robotics (left) and PEAIMof Boston Dynamics
(right)

In addition to the adult-size humanoid robots, tesearch field of humanoids
accommodates kid-size robots as well. There areamwanced kid-size robots introduced in
recent years. The first one is the NAO robot ofelddran Robotics in France [33]. It has 21
DoF, 0.6 meters height and 4.3 kg weight. The naditiv of introducing the NAO robot is to
reduce the cost by size, without losing quality gedformance. As a result of lower cost
NAO robots are available for the use of educattagnitive robotics and in the fields which
require robot to robot interaction such as Robotc8o World Cup (Robocup), an
international competition with autonomous roboticeer matches. In 2007 NAO robot was
selected as the platform for the Robocup StandéatfoPm League (SPL) [34]. DARwIn
(Dynamic Anthropomorphic Robot with Intelligencey ianother successful kid-size
humanoid robot. It was introduced by RoMelLa (Rat®tnd Mechanisms Laboratory) in
USA. It won the 2011 and 2012 kid-size league itddup [35]. Similar to NAO, DARwIn
is also available commercially. Figure 2.16 show&CONof Aldebaran and DARwIn of
RoMela.
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Figure 2.16: NAO of Aldeberan (left) and DARwInRbMeLa (right)



Chapter 3

3. A SURVEY ON BIPEDAL ROBOT WALKING REFERENCE
GENERATION AND TUNING

One of the vital issues in humanoid robotics fieddto generate a stable walking
reference for the bipedal structure to serve ityddée environment of humans. This chapter
examines walking reference generation methods osdapedal robots and the tuning of the
generated walking reference trajectories. It isanimed as follows. First section describes the
walking reference generation techniques under tai@gories, namely, ZMP based gait
reference generation methods and alternative walk@ierence generation methods. The

second section presents the heuristic tuning methpglied on walking reference generation.

3.1. Reference Generation Methods for Bipedal Walking

In this section walking reference generation meshaskd for biped robots are

presented.

3.1.1. Walking Reference Generation Methods Using ZMP Criterion

ZMP criterion is a frequently used method for aging stable walking reference
generation. In order to maintain the stability dgrthe walk period of a robot, the ZMP must

lie within the supporting polygon.

The ZMP coordinates are functions of the positiand accelerations of each of the
links and body of the humanoid robot. It is quitHicult to make use of these functions in
the design of reference generation, due to the pumbvariables involved and the dynamic
complexity of the bipedal structure. As a resulip tdifferent approaches are applied to
maintain the ZMP based stability during walking.eTsimplified model based approaches

and the approaches using heuristic techniques.

3.1.1.1 Heuristic Method Based Approaches

Heuristic methods, often called experience-baselnigues, are often used to solve
problems with high-complexity. For the stated pewblabove, these techniques are suitable
to determine sub-optimal or satisfactory resuliszZy systems and genetic algorithms are

commonly employed within the studies of walkingareince generation of the biped robots.
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In 2000, Zhang, Wang, Quing and Fu proposed asyaithesis method which uses
the reaction force between the feet and ground. [B6Fording to proposed method, by
treating the entire biped robot as a genarakgment extended rigid body kinematics chain
and determining its response to external forcesraamhents using D’Alembert’s principle,
the relation between the joint trajectories anarfleeactive force is deduced [36]. Also the
requirement of the double support phase is undstligince it allows the move ZMP
smoothly between single support phases. In addititenauthors state that the ZMP is highly
affected by the CoM displacement caused by swigg With these observations a fuzzy
logic based ZMP trajectory generation method isoshiced in order to achieve heel to toe
foot motion during the walking gait. (Heel to toeton is based on the observations made
on human locomotion. It suggests that, in the swows landing phase the contact to the
ground start with the heel and in take-off phagedbntact to the ground is left with the toe.)

The authors conjecture that this foot motion redube motion range of the trunk [36].

In 2001, Takeda et al. proposed a genetic algoribhsed gait synthesis method for
biped robots. Minimum energy consumption and minimorque change is sought [2]. The
verification of the stability is obtained by the BAwtriterion. Fitness function of the genetic
algorithm consists of two parts. In the first paine minimum energy function is determined
by taking the integrals of the generated torquenduwalking. The results generated in the
first part, for minimum energy consumption, are bomed with the second part which
determines the rate of change of the torque. Theewvaf these cost functions are attached to
every individual in the population. The joint angéference trajectories are employed as GA
variables and written as time polynomials with exgpto the given constraints. In order to
increase the learning process of GA a Radial Basiztion Neural Network (RBFNN) is
adopted. The resulting reference trajectories estedl by a simulation using a 12 DoF biped

model of Bonten-Maru |.

3.1.1.2 Approaches Using Simplified models

A simple approximate model could be used for thetesys with large number DoF
and complex dynamic equations. Considering the miymacomplexity of the bipedal
structure such approximation will be suitable. T$gstion examines the ZMP based walking

reference generation methods which adopt simplecappate models.

In these works, predefined ZMP trajectories aredusegenerate a stable walking

reference for robot’s CoM. This subsection givesiavey on these methods.

19



Kajita et al focused on real-time walking contrdi @ humanoid robot using a
simplified three-dimensional linear inverted pendual model (3D-LIPM) in 2002 [37]. It
allows a separate controller design for the sdgital frontal motions and simplifies the
walking gait generation significantly. Figure 3.hiosvs the 3D-LIPM which is used with
motion constrained derivation for walking gait &etory generation. In the experiments an
input device, gamepad, is used for straight walldagvell as omnidirectional walking. The
projection of the robot CoM on walking surface dedithe change of direction in walking

and step size together with the online modificabbfoot placements.

—_—
N

<

Figure 3.1: 3D inverted pendulum model

Lim, Kaneshima and Takanishi proposed an onlinekiwgl pattern generation
method for biped humanoid robots with trunk in 2Q88]. They divided the walking gait
cycle in five phases namely; stationary, transistgady, transient and stationary as shown in
Figure 3.2. The walking pattern generation work&o#lews. First, lower-limb motions of the
new walking cycle are calculated, updated and octedeto the previously generated five-
step pattern for online modification. Using the afadi walking command the trunk and waist
motions are determined according to the trajecdodé lower-limb motion and ZMP to
compensate the moments created by the lower-limtionin previous part. Transient and

steady phases are necessary for such compensation.
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Figure 3.2: A complete walking gait cycle [38]

The scheme in Figure 3.3 points out the stageshisf online walking pattern
generation method. After the change of walking pet@rs according to a task or visual
information the new five-step lower-limb patterncieated in first stage. According to the
pattern of lower-limb, trunk and waist motions atiee corresponding ZMP pattern is
generated for compensating the moments causecetgwrer-limb motions. All together this

final pattern is inserted as the following gaitleyc

Walking Parameters

——

Making S-step lower-limb
pattern
/ Determining ZMP patterr/

— |

Trunk and waist motion
by compensatory motion
control

/Trunk and waist pattcm7

— ]
Selecting the middle step

Zwalking pattern/

Figure 3.3: Online walking pattern generation aestture [38]
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Another real-time walking pattern generator wasellgyed by Sugihara, Nakamura
and Inoue in 2002 [39]. In this method the contotenter of gravity (CoG) is achieved by
the indirect manipulation of ZMP. It consists ofufoparts; the first and second parts
determine the planning and manipulation of the ZMiereas in the last two parts CoG
velocity decomposition to joint angles and locattrol of joint angles are adjusted. The main
advantage of this method is its straightforward liappility. Since it uses a LIPM, the
method can be applied to the robots with high Dagily.

In 2004, Harada, Kajita, Kaneko and Hirukawa présgra real-time walking gait
generation method similar to [39] [40]. In this imed the reference generations of the CoG
and ZMP trajectories are derived simultaneouslyn@ared with [39] the method proposed
in [40] provides a faster and smoother gait tramsifrom the previously calculated gait
cycle. In addition [40] uses quasi-real-time coniogcin addition to the real-time connection
between gait transitions. This allows a transitietween highly varying step sizes. Due to its
virtue, this method allows the regeneration, if tipelated gait cycle fails to execute in within

the time of current step sequence, of new walkeigaycle.

Kajita et al. presented a gait generation methoidiwhses preview control of ZMP in
2003 [41]. This control method used in offline arine simulations which consists of three
terms, the integral action on tracking error of ZMie state feedback and the preview action
using the future reference. The dynamic model eftiiped robot is simplified using a table
cart model shown in Figure 3.4. This model is ssgge and intuitive for obtaining of ZMP

references.

Figure 3.4: A table-cart model [16]
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Tanaka et al. presented a real-time walking gaangle for a humanoid robot HRP-2
in case of an emergency stop, in 2006 [42]. A simalpproach to [39] is applied for the gait
transition. The proposed method was able to cuZMP trajectory in case of an emergency
while maintaining the balance of the robot [42].eTbait cycle transition is achieved by
making a map of relation between the ZMP modifaratand the timing of command. The
amount of modification was derived using the prevmontroller as in [41]. A sudden stop

scenario was implemented on HRP-2 for the validatiothis approach.

In 2006, Verrelst et al. proposed a method whicnges the stepping of a gait with a
fluent dynamic motion using the ZMP criterion [48tability of this method is tested on
HRP-2 by stepping over a large obstacle. Againiprexontrol method is used to derive the
modification of the ZMP reference in a way similaif41]. In the experiments on HRP-2 this
method is proven to be useful for reducing the tteadorces for dynamic motions such as

overstretching the knees.

Nishiwaki and Kagami applied a stable walking pattgeneration system which can
update the pattern at a period of 40 millisecoddd. [Similar to [41], [42] and [43], preview

control is adopted for this method.

In 2008, Huang et al. proposed a walking pattermeggtor for walking on slopes and
stairs [45]. This method embraces the preview obmirethod and table-cart model in order
to determine the future ZMP locations accordin@ tknown slope gradient. This method is
applied on a simulation environment for differefdpe gradients varied between 5 to 20

percentages.

Erbatur and Kurt proposed a forward moving ZMP mexfiee trajectory for a stable
and human-like walk. The method employs Fouriefeseapproximation to obtain CoM
reference trajectory [46]. This method makes usehef periodicity of walking reference
trajectories as is done with Fast Fourier Transfo(RFT) in [47]. The double support phase
of the ZMP reference trajectory is obtained by lzrscsmoothing function in this method, as
an additional advantage this function smootherptieks result in Gibbs phenomenon due to
Fourier approximation. The user is allowed to detinwalking period without the freedom of

assigning the partitions of single and double suppleases in it.

In [48] this downside is eliminated by defining @ntinuous ZMP reference

generation which allows user to assign the duratiohdouble and single support phases
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within a walking period. This feature is especialigeful since the tuning of double and
single support phase partitions plays a crucia inlexperiments as suggested in [49] and
[50]. This method is tested via simulations onftiledynamics three-dimensional model of a
12-DoF biped robot.

In 2009, the CoM reference trajectory generationhae in [48] is implemented on
SURALP. The experiments verified the applicabibfythe proposed method for natural ZMP
reference generation and CoM reference trajectenegation. In [51] an omni directional
pattern generation method is proposed with the Hg§ed reference algorithm in the context
of gait generation. This method is tested via expemtal studies on humanoid robot
SURALP too.

3.1.2 Alternative Walking Reference Generation M ethods

Although the ZMP criterion is the most widely usexthod for walking reference
generation for bipedal robots there are alternagipproaches too. These methods can be
investigated under three different categories. @éMmattern Generation (CPG), parametric
function based method and heuristic methods.

CPG is a bio-inspired technique often used for éeggobots. Designing self-
oscillating systems which allows the derivatiorspfichronized periodic motions of the joints
is the main idea behind this method [52]. Althoubls technique is used for the walking
reference generation of multi-legged robots (qupeds, hexapods) in general, some of the
works [53-56] address biped robots as well. Thedstone application of CPG for any
mechanism is impossible due to the dynamics ofetngronment. As a result an additional
algorithm or model is adopted for the implementagio

In 1990 Zheng proposed an autonomous gait synthesthianism for generating the
motion trajectories of a biped robot [55]. The nmesuksm consists of a CPG, an adaptive
neural network and a switching unit. CPG is resfiador generating gait patterns for both
voluntary and involuntary joint motions. Here, ihet motion is voluntary than the
synchronized periodic walking trajectory is genedatlirectly by CPG whereas if the motion
is involuntary it is sent to adaptive neural netwvdor generating reflexive motions
accordingly. The switching unit is used for makiegl time decisions between voluntary and
involuntary motions according to the environment.

In 1991 Taga et al. presented a CPG driven walleference generation, the stability

of the locomotion is maintained by a global limigcke [54]. The global limit cycle is
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achieved by using a nervous system which generhtgemic joint motions. The nervous
system composed of CPG driven neural oscillatoid @musculo-skeletal system which
includes Newton-Euler driven dynamic interactiongwvenvironment. Figure 3.5 presents the
overall control architecture of the system. Thebiitg of the method is verified by a

simulation of 4 DoF planar biped robot.

Higher Center
(nonspecific parameter)

Neural Rhythm Generator

(differential equations of
coupled neural oscillator)

motor sensory
command feedback

Musculo-Skeletal System
(Newton-Euler equations)

Environment

Figure 3.5: Control architecture proposed in [54]

In 2005, Aoi and Tsuchiya proposed a CPG basedimglkeference generation
method which obtains steady walking by achievingtable limit cycle [53]. In order to
maintain the stable limit cycle during the walkiafthe robot, three preliminary problems
are addressed. Designing the motions of the robubs|, determining the interlimb
coordination and connecting the joint motions tabt limit cycles through a relationship.
The design of limb motions is managed by creatioigninal trajectories of the joints of each
limb. The phase of a nonlinear oscillator is usedobtain stable rhythmic motion. The
interlimb coordination is achieved via the phasatien between the generated nonlinear
oscillations. Finally, regarding the third probletme phases of oscillators are reset and
modified nominal joint trajectories are generatedaading to sensor feedback. The proposed
joint trajectory generation system is tested on HAIA a 20 DoF kid-size humanoid robot,

and stable walking is achieved.
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In addition to the bio-inspired CPG techniquesrétere also periodic function based
walking reference generation techniques. Theseniqubs generate a walking reference
trajectory by combining periodic functions (sinukoicosine) according to kinematic or
dynamic constraint conditions of the robot.

Kawamura et al. proposed a function based parantesjectory generation method
in 2000. The method based on the computation df pogition and orientation references
with respect to the trunk coordinate frame [57]ofeferences are generated as sinusoidal
functions inx, y andz directions. In 2004 this method is improved by iagdkinematic
constraints to the foot references [58]. The imprbmethod states that the foot must land to
the floor with zero velocity in order to expose rmuom amount of impact from the floor. So
the position, velocity and acceleration alony andz directions of each foot must be equal
to zero during landing phase which means theresiareonstraint conditions. In z direction
there is an additional constraint condition whitdites the swing foot reach its peak along z —
direction at the half time of swing phase. Accogdio the determined constraints the feet
trajectories along andy direction are designed a&' ®rder polynomial function of time
whereas the feet trajectories alangirection designed as"6rder polynomial function of
time. The method used in [58] is tested by expemialestudies on a 14 DoF biped robot
MARI-1.

Taskiran et al. proposed a similar method with smdott trajectories and introduced
a ground push motion in 2009 [59]. The foot refeemare generated as sinusoidal functions
similar to [57] however the additional time phases added to these functions in order to
achieve smooth trajectories. The ground push masomtroduced for the foot reference
trajectory along-direction in order to obtain a successful takefoffthe foot. The method is
verified by stable walking of SURALP in experiments

Apart from CPG and periodic function based methotigre are also direct
applications of heuristic methods for walking refece trajectory generation. The works
which uses such methods, proposed cost functiarisdimg the fall of the robot to ground.
Therefore, the experimental studies are carriedusing kid-size humanoid robots which do
not severely damage by falling down.

Yamasaki, Endo, Kitano and Asada presented a metbochumanoid walking
acquisition through minimizing the energy consummptibased on a two-stage genetic
algorithm in 2002 [60]. In the first phase of thekition, the total walking distance traveled
without falling down is considered. The second pghaslculates the sum of energy

consumption for each joint during the walking. Eaetividual is tagged according to the
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results obtained from the given phases and prodefsecross-over and mutation. The
resulting fitness functions by the evolutionary qgess are used for walking reference
trajectory generation. The GA based walking refeesnare compared with the conventional
ones in terms of torque consumptions via walkingpegixnents on a 26 DoF kid-size
humanoid robot PINO. GA based walking referencesvgrto be more energy efficient

compared with the conventional method.
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3.2. Reference Generation Tuning of Bipedal Robots

For a biped robot to practice a complex task, theegation of a walking reference
generation is vital but not sufficient. Additionmhprovements of the walking in terms of
speed, power consumption and stability are necgs$ardesign an optimal walking gait for
biped robots is theoretically possible by using aiyic analysis. However the dynamic
equations involved in a walking process are oftem complex, especially for robots with
large number of DoF. As a result the works on mddesled non-heuristic optimal walking
gait trajectory generation often used extremelypéénbiped models which make the direct
applicability impossible.

In 1998, Roussel and Cannudas-de-Wit proposed &omdab generate an energy
optimal walking gait cycle [61]. However the pretsh method uses a simplified robot
dynamics which ignores the effects of centripetatés. Moreover the real-life phenomenons
such as friction are not considered in dynamic g#gos of the biped model. The generated
gait cycle is applied on simulation which usesa fooF planar biped mechanism.

Chevallereau and Aoustin presented a method torrdete the minimum energy
consumption trajectory of a walking and runningedaiprobot in 2001. [62] The proposed
method assigns fourth order time polynomial furdido position and velocity of each joint
using three different configuration phases for eatdp, namely; initial, intermediate and
final. The results are applied to a four DoF planiged robot via simulation.

Although [61] and [62] have contributions to fietaf biped robots in terms of
theoretical guidance, the proposed methods arsuitatble for experimental humanoid robot
platforms. As a result most of the studies in flekl employ a heuristic method in order to
further improve the walking trajectory. This seatipresents a survey on the heuristic
methods used for walking gait parameter tuning iamgrovement of walking gait of legged
robots.

There are various heuristic methods applied to avprthe gait or further tune the
walking parameters of a biped robot. Fuzzy systegesetic algorithm, neural networks,
reinforcement learning, nelder-mead optimizatiod aptimal gradient method are the ones
used most commonly. These methods are preferredatieeir robustness in search and
optimization and easy adaptability.

In 2003 Erbatur and Bebek proposed an online fazaptation scheme for one of the
walking trajectory parameters-feference offset) [63]. The algorithm runs offlin€his

parameter is assigned to compensate the unevemtvekggribution of the biped robot in the
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walking (x) direction. In order to maintain the robot’s balarduring the tuning simulations,
virtual torsional springs are attached to the bodgin of the biped robot about tixey andz
axes of the trunk. In addition, the resulting ta@drom the pitch torsional spring is used as an
input to a fuzzy system which computes tkeeference offset. The-ref asymmetry
parameter converges to the same value after fuaiyirig approaches using different initial
values. The method is verified by a successful veathulation after removing the virtual
torsional springs.

Picado, Gestal, Lau, Reis and Tome proposed anmaitito walking reference
generation method for robotic soccer using GA i02{64]. The joint trajectory planning is
achieved by partial Fourier transforms and a GAided for tuning the parameters of each
partial Fourier transform. The fitness functiorsiated as the sum of the distance to the ball
and average oscillation of the torso. The resulkogrier transform parameters for walking
reference generation are tested by simulation&dd@F kid-size humanoid robot NAO and
stable walking is achieved.

Kim et al. proposed a method which determines agdtvia-points data using a GA
which minimizes the sum of deviation of velocitiend accelerations [65]. This method
further improves the reference trajectory of th@tjoelocities and accelerations of a ZMP
based reference. The fitness function of the germdgiorithm is assigned as sum of square of
differences of velocities and accelerations betwé®n sampling times for each joint.
Resulting trajectories are tested on an 8 DoF bipddt IWR-III and stable walking is

achieved.
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Chapter 4

4. SURALP: AFULL BODY HUMANOID ROBOT

SURALP is a full-body humanoid robot platform dewd for bipedal walking
experiments. The project was funded by TUBITAKe tonstruction period and completed
in 2009. This chapter introduces SURALP in termshafdware, implemented walking
reference generation and control architecture. dVverall view of SURALP is shown in
Figure 4.1.
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Figure 4.1: Humanoid robot SURALP

4.1. Hardware

This section briefly explains the hardware progsrtiof SURALP in terms of
mechanical design, actuation mechanism, contrbdedware and sensor system. SURALP
has 29-DoF, including 6-DoF legs, 6-DoF arms, 1 DakRds, a 2-DoF neck and a 1-DoF
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waist. It has a centralized controller hardwaradited to its trunk. SURALP has a height of

1.66 m and a weight of 114 kg. The dimensions efrtbot are given in Figure 4.2.
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Figure 4.2: Dimensions of SURALP

The arrangment of the joints is designed as follodghe legs, hips are composed of
three orthogonal joint axes intersecting at a fipetht. The knee axis follows the pitch axis
of the hip and the ankle is attuned to knee pitcis.al'here are two ortogonal joint axes
located at the ankle to move around ankle pitchraticaxes. The arms are connected to the
trunk by shoulder joints which consists of threthogonal axes like hip joints. The joint axis
of elbow is configured to follow the the yaw axistioe shoulder. The elbow is followed by a
roll axis in the forearm and a pitch axis in thasiwrAt the endpoints of the arms there are 1
DoF grippers generating a linear motion to provndad-like behaviour. Figure 4.3 shows the

overall kinematic arrangment of the SURALP.
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Figure 4.3: Kinematic arrangement of SURALP

The Denavit-Hartenberg axis assignment for the 6-[&gy is shown in Figure 4.4.

The Denavit-Hartenberg table is presented in Talle

Figure 4.4: Denavit-Hartenberg axis assignmen6f@oF leg
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Table 4.1: Denavit Hartenberg table with respeditre 4.4

a | a d 6
Link1| 0 |-90°| 0 | &
Link2| 0 [90°| O | &
Link3| L, | oo | O | &
Link4| Z, | 0°| O | 6
Link5| 0 |-90°| 0 | &
Link 6| L 0° 0 0;

The length and weight information of each link gieen in Table 4.2.

Table 4.2: Length and weight information of links

Upper Leg Length 280mm
Lower Leg Length 270mm
Sole-Ankle Distance 124mm
Foot Dimensions 240mm x 150mm
Upper Arm Length 219mm
Lower Arm Length 255mm
Robot Weight 114 kg

For the actuation of the joints DC motors are ugaakry joint has a single motor for
actuation except knee joint. In order to satisfg thigh torque requirement knee joints are
driven by two DC motors. Harmonic drive gears asedito obtain high reduction ratios
within a compact space. Belt-pulley systems arel ugeransfer the generated motion from
DC motors to harmonic drive gears. Table 4.3 showegtor powers together with the
reduction ratios of harmonic drive gears and belley systems.

The sensor feedback is procured by joint incremesmaoders which measure the
motor angular position, force/torque sensors, artisl measurement system and CCD
cameras. The angular positions of the motors amsuored by 500 ppr (pulse per revolution)
optic incremental encoders. Force and torque meamnts are taken by the 6 axis

force/torque sensors attached to wrists and ankles.Inertial measurement system consists
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of a gyroscope, an inclinometer and a linear acomleter positioned inside the trunk. All
together these sensors give the information ofandl pitch angles and angular rates in roll,
pitch and yaw axes. The CCD cameras are mountttetbead of the robot via USB cables
for visual information. Table 4.4 shows the workiagnges, mounting locations and allocated
control board channels.

Table 4.3: Joint actuator specifications

Joint I\P/Io(\)/\t/g I;u;{;e'g Rlytjio Motor Range
Hip-Yaw 90w 3 120 -50 to 90 deg
Hip-Roll 150W 3 160 -31to 23 deg
Hip-Pitch 150W 3 120 -128 to 43 deg
Knee 1-2 150W 3 160 -97 to 135 deg
Ankle-Pitch 150W 3 100 -115 to 23 deg
Ankle Roll 150w 3 120 -19 to 31 deg
Shoulder Roll 1 150W 2 160 -180 to 180 deg
Shoulder Pitch| 150W 2 160 -23 to 135 deg
Shoulder Roll 2 90W 2 120 -180 to 180 deg
Elbow 150W 2 120 -49 to 110 deg
Wrist Roll 70W 1 74 -180 to 180 deg
Wrist Pitch 90w 1 100 -16 to 90 deg
Gripper 4w 1 689 0 to 80 mm
Neck Pan oow 1 100 -180 to 180 deg
Neck Tilt 70W 2 100 -24 to 30 deg
Waist 150w 2 160 -40 to 40 deg

The controller electronics of the robot is basedd&PACE modular hardware. The
DS1005 of dPACE family is the central controllerabd used for SURALP’s control
mechanism. Bipedal locomotion algorithms of theotatun on this board. In addition to the
central DS-1005 board there are seven DS3001 irerhencoder input boards used for the
connectivity of 35 joint encoders. Currently 31 thiese connections are occupied by
SURALP’s encoders. A DS2002 board is used for A/Gnwersion of inertial and
force/torque sensors and a DS2103 is used for thecBnversion of reference signals of the
actuators respectively.
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Table 4.4: Sensory system of SURALP

Sensor Number of Channels Range
Incremental
All joints optic encoders 1 channel per joint 500 pulses/rev
+ 660 N (X, y-axes)
N i
Ankle /T sensor 6 channels per ankle + 1980 N (z-axis)
+ 60 Nm (all axes)
Accelerometer 3 channels +2G
Inclinometer 2 channels + 30 deg
Torso
Rate gyro 3 channels + 150 deg/s
+ 65 N (X, y-axes)
Wrist E/T sensor 6 channels per wrist + 200 N (z-axis)
=5 Nm (all axes)
Head CCD camera | 2 with motorized zoom 640x480 pixels (30 fps

These boards are located in dSPACE Tandem autobobuox overall hardware

structure is presented in Figure 4.5.
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Figure 4.5: The complete hardware architecturelRALP
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4.2. ZM P Based Walking Reference Generation

In this section ZMP based walking reference germmaradf SURALP is explained.
The sketch in Figure 4.6 shows the typical bipedotowith 6-DoF legs for which the

reference generation and control algorithms presebélow can be applied.

O Robot Center
of Mass

x o Foot

Foot

z I/y
contact point

Figure 4.6: Typical biped robot kinematic arrangaimén single support phases, it

contact point

behaves as an inverted pendulum.

#
6 z =z, plane
—ocosnne®)

b

Figure 4.7: The linear inverted pendulum model

Instead of using this complex full dynamics modedlse simple linear inverted
pendulum model is more suitable for reference gsitar and controller design purposes. A
point mass is assigned to the CoM of the robotirepresents the body (trunk) of the robot.
The point mass is linked to a stable contact pmnthe ground over a massless rod. The rod
is an idealized model of a supporting leg. The gway is assumed to be massless too. With
the assumption of a fixed height for the robot CaMinear system which is decoupled in the

x and y directions is obtained. The system described alisvehown in Figure 4.7

c=(c, C, CZ)T is the coordinates of the point mass in this ggur
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The ZMP criterion is the most widely accepted asddustability criterion in biped

robotics. The ZMP is defined as the point on they plane where no horizontal torque
components exist. For the point mass structure shawrigure 4.7, the expressions for the

ZMP coordinatesp, and p, are [66]:

p =C —iﬁ
g (4.1)

_ 7.

p,=C, ——=¢
y 7y g y 4.2)

Z, is the height of the plane where the motion ofgbmt mass is constrained agd

is the gravity constant.

The ZMP and the CoM can be related to each othertvé equations (4.1) and (4.2).
A suitable ZMP trajectory can be generated for rezfee generation purposes. As the
stability constraint, the ZMP should always lietle supporting polygon defined by the foot
or feet touching the ground. In the following, a BMeference is generated incrementally, by
the discussion of three versions. The ZMP locatian be chosen as the middle point of the
supporting foot sole. In [66], the reference ZMRBjdctory shown in Figure 4.8 is created

with this idea. A is the distance between the foot centers in\thdirection, B is the step

size andT is the half of the walking period in this figurik.can be seen from the figure,

firstly, step locations are determined. This sébecbf support foot locations and the half
periodT defines the staircase-likp, and the square-wave structurpgl curves.

Investigations in [67-69] show that the natural lmnZMP moves forward under the

foot sole.
In order to address this issue, the reference curve shown in Figure 4.9 is employed

in [46]. In this figure, ZMP moves forward in siegsupport phases tob. defines the range
of the ZMP motion under the sole.

Still, there is room for improvement for the refece ZMP trajectory shown in Figure
4.9: The transition from right swing to left swiphases (and vice versa) occurs instantly, as
indicated by the discontinuities in Figures 4.9l &.9.c. [48] proposes the ZMP reference
trajectory in Figure 4.10 to solve this problemibgerting double support phases between

swing periods.
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The introduced ZMP reference trajectory is presgmd-igure 4.10. The double support
phase is introduced by using the parametein this figure. A linear interpolation interval is
inserted around multiples of the half walking pdrib. The durations of the intervals are equal
to 2r and they correspond to double support periodsceléme double support period is freely
adjustable with the parameter

The mathematical description of thg™ (t) in Figure 4.10 is given by

ref _B

T e
px _?(t _E) + px f (43)

rref

where p.® is periodic with periodl . p® can be expressed as a combination of three

line segments ond, T |.

Q +ot if O<st<r

rref

P, =1Q,+ot if T<t<T-r1
: (4.4)
Q,+ot if T-r<t<sT
Here,
0
leo, 0-1:7,
-20
Q,=0-10,, 0,= :
2 20 Y2 T o (4.5)
Q,=-0-(T-1)0,, 0,=0,.
with
5=T-2B_p
T 2 (4.6)

Note thatd is the magnitude of peak difference betwegfl and the non-periodic

component% (t—g) of pi*. J can be computed from Figure 4.11 geometrically.

Py (t) in Figure 4.10 is expressed as
pff = iA(—l)"{ 2_2r(t - kT)[u(t (kKT =7)) —u(t — (kT + r))]
k=1

+[ut = (KT +7)) —u(t— (KT +T —r))]} (4.7)
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where u(Jrepresents the unit step function.

Having defined the curves, and hence the matheabdtinctions forp'® (t) and p;ef 1),

X

ref ref

the next step is obtaining CoM reference trajeetofiom p,” (t) and p, (t). There are various

approaches used for the CoM computation from ZMfereaces [66-69]. From these, the
authors in [46] implement a straight walk ZMP refere and perform Fourier series
approximation technique to compute the CoM refegericajectory and [48] presents
experimental results for this method on the hundnaobot SURALP . [41] uses preview control
method to compute the CoM reference trajectory [@2§l shows experimental results for this
method on the humanoid robot HRP-2.

Position control schemes for the robot joints vjiint references obtained by inverse

kinematics from the CoM locations can be derivedeotine CoM trajectory is computed.

Defining w, =./g/z, , we can rewrite (4.1) and (4.2) for the referenvegiables as

follows.

aref ref ref
Cx - aﬁcx - aﬁ px

(4.8)

C;ef - O.EC;ef _ aﬁp;ef

(4.9)

Note that they-direction ZMP referencep;ef(t) is a periodic function with the period

2T . It is reasonable to assume thé’?f (t)is a periodic function too and that it has the same

period. Hence, it can be approximated by a Fogeees

)

- Nonperio’cgljic v
o ~ A
g tof P
g | partof P /i
x
£
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s2( 1
8 720
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Figure 4.11: The parameteér
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e (t) = %o, Zak cos(z—) +b, sm(zrkt (4.10)

By (9) and (10),p;ef can be expressed as

re re ~ret - n2k2 Zkt ”2k2 . 271-(1:
f(t) C, f Encyf _%+kz:;ak(1+ aﬁTz)COS(ZZT )+hb 1+ waz)Sln( 2_I_) (4.11)

Noting that this expression in the form of a Fouseries forp;Ef (1), and smcep"af ) is

an odd function, we can conclude that the coefiisies, /2 and a, (1+ (77°k?)/(«fT?)) for
k=123 are zero. In order to compute the coefficieltel + (77°k*)/(«'T?)) we can employ

the Fourier integral:

2
O+ ) = o

As a result, after some arithmetical steps (omilteck due to space considerations), the

I Py sm( (4.12)

Fourier coefficientd, of CL” (t)in (4.10) can be obtained as

asz ZA{ { — —) rcos&) }
SUELL < > ifk isodd
b, = {cos@) —cos@)} } (4.13)
0 if keven

for k= 123---
The second step is finding the Fourier series aoeffts forc* . In Figure 4.10p[ (t)
is not a periodic function. It cannot be expresasda Fourier series. However, as expressed

above, this function is composed of the periodiection p* and the non-periodic function
( (t——)) The periodic part ofp!® (t) is shown in Figure 4.12. It is again a reasonable

assumption that)”" has a periodic part and a non-periodic part taother, if we suppose that

ref

the two non-periodic parts (of.* (t) and c'®') are non-equal, then the differeng& (t) - !
will be non-periodic. This is not expected in a twomous walk as the one described in Figure
4.10.
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Therefore we conclude that the non-periodic paftthe two functions are equal. Note

ref

that, as shown in Figure 4.12, the period of théope part of p,” (t) is T and we can make the

ref

same statement for the period of the periodic glae®" . Finally, c/*' can be expressed as

2mt
=2+ D +Zakcos(2—)+ﬁk sin (4.14)

8
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(]

‘S B/2-b ]
a WW
=

N 0
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Olf 'ZIT‘3’TK4'T‘
Time

Figure 4.12:p"" (t), the periodic part of the -direction ZMP reference.” (t)

Recalling (4.8), with (4.14) the expression faf' (t) with a Fourier series is

1

ref ref s ref

(t)=c, ——¢€
o

( )+_O+Zak 1+ k> 27kt (4.15)

k2)cos(2 )+,8k(1+ )SI _I_)

T

Therefore the Fourier coefficients qf® (t), the periodic part ofp* (t), are a,/2,
a, (L+ 1%/ afT?) and B (L+77°K*/fT?) for k= 1,23, --. The Fourier coefficientsr, /2,
a, (L+ 71°k%/afT? of p/™ (t) shown in Figure 4.12 are zero because this igddrfunction. The
coefficients for B, (1+ (77°k®)/(«fT?)) can be found by

B+ ¢ fT?) =2 Jp”ef OsinéZ ot (4.16)
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This yields the result

2T 2
B = ol 2 { al[—rcos(zﬁkr)+ T sin(ZTT)]

k% + w?T? 1k 27k
27Kkt T 27Kkt
+ az[ T cos(T) - Z(COS(TJJ (4.17)
- Lsin( 277kT) :| }
27k T

fork=123---.

ref ref

The curves obtained foc,” and €, are shown in Figure 4.13 together with the

corresponding original ZMP references (as defime&igure 4.10). The infinite sums in (4.10)
and (4.14) are approximated by finite sumsNbfterms (N =24).In Figure 4.13, the following
parameter values are usedl=01 m, B=01 m, b=004, T =1 s andr = 0.2s.

In addition to the CoM references, foot positioference trajectories have to be designed
too: Inverse kinematics then can be employed td fire reference positions of the leg joints
which bridge the CoM and the feet. TReand z direction components of the foot trajectories

are shown in Figure 4.14.a and Figure 4.14.b résede These curves are smooth
combinations of sinusoidal and constant segméntss the step height parametdr, and T,

represent the double and single support periodgpentively. B is the step size from Figure
4.10. The y direction trajectories are constant atA and A for the right and left feet,
respectively, whereéA is half of the foot to footydirection distance also shown in Figure 4.10.

The foot orientation references used in inverserkiatics are fixed and they are computed for

feet parallel to the robot body.

ZMP and CoM references in y-direction
=

ZMP and CoM references in x-direction
Y

T T Mime
Figure 4.13:x and y-direction CoM references together with the coroegjing original ZMP
references
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Tds ‘

Foot references in x-direction
Foot references in z-direction

Time Time

Foot references in z-direction

Figure 4.14:x and z-direction foot references expressed in the wadde. Solid curves

belong to the right foot, dashed curves indicafteféet trajectories.
For the implementation on SURALP, a further modifion is employed. A “kick” period

is introduced at the beginning of the swing phasesase take-off of the swing foot. This version

of foot z-directional references is shown in Figure 4.14.c.
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4.3. Control Algorithm

The walking control approach of SURALP is as followFirstly, the joint position
references are generated through inverse kinemé&tics CoM and swing foot references
defined in world frame coordinates are obtaineglasvn in previous section. Independent PID
controllers are used for joint position control.sAt of compensators are then employed during
the walk for the balance and foot-ground interactemhancements. A block diagram of the

controllers used is shown in Figure 4.15

_ Trunk Orientation
Inclinometer - Control
Early Landing Walking
Modification Trajectory
Generation
Impact
F/T Sensor ™ Compensation I
Inverse
ZMP Regulation Kinematics
Foot Orientation
o Control
Foot Pitch
w Torque Difference
Compensation
Joint Encoders
Joint Motors e PID
Control

Figure 4.15: The control block diagram of SURALP

Trunk orientation control, ZMP regulation and theoff pitch torque difference
compensation are employed only during the autontattot homing procedure. Early landing
modification, foot orientation control and impaadnepensation constitute the basic walking
control algorithm together with reference generaaod PID control. [74] Examines the tasks of

the blocks in this control scheme in detail.
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Chapter 5

5. GAIT TUNING VIA GENETIC ALGORITHM WITH UNCONSTRAINED
JOINT VELOCITIES

Evolutionary algorithms can be defined as a germgojulation based meta-heuristic
optimization algorithms which use the principles lblogical evolution process such as
selection, reproduction, recombination and mutat®anetic algorithms can be seen as one of
the implementation of evolutionary algorithms. Thene applied as a search heuristic which
mimics the process of natural evolution. They areven to be robust for search and
optimization problems [70]. In addition genetic @ighm uses randomized operators instead of

deterministic rules which make it suitable for fveposed non-deterministic problem.

5.1. Problem Definition

There are many parameters involved in the generatib walking reference of a
humanoid robot. Proper tuning of these parametersiecessary to improve the walking
performance of the robot. The walking speed isatbe key features. It is a function of several
walking reference generation parameters. The agevalpcity is considered in this thesis as a
command variable and related walk parameters aredtuo generate a reference with this

locomotion velocity. The average velocity is defirees follows:

B

v =
average
Tds + Tss

(5.1)

where B is the step sizeT,, is the double support period afd, is the single support period
defined in section 4.2. The genetic algorithm iplemented for tuningl,, and T_for a given

Vaverage VAIUE. B is then determined automatically according to)(5.1
5.2. The Setting of Chromosome

After the input parameters (often named as indaigluare defined, the genetic algorithm
operates through chromosomes, formed string valfigsined parameter values, to mimic the
natural evolution. A chromosome can be formed lgyubke of the binary alphabet for the string

[71]. For this problem each of the gends, (and T_,) are represented by a 8-bit binary number
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such that one unit change within the strings whidrege the parameters by 0.01 sec. A sample

chromosome and corresponding parameter values\eme ig Figure 5.1 below.

01100110 00101100
T,=102s T, =044s

Figure 5.1: Sample chromosome and correspondiragmeter values

Since the GA parameters will have physical vallesfirst set of genes are generated

within a physically reasonable interval. The intdsvof T,, and T, are set as follows for the

first generation.
T

< <
dsmin - Tds - Tdsmax
T

o, = 028Tyy =22s
T, STys<Tg

T, =002sT, =25s

SSi

(5.2)

5.3. Dependent Walking Reference Generation Parameters

Some of the parameters in the walking referencemgion are related with each other.
The step sizeB) of the robot has a direct relation with the stejight (h,). As B increasesh,
also has to be increased to maintain a reasonabterdference trajectory imdirection. As a
result, a simple linear correlation is applied begwB and h, values. Figure 5.2 shows this
relation.

In addition to theh,, the height of the Iegshgg) are also related with step size. The

specifiedB value has to be in the work space of the givetrobientation. This relation can be

obtained from trigonometric equations. Figure H8ves the robot orientation in the case of the

maximumB value for a giverh,, .

a7



Step size vs Step height
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Figure 5.2: Linear relation betwe&mand h,

A

leg

LU

<,‘
==

|+B/2

| - S

Figure 5.3: The trigonometric relation betwd% andB

Here h.., is the lateral distance between foot sole cemdrthe hip frame of the robot.

Using the trigonometric relations in Figure 5.3 thkation betweer’ﬂIeg andB is obtained as the

inequality below;

Xassymetr;j)2 - hoszset + L6 (53)

hleg S\/(LS + L4)2 _(B/2+

h., is limited due to the physical constraints of SURAASs a result the generatBdralue also

leg

has an upper bound.
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5.4. Simulation Scenario

A Newton-Euler method based full-dynamics 3D sirtiataand animation environment
as described in [72] is used for simulation studies observe the results of the GA
implementation. In Figure 5.4, a view of the meméd animation is presented. In this system, an
adaptive penalty based method is employed to mthgelground contact. The details of the

simulation algorithm and the contact model candumd in [72].

Figure 5.4: The animation window
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5.5. Virtual Walking Aid and The Fitness Function

5.5.1. Virtual Walking Aid

In the case of an inadequate parameter selechienrpbot will lose its balance and fall in
an unrecoverable manner. It is observed that \wighranges of the parameters used in GA, many
individuals cannot maintain the stability of théod. After the start of the simulation if the value
of the parameter is unfeasible the robot falls eefmmpleting first step. However, in order to
assess the feasibility of all individuals (naturdklling ones and naturally not falling ones) in
the same standard way, a sufficient number of dhepe to be completed by the biped robot
without falling down. Therefore, a mechanism isuieed to keep the robot walking even when
the generated parameters are not suitable forysteal#ing.

The body orientation with respect to a fixed cooateé frame is one of the measures of
bipedal robots balance. This orientation can beesgmted by a set of roll, pitch and yaw angles.

In Figure 5.5 these angles are denoteddy S and ) respectively. In this work virtual

torsional spring-damper systems are employed fstrdge deviations of these angles from zero
and to pull them to the vicinity of zero. By doisg it is aimed to keep robot stable even for
parameter sets unsuitable for stable walking. ®h&dnal spring-damper systems are attached to
X (red),y (green) andz (blue) axes as shown in Figure 5.5. The value efdpring constant
employed is 500 N/m and the damper coefficienkists be 3000 Ns/m by trial and error. The

adjusted coefficients leave a reasonable motiooesfm the robot trunk.

Figure 5.5: Virtual torsional spring-damper systattached to trunk of the robot
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Angular deflections around trunk coordinate framesawith and without external
support for the current walking parameters arestesin simulations. The resulting angles are

shown in Figure 5.6.

Without external aid

Pitch angle [deg]

Roll angle [deq]

Yaw angle [deg]

0 1 2 3 4 5
Time [s]

Figure 5.6.a: The deflections around trunk cooridirzxes without external aid

With external aid
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Figure 5.6.b: The deflections around trunk coortirexes with external aid
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As seen from figures the peak-to-peak angular dedles around trunk coordinate
frames decreased for each axes with a plausilbM& tnotion space. Notice also that the decrease
in trunk deflections also varies for different axes

The effect of the proposed spring-damper system bmmescribed by the equations
below;
=K a+K a

spring damper*

u

sdroll
uSd pitch = KSpring ﬁ + Kdamper'B (54)

usd yaw = Kspring'y+ Kdamper'y

Where u Uy and ug . denote the supporting torques around xhey and z axes,

sd pitch *
respectively.

Maintaining the balance of the simulated robot iyual torsional springs is also applied
in [73].

5.5.2. The Fitness Function

Given a particular chromosome, the fitness functieturns a single numerical value
which corresponds to a performance measure okfr@sented individual [71].

The generated torques from torsional spring-dangystems can be considered as a
stability measure during the walking of the rob&s the angular deflection around the trunk
coordinate frame decreases, the resistance obtaisspring-damper system will decrease as
well. A formulation of the torsional spring dampessistance can be applied as a performance

measure for GA. For this purpose the followingdga function is defined.

Ffimess = udsdve,age + us%verage (55)
with
o t=T..+2T
— ¢ (|Ugg pitch| F [Usdrol | + usdyaw) + & (|Usg pitcn|  {Usdron | + udeaw)
dsavera e -
g t=0 Tds t=TestTys TdS
(5.6)
+ 1=2Tes*3Tss ((Ugy pitch F Usgron | usdyaW)
t=2Ts+ 2Ty Tds
and
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t=TystT. t=2Ty+2T,
u _ s, 'ss (usd pitch + |usdroll | + usdyaw) + & Ss( usd pitch + |usdroll | + usdyaw)
s%\/erage - T T (57)
t=Tys Ss t=2T et Tss Ss
t=3Ty+3T.
+ &S ( Ugq pitch + |usdroll | + Ugg yaw)
t=3Ty+2T 1;3

The fittest individuals of the population are chosesing the minimum values d¥

fitness

because the resistance (support) of external supmpaues will decrease as decreases.

fitness
The duration of each walking simulation is desatibg three steps. Since the time consumption
of simulation is increased with the number of stepwalking cycle, the minimum required step
number is determined as three. The sum of the afesalverage values of external torques is
more suitable compared with an integral of supfmndes. These summations are separated into
double support period and single support periogaetsvely. Compared to the double support
phase, the single support phase is more diffiautabilize by its nature. Hence the resulting
angular deflections are larger in the single supploase. The separation of the averaging periods
in the equation above is employed in order to pnebéased computations in favor of the support

values during double support periods.

5.6. The Selection of the Next Generation

In a natural environment, the organisms with thghést reproduction rate survive
through time. This process, often named@avivor of the fittestcomposes the core structure of
the GA. During the reproductive phase of the GAitaie individuals are selected from the
population according to their fithess values. [Th]s process, producing offspring individuals,
creates the next generation.

The candidates chosen for this process are cadleghfs. Usually the parents are selected
randomly using a scheme which favors the morenflividuals. After the selection process, their
chromosomes are recombined. In traditional GA, swesr and mutation are the two typical
mechanisms.

In this implementation the parent candidates aocseh directly through the fitness value.
The crossover and mutation operators are usedmuomaly selected parents from the candidate
pool. Also to reduce the probability of divergenaeyumber otlite (the fittest) members of each
population are transferred to the next one.
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5.6.1. The Cross-over M echanism

Crossover takes two individuals, and cuts theiogiosome strings at some randomly
chosen position. The produced segments are namedil®sand heads These segments are
swapped over to produce two new full length chroonoss. This is known as single point

crossover. Figure 5.7 shows a crossover samplgifen parents.

7 Cross-over position <;_____------

0110011001010110 Parents 0010110010f101010
) .y

Y
0110011001101010 0010110010010110

i

Children

T
A Y Y
Tail Head Tail

Head

Figure 5.7: A sample cross-over

5.6.2. The Mutation M echanism

After the crossover process, mutation is appliecdtalomly chosen individuals. It alters
a randomly chosen gene. This mechanism providasad amount of random search, and helps
ensure that no point in the search space has gmavability of being examined [71]. In Figure

5.8 a mutation scheme of an individual is presented

01 1.§LO 11001010101

\

Chosen gene Mutation

N

0111011001010101

Figure 5.8: Mutation scheme
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5.6.3. Overall Reproduction Process

In order to complete the definition of the processrtain parameters has to be
determined. The number of individuals within a plagion and the number of maximum
iterations has to be set. Also the amounts of @i selected for crossover and mutation are
parameterized beforehand together with the amooihtdite members within the population.

Table 5.1 shows the parameters of the GA wheregaga 5.9 presents the overall reproduction

scheme.

Table 5.1: The parameters of GA

The amount of population
%45
chosen for Cross-over
The amount of individuals
_ %10
exposed to Mutation
Amount of Elite individuals %10
Population 20
Number of maximum
. _ 20
iterations
Elite
individuals New
Current - lation
population 7| PopY

Selection process with
respect to fitness values

\ 4

Crossover

Mutation

Figure 5.9: Reproduction Scheme
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5.7. Outcome of The Tuning Process

The GA is implemented to a 12-DoF biped robot modahkich is identical with the
SURALP in terms of dimensional properties and maé& GA is applied for the givewm, .

values. These values are generated in a rangmgtatt0.01 m/s by an increment of 0.01 m/s.
The resulting reference generations obtained foh eg,.,,. are tested via simulations

after removing the virtual torsional spring-dampgstems. The maximum,,,,.. value obtained

from the unsupported simulations was 0.24 m/s. Tjs,,. value is almost five times the

average walking velocity of a simulation in whidietwalking reference generation parameters
are tuned by trial and error [48].
In order to examine the effectiveness of the tuing the fitness function, three different

SUCCESSIVeV, ... Values are selected. The chosep,,,. values and the resulting reference

generation parameters used in tuning process aea gi Table 5.2.

Table 5.2: The parameters of GA tuning with respechosen velocities

velocity Ty T, B
Viow 0.08 m/s 1.34s 0.62s 0.0784 m
Vinedium 0.15 m/s 0.95s 0.63s 0.1288 m
Vst 0.24 m/s 0.66 s 0.54s 0.144 m

The mean and the standard deviation of fitnesstiimma/alues and tuning parameters

(T4, and T ) of each generated population are used to obsbeveconvergence of the GA

process. Figure 5.10, Figure 5.11 and Figure 5r&2gmt this information for average velocity
values given in Table 5.2.

The results indicate the proper operation of GAlengentation since the average values
and

of the individuals’ fitness functions are convegito a minimum value fow V,

slow ? medium

V.- In addition, the average values of the tuningapeaters also converge to a specific point.

There are however perturbations on standard dewmtiThis is originated by the mutation

mechanism in GA.
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Iteration number

8
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Figure 5.10.a: The mean valuesTqf, T, and F,.. of v, for each generated
population
18 20
10 12 14 16 18 20
L 1 I 1/\1 L |
2 4 6 8 10 12 14 16 18 20
Iteration number
Figure 5.10.b: The standard deviation value$ of T,, and F, . of v, for each

generated population
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Ty Mean [s]

P et B | +
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Iteration number

Figure 5.11.a: The mean valuesTqf, T,, and F, .. of v, for each generated

medium

population
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Figure 5.11.b: The standard deviation value3.of T, and F of v, for each

fitness medium

generated population
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Figure 5.12.a: The mean valuesiqf, T, and F,.. of v, for each generated

population
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Figure 5.12.b: The standard deviation value3 of T,, and F of v for each

fitness

generated population
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From the figures it is observed that the mean waloé T,, and T, also have

perturbations. This is again due to mutation opera&ince the number of population is low the

relatively largeT,, and T, values result from mutation cause these pertuwhbsiti

In order to further examine the tuning process,libst and the worst individuals of a

randomly chosen generation in terms of fitness eslare considered for, .. Figures 5.13

and 5.14 show the external support values and angeflections around trunk coordinate axes
of the worst and best individuals of the™@eneration. It is observed that the values of sttpp
received from the torsional spring-damper system rafatively high for the worst individual
when compared with the best one.

200
100

-100
-200

Pitch external support [Nm]

100

Roll external support [Nm]

100

50

-50

Yaw external support [Nm]

Time [s]

Figure 5.13.a: The resistance of torsional spriagyder systems around pitch, roll and

yaw axes for worst individual in the given generati
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With external aid
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Figure 5.13.b: The angular deflections around ratwtk axes for worst individual in the

given generation.
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Figure 5.14.a: The resistance of torsional spriagyler systems around pitch, roll and

yaw axes for best individual in the given generatio
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With external aid
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Figure 5.14.b: The angular deflections around rotwtk axes for best individual in the

given generation.

Angular deflections around trunk coordinate frameesawith and without external
support for the fittest individual of GA proces® also driven to show the performance of the
algorithm. Figure5.15 shows these deflections it without the existence of external support

respectively.
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Figure 5.15.a: The angular deflections around rirowik axes for fittest individual with

external aid.
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Without external aid
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Figure 5.15.b: The angular deflections around rohotk axes for fittest individual

without external aid.
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5.8. Discussion

Although the results of the GA tuning process arenpsing, it is realized that the
physical velocity capacities of the DC motors offFALP do not meet the highest joint velocity

reference peaks obtained from the simulations fostnof thev, command values. Figure

verage

5.16 indicates the resulting maximum joint velocijerence peaks for a rangewgf,,,. values.

o - N o S
e - (S} o~ (=2} @
T T T T T T
1 L L 1 1 1

Maximum joint velocity peaks [rpm]

=4
»
T
1

02 !

0.05 0.1 0.15 0.2
[mfsec]

Y
average

Figure 5.16: Maximum joint velocity peaks with resptov, values

verage

Notice that the maximum joint velocity peaks tertdsncrease ay increases in

average
general. However in two different parts of the figghere are perturbations. These perturbations
appear from the ratio between single support peaiud step size. Since this ratio differs due to
the non-linear nature of the problem such pertioshatare natural.

The maximum possible velocity obtained from therear DC motors of the SURALP is
around 6000 rpm according to operating range Spatidns of the motors. So the walking

reference generation parameters obtained from atmouok forv, values above 0.04 m/s are

verage

not suitable for the implementation purposes.
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In the next chapter, a modified version of the GAplementation is proposed which
prevents the individuals of the population fromeeding the maximum joint velocity peak.
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Chapter 6

6. GENETIC ALGORITHM TUNING WITH CONSTRAINED JOINT
VELOCITIES

In this chapter a solution is proposed for the jnesly stated problem. A modified
fitness function is defined to prevent the maximyomt velocity peaks of the resulting

individuals in previous GA tuning process.

6.1. A Modified Fitness Function

The maximum joint velocity reference peaks canrukcated at the end of a simulation
by taking the derivative of joint position referescobtained from inverse kinematics. According
to these results the maximum joint velocity refeeenan be determined. Hence the exceeding of

joint velocity limit can be designated. From tm$armation a new fitness function is derived as

follows:
1 if Whear € Wi
K penay = (6.1)
3 If wpeak > wmax
I:fitness: ernalt}kudsdvemge*- ussowe,age) (62)
Here K ..y 1S @ penalty coefficienta,., is the joint velocity peak obtained from simulatio

and &, is the maximum joint velocity for the motan,, _anduy, _ are the fitness function

terms of (5.6) and (5.7). According to the modiffadction, the fithess values of the individuals

which exceed maximum joint velocity limit will beepalized.

This modified function is subjected to the same @#ciples as in Chapter 5. The

results of the tuning are given in next section.
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6.2 Outcome of the Tuning Process

The GA is implemented by the same architectureessrtbed in Section 5.6. Similar to

the previous implementation, the resulting refeeegenerations obtained for eagh,,.,. are
tested via simulations after removing the virtwakional spring-damper systems. The maximum
Vaverage Value obtained from the unsupported simulationshirch the robot did not fall was 0.09
m/sec. Comparing this value with the 0.24 m/sesponding result of the previous chapter, we
can infer that the rotational speed limits of thimj motors are the main factors which limit the
highest accessible walking speed. Here, it is @idme noted that this condition is partially due to

the high reduction ratios used for joints.

The obtained admissible maximum,,,.,. value is almost one and a half times the

average walking velocity of the simulation in [48his still shows an improvement achieved by

the tuning method. As in Section 5.7 three differey, .. values are selected in order to

investigate the effectiveness of the tuning. Thesehv,,... values and the resulting reference

generation parameters obtained via GA tuning psoaes given in Table 6.1.

Table 6.1: The parameters of GA tuning for chosalnaities with the modified fitness function

velocity T, T. B
Veiow 0.03 m/s 1.59s 0.87s 0.0369 m
Vi edium 0.06 m/s 1.98s 2.37s 0.1302 m
Vst 0.09 m/s 0.68 s 2.04s 0.1224 m

As in Section 5.7 the mean and the standard dewiatfi fithess values and tuning
parameters Ty, and T,,) of each generated population are used to obsheveonvergence of

the GA process. Figures 6.1, 6.2 and 6.3 showirthismation for average velocity values given
in Table 6.1.
The results indicate a successful GA implementatimte the average values of the

individuals’ fitness functions are converging tanaimum value forvy,,, Viedium @Nd Vig- IN
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addition the average values of the tuning parametksio converge to specific values. There are

perturbations on standard deviation calculatiof®yTare caused by the mutation mechanism in

GA.

T, Mean [s]

T, mean [s]
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Iteration number

Figure 6.1.a: The mean valueskf, T, and F,, . of Vg, for each generated

population using modified fitness function
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Figure 6.1.b: The standard deviation value3 of T,, and F;,. of Vg, for each

generated population using modified fitness functio
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Figure 6.2.b: The standard deviation value3 of T, and F;, .. Of V, eqium fOr €ach

generated population using modified fitness functio
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Figure 6.3.b: The standard deviation valued of T, and F,, .. of v, for each
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Similar to section 5.7 there are some perturbatiortee figures which shows the mean
values of T, and T.,. Compare to the results of genetic algorithm witiconstrained joint
velocities the convergence of fitness function galand GA parameters are obtained in later
generations in this GA process. This is due tacthestrained joint velocity values. Since it alters
the searching space of the genetic algorithm sbahges are natural.

As in 5.7, in order to further examine the tuningpqgess, the best and the worst
individuals of a randomly chosen generation aresehdorV,, ., Figures 6.4 and 6.5 show the
external support values and angular deflectionaratdrunk coordinate axes for worst and best
individual for the § generation. The values of average torsional spsimgport are relatively

high for the worst individual when compared to bigst one.
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Yaw external support [Nm)

(=23
o
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Figure 6.4.a: The resistance of torsional springqoler systems around pitch, roll and

yaw axes for worst individual in the given genienatusing modified fithess function
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Figure 6.4.b: The angular deflections around rahotk axes for worst individual in the

given generation using modified fitness function
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Figure 6.5.a: The resistance of torsional springyoler systems around pitch, roll and
yaw axes for best individual in the given generatising modified fitness function
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Figure 6.5.b: The angular deflections around rahotk axes for best individual in the
given generation using modified fitness function
Angular deflections around trunk coordinate frameesawith and without external
support for the fittest individual of GA processakonsidered as in 5.7. Figure 6.6 shows these
deflections with and without the existence of exétisupport respectively.
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Figure 6.6.a: The angular deflections around rohwik axes for fittest individual with

external aid using modified fitness function.
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Figure 6.6.b: The angular deflections around rahwotk axes for fittest individual

without external aid using modified fitness funatio
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6.3 Experimental Results

Resulting walking reference generation parametbtailmed with GA tuning are tested

via experiments using SURALP. In that sense, tWifedint gait reference generation parameter

sets are employed according to thg, ... command values shown in Table 6.2.

Table 6.2: The parameters of GA tuning with respéosen velocities for modified fithess

function
Vaverage Tds Tss B hs Iﬂ'leg
0.03 m/s 1.59s 0.87 s 0.0369 m 0.013 m 0.6296 m
0.07 m/s 1.98 s 2.37s 0.1302 m 0.015m 0.6214 m

The body angles around pitch and roll axes areucaghtwith inertial sensors. Figures 6.7
and 6.8 present the body angles ¥qf.... values given in the table. Here it is also to beed
that the 0.07 m/s is the highest experimental aemsalking velocity reported to date with
SURALP.

1 e

Body pitch angle [deg]

1 1 1
5 10 15 20
Time [s]

Figure 6.7.a: Body pitch angle of the robot dunivegking with v,,....= 003m/s
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Figure 6.8.b: Body roll angle of the robot duringliwng with v,...= 007m/s
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The snapshots in Figure 6.9 are taken during thdk wa SURALP with
Vv = 007m/s.

average

Figure 6.9: Snapshots of SURALP walking with,,,..= 007m/s

erage



6.4 Discussion

The results of the experiments were successfulhi®rgiven average walking velocities.
In the experiments illustrated in previous work8,j4] the average walking velocity was set to
0.03 m/s and it was also observed that the pitdralhangles of the body deviated betwee@
degrees. In the 0.03 m/s experiments with the Greduwalking parameters, the pitch and roll
angles of the body deviate betwe£i0.5 and £ 1.5 degrees, respectively. Furthermore the body
pitch and roll angles recorded in the experimenith W0.07 m/s average walking velocity
oscillate betweerx 2 degrees. Therefore, it can be stated that a ntabéeswvalking is achieved
by the tuning method proposed in this Chapter. Bddance of walking is improved by the GA
tuning method.

On account of the improved balance of the walkmguitable parameter set for higher
velocities is obtained and “ground kick” method fwing foot take-off phase is quitted. As a
result of decreased body pitch and roll anglesthrdabsence of “ground kick” the naturalness
of SURALP’s walking is increased.

In the experiments it is observed that the lateration of the body highly affects the
stability of the walking. Manual adjustment is apglto these parameters in order to obtain
successful experimental results. This suggestsftinad more automated tuning process, these
parameters can also be included in the tuning gsoda next chapter an extended chromosome

is proposed in order to improve the results anidieficy of tuning method further.
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Chapter 7

7. GENETIC ALGORITHM TUNING WITH ADDITIONAL PARAMETERS
FOR LATERAL MOTION

In the walking reference generation process thagwifset (as described in section 2.1)
and the parametéy (the amplitude of the ZMP lateral motion describedsection 4.2) are
independent parameters which define the lateralamaif the robot. This chapter proposes an
extended chromosome setting by using swing offsdtA alongside with the walking reference

generation parameters proposed in Chapter 5.

7.1. An Extended Chromosome

The chromosome in Section 5.2 is extended by usi@agwing offset andA parameters.
Since these parameters define the lateral featnfrélse reference gait in a combined way, a

relation between them is defined as follows;

A = Iswing_offset * 0'02 (7 1)

Here | denotes the swing offset. Due to the kinematigtéitions of SURALP, for the

swing_offset

typical height of the trunk, the swing offset hase within the following range.

01m<I < 014m (7.2)

swing_ offset

The chromosome is extended by 8-bits for the nenampaters such that one unit change
within the strings will change the parameters bP0@5 m. A sample chromosome and

corresponding parameter values are given in FigLire

01100110 | 00101100 | 0010 1100
T, =1.02s T.=044s 1 =0.105m A=0.1125m

s swing _offset

Figure 7.1: The extended chromosome setting aneégponding parameter values
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7.2 Outcome of the Tuning Process
The GA is implemented by the same architectureessribed in Section 6.2. Similar to
the previous implementation the resulting referepex@meters obtained for eaely,,.. is tested

via simulations after removing the virtual torsibrepring-damper systems. The maximum

Vaverage VAIUE Obtained from the unsupported simulations a1 m/sec.

The obtainedv,,,, value is more than two times of the average walkielocity

obtained by simulations in [48]. This shows thatugther improvement is obtained with the

extended chromosomes. Three different successfyl . values are selected again as in the

previous chapters. The chosey,,,,. values and the resulting reference generationnpeteas

used in tuning process are given in Table 7.1.

Table 7.1: The parameters of GA tuning with respecthosen velocities with the extended

chromosome
velocity T, T, B A | swing_oftset
Ve 003m/s| 252s| 254s 0.0759m 0.1175m 0.1
Vo 007m/s| 1.25s| 1.49s 0.0959m 0.1175m 0.1
Vi 0.11m/s| 0.39s| 063s 0.0561m 0.1179m  0.1fn

As in section 6.3 the mean and the standard dewiatf fithess and tuning parameters
(Tgss Tss, A and Iy, o) OF €aCh generated population are plotted. Figurés 7.3 and 7.4

show the curves for average velocity values givehable 7.1.

The results indicate the GA setup is again propée average values of the fithness

functions are converging to a minimum value Qf,,, Viequm @nd V- The average values of

the tuned parameters also converge. The mutateedggerturbations are again observable.
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Similar to section 6.3 there are some perturbationghe mean value of genetic
algorithm. Compare to the results of previous geragorithm processes, the convergence of
fitness function and GA parameters are obtainddter generations. This is due to the increase
in the searching area of GA process caused bynttidvement of additional parameters.

The best and the worst individuals of a randomlgsem population fow, .4, Figures
7.5 and 7.6 show the external support torques agdlar deflections around trunk coordinate

axes for the worst and best individuals in tHeg@neration. It is observed that support from the

torsional spring-damper systems are relatively Hayhthe worst individual in comparison with
the best one.

200

1 1 1 1 1
2:5 3 35 4 45 5
Time [s]

Yaw external support [Nm] Roll external support [Nm] Pitch external support [Nm]

N

0 05 1 15

Figure 7.5.a: The resistance of torsional springyoier systems around pitch, roll and

yaw axes for worst individual in the given genemratusing extended chromosome
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With external aid
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Figure 7.5.b: The angular deflections around rahotk axes for worst individual in the

given generation using extended chromosome
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Figure 7.6.a: The resistance of torsional springyoler systems around pitch, roll and

yaw axes for best individual in the given generatising extended chromosome
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Figure 7.6.b: The angular deflections around rahotk axes for best individual in the
given generation using extended chromosome
Angular deflections around trunk coordinate frameesawith and without external
support for the fittest individual of GA processaldriven as in 6.6. Figure7.7 shows these
deflections with and without the existence of exétisupport respectively.
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Figure 7.7.a: The angular deflections around rohwitk axes for fittest individual with
external aid using extended chromosome.
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Without external aid
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Figure 7.7.b: The angular deflections around rahotk axes for fittest individual

without external aid using extended chromosome.
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7.3 Experimental Results

In this case too, walking reference generationrpatars obtained from the GA are tested
with experiments using SURALP. The reference gaibmeter set in Table 7.2 is employed with
a command velocity of 0.09 m/s. This speed is thmees the walking speed of SURALP

exhibited in [49].

Table 7.2: The parameters of GA tuning

v Tds T B hs A l swing_offset h|eg

average SS

0.09m/s| 0.67s 0.87s 0.0693|9.013 m| 0.127% 0.11 0.6150 m

The body angles around pitch and roll axes showsgare 7.8.

Body pitch angle [deg]

25 L L L
5 10 15 20
Time [s]

Figure 7.8.a: Body pitch angle of the robot dunivegking with v,....= 009m/s

Body roll angle [deq]

Time [s]

Figure 7.8.b: Body roll angle of the robot duringliwng with v,...= 009m/s
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The snapshots in Figure 7.9 are taken during thdk wa SURALP with
\ = 009m/s.

average

Figure 7.9: Snapshots of SURALP’s walk withy,....= 009m/s
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7.4 Discussion

The experiments are successful for the given aeervegking velocity. The proposed
extended chromosome further improves the gait ef itbot. In 0.09 m/s average walking
velocity experiments the pitch and roll angles bé tbody deviate betweet 2.2 degrees.
Compare to previous works [49,74] with 0.03 m/srage walking velocity where the body pitch

and roll angles deviate betweer8 degrees, this result is promising.

Figure 7.10 shows the best fitness function vaiugls and without the use of extended
chromosome for a range of average walking velaitie the figure, the dashed curve indicates
the GA tuning process by the use of extended chsome whereas the solid line indicates GA

tuning with the chromosome setting as employedhap@er 6. It is clear from figure that the use

of the extended chromosome results in better ftf@sction values.
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Figure 7.10: Fitness function values with respediven average walking velocity. Solid
curve: Fitness without the lateral motion paransetBashed curve: Fitness with the extended

chromosomes.
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It has to be mentioned that th® parameter is further tuned in experiments to aghie
stable walking. It is observed that smallérparameters compared with the ones obtained from
GA tuning create a more stable gait in the expemniselhe inevitable mismatches between the

modeled and actual robot can be the reason obbsisrvation.
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Chapter 8

8. CONCLUSION

This thesis presents a bipedal robot referencetgaing system which uses evolutionary
algorithms as the computational mechanism. A ZMBelaeference generation method which
makes use of the LIPM is used as the gait syntHemmework. The main goal is finding a
suitable set of walking parameters for a desiretikivg speed. Spatial and temporal parameters
which achieve the speed demand without deterigrdhie stability of the walk are sought. This
task is cast into a GA search problem. The fitnelsshe individuals is tested via walking
simulations.

The stability of the walk is associated with “regug less support” during the walk.
Virtual torsional springs and dampers are attadiethe simulated robot body as walking aid
mechanisms. They oppose body orientation deviatiom® an upright posture. The fithess
measure is designed as a function of the suppasprngg-damper torques.

Three types of GA scenarios are applied.

i) Single support and double support periods are tumggdout imposed joint

velocity limits

i) Single support and double support periods are twiddlimits imposed on joint

velocities

iii) Single support period, double support period, toeteot lateral distance and

lateral ZMP amplitude are tuned with imposed joglocity limits

The selection of the tuning variables and condisamproved from the first scenario to
the last one. The resulting parameters are testedhe experimental humanoid platform
SURALP. Stable walking is achieved with speeds Whace higher than the ones previously
reported with this robot.

This result verifies the virtues of GA tuning ovaanual trial and error based parameter
adjustment techniques. As a result of obtainingable parameters for higher speed walking the
“ground kick” method for swing foot take-off is aloned. The effect of this choice can directly
be observed in the body roll angle oscillationse Tieak-to-peak oscillation readings dropped

from 7 degrees (observed in [49]) to 3 degrees.
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Our observation is that SURALP walks much moreisé@alwith the newly obtained sets
of parameters. A contribution of the thesis is ¢theation of a set of parameters for a range of
walking speeds.

The proposed method is promising for the followinwre studies;

) The admissible off-line tuning times in the ordéadew hours suggest that more

variables can be included in the tuning process.

i) A look-up-table can be implemented for generatinglkimg references for

varying speed demands which depend on the tasknak h

93



[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

Kambayashi, T., Takimoto, M., Kodama, T.: “Contmaj biped walking robots using
genetic algorithms in mobile agent environmerfpceedings of the 2005 IEEE/ICCC,
International Conference on Computational Cybergpp. 29-34, Seaoul, April 2005.
Capi, G., Y.Nasu, L.Barolli, M. Yamano, K.Mitobe catik. Takeda . “A Neural Network
Implementation of Biped Robot Optimal Gait Duringalking Generated by Genetic
Algorithm”, In:Proceedings of the 9th Mediterranean Confererme Control and
Automation Dubrovnik, Croatia, 2001.

S.-H. Choi, Y.-H. Choi, and J.-G. Kim, “Optimal Wag Trajectory Generation for a
Biped Robot Using Genetic Algorithm’ln Proc. of the 1999 IEEE/RSJ International
Conference on Intelligent Robots and Systgps1456-1461, 1999.

Xu, K., Chen, X., Liu, W., Williams, M.: “Legged Rot Gait Locus Generation Based on
Genetic Algorithms”.In. Proc. International Symposium on Practical @diye Agents
and Robotsvol. 213, pp. 51-62. ACM, New York, 2006.

D.E. Goldberg, “Genetic Algorithm in Search Optiatibn, and Machine Learning.”,
Addison Wesley, 1989.

www.healthpages.org/anatomy-function/anatomy-terms/

Villeda, L. L., Frisoli, A. and Vega, V. P., “A Méatronic Analysis and Synthesis of
Human Walking Gait”,Proceedings of the 2009 IEEE International Confereron
Mechatronicspp. 1-6, Malaga, Spain, April 2009.

Feng, S. and Sun, Z., “A Simple Trajectory GetienaMethod for Biped Walking”,
Proceedings of the 2008 10th International Confeeean Control, Automation, Robotics
and Vision pp. 2078-2082, Hanoi, Vietnam, December 2008.

Wang, J. W., Xiong, W. L., Liu, H. and Ma, H., “Lomotion Planning Research for a
Humanoid Robot Based on the ZMPtoceedings of the 2003 IEEE International
Conference on Robotics, Intelligent Systems andabidrocessing pp. 942-947,
Changsha, China, October 2003.

Ha, S., Han, Y. and Hahn, H., “Natural Gait Generabf Biped Robot based on Captured

Human Motion Image”,Proceedings of the 2008 IEEE International Confeeeron

94



Multisensor Fusion and Integration for IntelligeBystemspp. 522-525, Seoul, Korea,
August 2008.

[11] Vukobratovic, M., Borovac, B., Surla, D., StokicBiped Locomotion: Dynamics,

[12]

Stability, Control and Application”, Springer-Vedal990.
http://atec.utdallas.edu/midori/Handouts/walking@rs htm

[13] Seven, U., “Linear Inverted Pendulum Model and $wMieg Dynamics in Biped Robot

[14]

[15]

Walking Trajectory Generation”, Thesis (MS), Depagnt of Mechatronics Engineering
of the Graduate School of Engineering and Natualences of Sabanci University, July
2007.

H. Lim, A. Takanishi, “Biped walking robots created Waseda University: WLand
WABIAN family”, Philosophical Transactions of the Royal Society Mathematical,
Physical and Engineering Sciengesl. 365, no. 1850, pp. 49-64, 2006.
http://mwww.humanoid.waseda.ac.jp/booklet/kato_2lhtm

[16] Takanishi, A., Ishida, M., Yamazaki, Y., Kato, TThe realization of dynamic walking

[17]
[18]

by the biped walking robot WL-10RD'Rroceedings of International Conference on
Advanced Roboti¢cpp. 459-466, Tokyo, Japan, September 1985.

Raibert, M., “Legged Robots That Balance”, MIT RreSambridge, MA, 1986.

Takanishi, A., Lim H., “Waseda Biped Humanoid RtsbhBealizing Human-like Motion”,
Proceedings of the International Workshop on Adean®otion Contrgl pp. 525-530,
Nagoya, Japan, March 2000.

[19] Y. Ogura, H. Aikawa, K. Shimomura, H. Kondo, A. NBitima,H. ok Lim, and A.

[20]

[21]

Takanishi, “Development of a new humanoid robot iai?,” In Proceedings of the 2006
IEEE International Conference on Robotics and Awtthom. IEEE-RAS, May 2006, pp.
76-81.

Hirose, M., Ogawa, K., “Honda humanoid robots depeaient”, Philosophical
Transactions of the Royal Socie8eries A, 365 (1850), pp. 11-19, 2007.

Nishiwaki, V., Sugihara, T., Kagami, S., KanehiFo, Inaba, M., Inoue, H., “Design and
Development of Research Platform for Perceptionekcintegration in Humanoid Robot:
H6”, Proceedings of the 2000 IEEE/RSJ International €amice on Intelligent Robots
and Systemwol.3, pp. 1559-1564, Takamatsu, Japan, Octobe®.2

95



[22] Nishiwaki, V., Kuffner, J., Kagami, S., Kanehiro,., Hnaba, M., Inoue, H., “The
experimental humanoid robot H7: a research platidon autonomous behavior”,
Philosophical Transactions of the Royal Soci&gries A, 365 (1850), pp. 79-107, 2007.

[23] Hirose, M., Ogawa, K., “Walking biped humanoids tth@erform manual labour”,
Philosophical Transactions of the Royal Soci&gries A, 365 (1850), pp. 65-77, 2007.

[24] Kaneko, K., Harada, K., Kanehiro, F., Miyamori, @kachi, K., “Humanoid Robot HRP-
3” Proceedings of 2008 IEEE/RSJ International Confeeeonn Intelligent Robots and
Systemspp. 2471-2478, Nice, France, September 2008.

[25] httpwww.humanoid.waseda.ac.jpbookletkato_4.html

[26] K.Kaneko, F.Kanehiro, M.Morisawa, K.Miura, S.Nakaoland S.Kajita “Cybernetic
Human HRP-4C,Proc. IEEE/RSJ Int. Conference on Humanoid Rqlpyis/-14, 2009.

[27] Oh, J.-Y., Kim, J.-H., “Realization of dynamiwalking for the humanoid robot
platform KHR-1", Advanced Roboti¢yol. 18, no. 7, pp. 749-768, 2004.

[28] J. Y. Kim, I. W. Park, J. H. Oh, "Walking Controlgorithm of Biped Humanoid Robot on
Uneven and Inclined Floor'Journal of Intelligent Robotic SystemJournal ofellgent
and Robotic SysternB:457-484, January 2007.

[29] I. W. Park, J. Y. Kim, J. Lee, and J. H. Oh, “Mesital Design of Humanoid Robot
Platform KHR-3 (KAIST Humanoid Robot - 3: HUBO),Proc. IEEE-RAS Int.
Conference on Humanoid Robopp. 321-326, 2005.

[30] Park, I.-W., Kim, J.-Y., Lee, J., Oh, J.-H., “Ordifrree Walking Trajectory Generation for
Biped Humanoid Robot KHR-3 (KAIST Humanoid Roboti3UBO)”. 6th IEEE-RAS
International Conference on Humanoid Robgtp. 398-403, Genova, Italy, December
2006.

[31] http://www.pal-robotics.comrobotsreem-b

[32] http://www.bostondynamics.comrobot_petman.html

[33] Goualillier, D., Hugel, V., Blazevic, P., Kilner, (Monceaux, J., Lafourcade, P., Marnier,
B., Serre, J., and Maisonnier, B. 2009. Mechatrotsign of NAO humanoid. In
Proceedings of the 2009 IEEE international Confeeeron Robotics and Automation
(Kobe, Japan, May 12 - 17, 2009). IEEE Press, Risegy, NJ, 2124-2129.

[34] http://en.wikipedia.org/wiki/RoboCup_Standard Riath League

96



[35] https://spectrum.ieee.orgautomatonroboticshumawiogisia-techs-romela-rocks-
robocup-2011

[36] Zhang, Y., Wang, Q. and Fu, P., “A New Method adsibed Gait Synthesis in Biped
robot”, Proceedings of the 3rd World Congress on Intelligéantrol and Automationpp.
1300-1304, Hefei, China, June-July 2000.

[37] Kajita, S., Kanehiro, F., Kaneko, K., Fujiwara, Kgkoi, K. and Hirukawa, H.,

“A Realtime Pattern Generator for Biped Walking?roceedings of the 2002 IEEE
International Conference on Robotics & Automatipp. 31-37, Washington, USA, May
2002.

[38] Lim, H. O., Kaneshima, Y. and Takanishi, A., “OdinNalking Pattern
Generation for Biped Humanoid Robot with Trunkroceeding of the 2002 IEEE
International Conference on Robotics & Automatipp. 3111-3116, Washington, USA,
May 2002.

[39] Sugihara, T., Nakamura, Y. and Inoue, H., “Realtirhemanoid Motion Generation
through ZMP Manipulation based on Inverted Pendul@ontrol”, Proceedings of the
2002 IEEE International Conference on Robotics &tdation pp. 1404-1409,
Washington, USA, May 2002.

[40] Harada, K., Kajita, S., Kaneko, K. and Hirukawa, An Analytical Method on Real-time
Gait Planning for a Humanoid Robot"Proceedings of the 2004 IEEE/RAS
International Conference on Humanoid Robagtp. 640-655, November 2004.

[41] Kajita, S., Kanehiro, F., Kaneko, K., Fujiwara, Karada, K., Yokoi, K. and Hirukawa,
H., “Biped Walking Pattern Generation by using ReavControl of Zero-Moment Point”,
Proceedings of the 2003 IEEE International Confesemmn Robotics& Automatiorpp.
1620-1626, Taipei, Taiwan, September 2003.

[42] Tanaka, T., Takubo, T., Inuoe, K. and Arai, T., “Engent Stop for Humanoid Robots”,
Proceedings of the 2006 IEEE/RSJ International €arice on Intelligent Robots and
Systemspp. 3970-3975, Beijing, China, October 2006.

[43] Verrelst, B., Stasse, O., Yokoi, K. and Vanderbgrdh, “Dynamically Stepping Over
Obstacles by the Humanoid Robot HRP-Proceedings of the 2006 IEEE/RAS
International Conference on Humanoid Robqgtp. 117-123, December 2006.

97



[44]

[45]

[46]

Nishiwaki, K. and Kagami, S., “High Frequency Walk Pattern Generation based on
Preview Control of ZMP” Proceedings of the 2006 IEEE International Confersion
Robotics& Automationpp. 2667-2672, Florida, USA, May 2006.

Huang, W., Chew, C. M., Zheng, Y. and Hong, G. “Battern Generation for Bipedal
Walking Slopes and StairsProceedings of the 2008 IEEE/RAS International €amnfce
on Humanoid Robotpp. 205-210, Daejeon, Korea, December 2008.

Erbatur, K. and Kurt, O., “Natural ZMP Trajectorider Biped Robot Reference
Generation”,IEEE Transactions on Industrial Electronjcgol. 56, no. 3, pp. 835-845,
March 20009.

[47] A. Takanishi, H. Lim, M. Tsuda and |. Kato. “Reaton of dynamic biped walking

[48]

stabilized by trunk motion on a sagittally unevamface,” IEEE/RJS Int. Conf. on
Intelligent Rob. and Syst1990.

Erbatur, K., Koca O., T&iran E., Yilmaz M. and Seven, U. “ZMP Based Refee
Generation for Biped Walking Robots”, ICICRA’09nt. Conf. Intelligent Control, Rob.
and Aut, Venice, Italy, Oct. 2009.

[49] Taskiran, E., Yilmaz, M., Koca, O., Seven U. andbdiur, K. (2010). "Trajectory

[50]

Generation with Natural ZMP References for the Bipalking Robot SURALP,'In
Proc. 2010 IEEE International Conference on Rolo@nd AutomationlCRA, Alaska,
USA.

H. Quiang, K. Yokoi, S. Kajita, K. Kaneko, H. Aral. Kovachi and K. Tanie, “Planning
walking patterns for a biped robotEEE Transaction on Robotics and Automativol.
11, no. 3, pp. 280-289, June 2001.

[51] Yilmaz, M., “Humanoid Robot Omnidirectional Walkingrajectory Generation and

[52]

Control”, Thesis (MS), Department of Mechatroniasgibeering of the Graduate School
of Engineering and Natural Sciences of Sabancvéisity, August 2010.
B. Siciliano and O. Khatib, Springer Handbook otigtcs. New York: Springer, 2008.

[53] S. Aoi and K. Tsuchiya, “Locomotion control of gobd robot using nonlinear oscillators,”

Autonomous Robatsol. 19, pp. 219-232, 2005.

[54] G. Taga, Y. Yamaguchi, and H. Shimizu: “Self-orgaai control of bipedal locomotion by

neural oscillators in unpredictable environmerBiglogical CyberneticsvVol. 65, pp. 147-
159, 1991.

98



[55] Y. Zheng, "A neural gait synthesizer for autonombiped robots,'In Proceedings of the

[56]

[57]

[58]

IEEE International Workshop on Intelligent RobotsleSystem@R0OS90), 1990, pp. 601-
608.

L. Righetti and A. J. ljspeert, “Programmable cahprattern generators: an application to
biped locomotion control,In Proc. 2006 IEEE Int. Conf. on Robotics and Awdtion,
2006, pp. 1585-1590.

Nakajima, Y., Yonemura, A., Kawamura, A., “Experimt@ Approach for the Fast
Walking by the Biped Robot™Proceedings of the IASTED International Conferenoe
Robotics and Applicationgionolulu, Hawaii, USA, August 2000.

Zhu, C., Okamura, M., Kawamura, A., Tomizawa, "Experimental approach for high
speed walking of the biped robot MARI-1Proceedings of the 8th IEEE International
Workshop on Advanced Motion Cont(aMC2004), pp. 427-432, March 2004.

[59] Taskiran, E., “Walking Trajectory Generation and Cohtiof a Humanoid Robot:

[60]

[61]

[62]

[63]

[64]

SURALP”, Thesis (MS), Department of Mechatronicgieering of the Graduate School
of Engineering and Natural Sciences of Sabancvéisity, August 2009.

F. Yamasaki, K. Endo, H. Kitano, and M. Asada, “Awition of humanoid walking
motion using genetic algorithm—Considering chanasties of servo modulesfh IEEE
Int. Conf. Robot. Automatiar2002,pp. 3123-3128.

L. Roussel, C. Canudas-de Wit, and A. Goswami, ‘&sation of energy optimal complete
gait cycles for biped robots,iIn Proc. IEEE International Conference on Robotics
Automation Leuven, Belgium, May 1998, pp. 2036—2041.

C. Chevallereau and Y. Aoustin, “Optimal referetregectories for walking and running of
biped robot,”’Robotica vol. 19, no. 5, pp.557-569, Sept. 2001.

Bebek, O., K. Erbatur, “A Fuzzy System for Gait Atition of Biped Walking
Robots”,Proceedings of the IEEE Conference on Control Agpions 2003

Picado, H., Gestal, M., Lau, N., Reis, L.P., TorAéJl. “Automatic Generation of Biped
Walk Behavior Using Genetic Algorithmslh: Proceedings of the iDinternational
Work-Conference on Artificial Neural Networks: Paft Bio-Inspired Systems:
Computational and Ambient Intelligenc@abestany, J., Sandoval, F., Prieto, A., Corchado
J.M. (eds.) IWANN 2009. LNCS, vol. 5517, pp. 80528%pringer, Heidelberg, 2009.

99



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

S.-H. Choi, Y.-H. Choi, and J.-G. Kim, Optimal Wadg Trajectory Generation for a
Biped Robot Using Genetic Algorithmin: Proc. of the 1999 IEEE/RSJ International
Conference on Intelligent Robots and Systgps1456-1461, 1999.

Y. Choi, B. J. You, and S. R. Oh, “On the stabilityindirect ZMP controller for biped
robot systems”,Proceedings of International Conference on Intelig Robots and
Systemspp: 1966 - 1971, vol.2, Sendal, Japan, June 2004.

A. Dasgupta, and Y. Nakamura, “Making feasible wadkmotion of humanoid robots
from human motion capture datRroceedings of the IEEE International Conference o
Robotics and Automatigetroit, Michigan, May 1999.

K. Erbatur, A. Okazaki, K. Obiya, T. Takahashi ahdKkawamura, “A study on the zero
moment point measurement for biped walking robd®stc. 7th International Workshop
on Advanced Motion Controbp. 431-436, Maribor, Slovenia, 2002

C. Zhu, Y. Tomizawa, X. Luo, and A. Kawamura “Bipaalking with variable ZMP,
frictional constraint, and inverted pendulunodal”, IEEE International Conference on
Robotics and Biomimeticpp: 425 — 430, Shenyang, China Aug 2004.

D. Beasley, D. R. Bull, and R. R. Matrtin, “An Oveaw of Genetic Algorithms: Part 2,
Research TopicdUniversity Computingvol. 15, no. 4, pp. 170-181, 1993.

D. Beasly, D. Bull, and R. Martin, “An overview ogenetic algorithms: part 1.
Fundamentals,University Computingvol. 15, no. 2, pp. 58-69, 1993

Erbatur, K. and Kawamura, A., “A New Penalty basashtact Modeling and Dynamics
Simulation Method as Applied to Biped Walking RahbProceedings of the 2003 FIRA
World CongressVienna, Austria, October 2003.

O. Bebek, K. Erbatur, “Adaptive fuzzy systems fanihg biped robot gait parameterss,
FIRA Robot World Congres®ctober 1-3, Vienna, Austria, 2003.

Erbatur, K., Seven, U., Taskiran, E., Koca, O., UM, Kiziltas, G., Sabanovic, A. and
Onat, A., “"SURALP: A New Full-Body Humanoid RobodiaBorm”, In the Proceedings of
the 2009 IEEE/RSJ International Conference on ligiemht Robots and Systeniissouri,
USA, October 2009.

100



	Microsoft Word - atez1_2
	Microsoft Word - btez2_1_after_revision - Copy



