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NEPINAHWH

H extipnon tou Kévtpou Malag (CoM) Stadpapatilel Kpiowo pOAO OTn POUTTOTIKN
Badlon. OL meplocotepol oXeSLAOTEG Kivnong kal eAeyktég Badlong mpayuatikol
Xpovou umoBétouv OtL n Béon kat n taxVutnta tou CoM eilval SlaBEolpeg yla
avatpododotnon ava maca oTypn. e autn tn dtatplBr mapouclaloupe Evav amo
TOUC TPWTOUG TPLOSLACTATOUC EKTIUNTEG Kataotacnc CoM yla To mepmaTnua Twv
avBpwrmoeldwv poumnot. O MPOTEVOUEVOC EKTLUNTHAC OUVOUALEL OTTOTEAECUATLKA TLC
HUETPAOELS amd alobntripeg mieong ota modla, KWOIKOTOINTEG OTL apBpwoEeLg Kal
adpavelaknig povadag (IMU) oto cwpa pe éva Ektetapévo Didtpo KaApav (EKF) yia
™V akplni ektipnon téco tng Béong kat tng Taxutntag tou CoM aAAd Kal Twv



e€wTePKWVY SUVAPEWV TIoU Spouv TtAvw o€ auTo. EmumAgéov, Aapufdvel unoPv tnv
avwpoaAotnta tou €dddoug kal TNV oTtpodopul TOU CWHATOG UE ATIOTEAECUA va
ouvOUAlEL TO UETWIILKO e TO MAEUPLKO eminedo kivnong, xwpig va Baciletal oe
alobntnpeg Suvaung / pomng (F/T) ota modia.

Qot0o00, elval KOwvr TIPAKTLKN VOl ETIXELPELTAL N LETOTPOTI TWV UETPHOEWV OE
€va adpavelako cuotnua avapopdg wote n ektipnon tou CoM va yivetal og oxéon
HE aUTO. Katd ouvénela, yla TNV €MITELEN TOU MAPATAVW ELVOL UTTOXPEWTLKO va
OUVEKTLUNBOUV n Bdon kal To TOdL otNPLENG TOU POMUMOT. M TO OKOMO aAUuTO,
enekteivoupe évav kablepwpévo otn BLBAloypadia eKTLUNTH alwpoUUeVNG Lalag pe
™ SuVOUK TOU TOSLoU OTAPLENG XPNOLUOTIOLWVTOG HMETPAOEL KIVNUOTIKAG Kol
adpavelakig povadag pe to Oidtpo Kaipav Ipaipato¢ Kataotaong (ESKF) yia tnv
KATAAANAN Slaxeiplon tNg UTIEP-TIAPAUETPOTIONONG TWV TEPLOTPOPWV. Me auTO TO
TPOmo, O&nuoupyeital €va oUOTNUA  OELPLOKAG EKTIMNONG KOTAOTAONG TOU
anoteAeital ano évav ekTunth Baong kat Evav ektiuntry CoM 1o onoio ovopdloupue
State Estimation RObot Walking (SEROW). EmutAéov, yla va SlopBwooupe tnv
KLVNUOTLKI) OTTOKALON TIOU TIPOKaAgital amod tnv oAicBnon twv modlwv Katd Tto
TIEPTATN LA, XPNOLUOTIOOUUE HeTProeLg Omtikng Odopetpiag (VO) kat/ry Odopetplog
LIDAR (LO). Auotuxwc, TETOLEC UETPNOEL UTIODEPOUV ATIO OKPALEG TIUEC OE Eva
Suvapiko meptBaiiov, adou KATA TOV UTTOAOYLOMO TOUC XPNOLUOTIOLELTOL N UTtOBEDN
OTL HOVO TO POUTIOT BploKeTaL O€ Kivnon Kal 0 KOOUOG YUpw TOU £lval oTaTlKOG. MNa
QUTO TO AOYO, e€lodyoupe to 2Bevapd lkaouotavo Didtpo KaApav IdAApatog
Katdotaong (RGESKF) yia tnv autopatn avixveuon Kot amoppun Twv oKpaiwv
HETPAoEWV. To potelvouevo didtpo dev Baoiletal oe MPAOTEPN YVWON OXETIKA LUE TLG
KOTAVOWEG TWV LETPAOEWV KoL SV XpnoLUOTIOLEL E16LIKA puBuLopéva KatwdAta. Q¢ ek
TouTou, to SEROW yivetal éva 0Bevapd oloTnpa EKTIHNONG KOTAOTAONC, KATAAANAO
yla duvapika avBpwriva rieptBailovta. MNMpokeévou va evioyubolv MepaLTEPW oL
EPEUVNTIKEC pooTtaBeleg, To SEROW bivetal eAeUBepa 0T POUTIOTLKY KOWVOTNTA WG
éva TokETo ROS/C++ avoLKToU KWELKA.

Ta cuyxpova cuoThpaTo EAEYXOU KOL EKTIUNONG KaTAOoTOONG avBpwmosldwv
POUTIOT UTIOBETOUV OTL N Katdotacon enadng modlwv-edadoug eival yvwoTth €k TwvV
npotépwv. H avixveuon tétolwyv enadwv eival Eva onUaviko Kal o peyaio Babuo
avefepebvnto BEpa otn oUyxpovn POUTOTIKA €pesuva. e authi tn SatplPn,
SLOTUTIWVOUE L EVPUTEPN EPpWTNON: o€ ol paon Badlong PplokeTal TO POUTOT;
MpoG¢ TO OKOMO QUTO, TPOTEIVOUUE €va OALOTIKO TAAiclo BOOCLOUEVO O Mn-
ermuBAenopevn pabnon anod dedopéva WOLOSEKTIKAG aloBnong mou avIlUeTWTTleL pe
oKpiBELa KOl ATTOTEAECUATIKOTNTA QUTO TO TIPOPANUA. ZUYKEKPLUEVA, OVIXVEUOUE IE
okpiBela pa amno Tig Tpelg paocslg Badiong, tTnv Aplotepn Yoot pEn (LSS), tTnv AutAn
Yrootpn (DS) kat tn Asfld Yrnootriplen (RSS), xpnoluomolwvtag HETPAOELS amod
kwdlkomotntég, IMU kat F/T. ApxLkd, payuatomnoleitol Pelwon Twv SlaoTAcEwY UE
AvaAuon Kuplwv Ztotxeiwv (PCA) ) He AUTOUATOUG KWOLKOTIONTEG WOTE va e€axBouv
XPN OO XOPAKTNPLOTIKA, KL CUMTIAYARG avarmapaotoon Kot va pelwbel o B6pufog
ota O&edopéva. ITn OUVEXELQ, TIPAYUOTOMOLE(TAL Ml opadomoinon otov Xwpo
xapunAwv dtaotacswv pe Nkaovotava Movtéda Miypatog (GMMs). Q¢ anotéAeopa



AapBavovtal Tpia MUKVA CUMMAEYUATA TTOU AVTLOTOLXOUV OTLG PAoELs Tng Badiong.
AUTO onuaivel 6tL n duvapuikn tng paong tou Badiopatog ival xapunAng dStaotaong
1o omoio Asttoupyel wg AAAN pia €vdelEn oto otL oAOkANpn n Stadikacio tng padiong
elvat xapunAng &iactaong. EmutAéov, 6ebopévou OTL TO TPOTELWVOUEVO TAQLCLO
XPNOLUOTIOLEL UETPNOELS amo aloOntipeg mou eival ocuvnBwg Slabéouol ota
ONUeEPWA avOPWIOELSH) POUTOT, TPOOPEPOUE OTN POUMOTIKA Kowotnta To Gait-
Phase Estimation Module (GEM), pia avolktoU kwdika epappoyr) oe ROS/Python.

To SEROW kat to GEM €xouv a&lohoynBel mooOTIKA Kol TTOLOTLKA avalpOPLKA [UE
™V akpifela kot TNV amodoTkOTNTA TOUG TOOO OE TMPOCOWOLWOoN 000 Kal Of
TIPAYUATIKEG CUVONKEG. ApXLKA, XPNOLLOTIOLNONKE €va TTPOCOUOLWUEVO POUTOT OTO
MATLAB kot to avBpwrmnoeldég poundt Valkyrie tng NASA oto ROS/Gazebo yua va
TEKUNPWOOUV Tl  TPOTEWOUEVA  oxnuata oto  PBadlopa  mAvw o€
avopolopopdo/avwparo €56adoc. ITn OUVEXELD, TA TIPOTEWOUEVA OXNUATA
EVoOWHATWONKaV 0To a) pkpoU peyEBoug avBpwmoeldég poundt NAO v4.0 kat B) oto
TANpoug peyéBoug avBpwmoeldéc WALK-MAN v2.0 ylo MEPETAipW TELPOATIKN
emukUpwon. Me to NAO, to SEROW £dapuooTnKE 0TO POUTIOT YL VA TTAPACYEL TNV
anoapaitntn avatpododotnaon oTov oxeSLOOUO TNG Kivnong Kal Tn otabepomoinon Tou
Bnuatiopol o€ MPayUaTIKO XpOvo. Me auTo To TPOTOo ETUTEVYXONKE TTOAUKOTEUOUVTIKN
Badion akoun kat ot efwtepkad/avopoloyevr) £dadn. EmutAéov, to SEROW
Xpnotpomnotnke otov oxedlaopo Bnudtwy yla Tnv MAonynon Kot eniong oto Visual
SLAM pe to (610 poumnodt. ‘Ocov adopd to WALK-MAN v2.0, to SEROW edapuootnke
pue Oebopéva  Kwvnuatikng, adpavelakng povadag kat F/T ywa va moapégxel
avatpododdtnon Paong kat CoM oe mpaypaTikd Xpovo. Itnv ektipnon AndOnke
umoyn kat to VO yla tnv 616pbwaon tNG KWVNUATIKAG AmtOKALoNG KATA TO TMEPTIATN AL,
Me auTO TO TPOTO SLEUKOAUVETAL CNUAVTIKA O TIBAVOG oxedlaopog Bnudatwy. TENoG,
To GEM xpnowomnoln0nke emniong ywa tnv ektipnon t¢ ¢aong tng Badiong oto
Suvapiko nepriatnuo tou WALK-MAN.

Yuvoyilovtag, o autr tn dLatpLprn mpoteivetal évag 08evapog Un-yYpoUULKOG
EKTIUNTAC Katdotaong yla to Padlopa avOpwrnoeldwv pounot. Mapola autd, to
TIPOTELVOUEVO CUOTNHA UMopel eUKOAA va emektaBel kol o€ AAAOUG TUTTOUC POUTIOT
He modla, onw¢ ta teTpanoda, plag kat Stabétouv Tig 1dLeg Paotkég apxEg kivnonc.

EruBAEnwV: KaBnyntng, Navaywtng Tpaxavidg



ABSTRACT

Center of Mass (CoM) estimation realizes a crucial role in legged locomotion. Most
walking pattern generators and real-time gait stabilizers commonly assume that the
CoM position and velocity are available for feedback. In this thesis we present one of
the first 3D-CoM state estimators for humanoid robot walking. The proposed
estimation scheme fuses effectively joint encoder, inertial, and feet pressure
measurements with an Extended Kalman Filter (EKF) to accurately estimate the 3D-
CoM position, velocity, and external forces acting on the CoM. Furthermore, it directly
considers the presence of uneven terrain and the body’s angular momentum rate and
thus effectively couples the frontal with the lateral plane dynamics, without relying on
feet Force/Torque (F/T) sensing.

Nevertheless, it is common practice to transform the measurements to a world
frame of reference and estimate the CoM with respect to the world frame.
Consequently, the robot’s base and support foot pose are mandatory and need to be
co-estimated. To this end, we extend a well-established in literature floating mass
estimator to account for the support foot dynamics and fuse kinematic-inertial
measurements with the Error State Kalman Filter (ESKF) to appropriately handle the
overparametrization of rotations. In such a way, a cascade state estimation scheme
consisting of a base and a CoM estimator is formed and coined State Estimation RObot
Walking (SEROW). Additionally, we employ Visual Odometry (VO) and/or LIDAR
Odometry (LO) measurements to correct the kinematic drift caused by slippage during
walking. Unfortunately, such measurements suffer from outliers in a dynamic
environment, since frequently it is assumed that only the robot is in motion and the
world around is static. Thus, we introduce the Robust Gaussian ESKF (RGESKF) to
automatically detect and reject outliers without relying on any prior knowledge on
measurement distributions or finely tuned thresholds. Therefore, SEROW is
robustified and is suitable for dynamic human environments. In order to reinforce
further research endeavors, SEROW is released to the robotic community as an open-
source ROS/C++ package.

Up to date control and state estimation schemes readily assume that feet
contact status is known a priori. Contact detection is an important and largely
unexplored topic in contemporary humanoid robotics research. In this thesis, we
elaborate on a broader question: in which gait phase is the robot currently in? To this
end, we propose a holistic framework based on unsupervised learning from
proprioceptive sensing that accurately and efficiently addresses this problem. More
specifically, we robustly detect one of the three gait- phases, namely Left Single
Support (LSS), Double Support (DS), and Right Single Support

(RSS) utilizing joint encoder, IMU, and F/T measurements. Initially, dimensionality
reduction with Principal Components Analysis (PCA) or autoencoders is performed to
extract useful features, obtain a compact representation, and reduce the noise. Next,



clustering is performed on the low-dimensional latent space with Gaussian Mixture
Models (GMMs) and three dense clusters corresponding to the gait-phases are
obtained. Interestingly, it is demonstrated that the gait phase dynamics are low-
dimensional which is another indication pointing towards locomotion being a low
dimensional skill. Accordingly, given that the proposed framework utilizes
measurements from sensors that are commonly available on humanoids nowadays,
we offer the Gait-phase Estimation Module (GEM), an open-source ROS/Python
implementation to the robotic community.

SEROW and GEM have been quantitatively and qualitatively assessed in terms
of accuracy and efficiency both in simulation and under real-world conditions. Initially,
a simulated robot in MATLAB and NASA’s Valkyrie humanoid robot in ROS/Gazebo
were employed to establish the proposed schemes with uneven/rough terrain gaits.
Subsequently, the proposed schemes were integrated on a) the small size NAO
humanoid robot v4.0 and b) the adult size WALK-MAN v2.0 for experimental
validation. With NAO, SEROW was implemented on the robot to provide the necessary
feedback for motion planning and real-time gait stabilization to achieve omni-
directional locomotion even on outdoor/uneven terrains. Additionally, SEROW was
used in footstep planning and also in Visual SLAM with the same robot. Regarding
WALK-MAN v2.0, SEROW was executed onboard with kinematic-inertial and F/T data
to provide base and CoM feedback in real-time. Furthermore, VO has also been
considered to correct the kinematic drift while walking and facilitate possible footstep
planning. GEM was also employed to estimate the gait phase in WALK-MAN’s dynamic
gaits.

Summarizing, a robust nonlinear state estimator is proposed for humanoid
robot walking. Nevertheless, this scheme can be readily extended to other type of
legged robots such as quadrupeds, since they share the same fundamental principles.
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