Résumé

À quel point les mouvements humins sontEils optimux c gette thèse orde ette question en se onentrnt prtiulièrement sur les mouvements en esldeD étudiés ii sous trois spets omplémentires que sont l ollete expérimentle de séquenes de grimpeD l9nlyse ioménique de es donnéesD et l synthèse de gestes pr opE timistion temporelleF v mrhe fut l9ojet de nomreux trvuxD ve de ons résultts notmment en nimtion wordth PHIQF xous nous intéressons ii spéE ilement u prolème originl des mouvements d9esldeD dont l diversité et leur rtère multiontt présentent une omplexité intéressnte pour l9évlution des rtéristiques du mouvement huminF v9hétérogénéité du répertoire gestuel renE ontrée en eslde s9explique pr plusieurs fteurs que sont l9évolution sur des prois de formes vriéesD l multipliité des niveux d9expertise des prtiquntsD et des disiplines di'érentes u sein même de l9tivitéD à svoir le loD l di0ultéD ou enore l9eslde de vitesseF xotre démrhe d9explortion de e sport se déompose en trois étpes X l ollete de données pr une pture de mouvements multimér ve mrqueursD ouplée à un ensemle de pteurs de fore montés sur un mur de lo en lortoire Y une nlyse du geste pr dynmique inverseD prennt exluE sivement des données inémtiques pour entréesD sée sur une minimistion des ouples internes pour résoudre l9miguïté du multionttD intrinsèque à l9tivité d9esldeD vlidée pr omprison ve les mesures pteurs Y et en(nD l9utilistion d9un ritère d9e0ité énergétique pour synthétiser l meilleure temporistion sE soiée à une séquene de déplements donnésF ves enregistrements expérimentux se sont fit à l9université wqill qui dispose d9un mur instrumenté de T pteurs de foresD et d9un dispositif de pture de mouvements PR mérsD nous ynt permis de olleter des données sur une popultion de W sujetsF v9nlyse de es données onstitue l deuxième prtie de ette thèseF ve dé( ordé est de retrouver les fores externes et les e'orts internes à prtir uniquement des déplements du grimpeurF xous supposons pour el une réprtition optimle des e'orts internesF eprès nlE yseD ette réprtition s9vère être plutôt uniforme que proportionnelle ux pités musulires des di'érentes rtiultions du orpsF pinlementD dns une troisième et dernière prtieD nous nous intéressons à l temporistion des gestes en esldeD en prennt en entrée l trjetoire du grimpeurD éventuellement issue de inémtique inverse pour s9'rnhir de l néessité d9une pture pr mrqueurs et mérs infrErougesF in sortieD une temporistion idéle pour ette trjetoire est trouvéeF gette temporistion s9vère rélisteD mis mnque d9une modélistion des instnts d9hésittion et de prise de déisionD insi que d9un modèle d9étlissements de onE ttD phénomène présentnt un déli temporel non pris en ompte pour l9instntF Abstract row optiml re humn movements c his thesis tkles this issue y fousing espeilly on liming movementsD studied here under three omplementry spets whih re the experimentl gthering of liming sequenesD the iomehnil nlE ysis of these dtD nd the synthesis of gestures y timing optimiztionF lking hs een lrgely studiedD with good results in nimtion wordth PHIQF e re interested here espeilly in the originl question of liming motionsD whose diverE sity nd multiontt spet present n interesting omplexity for the evlution of the humn motion hrteristisF he heterogeneity of liming gestures n e linked to severl ftors whih re the vriety of wll shpesD the multipliity of limer skill levelsD nd di'erent liming tegoriesD nmely oulderingD route liming or speed limingF yur explortory pproh of this sport onsists in three stepsX the dt olletion y multimer mrkerEsed motion ptureD omined with set of fore sensors mounted on n inElortory ouldering wllY gesE ture nlysis y inverse dynmisD tking only kinemti dt s inputsD sed on the minimiztion of internl torques to resolve the multiontt miguityD intrinsi to the liming tivityD vlidted y omprison with sensor mesurementsY nd (nllyD the use of the energy e0ieny riterion for synthesizing the est timing sE soited with given sequene of movementsF ixperimentl reordings were mde t wqill niversity whih hs liming wll instrumented of T fore sensorsD nd motion pture devie of PR mersD whih llowed us to ollet dt on popultion of nine sujetsF he nlysis of these dt is the seond prt of this thesisF he ddressed hllenge is to (nd the externl fores nd internl torques from the limer9s movements onlyF o this end we ssume n optiml distriution of internl torquesF efter nlysisD the distriution turns out to e rther uniform thn proportionl to the musle pity ssoited to eh ody jointF pinllyD in third nd lst prtD we fous on the timing of liming gesturesD tking s input the pth of the limerD possily fter inverse kinemtis in order to overome the need for pture with mrkers nd infrred mersF es outputD n optiml timing for this pth is foundF his timing is relistiD ut lks of modeliztion for hesittion nd deision mking instntsD s well s model for the ontt estlishmentD with the ssoited temporl dely urrently not tken into ountF
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QFI sntrodution F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F RW QFP elted ork F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F SI QFQ snverse hynmis pormultion F F F F F F F F F F F F F F F F F F F F F F SP QFQFI iqution of motion F F F F F F F F F F F F F F F F F F F F F F F F SQ QFQFP hismigution y minimiztion of torques nd fores F F F F SR QFQFQ gontt trnsition model F F F F F F F F F F F F F F F F F F F F ST QFQFR toint torque weighting F F F F F F F F F F F F F F F F F F F F F F SV QFR ixperiments nd lidtion F F F F F F F F F F F F F F F F F F F F F F F SV
QFRFI tndrd inverse dynmis exmples F F F F F F F F F F F F F F TH QFRFP gliming with lim spei( weights F F F F F F F F F F F F F F F TI QFRFQ gliming with ntomil weights gliming onsists in moving on given wllF he wll ontins vrious protrusions lled the holdsF he given pth to follow is lled the routeF ih route hs its own di0ulty whih depends on the gestures involved y the holdsD whih n e more or less energeti or omplexD ording to the slope of the wllD the size nd the shpe of the holdsD their spingD nd their respetive positioningF ih limer hs his own musulr limitsD gesture knowledge nd preferenesD mking the pereption of the di0ulty of route reltive to eh limerF xeverthelessD ommon sle of di0ulty for liming routes n e estlished y verging the individul pereption of popultion of limersF por given routeD for given limerD the question of (nding the sequene of movementsD or movesD tht will enle the limer to reh the lst hold is lled liming prolemF ih liming prolem hs severl solutions tht re more or less thletiD or require more or less supplenessF sf the limer is liming t his mximum levelD then he hs only one solution for sending1 the routeF en exmple of suh sitution is shown (gure IFIF yne wy to reh this solution is to tune the sequene of moves to mke them s e0ient s possile for the given prolemD in order to hve enough energy for the whole sentF 1.1.2 Benets and needs gliming is sport nd hs therefore ll the ene(ts mentioned for instne y the eretryEqenerl of the nited xtions @FxFAD fn uiEmoonX port is inresingly reognized s n importnt tool in helping the nited xtions hieve its ojetivesD in prtiulr the willennium hevelopment qolsF fy inluding sport in development nd pee progrmmes in more systemti wyD the nited xtions n mke full use of this ostEe0ient tool to help us rete etter worldF i the FxF y0e on port for hevelopment nd ee @xyhAD the nited xtions promote sport s powerful vehile for positive soil hnge nd mens to promote edutionD helthD development nd peeF eording to the port for hevelopment nd ee snterntionl orking qroup @h sqAD sport is seen to hve the most ene(ts inX • gommunition nd soil moilistion es sportD liming o'ers the dvntge of mintining the physil nd mentl wellEeingF st lso enhnes the personlity of n individulD is good soure of entertinment nd o'ers helth ene(ts suh s lowering the risks of dietes nd hert disesesF here re vertil loomotion needs present within the professionl mrketsF ixmple res inlude rope ess nd on(ned spesD tree reD energy nd netE workD frming nd roo(ngD nd vertil resueF rining is needed in these resD nd this thesis is lso imed to provide visul support for professionl trining to understnd the fores involved while operting in vrious vertil environmentsF 1.1.3 Computer science and climbing fy inluding iomehnil nlysisD liming simultion environment ould e used for professionl trining in workEtEheight nd resue tivitiesD espeilly to prevent work injuries relted to positioningF sndeed there exist urrently no nlysis nor visuliztion tools to (nd nd explin the est positioning for moving vertillyF isulizing e'orts needed to perform given motion would help to explin di0ulties enountered when limingD nd would improve the understnding of this sportF uh tool ould e used s tehing supportD nd ould help in the prevention of injuriesD whih our too frequently in this sportF e liming video gme ould e used to prepre liming sessionsF o tht endD roust physil nlysis of liming motion is neededD s the one proposed in this thesisF e fous is mde on the gesture optimlityD suh tht performne improveE ments n e trgetedF he optimlity spet of sport liming is usully tkled y thletes on feeling levelD nd only few ooks in sport siene explin liming gestures on n e0ieny point of view rgue PHHTF he optiml gesture issue is urrently reeiving high interest in oth omputer grphis nd rootisF his thesis tkes dvntge of this idel opportunity to ring omputer siene tehnoloE gies into sport siene in order to ring omputtionl support for performne improvementsF he motion genertion issue is shred y limers nd y grphis rtistsF sn oth of these dominsD the question of (nding the humn movement sequene in response to given environment nd tsk n e metF e propose in this thesis solution sed on energy minimiztion in the spei( se of vertil environmentD whih provide wy to utomte motion genertionF sn the ontinuity of this thesisD the onverse prolem ould lso e tkledX given n ville energy levelD wht environment n e limedF enswering this question of omputer ssistne in the design of liming routes would help to dpt them to wider puliD suh s hildren nd people with physil disilitiesD for whom routes re not esy to designF 1.2 Positioning and targeted issues 1.2.1 Physical simulation of human motion hysilly sed hrter nimtion is n tive domin in omputer grphisF he hllenge is to produe nturl motions of di'erent tivities tht hve the ttriutes nd sutleties of rel humn motionF reneD dt driven methods re populr pprohes to generte nturl motionsD nd feedk ontrollers hve een designed for suessful lne during stepping in PHHU nd stnding motions whietto PHHWF sn the sene of motion ptureD hrters n still e nimted y other mensD nd some hve proposed to ontrol nimtion using low frequeny virtion modes of hrter9s mehnil model ury PHHWF yptimiztion is nother method widely used for generting plusile motion of nimted hrters y minimizing energy nd other ojetives xunes PHIPF heling with omplex ontt hnges during optimiztion is mjor hllengeD whih n e ddressed y reking motion into phses with simpler gols el forno PHIPD nd with the use of ontinuous uxiliry vriles to help onvergene wordth PHIPF yptimiztionE sed methods im to produe plusile motion while fousing on only smll set of importnt fetures de vs PHIHF ith miniml tuningD dexterous mnipultion nd grsping n e nimted from single input pose viu PHHWF gonstrined optimiztion hs lso een used to design ontrollers through higherElevel ojetivesD for instneD ontt onstrints to generte liming ontroller tin PHHWF widE level ontrol strutures re lso useful in repetitive motionsD suh s ertin grsping nd mnipultion tsks endrews PHIQF wotion pture nd fore sensing ws used for pturing nd resynthesizing grsping motions ury PHHTF elddin PHIP strted the work on dt driven liming y fousing on optimiztion of stti poses using ptured fore nd motionD nd we re extending this work for dynmi motionsF ynly few stti poses n e simultedF sn this thesisD entire liming motions re generted smoothlyF 1.2.2 Challenge for a biomechanical model sn stnding ipedsD s in qudrupedsD the displement of ody segment is omE pnied y musulr tivity nd mehnil hnges involving other segmentsD whih ontriute to the ontrol of ody lneF sn rok limingD the understnding of how these fores re shred mong the holds requires the solution of n under onE strined prolemD nd this represents rel hllenge in iomehnis help PHHUF revious results otined with restrited simulted rok liming movements hve shown tht the supporting fores re ontrolled di'erently in the vertil nd horiE zontl diretions uine IWWWF huring single lim relese without ny dynmi requirementsD oth vertil nd horizontl fores inrese on the side ontrlterl to the moving limD wheres only horizontl fores deresed on the ipsilterl holdF his spei( fore shring hs een presented s the most pproprite motor strtE egy to ensure ody lne with minimum energy expenditure xoé PHHIF yne spet of this thesis is to extend these studies to more relisti simultions of the whole ody during the tion of vertil loomotionF his hs required the develE opment of new iomehnil pprohes tht omine whole ody modeling nd optimiztion tehniques to solve the support redundnyF he numerous (nger degrees of freedom nd hnd musles llow the hnd to dpt to the hold shpeD nd thus to perform lrge numer of gripping tehniques hweizer PHHIF reneD depending on how hndles re mnipultedD supporting fores re trnsmitted di'erently in the odyF he pity to grsp holds is the prime ftor for inresing the qulity of the whole ody lneD nd the e0E ieny nd sfety during rok limingF o dteD hnd iomehnil nlysis in rok liming hs foused only on injuries with simulted hold requirements or on dverous hnds hö1 PHHUF xo studies hve een onduted during n tul rok liming movementF prom lortory tsks with the hnd )t on tle nd (ngers pled in dpted fore deviesD it is well doumented tht the fores exerted y the (ngers re not di'erent etween the slope nd the rimp grip tehniquesD wheres the ddition of the thum in the rimp grip llows for n inrese of 20% in the supporting fore uine PHIIF roweverD nothing is known out the hnd iomehnil ehviour during tul limingF he lrge vrition of size nd uryD from hnd to whole odyD is n importnt sienti( nd experimentl hllengeF 1.2.3 Physically-based motion analysis from video prom monoulr view to multiple mer systemsD numerous works hve delt with humn motion trkingF woeslund nd qrnum hve provided good survey on this topi woeslund PHHIF e reently proposed n innovtive method using multiple mers huveu PHIPF yur pproh is sed on the lerning of set of posesF st hs shown to reh stte of the rt ury on the ommonly epted evluE tion dtse rumneiv in the omputer vision ommunityF feing sed on the lerning of set of posesD it will e neessry to dpt to n optiml set of poses for limingF he other set of relted works is the usge of physisEsed modeling for informtion retrievl from videoF lzmnn nd rtsun showed the ene(t of usE ing physillyEsed model for the video trking of simple ojets lzmnn PHIIF roweverD their frmework is not dpted for our gol s we require the extrtion of omplex motion of the whole ody s well s ontt foresF fruker et lF presented method to extrt prmeters of physil model from optil dt fruker PHHWF he drwk of this method is tht it uses penltyEsed onE tt method whih is n oversimpli(tion of the ontt physisF sn this thesisD we used onstrinedEsed methodD nd its ury hs een proven y omprison of the estimted ontt fores with ontts mesured t the liming wll from the nimtion l in wqill niversityD wontrelF imilrly to ondrk PHIPD we would need to ouple these results using physisEsed simultion with our optil motion trking worksF 1.3 Addressed Climbing Specicities 1.3.1 Holds and their quality olving liming prolem mens (nding the sequene of movements to lim given set of holdsF he shpe of the holds in)uenes drstilly the motion performed y the limer to solve the proposed liming prolemF he (gure IFP illustrtes this oneptF he di'erene etween good nd d hold lies in the numer of musles needed to tke this holdD long with the mount of strength these musles must generteF por instneD if the hold is good enough to llow the hnd plm to e in ontt with the hold nd thus to generte more frition foresD the musles tivting the (ngers tips will e relievedD nd onverselyD if only the (nger tips re in onttD the limer will mke stronger demnds on the (nger musles to use this onttF hereforeD the limer voids using holds tht require more grip strength thn othersD nd onsequently the oserved ody motions re in)uened y the type of hold ville for the limF e similr phenomenon n e otined when trying to wlk or to run on toe tipsD without heel onttF wuh more energy is needed to trnsfer the whole ody weight through the toes until their tips if the heels do not touh the groundD thn if this trnsfer is stopped t the heels when they re in ontt with the groundD involving tht the toes er lmost no weightF sf the wlker or the runner hd to go s fr s possileD nd hd the hoieD he or she would ertinly hoose to use his or her heelsD nd this hoie would 'et the oserved motionD similrly to the previous explntionF o sum upD to e le to lim s high s possileD limers try to void using holds requiring powerful gripF sn other wordsD liming motions re dpted to the shpe of the holds ville for the sentF 1.3.2 The observed motion factors gliming motions re the result of severl ftors tht re spei( to this tivityF o understnd these ftorsD we will explin in more detils the proess of limingF e then list the motion ftors we hve identi(edF sn this susetion we explin the hoies we hve mde for reording in nd outEofElortory liming motionsD on ouldering wll nd on free liming routeF Climbing disciplines e distinguish three min liming disiplinesX oulderE ingD topErope liming nd led limingF he (rst one onsists in liming with no hrness wll out three meters highF he two others orrespond to liming with ropeD nd re gthered under the term free limingF pree liming is the opposite of id limingF eid liming is speil liming disipline older thn the free liming where ny rti(il idD suh s ldders or hooksD n e used to progress on the wllF ell these disiplines do not tke into ount the time needed to lim the route or the oulderD ut only the di0ulty of the liming prolemF yn the ontrryD speed liming is the disipline foussing on the sent timeF sn the followingD we de(ne in more detils the terms topErope liming nd led limingD nd explin why we hve hosen to ollet topErope liming dt insted of led liming dtF Top-rope climbing opErope liming is wy to lim routes tller thn oulE dering prolemsD whih mkes the fll dngerous without sfety equipmentsF he proess is to pss the rope through kriner (xed t the top of the wllF he limer ropes up t one extremity of the ropeD nd the elyer psses the other extremity of the rope through ely devieF he rope is mintined tight enough y the elyerD suh tht ny hypothetil limer9s fll n e sfely stopped efore rehing the groundF Lead climbing ved liming is similr to topErope limingD with the key difE ferene tht the rope is not pssed through kriner t the route topD ut must e lipped to the wll y quikdrws every two or three meters during the limer9s sentF he (gure IFQ illustrtes this lipping proessF sf the limer releses the holdsD then free fll phse strtsD stopped y the elyer when the rope (nlly tightensD thnks to the lst quikdrw tht the led limer hs setF his potentil free fll phse mkes the led liming more di0ult to study thn topErope limE ingD euse hving in mind this possiilityD the limer n mke sfer movements thn he or she would idelly do to lim the routeF his psyhologil stress nd nxiety is mentioned in heel PHHR to e n importnt omponent of rok limingF he seond disruptive ftor of led liming is the quikdrw settingsD whih mkes the limer swithing from the liming tsk to seuring tskF o remove these two ftors tht ould disrupt the oserved motionD we hoose to study topErope limingF Chalk usage enother ftor tht in)uenes liming motions is the use of powder hlk to remove hnd perspirtionF sndeedD during the liming e'ortD hnds hve tendeny to perspireD whih redues the frition oe0ient etween the hnds nd the holdsD mking the lim hrderF his issue is often overome y ringing hlk g for the limD tthed on the k of the hrnessF hen hnds perspireD the limer moves them one fter nother inside this g to dry them with the hlkF sn order to void those o' trk motionsD we sked the limer not to use hlkF xote tht liquid hlk ould lso hve een used hereD ut the holds hve een hosen esy enough to void hlk t llF On-sight and red-point he next identi(ed ftor is the knowledge of the route efore the lim ttemptF hen the limer mkes his (rst ttempt in the sent of given routeD we sy tht he is liming onEsightF sf the limer does not suess to lim the route onEsightD he or she usully tries to improve the movements in the following ttempts in order to mke them more e0ientD to e le to lim the route more esilyF pinllyD when the limer suessfully lim the route fter severl ttemptsD the result is ll redEpointF edpoints hve een rought in the midEIWUHs y uurt elertD mthemtis nd physis teher from the prnkenjurD who pinted red points t the ottom of the id liming routes he mnged to free limF sully onEsight nd redpoint ttempts impliitly ssume tht the limer is on ledF feuse similr phenomenons n e oserved with the (rst nd the next topErope ttemptsD we will lso use the terms onEsight nd redpoint for topE rope limingF he onEsight motion ftor hs unfortuntely een identi(ed fter the estlishment of the pture protoolF hereforeD we minly oserved onEsight liming runsD whih ontins hesittion phses nd motions tht ould hve een more e0ient fter severl triesF Cameras he lst ftor we identi(ed is the presene of mersD whih n inE rese the stress of the limerF nder the mersD the oserved motions re not s nturl s motions of free trining sessionsF e ommon solution used to tht prolem in sport trining is to ring the mer t eh trining sessions suh tht the limer n e used to itF fut this solution would hve required more time thn the time we hd for the reordingsF 1.3.3 Energetics sn this susetionD the energeti model used in sport siene for highElevel limer trining is ompred with the model used in reent nimtion worksD whih hs een orrowed from the iomehnis litertureD nd with the model used in this thesisF Energetics in sport science hree exerise energy systems exist in liming quyon PHHRF he (rst oneD the lti neroi energy systemD is involved in short nd intense e'ortsD typilly less thn 10sF he seond oneD the lti neroi energy systemD is involved in medium e'ortsD with durtion etween 15s nd 3minF he lst oneD the eroi energy systemD is involved in lower intensity e'ort whih n lst up to severl hoursF hese three energy systems operte simultneouslyD in di'erent proportions ording to the nture of the limD nd ording to the level of the limerF de wores fertuzzi PHHU showed tht elite limers tend to use more their eroi energy system nd less their lti neroi energy system thn reretionl limersF eording to quidi IWWWD the three exerise energeti systemsD oming from thletis studies performed on runnersD re not su0ient to fully explin liming performneD euse liming e'ort is di'erent from running e'ortF he e'ort enounter in liming is n intermittent e'ortD onsisting of UH7 of oservtion phsesD nd QH7 of e'etive motion hupuy IWVWF In computer graphics and biomechanics he metoli energy expenditure used in wordth PHIQ to simulte hrter wlking nd runningD (rst presented in enderson IWWWD reltes the fore generted y musle with the orresponding needed therml nd mehnil energyF his model pplies on rillEtype musuloE tendon unitsF st onsists of four terms whih re the musle tivtion het rteD the musle mintenne het rteD the musle shortening het rteD nd the positive mehnil work rteF Our energetic model and model comparisons yur energeti model is exE pressed t joint levelD nd the energeti ost onsists in squred joint torques inteE grted over timeF es this model does not depend on joint positions nor joint veE loitiesD it is omprle to the tivtion nd mintenne het rte of the model desrie in the previous prgrphF hese three energeti modelsD used in sport sieneD in grphis nd rootis nd oursD re di'erent nd omplementryD s they operte t di'erent oservtion levelsF sndeedD humn movements oserved on n energetis point of viewD n e seen s hin of trnsformtionsD strting with the exerise energy systems @the (rst presented modelA to onvert food energy into musE ulr energyD ontinuing with the metoli energy expenditure model to onvert musulr energy into musulr foresD from whih the joint torques n e deterE minedD nd (nlly involving the joint level model to onvert joint torques into ody motionF sn this hinD we hose to e s lose s possile to the ody motion in order to redue the model omplexityD nd thus we worked t joint levelF 
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everl works hve lredy studied rok limingF wost of them imed t exploring the physiologil omponents of the performne in rok limingF e review here those studiesD nd mention the devie they used to ollet liming dtF wgier et lF wgier PHIQ dte the (rst reserh interests in rok liming in the lte IWUHsF e dede nd hlf lterD ougier nd flnhi ougier IWWP used vertil wll with four lod ells mesuring IEh foresD to mesure the mximl voluntry ontrtion @wgA limer n generteF he wg is de(ned s the mximl fore tht n e generted voluntrily on given gonist musle groupF sn ougier IWWPD the wg ws pproximted y using fore mesurements t the ontt points etween the limer nd the wllF hey onlude tht the wg is positively orrelted with the expertise level of the limerD with higher proility when tking the wg normlized y the limer9s weightF hree other studies est IWWWD uine IWWWD est PHHQ used the sme setupD ut with QEh fore sensorsD to ssess the ntiiptory posturl djustement in response to the tsk of rehing new hold from qudrupedl postureF he lst of those works lso shows tht the fores involved in the posture djustment vry with the ge of the limerF he lrge spe needed to prtie rok liming is n issue for inElortory studies of this tivityF e workround hs een found y footh et lF footh IWWWD who used vertil liming tredmill to mesure the physiologil response to liming e'ortF he physiology of liming hs lso interested wermier et lF werE mier PHHHD who showed the importne of trining for rok liming performneD nd lims tht the liming exellene is not diretly relted to nthropometri hrteristisF his lim hs een disussed y tts tts PHHR y gthering IP existing works on rok liming physiology to dedut the nthropometri nd physiologil performne ftorsD inluding tht est limers tend to e smll with low ody ft levelF he sme yerD the work y heel heel PHHR hs showed tht the eroi ody pity is performne ftorF enother interesting onlusion of heel is the impt of psyhologil ftor on the physiologil response to rok liming e'ortsF pinllyD the unique work of de qeuss et lF de qeus PHHT shows tht severl routes of the sme di0ulty n hve di'erent physiologil impts on the limerD depending on the style of the routeF he tehnologil innovtion ssoited to this work is ontinuous mesurement of physiologil dt while limingD enled y portle deviesF en indoor liming wll tht n rotte hs een used in surgil ontext y hoe1 et lF hoe1 PHHRF sn this workD they mesured the pressure in the forerm musles during liming e'ort with slit thererF he im ws to evlute the dngerousness of tht sport on the forerm muslesF portuntelyD liming is sfe for the forerm muslesF iell et lF iell PHHU studied indoor liming with mop system onsistE ing of T infred mers nd IP mrkersF heir onlusionsD sed on the ssessment of the enter of mss @gowA motionsD re tht expert limers minimize power durE ing their sentF e ouple of works lso studied liming movements y pturing them with elerometers hmid PHHUD nsiot PHHVD vdh PHIQF eelerometers hve the dvntge of eing lighter to set up thn n infrredEsed pture sysE temD nd n thus e used in wider rnge of environmentsF he drwk of suh systems is the sene of solute referene frmeF hus they re more sensitive to driftF Qh fore sensors mounted on liming holds hve een used in severl works puss PHHTD puss PHHVD puss PHHVF he (rst of these works interestingly onluded tht powder hlk is fr etter thn liquid hlk or dry hnd on len surfesD nd tht on messy surfesD dry hnd is etter thn powderEhlked hndF he two lst studies re out the mesure of ontt fores pplied on hold during ompetitionF ith 90% on(dene they onluded tht the ompetitor rnks re orrelted to the rusdor' dimension of the ontt fore distriutionD this dimension summrizing the time of onttD tht must e shortD the mplitude of the ontt foreD tht must e smllD the good use of ontt fritionsD nd the smoothness of the ontt fore through timeF vehner et lF vehner PHIQ on(rmed tht resultD with the rekthrough to hve wireless Qh fore sensorsF pinllyD one of the most dvned works on the performne ftors in rok liming hs een done y wgier et lF wgier PHIQF sn this work orreE ltion is estlished etween the limer9s peformne pityD evluted y the Table 2.1: Characterization of the related works and our positionning with respect to them. The column Physio refers to some physiological quantity measurements, such as oxygen uptake, blood pressure, or heart rate for instance. The accelerometers measure the acceleration in 3D. Camera and marker devices involve infra-red cameras with passive markers. mx on sight 1 D nd the mx red point 2 D with physilD tehnil nd mentl hrE teristisF hose hrteristis inlude the (nger strengthD mentl endurne @evlE uted with psyhologil testsAD liming tehniqueD the retion timeD the pe index nd the oxygen uptke t neroi thresholdF he vrious fetures of the relted works on liming dt pture presented ove re summrized in the tle PFIF yur positionning with respet to the previous works is to pture oth full Qh ody motions thnks to PR infred mers nd QT mrkersD tht we synhronize with six Th fore sensors mounted etween the holds 1 max on sight: hardest climb succeded on the rst try, without any information on the ascent before the attempt. The diculty is quantied with rating systems presented in table 2.2.

2 max red point: hardest climb succeded after several tries, with eventually information on the ascent given by someone else.

nd the wllD llowing us to hve ll the externl ontts involved in the reorded liming runsF he seond pture experiment presented in the following hs not suh n exessive rekthroughD ut is presented here s simple nd thus highly reproduile dt setF 2.2 Bouldering Data Capture fouldering is type of liming where no hrness is needed due to the low height of the wllF sully the wll is out Q meters highD whih llows the limer to lnd sfely on pds in se of fllF he smll size of the wll needed nd the ft tht neither rope nor hrness re needed mkes this disipline good tehnil hoie for the inElortory study of liming motionsF 2.2.1 Hardware and softwares, synchronization his suEsetion desries the devies used to ollet the ouldering dtF hose dt onsist of oth the Qh motion of the limer oupled with Th mesurements of the externl ontt fores nd torques used long the motionF Wall structure he liming wll struture on whih the hold sensors re mounted @(gure PFIA hs een uild y n expert rpenterF he liming surfe is squre of PFRP meters y PFRP metersF he wll hs negtive slope of out four degreesF he slope hs een omE puted from the side lengths of the externl tringles of the strutureF qiven the following tringle with known side lengths D nd D suh tht a + b > cD a + c > b nd b + c > aD iFeF the tringle is not )tD the reltions to onvert the side lengths into their respetive opposite ngles αD β nd γ re given y

α = arccos b 2 + c 2 -a 2 2 b c @PFIA β = arccos a 2 + c 2 -b 2 2 a c @PFPA γ = π -α -β , @PFQA
whih is n pplition of the lw of osinesF he externl tringle side lengths hve een mesured etween the three olts tht mintin this prt of the wll strutureF hese lengths re reported on the right side of the (gure PFPF ith equtions PFID PFP nd PFQD we omputed the ngles reported on the left side of the (gureF essuming tht the olts re entered on the entrl xis of the wood piees they elong toD nd tht the lower wood em of eh tringle is horizontlD we onlude tht the wll hs slope of -4 • F he entrl liming surfe onsists of torsion ox forming hessord of T y T ellsF he ells of QT m high nd QS m wide n e (lled with squre wooden plnk on whih the holds nd sensors re tthedF ih of those ords is linked to the min struture y V olts with utter)y nutsF his system of inding implies tht two people re needed to hnge the on(gurtion of the ordsD one person in front of the wll nd one person ehind the wll simultneouslyF woreoverD to hnge the T ords we hveD RV olds need to e movedD whih tkes round one hourD if we ount the lignement issuesF hereforeD only two ord on(gurtions hve een used for our dt olletionF he (rst on(gurtion n e seen in the (gure PFID the seond on(gurtion is shown in the (gure PFRF elong with the wll strutureD set of QR rti(il wetolius liming holds of diverse shpes is villeF he holds re tthed to the wooden hold support y entrl srewD whih does not ollide with the srews tht tth the hold support to the sensorF sndeed those lst srews forms irle with n empty interiorF Force sensors he wll is equiped with six Th fore nd torque sensorsD from eEeh snstruments vtdF hey re mounted etween two wooden plnksD s shown on the (gure PFQF he size of the k sensor support nd the size of the front hold support re the sme for ll the holdEsensor struturesF he srew hole positions on those supports re lso the smeF fy this wyD the sensors n e pled in ny wll ellF hey n lso e exhnged eh otherD while keeping the sme lotion for the hold enter lotionF e will further use this invrint for the lirtionF he sensor supports re rigidly tthed to the wll frmeworkF he pttern of the olts llow the support to e rotted of ny numer of qurter turnsF he sensor position on its support eing exEenteredD the rottions re used to ple the sensor in ny ell ornerF he hold supports re designed suh tht they n not touh the ell orders when the sensors re in pleF he inEetween spe is out three millimetersF he sensors re onneted to mpli(er ordsD nmely two ews weET winiE emp9sD whih llow us to set up the sensitivity of the mesurementsF es there re four sensor inputs per ordD two ords re needed to onnet the six senE sorsF hose ords re themselves onneted to omputer vi n enlog snput ordD y gyxig goFD vtdF he dt logger softwre is gEvyqqiD y the sme ompnyF his whole devie n pture dt t IHHH fpsD ut to simplify the synhroniztion proessD we ptured dt t the sme frequeny s the motion pture devieD whih is IHH fpsF Mocap system wotion ptureD or mopD is stndrd wy to pture Qh motionsF he priniple is tht set of severl mers emits nd reeives infrred light tht re)ets on smll spheril mrkersD pled on the studied sujetF efter hving reovered the Qh mrker positions y tringultionD skeletl model of the sujet n e (tted on the mrker trjetoriesF e detil in this setionD the hrteristis of the mop devie we usedD the mrker plementsD the skeletl modelD some lirtion issues nd (nlly some mer positioning issuesF en yptirk motion pture devie with twentyEfour IHHXP mers hs een used to pture the limer9s motionsF he mer resolution is 640 × 480D nd they pture dt t IHH fpsF wo of those PR mers n reord lowEqulity Ph grysle videosF en exmple of those videos is shown in the (gure PFRF everl mrker sets hve een tested for the mopD following the (nite numer hoies provided y the yptirk eren softwre to uild the skeletl model to e pturedF he mrker on(gurtion retined is exposed in the (gure PFSF st onsists of QT mrkersD ssoited with skeleton of IV rigid segmentsD nd thus IU jointsF he skeleton model is presented in the (gure PFTF he grey ellipsoids re visuliztion of the inerti mtriesF qiven the mss m b of rigid odyD nd the orresponding inerti mtrix I b in ody frmeD the ellipsoid semixes r x D r y nd r z re omputed y inversing the system

I b = m b 5   r 2 y + r 2 z 0 0 0 r 2 x + r 2 z 0 0 0 r 2 x + r 2 y   . @PFRA
he hrter mss distriution nd inertil properties hve een tken from the ypenim models help PHHUF hose quntities re sle for eh limer ording to its totl mssF he spine model inludes three jointsD loted t the top of the spineD t the ottom of the nekD nd t the lumr vertereF he softwre llows postE proessing of the mrker trjetoriesD in order to orret the utomti mrker lelingD needed for the (tting of the skeleton on the mrker trjetoriesF he full heking of this leling nd its orretions for ll the mrkers for sequene of QH seonds tkes round I hourD when the orretion is possileF o void mjor inrese of this postEproessing timeD neither the foot ll motions nor the (nger motions hve een pturedF he lirtion of the mop mers is done with wnd on whih three mrkers re rigidly tthedF he rkingools softwre guides the proessF he lirtion proess n tke up to two hours due to the slow onvergene of the lirtion lgorithmF ometimesD the wnd sweeping hd to e done severl times euse of the nonEonvergene of the lirtion optimiztionF e hve empirilly notied tht the qulity of the lirtion is improved y moving the wnd slowerD proly due to mer lurF he mer lirtion proess must e done eh time mer is movedF es the tripod mers tht re in front of the pture room door @see (gure PFIA re moved fter eh pture dyD the lirtion proess hs een done in the morning of eh pture dyF hose tripod mers on eh side of the wll hs een pled in order to see the mrkers etween the limer nd the wllF wo other mers on the sme pln hve een pled SH m ove the wllF fut for some ptured motionsD those six side mers ppered not to e enoughF prom time to timeD we oserved the dispE perne of some mrkersD leding to n erroneous skeletl motion reonstrutionD s disussed further in PFPFRF Sensor and mocap synchronization sn order to perform dynmil nlysis of the ptured motionsD the fore reording devies must e synhronized with the mop systemF wo synhroniztions must e doneD one per mpli(er ordF he method hosen is to hit two hold supportsD onneted to the two mpli(er ordsD t the eginning of eh reorded sequeneF his hitting is done y the limerD suh tht the hitting motion is reorded y the mop systemF he hit instnt is then visully loted on the orresponding fore urves @in gEvyqqiAD nd on the hnd mrker trjetories @in erenAF ith these two instnts we n mth the fore mesurement with the motion mesurementF his visul proessing is ploted in the (gure PFUF sts preision is estimted out IH msD whih is the preision of the motion @see (gure PFUAF ith respet to this preision we n neglet the preision lost in the downsizing of the sensor smpling rte from IHHH fps to IHH fpsF hereforeD we used this downsizing to redue the numer of postEproessing stepsF enother solution for dt synhroniztion would hve een hrdwre synhroE niztionF his solution hs not een retinedD due to the heterogeneous set of devies used in the dt ptureF rving presented the hrdwre nd softwres used to pture the motions needed for our studyD nd how their temporl synhroniztion is doneD we will now move to some more theoretil onepts needed to sptilly lirte the mop system with the fore sensorsF 2.2.2 Frames, wrenches, and their manipulation prmesD wrenhes nd the mthemtil opertors for their mnipulteD nmely trnsltionsD rottionsD nd djointsD onstitute the ore of this thesisF gomplete mthemtil de(nitions exist in wurry IWWRD s well s e0ient implementtions @eFgF quenneud PHIHD viu PHIQAF gonsequentlyD we fous here on providing the intuition ssoited with those notionsF Frames and transformations e frmeD or oordinte frmeD is de(ned y its origin nd orienttionF he origin is Qh pointD nd the orienttion is sis mde of Q orthonorml vetorsF hose vetors n e gthered to form the olumns of rottion mtrixF yrigin nd orienttion re themselves de(ned in frmeF ell frmes re thus de(ned with respet ot eh othersF e ll the frme with origin (0, 0, 0) nd with orienttion the unit sis vetors the world frmeF fy defult ll frmes re de(ned with respet to world frmeF goordintes expressed in tht frme re lled world oordintesD glol oordintes or mximl oordintesF ell other frmes re lled lol frmesD nd oordintes expressed in those frmes re lled lol oordintesF he rottion is to the orienttionD wht the trnsltion is to the positionF o rotte n ojetD one needs n xis long whih the rottion is performedD nd n ngle to de(ne the mplitude of the rottionF sn prtieD those two quntities n e stored in one Qh vetor y multiplying the xis @ normlized vetorA y the nE gleF he dvntge of this representtion is tht eh ngleExis represents unique rottionD wheres rottion mtries or quternions n represent n in(nite numer of rottionsF sndeedD the di'erene etween rottion of two turns nd no rottionD iFeF rottion of 0 • D n e mde with ngleExesD ut with quternionsD those two rottions re extly the smeF woreover with the ngleExis representtionD nguE lr veloities re diretly de(ned y rottions @represented y Qh ngleExesD nd not y QEyEQ mtriesA divided y the time intervl etween the originl nd (nl orienttionsF he three omponents of the vetor de(ning suh xisEngle represenE ttion re lled the nonil oordintesD or the exponentil mp oordintes of rottionF qiven two orienttionsD iFeF two rottion mtriesD only one rottion is needed to trnsform the (rst orienttion into the seond one @iuler9s heoremAF e will illustrte this importnt theorem y showing how suh rottion n e onstruted geometrillyF e mthemtil proof of this theorem n e found in wurry IWWRF vet9s onsidere the rottion of vetor from one position into notherD s the two lk vetors of the (gure PFVF e wnt to (nd the ngleExis orresponding to this rottionF es ottions preserve nglesD the rottion xis must forms equl ngles with the initil nd (nl vetorsF hus ll possile rottions elongs to the medin pln of these two vetorsF vet9s move to the rottion of frmesD s illustrted y (gure PFWF fy pplying the previous resonningD the rottion xis is found t the intersetion of the three medin plns of the pirs of sis vetorF he ngle is then otined y projeting the ses in the pln orthogonl to the xisF his proess provides n intuitive loliztion of the ngleExis rotting two given frmesF e trnsformtionD or frme trnsformtionD is n oppertor tht onverts oE ordintes from one frme into nother frmeF prom the iuler9s theoremD ny frme trnsformtion n e expressed with one trnsltion nd one rottionF e hve (nlly presented the sptil notions we will use to desrie the motion of ny rigid odyD nmely frmes nd trnsformtionsF e will now present the notions needed to desrie the dynmil intertion etween ojetsF Forces and torques he notion of fore n e felt y holding mss ojet in the hndD nd oserving the tion of this ojet on the plm of the hndF e fore is lso wht is exerted on shoulders when rying hevy kpkF st is lso wht the )oor pplies on the feet when wlkingF e fore hs point of pplitionD diretion nd mgnitudeD so we represent fores y vetorsF he torque is to the foreD wht the rottion is to the trnsltionF here re s muh di'erenes nd similrities etween the notion of torques nd fores s there re etween rottions nd trnsltionsF e torque is wht r wheel reeived to turnF e torque is wht is felt t the knees when doing squt down motionsD or t the shoulders when rying hevy shopping gsF e represent torques y vetorsF foth torque vetors nd rottion vetors @ngleExesA follows the sme onvention X turning lokwise the vetor goes forwrdD turning ounterlokwise the vetor goes kwrdF he onvention is illustrted y the ngleExes plotted in the (gure PFV with their ssoited trjetoriesF orques sum up t joints the musle tutionF ell the liner fores trnsmitted y the musles round joint n e gthered into single torqueD whih simpli(es the resonningF he similrity with rottions is otined when onsidering the trnsltion of severl points of wheelD tht n e more omptly expressed with the wheel rottionF toint torques re the orser level for studying the humn motion tution3 F his level is therefore more onvenient to mnipulte thn the musle tution levelF pores nd torques re relted y lever rmsF his reltion n e written y the ross produt

τ = p × f @PFSA
where f is the fore produing the torque τ y the lever rm pF p is the vetor from the point of pplition of τ to the point of pplition of f F he diretion of p n e determining with the visul proess proposed in the (gure PFIHF pirstD the diretion of τ is determined y thinking of how the rm would turn when pplying the fore f @see (gure PFIHAF eondD the ross produt diretion is determined y sying tht we go from the left side rgument of the ross produt towrds the right side rgumentD when the two vetors strt from the sme point like two lok hnds @see (gure PFIHAF pinllyD the reltion etween those two diretions is estlished @see (gure PFIHAF xow tht fores nd torques hve een presentedD we n omine them to form wrenhesF renhes re trnsfered from frmes to frmes y djointsF Wrenches and adjoints renhes nd djoints re respetively elements nd opertors evolving in R 6 F fy using relElife exmples of wrenhesD we im to mke this strt mthemtil spe more intuitive for physil pplitionsF e wrenh is the ominison of fore nd torqueF o set the nottionsD let9s w ∈ R 6 e wrenhF he fore f nd the torque τ ssoited to this wrenh will e ritrrily written in the order

w = f τ . @PFTA
f is the liner prt or the liner omponents of the wrenhF τ is the ngulr prtF τ is lso lled momentF he di'erene etween the terms torque nd moment is tht moment is the ngulr omponents of wrenhD wheres torque is wrenh with null liner prtF e will represent wrenhes y the omposition of stright vetors for the liner prtD nd r vetors for the ngulr prtF o illustrte the onept of wrenhD let9s onsider we re trying to drive srew into )t plnk of wood using mnul srewdriverD without preEdrilling the holeF epplying only torque would led to mke the srew turning on itselfD without diving into the woodF yn the ontrryD pplying only fore n only led to niling the woodsrew into the wooden plnkD nd not driving itF sn tht seD the quntity tht our hnd must pply to the srewdriver in order to otin len drivingD is wht we lled wrenhF renhes n e trnsfered from one point of pplition to other points of pplition vi rigid ojetsF his trnsfer 'ets the vlue of the wrenhD ut not its glol e'etF sn other wordsD wrenhes re lotion dependent nd wrenh trnsfer is onservtiveF o illustrte the notion of wrenh trnsferD we reple the srewdriver of the previous exmple y n ellen key @see (gure PFIIAF hen pling our hnd on the longest side of the keyD we hnge the point of pplition of the wrenh provided y our hnd on the toolD s ompred with the point of pplition otined with the srewdriverF fut the wrenh reeived y the woodsrew n e identil s efore if we hnge the wrenh we generte t our hnd lotionD nd dd some dditionl ngulr omponentsF he new wrenh is thus trnfered from our hnd to the srew hed through the rigid ellen keyF he intuition of the e'et of this trnsfer n e otined y onsidering the two wrenhes tht we provide when holding the two di'erent toolsF he two provided wrenhes re di'erentD ut result in the sme e'et on the srew hedF he (rst wrenh n thus e seen hs the result of the trnsfer of the seond wrenh to new lotionD nd vie versF Denition he djoint is the mthemtil opertor tht trnsfers wrenh from one frme into nother frmeF sf the frmes re noted a nd bD then this trnsfer n e written w a = ed T ab w b , @PFUA where w a nd w b re the trnsfered wrenh oserved t frmes a nd b respetivelyD nd ed T ab is the djoint mtrix trnsfering the wrenh from b to aF o uild this djoint mtrixD we (rst ssume tht the frmes a nd b hve the sme orienttionF sn tht on(gurtionD the new wrenh is otined e dding to the former wrenh the torque oming from the lever rm eqution PFSF e otin w a = I 0 p × I w b , @PFVA with I the QEyEQ identity mtrixD 0 the QEyEQ zero mtrixD nd p × the ross produt mtrixF xoting p = p x p y p z T D this lst mtrix is de(ned y

p × =   0 -p z p y p z 0 -p x -p y p x 0   . @PFWA
he diretion of p is ruled y the lever rm de(nitionF fy using the (gure PFIHD we n (gure out tht p is the vetor from the origin of frme a towrds the origine of frme bF pinlly when the orienttions re vrying from frmes to frmesD we need onsider the frme in whih p is expressedF e will lel it frme cF sn order to pplied eqution PFVD wrenhes must e express with frmes hving the sme orienttionF e thus dd on eh side of the djoint mtrix of eqution PFVD the rottion mtries from b to c nd from c to aF he omplete djoint de(nition is then

ed T ab = R ab 0 R ac p × R cb R ab , @PFIHA
where R cb is the rottion from the frme b to the frme cD in whih p is expressedD R ac is the rottion from frme c to frme aD nd

R ab = R ac R cb
is the rottion from frme b to frme aF he trnspose nottion for the djoint omes from the originl djoint de(nitionD whih estlishedD similrly to wrenhesD tht liner nd ngulr veloities n e trnsfered from frme a to frme b y the reltion

v b = ed ab v a , @PFIIA
with v a nd v b the Th vetor with the liner nd ngulr veloities of solidD oserved t frme a nd frme b respetivelyF Example vet9s write the wrenh trnsfer eqution PFU for the ellen key exmple @(gure PFIIAF he rottion to hnge the world frme orienttion into the frme a orienttion is rottion of α = 30 • round the y xisF his is lso the rottion to go from the lol oordintes of frme aD to the world oordintesF imilrlyD the frme b orienttion is β = -60 • rottion out the yExisF hese two rottions will e noted

R a =   c α 0 s α 0 1 0 -s α 0 c α   , R b =   c β 0 s β 0 1 0 -s β 0 c β   , @PFIPA
where c α D s α D c β nd s β re respetively cos(α)D sin(α)D cos(β) nd sin(β)F e deide to write the vetor p in the frme aD suh tht it hs only omponent on the xExisD whih gives

p a =   p a x 0 0   . @PFIQA
he wrenhes w a nd w b re lso expressed in lol frmes to redue their numer of omponentsD thus

w a =          0 f a y 0 0 τ a y 0          , w b =          0 f b y 0 τ b x τ b y 0          . @PFIRA
vet9s now trnsfer w b to w a D orresponding to wrenh trnsfer from frme b to frme aD nd (nd the ondition for τ b x to vnishF sn the eqution PFIH for our seD p is expressed in the frme aD so the frme c is the frme a

X R ac = I nd R cb = R ab F sf γ = -90 • D c γ = cos(γ) nd s γ = sin(γ)D we hve R ab =   c γ 0 s γ 0 1 0 -s γ 0 c γ   =   0 0 -1 0 1 0 1 0 0   .
@PFISA R ab trnsforms lol oordintes from frme b to frme a @the xEoordinte in b gives the zEoordinte in aAF gonversely when looking t the (gure PFIID where ll is drwn in world oordintesD R ab rottes the frme a into the frme b @ounterlokwise rottion of 90 • AF pinlly eqution PFU in our exmple gives

         0 f a y 0 0 τ a y 0          =          0 0 -1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 -1 -p a x 0 0 0 1 0 0 p a x 0 1 0 0                   0 f b y 0 τ b x τ b y 0          . @PFITA
e otin f a y = f b y from the seond line of this systemD τ a y = τ b y from the line SD nd from the lst lineD τ b x = -p a x f b y D whih is the ondition to hve no torque on the zExis in the frme aF 2.2.3 Sensor frame calibration yne frmesD wrenhesD nd their ssoited mnipultion quntities hve een de(nedD we n use them to lirte the fore sensorsF he lirtion ims to determine ommun frme etween the sensors nd the mopF his proess hs een desried in elddin PHIPF por the ompletness of this mnusriptD nd euse we took prt to some tehnil disussionsD we summrize the geometri prt of this proess hereD nd dd some omplementsF Process overview he min ide of the lirtion proess is to pply fores t known lotion with no torquesF sn the (gure PFIRD this point is the point gF he pplied fores re mesured y the sensor t point with some torque omponentsF unowing the wrenhes t the sensorD the tool enter of pressure gD nd ssuming tht there is no torque t point gD the point is otined with the wrenh trnsfer equtionF his proess is detiled in the following two setionsF he setion ool enter of pressure will desrie tool equiped with motion pture mrkers @(gure PFIPAD whih is rotted round its tip @the enter of pressureA to (nd the tip oordintes y solving lest squre systemF he setion ensor enter of mesure will detil how to use the wrenh trnsfer eqution to retrieve the reltive position of the sensor enter of mesure nd the tool enter of pressureF Tool center of pressure e enter of pressure is where the wrenh hs no ngulr omponent in the pln tngentil to its liner omponentsF sn the se of ground ontts for instneD the enter of pressure is uniquely de(ned s the intersetion of the ontt pln with the line where the ngulr prt of the wrenh pplied y the foot onto the ground hs only omponent in the diretion of the liner prt of this wrenh @see (gure PFIQAF por wrenhes with no liner omponentsD the enter of pressure is thus not de(nedF es the tool tip onsists of shrp nilD we n onsider tht the pply wrenhes hve no ngulr omponent t the tip ontt pointF he enter of pressure will thus e the shrp extremity of the lirtion toolF o lote this enter of pressureD n frmes of the tool rotting round tht point re reordedF he origin nd the orienttion of the tool re ritrrily set with respet to the tool mrkersD nd re lolly onsistent etween ll reorded frmesF he world orienttion of the frme jD nd the world origin position of the frme j will e noted respetively R j , p j , ∀j ∈ 1..n. @PFIUA he im is then to (nd point of lol tool oordintes x l nd world oordintes C verifying R j x l + p j = C, ∀j ∈ 1..n, @PFIVA whih is liner system of 3n equtions for T unknownsF his eqution n e rerrnged under the lssil form

     -R 1 I -R 2 I F F F F F F -R n I      x l C =      p 1 p 2 F F F p n      , @PFIWA
pinllyD tking numer of frmes n greter thn PD we n solve this system in the lest squre senseF

Sensor center of measure unowing the world oordintes of the set of ontt points g etween the lirtion tool nd the hold supportD s well s orresponding set of wrenhes pply y the toolD nd mesured t the sensor enterD we n ompute the sensor enter nd its orienttion R s @see (gure PFIRAF o explin this lirtion proessD we strt with the mthemtilly simplest se with only one ontt point nd one wrenhD whih is then inremented step y step to otin the omplete proessF vet9s ll s the sensor frmeD nd c the ontt frmeD with world ligned xesF he fore f c pplied y the tool on gD nd the wrenh w s mesured y the sensor t D re relted y the wrenh trnsfer eqution PFUD whih gives us

f c 0 = ed T cs w s . @PFPHA
sn this equtionD ed T cs is the djoint onverting wrenhes from frme s to frme cF his djoint depends on the vetor from g to D nmely p cs F st lso depends on the orienttion of frme s with respet to frme cD whih is lso R s D the world orienttion of frme sD due to the world xis lignment of the frme cF he system PFPH hs T equtions for W unknownsD tht the vriles f c D p cs nd R s onsist ofF ithout losing informtionD the three (rst equtions nd the three (rst unknowns re removedD leding to the system

p × cs R s R s w s = 0. @PFPIA
o hve more equtions thn unknownsD severl wrenhes w s re reordedF he use of nonliner solver is voided y itertively solve for p cs with R s (xedD nd for R s with p cs (xedF he (rst step is lest squre solving in p cs F p cs is isolted using a × b = -b × aF por the seond stepD we itertively solve for smll perturtions of the urrent R s R s = R s I + ω × , @PFPPA leding to sequene of lest squre systems in ωF (I + ω × ) is the (rst order pproximtion of smll rottion of exponentil oordintes ωF he initiliztion of p cs nd R s is done with rough estimtionD ensuring tht the losest lol minimum is the solution we re looking forF pinllyD note tht if (p cs , R s ) of the (gure PFIR is solution for the eqution PFPID then for ny rottion RD the pir (R p cs , RR s ) is lso solutionF sndeedD strting from the left of eqution PFPI with this new ndidteD s

(R p cs ) × = R p × cs R T , @PFPQA we hve (R p cs ) × R R s R R s w s = R p × cs R s R s w s = 0 , @PFPQA euse (p cs , R s ) veri(es eqution PFPIF hus (R p cs , R R s )
is lso solution for eqution PFPIF o overome this singulrityD we ollet wrenhes t three di'erent points of onttD nd dd to the system PFPI the known reltive ontt point positions in the world frmeD expressed in term of p cs 9sF fy this wyD the glol orienttion of the points re onstrinedD leding to unique solution for the sensor frme orienttionF o onludeD given set of three points of known glol oordintesD nd severl sensor mesurements of wrenhes produed y exering liner wrenhes t those pointsD the sensor enter is found y solving system of eqution with the senE sor orienttion nd the vetors from the ontt points to the sensor enter s unkwownsF he (rst prt of this system onsists of the trnsfer eqution of the mesured wrenhes from the sensor enter to the ontt pointsD where the torque omponents re supposed to vnishF he seond prt is the equlity of the reltive positions of the ontt pointsD expressed with the vetors from the ontt points to the sensor enterF his lst prtD not mentioned in elddin PHIPD imposes the glol orienttion of the ontt points while solving for the nelltion of the ngulr omponents of the mesured wrenhesF Sensor frames in the wall structure frame he sensors frmes re lirted with respet to the wll struture y the interE medite use of the positions of the TEyET ells in whih the sensor supports re emedded inF hese intermedite quntities redue the time needed to lirte the sensorsD t the ost of dding inuriesD rought y the irregulrities of the wll uilding proessF hose impreisions oure oth on the orthognlity nd on the sping regulrity of the ell ordersD s well s on the regulrity of the drilling pttern of the holes used to insert the olts tht mintin the sensor supportsD nd the holes to (x the sensors on their supportF e estimte those impreisions to e of few millimetersD whih is eptle in omprison with the ssumption tht the ody mrkers fstened to the mop suit y elro supportsD re rigidly tthed to the limer9s ody segmentsF he wll frme is lirted with respeted to the mop system y using four mrkers pled on plsti supports glued to the wll strutureF hese supports re represented in green in the (gure PFPD nd n e seen on the piture of the (gure PFIF he mrkers re pled fter eh lirtion of the mop devieF hey re removed for the mop reordingsD to void the limer to e distur y the dditionl tsk of voiding themF he ell oordintes re reorded y mesuring their topEleft orner oordintesF he lirtion tool is used to tht endF he sensor lirtion proess previously desried is then done inside referene ellF he ell enter is omputed from the ell ornersF he lirted sensor support n then e rotted round the ell enter in the wll pln y ny multiple of 90 • D s llowed y the regulr V olts pttern of the sensor supportF st n then e trnslted to ny other ellF hereforeD knowing the lirtion of the wllD thnks to the oordintes of four mrkers (xed one for ll on the wllD the sensor frmes re retrieved from the orienttion of the sensor supportsD nd there disrete oordintes in the TEyET ell hessordF 2.2.4 Capture sessions he study of liming motions implies the prtiiption of limersD nd the design of ouldering prolemsF his setion desrie the limers involved in the pture sessionsD the oldering prolems tht we hve proposed to themD the olleted dt nd their postEproessingF Climbers and bouldering problems xine limers hve prtiipted to the dt pturesF wo eginnersD two intermeE dite limersD nd (ve expert limersF he eginners re men liming for the (rst or for the seond timeF he intermedite limers re women liming etween SFIHd nd SFIIF he expert limers re men with est redpoint sent from SFIQ to SFIRF e will now explin this rting systemF gliming routes nd ouldering prolems4 n e lssi(ed ording to their di0ulty on IEdimensionl rting sleF his single dimension n not re)et the whole diversity of ll the liming routes nd ouldering prolemsF por instneD Yosemite Decimal System (YDS), the free climbing french system (Fra.), the bouldering Hueco Tanks system (Hueco), the bouldering Fontainebleau system (Bleau), our estimation of their associated prerequisites (Need), and our interpretation of the grades. Free climbing ratings are established on lead. The provided times are the practice durations for someone training twice to three times a week. As no absolute rating scale exists, this table comes from several diverse sources, to which we add our own experience. powerfull nd tll limer n e onfortle with dynmil movementsD lso lled dyno9sD nd stuks on prolems with smll movements ut tehnil ody positionE ingF yn the ontrryD smll nd tehnil limer ould hve the ext opposite di0ultyD while liming the sme grdesF enother more onrete exmple is the work of de qeus et lF de qeus PHHTD who showed tht the physiologil response to four routes of the sme di0ulty @UA vries with the style of the routeF xeverthelessD the grdes still represent the prinipl omponent of the diverse liming di0ultiesF he ext mening of eh grde is ontroversilD s well s their orrespondne from ountries to ountriesD ut for the nonEliming reder to understnd wht the grdes reD we provide our interprettion of those grdes in the tle PFPF he interprettion for the hrdest grde hs een estlished from the omE ments y yndr fter his world (rst WC sentF hese omments n e (nd in yndr PHIQX uess on suh hrd routeD onsists of di'erent ftorsD suh sX huge mount of lukD good onditionsD mentl strengthD nd de(nitely good shpeFFF nd ptiene3 e hve omining this omment with the oservtion of the lim sequene t time U9HH of the video @(gure IFIAD where the sound expresses the whole di0ulty of tht sequeneF he design of the inElortory ouldering prolems hs een limited y the size of the wll nd the imposed numer of holdsD tht must e the sme s the numer of ville sensors @TAF he designed prolem grdes go from Q to S @fleu grdesAD exept for one prolem whih is UfD designed to show the di'erene etween hrd nd esy ouldering motionsF Captured data description and post-processing he e'etive dt ptureD fter the test sessions for djusting of mer positionsD hs een done in eleven hlfEdy sessionsD with one limer per sessionF sn vergeD eh session onsists of IT reordingsD lsting QH to RS seondsF huring reordingD P to S onseutive liming runs n e doneF he hold sensor positions hve een hnged one in llF he holds mounted on the sensors hve een hnged t most one per sessionD nd sometimes etween two sessionsF he underlying im of hnging the wll on(gurtion ws to ollet wide vriety of motionsF his diversity hs een olleted to the detriment of the ility to ompre performnes etween limersF he min struture of session onsists of one or two wrm up reordingsD used oth for the sporting wrmEup of the sujetD nd for tehnil djustmentsD suh s the mrker positioningD or the heking the softwre ility to reordF he following six to eight reordings re stti motionsD where the limer is sking to sty on four holds with still gowD or moving the gow slowly towrds limit positionD or to hve rest poseF he other reordings re the explortions y the limers of ll the solutionsD iFeF the di'erent liming motionsD he or she n (nd to the given ouldering prolem @I solution a I suessful run5 AF por the intermedite or expert limers on esy prolemsD this usully leds to out PH di'erent solutionsF por the di0ult ouldering prolemD only two solutions hve een foundF he solution explortion took out IH runsF hereforeD high level liming requires the dpttion to spei( motionsF ixpert limers hve thus wider motion repertory thn eginnersD whih n hoose their fvorite solution mong the vrious set of solution existing for n esy prolemF e totl of IUP reordings hve een pturedF sn order to the perform the motion nlysis presented in the next hpterD seletion hs een done to re(ne these rw dtF his seletion is presented in the tle PFQF por step PD the stti poses re reordings where the limer is holding on the wllD nd pplies fores on the sensors without movingF por step RD the threshold of 100 rdFs -1 hs een set ritrrilyF st orrespond to joint ngle vrition of I rd @out 60 • A etween two onseutive frmesF por the step TD the mrker noise is detetedF his noise hs een notied in the eren softwreD where the mrker leling n e hekedF hey oured when the leling of two mrkers is exhnged repetedlyD on severl onseutive frmesF his prolem hs een notied when some rel mrkers re sptilly too lose to eh otherD or when ghost mrker is deteted lose to rel mrkerD proly due to smll numer of mers oserving tht mrkerF he noise ontrol is done on the liner elertion of eh ody segment enterF e segment is onsidered to ontin noisy mrker if its elertion hnges sign twie in less thn HFIS seondsF he step U is sed on two riteriF yn one hndD we wnt to neglet the e'et of the joint torque ost t the (nger jointsD whih oures with ertin types of holds s desrie in setion IFQFIF gonsequentlyD we need motions performed on very good holdsF yn the other hndD we hose the runs done y the limer who prtiipted to oth experiments @the wqill oulderingD nd the opEope ptureAF hose runs re outlined (gure PFIUF sn this mnusriptD the terms run nd sequene re two synonymsF he di'erE ene is tht run is tehnil liming term refering to the sequene of moves etween the instnt where the limer leves the )oor nd the lst hold he rehes efore regining the )oorD wheres sequene is more generi termF huring the pture of the IS sequenes presented in (gure PFIUD the wll on(gurtion hs not een hngedF his on(gurtion is presented (gure PFIVF he pitures hve een extrted from the grysle mer losest to the wllF 2.3 Top-Rope 2D-Video Capture 2.3.1 Capture protocol he PhEvideo pture hs een done on one fternoonD on vertil route of the ispe ertil P liming hllD qrenoleF hree peopleD inluding two limers were present with Q mersD two of them eing rh IHVHi mers mounted on tripodsF he third one is moile merF he two rh mers re positioned on eh side of the seneD t V meters of eh otherD nd t T meters of the wllF hey re oserving the (rst RFS meters of the route of II metersF he moile mer is etween the two othersD nd follows the liming sents y rotting on itselfF he three mers hve resolution of 1920 × 1080 pixels nd frme rte of PS rz @the interleved frme rte of the rh IHVHi is SH rzAF he moile mer is the only one we used urrentlyF iight liming runs hve een reorded on the sme routeD four runs per limerF even other video sequenes hve een tkingD one eing rottionl sn of the wll from single point of viewD nd the others eing trgeted for the utomti lE irtion of the (xed mersF he (rst limer is n intermedite limerD liming round U @see tle PFPAF he seond limer is good limerD hving redpointed UC routeF he limed route is presented in the (gure PFIWF his route hs een rted t SF his low level hs een hosen suh tht we n neglet the e'et of the (nger muslesF 2.3.2 3D reconstruction of wall por the Qh reonstrution of the wllD we use the ft tht the wll is vertil plnF prom this ssuptionD we reover the Qh oordintes of the suessive hnd nd foot ontts with the wllF he ontt instnts re (rst seleted on the videoF he imges orresponding to ontt instnts re then extrted from the videosD nd the ontts oordintes re omputedF he wll struture is uild with regulr retngulr plnks of PFRR meters high y IFPP meters wideF yn eh imge of the moving mer from whih the ontts need to e retrievedD the Ph imge oordintes of the plnk orners re registredF hose Ph points re irled in red on the (gure PFPHF unowing the Qh world oordintes of the point of refereneD n homogrphy from the imge to the world is omputedF he homogrphy omputtion is done with the (tgoetrns wtl funtionF por sequenes tht do not hve enough plnk ornersD we retrieve other ground truth point oordintes from djent lirted imges tht re shred y oth imgesF pinllyD the Ph ontt oordintes re extrtedF hose points re drwn with green irles in the (gure PFPHF he imge oordintes re then onverted into Qh world oordintesD y using the omputed homogrphiesF he resulting world oordintes re shown in the (gure PFPIF his proess hs een pplied for the lenest sent of the limer tht lso prtiipte to the ouldering pture sessionsF huring this sentD RS ontt sets hve een identi(edD leding to run of RR movementsF e de(ne movement s the motion etween the relese of ontt nd the estlishment of new onttF here n e either hnd or foot movementsF e totl of QR ontt points hve een extrted from those ontt setsF gontt points orresponding to the sme hold on severl di'erent ontt sets hve een merged y omputing their verge world oordintesF xote tht with RR movementsD the lim is neessrily eroiF sn other wordsD the limer needs to reth in order to limD whih is usully not the se for ouldering movementsF sf the wll would not hve een plnrD the Qh reonstrution ould hve een done y using struture from motion pprohF es proof of oneptD we reE onstruted one of the ouldering wlls of the niversity of qrenoleD s shown in (gure PFPPF his reonstrution hs een done using the system isulpw y u u PHIIF he input pitures hve een tken with gnon iy UhD of resolution 5184 × 3456 pixelsF e took RS di'erent points of viewD t out Q nd S meters of the wllD with heights etween HFS nd PFS metersF (see text for details) 
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Introduction

sn this hpterD we present method to estimte ontt fores nd joint torques of humn performne from motion dt onlyF his is known to e n illEposed proE lem s severl fore on(gurtions re eqully onsistent with the lws of physis for single given kinemti on(gurtionF elong the line of previous works in the estimtion of the dynmis of motionD we improve the ury of the estimtion of the ext vlues of ontt foresF yur pproh is sed on minimiztion of joint torques nd onsiders ontt fores s free vrilesF his optimiztion introdues weighting prmeters whih re used to enfore smooth trnsition of ontts nd musle preferenes of the performer while respeting the lws of physis s hrd onstrintF e hve tested two tegories of motionD wlking t di'erent speed s stndrd inverse dynmis exmples nd liming on n rti(il wll s it typE illy yields hllenging situtions with multiple onttsF e demonstrte tht our frmework n estimte ontt fores up to 5% of the ody weight @7fA for wlking nd 22%BW for liming on the wqill dtsetD y omprison with ground truth mesurement from fore pltes nd sensorsF gontts shpe the intertion with the environmentF hey support loomoE tion through their oopertion with the internl torques pplied y muslesF por given mehnil model of rtiulted odiesD one ontt fores re knownD internl torques t joints n e omputed from kinemti dtF his proess is known s snE verse hynmisF sn iomehnisD the method of hoie for mesuring ontt fores is to use fore pltesF hile extremely urteD they re ostly nd umersome to operteF por motion nlysisD there is ler interest to e le to evlute ontt foresD nd thus internl torquesD from motion dt onlyD removing the needed of fore sensorsF his motion dt n e otined either from motion pture or from video trkingF he pioneering work of fruker et lF fruker PHHW showed tht lotion nd timing of ontts ould e utomtilly inferred from motion dtF heir work relies on prmetri model of ontt whih pproximtes the true foresF e uild on this pproh s (rst step for ontt detetion ut with the gol of delivering urte mesurement of the true ontt fores from motion dt onlyD without prmetri modelF fesides the pplition in iomehnis for motion nlysisD snverse hynmis is lso useful omponent for physilly sed motion synthesis pprohesX given kinemti plnD snverse hynmis provides the neessry torques to pplyF es suhD estimtion of dynmis from video lso ene(ts to physillyEsed nimtion tehniques ondrk PHIPF istimtion of multiontt fores from kinemti dt lone is fundmentlly n illEposed prolemF ypillyD from the oservtion of only the ody pose of person hnging on r with oth hndsD nothing revels if the person is using strong fores nd torques on the left rm onlyD or the reverseD orD most likelyD lne etween left nd right rmsF his miguity is even more ritil for omplex ontt senrios suh s limingD whih re ddressed in this thesisD nd hve onstituted the primry motivtion for the development of our methodF he overll pproh of this hpter is to evlute how well this miguity n e resolved using riteri of miniml internl torquesF yur formultion does not rely on prmetri model of ontt nd delivers n urte estimtion of the foresF eent work on inverse dynmis from the rooti literture for motion ontrol of utonomous roots follows similr strtegy ighetti PHIQD s well s reent work in iomehnis oert PHIQF he ore of our method is to hrterize the miguity of the multiple ontt points through the hoie of set of weighting prmeters in n optimiztion for miniml internl torques nd urte estimtion of the vlues of ontt fores ross timeF e show for loomotion nd liming tsks tht defult vlues for weighting prmeters re lredy enough to produe urte estimtes of ontt foresF ell of our motion dt hve een reorded in prllel with ext mesurement of ontt fores for ground truth evlutionF e show results for loomotion nd liming on n rti(il wll s sitution with omplex intertions nd multiple onttsF 3.2 Related Work ixtrtion of physil properties from video hs een explored for free fll of rigid odies fht PHHPD nd more reently with instntneous impts lzmnn PHIIF e fous here on spei( prolem relted to humn motionF imilr to tht of fruker et lF fruker PHHWD the purpose of our work is to provide methods to estimte ontt fores diretly from motion dt onlyD otined y motion pture or y video trking fln PHHSD rtsun PHHTF e show tht onise formultion llows us to evlute the ext ontt fore vlue without the need for prmetri modelF he work of fruker et lF fruker PHHW estimtes oth the lotion nd timing of onttsF yur work is ontinution in this line of thought in n ttempt to show tht visionEsed system n e used to deliver mesurements of dynmisF he prmetri model of fruker et lF fruker PHHW llows the detetion of onttsD ut it does not lwys gree with urte mesurement of ontt foresF ypillyD their prmetri model genertes ontt fores with respet to the lol geometril on(gurtion t the point of ontt onlyF sn ontrstD our formultion tkes into ount the glol on(gurtion of ody posture nd its impt on ontt foresD even if the lol geometry of the ontt point is onstntF sing riteri of joint torque minimumD we show through evlution with ground truth dt from fore pltes tht we n improve the ury of ontt fore estimtesF he riterion of optimlity hs een reently explored in rootis y ighetti et lF ighetti PHIQF snverse dynmis is used in their se to ontrol n utonomous rootF xo ontt fores re mesured to pln the torque motor progrmD nd these fores must e evluted utomtillyF e shre the sme requirement ut with gol relted to motion nlysis nd iomehnisF sn prtiulrD we show tht urte estimtion of ontt fores is possile for humn loomotion nd we omE pre to ground truthF snterestinglyD suh n optimiztionEsed pproh introdues prmeters tht n e relted to the strength of muslesF he importne of the setting of those prmeters hs een studied y oert et lF oert PHIQF heir experiene onsists in stnding up from the set of r with helping hndle for the hndD whih is multiontt senrioF ome ontt fores re mesured nd used in the ontt fore estimtionD some fores re mesured nd used s ground truth nd the other ontt fores re not mesured nd re reovered y the lE gorithmF hey showed tht the ground truth fores re etter reovered with joint torque weights proportionl to the joint torque limits thn with uniform joint torque weightsF e (nd the onverse result in our seF yur work is lso relted to previous ttempts in the omputer nimtion ommuE nity to estimte physil prmeters from motion pture in order to reEused motion in physil simultion viu PHHSF his work omines humn ody model with penltyEsed model for ontts nd rest poseD whih introdues sti'ness prmE eters tht must e estimtedF e formulte the prmeter estimtion prolem in more generl wy nd show tht the true ontt fores n e reoveredF yur formultion introdues weights to the optimiztion tht relte to the physiologil strength of musles in more generl wyD without the is of prmetri modelF everl reent works show the ene(t of using physis modeling s prior for humn motion trking ondrk PHIPD nd for humn motion reovery ei PHIHD ondrk PHIPF st llows the integrtion of dditionl informtion to void foot sktingD predits few time steps @frmesA in dvne or rings dditionl motion onstrints to monoulr videos sed on dynmi informtionF et the ore of physil modeling is the de(nition of good ontt modelD nd we propose here method to estimte these fores relilyF gontts re ontinuously estlished nd relesed ross timeF por motion synthesisD wordth et lF wordth PHIP present similr optimiztionEsed frmework to oursD whih evlutes possile ontts nd intensitiesF sn their seD they split motion into phses with disrete hnges of weights in the optimiztion of ontt foresF e introdue prmetri model for ontt trnsition whih ounts for the nturl timing of intertion with the environmentF 3.3 Inverse Dynamics Formulation yur input for the inverse dynmis prolem onsists solely of kinemti dtF he output onsists of the ontt fores nd the joint torques to tute ody linksF his is n illEposed prolem nd our pproh is to optimize for miniml torquesF gontt fores re lso introdued into the optimiztion through prmetri model n+6) e split this eqution etween the tuted joint prt

n+6 n = 43 M q + h = S τ + J c λ M ∈ R (n+6)×(n+6) q ∈ R n+6 h ∈ R n+6 S = [I n×n 0 n×6 ] ∈ R n×(n+6) τ ∈ R n λ ∈ R k J c ∈ R k×(
τ = S Mq + h -J c λ @QFPA
nd the nonEtuted root prt n+6) is the rootEseletion mtrixF sf there re more thn two ontt points @k > 6AD this lst eqution nnot e used to reover the ontt fores λ from kinemti dt onlyF here is n in(nite numer of solutions whih respet the onstrints nd lws of physisF imilr to the work of ighetti et lF ighetti PHIQD we follow riteri of optimlity on ontt fores nd internl torquesF sn their seD the gol is the utonomous tution of the rootD so they fous on the derivtion of torque ontrollerF sn our seD we fous on motion nlysis nd the estimtion of ontt foresF sn dditionD we introdue spei( model for ontinuous ontt trnsitionsD to del with the pperne nd dispperne of onttsF 3.3.2 Disambiguation by minimization of torques and forces he minimiztion of externl fores is formulted using two qudrti funtions for the torques nd the ontt foresF ht isD

S (Mq + h) = S J c λ @QFQA where S = [0 6×n I 6×6 ] ∈ R 6×(
min τ ,λ 1 2 τ W τ τ + 1 2 λ W λ λ @QFRA
where W τ ∈ R n×n D nd W λ ∈ R k×k re de(nite positive digonl mtriesF o redue the numer of unknowns nd the numer of onstrint equtionsD we impliitly inlude the tution prt of the xewtonEiuler eqution in the minimizE tionD s in ei PHIHD y injeting eqution QFP into eqution QFRF his gives

min λ 1 2 λ J c S W τ SJ c + W λ λ -(Mq + h) S W τ SJ c λ @QFSA suh tht S J c λ = S (Mq + h) @QFTA Fλ ≤ 0 @QFUA
where F ∈ R d×k is polyhedrl frition onstrint mtrixF e use goulom model to ount for fritionl e'et of ontts tewrt IWWTF F projets the ontt fores on the outwrd normls of the fets of the polyhedrl frition oneF e do not use the lssil multiple fore omponents on the one genertive vetorsD s this would led to muh more unknownsF o solve the system de(ned y equtions QFSD QFTD nd QFUD we must de(ne the positive de(nite digonl mtries W τ nd W λ F he vlues of these oe0ients diretly impt the result of the inverse dynmis omputtionF es (rst intuitionD when ontt is estlishedD the ost of the ontt fore must e muh lower thn the ost of the joint torquesD suh tht the joint torques rule the ontt fore genertionF gonverselyD this ontt ost must e muh higher thn the joint torque ost when the ontt is rokenD in order to otined the joint torques ssoited to none inEir ontt foresF gonsequentlyD we 'et high vlue to oe0ients of W λ when no ontt oursD nd low vlue when ontt is estlishedF yur experiments hve shown tht the vlues 10 4 nd 10 -4 D respetivelyD provide good resultsF st logilly follows tht W τ needs to e set to n intermedite vlue etween these two extremesF sn order to ount for the ft tht legs produe more torques thn rmsD we set in (rst pproximtion weight vlue of 3000 to rmsD 300 for the knees nd 100 for ll other tutorsF gretion nd loliztion of the ontt points re geometrilly determinedF he pproh of fruker et lF fruker PHHW uses penltyEsed pproh with sigmoid on the distne of the ontt to the groundD nd ould e used here s preproess to estimte ontt lotions nd timingF por the ske of simplifying the implementtionD we perform geometri detetion of ontt lotions nd use threshold on the veloity of some referene points to estlish ontts t the hnds nd feetF por noisy input motionsD n externl user djusts the ontt instnts thnks to grphis user interfeF sf the ontt is estlishedD then its W λ is set to the low vlue in order to only wekly penlize the ontt foresY otherwiseD it is set to high vlueF sn humn loomotionD ontts re not redued to impulsesD ut insted follow ontinuous trjetoryD inresing nd deresing smoothlyF e show now how we model this propertyF 3.3.3 Contact transition model yn ontt detetionD (rst pproh would e to swith the vlue of the ontt weights W λ diretly from the high to the low vlue in single disretized time stepF his results in disontinuities on ontt trnsitionsD oth in the estimtion of ontt fores nd internl torquesF snstedD we use prmetri model of the trnsitionF he trnsition is modeled s liner interpoltion of n exponent over time durtion of 250msD etween the high vlue of 10 4 for trnsition from no ontt to 10 -4 for full onttX

w(α t ) = 10 -4αt+4(1-αt)
@QFVA where α t ∈ [0, 1] prmeterizes the timing etween the two ontt events over 250ms windowD from no ontt to full onttF he eqution is esily inverted for the reverse phenomenonF he vlues of this prmetri modelD mplitude nd timingD hve een deterE mined experimentlly nd prove to work well for our seF es future workD we pln to optimize them diretly from the dt using prmetri formultionF uh n pproh of ontinuous weights in optimiztion of ontt fores n e relted to the reent works of wordth et lF wordth PHIP for motion synthesis where ontt lotions re optimized to ful(ll kinemti ojetiveF sn order to e useful for nimtion or iomehnisD ontinuity in estimtion of ontt fores nd joint torques is n importnt issueF es (rst pprohD one might onsider tht results from the nive trnsition model ould e smoothedF hoing so would result in modifying the vlue of fores in wy whih is violting the lws of physisF fy smoothing the weight prmeters of the optimiztion rther thn the output of this optimiztionD it llows to perform (ltering of the fores while stying in the nullEspe of the underEonstrined struture of the inverse dynmis prolemD nd s suh lws of physis re stritly respetedF 3.3.4 Joint torque weighting pour di'erent joint torque weightings hve een evlutedF ih of them re norE mlized t 10 3 suh tht the weights lie in the upper prt of the rnge of the ontt fore weights 10 -4 , 10 4 F he lower prt of this rnge is reserved for the rossing of the ontt weightsD ourring for instne during the doule stne phse of wlking motionsF he two (rst weightings operte on the projetion of the joint torque on the sis vetors of the joint frmes of the hrterF he (rst one ontins uniform weightsF he seond oneD the lim spei( weightingD hs weights of 3000 for the rmsD 300 for the knees nd 100 for ll other tutorsF e ll the two others the qudrti nd the liner weightsF hey oth operte on the projetion of the joint torques on ntomil xesF he de(nition of these xes follows the reommendE tions of the snterntionl oiety of fiomehnis u IWWSD u PHHPD u PHHSF o visulize themD we used the softwre ypenim help PHHUF he qudrti weights is the squred inverse of stndrd joint torque limitsD s in oert PHIQF he liner weights omes from our spei( mesurement of joint torque limits from the wqill liming dtse @(gure PFIUAF hese limits re the mximl torques otined with sensor sed inverse dynmisD iFeF y trnsferring the ontt fores mesured y the sensors into joint torques @eqution QFPAF he weights re then the solute inverse of these torque limitsF he tle QFI ontins the two sets of limits we usedF

Experiments and Validation

e explore two tegories of motionX wlking nd limingF por othD we ompre our results with ground truth dtF snput kinemti dt re otined from motion ptureF por the wlking sequenesD we (rst used dt from ypenim softwre help PHHUF ypenim is widely used in the iomehnis ommunity nd we used the dt it provides for wlking exmple s ground truth for oth ontt fores nd joint torquesF e performed dditionl experiments with stndrd fore plte for wlk t di'erent speedF gliming on rti(il wll presents interesting hllenge s it typilly involves multiple ontt pointsF sn order to ompre to ground truth dt in this situtionD we equipped n rti(il liming wll with fore sensors on six holds for out PFS meters vertil rngeF e evlute here the qulity of the predition of the ontt foresF

Standard inverse dynamics examples

Reference walking es (rst evlutionD we used the kinemti nd dynmi dt proposed for the wlking exmple in the ypenim softwreF pigure QFR shows the omprison etween our estimtion of ontt fores nd joint torques with ontt fores mesurement nd the omputed joint torques from ypenimF he ontt estlishments nd rekings re modeled with trnsitions window of 250msF he vertil nd horizontl ontt fores re quite well reoveredF he verge shpes of the joint torques re lso well omputedD ut the detiled shpes di'erF e notied experimentlly tht the shpe of the feet in)uenes lot the joint torquesD wheres the ontt fores were less sensitive to this prmeterF he shpe of eh foot is represented y three points of ontt with the groundF he lotion of these points is proedurlly dedued from geometril model of the footF es the foot is rotting during the stne phseD these points trnsit from the heel to the toeD ounding impliitly the position of the foot enter of pressureF Walking at dierent speed e performed n experiment of wlking with inE resing veloityF es the sujet wlks fsterD it is interesting to oserve how the pro(le of ontts evolvesF es shown y the fore plte mesurementD the slow wlk exhiits rther )t pro(le during onttF es the speed inresesD the ontt evolves towrd sitution with two mximD one t the reeption of the foot t heel strikeD nd one t toe o' s the ontt is used to push the foot forwrdF sn ddiE tionD some fores inrese progressively on the xis prllel to the wlking diretionF pigure QFS shows the omprison etween the mesured ground retion fore nd our preditionF st shows tht our pproh is le to reover the preise pro(le of ontt foresF 

Climbing with limb specic weights

gliming inherently involves severl simultneous ontt points t hnds nd feetF es suhD it presents n interesting hllenge for the illEposed prolem of ontt estimtion from kinemti dt onlyF imilr to our wlking vlidtionD we ompre the liming results of our pproh to ground truth dtF pigure QFT detils the results for four ontts @hnds nd feetAF por eh onttD we use single point of pplition for the foreD geometrilly loted t the ody prt in onttF pigure QFT illustrtes how the trnsition model for given ontt improves not only the estimtion of the ssoited foreD ut lso the entire systemF st lerly shows the ene(t of hving glol pproh for ontt modeling rther thn lol prmetri model for the prolem of fore vlue estimtionF sn dditionD the (gure QFT ompres the e'et of speilizing torque distriution etween joints using the W τ mtrixF gompred to uniform distriutionD 'eting more weights to legs y deresing the spei( vlue in W τ improves the resultsF et the eginning of the sequeneD the sujet is pprohing the wll y wlkingF his explins why ontt fores re estimted t the feet ut do not pper on the ground truth mesurementF xote tht these fores follow stndrd wlking pttern t the eginningF pigure QFQ shows Qh results for seletion of frmesF

Climbing with anatomical weights

State-of-the-art evaluation he IS sequenes of the wqill dtse re used to evlute the pproh of oert et lF oert PHIQD whih uses the qudrti weights de(ned previouslyF e ompre them with the uniform weightsF he red nd lue urves of the (gure QFU show the WS7 on(dene intervls of the sum of the norms of the R di'erenes etween the estimted ontt fores y inverse dynmisD nd the mesured ontt foresF he uniform weights give signi(ntly less errors in II ses over ISD nd with TV7 of on(deneD the error is deresed in ll sesF he weighting of oert PHIQ is thus less suited thn uniform weighting for our liming dtseF fut in oert PHIQD qudrti weights gve etter results thn uniform weightsD thereforeD the idel weighting might depends on the oserved tivityF Activity-specic joint torque limits he liner weights lerned on the wqill dtset re used to otin the green urve in the (gure QFUF sn IP ses out of ISD our torque weights derese signi(ntly @WS7A the ontt fore errorsD when ompred with the weighting of oert et lF oert PHIQD nd hs no signi(nt e'et on the other sesF he omprison etween our weighting versus uniform weighting t WS7 on(dene leds to no signi(ne di'erenes exept in one se @wqill VA where the uniform weights re etterF ith TV7 on(deneD our weighting is signi(ntly etter in Q ses out of ISD worse for the sequene V nd not signi(ntly di'erent for the other sesF he sequene V is plotted t R fps in (gure QFVF he min move of this liming run is dyno @iFeF jumpA without the left footF his high speed motion mke it di0ult to ptureF o quntify this di0ultyD we ll the inerti error the quntity

I err = || N b i=1 M i a i -F ext || || N b i=1 M i g|| @QFWA
omputed t eh frmeF N b is the numer of ody segmentsD the M i 9s re their mssesD the a i 9s their liner elertion t given frmeD F ext the sum of the liner externl fores mesured y the sensors t tht frmeD nd g is the grvity onstntF I err represents the onsisteny of on one hnd the msses estimtionD the wogp nd the (lter proessD with on the other hnd the sensor mesurementF he tle QFP lists the inerti errors for the wqill sequenes nd the seletion we performed on them for the evlutionF e seleted the frmes for whih the error is less thn IH7 of fF he sequene V hs the highest seletion rte nd the highest inerti error efore nd fter seletionF hereforeD this sequeneD whih is the only se where uniform weights re etter thn oursD ould e n outlierF eqF ize snerti error eletion snerti error fter seletion @5A @5 frmesA @7fA @7A @7fA elthough the set of joint torque limits is mjor omponent for optimiztionE sed inverse dynmisD other ftors were inluded in the previous evlutionF sn the following we quntify the importne of severl prmeters other thn the joint torque limit setF hese prmeters re the inlusion or exlusion of the hrter nkle torques in the torque minimiztionD the inlusion of torque ound limits s inequlity onstrints for the qudrti progrm or notD nd the use of either liner or qudrti torque limitsEtoEweight onversionF hese two lst prmeters were inluded in the ove omprison etween the method of oert et lF nd our resultsF pinlly n originl method to determine the ntomil diretions is presentedF

I QQQ RFUQ ± QFPW WRFW RFII ± PFPU P PSQ QFUV ± PFPR WWFT QFTS ± PFHT Q QHW RFHQ ± PFRV WVFR QFUQ ± PFHP R PVW SFUS ± QFVI VVFW RFSP ± PFPH S QSU QFQW ± PFWH WVFQ QFHW ± IFVQ T QPI SFVQ ± RFUV WIFH RFQT ± PFHW U PPI RFTV ± QFPS WRFT QFVI ± IFWR V PQQ IPFIR ± VFTQ TSFP SFRU ± PFRP W PRW IIFHH ± WFRV TTFQ SFHP ± PFQH IH RPS QFIQ ± PFVQ WUFR PFUS ± IFWV II QRW RFTW ± QFTH WSFU QFVQ ± PFSV IP SSQ TFWU ± TFRQ VQFP RFIS ± PFSP IQ QTW UFIQ ± UFPS VSFW RFPP ± IFWH IR SPW RFUW ± QFPT WHFU QFWH ± PFQH IS SSQ PFQR ± IFPT WWFV PFQR ± IFPT
The ankle weights he inverse dynmis n e improved in some ses y removing the nkle weightsD whih is done y setting the orresponding weights to H in the W τ mtrix of the ost funtion eqution QFRF o show the onsisteny of this proessD the tle QFQ ompres the min nkle xis @plntr)exion 1 A torque mxim otined without nkle weightsD with the stndrd vlue of oert PHIQF he verge signed di'erene of CT7 shows tht our results re onsistent with stndrd vluesF he verge mx torque vlue is IQR xFmF he (gure QFW shows the e'et of the nkle weights on the ontt fore errorsF urprisinglyD suppressing 1 plantarexion: the foot moves down the nkle ost redues signi(ntly the error for Q sequenes over IS for our results nd for the uniform weightingF sn order to understnd these improvementsD frme where it ours is displyed in the (gure QFIHF he motion performed y the limer t this instnt ws to move his gow loser to the wll in order to lod his right foot nd to unlod his left hnd for rehing the (nl holdF et this instntD the dorsi)exion2 mximum ngle is rehedD leding to the ility for the limer to generte s muh pssive plntr)exion torques s desiredD nd therefore ypssing totlly the need of minimizing itF gonversely the sequene W is lwys etter with nkle torque weightsF his sequene is plotted t R fps in (gure QFIID with the ground truth torques in mgentF et the eginning @drk lue frmeA nd t the middle @drk green frmeA of this sequeneD whih re the most torque onsuming instntsD the torques re lmost eqully distriuted etween the right nkleD the right kneeD the right hipD the lumr jointD nd the right shoulderD showing tht for energeti motionsD the limits weighting ply more importnt role thn for esy motionsF Torque bound limits e do not use joint torque ound limitsD wheres oert PHIQ doesF he (gure QFIP shows the e'et of setting ound limits on joint torques s inequlities in ddition to the weighted minimiztion of the joint torquesF hese plots shows no signi(nt di'erenes on the resulting ontt errors when the omE puttion is done with or without ound limits on the joint torquesF he torque limits hoosen y oert et lF re lower thn our ground truth joint torque mxE imD iFeF omputed with sensor dtD for the joints the most involved in liming motions @eFgF shoulder ddution3 D knee extensionAF he wqill motions thus reE quire torques ove stndrd torque limitsD leding to some infesiilities for the qudrti progrm with stndrd ound limitsF herefore we remove ound limE its euse their only signi(nt e'et is to redue the fesiility of the qudrti progrmF

Limit-to-weight conversion e evluted two di'erent methods to onvert joint torque limits into joint torque weightsF he (rst one is liner @weight = ). For the rst three rows, the limits are in N.m, linear weights are in N -1 .m -1 , and quadratic weights are in N -2 .m -2 . For the last three rows, the quantities are normalized, so there is no unit. The normalization is done at 1 here. As described previously, the nal weights are then multiplied by 10 3 .

1/limitAD nd the seond one is qudrti @weight = 1/limit 2 AF e use the liner weightingD wheres in oert PHIQD the qudrti weighting is usedF hese weightE ings re evluted in the (gure QFIPD with oth stndrd nd wqill limitsF he liner onversion improves signi(ntly the results in IU ses over QH @with WS7 of on(deneAD nd does not hnge signi(ntly the results for the other sesF his improvement is not due to the ft tht the liner onversion mkes the weights loser to uniform weightsF sndeedD the tle QFR shows the men nd stndrd deviE tion of the three evluted sets of limitsD with the men nd stndrd devition of their ssoited weights with oth liner nd qudrti limitEtoEweight onversionsD nd the sme for the orresponding normlized setsD s the weights re normlized fter onversion in our lgorithm @see setion QFQFRAF he stndrd devition of the normlized qudrti weights of oert et lF is HFISPD wheres the stndrd deviE tion of our normlized liner weights is HFITIF his shows tht the (rst weighting is loser to uniform weighting thn the seond oneD thus the loseness to the uniE formity is not the riteri tht explins the improvement of the liner onversionF he explntion of this improvement will e illustrted with n strt exmpleF vet9s onsider the qudrti progrm

min fa,f b w a 2 f 2 a + w b 2 f 2 b @QFIHA s. t. f a + f b = f ext @QFIIA
where f a nd f b re some IEh tution foresD w a nd w b re their ssoited weights nd f ext is n ritrry fore tht the tution fores must rehF vet9s onsider tht the limits of the tution fores re respetively F a nd F b F he system QFIHD QFII n e solved using vgrngin multipliers nd wppleD whih gives the solution

f * a = w b w a + w b f ext nd f * b = w a w a + w b f ext . @QFIPA he rtio f * a /f * b = w b /
w a is thus linerly proportionl to the weight rtioF gonE sequentlyD normlizing the fore y their mxim in eqution QFIHD iFeF using qudrti weightingD gives (nl fore rtio of f * a /f * b = (F a /F b ) 2 D wheres using liner weighting leds to (nl fore rtio of f * a /f * b = F a /F b F e onlude tht in this seD the liner limitEtoEweight onversion etter respet the fore limit proporE tionsF espeting the limit proportion is espeilly useful in the extreme se where f ext = F a + F b D mening tht ll the ville fores re neededF ith qudrti weightsD eqution QFIP eomes

f * a = F 2 a F a + F b F 2 a + F 2 b nd f * b = F 2 b F a + F b F 2 a + F 2 b . @QFIQA
ixept in the degenerted se where

F a = F b D this eqution gives tht f * a = F a nd f * b = F b D ut eqution QFII tells tht f * a + f * b = F a + F b D
so one of the tution fore must exeed its limitsF yn the ontrryD with liner weightingD eqution QFIP eomes f * a = F a nd f * b = F b D nd the hrter is le to reh its glol limit while respeting its individul tutor limitsF Anatomical directions he ntomil diretions re determined using suesE sively two inverse dynmis optimiztionsF he ntomil weightings presented in tle QFID re implemented y projetion of joint torques on the ntomil direE tions orresponding to the given weightsF his projetion is done in the eqution QFRF sing qudrti term in this eqution leds to the lost of the sign of the projeted torque omponentD nd hs for onsequene the onfusion etween the opposite ntomil diretionsF uh pirs of diretions n hve di'erent weightsD s it is the se for the knee )exion nd the knee extension for instneF o void this onfusionD two inverse dynmis omputtions re neededF he (rst one uses n ritrry set of weights @the odd lines in tle QFIAF he resulting torques re then projeted on the ntomil xesD nd one diretion in eh opposite pir of direE tions is seletedF hen the inverse dynmis is reomputed with the new weightsF his proess is not ext s we oserved tht etween the (rst nd the seond optiE miztionD the nkle torque n swith from inversion4 to eversion for instneD ut t lest the diretions ering the iggest torquesD suh s the )exion or extension of lmost every joints for instneD re well estimtedF

Conclusion

pollowing riteri of miniml torques nd ontt foresD we showed tht the full inverse dynmis prolem n e urtely solved from motion dt loneD for huE mn tivities suh s wlking or limingF hile not s urte s fore pltesD our simple formultion opens the possiility of esily estimting useful dynmi dt for motion nlysis nd physilly sed nimtionF st uilds upon previous ontriutions in this re y inresing the ury of results tht n e expeted from suh motionEsed pprohD nd y providing n originl evlution of this method on liming motionsF yur pproh works well when the performne itself is tully optimlF sn the liming sitution for exmpleD if sujet in still posiE tion on four holds pushes eqully on ll holds so tht his pose does not hngeD the true nonEoptiml fores will not e reoveredF o summrizeD our pproh is le to reover dynmis for n optiml usge of foresF his is limittion ut overs most of the ses in stndrd loomotionF yur work lso ddresses nother issue onerning onttX how ontt fores re smoothly estlished nd rokenF gurE rentlyD our proedurl model of trnsition is sed on (xed prmeters for mplitude nd durtionF es fore mesurement re ville from our experimentl setupD it will e interesting to utomtilly lern these prmeters nd quntify how muh they spei(lly relte to the sitution or to the sujet9s physil hrteristisF 

Introduction

rumn motion synthesis is the rt of mking Qh humnElike hrter moving in virtul environmentF yne the hrter nd the environment hve een modeledD the next step is to determine the temporl ehvior of the hrter9s degrees of freedom with respet this environmentD whih is the issue ddressed in this hpterF elthough n rtist lone ould (nely tune eh movement of the hrter with some refully designed Qh interfeD we demonstrte in this hpter how the nlysis of physil quntities relted to the wnted motion ould sve hours of works to suh n rtistF heres most of the previous works onsider the totl durtion nd sometimes the instnts of the di'erent events s input dtD we trnsverslly onsider tht the known quntities re the ple where the events ourD nd tht the unknowns re the instnts of these events long with the totl durtion of the tsk to performF he preise se of liming motions hve een hosenD where the prtiulrly restrited environment lets few hoies to the hrter on the pth to followD nd fous n e mde on the timing with whih the movements re performedF e mjor dvntge of optimizing solely on the timing is the low dimensionlity of the prolem to resolvedD enling detiled study of the ehvior of the proposed lgorithmF he previous pprohes in physillyEsed motion synthesis minly fous on motions suh s wlking or runningD where the environment is mde of ontinuous in(nite plnF sn suh environmentD two of the most di0ult tsks to tkle re on one hnd the posture ontrolD whih is lrgely underEonstrined due to the multipliity of the gestures hrter n perform on the groundD nd on the other hnd the lne mintiningD euse the polygon of support is mde most of the time of one foot during wlking or runningF yur work tkles new kind of motions where the environment is mde of sprse set of protrusions vertilly distriuted lled the holdsD used for the sentF his speil environment resolved the two previously mentioned di0ulties y providing restrited pth to the limerD imposing the gestures to doD nd y enling to hve most of the time three ontts with the environment mong the hnds nd the feetD ensuring tht the lne n lwys e mintinedF sn ddition to kinemti restritions due to the holdsD we moreover ssume tht the limer tries to redue his energy onsumption to e le to lim s high s possileD without running out of energyF his minimiztion is espeilly needed in limingD where the rms re s mush used s the legsF he upper lims eing the weker limsD usully not inluded in loomotion tsksD minimizing the energy is neessity in limingD s opposed to ipedl loomotionD where the lower lims n e used in vrious non optiml wys without running out of energyF elthough the liming tivity hs lredy e tkled y rootiins lmost dede goD the im of those studies re di'erent thn oursF sndeed the driven riteri for the ontrol of multiElegged roots is the stility of the ontrollerD leding to qusi stti motionsF sn our seD we n 'ord to e lose to stility edges y fousing solely on the e0ieny of the motionD to produe humnElike insted of rootElike motionsF he resulting motions re optimlD s oserved mong trined limersD whose experimented tehniques led to )uid motionsD without hesittionF pinllyD timing optimiztion is onvenient wy to ddress the humnElike hrE ter motion synthesis prolemD s it rings simple Ih formultionF his simpliity llows us to tkle more omplex motions nd longer sequenesF st lso llows us to nlyze (nely the output of the optimizerD in order to urtely interpret onE vergene filures nd mesure the qulity of the resultsF por exmpleD omprison is mde in this hpter etween the segmented optimiztion tehnique with the orresponded llEtEone optimiztionD with the interesting onlusion tht the two results di'erF sn the followingD the relted work is reviewed efore presenting the formultion of the timing optimiztion prolemF sn the setion resultsD we provides two timing optimiztion exmples on ouldering exmples where the motion is sed on few wogp keyposesD on whih the onvergene of our lgorithm is nlyzed in detilsF hen longer exmple is tkledD long with the evlution of the drwks nd ene(ts of the segmented optimiztionF 4.2 Related Work hysisEsed Qh hrter nimtion hs een studied for more thn PS yersF yne of the erliest works on this sujet itkin IWVV de(nes spetime onstrints for optimizing trjetory for the vuxo lmpF qiven the strt poseD the end pose nd the ontt instntsD trjetory tht respets the xewton9s seond lw is foundF he min di0ulty of this optimiztion prolem is its sizeD whih is the numer of ontrol frmes times the numer of degrees of freedom @hopsA of the hrterF opovi nd itkin opovi¢ IWWW overome this issue y prede(ning the motion on high level ody hndlesF imilrlyD highElevel motion plnning is used y wordth et lF wordth PHIH to ontrol loomotion in vried environmentD nd y el forno et lF el forno PHIP to stis(ed vried user ojetivesF ythers diretly optimize the fullEody ontrollers for git yle on plnr terrin mpler PHHWD or the optimiztion prmeters for given motion viu PHHSF he trtility of spetime optimiztions n lso e otined with monoulr videos to guide the optimiztion ei PHIHD or with motion grphs to redue the serh spe fonov PHHVD en PHIHD or even y using n nlytil grdient for the externl fores nd for the hrter momentumD s in png PHHQF sn this lst workD physilly vlid motion from referene motion of hrter of PP hops is foundD ut the whole timing is provided s inputD nd no internl tution is omputedF sn our seD those two lst quntities re optimized to inrese the relism of the resultF eentlyD the spetime optimiztion hs een generlized y wordth et lF wordth PHIP to more omplex hrters in n openEloop ontextF sn their formultionD the overll movement time T D is prtitioned into K phses of 0.5sF he hrter stte is optimized t phse oundriesD nd the overll motion is otined y ui spline interpoltion of those intermedite sttesF hus the resulting motion is sptilly optimlD tht is to sy optiml for (x time windowF gonverselyD our method (nds the temporl optimumD whih is the optiml motion for (xed sptil trjetoryF he seond min pproh for physillyEsed hrter nimtion hs een hisE torilly the design of spei( ontrollers for humnD monopedl nd qudrupedl loomotion iert IWWID rodgins IWWSD goros PHIIF sf these ontrollers were gthered in rod repertoire of lifelike motor skillsD ploutsos et lF ploutE sos PHHI show how they would e omposed to produe longer nd more vried nimtion sequenesF e generl method to design spei( ontrollers for ipedl loE omotionD is formlized with swfsgyx in PHHUD whih onsists of (nite stte mhine where t eh stte the hrter is guided towrds trget poseD thnks to proportionlEderivtive @hA ontrollersF ng et lF ng PHIHD ng PHIP use swfsgyx to prmeterize spetime optimiztion of the humn gitD wheres ondrk et lF ondrk PHIP omine it with monoulr video trking to ontrol humn wlkingD jumping nd gymnstisF eltime with physillyEsed nimtions n e otined y sequentilly opE timizing eh frme of the nimtion individullyF fy this wyD the full hrter n trk given motion d ilv PHHVD whietto PHHWD viu PHIHD frown PHIQD or some ody fetures n e ontrolled y o1ine user hndles ee PHHUD tht n even e omined with stte mhine tin PHHWD de vs PHIHF sn omprison with spetime pprohesD the drwk of suh methods is the ility to only stisfy instntneous ojetivesF enother wy to otin reltime physillyEsed nimtion is to omine it with online user intertionsD s in vszlo PHHHF sn this workD simple Ph hrters re ontrolled y hEontrollersD guided y some user ommnds interfed with mouse nd keyordF por sensitive motions suh s suessive jumps with kE)ip for instneD hekpoints re used for the retion of the nimtionF e more reent exmple of suh reltime intertion is the online gme y poddy PHHVD gme where n ylympin must run IHH meter reD ontrolled y the plyer with the keys nd to lift right nd left thighD nd y nd to ontrol the lvesF elthough this kind of intertive ontrollers provides dditive gmesD they require hours of trining to otin relisti motionsF hus there use in hrter nimtionD where o1ine tuning of the motion is often used to otined (ne detilsD is questionleF es opposed to reltimeD the issue of physisEsed nimtion n lso e tkled y onsidering the relism of the model itself on n ntomil point of viewF pollowE ing this riteriD detiled musuloskeletl models hve een designed nd nimted for simulting the humn rethe ordn PHHTD the nek movements vee PHHTD the full upper ody vee PHHWD the softness of the skin tin PHIID nd the lower ody ng PHIPF sn this lst workD relisti humn lower lim model is optimized to otin the tivtion prmeters of wlker nd runnerF he optimiztion is iniE tilized with hndEtuned vlues sed on the work of qeyer nd rerr qeyer PHIHF he git yle is mde of R sttesD with trnsitions ourring either t the foot strike instntsD or when the horizontl enter of mss @gowA position with respet to the nkles is ove given vlueF he gow horizontl trget veloity is lso givenF sn our seD the speed of the gow is optimized insted of givenF hile very ppeling for their ntomil relismD the high omplexity of the models presented in this prgrph mkes them di0ult to ontrol in the ontext of yli nd reltively long motionF woreoverD oth preise ntomil models nd omplex tivtion ptterns re ville in the se of well iomehnilly studied tivities suh s wlking or runningD ut these models nnot e generlized diretly for drstilly di'erent nd less studied tivity suh s limingF sn rootisD severl liming roots lredy existF sn fretl PHHSD rndom smpling is used to (nd fesile lim trjetories for plnr threeElim root nd for Qh fourElim rootF sn vinder PHHSD plnr fourElim liming root is ontrolled y similr methodD with Ih fore sensors t the root endEe'etors to ontrol the ontt estlishmentD nd with si videoEsed hold detetion @the holds ontin green vihsAF hese three mentioned roots evolve on nerly vertil wllsD with qusi stti motionsF sndeed in rootisD the min required feture is the stility of the rootD nd the optimlity of its movements is often negletedF gonversely our work fouses on the optimlity of liming motionsF e survey on liming roots ghu PHIH lssi(es them into six tegories ording to there loomotion mehnismX leggedD wheelEdrivenD trkedD trnsltionD leE driven nd ominedY nd into (ve tegories ording to their dhesion devieX sutionD mgnetiD grippingD rilguidedD nd iomimetiF sf our simulted limer were rootD it would fll in the tegories legged nd iomimetiF pinllyD it is interesting to notie the similrity of our work with the work of wE gnn et lF wgnn PHHTD where n input wogp motion is retimed y hnging the totl durtion of the sequeneF he key di'erene hereD is tht in their seD the totl durtion of the nimtion is n input prmeterD wheres in our seD the durtion is optimizedF xote tht this durtion is given in most of the synthesis works mentioned oveF roweverD this prmeter is ruil in motion synthesisD euse it ts upon the whole nimtion y onstrining the verge veloity to perform the given tsksF woreoverD the optimiztion of this prmeter is not s ovious s it ould pper t (rst sightF sndeedD the smoothest motion otined with time ounded optimiztion y minimizing for instne verge squred joint torques or elertionsD is not nymore good ojetive s it leds to in(nitely long nimtionsF enother mjor di'erene with wgnn PHHT is tht they re fousing on fst omputtion of lmost singleEontt motionsD wheres we re fousing on the ury of highly multiEontt motionsF hereforeD their resolution of the multiEontt inverse dynmis prolem onsists solely on fesile ontt foresD nd thus n interpoltion of some stter solutions is enough to otin ontinuous rnge of solutions used for the retimingF sn our seD we do not rely on (xed set of preomputed ontt foresD ut diretly on the minimiztion of joint torques with fully vrying ontt foresD whih is prtiulrly needed to otin energy e0ieny in highly multiEontt ontextsF pinllyD the min input of wgnn PHHT is full wogp sequeneD wheres only sprse endEe'etor positions re needed in our seF

Problem Formulation

Continuous timing optimization formulation

his setion desries the ontext of the timing optimiztionF he inputs re the geometry nd inertil properties of limerD nd the ouldering prolem or the route to limD desried either y series of keyposes of the limerD of y sequene of holds to tkeF he outputs re relisti ontinuous liming pth to followD s well s the optiml timing long this pth tht minimizes the joint torques needed for the sentF he timing optimiztion is summrized (gure RFIF e hve hrter with n j ∈ N jointsF sn prtieD we hve n j = 18 jointsD inluding 4 hinge jointsD 1 root joint nd n j -5 ll jointsF ih nonEroot joint onnets two rigid odies togetherD forming n rtiulted tree of rigid odiesF he hrter evolves in the generlized oordintes spe G = R d F sn prtieD d = 49 @= 3 × (n j -5) + 4 + 6AF he hrter9s trjetory is n interpoltion of keyposes in GF his interpoE ltion is omposition of liner interpoltionD inverse kinemtisD Ih ui splines Figure 4.1: Problem formulation. The aim is to optimize for the timing, t(s), dened on the parametric space [0, 1], knowing the parametric curve, q(s), representing the spatial climbing path, with no timing. The parametric coordinate, s, evolves in [0, 1]. q(t) represents the timed trajectory of the climber.

nd quternion ui splinesF he interpoltion is desried y the funtion

q : [0, 1] -→ G s -→ q(s), @RFIA
where s is the prmetri oordinte of the trjetoryF s = 0 mens tht the limer is t the eginning of the liming pthD nd s = 1 mens tht the limer is t the end of the pthF q(s) represents the hrter joint on(gurtion ssoited with given prmetri oordinte sF he originlity of our work is to onsider tht the time is evolving in the prE metri speD nd tht the mpping etween the prmetri oordintes nd the generlized oordintes is (xed nd independent of the timeF hus the time is funtion of the prmetri oordintesD whih we n write

t : [0, 1] -→ [0, T ] s -→ t(s). @RFPA
he overll prolem is to (nd this timing funtion t(s)F his involves (nding the totl time of the liming run T D nd the mpping etween prmetri oordintes nd temporl points of [0, T ]F his ojetive is depited in the (gure RFIF por the funtion t(s) to e well de(nedD we ssume tht the (nl prmetri oordintes re inresing with the timeF he min di0ulty for implementing the timing optimiztion desried oveD is to de(ne the smplings for the prmetri spe [0, 1] nd for the timing spe [0, T ]D from whih the optimiztion vriles re de(nedF here re four levels of smplingD outlined here nd then detiled lterF

• Level 1: snput keyposes prmetri smplingD whih is set one for ll efore the optimiztionF for the virtual sub-keyposes (s subkeys ), and for the optimization variables (s x ). Here, N keys = 5 and N x = 12.

• Level 2: rmetri smpling for the optimiztion vrilesD whih is (xed in the prmetri speD ut the ssoited points of the timing spe re optimizedF

• Level 3: emporl smpling for the inverse dynmis omputtionD whih is regulrly sped in the temporl speD with numer of smples (xed one for ll efore the optimiztionF • Level 4: emporl smpling for the (nl rendered nimtionD whih is reguE lrly sped in the temporl speD with vrying numer of smplesD in order to mth the rendering frmerteF he keypose smpling nd the optimiztion vrile smpling re detiled in the setion RFQFPF he inverse dynmis smpling is desried in the setion RFQFQF he (nl rendering smpling is not detiledF pinlly the setion RFQFR presents the ost funtion evlutionD omputed on the inverse dynmis smplesF 4.3.2 Trajectory sampling to dene discrete optimization variables he keyposesD de(ning the lim trjetory y interpoltionD re lso lled keyfrmesD or keysF heir numer is noted N keys F he prmetri oordintes of the keyposesD noted s keys D is set efore the optimiztion s regulr smpling etween H nd IF he (gure RFP illustrtes this smpling when N keys = 5F o re(ne the timing optiE miztionD we dd severl virtul suEkeyposes etween the originl input keyposesF heir numer is noted N subkeys F he prmetri oordintes of the suEkeyposesD noted s subkeys D re lso regulrly smpledF he im of the timing optimiztion is to (nd the timing funtion t(s)F his funtion is disretized t eh suEkeyposesD suh tht the prolem eomes to know the time instnts t whih the limer goes through eh suEkeyposeF por Figure 4.3: The optimized quantities, or optimization variables, noted x, are the time intervals between sub-keyposes (in blue). In this example, the number of unknowns for the optimization, N x , is 6. This is also the size of s x , which are the parametric coordinates associated to x.

the timing funtion t(s) to e well de(nedD we need tht the prmetri oordinte s inreses when the time t inresesD suh tht the funtion from t to s is ijetiveD nd thus t(s) exists nd is n inresing funtion of sF o ensure this lst property long the suEsmplingD we tke s optimiztion vriles xD the time intervls etween two suessive prmetri oordintes in s subkeys D nd onstrin x to e positiveF he prmetri oordintes relted to xD noted s x D re therefore inEetween the prmetri oordintes of the suEkeyposesF he size of xD noted N x D is thus the numer of suEkeypose intervls @N subkeys -1AF o summrizeD the input keyposes re re(ned with intermedite suEkeyposesF he optimiztion vriles re de(ned s the time durtion etween two suesE sive suEkeyposesD s represented (gure RFQF he onvertion from the optimiztion vrile x = (x 1 , . . . , x Nx ) to the timing t subkeys = (t 0 , . . . , t Nx ) is otined y

t subkeys : t i+1 = 0 if i = 0, t i + x i otherwiseD ∀i ∈ 0..N x . @RFQA
hus the totl time of the sequene

T = Nx i=1
x i , @RFRA whih is lso t Nx D is thus impliitly inluded in the optimiztionF 4.3.3 Timing resampling for inverse dynamics he inverse dynmis opertes on onstnt time intervlsD nd our ost funtion is sed on n inverse dynmis omputtion to evlute the ost of the limF hereforeD resmpling of the sukeys timing is needed to onvert the timeEvrying pirs {s subkeys , t subkeys }D into timeEregulr pirs {s id , t id }D tht is to sy pirs smpled t regulr time stepF en exmple is shown (gure RFRF he numer of inverse dynmis frmesD N id D is onstnt to ensure the ontinuity of the ost funtionD nd is set efore the optimiztionF his numer is used with the totl time T of the trjetory otined y summing the optimiztion vriles @eqution RFRAD to otin the timestep for the inverse dynmis xote tht ∆ id is not the (nl time step of PS fps or IHH fpsD ut is time step vrying during the optimiztionF sdellyD the ost funtion should e ontinuous funtion of N id D suh tht the (nl time step ould e used diretlyD ut this feture is let for future worksF yne the inverse dynmis timestep is de(nedD the inverse dynmis timing t id is omputed with the reltion

∆ id = T N id -1 . @RFSA
t id : t k = (k -1)∆ id , ∀k = 1..N id . @RFTA
t id is then used to otin the relted prmetri oordintes s id D y ui spline interpoltion of the pirs {t subkeys , s subkeys }F he orresponding wtl ommnd is s id = spline(t subkeys , s subkeys , t id ). @RFUA por detils out this IEh ui spline interpoltionD one n look t the online doumenttion of the wtl9s spline funtionF en illustrtion of this funtion is provided (gure RFRF pinlly the trjetory for the inverse dynmis is omputed y interpolting the keyfrmes in the generlized oordinte spe q id = ikqspline(s keys , q keys , s id ).

@RFVA he sukeys re not needed nymoreD s they re themselves de(ned from the interE poltion of the keyfrmesF he ikqspline funtion onsists of two stepsF pirst ui spline interpoltion is used for the hinge joints nd for the root trnsltionsD nd quternion ui spline interpoltion is used for the ll jointsF hen the world oordintes of the ontt points on the hnds nd feet re linerly interpoltedF pinllyD the lims re djusted proedurlly to mth the ontt points y inverse kinemtisF he quternion ui spline interpoltion is implemented from the work on quternion ui spline y tF winnn winnn PHHQF fy using proedurl inverse kinemtisD guided y ui spline interpoltionD we ensure tht the hnds nd the feet do not get into the wll @t lest when it is onveAD nd do not move if they re identil on two suessive keyfrmesF woreoverD the otined trjetory is ontinuousD whih would not e the se with lssi nonliner inverse kinemtisD produing independent lol minim long the trjetoryF e hve thus de(ned q id D whih re the frmes on whih the timing ost funtion is omputedF 4.3.4 Timing cost he timing ost onsists of oth the tution needed to follow the liming trE jetory q id with the timing t id D nd ontt term ensuring tht the urrent timed trjetory n e done without using ontt fores when ontt points re not touhing the wllF he tution termD sed on joint torquesD represents the e'ort needed to perform the motionF he joint torques omputtion is presented in the susetion torquesD whih provides some omplements to the hpter QF he suE setion ontt ost tkles the issue of the plusiility evlution of the ontt foresF e (nl susetion nonliner ojetive is deling with the proper de(nition of the nonliner ost funtionF Torques he (rst step for the inverse dynmis omputtion is the veloity nd elertion omputtionsF his omputtion is done y (nite di'erene of the trjetory frmes q id F he ssoited veloitiesD qid D re omputed y kwrd di'ereneD nd the elertionsD qid D re omputed y entrl di'ereneF e set the unde(ned oundsD whih re the (rst veloity nd the lst elertionD to zeroF sn prtieD the (nite di'erene is perform in mximl oordintes to simplify the derivtion of the goriolis nd entrifugl termsF sn next stepD the known quntities of the eqution of motion re gthered in single vetor

h = M qi + C(q i , qi ), @RFWA
where M is the generlized mss mtrix nd C gthers the goriolisD entrifugl nd grvittionl termsF his known h vetor is then projeted to isolte its root prt h r D whih is not tutedD nd its tuted prt h τ F hese two vetors enles us to write on the one hndD the joint torques τ s liner funtion of the ontt fores f c D nd on the other hndD the only equlity onstrint on the ontt foresD whih is of dimension TF

τ (f c ) = h τ -J T τ f c @RFIHA h r = J T r f c @RFIIA
where J T r trnsfers wrenhes from ontt points to the root frme @whih n e tully ny frmeD inluding the world origin for instneAD nd sums these trnsfered wrenhesF J T τ trnsfers wrenhes from ontt points to joint lotionsD nd projet them on the tution xesF hey onsists of ny triplet of orthogonl xes for ll jointsD nd the hinge xes for hinge jointsF e strightforwrd future work would e to use ntomil xesD s in hpter QF xote tht the ntomil xes re not orthogonl in generlD s they re de(ned y suessive iuler nglesF hus n tution redundny ours when using ntomil xesD whih does not our with the orthogonl xes we use in this hpterF xeverthelessD the ntomil xes provide wy to interpret the omputed torque omponentsD whih n e used y n externl user to weight them for the tution ost evlutionF sdellyD the redundny of ntomil xes should e voided y nonliner inverse dynmisD insted of qudrti sed inverse dynmisF he seond oneD less urte ut fsterD ould eventully e used s initiliztion of the (rst oneF sn (nl stepD y uilding on two previous works on inverse dynmis ei PHIHD wordth PHIQD we otin the ontt fores f k needed to produe the trjetory y solving t eh frme k from I to N id D the qudrti progrm

f k = argmin fc τ (f c ) T W τ τ (f c ) + f T c W k f c @RFIPA suh tht h r = J T r f c @RFIQA F c f c ≤ 0, @RFIRA
where we injet in @RFIPA the foreEtorque liner reltion @RFIHA to end up with only the ontt fores s unknownsF sn our seD with single ontt point per hnd nd per footD we end up with only IP unknownsF king lso τ s unknown would hve inresed this numer of unknowns y RWF he joints weights W τ re set suh tht weker jointsD suh s the wrists or the nekD re more ostly thn the stronger onesD suh s the leg jointsF W τ does not depend on the frme numerD wheres the ontt weights W k re omputed t eh frme kD s explined in the next susetionF F c is frition oneF o redue the numer of vrilesD we do not use the lssil frition sis vetors for F c D whih would imply to hve one ontt fore omponent per one genertor vetorF snstedD F c projets the ontt fores f c on the outwrd normls of the fets of the polygonl frition onesF his enles us to use up to V fets per oneD without 'eting the size of the ost funtion to minimize @RFIPAF prom the optiml ontt fores f k D the orresponding per frme joint torques τ k re retrieved with the eqution RFIHF Contact cost he ontt ost W k is used twie in our optimiztion frmeworkF yn one hndD it is used frme y frme to omputed the est ontt foresD independently t eh frme kD given the urrent timingF his usge hs een presented in the lst susetionF yn the other hndD the ontt ost of the whole trjetory is used to deide how the timing should evolve to give more plusile motionF his will e presented in the next susetionF his susetion fouses on the omponent of the ontt ost tht guides oth level of optimiztion @per frmeD nd on the whole trjetoryA to determine the (nl ontt foresD whih is the perEfrme ontt weight mtrix W k F his mtrix tells the optimizers if ontt point is llowed to generte foresD or notF he mjor di'erene etween the ontt weighting of the hpter QD fousing solely on inverse dynmisD nd the one used in this hpterD lso dedited to motion synthesisD is tht the (rst one relies on ontt time instntsD wheres the seond one relies on sptil ontt kinemtisD nd is thus independent of time instntsF sndeedD the inverse dynmis of hpter Q pplies smooth ontt trnsition just fter the ontt estlishment nd just efore the ontt rekingF huring this trnsitionD the ontt point does not move @up to wogp noiseAF gonversely hereD the ontt trnsitions re done on the spil loliztion of the ontt pointD just efore the ontt estlishment nd just fter the ontt rekingF hespite less urteD this proess is strightforwrd to implementD nd is thus used in stteEofE theErt physisEsed motion synthesis wordth PHIQD ut should e hnged in future works to inrese the ontt model uryF e set n c = 4 ontt points lolly (xed on the hrterD one per hnd nd one per footF e ll them lol pointsF n h holds n e used for the limF hese holds re the environment ontt pointsD nd re represented y one Qh point ehF here re N id frmesF por eh frme kD for eh lol point iD of world oordintes p k,i D the distne etween p k,i nd the environmentD noted d k,i D is omputed s the losest distne etween the lol point nd the set of holdsD whih gives

∀k ∈ 1..N id , ∀i ∈ 1..n c , d k,i = min j∈1..n h ||p k,i -p j ||, @RFISA
with p k,i the world oordintes of the lol point on the limerD nd p j the hold oordintesF he lol point veloityD v k,i = ṗk,i D is omputed y (nite di'ereneF he ontt vililityD noted α k,i = α(d k,i , v k,i )D is expressed y slr vlue in [0, 1]F I mens n ville onttD iFeF lol point on the limer tht n generte foresD nd H mens lol point tht n not e used s onttF he vilility is funtion of the distne nd the veloity of the lol pointF hose quntities re onverted from [0, +∞[ to [0, 1[ with the sigmoid funtion

σ(x) = 1 -tanh(k 1 x -k 2 ) 2 , @RFITA
where x n e either distne or veloityD nd k 1 , k 2 ∈ R some slr onstnts detiled just fter the next equtionF he ontt vilility is then omputed s produt of oth the distne sigmoid nd the veloity sigmoid

α k,i = α(d k,i , v k,i ) = σ(d k,i ) σ(v k,i ).
@RFIUA he onstnts k 1 nd k 2 re set to 30 nd 3 respetivelyD suh tht α hs the shpe plotted in the (gure RFSF ith this shpeD if the lol point is t I m from holdD with veloity of I mFs -1 D then α = 0.99D whih mens tht the ontt is estlishedF sf the distne is IH m nd the veloity IH mFs -1 D then α = 0.25 nd the ontt is pproximtely not estlishedF pinllyD t IS m of distne nd IS mFs -1 of veloityD α = 0.002D iFeF the ontt is de(nitely not estlishedF he ontt vilility vlue is then onverted into weight for the ojetive funtionsF he rnge of the ontt weights is ritrrily set to [10 -4 , 10 4 ]F e high ontt weight vlue mens ostly onttD iFeF ontt tht should not e used euse it does not exist in prtieF gonversely low vlues re set for ontts tht n freely give fores to the limerF he vililityEtoEost onversion is implemented with the logrithmi ryentri interpoltion w k,i = 10 -4α k,i +4(1-α k,i ) , @RFIVA vlid for eh frme kD nd for eh lol point iF o e le to use these weights with the ontt fores in the qudrti form f T c W k f c D the re gthered per frme nd rerrnged in digonl mtrix X

W k =                       w k,1 0 0 0 0 0 w k,1 0 0 0 w k,1 0 w k,2 0 0 0 w k,2 0 0 0 w k,2 0 w k,3 0 0 0 0 w k,3 0 0 0 w k,3 0 w k,4 0 0 0 w k,4 0 0 0 w k,4                       @RFIWA
ih triplet of olumns orresponds to the xED yE nd zExis omponents of the ontt fore generted t given lol point on the limerD t given frme kF por instne the (rst triplet orresponds to the right foot ontt fore nd the lst triplet orresponds to the left hnd ontt foreF Nonlinear objective he nonliner energy minimiztion is the seond optimiztion levelF es opposed to the (rst oneD whih opertes frme y frmeD this one opertes on the whole trjetory to optimize for its timingF vike the previous oneD the ojetive funtion to minimize ontins oth joint torquesD modelizing the internl energy onsumption of the limerD nd ontt foresD modelizing the plusiility of the motionF et frme kD the joint tution is vetor noted τ k F his vetor hs d = 49 omponentsD one omponent per generlized oordinteF hese omponents re noted with the index j ∈ 1..dF sn other words

τ k = τ k,1 τ k,2 . . . τ k,j . . . τ k,d T . @RFPHA
he joint torque onsumption is evluted per omponent y squred integrtion of its vlueD τ j (t)D over the lim time tF he joint torque onsumption on the whole trjetory for omponent jD noted τj D is then

τj = T 0 τ 2 j (t)dt @RFPIA ≈ ∆ id N id k=1 τ 2 k,j . @RFPPA τ j (t)
is the ontinuous joint torque funtion of time for omponent jF ∆ id is the inverse dynmis timestep s de(ned in eqution RFSF he joint torque onsumptions per omponent re then rerrnged in one vetor nd weightedD to give the tution onsumption τ = W τ τ1 τ2 . . . τj . . . τd T . @RFPQA his tution onsumption is the (rst prt of the nonliner ojetive funtionF he seond prt of the nonliner ojetive funtion is the irEontt onsumpE tionD whih indites the mount of ontt fores tht re generted t the limer9s points tht do not touh the wllF his is done y multiplying the ontt fores y H if the ontt is estlishedD or y positive vlue if it is notF e found empirilly tht rnge of [0, 1] gives etter results thn rnge of [10 -4 , 10 4 ]F gonsequently we use 1 -α insted of W k to penlize the foridden foresF et the frme kD there re N c = 3 × n c = 12 ontt fore omponentsD tht we index with the letter lD suh tht

f k = f k,1 f k,2 . . . f k,l . . . f k,Nc T . @RFPRA f k is de(ned in eqution RFIPF he onversion from ontt omponent index l ∈ 1..N c to ontt index i ∈ 1..n c is ensured y the funtion i(l) = f loor( l-1 3 ) + 1F
imilrly to the tution onsumptionD the irEontt onsumptionD noted f D of omponents fl D is integrted over the lim timeD whih gives

fl = T 0 (1 -α i(l) )f 2 l dt @RFPSA ≈ ∆ id N id k=1 (1 -α k,i(l) )f 2 k,l , ∀l ∈ 1..N c @RFPTA nd f = f1 f2 . . . fl . . . fNc T .
@RFPUA α i(l) nd f l re the ontinuous funtion ssoited respetively to the disretized funtions α k,i(l) @eqution RFIUA nd f k,l @equtions RFPRAF pinlly the optiml timing is found y minimizing the norm of the vetor onE tining oth τ nd f D whih gives We use a full-body iterative inverse kinematics to stay as close as possible to the input data.

keyfrmes n e interpreted s the extrem of the limer9s pthF he (gure RFU shows the preproess of the input keyfrmesF he keyfrme genertion is done in two stepsF he (rst step is the extrtion of the wogp poses wnted to uild the keyfrmesF he seond step is the djustment of the limer9s lims to mth the holds when ontt is supposed to e estlishedF sndeedD due to wogp impreiE sionD the hnds nd the feet of the limer re skting on the holds insted of stying still during onttF he lol ontt points on the limer9s end e'etors re therefore repled extly on the holds if they re supposed to e in onttF he potentil ontt points re presented (gure RFVF he (rst set of onttsD the red dots of the (gures RFV nd RFVD re the lol ontt points on the limerF hey re (xed on the hrter end e'etorsD nmely the hnds nd the feetD nd move with themF he seond set of potentil ontt points re the holds vilE le for the limD represented y the rown spheres of the (gures RFV nd RFVdF ih hold is modelized y only one potentil ontt pointF his ontt point hs een estimted y verging the positions of the lol points in the originl wogp sequenesF hey re lolized on the surfe of the rown spheresD nd re the frthest point from the wll on this surfeF foth lol nd glol ontts re ontinuously present during the whole timing optimiztion nd on the whole seE queneF he fundmentl di'erene etween lol nd glol ontts is tht only lol ontts n generte fores on the hrterD t ny timeD ut fores without ontt estlishment re penlizedF

Qualitative results

he (gures RFW to RFIP show the omprison of di'erent initil timings with their relted optiml timings for oth exmplesF he (gure RFIQ nd RFIR show the omprison of optiml timings nd ground truth timings for oth exmplesF ih sequene is plotted t IH fps nd eh frme hs een shifted towrd the rightD proE duing n rti(il horizontl displement tht were not inluded in the omputed liming trjetoriesF por oth exmples nd for the three presented initiliztions @slowD fst nd medium speedAD the timing for the pushEo' nd the inEir phses is well reoveredD showing the e0ieny of the optimiztion for llisti motionsF yn the ontrryD the timing for the (rst move nd for the lnding re slower for the ground truth thn for the optiml timingF por those phsesD either the input motion is not optimlD or our modeliztion is inomplete or not suitle for the tsk performed y the limerF Quantitative results

he optiml solutions for the exmples I nd P re presented quntittively in the (gure RFISF por eh grphD four di'erent optiml timingsD orresponding to four di'erent initiliztion re plottedF he di'erent initiliztions onverge to the similr optiml timingD exept t the end of the exmple ID nd t prmetri oordinte H nd HFQQ for the exmple PF woreoverD the ground @red dshed lineA in quite well reovered etween prmetri oordintes HFIR nd HFUI for the (rst exmpleD nd etween HFRR nd HFUV for the seond exmpleD whih orrespond to the llisti phse of the motionD s mentioned in the qulittive evlution oveF he ost funtion vlues re presented in the tle RFIF por the exmple ID the men totl ost is 364 ± 68 t initiliztion nd 234 ± 12 t onvergeneF he stndrd devition redution is thus of 82.3%F por the exmple PD the initil ost is 441 ± 84 nd the (nl ost is 234 ± 1F sn this se the stndrd devition redution is of 98.5%F hese high perentge of redution shows tht the solutions re lose to glol minimF initil timing initil ost @normA optiml ost @normA intervls tution ontt oth tution ontt oth @xFmFsA @xFsA @∅A @xFmFsA @xFsA @∅A ground truth x 0 = 0.1

x 0 = 0.03

x 0 = 0.15

x opt for x 0 ≈ g.t.

x opt for x 0 = 0.1

x opt for x 0 = 0.03

x opt for x 0 = 0.15 (a) Example 1, several timing initializations (dashed lines), and their related optimum (continuous lines of the same color). 

Input parameters sensitivity and setting

sn return for the simpleD unluttered spet of nonliner progrm formultionsD the prmeters of nonliner solvers re di0ult to set upF sn order to demonstrte the di0ulty of their djustment nd how we overome this tskD the following susetions del with the qulity of the results with respet to the input settings of the timing optimiztion solverF e hose to use grdientEsed solver s in wordth PHIQD ut the govrine wtrix edpttion @gweA ivolution trtegy rnsen PHHT ould lso hve een usedD s in el forno PHIPF he (ve prmeters evluted in detil in this setion reX IF pinite di'erene sping PF qrdient desent stop riterion QF ping nd stop riterion omintion RF xonliner solver hoie SF mpling sensitivity Finite dierence spacing es we use grdientEdesentEsed optimiztionD with grdient omputed y (nite di'ereneD the onvergene depends minly on the qulity of this grdientF o evlute this qulityD we ompute the grdients t severl optimiztion pointsD for logrithmi rnge of (nite di'erene spings going from 10 -10 s to 10 -1 sF hese grdients hve een normlized for their omprisonF e de(ne the on(dene rnge for the (nite di'erene sping s the set of sping vlues leding to similr grdientsF por the exmple I @(gure RFITAD this on(dene rnge is evluted to 10 -5 , 10 -3 F por (gure RFIUD this rnge is 10 -8 , 10 -2 D nd for (gure RFIUD it is 10 -6 , 10 -4 F e oserve tht the on(dene rnge is thinner t the optimum thn t the initiliztion for the seond exmpleD whih is not the se for the (rst oneD showing the dependene of this rnge on the oserved exmpleF prom this studyD the vlue of ∆ g = 10 -5 is retinedD s ompromise etween preision nd reliilityF he rnge of on(dene of the (nite di'erene sping n lso e evluted in more onise wy y using the grdient normsD s in (gure RFIVF por normsD the on(dene rnge is de(ned y the )t horizontl segmentsF he previous rnges eome in this se 10 -5 , 10 -3 D 10 -8 , 10 -2 nd 10 -6 , 10 -2 respetivelyF ixept for the upper ound of the lst rngeD the rnges of on(dene re the sme s the ones found with the grdient shpesF he grdient norm is thus relile estimtor for the on(dene rnge for the grdient spingF Gradient descent stop criterion he stop riterion for the grdient desent is the miniml mount of vrition on the unknown xD noted ∆ k F o evlute the qulity of the onvergene for given 

∆ g = -1 ∆ g = -2 ∆ g = -3 ∆ g = -4 ∆ g = -5 ∆ g = -6 ∆ g = -7 ∆ g = -8 ∆ g = -9 ∆ g = -10
(a) Gradients at the initial timing, close to the ground truth. 

∆ g = -1 ∆ g = -2 ∆ g = -3 ∆ g = -4 ∆ g = -5 ∆ g = -6 ∆ g = -7 ∆ g = -8 ∆ g = -9 ∆ g = -10
(b) Gradients at the optimal timing. The optimality is obtained with ∆ g = 10 -6 , and with the stop criterion ∆ k = 10 -4 . 

∆ g = -1 ∆ g = -2 ∆ g = -3 ∆ g = -4 ∆ g = -5 ∆ g = -6 ∆ g = -7 ∆ g = -8 ∆ g = -9 ∆ g = -10
(a) Gradients close to the ground truth. 

∆ g = -1 ∆ g = -2 ∆ g = -3 ∆ g = -4 ∆ g = -5 ∆ g = -6 ∆ g = -7 ∆ g = -8 ∆ g = -9 ∆ g = -10
(b) Gradients at the optimal timing. ∆ k D we use the nerness of the optiml solutions for the R di'erent initiliztionsF ih initiliztion is vetor of size N x D noted x 0 F he four di'erent x 0 9s used re onstnt vetors of HFHQsD HFIs nd HFISsD nd timing lose to the ground truth timingF he (gure RFIW shows this evlution for the exmple IF por this exmpleD ∆ k ≤ 10 -8 mkes the progrm to sty t the initiliztionD leding to very di'erent timing optimF yn the ontrryD the solutions with ∆ k = 10 -5 re the most similrF he (gure RFPH presents the sme study for the exmple PF por this se the est onvergene is lso otined for ∆ k = 10 -5 F xote tht the optiml timing di'erenes etween prmetri oordintes HFVT nd IFH in the (rst exmple re not s ovious in the seond exmpleF woreover for the seond exmpleD ∆ k ≤ 10 -8 gives optiml timings tht re not the initil vluesD exept for x 0 = 0.03D whih is not the se in the exmple IF hus the onvergene ehvior depends lso on the input motionF o e le to proess more systemtilly the onvergene qulityD we ompute the stndrd devitions of the optiml timingsF fy this wyD most of the informtion of (gures RFIW nd RFPH n e gthered in IEh vluesD s shown in the (gure RFPIF elong with this (rst inditor of the onvergene qulityD seond inditor n e usedD whih is the miniml ost mong the four optiml osts orresponding to the di'erent timingsF he (gure RFPP presents these osts for the studied exmplesF fy omining these four grphsD we n on(rm the hoie of ∆ k = 10 -5 F he x 0 hving led to the ost minim of (gure RFPP re shown in the P tles of (gure RFPQF e onlude from these tles tht there is no est initiliztionD nd tht the initiliztion lose to the ground truth @gFtFA surprisingly gives the est ost only in 11% of the studied sesF he ground truth is thus not lwys the est initiliztionF Spacing and stop criterion combination elthough the stndrd devition nd the miniml ost give less informtion thn the diret oservtion of the optiml timingsD their dimension of I llows us to evlute the interEdependeny of the two input prmeters ∆ g nd ∆ k in PEh grphsD s presented in the (gures RFPR nd RFPSF sn these grphsD the on(dene region for the prmeters ∆ g nd ∆ k is de(ned s the drk lue reF he white dshed lines ∆ k 10 -9 10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 min ost x 0 HFI HFI HFHQ HFHQ HFIS HFI HFIS HFI HFI (a) Example 1, min cost / x 0 correspondence.

∆ k 10 -9 10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 min ost x 0 gFtF HFIS HFIS HFI HFIS HFIS gFtF HFIS HFIS (b) Example 2, min cost / x 0 correspondence. ∆ g \∆ k 10 -9 10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 10 -1 0.1 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 ∆ g \∆ k 10 -9 10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 10 -1 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 Table 4.2: The initializations that gave the best optimal timings, chosen among the four candidates x 0 ≈ ground truth (g.t.), x 0 = 0.03s, x 0 = 0.1s and x 0 = 0.15s. orrespond to the urves of (gures RFPI nd RFPPF he two white numers inside eh grph re the two smllest vlues in the grphF he (gures RFPR nd RFPS show tht the stndrd devition is not onvex in the spe ∆ g !∆ k F hereforeD grdientEdesentEsed optimiztion in this spe would not suessD unless strting lose to the solutionF his justi(es the rute fore evlution we used hereF prom those four plotsD we on(rm the hoie of ∆ g = 10 -5 D euse the two ost minim nd one miniml stndrd devition re otined with this vlueD nd the hoie of ∆ k = 10 -5 D euse it hs led to the P minim for the stndrd devitionD I miniml ost nd one seond miniml ostF etully those grphs re the ones whih hve een used for ootstrpping the two previous prmeter evlutionsF he tle RFP presents the est initiliztions orresponding to the (gures RFPR nd RFPSF fy oserving the drk lue re in the two tlesD we on(rm tht no initiliztion is lwys the estF sn this wider studyD the ground truth initiliztion is the est for ISFR7 of the studied sesF his perentge is ITFH7 for x 0 = 0.03sD QTFR7 for x 0 = 0.1s nd QPFI7 for x 0 = 0.15sF x 0 = 0.1s hs thus tendeny to give etter resultsF Nonlinear solver choice wo solvers hve een testedD eh of them with its own lgorithmF he (rst solver is the funtion dtrnlspbc from the sntel wth uernel virry @wuvAF his solver uses the rustEegion lgorithms gonn PHHH to solve nonliner lest squre proE lems with liner ound onstrintsF he seond solver is our own implementtion of grdient desent lgorithmD with n exponentil step size dpttionF his lgoE rithm hs een designed to e esily implementleF por more tehnilly dvned dptive grdient desent lgorithmsD one ould look for instne t the work y rzn et lF rzn PHHUF he lgorithm I presents in pseudoEode the dptive grdient desent method we proposeF he ide ehind the lgorithm is to inrese or derese the step size s fr s possile on n exponentil sleD fter eh grdient omputtionF he wuv solver hs S di'erent stop riteriD orresponding to the miniml preision on the x vrition @∆ k in our seAD on the trust region sizeD on the ost vritionD on the ost vlue nd on the norm of its grdientF o llow omprison with our grdient desent hving only single stop riterionD ll the prmeters of wuv re set to ∆ k F xote tht most of the wuv prmeters re not used in our se solely to preserve the simpliity of the lgorithmF sf more roust lgorithm is neededD those riteri n e diretly dded y tking the vrile update s exmpleF he results otined with wuv re shown in (gures RFPT nd RFPUF imilrly to the previous resultsD rustEegion results show nonEonvex spesD s we n see t the ottom of (gures RFPTD RFPU nd RFPUD s well s with the lue nunes of the on(dene region (gure RFPTF es opposed to the previous grphsD the on(dene region hs no lower ound on ∆ k @the horizontl xisAD even fter hving inresed the rnge of evlution up to the lower ound ∆ k = 10 -13 F he explntion is tht the rustEegion lgorithm evlutes the step size for the grdient desent independently of ∆ k unlike the previous lgorithmD ut sed on the urrent rustE egion sizeF e suspet tht similr results would e otined with our lgorithm y initilizing k @in the lgorithm IA to higher numerD suh s SH for instneF he tle RFQ gthers the minim otined with oth lgorithmsF yur lgorithm gives the est miniml ost for oth exmplesD nd the stndrd devition is etter in our se for the exmple IF herefore we hose to use our lgorithm insted of wuv for the timing optimiztionF purthermoreD in our se no liense is neededD whih filittes the prlleliztion on luster of omputers for instneF pigF hesription RFPV yptiml for eh plotD N id is vryingD N x = constantF RFPW timings for eh plotD

Inputs X F : R n → R @ost funtionAD x 0 ∈ R n @initiliztionAD ∆ g ∈ R @grdient omputtion spingAD ∆ k ∈ R @step unitD stop riterionA OutputX x ∈ R n @lol minimum of FA x ← x 0 k ← 0 repeat G ← normlized grdient of F t x on sping ∆ g S(k) := x -2 k ∆ k G // exponential step function if F(S(k)) < F(x) while F(S(k + 1)) < F(S(k)) k ← k + 1 // increase step size else while F(S(k)) > F(S(k -1)) k ← k -1 // decrease step size update ← ||x -S(k)|| x ← S(k) until update < ∆ k
N id = constantD N x is vryingF RFQH N id N x D N id 2N x nd N id 3N
x F RFQI yptiml ostsF RFQP gomputtion timeF RFQQ win xEomponent vlue hekingF @lower ound a 1msA RFQR xumer of ost evlutions hekingF @mx a 10 5 llsA Table 4.4: Sampling study, gure list.

Sampling sensitivity

sn this susetion we study the onvergene ehvior with respet to the P smpling prmetersD whih re the numer of frmes used for the inverse dynmis omputE tion N id D nd the numer of optimiztion vriles N x F por this studyD the exmple I is solved using the lgorithm ID with the prmeters ∆ g = 10 -5 sD ∆ k = 10 -5 s nd x 0 = 0.1sD nd the im is to (nd similr timings for di'erent pirs of N id !N x F he tle RFR provides the list of the di'erent plotsD nd the tle RFS gives the ssoited onlusionsF he N id !N x spe is smpled with IHEyEIH gridD with the N id rnge going from PH to PHHD nd the N x rnge going from IR to IRHF he size of the grid hs een hosen to e less thn the numer of ores we used for the evlutionF he omputtion hs een done on IIT sntel oresD with speeds from PFR qrz to QFQ qrzF he totl g time @or user timeA is IW dys nd IP hoursF he rel time is out I nightF he detils of the omputtion time n e found in the (gure RFQPF he lower ound for N x hs een hosen to e twie the numer of keyfrme intervlsD whih is U for the exmple IF he lower ound for N id hs een hosen to e pproximtely three times this numerF he upper ounds hve een hosen s ten times the lower oundsD ording to the mximl time of omputtion tht we wnted to e round IP hoursF snterestinglyD some noise in the optiml timing is oserved when x lower bound reached (1ms). (gure RFQHAF sndeed with these vluesD some x omponents n e redued up to the lower ound if the next omponents re inresedD while preserving smooth trjetory for the inverse dynmis frmesF ome x omponents re therefore unonE strined nd n move freely while the optimizer is runningF e n onlude tht y defultD x hs tendeny to diverge if it is unontrolledF e slight regulriztion on x in the ost funtion ould solve this issueF he (gures RFPV to RFQH surprisingly ontrdit the intuition tht the thinner the smplings reD the etter the solutions reD with n exeption for the (gure RFPWjD whih gives the highest optiml timing similrities with N id = 200 nd N x ≥ 56F hese results ould e due to n error in the deployment of the progrm on the lusterD whih hs een done y )shing 1 the progrmF enother explntion ould e tht the thinnest smplings reh the mhine preisionD leding to errnt optiml timingsF e lst hypothesis ould e tht the strong dependeny of the ost funtion on the N id prmeter @see (gure RFQIA leds to very di'erent ehviors of the lgorithm with respet to N id vritionsF he veri(tion of these three hypotheses is let for future worksF sf one would hve to hoose two vluesD then N id = 200 nd N x ≥ 56 ould e retined y oserving the (gure RFPWjD ut the orresponding omputtion times re out IH hours per optimiztionF essuming these vlues gives roughly the timing shpes we wntD the (rst N x tht gives n pproximtion of these shpes in the (gure RFPV is N x = 28 @(gure RFPVAF sn this su(gureD the hoie N id = 100 seems to e the est ompromise etween the omputtion time nd the pproximtion of the wnted timing shpesD whih gives the (nl reltions N x 4N keys nd N id 4N x s the est hoiesF Parameter setting conclusion untittivelyD the lgorithm I gives the solute est resultsD nd lso presents the tehnil dvntge of eing lieneEfreeD whih is etter for the reproduiility of the resultsD nd for luster omputtionsF eout setting the prmeters of this lgorithmD the est hoies re sping for the grdient omputtion ∆ g = 10 -5 s nd stop riterion ∆ k = 10 -5 sF hese vlues re inside the on(dene region for the lgorithm onvergeneD nd gives the est results mong the VI ndidtes we evlutedF pinllyD the onstnt intervl time of 0.1s s strting point gives the est results mong the four tested initiliztionsD etter thn the pproximted ground truth timingF he optiml timings hve proved to e lmost glol optimF por the smplingD the est ompromise is otin for N x 4N keys nd N id 4N x F purther studies re needed to inrese the roustness of the ost funtion to the N id vritionsF o onlude qulittively this studyD the setting of the input prmeters ould lso hve een the purpose of ig enlosing optimiztionD whih would then hve een the third level of optimiztionD tking into ounting the per frme lest squre solving for the ost funtion evlutionsF uh n optimiztion sheme hs 1 ashing: copy past from one computer to another lredy een used in viu PHHSD ut with only two optimiztion levelsD where the im ws to determine the optimiztion prmeters for whih n input motion is the optiml solutionF fut eh new stked level of optimiztion rings lso new set of prmeters tht must e setD nd t the end the setting of the top level prmeters must e done y n externl userF sn the se of viu PHHSD the dvntge is tht the top level hs only ouple of prmetersD wheres the lower one ontins IRU prmetersF wo solutions re oneivle to void n in(nite stking of optimiztion levels X the grphil study previously presentedD nd selfEoptimizerD whih would optimize its own prmetersF xeverthelessD this lst solution seems quite fny s the initiliztion nd the stop riteri n not e voidedF 4.4.3 Long sequence yne the timing lgorithm nd its ssoited prmeters hs een vlidted on short sequene with ville wogp for keyfrme genertionD we turn to longer sequene of vertil lim of 10.5mD without wogp dtF e fous is mde on the vlidtions of the spets of this prolem tht di'er from the ouldering exmpleD whih re the trjetory genertionD new e'et of the trjetory smplingD nd the segmenttion of the optimiztion issueF pinllyD one these new elements hve een vlidtedD detiled ground truth timing evlution is providedF his setion is orgnized s followX @ells fU nd gRAD one foot mthing @ell fQAD two doule ontt moves @fREfS nd hREhSAD nd severl foot rossEovers @eFgF ePEeQD hREhUAD re)eting the multipliity of the movements enountered in rok limingF
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Output overview he output of our lgorithm is displyed (gure RFQTF es for previous the resultsD eh frme hs een trnslted towrd the rightD produing n rti(il horizontl displement tht does not exist in the originl route trjetoryF et eh frmeD the mer is vertilly trveled to follow the limerD lso produing n rti(il e'et of tredmill motionF sn this (gureD we n see )uent sent of the route @no disontinuity in the motionAD with fst ut plusile totl time of 13.5s for the 10.5m of the routeF sndeedD this time is PFS times slower thn the PHIP world reord in speed limingD whih is 5.88s for 10mD showing the relism of this omputed optiml timingF sn the followingD we provide thinner evlution of this resultD y tkling in the following order the items

• qenertion of keyposes y inverse kinemtis

• rjetory genertion y keypose interpoltion

• isul e'et of the N id !N x smpling • i'et of utting the optimiztion into segments

• qround truth timing omprison Generation of keyposes by inverse kinematics he limer9s keyposes re otined y inverse kinemtisF his proess strts y positioning the gow of the defult pose t the enter of the R holds to tkeF hen this gow is trnslted PS m wy from the wllF pinllyD the four lims of the limer re djusted suh tht the hnds nd the feet touh the holds to tkeF he tle RFU shows the results of this proessF hese results n e evluted with the ground truth shown in the tle RFVF fy omprison of these two tlesD we notie tht the nkles re well djusted to reover the full extension poses @eQD eRD pUD qIAF he kstepping leg positions re lso well reovered @eFgF iPD iUD pTAD s well s the leg orienttions for the foot rossEover setions @ePEeQD hREhUAF yn the other hndD the hed movements during the oservtion phses re missing @eFgF fQD fTD pPAD nd the torso position nd orienttion is not lwys urtely reovered @eFgF gTD iID pQAD leding to inorret leg nd rm on(gurtionsF Trajectory generation by keypose interpolation he keypose interpoltion is done in the three steps presented (gure RFQUF pirstD keyposes re interpolted with quternion ui splinesD whih hoose y defult the shortest pth etween joint orienttionsF hen ngulr joint limits re ontrolled on shoulders nd on hips with limit oneD s in (gure RFQVD nd the interpoltion is reomputed with the longest pths where joint dislotions hve een oservedF pinllyD we linerly interpolte the world position of the lol ontt pointsD guided y the previous interpoltionD to void the hnds nd the feet to rek through the wllF he di'erene etween the ngulr limit one we used nd the xisGtwist ngulr limits of whietto PHHW is tht we do not use the identity trnsformtion s the enter of the llowed ngle oneF sndeed this would mke the oronl pln2 of the limer symmetri pln for the shoulder rnge of motionD ut in prtie it is not the seF he right elow n lmost touhes the left shoulder when pssing hed of the torsoD ut is fr from touhing it when pssing ehind the torsoF woreoverD despite the xisGtwist ngulr limits llow thinner representtion of joint ngulr limitsD the limits we used sed on the ngle etween the upper lim xis nd the one xis re more intuitive to set upD whih is importnt if the end user is n rtistF Visual eect of the N id N x sampling his susetion shows tht N id = 150 leds to n unwnted visul rteftD voided with N id = 400F he (gure RFQW presents the frmes used for the ost funtion evlution with these two totl numers of ost frmes t the optiml timing oE tined with N x = 132F sn the (gure RFQWD the frmes QU nd QV re identilD showing tht it is less ostly to stop nd then to do ig step etween frmes QV nd QW thn to pss y the extreml position fSD where the left foot touhes the wllF his phenomenon onstitutes seond ndidte to explin the timing noise previously oserved @(gure RFQHAF sf the (nl time step is PS fps for instneD the inEir slow down t N id indies QU nd QV is notieleD s etween frme indies QT nd RHD whih is roughly the rnge of in)uene of the slow downD HFQT seond hve pssedD leding to W output video frmesF he higher smpling rte (gure RFQW where N id = 400 resolves this rteftF rere the smpling does not llow nymore to void the keypose fSF he limer must then slow down on the whole trjetory segment etween keyposes fR nd fT to e le to tke n impulse on the left foot t keypose fS in order to hnge its trjetory for the next moveF his higher smpling rte thus led to more nturl output timingF Eect of cutting the optimization into segments yptimizing the timing on the whole liming route with the prmeters of (gure RFQW for instne took respetively S h IS for (gure RFQW nd T h RH for (gure RFQWF o redue this omputtion timeD the optimiztion is segmentedD s in el forno PHIP for instneF he originlity of our study is to evlute the qulity of the segmented optimiztion with respet to the orresponding llEtEone optimiztionF sn the (gure RFRHD the timings for the moves fREfSD hIEhP nd iSEiT re omputed with n inresing segment width from I keypose intervl to IQ keypose intervlsF ell results hve een omputed with x 0 = 0.1sD exept for the move iSEiT with W keypose intervlsD whih is the only se where severl initiliztions hve een tested to (nlly hoose x 0 = 0.09sD s showed (gure RFRQF fy zooming on the moves of interest @(gure RFRIA we see tht timing for the entrl moves re similr for U keypose intervls nd moreF woreoverD s shown in the (gure RFRPD the omputtion time drstilly inreses etween the intervl sizes U nd WD from 20min to 1hF hereforeD the segmenttion size of U keypose intervls is hosen for the segmented optimiztionD wheres in el forno PHIPD two suessive windows of 0.5s re ritrrily hosen to onstitute eh optimiztion segmentF yptiml timings omputed in single lrge optimiztion re plotted (gure RFRRF heir relted omputtion times re gthered in the tle RFWF he optim re quite lose to their initiliztionsD exept for the keypose fSF yn the ontrryD segmented optimiztions led to muh etter onvergenesD s plotted (gure RFRSD with the orresponding omputtion times gthered in the tle RFIHF hese lst optim still ontin some outliersD highlighted in yellowD tht n e removed y postEseletion s used for the (gure RFRTF his postEseletion is mde possile due to the overlpping segmentsF sndeed for eh moveD the timing for the Q previous moves nd the Q next moves re lso omputedF he timing of every move is thus omputed U timesD with more or less uryD s shown in the yn urves of (gure RFRH X the frthest we re from the entrl moveD the less urte is the timingF e thus use the Q entrl moves to ompute outlier timingsD y hoosing mong those ndidtes the timing the losest to the men timing of those ndidtesF Ground truth timing comparison he verge of the four optiml timings found previously y segmented optimiztion is ompred to the ground truth timing in the (gure RFRUF sn this (gureD ler slowing down n e seen for the moves fREfTF wo hypotheses n e estlished to explin this slowing downF pirstD we my rgue tht the move fSEfT is more e0ient when using llisti motionD iFeF when strting quite fst nd then letting the grvity hnge the ody veloity without mking muh e'ort ginst itF sndeedD this is the only lrge move with only two ontt pointsD whih re moreover on the sme side of the ody @right hnd nd right footAF por this prtiulrly di0ult moveD llisti move is thus more needed thn for the othersD less di0ultF he seond explntion is found t the pose fS itselfD where oth the torso nd the left leg must hnge their veloity diretion y 90 • F sndeedD the min trjetory of the move fREfS is 45 • right digonl sentD wheres the min trjetory of the move fSEfT is 45 • left digonl sentF his drsti hnge of diretion requires slowing down to void high elertion t the keypose fSD whih would e very ostly in term of joint torquesF till in the (gure RFRUD the optiml timing is fster thn the ground truth timE ingF his di'erene n e minly explined y ontt estlishment lteny nd hesittion or oservtion phsesD s shown (gures RFRV to RFSPF sn these (guresD the time spent y the limer in those phses is delimited y the red time instntsF his time is rried over to the tle RFIID where omprison is mde with the timing di'erenes etween the optiml timing nd the ground truth timingF hese lst temporl di'erenes re intervl time etween suEkeyposesF es there re three suEkeypose intervls per keypose intervlD we multiplied them y three to otin keypose intervl time s unitF sn the tle RFIID the three ontt estlishment ltenies oserved in the video orrespond to the di'erenes etween the optiml timing nd the ground truth timingF por the two hesittion phsesD the video time di'erenes orrespond to two thirds of the grph time di'erenesF e hypothesize tht the lst third of these di'erenes ould orrespond to the ontt estlishment t the two extremities of the orresponding keypose intervlsF hese (ve timing difE ferenes show tht up to the ontt estlishments nd the hesittion timesD the optiml timing is lose to the oserved timingF o e le to vlidte the overll shpe of the optiml timingD we ssume tht the ontt estlishment timeD whih orresponds to frtion of the time when oth hnds nd oth feet re in onttD is proportionl to the time spent inE etween onttsD when hnd or foot is movingF his hs lredy e suggested y quidi IWWW who mentioned tht the proportion of e'etive motion nd other instnts re out QH7 nd UH7 of the totl liming time respetivelyD sed on the work y hupuy IWVWF hereforeD we divide the ground truth timing y QD in order to suppress the UH7 of noEmotion time tht we do not modelizeD nd to fous on the time during whih the limer is movingF sn the (gure RFRUD this omprison highlights nother kind of di'erenes t move hSEhT nd t keyposes pR nd pTF hese instnts re shown (gure RFSQF he two (rst di'erenes re due to the hold modelingF sndeedD the hold models re ostEfree ilterl ontts for the hnds nd unilterl ontts with frition oe0ient of HFV for the footD with the sme ontt norml for ll the foot ontts orresponding to vetor ent t 30 • from the vertil xisD towrds the wll normlF his ontt model is erroneous for the move hSEhT @(gure RFSQA where the left foot of the limer is smering the wllD iFeF it pushes the wll where there is no hold using only the frition etween the wll nd the shoe to progressD nd for the keypose pR @(gure RFSQAD where the left hnd tkes n underling holdD iFeF hold oriented in downwrd diretionF por oth these instntsD the ontt norml should e respetively norml to the wll nd in downwrd diretionF hese modeling errors re then propgted to optiml timing errorsF he third di'erene @(gure RFSQA highlights n ine0ient move orresponding to fster ground truth G Q timing thn the optiml timingF sndeedD t this instntD the limer hs relesed his left hnd efore hving put his right foot on the wllF he move is thus done with two ontt points insted of threeF he strength needed y the two lims involved in these ontts is thus higher thn the one tht would hve een needed if supplementry lim ws ville to help supporting the limer for this moveF sn this seD the optiml timing is thus etter thn the oserved timingF hereforeD the di'erenes etween our optiml timing nd the ground truth G Q timing re explined y ontt modeliztion inuries nd nonEoptiml ground truthF

Conclusion

sn the se of liming motionsD we showed tht relisti timing n e synthesized from the minimiztion of internl joint torques nd the penliztion of inEir ontt foresD providing ontinuous ontt modelF woreoverD the motion restritions rought y the spei( environment on whih the limer evolvesD llows to modelize relisti liming pths y proedurl inverse kinemtis nd quternion ui spline interpoltionsF e ground truth omprison sed on video sequene showed the uries nd limittions of our pprohD whih is urte for movements inE etween onttsD ut lks some humn ftorsD suh s ontt trnsition models or deision mking proessF he ontt estlishment nd reking lteny oserved in the previous hpter is on(rmed in the se of motion synthesisD lthough the di'erene etween ontt trnsitions nd oservtion instnts is not oviousF yn one hndD the ontt hnge lteny ould e due to the need for the (ngers to e preisely djusted to the shpe of the holds t the hnd ontt estlishmentsF his preision neessittes some (nger pereption feedk involving time onsuming loop etween the (nger touhD the rin stimultion nd the neuronl k response towrd the (nger musles for redjustmentF his loop ould e simulted y rndom or onstnt delys of few milliseonds of immoility t eh ontt estlishmentF yn the other hndD the lteny ould e explined y the rill musle modelD where the spring hrteristis of the musuloEtendon units @wsA involve dely etween the musle tivtion nd the joint torque genertionD needed y the tendons to e tightenedF snsted of going down to the urte ut omplex w modelingD this phenomenon ould e inorported diretly t joint level with rillEstyle model sed on ngulr springsD ringing n impliit tivtion timeF he phses where the limer hesittesD oserves the routeD nd tkes deisions on the gestures to performD nnot e modelized y physil nlysisF hey ould nevertheless e dded in our physillyEsed pproh s supplementry inputsD ontining where the limer will hesitteD or will need to think out the sentF gorresponding temporl puses would e dded t those points in the trjetory to optimize efore eh ost funtion evlutionF yn the ontrryD the hoie of the order of the holds to tke nd djustments on the limer9s postures n e otined y n optimiztion pprohF sndeedD eh of the vrious sptil possiilities hs prtiulr ostD implying tht minimum exists nd n e hosen for the synthesisF woreoverD the (nite numer of possiilities for the ontt sequene mkes n exE hustive test possileF xote tht suh n pproh would e prohiitively expensive for ground motions for instneD ut is 'ordle for liming motions s soon s the environment kinemti restritions re tken into ountF he trtility of the optimized sptil ontrol ould lso e inresed y tking into ount joint ngulr limits nd the limer9s self intersetions to redue the motion serh speF pinlly the timing prolem lone is enough to improve the relism of the ntomE il modelF he right next work in this diretion is to dd the (ngers nd their relted ostsF his would llow to quntify the di0ulty ssoited to given hold nd thus to tke into ount in the ost funtion the shpe of the holdsF sn prE tieD the (nger ost is the dominnt ftor of di0ulty in liming quidi IWWWF hereforeD we suspet this ftor to in)uene drstilly the synthesized motionsF en intermedite strightforwrd step towrd omplete hnd model is to dd s input the qulity of eh holdF his qulity n e modelized s dditionl weights in the hnd ontt ostsF he other wys to improve the ontt models re to dd the ontt normls s inputsD nd to di'erentite frition oe0ients ording to the hold hrteristisD for mking the di'erene etween n hndle nd )t hnd hold for instneD s we hve shown tht these modeliztion issues in)uene the resulting optiml timingF Chapter 5

Discussion and Perspectives sn this thesisD liming motion hs een studied through the pture of dynmi dtD the nlysis of motion y inverse dynmis nd the motion synthesis y timing optimiztionF he ontriutions of this work hve een the pture of lirted Th fores nd liming motion dt with n instrumented ouldering wllD equipped with T fore sensors nd PR infrEred mersY the development of jointEsed sensorEfree inverse dynmis lgorithm for multiEontt motionsD with ontinuous ontt trnsition modelY nd the genertion of long nd relisti liming motion sequeneD from solely suessive externl ontt setsF he limittions onerning the dt pture re (rstD the synhroniztion proess etween the fore sensors nd the wogp system nd seondD the mrker lelling nd trking proessF e hrdwre synhroniztion etween sensors nd mers would llow to go ellow IH ms of temporl preisionF his funtionlity is not n ville feture of the devies urrently usedD nd ould neessitte some eletroni originl developmentsF gonerning the sptil preisionD the urrent trking lkE ox we used llowed us to work with only IH7 of the ptured dtF snresing this perentge of usle motion ould e done (rst y orreting mnully the erroneous mrker lels y mens of the grphi user interfe @qsA tht lredy exists unE der privte liene @yptitrkD xturl ointAD or seond y extrting individul mrker trjetories from inry wogp intermedite (les nd (nding etter lE elling nd trking lgorithmF pinlly for the lrge sle environmentD the dt pture proess ould e omplemented y dding preise environment shpesD with the use of struture from motion tehniques for detiled geometri model reordingF yn the wllD this would llow to identify individul hold shpes in order to ssess their qulity nd to modelize (nger positioningD tht would ring the possiility to evlute (nger joint ostsD the keyEvlue of the energy ost of liming motionsF epE plying struture from motion on the limer itself would llow to dpt the limer9s model to vrious ody shpes nd to render di'erent limer9s pperneD inludE ing its texture the dy of the ptureD whih ould e interesting for developing textureEsed environmentEwre monoulr motion pture lgorithm for instneF snverse dynmis sed on lest squres minimiztion of wrenhes projeted on ntomil joint xes hs shown two min limittionsF yn one hndD the difE ferentition etween opposite ntomil diretions shring the sme xisD suh s knee )exion nd extension for exmpleD n not e determined in one pssF his is prolemti for inluding preisely joint torque limits in lest squres omputtions euse most of the min joint xes hve quite di'erent opposite torque mximF yn the other hndD for joints with t lest P hopsD ntomil xes otined from iuler Chapter 5. Discussion and Perspectives ngles re not orthogonl in generl nd n led to xes shring the sme joint wrenh omponent fter its projetionD leding to misounted wrenh ostsF his inury ould e resolved with nonliner lgorithm where the wrenh would not e projetedD ut eh xis omponent would e dded to produe the wrenh needed for the motion to e performF e suspet tht this more timeEonsuming lgorithm ould e initilized with the wrenhes resulting from the urrent fst lestE squre lgorithmF his nonliner joint level model would e n intermedite step etween the lestEsqure joint model urrently usedD nd the omplex nd nonEliner wEsed tution modelD providing rnge of ompromises etween ury nd trtility redy to e used for vrious se studiesF egrding motion synthesisD the min diretion of improvement for our results is the implementtion of the interEmovement phsesD whih re the instnts when no hnd nor foot is movingD nd whih ontin hnd or foot prehension djustmentsD wll oservtionsD hesittionsD rest phses nd deision mking instntsF sdelly for limersD most of these events should not our s they re energy onsumingF yur work llow us to lerly identify the motions resulting from optimizing iomehnil onstrintsD nd the unwnted ehviors due to ognitive or neurologil onstrintsD whih is the di'erene etween our results nd the oservtionsF por grphis usgeD di'erent wys re oneivle to improve the relism of the simulted motions orE responding to the di'erent elements onstituting the interEmovement phsesF he rest instnts ould e otined y n dvned physiologil energy modelD whih would ssess the evolution of the ville mounts of energy with respet to the di'erent exerise energy systems @ltiGltiD eroiGneroiAD nd djust the speed of the lim ordinglyF he hed movements nd ody posture djustE ments for oserving the wll ould e otined y simulting the (eld of view of the limerD who would e onstrined to see the holds eing tken just efore their grspingF vtenies ould e dded for simulting the neuronl proess of wide re oservtionsF he hesittionD prehension djustments nd deision mking instnts n e simulted either y dding oth temporl nd spil noise to the motionD or y designing qs for externl user interventionsF por sport performne pplitionsD improving the relism s mentioned ove is not neededD exept for the energy modelF sndeedD more urte energy model would llow etter optimlity preditionsD ut ll other items n e seen s elements tht the limer should void idellyF hereforeD the mjor di0ulty for providing to sport professionls or ompetitors trining tool for the gesture improvementD is (nding medium tht would e epted y this ommunityF ujstil PHIR proposed (rst ttempt in this diretion with ugmented ouldering wll on whih relEtime grphi informtion is disply thnks to video projetor oupled with uinet merF eording to themD the use of suh wll would e etter in liming gym s seprted wllF his drwk is proly due to the unusul equipments from limer9s point viewD s well s the needed to projet mssive light on the wllD disturing the wll spetF e suspet the ommunity weloming to e muh higher if the deployment would e done under moile pltforms suh s endroid for instneD or sed on smll qoroEtype mers oupled with lptop for outdoor sessionsD s those devies re lredy well known nd used y the potentil endEusersF he rekthrough needed for pplying our method on suh light systems is the drsti redution of the omputtionl ostF he most plusile wy for this redution ppers to e the onversion of the nonEliner timing optimiztion into qudrti progrm y some nlytil or symoli omputtionsF he strting point eing the nlytil derivtion of the limer9s trjetory veloity nd elertionD s initited y the work of winnn PHHQF Bibliography ee PHHU euhi eeD wro d ilv nd tovn opovi¢F Multiobjective control with frictional contactsF sn roF geD pges PRW!PSVD PHHUF @gited on pge UTFA el forno PHIP wzen el fornoD wrtin de vs nd eron rertzmnnF Trajectory Optimization for Full-Body Movements with Complex ContactsF rnstions on isuliztion nd gomputer qrphisD PHIPF @gited on pges RD USD WT nd IPUFA elddin PHIP mi elddin nd ul uryF Static pose reconstruction with an instrumented bouldering wallF sn roeedings of the IVth egw symposium on irtul relity softwre nd tehnologyD pges IUU!IVRF egwD PHIPF @gited on pges SD QP nd QTFA enderson IWWW prnk g enderson nd wrus q ndyF A dynamic optimization solution for vertical jumping in three dimensionsF gomputer wethods in fiomehnis nd fiomedil ingineeringD volF PD noF QD pges PHI!PQID IWWWF @gited on pge IHFA endrews PHIQ endrews nd q uryF Goal directed multi-nger manipulation: 
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Figure 1

 1 Figure 1.1: Adam Ondra, world best climber, in the crux of Change, 9b+, world hardest route. The only sequence of moves that works for this climber is ruled by the environment shape and the laws of physics. Images are used with the kind permission of their author Petr Pavlí£ek.
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Figure 1

 1 Figure 1.3: The clipping process, occurring while lead climbing, disrupts the continuity of climbing movements.

Figure 2 . 1 :

 21 Figure 2.1: The instrumented bouldering wall used for the data capture. The holds are mounted on 6D force sensors. On each side of the wall one can see the tripods on which four of the 24 OtpiTrack cameras are mounted.

Figure 2

 2 Figure 2.3: A hold mounted on one of the six force and torque sensors (left), and its corresponding diagram (right).

Figure 2

 2 Figure 2.4: The view from one of the two OptiTrack 2D video greyscale cameras.

  (a) Frontside view of the marker set. (b) Backside view of the marker set.

Figure 2

 2 Figure 2.5: The location of the 36 markers used for the motion capture. The four markers on each side of the ball of the feet are mounted on a hard plastic base, attached to the climbing shoes via double face tape. The other markers are attached to the motion capture suit with a hard Velcro base for the six hand markers and a soft Velcro base for the other markers.

Figure 2 . 6 :

 26 Figure 2.6: The skeletal model used for the motion capture. The tting of the marker trajectories by inverse kinematics is done internally by OptiTrack. The Op-tiTrack output does not include 3-D marker positions. All joints are ball joints.

  (b) Synchronization impact on the hand point of view, before synchronization.

Figure 2 . 7 :

 27 Figure 2.7: The synchronization process. The impact is located with both (a) the forces measured by the sensor, and (b) the motion of the hand.

  Figure2.8: Seven possible rotations for transforming a vector from a start position (dotted black vector) to a end position (dashed black vector). All the angle-axes belong to the median plan of those two vector positions.

Figure 2

 2 Figure2.9: Angle-axis geometric construction for frame rotations. The axis (green) is at the intersection of the median plans of the pair of basis vectors (red dotted arcs intersection). The angle is found in the orthogonal plan to the green vector (middle diagram).

  Figure 2.10: Three visual steps to establish the lever arm torque-force relation.

Figure 2

 2 Figure 2.11: Wrench transfer illustration with an allen key. The wrenches w a (red) and w b (blue) applied at two dierent points of the Allen key (large dots), have the same eect on the screw. For w b , a torque component on the x-axis local axis is added to compensate for the torque resulting from the lever arm relation (see gure 2.10c), when transfering w b from frame b to frame a.

Figure 2 .

 2 Figure 2.12: The calibration tool is equiped with mocap markers to dene the tool frame.

Figure 2 .

 2 Figure 2.13: Center of pressure (CoP) for a ground-foot contact. The blue wrench is the contact wrench, seen at a point below the heel. The red dashed line is the line where the wrench equivalent to the blue wrench has no torque. The CoP is at the intersection of this line and the ground.

Figure 2

 2 Figure 2.14: The quantities used in the calibration process. C is the contact point of the tool tip, corresponding to the tool center of pressure. S is the sensor center of measure. x l is the local tool tip coordinates.

  (a) The back markers are hidden by the wall. (b) Marker confusion in a hand matching.

Figure 2 .Figure 2

 22 Figure 2.15: Two examples of obvious failures (left) in the OptiTrack marker tracking process and their corresponding 2D video images (right). The brown dots on the 3D images are the sensor centers.

  Figure 2.17: The 15 sequences of our McGill climbing motion database, used for the inverse dynamics evaluation, sampled every 1.5 seconds. The colors correspond to the percentage of time advancement, with the following order: 0% 100%.

Figure 2 .

 2 Figure 2.18: Wall conguration corresponding to the 15 McGill sequences. The close-up of the bottom left hold has been taken from the other grayscale camera, which is farest from the wall than this one. The blur is due to the low camera resolution of 640 × 480.

Figure 2 .

 2 Figure 2.19: A top-rope climbing sequence captured at Espace Vertical.

Figure 2 .

 2 Figure 2.20: The contact coordinate computation. The wall coordinates of the red points have been measured. From their images coordinates we compute an homography that allows us to retrieve the wall coordinates of the green points from their image coordinates.

Figure 2 .

 2 Figure 2.21: The 2D contact coordinates after homography computation (a), and the sequence of contacts (b), observed in the sequence of gure 2.19. The red circles are used to compute the image-to-world transformation. The green circles are the retrieved contact points.

Figure 2 .

 2 Figure 2.22: Proof of concept of the 3D reconstruction of a non-planar wall, using VisualSFM [Wu 2011]. The two images are the front view and the side view of a textured point cloud (2 million points), reconstructed from 45 high-denition images.

Figure 3

 3 Figure 3.1: Prediction of contact forces and joint torques. Blue arrows correspond to contact forces, magenta arrows to torque axis, magnitude is proportional to amplitude.

Figure 3

 3 Figure 3.3: Prediction of contact forces (Dark blue, ground truth -Light blue, prediction) and joint torques (magenta) for climbing.

Figure 3

 3 Figure 3.4: Prediction of contact forces at both feet and joint torques at hip, knee and ankle for walking.

Figure 3

 3 Figure 3.6: Prediction of contact forces at hands and feet for climbing. For each of the four contacts, the subplot at the bottom shows the contact transition, single step (orange) and interpolated (green). The other subplot shows contact forces from the ground truth data (blue), single step contact transition with limb specic weights (orange), interpolated contact transition with limb specic weights (green), and interpolated contact transition with uniform weights (purple).

Figure 3 . 7 :

 37 Figure 3.7: Comparison of the contact force errors for 3 sets of joint torque weights.The rst two sets are obtained from the torque limits of table 3.1, and the third set is a uniform weighting. All values are in percentage of body weight (%BW). The vertical segments represent the condence intervals at 95% (3.7a) and at 68% (3.7b) arround the mean contact force error.

Figure 3

 3 Figure 3.8: Sequence 8 plotted at 4 fps. Each image is shifted toward the right for more lisibility.

Figure 3

 3 Figure 3.9: Inuence of the ankle torques minimization. The continuous curves are the methods retained for the nal comparison. They all include the ankle torque minimization. The dashed curves correspond to results obtained without ankle torque minimization. The condence intervals, plotted vertically, are at 95%.

  Figure 3.10: Eect of setting the ankle torque weights to zero on sequence 15 at 348. Dark blue arrows are the contact forces measured by the sensors. Light blue arrows are the contact forces estimated by inverse dynamics.

  Figure 3.11: Sequence 9 at 4 fps with ground truth torques, right shifted every frame for visibility.

Figure 3 .

 3 Figure 3.12: Inuence of other factors on the inverse dynamics errors. The two factors tested are the inclusion or not of bound limits on joint torques and the quadratic vs linear limit-to-weight conversion. The vertical segments are the 95% condence intervals.
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Figure 4 . 2 :

 42 Figure 4.2: Denition of the parametric coordinates for the input keyposes (s keys ),

Figure 4 . 4 :

 44 Figure4.4: The resampling of the parametric-regular pairs {s subkeys , t subkeys }, into the time-regular pairs {s id , t id }. Here, the optimization size N x = 6, which equals the size of s subkeys minus 1, and the number of frames for the inverse dynamics N id = 13, which equals the size of t id . The green color represents quantities for the green path of the gure 4.1, where the parametric coordinates are used as intermediate quantities to go from the time space to the character pose space.

  Figure 4.5: The availability function α turns o contact forces if the potential contact point, a local point on the climber, is far from the environment, or if this point is moving.
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Figure 4

 4 Figure 4.6: The input keyframes for the two bouldering examples and their parametric coordinates. To obtain those poses, rst a set of poses is extracted from the MoCap data. Second, the limbs of the climber are adjusted by inverse kinematics for the local contact points to match the holds.

Figure 4

 4 Figure 4.7: Pre-process of the input data by inverse kinematics. Top row, the MoCap output. Bottom row, the hands and the feet have been adjusted on the holds.

  Figure 4.8: The input contacts for the bouldering examples. The rst row depicts the contact points locally xed on the climber. The second row shows the two sets of holds for the bouldering examples.

Figure 4

 4 Figure 4.9: Example 1, top: fast initialization, bottom: optimum. The color bar is the parametric coordinate space. The horizontal axis is the time, at 10 fps.

Figure 4 .Figure 4

 44 Figure 4.10: Example 1, top: slow initial timing, bottom: related optimum.

Figure 4 .

 4 Figure 4.12: Example 2, slow initialization (top) and corresponding optimal timing (bottom). The time step between two successive hold patterns is 0.1 second. The time step between two dark brown hold patterns is 0.5 second.

Figure 4 .

 4 Figure 4.13: Example 1, optimal timing for a medium-speed initialization (top), approximated ground truth timing (bottom). The ground truth timing is available only at each keyframe.

Figure 4 .

 4 Figure 4.14: Same as above for the example 2.

Figure 4 .

 4 Figure 4.15: Various initializations (x 0 's) and corresponding optima (x opt 's) for the examples 1 and 2. The horizontal axis is the parametric coordinate axis. Each point on this axis thus corresponds to a point on the interpolated path. The vertical gray lines are the keyposes. The y-axis are optimization values which are interval times between two successive sub-keyframes, as explained in gure 4.3.
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 4 Figure 4.16: For the example 1, comparison of the component values of normalized gradients of the cost function, for nite dierence spacing from 10 -10 s to 10 -1 s, at an initial timing close to the ground truth, and at the corresponding optimal timing.

Figure 4 .

 4 Figure4.17: Same as previous page for example 2.

Figure 4 .

 4 Figure 4.18: Using gradient norms to summarize gures 4.16 and 4.17.

Figure 4

 4 Figure 4.19: Example 1, convergence variations for stop criteria (∆ k ) from 10 -9 s to 10 -1 s. The nite dierence spacing is ∆ g = 10 -5 . Each color represents 4 solutions obtained with 4 dierent initializations.

Figure 4 .

 4 Figure 4.21: Convergence indicator 1: Standard deviations of the four optimal solutions for each ∆ k values.

Figure 4 .

 4 Figure 4.22: Convergence indicator 2: The minimal costs among the 4 optimal solutions for each ∆ k .

Figure 4 .

 4 Figure 4.23: The initial timings that give the minimal costs of gure 4.22.

  Example 1, min cost / x 0 correspondence for the gure 4.24b.

  Example 1, standard deviations of optimal timings for four dierent initializations, in the optimizer parameter space ∆ g ∆ k . Example 1, optimal cost in the same space as above. The initializations corresponding to the retained optima are shown table 4.2a.

Figure 4 .

 4 Figure 4.24: Example 1, convergence evaluation for the parameters ∆ g and ∆ k .

  Example 2, optimal costs. Corresponding initializations are printed table 4.2b.

Figure 4 .

 4 Figure 4.25: Example 2, same as previous page.

  Example 1, Trust-Region standard deviations.

  Example 1, Trust-Region optimal costs.

Figure 4 .

 4 Figure 4.26: Example 1, same graphs as in gure 4.24 computed with a Trust-Region algorithm, instead of the algorithm 1.

  Example 2, Trust-Region standard deviations.

  Example 2, Trust-Region optimal costs.

Figure 4 .

 4 Figure 4.27: Example 2, Trust-Region results corresponding to the gure 4.25.

  Figure 4.28: Sampling study, comparison of optimal timings for several N id values, at N x constant. The horizontal axes are the parametric coordinates. The vertical axes are the sub-keyframe time intervals times the total number of intervals (N x ).Dashed lines: maximum number of cost function evaluations reached. Dotted lines:

  Figure 4.29: Same as previous page, plotted at constant N id values.

Figure 4 .Figure 4

 44 Figure 4.30: Several optimal timings around the magenta dashed lines of the plots p.115.

Figure 4 .

 4 Figure 4.34: Sampling study, number of cost function evaluations. Dashed lines correspond to the graphs p.113.
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  Figure 4.36: Physically optimal timing for the Espace Vertical sequence. The horizontal axis is the time. The brown poses are time spacing marks of 0.5 second.The camera is traveling vertically to follow the climber.

Figure 4 .

 4 Figure 4.37: Steps of the keypose interpolation with the move C4-C5.

Figure 4 .

 4 Figure 4.38: Joint angular limit cone. The red arrow is the axis of symmetry of the cone. The angle between this axis and the upper arm axis must be higher than the cone angle.

Figure 4 .

 4 Figure 4.39: Visual comparison of two inverse dynamics samplings for moves B4-B6.

Figure 4 .

 4 Figure 4.40: Optimal timings for moves B4-B5, D1-D2 and E5-E6 with several segment widths.

Figure 4

 4 Figure 4.41: Close up of the previous results on the segments of interest.

  Figure 4.42: Average computation time for each segment width.

Figure 4

 4 Figure 4.47: Optimal timing and ground truth comparison.

Figure 4 .

 4 Figure 4.52: Hesitation phase for move E2-E3 : The right foot stops behind the left leg, and then passes in front of it.

  Figure 4.54: The Espace Vertical motion synthesis after thin evaluation.
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.1: Joint torque limits (N.m) obtained from the literature [Robert 2013] and from the McGill dataset.
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 3 2: Inertia error of each sequences as dened in equation 3.9. The selection includes all frames for which the error is less than 10% of BW. The notation . ± .
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means the average value plus or minus the standard deviation.
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.3: Ankle plantarexion maximum torques (in N.m) obtained by inverse dynamics without ankle costs. The third column is the dierence in percentage from the corresponding literature limit [Robert 2013].
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 3 4: Analysis of limits and weights variations by means and standard deviations (mean ± s.d.
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	.1: Initial and nal cost function values (equation 4.28). The columns
	actuation, contact and both contain respectively the actuation consumption, the
	air-contact consumption and the total cost (root of squared sum of the rst two
	columns).
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 4 3: Numerical comparison of our algorithm with MKL.
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  a) N id N x

	x (sec)						N id
	× N						
	interval time						
	0.14	0.29	0.43	0.57	0.71	0.86	1
			parametric coordinate			

  b) N id 2N x

	x (sec)						N id
	× N						
	interval time						
	0.14	0.29	0.43	0.57	0.71	0.86	1
			parametric coordinate			
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 4 9: Computation time for the timing optimization of the 44 moves, computed all-at-once on a 3.3 GHz computer.

			Timing by Large Single Optimization
		0.45
			Constant timing of 0.03 second.
			Constant timing of 0.10 second.
		0.4	Constant timing of 0.13 second.
			Constant timing of 0.15 second.
			Optimal timing, with x0 = 0.03.
		0.35	Optimal timing, with x0 = 0.10.
			Optimal timing, with x0 = 0.13.
			Optimal timing, with x0 = 0.15.
		0.3
	interval time (sec)	0.2 0.25
		0.15
		0.1
		0.05
		A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 C5 C6 C7 D1 D2 0
		0.2
	interval time (sec)	0.05 0.1 0.15
		D2 D3 D4 D5 D6 D7 E1 E2 E3 E4 E5 E6 E7 F1 F2 F3 F4 F5 F6 F7 G1 G2 G3 0
			parametric coordinate
			Figure 4.44: Espace Vertical optimal timings computed all-at-once.
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.11: The latency observed in the video and the corresponding delay between optimal timing and ground truth timing in the gure 4.47.
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sending: solving a climbing problem

human motion actuation are the internal forces and torques involved in the human motion

Route climbing and bouldering are two dierent climbing disciplines. A route is about 10m or 20m high and both rope and harness are needed to climb. A boulder is about 3m high, thus no harness is needed, just a safety crash pad.

A run is a sequence of consecutive moves between when the climber leaves the ground, and when the climb stops, because the last hold is reached or because the climber falls.

dorsiexion: the foot moves up

adduction: the upper limb moves down laterally

inversion: foot internal rotation around its horizontal main axis, the little toe goes down

coronal plan: vertical plan containing both shoulders