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L INTRODUCTION

Acvuraie peadictonm of Suman motos se valushie i many hiclds, for crangide. mew-
roscenoy, Limesiobogy. spoets science, and entortsament applications in snesataon and
paming. The particular spphication St moavated this work comes from engonosnios. Ve
hicke imtersors and industrial work speces arc wsially designed uving 3 CAD system. When
evaluating a desypn. % i gartast 50 pay specal stteaton 10 engonomiis. Can & seiier
penn reach a control withowt collsding with an intervemiog object” What urcsses winld
b placed on the shoslder and hack whaen an older pomven Nifts 2 boa from a shell & & grven
peiton T Answerns 10 B and sitndlae guesions toguare an undentandig of how poople
move withie & prvon sovicomment. Tradasonally, physical prosatypes of the dougn wusd)
by comiruoted and tevad wih real people. However, sequontially imguos ing the design o
respome i ihe problemo discoverod i very e comunmang. Owr s o 30 prodece & moded
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that prodicn how peuphe will meone witlin o spoce that can he moongewased intn the design
pochuge. This will cnable the donigner 10 disconer many debciencios in the desipn and mule
mprovemsnts before 2my phiysical prosctypes are comtracted. 1n Bhe automotoe industry,
o nporiant 20 homg new peoducts o market guickly, wo speading up S dosign process
b vabuabio. Adwa, poor devipn = 2 common cane of winhplace ssguocs w sooly that can
smprove werk arca lyouts are desirahly

There i 3 buge amoum of rocanch on Buman moten. Sorme gredictive models for
human mosen rely hoasily va Boones of e physctogy and paychology. In recen
veans, hosovwr, motion capture lochaology has allowed s 10 collect large databuses of
Buimman msotos that made the comummtim of empanical models of mesion feavbic. The
type of models prnentod here mee relatvely lietle baow ledge of Momachanion. ot woly oo
cbwerv st of real people

I avimation applicatioos, when a particular sotion s reguered, & common appecach
¥ 50 enploy 8 acwr 10 porform the devired motion, reconling ihe tajectories of marken
attachod 10 o Body The motion s then mapped onto the asmatod characton. Sometimes,
the mothon scods 10 e adied hevaise Be smimated charmoset has & dilforenl anbeopoosny
than the actor or the motom neads 10 Be retarpeted. for example, » hand noods o reach 10
2 souncw bt illerent bcatom. Techmgues exist For Joing this—Re cvanple, we Wirkin
and Popowic (1995, who dorctibed metion warpeny; see Gheaches and Lawinonscs (19IK),
who iscunad refirgening. and see Lo and Shin (199) for i cciting.

B s expomsive and imprasctical in masy spPiations 50 cmploy an ackr ey S 9
new motke b boeded. lnsiem), 0oe might assemble & database of metorn that could be
e 10 prodiat sow motions when ihey are needed. I the folliming cxanple, we wish o
prodint bow » worker will move o bo 50 2 shelf —we want 10 know (he posatsons of all pans
of the worker's hody o the motion eccuns. We collocted a database of people moving boses
10 shelves af 5 temge of focations. We i thowe data 8o constract 2 model than takes the
sthropometry and other features of the sulbiect soag with the desired posicon of the shell
s inpets 20 catpets e prodosd motion The model wes the sotion of kocal avorsging.
We select the motions m our detabene that are most similar b0 B voe we want to peedics
s average oms 4o makee the predicnion. S0 we have 3 sonparameton sepression mode! for
Draatmn aniiiatiom

The dithcult pam of this is %0 comstrect an appeopruste method foe averagpiog thel st
hes opnstraiats such as e Bived sepmont lengths of the humman frumc o placmg e b
exacily 00 the shell. Soction 2 describes how the position of e joints of the body can
Be parsmetensod once S positions of the ondpeints, vich 25 the hands and the foe, aw
Anown. Section 3 caplaim dow the cwrves that descride the moton aee represestad, how
the Lrgectonos of endpuoints, such s e Bam, are ssodobod and how mumons Can be com
hemed uvmg sedrent Soghbor oojursmceic segrewion 10 make oee proficien. Soten
§ bstroduces (he appdestion and Section § dowribes the implonctaton of (e method on
thewe data Soctmn 6 (Bones with a sunparisen 10 other methods.
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2. INVERSE KINEMATICS AND THE STRETCH PIVOT

We start with the beart of the problem, Conuder o cham of { pinsed haks in theve
dimcasions i depected i Figure 1, Seppose that one ond of the chiain i tivod s the veigin,
that the joints have full Moaibility, and that the sepments ary of Loowas leagihn. We widh 10
position the other end of the chais o some Larget 1 For exanple, the chaln might repeesem
The arms ] 100w 0f 8 person w b st reach 1o somse target, The i rwe Linessatic s problem
10 penition the pest of the Chasin b satisty (i esdponnt convtraint. There v oo st
solution and o the challenge o o sehect e “Best™ solution.

Masy suthony hane pooponad dilfesemt cntonia Iy which e solutions shouldd be
pelpod—we, for example, Zhang. Xoo, sod Chalile (199%) or Hidang and Ayoeh | 1995).
Meanures of comifint, cfon, weews, amd wo on have bees developed. Pinding sech solations
mivnlves optimizaten whioot o aonbacar convramts. Sech problems can he Sficul and
e comantiag W solve. Funthermaone, it seema dowbtfiel than human behavior com de covap-
sulated by the optimizanon of any vngle cnterwon. Other appwoschies, M moton warping.
are Booed vn dats shosing 3 postere (oe pontires ) vimilae 10 the desired oo The ok s
then o moddy Bhe olbmervad postuse ax littfe as possaie 30 meet the constramts of desirod
laepot and scpment bengdn, This sgam imvolves o comirained optimization with the same
pracnical problemns wish competascn

The hey advance in this arsche is 1 presert o poeametenteation of the postime sech that
the conatrmsts ane sbways smphotly satinfiod. This albows Tor i asd s conputassn
of postures 1 oall this powmnetcrizamson, siescd et coonlinstes. Abcnutive sppeos bics
That el the postire ieng the oot conmbinales or anghes desonbing the cnentation of
the ks of B chiain will pogies Turthor conditions 1o mevt the Bk longth and endpoim
wuiraints sl (lses commntt be comenicntly averaged

The stretch povin coundinsies introdeced Bere huve the advarsage et ey can be
averaged aod will produce 3 valnd configuranon of (he chai for any scgment lengthn s
endpomnts (pronided the tital sepment lenpth excoads the divance hetwees the endpoli .
Thas allows the direct appication of statistical meshods.

Ouly 2 < 3 paeameters e neodod 1o describe 3 chwad (Lo, sndposnts fived) £ lmb
Llocmatic chan Ctwo parameters for cach sepment mums throe Tof The eadpoint comstimiet )
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Consadier St a chosed two-Sisk chsin in thece dimesions, lle U shoulder, ethow, and
wrist linkage, where the endpotats, S shosluer and wrnk, s in fived positions. Only one
perameter s needed to describe this Bakage, Dovaoe the midpoing (the ofbow ) of the chain
s comtrained 10 e on & clrede whone conter Bies vn and & onthogonal 80 3n aun joining he
endpoints. We noed oaly specify fae anghe on this circde, W call this snidpost the piver
and we Call this seglo the péven ample. Such an sagle was svad by Korem | 1955) and Wang
199 b The magle bs ilhevrsted in Fagure 2.

Now consader an /- Bak chais snd pick & jorint in the muddic of s chain, The selocrod
Jount Joos st sood 10 be the ki in e sense of maSian, dutl ssvaene, for now, Shat thery
200 a8 heant two ik s 00 each side of the sehovtod jorm et wn arbitraily call the two esdpoint
Jounts the procimal wed the distal and the selectod mdpoat, the medial. Let [ and 1 be the
diances hetweon the provimal sod the medial wml the Sestad and the modal, respectively,
107, amd 1 are consadened fived. thon the posmon of the modial relative 5o the prosiesal ss)
Setal mary be described i termm of 2 prvot magle. 8. 1ytag on the vl ondogonal so, s
whone conter les om the axis powming the provimed med Seaal.

Let muy, and gy, respecsnely, repwesent the sotal Tesgth of sl the links jinmg the
procimal and the medial and the distal and the medial. So

O<l,<m, wd 0OcSl,<wmy @an

Define g, = L/, sl gy = [y/my We call ihe p's the stroick parmcion. We may
deacribe the positson of the mmodal i terms of B throe parametens (A, a1y ). Hosce the
name strench prver. See Pigure )

Once the posstion of the prve has boen determined, (he parametenzation peodlos
reduaced W twu smaller problems. We may repeat the same peocodene on the two Sadves of
the chain recunavely watil we are rodecad 1o 2 collection two- or theoo-link chains. For the
o dek Chatms, nly o peves angle s eodad 10 describe the maddic joim. For 3 @eee-link
chasn, we may describo the poston of 0o of the midpoints in oo of ooe prvot ssghe
s ene srcich parsacier iherehy redaciag the problem 10 & twolink chain regquaning oody
e more pivot angle for descripion. This parameierization uses exactly 2 3 parsmeten
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Thete is some choice 10 the soguonce in which jousts are devignated as proots. Some
experimentaton muay he necouary in gives apphoation o determine the best chosoe of the
squence.

Dependiog oo the particular configuraton, further rotrction will apply 1© the pair
[y o) Became the two halves of the chain muvt sosther be 300 streschod of ot areichod
enough w0 that the halves saght nod posn in the maddie. Let v, be e dotance from the
peoasmal 10 the tistal The tangle inoqualny and herg propoetionn mcam St [, vy
ot safinfy (e Tollow ing combnents.

Ny S, > ey 22
N Ay Py, 1y
Moy bpm, > pymy 24

0<pmsl O<pux ), 2.5

Diepending on the relative vidwos of (i, g, m ), this results in s smnge of poterial values
Tor (. o) s of which see depwoted i Figure 4,

We nood o medel 3 bevariate respome. [, Pyl bt the imegular sSape of the doauin
hoing depeodont on the relateve vakes of [ g, mg ) makes it difficult 10 baild &
prodiction oguation that will always prodece valid values. | peopose the folloning sedution -
we will work with (p, & py gy - ) whese the fow parameter meaures how siresched oot
e confiperation |s and the second parameter measures the extent 10 which the oudpoont i
somard the proximal or @atal

Fow sy goven (oo g, iy | we may Sotermuine the Maximmm, 4, w... #d the mes
I, P, . Valloos that can be taken by the sum, = = p & oy, We then define 2 sow

pasaneter ¢,
LN TPy 1 W . (216
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Popwry 4 Alvaatly namge 3w Py, ) Ay within e wnst spury fariber sessd by e imanple swguhiy
(ot A dn Satid bnvn. e o Mave poncic. the pasnassad (3 o (A0 and ther Bl s i 1L 1 1) B i
Bwpenl i, s mywd mlewvmdm, « Sy ~daonimde indmy, A& my w4 The posty
vl v phos i B et of L g | st vrypnnding be owr Aifferrnt volnes of 1o ) MLOES (L0 7
MR L v

So g, b ouovber berween 0 and | reprcsenting the s of the wsetch parsmeton saled
within s sl able cangre

Now meating » = 0, + pg s Svad, we compete the range of the differesce o« ~ 0,
0% (0w e |« 2 define g s

W ) Qi = Giom! QN

50 gy v sgaes a memher botwoen O and | roprosenting the ditferoace of Ihe sretch paramesen
conditicaal on thewr sum, scalod washin ity allowabic range. So any combumateon of (g, 4}
withen the wnil sgaere may be mappod 10 4 [, i) Tor sy (m, g m ) condlaston

Irnpornanedy, the prodecsed configurasions fora pven (g, g ) Tor diferont (. w0
vustibesatsons will be roughdy homsolopous = the sonse of placiag the madial in abowt the
same location o the cxient possblc givos the valses of (e, my gl This feature s
PO o B 20¢ Mo e (g, g ) o respues that cas he semably averagad.
pendin. The stretch parssscsers st b hetwoon 0amd | s it i simpler o madel log y /(1 - g)
s the ropose so has the prodiceed g will abways lie between 0 and |

Theve resmins the poodlens of the Bvoc-dish cham which roguire only oee streich
paramcter o Joscribe. Again the speciic confpuration of [, iy, ) will determioe
the range of this strotch parameter which will be o setwet of [0U1] The peodiom s jedt 2
srmpler veron of the one solved above. We may compute the range of thas sowh pacameter
and the compuie an sppevgraste g £ 81| o sbove,

In describing & pived sngle. two problems may coces s, when my, « my = g,
O i, e b links are collmcn, the angle cammot Be defined o all. When this condition s
chme o oocurring, Shore willl be somne mstability w the pevet sngle i that small Chasges in
Whe rdpennt tray revall s Larpe changes m the prvat saghe Mowover. given that the sltimate
w0 peedact the sesdposat snd not the povet saghe, Ban probdem o ot serioes.
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The second problcm liey in defiming s ooypin for e prooe aagle and i oey os-
Blowaune. Oae way 80 define 2000 s B pack 3 direction, say 1he vertical, asd progect this
Srection omo the circle foemed by the tape of the pived smgle % define a sero. Il thw cancle
oz o the borirontd plane, hoacver, the scto willl be usdefined, Of course, B is wnlikely
B ocour exactly s praciice. but smore seroundy, theee will be moch inaabiiny in the prve
neghe when (he monon & soch that the avs possing proasmal sad disial pusies close 10
vertiond (Zero could sl be Sefined using & plane, but the same problens will arme).

Of course. one could fest choome a differons polar diroction, bt this will semply mene
e probdem ehewhere. For some cornbusateons of bondy joenis, o s possible 10 pick 3 good
pobar diroction sheoy we mvigh Koow that any axis St s likely 10 ocosr will sot e Close 4
the polar drection. However, some combinationms, vich as fhe wrm, elboss. amd showdicr,
can choarty have aves 1o all directions, Some adoptive chosce i ecowary.

O approach i 10 avosd s roro prodbon ostincly by detimag the anghe in termm of the
normal vooser to the plane passing theoegh the prvet and the two endpesats, We Sem model
the theve coordinates of the normal vecsor, Admeaedly, threw parametens wv imradcnl
where oaly coe appeans 10 be needed, ben the polar imtabalitas see avosded and the ol
vostor does oootam redcvant miormataon sbout the onontatcn of the cndpotis sl the prvdt
which can e ety moadciod

3 MODELING DYNAMIC POSTURE

We want o compete sverages Cad offiey statistion ) of mosin wd ww these W maks
peedictions of stion that satisly eadpoint comtraings sach s phacing & box on 2 Belf for s
st of speviBied asthropossctry, W hunve already sbown how 10 model ihe istorion genty
of 2 cham. We sow describe how we scalle and represent these parameters o they chanpe
irver fime durmg 2 moton. We abu presest & parameter |2 atwon of the mvesn of the esdpoun
comement foe modeling motion o sed from spociied tugers. The complcte postie will
I representiod by o compunction of Chsins as dosonbed beter m the appbicmios section.

L1 T SCALNG AND B-Srose REPRESENTATION

Mamy iy sduad compooens of the meotim, sech a anghes betwoen bodhy wpments as
they change over me, Can he descrihed as functions, For example. comuier sa i poisag
the inntiad and Sl Jocation of the hand. We can cormpute the onhogoesl divtance of the
hand from this avs durmg moten, which we will call ihe mlied devisuw, Hovcaine we
cbmerve the duts caly 3t discrese limepossts, we hane @ soguence of observod valeos Trom
the st oo e end of the motion. These soguences ae of diflorom kengths bocase sonw
targets are fanher away thao others and poople roach o dilloroat spoods. W rescule ol
these motions o thet £ 0 is the stant of the mtson sod 1w | s the ond of the nten.
We com save Bhe actual time takien as & posile prosdioson of (he motaon and. porhaps. o be

pradaiad fiself.
Pots of this disanoe fov X0 sabpocts roschisg wirh the nght basd 10 8 focaton soowwbe
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10 8¢ left and fromt of the body and sbowt the same Reaght as the intaal position of the hand
are shows  Figure S, Bacosse theve are 30 sarpets and some reaches were rophicated, 2
phot of the complone G Tor thes meswure wouhd show comalerably moee curves. 1 wieh!
b reasonable 10 average (o tale mverages of subnets of ) the curves = Figsee S

For semoos of compacincss and casc of mastipelation, we seproscsat the curves as lineae
combinations of m oee Bosplise baves Tusctions, v, (1), A cuve g, (1) is roprosensed as
Yo rer B0 1), where the coefMosents iy, are cvtheatiod using lesat sgeaes over the points
at which .11 1s observed.

Given o Inaman motion is useally guite sesoomh, it i st becexiary W have & larpe
surmber of basis feactons. In our parscolar applcation. we fousd Bt cight basis foncisons
were suffichont. Aay appeovimanion error s dwarfod by the vananion withis and between
mdividuals sepeatmg S saene moson o there is litthe valee m sung more Bases fuse tons
Usiag fower basi functioas s doviabile ospecsally when motion databases may be laege
So cach vbnerved curve is repeesented By gt coeficients and (he Tunctional resporne b
therehy convariad into a maltivanate sosposse which i cavier ) wark with. A parsmesnic
spproach o modeling sech foactions in sermm of the praducsors may be found w Paraway
(2000}

32 Twasrcrony RErsesestanos

fo mMiaxe o peedicting ursvarssie functions, sich as the endial deviasion, we mood
10 prodec the 5D curves foemed by ihe trpeciony of the hand or other body joemis, We
could vimply model cach of the thive Canesian covedmates of e trapecsory, e this is
smnatndactony s o s not Evaniant % rotations of the coondinale systom which we may
well winh o make. We have chosen s difforent paramcten Zasion thet has inore imserpretable
Componens and saumes that we have spoclied the beganing and coud of the trgectony (s
wondd be the cane for prodcting the movement of the hand for sgociiied tashs ).
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We detione r17) s the padial dov tion o time { descriting the orthogonad dntance froe
e avis joining the endpolnts, 300) € 0. 1] as B proportionse progeess alosg the auis o
tne £ and o{1) « p(1) as the relanve aniad veloosy, See the left panel of Fagure & for a
Sepection of these Guantities

Let o 1) he e anghe Sesorniing the position of Bhe hand o tene § on e <ircle onhogosal
b0 e ants of the reach and whose comter es on ths ans. We deflae o) = 0w e e
peogection of the ume verwal vecton onto this curcle.

We model the rajeciory using the wiphet
(e(t), r{0), (1)) (A

Becane (0] = w{l) = #10) = r(1) « Oby defisstion, we can scoomunodate this by
oetntting the Sest and List cobvic Boapline Basis function in the seproscatation. This ommewlon
will eonure e desirod propenty Bocame Ihese function se., sespectively, the only noasemn
Boks functions ot ¢ = 0 el 1« | Ferthennose, we shoskd not disectly model o0f)
Bevause o o am angle. Asgles 2 < ¢« and ¢« are valy Ie apan but aversging thelr nuescoicad
salues produces = whnch s Samemncally opposete. For this reason, we model S respomies
oo 1) s om0 1] sl shem wse the relation o « tan ' (sin &/ con o) 1o predict © which
dures respect the appripeiaie Comtimts (wopertios of an angle

Note st thin repecsemtation comalm no expdc il mformanon about the endposts. Tha
o conveniont bocase whon we prodict the hand motion we eapoct that the endposts will
speatiod by the cegurcmcnts of the appbcation. We can demectly unpose Sese eodponns
and then we the sepresentation 10 sevonsinuct the resd of the wapowry,

A parssetsic appeoach 1o trajecsory prodicson ey be Found in Parmway (2001),

So we are sow able 10 Sescribe the dymamic posture in forms of endposst (rajoctoncs,
pivot angles. and tramformod strosch paramcters, which can com® tahe any value within
heie allowable range indeprndent of the value of wny of G other paraimeters. This ¢ reie/
properry allows us 10 indegeadently average oach parsmeny Given soy peadicicd poatie
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Soppone we omerve  mosson by one endivadual meoveng o reaching % sene target amd
WA L0 wse A 10 prodct the motion for ssother individusl. We doscnbe the obwnervind mation

™
(o vl el @ @) qitalll), (i

whicre @ represents the cnudpuin informatan wach as where the hamd oubd bvpss snd eml,
v r. amd @ ropeesent the tajectory infimmation. @ o repwesent the streach proct coomdosncs,
and O represcets the sconursined angular infonmason (nad 1 model e heal mdion -
we hter ANl thow choments Bave bhoen wioon (n bold so indiate duat they may he vevlor
quastinies 1or exampie, we tmay wish 10 moded the trpectones of budh Basds (ndependen |y
We sy have more than cne chosenl Lncmsatn: chian meodelod by deeich prvet coondinades
Mnow«hhd&ﬁmmtmwhimmuﬂﬂﬁ-ﬂm
The individkiad for whoen the monon wins coliectod sl han o st of segment lengin 1 or
11 sincw wme sepment leagtin (vsch m the san) might be allowal 1 vary e time.

Now comeder a new individual wil sopment foagths I with specifiod eodpomts «
We may pow tahe the v r 0, 0.0 o (o the oniginal indy sdasd asd use them o prodict
the motion fo¢ the new indivalual. Becauss of the properses of stresch pavot coondanates
we can b sare that such & motion will gune provided the sogment loagths | of the new
wdivadual are sufficaenty long s streich betweoen the reguared endpots « The qualkity of
B prodicton will depend 00 how chose o i e and how Chose 1w |

34 Noamest NEcusos ANsvaron

There 54 80 PE2s00 30 fosiTi? parselves 1o using & weghe motion for comstrcting the
perdiction. Suppone we harve matioen data with varous endpowss. seymend kg, sod o
characteristics which are similar so (he case we wish 10 predit. We ssry average the streich
demmm-ummmswmlm This
m-mm»um-mummwmawmumws
reascm that verapes [Rmaces Somer vanances. We dommmentiate s 10 our spphnstion bebhrm
We cam convidor more than just simple bocal aversges—esety of the well known ideas of
wosperametng sepresion can be ompioyed. See Staomd (1990) (or a review

There i alvo the question of whsch motions in 3 database dhowbd he consilesad comps-
rable in the semse of having charscterinins similar 30 those segquired fon the pradicton. For
example. we may wish 80 prodics the mosion of 3 4% year obd, S0bg. 1700 i worman of
avorape vircogth hfting a bos (o spesified el position Whist Charsoterrans should bo
wnod 1o judpe similagity and bow stwold they be combinad”! How many ncighbon should
o aserd 0f e penerally how shoadd the smooding parameas be selected”? Clearly thew
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are n mulutade of plassbie sohomes that could be uvad. Fortunaiely. we sy evalose any
candlate wohome wish eyt 1 vis pradiotive shiliey tnaeg cross validation | desorite 18
the folloming horw this was i b peactns

4. APPLICATION

This soction descries the duta o whach o methads were apphad. We ernplianire that
oo methodology presessed here could b applied 10 data collecsed in differest ways for
Slferemt hohzpes.

Ia 1999, the Human Motion Simslanon Laborssory (HUMOSEM S s the University of
Michigan comuciad @ set of oxpoviments concostratal o6 Ihe ostions of stamling people
perfvermeng roaches 1o 3 dpersed st of Gepite. be One caperiment. sebjects were rogeined
o tmone & small bos with both hands from 2 position In froat of he body m wast heigin
b shell at ihe spocitiod tanger. The sabject then relessed the T and retimesd oo the rewt
poaition. ihen reachied back b the bon, grasped it, and setumed it 8o the rest position. The
lefy Sout wins el fined bt the rest of the boady was free 10 move.

A total of stout 000 meskons were perfoemed by & groep of 20 swbpects reaching
30 warpets whore e Towe parts of the moson descobel awne sy coumed separaety. The
sujects were sedoctal 1o provide o mcaes to aviess the effect of wbnvpometry (heipht m
parmculart. pender. and age oo e it The sabyects rangod from wery Jan o very tll
sond fron X0 10 60 yean of ape. Two Sferent IO Capree systomn were dasudiancoenly
sed B oxthimiate poire center lncatioms throughost the mitias s optical reflective marker
system and an choctrmagnets ose. The observed markers werv caierssd s the hody il
woro projectod s josst cemiers within the body The whole posture wes dosdbed by T
ot comter Incatsons located st the Jeft sed ight foet ankbes, Knees, hips, dhosiders. clboms.
wiist, Tront and hack of hasd sogether with the L3S ) (sl of the hack), the CUT) (hak
of the nock b the stomoelavicsdar jowat (upersicrnale L, the tragion (oemier of the head ), and
the nasim | Betweon the cyen )

W vatracaad the portion of the rovoedod mation where Bhe sebgect was neaching based
on e mation of the rghn hasd. Becauw thy Sets were collectad st XHr and cach mnion
avted arownd 1 sccond on avenge. cach motion wes eopeeseninl by the 8D cosndinates of
e 23 joverts at aroand 20 tmepessts oa sverage. Due o oochinion o other Sy collection
peoblems. some Koines are miving during e parts of wine motom. Where the amoust
of miing data was oot sabstanial, we interpolated these Cases, otherwise te motion was
dercanded.

S IMPLEMENTATION

This section dewribes S partoaar implementation wy usd for madelag the da
descnbed above and how well the models performed. Those chowey wosh! need to be
reconsidered asd rooomshined for ceber types of sotion, hal It iy warih deswtivng v
choooes here 1o uadensand (he combderatioma imvohed,

We idenmified a vhain stretctung from mhe Seft foot 10 e right hand and comtaineg 10
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c/a N\
Iball

Fopere T Notwmne of hwmen Apwer. The crvmad limomans: chamn (mbing Se codpomes ot e b bl of pom
el o s waempde, dows et vy nd My el g WA b sres shinp @ e iery A we Marr abvady

Povdin Wl By i d Vo por e ¥ O o s of W @une it it punts of W v Sk o et s St e on e g
Whew thes 1wy s ihore vmatler <R comanting of M ctpde bog. K arem and Aewd com A poedicred

Burtks. Other linkages branch off this chain. In our exampic, these would be the nght leg. left
arm. and the hoad. | will modiel the main lnkage firat. These secondary linkages arc thes
modeied in a similar fasdion coce the main hiskage has been prodicsed. See Figure 7.

The selection of phvists is exsential to the impdementasion of the stretch prve coondinates.
Finst comador ihe primsary Gmematic Chan Making the beft dall of foot us the nght hand The
ooty sedectod were Bhe cTAL, the left hip, the right shoulder, the nght clbow, and the feft
Anoe where the onder isdicates the order of procodence. The remaimmg josnts oo this Cham
required caly 3 pivot angle 1 describe. Ober chosces foe the prvots were considened, but
this partcular chokoe produced e moss stabde resuin

The righe ball of foot was free 1o move i Or experiment. We modclod the Canevsn
cooedisates [ #(1), 1), 202)) dieectly for this joist. Once the poutson of the right foot wan
determuined, e right koce was inod as & vt with the remaineng josats on this chais
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requiming only a pivel angh so descnibe.
When the beft hand wa holdag the bos, the angles descridbing the orestation of e box

were modehod Thus, the penition of e tefh grip was derved from the nght prip together
with the prodicted box asgles. For the motions where the el grip wan cingey (returming s
B¢ 1o position o reaching 1o grap the bax on the shelf), the njectory of the left hasd
wan indopendently modeled i the same way as the right had

The twirSenk Bond chain did pot Bave 2 fined endpoies so that the argles descnbing the
cetentation were vmply modebed eving local asgles.

s onder b make & prodcrion, it s mecessacy W provale the segmest leagihs (the
Srvanes betworn adacent joints . Vanoos wedies have boen made concerming shese lengtin
and bow iy viry o o Sesconn of antheopometry. 0 our cme. we fit umple regresaion
meodely 8o Jescribe these lengths 2 a linear function of sisture. Foe oue small sumber of
vobgeuts, there was po evidence that moee than stalure ahose woukd he heipfal in peedicting
e bengdn. Unher segmem leagih spevifioatesns can canly be used.

Varwous schomes for sedecting the nearet acighibors were comemplsed aml thee cval-
water] wning croma-validation Each moton in the detabse was left out m taen. We prodicued
this Jefl oust cocticn useng all the other motiom and compared this peadiction o the motion
derrved from the parmmesers of S Jeft oet motion. We used link Sengths predictod wing
the height of the actual subgoct and sl their actual lok Sorgths, This cholce mules the
sormrw hat worse, but reflects what the practical sser would ieemally 3o e height is cany
L mowasuee o specify while the link leagiln are oot

O btz be 1o comirating o sohene: (0 moassnng similanty n that e charmoscmas
wach ms the Target Jocation and age of the subject are om quine diflerent scalos. For thin romen,
we considorad only information based o e ranks of || Faw, 7 - where the mom
e abnclute value for ursvarkate quamaies ke heyphe and Luclidean distamce for the tarpet
covrdaates. The partcudar scheme hat gave the bowest crons vilidatiod crror wan bised on
O rank of sum of $he tanget ranks and (he statare rasks, When L searcat soghbuoes were
comidered, the searest neighbeor was given werght § s the average. B sevond nearsl
woight A 1, that i, traasgular weights, Other schemes that used ape, perder, weight.
viroagth, time taken foe the move, mad vanoos weightieg scemos [or the average weee
inferioe 10 that chosen. For the data considered here, five neighbon gave the hest reselts.
It o likety that the best swhesne may differ for other databuncs, bt it woald be posible oo
evaluste 3 varbety of schomes in new setiings 10 Bad (e best chosce. For these data, fur the
opuimal wcheme sl puber of neighton, the eodan of the sverage differesco atwoen
I prediciod and ohaervind motions uver the jousts and the complicss motuon was X fom.

There weee 100 doplicuted muotions in the dstabase where She sune whject reached
1o the same target. The modkan distance between these puin of moswos averiged over the
points and the comglete mothon wan 6.8, This figure repwesents the matural vanation in
remding mobom—it woukd 00t be reasoaabic 10 cxpoct any prodction model 10 prodct
with grester acouracy Sam this. This suggests it would not be possible to malke subszanal
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mprovemests on the method we have desenbal stone for this dataset. Clearly, we cannot
say how well the merhod will perfonm for other datasets, bt thin dows give soeme catane fuor
vplimuses

One mmporuant advantage of sung strosch proot coonlinstes over other mcthdy that
revpesee optiend saton is that i iy fant. To prodict all foer phases of the motiom roguined ondy
DOF secomds on an 3500 Peatium 111 PC. The siporithm was implemented in C ol
wihout any specsal efforts @t eptinnzation. This spead makes & peactical for applicathoms
where nged animation is drguoriest

6, COMPARISON

There are s competing methochs of D assssatnon. A Lupe Clas of such methody
s st Boned drectly on data. bt om theones about how people move. Others ane content 1o
deectly use o Capoare datx fow asnation, pordugn hesd-aliting B setion T ther
revuirements. Hoaever, my methosd oo most seasonably comgeeed 1 other methods e i
MOtOn Captare Aata 10 prodct sotion with spocifiod combramis,

Fanr socont aniches pronide o seveew of the Cumene stade of reseand in this type of
problem. Tolam, Comuami, asd Ralier (20000 persented & poramwtonizaceon of 2 popular
sevent degrees of freodom moded for the shosdder, elbom, snd wrnt with the hand comtraincd
B0 Tt s 10 owr oo Manvy pees oo s oo Bes o hies proddenn hanve specdied the anglies
dewnibing the orentstion of the L wgments and e residvnd the radandaney canmed
By Whe oves parameteriration vy oparesing somie Crienon b B ihe position of the arm. In
comtrast, the advantage of their appoach, and sy osn, s that the position of B srm can be
exphicaly and canly caloulsted without optmization, Tolani, Covwanmd, sad Badlcr { 2000)
descrihed the competing mothods and Sosod than o eaplion mathod is typecally onders
of magnitude Eavter than those hased on optinaton.

My method sbso allows the exphcn computation of postiee wirdowt optimizaton and
will thaes empory @ somedar speod ach antage over optimisation hased appecaches. Funthermare,
o appdees 10 2 Linematic chain of sy mesber of lioks and Se amaount of Competation
bacut In the sumber of links. In comrast. the diffhiculties with optamizamon based methods
rapeily increae with the sumber of links —compleanty, focal minimsa, and semvitivity W
mirsad values all Become moee prodlesasc. § developad ths appeoach after faliag oo ind 2
workable optimscation-tused snvorse binemancs sodution 1 full oy hekage

Gileac ey (2001 ) sddvessosd st peoutic o cathes s josd static pontine. He ey iows
the euntimg mwthods for aditiag & sang le setion s moet new objectives or comiraints. Prob.
onn arng In odag secoessive frames of the moton 10 meet consraints wiide malmaining
coatinsity. My mehod inberits the smootinews and charscterntios of mothon capeure dats
whide admsting 1o pew comaramts. 1 abvo Goos this meach favser than mothods St meesy
e cptinsatnm

O repeesentation Sas some wakaewes. For example, most josmes bane mebsly re-
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wnctons bet our method duoes ned caplicitfy respect these resancinns. Becaese the mwthsd
in hasard oo ermgirscal data, (hese Jimatanions will send 10 be exceedod orly on karper extrap
odutions. Nonethelews, the proddom may covur, bs wich cases, (he dy nurm posiens peadacied
By cur method saay e as an intaal et sequinng soame comeenon. For evample, owr
unding figure occnaonully hus a prodicned askie position that would pet the heel through
e Boor, We cormest s by movang the askic spwanis (0 e st valid posisson while
wmultancoudy menang the Anec oustwands in the oogpinally prodced plane of S skl
Aance. and hip. Soese other mwthods cxplicnly rovpect these reancions, but ol subwiastial
oot o spoed of computation and complery. We Tind it sobstantially fastor and simpder
make focal correctines to e pory | Shey ae noeded.

Funhermore, moee comphen condrsints may be soaded . In owr esample of the tae
sanded bors i, # meghn bappen that the pradicnsd feft hand posstion is oo ar $oe the ke
arm b0 reach Altbough this has noe hoen a3 problem in practice, we would peefer i have
& parameterization smalopous 10 the sireich pivod o moee comples hnkagos thas umple
chaios. Such patsssccnsatues that avosd optimization shoskd be S tope of Tutuee wink

7. DISCUSSION

Maou of the wenknesses in the methodology dewenbed bere lie i the 1 that it uses
o b heescal knowlodge. There wre limits on mossn amposed by comaderation of
balance mml pwst moddlity while ofhor comsiderstions sach o Comfon mean that s
pm.ikmMmW.Mu«h«Mhﬁzldpm
hogmal considoratsons that et moton Naturally, these topics huve boen the sulgoct of
comadcrable research and you it i Chear that s coaprlex comibvnation of these commiderationm
would be necesaary o comtrot 4 pradictive mwdel of any venaiey,

O imcnded 36 emginical und bs valy s pood s ihe dats i1 s based ipon. In our cone.
the produtive performance doclines an we speualy inguts that are far from those tbacrved
i the experiment. For example, o we gt 4 tanget Far 4 the left oF the sudgoct. we cannot
wspect a pood peediction becume all U tarpets o the experiosent were b the nght of e
saggital plane. Such falings s iscvitable sad can be recufied by collecting more s
with the raquiral isput condmmets. Alermatively, feomechanical laws can boip by detecting
volations and segpesting e appeoprisic Conrectan.

The current smethand aho containy no notion of obwacle svosdance. If ihe Tanl mu
avomd e obntac be, then the sragectony peediction st be saitably mudificd. This secmas
T covuph bt more peoblemaatn ane obwtachos that imersect with other pars of the body
An cven sore $iffcal peoblom ocours whon the prediowd position of Be Budy imersects
with itsedf, For exsmple, vn reachos 1o tarpets near the feet, we seod avoid prodeemons where
e Sonna) presaes through the baces

So to conclnde, our method & ot the comgiene solution 10 e problem of Teses
moton preduction It enables some exarapolation frome & database of metiom bat will hegen
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to fadl for more extemive exrpolanions. The wope of e method depends on the quality
wnd ramge of the datahase of motions.

APPENDIX
Ramge of Samw ond INSerence of Streack Panomesers
Homan!
St e ™ 2 et

® MWomy — oy 2 o W Qe = (g & iy, 4 g iy
© Mam, g 2 om g St Qe = (g = iy = g ) /1w,

Vo'

® Iimy < i then seta o oy /vy clse setm o (Mg = iy & )/,
© My < g, Ehem S0t & < 11y €l st B (g = iy, o+ g Sy
- “'._ -Mntb'-

Letr = pp vy

L

® Scte = 2mpy + amy)/lm, & my) - x.

o Moy, o g, set b oo 2o 2y = o) /(my, —my)elewth = 3
® SelGume = minlz. 2~ x.ub)

W -

o Scte = r = omgy + rmy)/{my, + my)
o m, < myg, std=x - WUm g rmy)/{ne, - my)else st b= -2
® SOl Yome = in( 2. r - 206
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