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the priority filing dates of Provisional Patent Application No. 60/245, 730,
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The present invention is r MMOEECULLAR MODERING! ecul ar nodel i ng and,
nore particularly, to conputer-inplenented nmethods for the dynam c nodeling
and static analysis of |large nolecules. The field of nolecul ar nodeling has
successful l'y si mul atgbSSIREFERENTHESTARIEATED! Aml re/a Thpegm ¢cs or (MD)) and
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of chemi caf0/P%EHs Sitssd N Redll abwhich preshesghy ineprperstegrbyreferencags and
materials accordingly. Naturally, the acceptance of these tools is based on
several factors, including the accuracy of the results in representing
realityy, the size and conBACKGROUND OF THE eNVENTIONSt ens t hat can be

nodel ed, and the speed by which the solutions are obtained. Accuracy of
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conpl exity for nol echirsficldof podrenias snodglimgshasfyegessiny simpdated thegnetionon: 1.

The paftic I [:rp\c,bl ' ' ] ] ations,
vel ocialtsi esdﬁléogéfu%sa?ﬁ %{r]%%)gr I eg) ﬁ&ﬁeﬁq)ﬁ?ﬁ?ﬁ%@@%éﬁé@t Tﬁgs 48%'([6% -atom c
forces analj€isPaf éhytdmpled fdéahla E@Génbby varaputtise Mypivabmbleeulant er act i ons
between the atons apd thejr surroundin nvirqnnent; and 2), The particul ar
nurrer | cal RGPS ApEBERtORS : waﬂ@sgqﬁmf%«agxg%gwﬁm, mqi@uléﬁdhféhﬁl -advanced
e been TSadioBHatgERE dhar hBISIRIS: e Bl PR RS RilchichBein e, 1T
conput at i drialogicabstidnoes amil the phamanedizhs polyneh and chémicakbobidostiiesnaref nodel

conplexity by constrainin i.gher order es with.rigi.d body assunptions,
S ¢ R Dot et TR e 1o Mg e neliise oF chelkir sl Aockessa at ¢ N)
dynami cs, &frﬁﬂlé)i ﬁBIechlé@hﬁ&iotde%fgh\fr‘éW dSmat8fsls &&o?&ik%lwwaﬁuﬂﬁj}} hegs for
the force field nodels (see, for exanmple, U S. Patent 7 5,424,963 on the

commer ci al achetide D dhsfse tlwis pasddageseverabfaplors inedpdipgthic @acurasysof the S, Appl n.

No. itl S VETHOD . FOR TI NESTEPS, | ECULAR LI NG " d U S
Nt . N Tesui in MpHEeRing ol Y e Eoplex o TR MR A SARERE G R -

bot hd 15 of qaﬂ/_fHeQﬁ?cﬁléﬂ, fuhd @€ spedBiLPhiGR IR, solitRnEMRIdbelinddy Aécafacyiog previ ously
cited provisiona
many computations has been compared to experiment and generally found to be

; 9:; <=>e3ei qf dde$h|j p6pTqlIWDO 02/ OGLGE2 PCTIUSII | /i 1310 METHOD FOR OC(/’V\

adequate within specified bounds. However, the use of these tools in the prior art has
required enormous computing power to model molecules or molecular systems of
even modest size to obtain molecular time histories of sufficient length to be useful.
There are two sources of computational complexity for molecular
30  modeling tasks involving time integration:
1. The particular molecular model which is used to describe the locations,

velocities and mass properties of the constituent atoms, the inter-atomic forces
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pat ent applications and which are assigned to the present assignee, and

whi ch are incorporated by reference herein, describe further inprovenents

i n ol ecuiway o2B@lssks and numerical nethods. The primary reggamusmlsesy! ar
sinmulations are so slowis that current 20 nunerical mnmethods require very
smal | tinmesteps, typically between 1 and 10 fentoseconds (10-15 to 10-14
seconds). Each bdtwest thpm; aikbthe iepactians betvecendhgpatomnsiand their surmunding at e
(position and notion for each atom) of the particular nol ecul ar nodel, and
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Mol ecul ar vpslehdd Princinl: k%& ,?{ 284, . . 328; Berendsen,
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t he ti mestand numerisglmacthods. et hods exi st whi ch have uncondi ti or aal
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exanpl e, tlesst aeidtoseconduprio eaieraldedonds dosveasnihbies. With tgeeqes edrastlyt he
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mol ecul e. THEPEURARE S FES AR there@remant tosta{s? %%deﬁrtBWSFFQﬁ &ty t he

so-cal |l ed W n i j LN dels the
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mentioned previously, nost prior art
Heretofore, it has been widely believed by molecular dynamicists that
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these small timesteps are an inevitable requirement of the need to maintain accuracy

in the presence of the very high frequencies to be found in vibrations of molecular
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. conmput ed:

WO 02/ 0GLl662 PCT/ US01h13Q0 i ntegration schenes have tinesteps limted by
the high frequencies generated by these extrenely stiff repul sive forces.
And in pawDuwbeisz the stiffness of the atomic forces gregidryussesisedy the
difficulty of formng certain required Jacobian matrices. Such Jacobi an
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appl i cati qooe Al 3> 9SBEEAseR Uh ROPHusitithb Al loRituaP BoRamiY LRI | nes to
conput e Jacobi'ans numerically as follows. For a“given equation to integrate

y = f ( yMethods, {dees Desilhard eDalc(edi)aPpringed, 19991pg. 18:2Rapapdrt Brednief i cal | y

= ~f =Y 10 where ~.f - ~ | yzy2 -f.| y=y~ oY=Y2-Y e that
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difficglt 4g7ch@q38, PASRANG. 3l4M,Jear stiff systems. In contrast, analytic
Jacobi ans ‘are conputed by sofving directly, or in this case

al gorithmcal ly, forThiheoniBorgenseibelefds inchmeetchiwesgr.dbhe cempuiers. Li neari zed
nodel s are requl arl.y.prodyced anal vticably far sinple syst . Such
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(ACSL Reference CGuide, Mtchell Gauthier and soci ates, 1996), and SPI CE

(a 20 ci r goteressi Fheseploblenpersk iagapd “gtif” problerwsw(ege; forjewample, Hpiraand
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t he JacobimppRfust I1é e Sgriiper, 1996t Tnalest eRdesSieitBe bizbiay bzt imegralimut an
i nstant aneous sol ution of the differential equations (non_25 equilibrium
and i s gereothed@obihgrgauired splption gcaieny, Whish lHpitsthe timestenn SatRation i or art

approach ' LG '

di fferent ﬁlg?tg&;&r%%?gs%@%g 3{6}%& éé&@gﬁ@%&?%%lp%g}e%@ng‘@ Z&?gl%tgﬁ)tat ig%(r:]anof Fortran)
(C. Bi schafike #bitrafily largbBinkéstepa.. Sudbsmsiheds haviedemathegaticud piipetty valled

Labor atory that can s(ylr‘(bol lcal.ly differentiate arbitrary equations.

1998) i .
These 1§oo|“l~-%@ull%1- b&nbsecallsd;” Fppliste dntegiation Msthads ea be h-5t3blg bREYSY e
However, tde .St [ L ' | : to
inm ze (hG EpiEtefalin hotfo A0, IG PRI RU ERREIY 0 o
02/ 0G1L662 PSTPAGHfpliddNb.cancel | adrtivied “MEBEITHOD RORILARGH TAMESTERPSel | " whi ch
could Iimt_ t | ze Of | ens, sol ved. Rather,. the present invenfion
al | ows forﬁ%@?@%‘ﬁg@ﬂgb IN; a‘FWFﬁ:‘ﬂg 489 impdicit gpd W?‘fl%rclt"ﬁ?gfei mplicit
i ntegrati Qﬁ'tegxiaﬁgxlxrlﬂitl{bg&bs" able integrators, of the 5 equations of notion
nmodel's.

of nol ecul ar MVARY OF THE | NVENTI ON The present invention
provi @s for a net hdthegiresenidiabéntipnicorers ahethemaritichl aspeatiof allbwingThe net hod
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accurate methods for computing required components of the implicit integration
methods called “Jacobians”.

But the same problem of high frequency molecular vibration for MD
25  simulations causes problems for the calculation of Jacobians. For example, the
repulsive van der Waal’s forces that are generated as the electron orbitals of two
atoms begin to overlap must be accounted for in a molecule. This quantum
mechanical effect is often approximated by the so-called Lennard-Jones potential
(Rapaport, op. cit.), which models the repulsive force as being proportional to 1/7",
30  where r is the distance between the centers of the atoms. This is an extreme stiff
interatomic force which is characteristic of molecular dynamics (MD) simulations and
poses particular difficulty for any numerical integration scheme used to advance time

during the simulation. As a result and as mentioned previously, most prior art MD



integrator; and generating an analytic Jacobian for the inplicit integrator
to integrate the equations of notion so as to obtain cal culations of the
behavi or ®WOvtie1eml ecul e. The anal ytic Jacobian J is deri vedr/i&ams &

anal yti c Jacobi an of the Residual Form of the equations of notion and is
described as: _a9" a9 15 J = a~' au,o0,Jg? Jau ~ ~d ari ~ci J'"? Ju" a~ au .
J a~ - a~-Jfiteggaign schgmes haye tipesteps limited by the mé‘h_ frpquenpigs goneratgd by theggg g
_ M=~ ap Lremel Bive oféss. AR if HGIE, Bedofiesd r&Rd

coor di nat eésx?reg]eg?sétgf%ﬂe lgg’r?ep aFf'z‘éﬁ spee é\’ﬁ eickg?%g?soﬁltltg%ggﬁ@n%%%?x and M

i s the nasgeatiyt magnifniie difficsity dEfodymgretainasquited|Jacdbidrhma?ftee fimhi ons of
notion, a is -M' pu (q, u, Q) . The pethod can also be .used for any
physi cal 2@%%‘@%9 mafress é%?r?‘%éesﬁ%’a'e‘}l%r&d’ﬁw Wﬁagmﬁité?teﬁaBPﬂs‘%ﬁ?Wi body
syst ems TheRheaaRtibdd WAt imMedhffy Aled\odRAdfe %} tigpMput er code for

si mul ati ng tche behav? or o% a nol eglyl e, o?&gny%pﬁ tsﬂ(fedclal system which can be
nmodel ed by a torsi onAHmghepal-purgess sinitlatitrodydes peivada roAtingsdalcempntet he

conput er de with an 25 inplicit_integrator includes the apal ytj,c Jacobi an
o Rescr i bttt Ry a3 Rl s FoRkERER plsde i reree Jrre BrOwPRGS pCT)
US01/ 513604 ki L rep nt af i - .e diagram of the

sof twar e s%%{rgdﬁaé?%%??segu%ﬁ@naﬁ%gr gﬁ%%%{lﬁ}&[ € present invention; Fig.
2 illustrates the tree structure of the ryltibody system of the nol ecul ar
nodel according to the present invention=—Fig. 3 illustrates the reference
configuration of the Fig. 2 multibody syétyem Fig. 4Aillustrate a sliding
j oi nt tween two bo h&% of the Fig. 2 nultibody system Fig. 4B illustrate
a pinjoint between two bodies of the Fig. 2 10 nultibody system Fig. 4C
illustrate a ball joint between twg-bgdies pof the Fig. 2 multibody system
Fig. 5 summarizes general conputational” $teps for the Residual Form nethod
and Direct Form nmethods used for pﬁ?&n@)’lyti c Jacobian conputation; Fig. 6

i hart which i zes, th tatjopal steps for 15 th
analyLi e Jacobi an;  ANGE (e BRPGRIOD Ay Tet Bpeoblealnp By Repdpesal -

perturbati | W Ed ohj e e, nunerical
Datobi an. TS ‘E#@W@E@%ﬁ%?@?‘@%@%ﬁzﬁ%ﬁ% %@Eﬁé@fﬁ%ﬁsm PTI ON OF
THE PRESEN&coHibfsNIE Edinpined by selvingalireosty, oo dn tiiechst algarhamicsly, forahé n t he

simul ation of a npdel ed no) ecul ar systemis called the integrator, or

i nt e?_rléti cﬁﬁl:ﬁ'ﬁé??%ﬁ eég%‘gg%gt%f;n pr oceeds lJby di screti zita][\g the gloye_r[\i ng
equati ons of notion 51@?% .an i npl i ci
integrator, this step Fesuflt S d:éﬁs a%e§§M§P% gg%p e ngﬁl I nsggaleal gebraic
e_qu?él io tn?] s@rsl{emtsi' Sucﬁgitaibaﬁ?pmhitisr)lm)ﬂlslapetf?rhmdm%ﬂ anrequ{libtn‘laassz?m?matlt istns -
yi el ds e state, vector for e ul ar stem at,, t he.nex [ st ep. e
! esent | | roBHOILR SetBacngest AoTh KA daner CRbEvE St AU LA se. ¢ he

atoni ¢ f orGRSIVEHhen G@%Mcl%‘l%atﬁﬁ@f h@é%ﬁ;&&%ﬂ@«ai dnd SPIGEgFUI T tO

propagate atonmic'trajectories accurately. errorS in the atomc

posi t i29ns dixsui sinulgtiars package)s (Ro Kaelkowskiglnside SETGE MoGraw-Hillel 998 htge
equations._Since the Jacobian is used sol ve the stage equations

iterati ve|1’f%°&H eﬂﬁlggg%%ingfgﬁ?\g?ﬁ)@ iqny is}cgglgfe?ﬂ aﬁﬂ“ B’hat are far
fromthe gRifofntd a@hetti¢Aly. This leads to retraction of trial solutions and
hi nders the

In contrast, the Jacobian of the present invention represents
linearization about an instantaneous solution of the differential equations (non-

25  equilibrium) and is generated analytically. It should be noted that another prior art
approach to generating analytic Jacobians is to use automated differentiation tools
such as ADIFOR (Automatic Differentiation of Fortran) (C. Bischof, et. al., ADIFOR
2.0 Users’ Guide, Argonne National Laboratory, 1998) that can symbolically
differentiate arbitrary equations. These tools could be used to implement this

30 invention in practice. However, the structure of the equations must be exploited

properly to minimize the computations, to avoid errors due to round off and term



sinmulation. 6 WO 02/ 0GLl662 PCT/ US01/51360 Nunerical Jacobians may be

correct in only half their significant digits. An analytical Jacobian wll

often be wayexmeiesen all but the last digit. The benefit ofpdimwsvisesult is

that the integrator can take far fewer tirre steps to simul ate the specified

interval, allowng full l.oj.tati.on of t sta of t he

i ntegrati on"“\’l’ﬁ%YI ns:?ﬁét‘e%t o‘fquafl‘?‘t sweell qﬂﬁ%t&‘ﬁstzﬁ B’éﬁ?

depends cru%;@é dy upon the fornul ation used to produce the governi ng

equati ons. I nstance, global Cartesian fornul ations produce equations

with very limted eprathen; thequestnhiaventbapdiodsfarcthe Palolatiomgf analydical yti c

. Jacobian foy such fornul ation i t.he ot her d, using
internal co Bl?lﬁ%stés the; %Yeclﬁlpélgﬁﬁnv%agewlﬁau@aga%}gblg “tt%%'ﬁtlofsoﬂ? ﬁ@

expresseqd ré‘dtﬁhbﬁs%ﬁrﬂot?dﬁ&@ﬁdlh&ﬂaﬁﬂ&éwt s location) as independent

vari abl es has great benefits. This nethod is nost val uable for any nol ecul e

nodel ed with any choice of internal coordinates, and in particul ar when

used with protein nodels or i S using "torsion

angl es” between the resi duemﬁ@m@?@ ates. An algorithmfor
producing an anal yti CTHé‘a}ﬁﬁgﬁn@ﬂwfeﬂﬂiorﬁpr%VﬁEEmrfa%éfubﬁbﬁﬂoﬂélufgcthébé}ﬁvﬁ)‘i‘9| es is
extremely difficult to devise. However, the present invention achieves this

task. The pefsmalecilaydhe methaddus @M@@%d@@ﬁftﬁgﬂ iprsion angle, sigidmphtods m

productjon of .t an cobi r mul

coor di nat es™ %‘?433 “f‘ﬁ‘ét“‘ﬁ%@ fg?%v(?%@ﬁg?%s Ofar\gt\étt%@hgég&glgr’?ﬂ |‘§‘Ip Pglltt hought
to be inpr aﬁl‘tdg%tbr ahd géftehitinigQRn ahelylie TA@bimIfer mempﬁtleuﬁémmoﬂmﬁfegfa@é

Jacobi ans, the anal yt| c Jacobi ans are al so_cheap er@&: n, conput i n power) to

produce. Thiegauations of motion sods t9lobinin edealionsfshedeghayies of tthqrn Ctlne

Jacobi an of t t Y. I X
i nverse to ?%@%fyé% J?%Oﬂ) %Y@ﬁgﬁ?@dﬁ% gﬁ%ﬁ&ﬁgﬁ'ﬁc‘%ﬂ a?n °5%%?§éa§£§% gl | ows
25 signifi Cﬁle'feqﬁa’ﬂbhﬁlgﬁmbﬂo@&iiﬁ)istd%ﬁcribeﬂﬁs :and effort to construct the

algorithm Furthernore, this nethod of producing analytic Jacobians for
mul ti body system fornul a | ons sing torsion angle, internal coordinates has

not been seen in the gerle? ! S literature. The present invention can be
used for any torsion an I erJI a1 on whi ch can be applied to many
ot her di3sciplines besV s 30 c ar, g8 ations, including, but not
necessarily limted to, hﬁﬁl C '"lsygt“ ms, robotic systens, vehicle

systens, or any other sysige ich could be described as a set of

hi nge- connected rigid bodies. OVERVIEW OF DESCRI PTION WO 02/ 061 662

PCT/ US(1 1/ 51360 The preferred quodlnent is divided into several sections.
The first set of sectlonsa@e Ntﬂsl | ati on architecture, the

mul ti body systent(NBSfﬁdEE—nltB ns 20 “Regj dual Form of the MBS equati ons
for the subsequent descrip |ons The next set of sections discusses the
definition of the Jacobian, its role in the inplicit integration nethod,
and the conputation of theuana yt&p(dagebhﬁﬁc |nQMthe%EeQbQMaLzFornt Al so
shown is the superior aCtg and pgytor wQT A e aTVTE;‘Jécobian VS.
t he nunerical Jacobian Fur her eff|C| ncies in the conmput ati on of the

anal ytic Jacobi an ar ewHrg guss e gefifiahizdd codldiNates; ¥R Ofheigeferhlifed'speddd, body
MBS to "contract" the size of the Jacobian matrix, and exploiting t he

t opol f)gl cal g’slﬁ ﬁﬂ@ﬂhmfél; BRiPHEndVESs the mas satrx angd @ i6 frcdmemig sesiduahoftha | OES

T

used et i D @iﬂﬁé@@éemdtﬁe@ & Qsﬁt}r;ﬁq%@h%wﬁtﬂﬁ veﬁiféro%gﬁéﬁe v
'nto thi s) DL R PREh n B HeRBlet Bl Trablon o el ma BhEThRy ° 51"

prior art knovvn to t hehd frestin€fRBatidH SOV ilel Btehs Sqfpitacode f@ct Form  That
*is, q = =M f where q and a are generalized coordinates and

speeds res p%ﬂﬂ&t@gyhe ehavinnef itmﬁlﬁ@hh oty rbpeicalolysteme whinktden de masglade

appl i ed. r 9 ng the
oS of 1 ool Einh e AR ot KR o IORR i etoriul SBACRRREL "D
oper at ians mﬁiﬂmﬁﬁﬁibgqgt@mncﬂm@@ltﬁddim)wi%eldcobimﬂts&iebbﬁlﬁdtabevdiurrber of degrees
of 20 freedomin the system, since the natural formof the equations gives
rise to inertial coupling between the derivatives of the generalized
speeds. That is, the equations are nost naturally produced in the formq --
W =0, Mi-f =0, where M, the mass matrix, depends explicitly upon

t he generalized coordinates g, i.e., M= Mq) . This fact requires formng
and effectively factoring the mass makri x each tine the state



25 derivatives are needed by the integrator in integrating the equations of
notion over time. The generalized joint map matrix Wis bl ock di agonal and,
al t hough wo m@6émbso dependent on the coordi nates W= W (qpCr/usv1/€@es not
have a significant conputational cost. In accordance with the present

i nvention, a nethod for the solution of 30 the equati ons of a nol ecul ar
systemis expressed i n BRIEFIDESCRETHONOBYIFHS DRA G§tomary step of

produci ng the state derivatives di Resi du net hod has the
fol | owi ng steps: \%dﬂf@éﬁ%@n%&??%&%}mﬂ@% ﬁa?aﬁﬁ ti’lists? 'ilrl on of the

sol uti on \spdtblk@stectitEinHRestArice With the pfeséelitSfvedtibgat i on i s dictated by the
particular inplicit integration method used to advance the npl ecul ar nodel

intime. Inplicit idiggvsteicstoe Fféﬁ\ﬁmﬂgﬁpfﬂ@fﬂéﬁb@@béwsm of the npl i ci t

tegrat d other highly 5 stabl
| nt cgr 3t oo GTRRRAE pakohilt PYEpIBERIAANE Sh s oo Rika, ot her i npl i ci

Runge- Kutta met hods Flgrxdu%&‘ﬁés the redéronde doﬁﬁgmﬁbnaﬂihhimg.mnmbb@ﬁs, al so
provi de ot her advantages for nol ecul ar nodeling. See, for exanple, the
above-cit WIS, Patent Appln. No. , entitled "METHOD FOR LARGE TI MESTEPS

|N NOLECULAR VODELI NGy ' f Sty 0F SRR i 11286er 3 FoRRIIrigiubiarh v o1l e

exanpl e, when used w I nt egra I on ization is
as fol | owsnultibedy-systent, Fig. 4B)111hstialc apmgomubetwe twobocﬂlésaoﬁmheth Pa is the
timestep. Su stltutlonlnot ere equat i 1 - ~'"(gq)u Pu
Maq)i 10! f(n@ulamng Syfte@@ﬂ& A6ri lastra%b%lﬁwt%e énpidadies ogﬂg&saﬁ c equations
P~ =20 for &ﬁ’% ad~~ . The lcinematic residual p~ conpares an
estlnated q gene ated fromthe inplicit integrator to the derivatives
conput ed by t he routRigiSssubmmnarites gcnerailcnglputaﬁoﬂﬂ steps fidrdheResitwal Fotrecul ar

nodel , whic C ed in greater_ detail, hel ow ,h The s ond row of the
resi dual hlﬂf’dsan%te[ﬁ‘éec(’fl HHW}?OQé ffdiifp %WW“&&?@PWW@?‘ 108egree to which
ail estimated a satiggf i tchgﬂmtéugﬂﬁar&g iRgeRltal IR RNRIBM RISy ML T i X M
and the so-called ‘bi%s-?raee hi nge torque’ Sf agree both state deépﬁ%ndrent. The

bi as- ﬂﬁeetltﬁmgbfticdacpbéari s gener ated by the dynam c 25 residual routine when
the cal cul ated a ve

edtoth resi dual rou e.ls z I n general,
t he hinge accel erati 65157 g of of digifs g@ Q“Bacﬁﬁ'ﬁfsiuéﬂeﬁ&'ﬂ'sﬁté@ tGSEPthh? or ques,
and noti Oﬁcélﬂéﬂyccﬁ(inﬁlfy{l@%c%bfail&gr A8 nfRieHOd1 T8cobih, cent ri fugal forces.) If
the systemweré at rést, and subjected only to joint torques, it would be

considered in a bias- free state. The real systemw th its actual inputs can

be reduced 10 a bi aghgegrshRhPoRBOSPEEIE SvBOiRTS 02

PCT/ USQL/ 51360
20 GENERAL DESCRIPTION OF THE PRESENT INVENTION
The numerical method used to advance time in the simulation of a
modeled molecular system is called the integrator, or integration method. The
integration proceeds by discretizing the governing equations of motion of the
molecular system. In the case of an implicit integrator, this step results in a set of
25  coupled nonlinear algebraic equations (the “stage” equations) and the solution of
these equations yields the state vector for the molecular system at the next time step.
The present invention aids the solution of the stage equations. Because
the atomic forces vary so rapidly over short distances, it is difficult to propagate
atomic trajectories accurately. Small errors in the atomic positions lead to gross
30 errors in the satisfaction of the stage equations. Since the Jacobian is used solve the
stage equations iteratively, an inaccurate Jacobian leads to trial solution that are far
from the correct solution. This leads to retraction of trial solutions and hinders the

simulation.



a set of joint torques equivalent to the biased inputs. Both sets produce
the sane hinge accel erations. The preferred enbodi nent of the Residual Form
i's shown fworoxapieel der ( N ) torsion-angle, rigid-body for tplag/ugel/esed ar

nodel . The follow ng sections devel op the nol ecul ar .nodel.. f.r.om basi.c .. ..
definitions and show how the nodel is used to conpute the notion of the

nodel. First, the ov . e : fFH%h cul ar
nodel simulation is ?g?ghjﬁéggp%ﬁ%%@g%&%ég%t ]ﬁ%&%%}éﬁélﬁ%%% e, fari gid
mul ti body sgigit&nAn andlptical Esbobhavill ofieh be vortredt iall bawttle ldshdigiteeence
configuration, the definitions aof the joints between the bodies

_general i zed>aasBt ofi thisresult is that thy 1glesriorcen ke Sydewer timgsiens fprigwiate ther
dynam CS i Sg.g).:¥ . Lo R LS ed., 1978.)

Finally, th?%%l?%{jg??%gl’ g?v%ﬁ‘%?r@ﬁf Q%l? ;[%thog 0afna yf é@%%@?gﬁyg}sﬁ ng the

resul t s 5of itegrdfiesinkibdd. Form i s devel oped. MOLECULAR DYNAM CS SI MULATI ON

ARCHI TECTURE 15 The neral systemarchitecture 48 of the software and sone
of its processes forgjreﬁ‘)"d“éﬁs?3 ﬁbxﬁﬁ?‘g@dp&" “ﬁmgééﬂﬁali’ﬂ@% d\?&?‘?‘%‘?sf’ﬁﬁ?\{%?’esent

i nvention aggnitht BtuRkied vkd ol foduke AV el D6quaR6A8 NEH iRdtallcOgikbal
represents a software nodule and arrows represents information Which passes
bet ween t heCsrissiandoamutstiersguoduth eqeasionswith venshmitedexplicitaopudinatbas a

nodel er nodyl e 50, bi.ochem components. 2Q nodul e 52. a physi.cal nodel

Todal o 54 Sapendiy SPRARERHE PSSRV Dot CrArDATTBRIHBHIF S HEROYRe det ai | s
of sonejof OhaRSHRNIhE SusHEinkesa chbirathaks (PWihieh BRh ABMukIgsSaduRitaval | abl e
to the public. The nodel er nmbdul e 50 provides an interface for the user to

enter the plyaionds exmaessad radativethian isadier subaniy’ sjegatioohiassindensindent|variabdosst em
The interf 25 : hi. cal ta file input thl. Th
b1 ochem conny Lok Tl sHRRtls s Bl B oy B RRlEmo R Ty ) o

mat hemat i ¢ adhofedFlintefnal ordmhes, ahalin patfit R vwheh sed it StBtkin fodelsbans| ati on
subrodul es 60, 62 and 64 for mathematical nodeling the nol ecul e(s), the

force fi el cehernelmericmpleswles ping clorsionpanglest betees flaq iepidpes aagn | ed.

There are sgvey. Ler i C t 1 ' I

ncl udi o, EorBeRE s Ror R Y SRR TROAR RedtRof A R BB,
3. 8, Cct obeih t&91da, an¥¥es i exgieaizh} MifVeilisib dgvis&t Howevirsthe Medsendiibvéntione

transl ated physical paranmeters fromthe bi ochem conponents nodul e 52, the
physi cal noAfBievAbMiAtasisa defines the nol ecul ar systemto WO 02/11GL6G2
PCT/ USOL/ 51360 nat he | : . C agalely| i .mul ti body
syst em subnodul e 66. r%ée&génégri}]slv%u no S’Féeggegg?&mycomﬁgﬁﬁgk)%gﬁw th the
physi cal nuosteduatiod wlf ¢heSehabytid Jadubian foria formmiation usingtihterra8 cogrdmated cmd
solutigns to the conpuytatignal del s of the | ecul ar syste ef i ned by
the ph ceiperiial e & %, Wiy ‘%ﬁ%{}%Wéﬂ%ﬁr}E F%gﬁssn@a%ait Eisa&gl@nset of
i ntegrat or |uRHHRScOFatetha hinkrRAl AbSbikle tfd mMmbhRAR ThédtiaRaradispns of the
physi cal nodel rodul'e 54. The i ntegrator subnodul és 68 advance the

nmol ecul ar ssheapan(infoompgting powen el proidges. pFhevirdsent wvestict 4lso roognizesst used i n
determ ning the mni ener gy .configyrati.on of .the nolecul ar,system The
anal ysi s |rgsu%ggﬁgg}lchgiaﬁtogg}eas.ttaégH%mgﬁﬁa@sbeégn@&mcgt?ynamﬁg Bf the
subj ect 10naRiktif¥er® tolth@T4RbBiak Of tHebufiplitedRordne nitkiodd eRfis gt alldwelet ai |

bel ow. The visualization nodule 58 receives input information fromthe
bi ocherASc orgigrHEeand saioags ia compaied timsand gHpit ¢ gonabaal the sBorihmyr ovi de t he user

wi th a three-di nensi hj, ¢ r j . | gcul ar system
and the sol utions obl%heegﬁ%r{ﬁﬂge@gﬁggﬁﬁgﬁa}s’ggﬁgﬂw y&ﬁ?ﬁﬁ? g)gal i zation
modul es ar empltibeé&néysiend formuddtioadhising fusi6x anglé,Gntedial godRaled hadadtiteen et
al., VMD User's (uide, Version 1.5 June 2000, Theoretical Biophysjcs

G oup, Uni \a8F% i the genqrpl MIBS; Ieratyre, 7Rbe presant Hyeahion qandeissd forismy 1siorwar e

- code is ru \/ ' : L Penti um
1 or  pent oG TEREERLANG, RELECBY. HRTR Iy oHp Wilio i sl U
Sant a Qlar anoleatlaf simnlaions mcluding)thubndtnevessiril Qinmtedytormectmnicabsystandss i n
nmol ecul ar nodel i ng. whi c .Lise super co u%ers to ﬁg{f orn]rdﬁglrﬁcul tions. O
course, furlPREHC YBIEBY, YHBHE 3 OF auy, 0er system (o) cigiied@S descri bed
sof t war e Onef GSfiRfe-CHIRMICE Hgid Hidi&sCULAR MODEL AND MULTI BODY SYSTEM

DESCRI PTI ON The 1htegrators described below in the subnodul e 68 operate

upon a 25 s§ig i j escribe the notion of the nol ecul ar nodel
in terns of a %W%??y@%%@ﬁ?@S) To aid the conputation of the

i ntegration nethods described in detail below, a torsion angle, rigid body
nodel is used to describe the subj ect nolecule system in accordance with

the present invention. Internal coordinates (sel ected generalized
coordi nates and speeds) are used to describe the




30 states of the nolecule. The MBS is an abstraction of the atons and
effectively rigid bonds that nake up the nol ecul ar system bei ng nodel ed and
is sel ectwd dpefoerpl i fy the actual physical system the mpcgawogsizgoits
environment, without losing the features 11 WD 02/ 0Gl662 PCT/ USOl/51360
inportant to the problem being addressed by the simulation. Wth respect to

the general system arghigr&fidd 8mbbdith RldpAdédintd @verht sdciéndVBfhed@gs not
include the electrostatic charge or other energetic interactions between

at ons nor tsatofreectadns desaribes el MPraimislatiom axchitedire ntbe sultibaxlysysteinvBS)ed. The

force fields_.are nod hem e 62 a he sol v

submodul o EPRHSRR G RSB R B P e Rbr RS Sai st elibl ¢ ne
tree strucCtiheieRf set BescVishsMischssed theeddfintrRstthéTacdbign, h@s%pc iARBd i'h?gﬁfclton of
the MBS is that of one or nmore collections of hinge connected rigid bodies

. 170. A #bi giinotepratign imsthodprandhibewomputation of iha@nalmc lﬁcoamphlylggél@ﬁR Uabdy i n

R T R N

connect i on visstha nﬁﬁbﬁ@mﬁddbadn M&ﬂaﬁbﬁﬁclebmtth@leémﬁﬁatxém@ftab hﬁmydiﬂ e
relative notion between two I’Igl d bodi es. mpl es of these rigid bodies

and hi nge Jabianarediscussed, spechicalivecxioisng tl@f@ﬁl@bo‘%h@%to fcﬁéﬁ%‘édﬁhés
lled b t
C e oS SO o IS, SRS Phod e Al Bt NRERT™ 1 00 o

one or 1gor eeluﬁmaeannecégzatyrmﬁlmionpr operty of atree is that the path from
any body to any other_body is, unique, h contains no | oops.

|
The bodies in the tréd® Wi grd 1%@%@1“@&@%@1%48&5@), hest phie(priey art The
bodies in t | i, jfat the
body | abel ﬁﬁ%b%?%gg%ﬁggggb%gﬁgr@ﬂ%gﬂﬁ C?E an?kﬁ efﬁrgn}e&ﬂ] g(??’to any | eaf
body 176. eaf body is one that is connected to only a single other body.
A regul ar -gb | Thecpqpationsefardtionferia bipmedeciilpn sysiern lian bapast into this fove of t he

| eaf bodi es?i 78 (there nust be at least one). If this body is renmoved from
the graph, (hltfcdlee e OWAFDrm). I%xﬁ@l@bﬁﬁmfﬂb@mhaé]%n& artlkdotvr 0¥Re assi gned to
one of its leaf bodies | 80, and the process I's repeated until all the

bodi es 15avgrézentin@ntdraheleased tHhDirectFors Thdibineqg =d7u any: Mehyajwherggt rees in
the system To help maintain the rel ationship between the bodies, an

i nteger furadiugre generaligdd coordingiss and meﬂmmmcavwdgo ﬂuatrcoaa@rmom@b@DEf t he
system The nhoar h,pase | round and. i,. the arent or
Thboard bodgiuhes Hethods ik b g NGl iRl £ Rprele il SiOR OF

Addi ti onal 'M etk st 6f Mo Sydt SRPELORer( WP 174.
A superscri pt ég;]r(gf ers to tSE\e gr oﬁngm%??agldrg\?( ,ﬁer( 5”%2%&%%%&?%??

vect or fr opotniepgrefions (tependitger algarittumi used, tWiErermtlmfnmﬂEr bﬁdbgnms ofs. Th us,

PQ i h t t Pt t L th
eroe 24 o eRays i ey e dhe BatiL i it 8 pohali i e B8 SR 01 1 12
WO 02/ OG16@GRy ﬁéﬁgﬁéﬁ@&nﬁﬁéﬁ&@dﬂﬁeé 5t QEREANE sHIATCTHAN the GRhliahysY DOl S

to be introduc |ater relate two reférence franes. In this case, the

synbol contzashsaturally paeruced in the fommn e d?u FhusMi -Gk=0s whiete M rthemiash cosine
matrix for the o |en atigon of frame k i rame,.i. Thi,s synbol ref stothe
direction deAiRclepgrdsicxpheily 3oy ecgépersﬁw qoﬁ’qn't‘f’éeﬁfbrlént f-ré(ﬂﬂ) J ' Ck

Super sor. S?éc‘?s%cfuﬁgf i toev il e R el oo RO (or e

ot her ggnbelefivatAls akiiReldedby Mditaiator Erhﬁﬁéghﬁﬂx%ﬁ% squakions{ Jﬁ)motufr%ve@x anple. A
tilde over a vector indicates a 3 by 3 skew symetric cross product matrix:

VW --- v x time. The geaerahzqﬂwtmmaﬁtmt@/ lﬁhlqckfdlagoaﬂdmd althongly Biiwals@ct or of

| engt h i 0,js an i er 10R||dBQ s of the Nbd Fig.
3T st r aceReteRl s eavicinaS P L) b O B SepiBicem compRtabgRal ne

4

MBS. Mbore tha%n one tree is allowed. A point of each body is designated as
Q its

In accordance with the present invention, a method for the solution of
30 the equations of a molecular system is expressed in Residual Form to bypass the
customary step of producing the state derivatives directly. The Residual Form method

has the following steps:



hi nge point. For exanple point k 186 is the hinge point for body k 184. A
fixed set of coordinate axes is established in the inertial fxanme 198. An
ar bi t r ar ywoonfosggée at i on 15 of the MBS is chosen as its refRreu/si36o
configuration 190. Wihile in this configuration the inmage of the inertial

coordi nate axes_is used to establish a set of body-fixed axes ipn each body.
In the refer éhclatsereﬁﬁtwr%ftthwhétmvaﬁﬁawgé phs mec%%. form B?Hb“ﬁféﬁ%tl% ¥h P, a

point of its Pag; gﬂ?lc%ﬁgﬂm h o%%@dﬁ? anfohpt P is

called the body S |nb nge p oard nge point Pk 188
for body k. 184 msleaulﬁﬂmpdelnh tifmex dehplioit iﬁtsgrptmrefoﬂlob/sdmm the@esidihe i nboard

hi i f O f d nd.. Th
expandba. vi ew R SHRR RSN SpBRIDdr SEP Iy MEBIES ERLSFUMAR G 186 | s
fixed ign body ksthfdiEHaldpy, ShchPs ujn?ﬁcﬂt Bulet fefdiah$) JIARKY. SPAAX 4l oth§2. The

- hinge point locations define d( a constant vector for each 25 body,
and can al so beimplicittRamge@ysta met]tbd;: md:DArSSimr oﬂmdymklmsnmltlsmp inits

parent body i. It s fromth he.i nboard

hi nge point for™gb @5 fSOﬂ'i%Vl%B ‘g'?"i gf‘ﬁg P%’IQFI[' ‘%’fi?efqu al origin
to the first baggnddyneadReRacdUrs. 'PQ%nP Bﬁfn Nal SO a p&mrmtsdf‘Mmq{@D
ground), and can be wittenr Q . For a and Irk (k)

define the mssFQde%RGEMSRP&)B‘HMQLEGULARSMQD@b '”rftléd;kf evehese are,
respectyj vel y, mass he | nertha mat ri x of

the body for it a?%rgaépﬁ‘b"ucH ey b ek S Pe: iR St o R 070 G T o

PCT/ USO1/ s13Q&0 lgfeg{ra{mnbggmsc{—‘@irza@oﬂisggQo1m¢y made up of a distribution of
particles, the mass properties are constants that are conputed by a

preprocessi ng nodul e. The dette(lqj,sqm)/lhhege(mmu)/dtl ons can be found in
standard references, such as Kane, T.R, Dyrraf~iics, 3r ~ Ed., January
1978, Stanford \Ulﬁredriﬁithylinﬁ'siapford CA. 5 Let Mk) , the spatial inertia
of body k for be ven by the symetric 6 by 6 matrix
Mk) _ ~k (kP P%‘%f %Fggéggl i%bq in the systemis described by
geonetric data. For |nstance £ a jo ntW% characterized by an axis fixed

in theist wo bodi es connected b e|j oi hel particular data for a
joint depends on its type. Th eM(CI)u-tﬂé,Qi, function, the system nass
properties, the vectors d(k), and the joint geonetric, data (including joint
type) consti Bgt&»lﬁthﬁh S/thE SSuRMpBELIREAS algdbialtf &uatichs §E€d forefl daaor di nat es
of the Model Figs. 4A-4C illustrate the joint defini\tdgns of the preferred
enbodi ment 15 of the MBS: the slider joint 100, the pin joint 102, and the
ball joint 104.ufEach joint allows translational or rotational di spI acenent
of the hinge point 106 relative to the inboard hinge point Pk 108. These
di spl acenents are paFamkinemptieusidyalopkpompayes ahestignatask ¢l generdteddtnmali nat es
for body k. ssing, it should be noted that generalized coordinates are
exanpl es othe g@hﬁq@mg@@oqt@eth@ feriwatives gongruteddyiethe routipga fori ctet@@lmnguthehave 20

pener A 2o TREPTEC B ?c%zarﬁo”%l SHRIFIs 2t 8 vF BRAE bethi oG, SIELENGR .ng &
torque veclwoftf[@fésﬂﬁaﬁrs I, Gieddyaari chesidhsl, Which deRirmilts t8d dehede b WHdh 100 is

t he sliding displacenent 112." The general i zed coordi nate q(k) for the pin
j oint 102 éstihﬁ%da@guﬂlﬁesdieseljuaﬁﬁm&n@loﬁw The gener ali zed coordinate
gq(h) For the ball 10| nt 104 is the EuI er parameters 2 f(r~' e2, ~3, ~4~
116. Each joi nt nmy bBee sysimnmass matgix. Mopandythesoicalled ‘biasrires hingmoiormae] on of

these j o ”Tfsafre ¥BYsib Ggﬁ rJSQﬁt.”.tThte%?a"s- e[ae %é’e%au%'lé?g r{ePa%&’ﬂ%ﬂ%’d hich ot

limted to ree jornt |ngjomts.

For i ngt ang§iduslcfutine wiken the éalcuﬁa&a it &&farlpa&semﬁle r&sidubT BAfthe ¥ zdrfleImy €ct or
fromthe base body inboard hinge point to the 30 base body hinge point

- express t hgenbraddhdbinge dicsfrrationserdg a fespanse tmapplisd forcese joint torques, and

motion-induced effects (such as Coriolis and centrifugal forces.) Ifthe system were at

u’

rest, and subjected only to joint torques, it would be considered in a bias-free state.

The real system with its actual inputs can be reduced to a bias-free state by computing



14 WD 02/061G62 PCT/ US01/5131& orthogonal slider joints. A free joint

consists of three orthogonal slider joints conbined with a ball joint, and

has the fwido2®etheygr ees of freedom The collection of generrdr/essisi360

coordinates for all the bodies conprises the vector q, the generalized

coordi nates for, the system 5 Gven_the generalized coordinates for a

par ti cul ara§ebphipint fouauep ravivalent to thybjased inpyts, Boflesgtopredueathpsame i on vect or

and ' C~ (k) L:rection cosine matrix for body k in its parent are

f or med. Tﬁén%er%g§F%{th§% vector rPkQk (k) expresses the vector fromthe

i nboard hi nge poi nt Thedirefeady ebbdinidheofthe BesidealRori iokhdvadforkn i n t he

. coordinate frane of the parent body. Details of these conputations depend

on the joiQndelt(%)etoaﬂal-mglwglééwéafqr|t19ze welecylepmods)y Thefplewme sections s
descr i Bt i oftyeBS ol FURGHAR LhAR e RRRASARTALE bR il 80ka O (1)

gi ven fhe systemgenerallzed coofdinates IS assumned. Introduced, the

choi ce of thico@puteahdinotfion ofthemdtllyFirst, the bvérak cymphieneoderarchitectiues fous choi ce

greatly sitgal ifies matters. For i nsté%?nce, for pig joints the hinge point

shoul d” be themelssulas modglhyimulagion isdesgrbed. Jihenpa QrasrhdV ) tprsion-gnele, sigyl ce
oo | i

Phe | oi nt. TUEBEHEh/EIRIhebE it Wil Rltadord uifl e Re@entdoehfliof 70 & 20

t he axis, thedéfiritibhseotdhéJoiiy betnwekbmthe\bddies, goachlisddeordineand k) = ~, x r-Qk

sin B- (1- cos B) ~E3 - a,?,.éﬁ% r QA where ~,.is the joint axis unit

vect orl0 B generahized speeds. Jivs appreaca ferdymaguigsis siplar & thet wied by Taky KgBe nt on
the axis t | \n joints and ball joints, a point on the axis is
al ways cho@gﬁgggg’tfee 'ﬂ?gg')poi nt. For these joints the translation vector

rPAQk (K) is zero. Finally,shd mreferiediembodintent of the shalyfiofacobiahousingthe- (k) is

g(k)~, . The_ directjon cosine natrix for a pinis 25 "' Ck (k) = E3 cos B +
~, sin B Je%\%trs,o'fﬁ‘(elées%‘é‘? m?m%(‘-felap?‘%ction cosine matrix for a slider is
E3 . Ceneralized Speeds of the Mdel Let "V ~ {.ké t he generalized
vel oci Ly (i ABD POAMIGH SBETLATTGNARCBITEGTURE parent i, be

par amgteri zed by u( | T, O~ (K) = tv
k(~) miItSH' (K)u(k) () k?hse ge%&’% SE‘I?? 8@@?@%@%@@8"%@%‘3 @é’f‘%ﬁﬁé%mt rix H(k)
i s cal | ed grbeessesifoit moBglidgQnoletilss inQicedrdarce with the preséit)intmntionait ri x, where
n" (k) is the nunber of degrees of freedomfor the joint ( 1 for a pin or

slider, 3 iflesiraiedgpihig. I Kash laree rectangulanblpck peprgsepts g softiyargapedule antdy e
Senacy P | gt . he i nt.
epen encean%s%g;ﬂfggégg%g@ﬂ@ufn Wﬁ'}:a&&@ bgl%&égﬁ fld o a?&ﬁﬁéﬁle%.ofhé ejoin

the joint nap gen oi nt I'r'near and angul ar velocity, expressed in
t he chil d sofidyrefsyatem ardhicectunt hasa ngdeleemuddd 50 p0xbibblen) oompanentd( k) _~~. 0 0

"G 0" bt . acphvaiealypS g Rl S0 am aplunis ogiR 20 P o RS o f ses

the 10 module 58. The details of some of these modules are described below; other modules

are available to the public.
The modeler module 50 provides an interface for the user to enter the
physical parameters which define a particular molecular system. The interface may
25  have a graphical or data file input (or both). The biochem components module 52
translates the modeler input for a particular mathematical model of the molecular
system and is divided into translation submodules 60, 62 and 64 for mathematical
modeling the molecule(s), the force fields and the solvent respectively of the system
being modeled. There are several modeler and biochem components modules
30 available including, for example, Tinker (Jay Ponder, TINKER User’s Guide, Version
3.8, October 2000, Washington University, St. Louis, MO).
With the translated physical parameters from the biochem components

module 52, the physical model module 54 defines the molecular system
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15 vector u, the generalized coordinates for the system As before, access
to a function that can generate the vector "V k (k) given (q, u) and a
specific iwimoaiej,pe, i s assuned. Access to a function thatpcaawsoe@igsuit e t he
derivatives q(k) g{q(k), u(k)) is also assuned. This routine generat es
the tine derlvatlve of the generallzed osition coordinates: ~I = ~'(q)u

wher e W q)mpthematitadlyk Aditegyensart thgmmadule his apultibedy Wsmswmocmlq #6.each

bl ock de f int E1
20055 S5PoR SaRIRodE 36 ltn boiffuntlaEs Rl il ARbmSyhE S agd' ) =)
~4 wher e cthe visadliABoh ncBdid 58, prides Sollutibis tUZhe*&)mplﬁﬁlomaﬂmadélE eetheoi nt is a
) conbl nation of 3 slider joi nts and one ball joint. that there are 4 q

's (deri vanplgewapyysters defined )b&}eé’fli*éfﬁléﬁléljlocl?éw@@t%d metanalyﬂa moduies}6 [y |

Si kAl
- Jpg: ot 5 Iboéi‘g% ofg se‘fbf“(“l%‘ Sn@mg&ﬁgﬁé %@ﬂnﬁéé&ﬂﬁ%@%@?ﬁak%@“w( k) u( k)
{) 16 V\Q»f&laé pl@ﬂsﬁﬁzniaﬁﬁllrhﬁdmé 54315&3 integratot Suba@doks 68 alivard tigoor di nat es q,

and generallzed speeds u, the internal coordlnates or purposes of this
descri pti oRO eevlaﬁqa/éteﬁﬁhéwhémgw%mmv@ﬁ forsaticanalyses ¥sgd lRat her t han

wor Ki ng Wi et Cog}'t%: mhﬂeénteﬁscoﬁﬁglFﬂh{ﬁgBﬁﬁe echazr Sggtelﬁnefhgpeeds in

t hese inertia ti1ons subj ect nol ecul ar
5 system aamlysrsdtmhﬂe Sﬁﬁhﬁtﬂ_mﬁgﬂfﬁr sﬁﬁm‘BHlEleEQBJ,éfﬁhtﬁm%dﬁ omEIsﬁbjeWt h the

exenpl ary | ti bod torsign angle ri bed, the equations of
not i orﬁ’caﬂnﬁ%% @jed’arF%eHF é’["é’éﬂonl%‘ é&% 8‘5‘1’%@“\& {agﬁ{e pr esent invention, the
motion of the MBS ”Dfﬁecﬂkﬂhz odhﬁfg ?@c%{VeE‘ﬁﬂmPiﬁf& ?atﬁﬁ%‘o?ﬂjﬁie 10 Form

The Resi dual Form et requires ca ations terned rst" kinematic
cal cul at i driechem mbmpomgtslmclsdtﬂmw&thmanzﬁgslé B©doled6 thprovide the usalw:lth ations,

."t

whi ch are equire t he rect or ich is | dinthis
descri ptlot}FeF mﬁﬁ?‘%‘%’i@?‘p ca @H{Fﬁ?’f Oftg? nlew F“QPP%ns for
the Ml eculpaindPrglnd m§1eb&11a{= éyétem ey VR@ARAIi6n ﬁﬁh&l@é alfel ﬁ?&%ntl%' ven the
i nternal coordi nates of | ecul ar” system (q, u, u) e system

par ametSer savailhige,fapl dxamplﬂdoq@@VMI@:ﬁA Dalke,ei uly, YWD Hserdd Guidei Verslondehat i cs

are conput gd ch r.i of e nol ecul.ar . ssing, it
shoul d be ﬁ’ﬂf%ﬁ&%ﬁg‘? %’?ﬂ@’ %/crg TORg éﬂ%?f‘b%%ﬂ“&?ﬂsmﬁ?{? gt‘@‘“ ne for the
Resi dual For m met hodrhé dcibddsoR¥assbde s A oh doUP&tionhl pédsonlle SOl ution
which the integration nethod then refines to the correct solution. In

contrast, @mmlt@stsu@ba&ﬁ%wthé’ﬁn@maﬂfo@Pemtnén by maietoprasessoret hod. This is

o o Sy g Co P8I B0 0 BBk 20, P

Nay (o~ "mady itdent &fénts Rmdlbafifr edabiaf ihic e dnperbiputeRAY heifeh y,
starting fromeach base body and progreSS| ng to the |eaves.

di rect i on “silationsaPf course dunthey preediimpERVSmeatsican e phigingd by w@éﬂg&
described software on faster computers.

the

MOLECULAR MODEL AND MULTIBODY SYSTEM DESCRIPTION
The integrators described below in the submodule 68 operate upon a
25  set of equations which describe the motion of the molecular model in terms of a
multibody system (MBS). To aid the computation of the integration methods
described in detail below, a torsion angle, rigid body model is used to describe the
subject molecule system, in accordance with the present invention. Internal
coordinates (selected generalized coordinates and speeds) are used to describe the
30 states of the molecule.
The MBS is an abstraction of the atoms and effectively rigid bonds that
make up the molecular system being modeled and is selected to simplify the actual

physical system, the molecule in its environment, without losing the features
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NCk (k) = NCB (a)"'Ck (k), k=2, . . . fi, i =i~tb(k) '"Ck(k) cones from
the joint routine described above. 17 WO 0210616G&2 PCTI US01/51360 rQ Kk

(k) , thewweaRiobigen vector from@Q , the hinge point of themawisized body k
to Gk , the hinge point of body k, expressed in the parent frame, is

defined as:. r K K), + ~. P~ ~~ comes
f rolm the | oﬁf‘?ﬂ%r‘i%ﬁg’lt progl( F{jle"(‘g(? @%ﬁé%%ﬁ SE’PBWIQ’échYh rPFRﬁF‘% tlgﬁge i %ert i al

Ot is bal f
S s e A S M et SR g e
2~... n, i eledtrdstakiy charige pkdther ¢rvegatic gntdrabtickys Hetwemsf adomahonthe mmelebmfcthef or
. body k is defined ~~k

"Ck(k) 10 YRolyentin w@wlgﬁ%f%malec% érellwgrgﬁ ﬁgeiorﬁe &%@@gﬁ IﬁPﬁi}ed pdheit |

expr essofl | fghtiulo e Tadhe RNty e SuBRENEDs Ky bbljgenbhr Gontpotbnts —Y~ (1) ()
A(k) , the mpdmlcélZ acceleration for body k at its h| nge p0| nt expressed in

E E)e fr 2”?_ ﬁgqeo?ﬁ) k’o %\fgeg gl L{SE/'S‘%S %ﬁreé(s&f(ﬁ{%af th?(K/EBSofA aif Slgb}gct }1:}1501 A{lﬁ) in b( k)
2w _ 0 A k 1kd Wisloabitraddén o&“lﬂ}e NIBSHK tHak bf She éhﬁér)a c&llé'c%ﬁs bkhinge-_

S Ck~ ~(k)N~k(t} O course, the conputations can all be conputed in a single

pass i f destonaectedifigidrbodinTde: Argit hedpiss mp@em@hcab abstiagtior abmphiysical ne

?tggﬁert g%%ydﬂéﬁ’t‘&baﬁiarw (fi‘g’é’rl neﬁ%ﬁgl ‘%i@gl ga%ﬁ né’f ”ﬁ’ﬁp B%Q’fv&r any poi nt

of any bOdYeacﬂ'BtH%rl NodRREgOr oﬁfbifﬁérlhw&gnbtﬁ@l isQUbwe@dAINM& dohbeMdnfio®n any
point in terns of the hinge quantities for its body, using standard rigid

body f or nul Bethematical mt@gms bieimes ﬂwélpW@prglaaw BotipChetugen twa el Wt h

for the Rest ey EaPREHEt Bt R oRERERICRRe o Boridrfed PRI on of -
the Residual Form andOh¢ ér @B dfGhé bdies, 6all€d|tﬁ§élb@d1e§mliehhw}‘&ple&af@atﬁ§l in the
S previously cited co-pending U S Pat ent Appl No. , entitled, "METHOD

FOR RESISDUAR thatthgir kinpoptsgrare avomed digectly ta 3 @éeremceawn ogtgreundriids
conputatio “rﬂ% AJs?en{ Eraé q%l g %Hdrg “&?e%f’ bﬂﬁrg:éﬁﬁarﬁrpngpgert% o\f%'}re%ﬁseﬁafaﬁéﬁ%' y. P

The first parti’tion®i ual”,” and € second
partition llsatnﬁ’ohﬂdlymodyxo hrﬁ}eotﬁyﬂmﬂlyds nmqudtial theTgﬂaplkcmﬁnﬁ héloopsiTheal is

conmputed fromthe . 10 difference betwee I.S passed-in fromthe

(implicit) pofkiesgp s &5 HaniRaURRY 6F, bagpbas e 13(.’1’6’( n/élihe\b@dzfén@theéee@pe each

joint: assigned a regular labeling, which means that the body labels never decrease on any

20  path from the base body to any leaf body 176. A leaf body is one that is connected to
only a single other body. A regular labeling can be achieved by assigning the label
to one of the leaf bodies 178 (there must be at least one). If this body is removed
from the graph, the tree now has # —1bodies. The label # —1is then assigned to one
of its leaf bodies 180, and the process is repeated until all the bodies have been

25 labeled., This is also done for any remaining trees in the system.

To help maintain the relationship between the bodies, an integer

function is used to record the inboard body for each body of the system. The inboard
body for each base is ground and i, the parent or inboard body 182 for body & 184, is

referred to as i =inb(k). Additionally, the symbol N refers to the inertial, or ground
30 frame 174. A superscript O refers to the ground origin (0,0,0).
The symbol for the vector from one point to another contains the name
of the two points. Thus, 7™ is the vector from the point P to point Q. A vector

representing the velocity of a point in a reference frame contains the name of the point
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g - ~"(f)u =P~ The dynam cs residual is also conputed. Starting with a
given state of the nolecular nodel, i.e., given {g, u,u) and the system
par amet er w0 @/gigs@dr am 1 S routine nodel s the "environnment 'p@afiyddigidgBS. Such
routines are readily available to, or can be created by, practitioners in

the conputer nodeling field, The routine takes the val ues %g, u) determ ned
by and pasaddh¢ referenen frarae:i it e&mmmwﬁm laﬁomedﬂmelrl@ algtwve® (the

o 21 SRR k) iy BRRL e SR of i P
dynani cs 20:+5el diabriorKoshima mﬁa%ea{.&ﬁammmmﬁaﬁg% spgeds u(k) for

. the body k is then conpute y the followmng steps: 1. Pertormthe
cal cul at i mymbobreferseo thel dieotian camdaehathx fdn’rketyﬁ?&al lmhabrlmﬁ%;slpmmsfraiﬁecri bed

above with the;&assed in state val ues rrﬁ) . Generate T(k) t he
spati al’ | oBshdl dnkiadicetes gecastusdb Bydyd mrquﬁﬁ@n @éllefhmd Aghtrsupssartds é%:  NCVk

TR %ﬁgﬁé&@ﬂé@%@e uhis5 Bea g5 brchacaer o S bygpal )

00T ot B 08 s, P A e %.( ch the
the. appl | TP SHE P%%%aﬁé%eéaw ViR Edih] ﬁf | B RREEREE "R
ggglsi ggt f gﬁ? %t% %’%% §ﬁfh§thégn§he o] vgﬂykem\%aenmapgrlt e(rjat ge{ htehg;si gren in

the state (g, u) . The reS|duaIs can be interpreted as that additional
hi nge ltOordtigidlBediesjoﬁtheMdch:hce the applied and inertia forces. In the

lit t t hi t th t t hod
of compu o 10 tor que: > MSBRFE MR zePrrotE Gaties 10T preampls e ot T

prescri bedye MBS NSreRRhlénetrée ik 'ﬂﬁoﬁéﬁm}!tp@idt Bf‘§ach%bly 'isedissf teH '&@ dﬁ%' dual
Form are conplete. The residuals p9 and pu are used |rec

inmplicit |mnmcantorqu|¢xamplelpmm@kalt86ns thehing¢iointder b@dok&ﬂ mﬁacdasatcs
Cal cul atio for the Mal e the, Direct Formrrethod
cal cul at | GREOPRITREIPE GheAp Ehed 10469 nelial R Gb: Ao RifaDi Y BRE R e
requi rgd. &hﬁémfélchb als 1%%1%%@% bcﬁ{@%ﬁnn@b m@l}l&ehﬁ tﬁ@%@ﬁ%ﬁ%te[bgﬁm ics

cal cul ati ons. The val ues (k) ) are co
fol | ows: Ihe ireagdearfithe hwertmhtoarimnteomss fsaised toestabligicaibetiof bbdiefixed atehe

Resi dual FE b b t. Ki t lcul ati .
202 P AP, I L R s B ey ORI BB Sy cRineent Rtk ot 1 zod
P(k) = M k&podft oflits: paren‘i‘ b§dy (Bi‘%xféﬁﬂ&%o?iy@ej?&*’éa@lﬁ Body)9Bin® PN EAfe@dhe 20 WO

02/ 061(—262 for =n by -
body’s mboard hlnge point. So the inboard hinge point Py 188 for body k 184 is a

20 point fixed in its parent body i 182. The inboard hinge point for each base body is a
point O 192 fixed in ground. The expanded view that shown in Fig. 2 more clearly
shows that point Qy 186 is fixed in body & 184 and point Py 188 is fixed in parent
body i 182,

The hinge point locations define d(k) 194, a constant vector for each

25  body, and can also be written #2% . The vector for body £ is fixed in its parent body 7.
It spans from the hinge point for body i to the inboard hinge point for body k. The
vector d(1) 196 spans from the inertial origin to the first base body’s inboard hinge

point (also a point fixed in ground), and can be written r°% .

For a body, m(k) , p(k), and L, (%) define the mass properties of

30  body £ for its hinge point Qx. These are, respectively, the mass, the first mass

moment, and the inertia matrix of the body for its hinge point in the coordinate frame
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D(k) = HHK)P(kK)H" (k) G= P(k)H" (k)D" (k) z = E6 - GH k) r~k (k) - "~k
(k)z rKk (k) _ ~~x (kK)Gi =inb(k) P(i) + '"!'-~ (k)P(k) "Ivk. (k) end
PCT/ USO1/ SiB6beied) = H(1) P(1) H' (1) The functional dependghggsiifsiidiese
gquantities is only upon the generalized coordinate g. Therefore, the first
ki nematics cal cul ati ons are programed in anticipation of perform ng the
second ki nefithd bady. d&iralﬂgl?dbmdysmad‘:e moﬂmdldu-ibyﬁmﬁmr@bs:ﬂheamhﬂns Finally, ti
is calculated hy swe |nboard 8% out board,, of th | ecul.e: .z(k) =0,
k=1,...n fRSPRETH @Soazsyorg % atarpﬁewyu’fe Y|P peesping modle. %@? of =
inb(k) z(i NP Aidr 1) " H(1)z(1)
V(1) = D th'fgé ""f“f’lf’ta(“%%gé‘?{“”)_beuf(ofé5< “‘Eéf) Hc%'l%eﬁ&?sfsggﬁszlt?’%n?ﬁ: inb(k) ~(K) _
yi x' (k)~ Rynantics, Y URdk)Jangdry 1978,1(Ska)nferdlﬁhv6rsxlty,s¢a@fom;16}AVVth the First and
Second Ki nemati cs | Q the For am CS . cul at | ons
. the DiPect Form rretcﬁlo% mkﬁ\fﬁ‘? F@%Ia °f%9ﬁgg?rgél @g
Direct For tions of Mdtions The Direct Form nmet hod
@u@@ };rﬁ% ctﬁﬁi{"%n’f:a%& D :

t akes the and conputes the derivatives (g, u) using

t he above algorithnms, which are the 1uggd biykl)h i ntegration nmethod to
advance tine. S Gven: (q, u) Miki)e dléé Conpute g using joint
v

specific routine as above 2. Perfor Ki nematics Cal cul ations

with a =0 3. Cener re5|d " as,abgve 10 gate the residuals p"

_ -p" S. Perform Se H%‘n‘g eIy Qﬁﬁ?%ftqddwsgeeme%%ﬁ e{: S For war d
nam cs nge

Dy _C?é]lﬁ'j&ﬁ% is%ﬂ&ra@t‘éﬂ%@d W‘ﬁa li§ figdd ﬁqﬁﬂ‘%ﬁ@&a@?ﬁ%‘gﬁy H%gm'ﬂt. 9

accel erations”a 1 n response t e applie system
Fi g. H(BurﬁimpmlaﬁdatajfoSagp@nmapandm it type. ‘Bhe mhebdres tletuab frotion,tk¢ hod and

the Direct Form net hod. .JA | ANS | | MPLL CILT. | NTEGRATI ations
whi ch mdeaystgmmﬁﬁmm%g% VEELOLs ﬂ%t@ﬁl 51161%1%8%%%%%?\' Qaqaémﬁlwﬂf' ti body

system ( uations re ent Newton's Laws and are expressed as
a set of N&%?)Clpgﬁﬁ%ﬁﬂe ﬁf’ﬁ% am@[e%s (y, t) . The differential 20

rergtjﬁgijg.ns Rints anr(ripé}enera 1zeg (%orc?gates OHJ'IG E/Io% Order( N) multibody dynam cs

Figs. 4A-4C illustrate the joint definitions of the preferred embodiment
15  of the MBS: the slider joint 100, the pin joint 102, and the ball joint 104. Each joint
allows translational or rotational displacement of the hinge point Qi 106 relative to

the inboard hinge point P, 108. These displacements are parameterized by ¢(k) 110,

the generalized coordinates for body 4. In passing, it should be noted that generalized

coordinates are examples of generalized quantities, which refer to quantities that have
20  both rotational character and translational character. For instance, a generalized force

acting at a point consists of both a force vector and a torque vector. The generalized

coordinate g(k) for the slider joint 100 is the sliding displacement x 112. The
generalized coordinate ¢(k) for the pin joint 102 is the angular displacement # 114.

The generalized coordinate ¢(k) for the ball joint 104 is the Euler parameters
25 (8,68, 116.

Each joint may be a pin, slider, or ball joint; or a combination of these

joints. Many other joint types are possible, including, but not limited to, free joints,
U-joints, cylindrical joints, and bearing joints. For instance, g(k) = (x, y,z), the

inertial measure numbers of the vector from the base body inboard hinge point to the

30 base body hinge point express the base body displacement in ground as three
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To advance the equations in time, in accordance with the present invention,
an inplicit nmethod of nunerical integration is used, in particular,

L-stabl e mw@bi/ssiée2i Nt egrati on nmethods, such as inplicit EwefysfiadayS, and
SDI RK3. An inportant ingredient of this integration process is formation of
the 2S Jacobian of the differential equations. This is Joaf aY Since the
functi on f oitlsogonsladlifiergointet Adrep yoinhcaasigtsraf three odhdgonak dhider jointein explicit

formula, the Jacpbian.c utation repr nts a bst antial anount of work.
I the. i nBERRES R a46H o and BebF SHER BRhe YRRt nunar  cal 1y by

di fferencing the 30 dgg bolRktivof SihetaliCed Jdbr&inktes for 4B th€Bd e pMsELN

- because the quality of the Jacobian is a tradeoff between round-off and

t runcat i onthervieetos q , thepgepataligedenordinsies fosithe systear WO 02/ UGL662
PCT/ USOLf H1360 precision jn the result js r%t ai ned by .choosing a, good
- perturbation size inOiyea the gsnsralized cerdwates fqrp partaiddrdaint, twg GRMILNCRT s j s

ot ob 1 RO o S 0 AR LT,
e s B L8 BB SaBP R U BB YRR
forniul as. thg?@ac%ﬁd' dl‘u%igéé bYiaeP %?E’@dr?{]ﬁ% tg:? ﬁ:tdﬁg prSTilﬁ}l'E g’ %f%s? oL S c&cﬂ%hat@epe nd

upon round o conditio syst em under
consi der at frame oBthe parendppdyoxDetails offthesgroempuntatibuedepand ph éheggimatyperandevel . 10

S e B T o Ll AR, 0
s oA 008 o IR SO S ML B oL eroed

MODELI NG, * filed of gyefrdfibad, tHelhofe @ Rfiige Pbin® orhch BBy i%%?bi&é’y.

integrators. Changes in step size require refactoring G°, but not reformng
J . Ref or nHnyever mdivesuetoion igyeatifp simplifies iattotsi dior instamegdewipiajointsiksy st at e.

Gis used jn a linpear. subproblem w.thin a Ne n. oop. The follow is

ol ved: - GolteS ppinf opde dHoSeh 53 POtk oA s oF i oL ForahpsbPist B nct i on
for thes ppiRhd Qledain ¢omdigdrt _féﬂh‘ll%ﬂ&%'o@ﬂleg@ﬁlhmkle,%g thSjofl @MRslhtddAs, J has a
speci al structure, which is inherited b . This means that equation

sol vi ng wi zdro.Glidhepeist Qdsehesen peaidistenceipem the 4xis, ipeints P gad @ mwoves expl oi t ed.
The qualit%@agf %he %a&lgbi an affects the ability to solve the nonlinear
equat i ons é 1P ?ﬁa(f 9% di scretization in the'i ntegrator. Failure to solve
the Newton 25 |l oop may r L1 e4rebeacthop O aij,*§teep and reduction of
the integration tine ste’ﬁ%lf%extﬁegtﬁ{e% gho%)fsg)@% cj(”)}"n?%ol | ed by accuracy,
rat her thawhémeil istiesjoim akisamiiosmtion & sahe jofinrpgleadridorf i tifnedcsor ifiwml acobi an

The Jacobian Ji,s a matrjix which represents a linearization of the 30
equat i ¢hs ¥t pRsRt agvthe AiS kPPt Qt he gover ni ng equations for a dynani cal

systemare | near i zedoAggichsala 84 dibd WIhVARE wxidts AREDABDsé & at e of

steady notion. Tn this
the hinge point. For these joints the translation vector % (k) is zero.

For a slider joint, the translation vector #%% (k) is g(k)A .

The direction cosine matrix for a pin is

25 ‘C*(k) = E; cos @+ Asind+ 2" (1-cosb) .

The direction cosine matrix for a slider is E,.

Generalized Speeds of the Model
Let 'V*(k), the generalized velocity of the hinge point of body &

measured in its parent i, be parameterized by u(k), a set of generalized speeds. Then:

i d)k ( k)

30 V) = ("v 2 (1)

J = H (k)u(k)



WO 02/ OGLl6&2 PCT/ US01/ 51360 case, the equations are |inearized around an
arbitrary state so all possible contributing terns should be devel oped. It
is custonwtyommdasc'r'i be J in ternms of its partitions: _a-pchgsehlsizsol) = ad
au ov\ile~ \iﬁg\ au ?ﬁs J ? Ju % ﬁu Strgf:turked_of J~~| ANtD J~tS TheEq ﬁqg?tlﬁn IS
q = : ere the matrix as a bl ock-di agonal structure. Each bloc
depends upidere; the njatiintH () pie calkiditbe joint redp fve thi§ joint $t igiave (k) bet mmttix,by 1
identity blocks. A ball joint generates a 4 by 3 block that expresses the
Eul er par awherem, (oris thgtmumbsr ofidegesessf eedem for thegoiniél forsa pinar slakey, ZJangul ar
vel ocity measure nunbers (generalized speeds). 10 Fromthe q equation
above, t heeapalh Ghoreiffaedadtof H {ecanatnisnessl %@@rdeger&eécmmmdmaW(q) J~~ =
aq a J~,~ = W.These equali ogns to be interpreted for synholi ur poses
onl'y. I n 18- 548 MEESRAd Pecdsdonieipinty M5l MaR Eeneales QIQmpHasas | 1 it Iy,
- The non-zero bl ock di agonal el enents i Lled i i, ed.tn the

previ o&s S ﬁ“éﬁ‘%ﬁ%ﬁ@ﬂ‘%ﬁ%ﬁ il%ﬂﬂﬁggﬁéﬁgﬁﬁy h‘g‘lng.uéfﬁafo(‘zlogxfﬂg H‘csf &%E)%O u" The a
deu vgti vegﬁeg)diﬁtgnore corrpldi c?'lt\lgd. Sihnce is = hM pu_,OI 2? af~ hM~pu ~ and a
~ M ~Pu ~ nust be conput ed. te that pu is the residual of the ag au
dynani cs routine devel oped eaHKkex|4 Ber®e 8).kpin result fromthe field of
Nunerical Analysis is used toﬁ?%/gglgotaeode 'valt')(e of the matrix inverse.
Suppose A(X)y(x) = b(x) , the » ag wri t y‘fﬁ?!f = A" (X)b(x) . If y(xo)_ =
z is known, and the val ue of H)ﬁk())_—_ E;‘XQ; &l be obtai ned, we have 25 ~ =
A-' (x0) a (b(x) - A(x)z) ax x=X0 aX x=x0 2a WO 02/0616& PCTI USCL/ 51360
Wnere.z = A b.|s hel d foxedcﬁﬁiz}ar;rTj Q;m!@ t he pg_ht-hand side of the .
equation. Applied to the des gul tdvmy figati nes, au a (M' pu (9~ is,
0)) -M" aPu (f~t~ 2z) 8 = - ax ez--M" p" (gq, ac, 0) . This
result avoids the c 11110, : [ vatl ST ' .8 a
hypermatri x. The ma'?ﬂi? é)j&%l%@%&{s%f# gegg%%dl %%Ed(;sﬁfp 9;11 Fﬂr? qoﬁée?’g@g{\]/)g?eesﬁ%ti on, "x"
is either ydfrgetirghemtidedaoidinged for thetystehe Aehufor| acvesk topeanction,
dependi ng on the Jacobi an partition that is to be conputed. In summary, to
cg)rrputlé) t htbatdan gkserdtethamettan'V (k))t gwge(qsuﬁpad aspeciifi¢ joowdype, ﬁ@;&un%f]ﬂ.ven (qi
u) conpute z -- -M' pu (g, u, 0) using the Direct Form nethod. is sinply
says to cofffgsetop Wé%?&q(*ﬁét %aa@mwtesthag@iwe%a(/@w(qé@ﬁ@ sAl%abl e z. 2.
Comput e the anal yt.j.c Jacobi an of .t he dynam.cs sidual,.rqutine. In this
Step: the fatthet ThiSgplEe BeidtPs e ting SRRl To b BS BRiGaligad ARGt ) oar Iy
depends upQprdifattdie vector z conputed in Step 1. Note that the numerical
value of the residual pu in this step is zero for each el ement since we are
conputing the Jacobi an around a consist#{g)usol uti on of the notion _
equat i jans. wildte et is bitdstk dlagonandatituhaifrelakee JRasd dyalithbacloblosk are obtai ned
by substituting "q" and "u" for the "x" above. 20 3. Back-solve the result
of Step 2 dupeidingeporaths-jomt typg: t o obtain the desired

g =u for pin joint, slider joint
sl [a & &,

. 1
‘c:.z _Lla 4 s @, | for ball joint
&l 2{-& & & -
£, -5 —& &

whereg=[5 & & &) amdu=[w, @ ]

and a free joint is a combination of 3 slider joints and one ball joint. Note that there

20 are 4 g’s (derivatives of the Euler parameters) associated with 3 u ’s for ball joints.
Similarly, '4* (k), the generalized acceleration of the hinge point of
body k in its parent, is given by:

‘ot (k)

[akepy

J = H' (k)yu(k)
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bl ock. The back-sol ve operation is acconplished in the Drect Mthod
routine by processing a residual vector into a a vector. The Second

Ki nemat i cwbhe@mianl y needs to be perfornmed once, since thep®dpekngeioses are
done at the nomi nal value of the state. In fact, the Second Ki nematics
routine nust have 25 been called in Step 1 while conputing z, so the

vari abl es Kksdhéss generalizesecapadingtas ¢,1and\generslizedispetis e Bledntesfal our deri vati ve

routi ne can be f.orped by backrsolving th acohi an_ of , our .resi dual routine.
The. resi duRPRIRIBLE poibbseng Aasirifop ST A HORLSRr S bR AT | ve

Jacobi an. Glpted Ritferthab@vtking wittehd typidal iReftiaBcdordingtel (30, BQ) aedti ons. 25
- WO 02/ 0G1662 The Resi dual Jacobian PCT/USO1l/ 5130 The conputation of the

Resi dual Jsweessiin thess ingride] spgrdinategystemsocalematipmsifon the seieshmaeleswdd f or

dynam ¢s, J i rized here: 1. Perform an outboard pass that
- comput §s tﬁ%;{eﬁ’lhar{é?rea |(E:r&rgata t hat depends upon 5 position and velocity. 2.

Make a cal he . f r I i the atomc forces and
consol i dat@&%ﬁ%ﬁ@ﬁaﬁgwé&gﬁﬁ?ﬁ@ e bodies. 3. Perform
anot her kinematic pagsthithebxayirRSd sy okdoh iemotelaRbdribeds (using
passed-in is ), and conbines inertia forces with the sgatl al loads from 10

Step 2. 4.thpequations afimotivmcah pevs be colanlatgdn bt ancendaneewith dheprasenhit each
joint. This S recursiv utes the resul.tant. of.the {spatjal)

Rerti ol anetpE REFHEn e SR RaRE e RobdRs ARt b R REREH £k | o

i N quesst | ofyrm! MEheRssidliaBFoin® nlefd dREQIIRS talella®bns! tBnddehe HiAN kifdmithe j oint' s

degrees of freedom given by the joint 15 map data. At a high level the
resi dual cestulations indishrguish themdiame thed ‘seepnde simgmatip edlcelaibons; whichate f or ces:

airectly oynaefarediby et BTGt MR Rh AP SREE (o

mul ti body speehpatiésrym a force nodeling routine that conputes the various 20
interatom c forces such as electrostatics and solvents. A simlar procedure

i's fol | oweptrdReRensRABCIENSiSRFor e M 18¢klar MGdeIU! ti body system builds the
Jacobi an of the nption forces, and conbine it with the Jacobi an of the

externldl forces. Pain theifosiikigematic datoulations, givenithe nteEhdleoondimitesraf the e nany
forces that be acting ont nol.ecul e nd th 25 for.ces may be
conput ed i lﬂo(%g‘ﬁ?l'osﬁ'gtaefrh @ ig‘h U ? 8“@ ﬁgrséf PR Rar WGE?FES&’F ﬁ@fo"%{?%pﬂ%ﬁ?n’ conveni ent

for that I I ) y=Yelt he, terns may be
conput ed %&n%&Lr%u‘ln?taf"%%%rgﬁ%fﬁﬁg@gﬁ(gnaégg%ﬂ@%r%8%%#5@%? 22‘?’??%\/a| ent terns
may be conmoleadar modelr ifl mksingyris shonldochdahthabwhérete FastdKarinadot f orces nay

be conputed in global, Cartesi an coqrdinates. During the conputation of the
Resi dual s, caloiasions greclone for the Resifualdroammatnod. dif §HE PRSP TSt Sor di nat o

frame 4o ttﬂgﬁmx‘r‘%ﬂﬂi thé égrat?&ﬁnétﬁﬁ@t&i‘x%ﬁd&% Hﬁ%h%cté{&hﬁf&ﬁpﬁ N

Jacobi‘ans. e native Jacobians I'n thelr intrinsic coordinates are be
br ought i ndontradteu NBSctdo aemi wizdnased Tdritbe DirgetiFoan méthodisEhisfis shoenchai n-rul e

to trans Ocrlég.r y(?%lvt\ﬁeeﬁtelr%srclng%iloﬁs gﬂﬂe h(()a m'ggn%dsz.?
For each body k compute:
CH (), % (k), 7% (), ' (),
Yt (k), "V (), V (k),

Yok (&), Y a% (k), A(k)
25  These computations are done recursively, starting from each base body and

progressing to the leaves.
NC*(k), the direction cosine matrix for body % in ground is defined as:
ch (1) = ick (1)
NC¥ k) ="Cr@)'CH(k), k=2,...n, i=inb(k)
'C* (k) comes from the joint routine described above.
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WO 02/ OGLGX2 PCT/ USOL/ s13& generalized coordinates. It is inportant that

each effect co-conputes its function value and Jacobi an, because many of

t he sane wayomocaé® needed for each conmputation. Each effecpci/gsdifsasgaf or ned
into a set of spatial |oads Te~.e~r{k) , where k is the index of a generic
body in the system The totality of these effects is given the 5 synbol

T(k). Effect Jacobi and®gr)quighposititnovetioe fites Orluthe hihge pbinaof it pareht gh | evel ,

the residual routine was previously inplenented fromthe equation p"

=H~( MA- T) H@iyThe @nphehimgt adindof brekyst, Expgress¢d th the petehbffsmehis defimadens:

i mredi ately obvious fromthe equation above. In this equation T is a vector

. of spatial |oads acting on ti#é (&) wal(k) 0% (3, nbitli.bady system where each

el enent is_ s i (:a. 6- or conposed of one force and one

t or que). I a@@ﬁéan?éf f%og%ﬂ‘ees@nn?%o\{lgﬁ%' effects other than inertia | oads or

- pure higge | oads. Theod | g I ] d . ance for
each bosgy. 15 The fi r?staét’)glfﬂr%rhogﬁlf ﬁgggﬁéﬁ§?§ﬁf%lr%§g‘%ﬁﬁ%§g@ i g‘%iﬁ%%spati al
| oad. M Kk).Alk) ¢ e i i j : a typical body. This is
bui | t froMeo%gggﬂh%@g@%%%%é??gggb%%%’ sgdésfg%%li al acceleration of the
body pivot. The spat i 8% pecAquption is conputed before the residual
routine is executed by,the Forwarg g&gggi cs routine. The ogperator H- is

i npl emented in a routi n€Exhat @bt 1 6r arkk by det &-ny | (8 pass. 20 Even

wi t hout knowi ng anyt hI*ﬁ@kﬁb@@ﬁ%ﬁﬂb@dﬁahﬁdfbﬁn%ntoberammcﬁiyAqedbfm%dl ed by

t he equati on above, the contribution of ~~ , the spatial |oad Jacobian {the
ef fect Jacobian) to as " , thef{egidume dagadpiyan, can be imediately
inferred: au H-ax+. .. Thé;vﬁ"(k)=Eef§r)csj toi\kgtdkgg not ki=nkolwi ng the effect
Jacobi an. Again, q or a for "x "Ois 25 tituted, dependi ng upon which

partitjgon of the Jacopinesph®dlveloeRy R+ Ry & BPRs hidk point, 3ipREd-aeh Jacobi an
in the residual Jacobian is tphe sane as the rol e of tﬁe effect in the

mul ti body thgtfiatneaibod¥jis defineds that T contributes to the residual p" in
the sane way that a colum of ~~ contributes to as . Both are processed by
the same oper at orug~ a (Tho¥(1) ‘Ei/ﬁﬁ uci al point because it nmeans that no 27
WO 02/ 0616&2 PCT/ @ ]Ja@)ﬂ.]? W )hod is needed for this part of the
Jacobi an conputation. ( f,{dik erent method is need to obtain ~~ ). Thus,
given the effect Jacablpfe* (g coptribution is assenbled into the residual
Jacobi an by oper at{ kg "b@idf )jt:’n¢?({@V2’ i ?D r€§i2du-é’|’ FGubb(kd, treating it
as a 5 mufti-col um set"of ggltial | oad vectors. This is a direct
consequence of the |i &) ithy spatial dnselerptian iforbody e its bingerpoinfexprassadesi dual
Jacobi an play the sane_ role_ in the derivative Jacobian routine as the

resi dual \ﬁ&ég%ﬁwﬁpﬁbo‘?}f‘nk:tlﬁ@efF@Fl\/\/ard Dynanmi cs routine. The dynanics routine
perfornms a back-so we,,(e a data vector it receives, and 10 doesn't need to
know what the gaf& i & ﬁ s;fmt operation to performon it. This applies
to all the routinesMaldti/ng the . .. terms, the chain rule is used to show

the whdl e equati on: gﬁaé,(kh a F)MA) -.aT + Ha (~z ) + a(HY) 8x ax ax ax ax
15 At this | evghyath e cant|iy i@ o {he 3a¢obhi_anihhe inertia
forces, the spak?a&ﬁr(q{qi %ﬁgggoﬂﬁ)r]ivt; %?gngs(g e %oezéﬁg'{r:igte)s-_alplﬁ(@he
operators ~ and H The quantities z and y refer to (MA- T ~, and ~z ,
respecti vel ¥ whi ch are hel d fixed while eval uati ng the last two terns. The
nurmerical values of these terns gre already gyailable fi the residual
conmput ati on. Anot her ,'@b,sig#‘(g)tA(gr)rT;%%l&)( he abdve equat i onTs t hat the

Y&t (i) x Vo () x 9% (k))
o ="C¥ (k)" * (i)
Of course, the computations can all be computed in a single pass if desired.
' After completing these steps for one incremental time step, the MBS
20  can service kinematics requests to compute the (generalized) position, velocity, or
acceleration information for any point of any body. This is done by computing the
required information for any point in terms of the hinge quantities for its body, using

standard rigid body formulas.
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20 operator ~ depends only upon q, but not u. Thus, this termremains
constant while conputing the partition J"u . Simlarly, the spatial |oad
can be spWaozesies2its constituent effects, sonme of which domedoigesend upon
u. In general, this neans that know edge of the multibody equations can be
exploited to optimze the conputations. Up to now, what to do with ~~ once
t he t er m MResideb@ompuistived has 25 been described, but a description of how

to formthe term hasgnot,, bee e,. These.detai l re jin.the.foll ow ng
sections. Computing ﬁtg‘ tE? ﬁresgﬁlglg%%%?agﬁ@até% d%f)cﬁﬁ’leﬁfl %‘}ev\}}’teﬁgst“ﬁ}ie)al Resi dual
Jacobi au S@nipukatidnifosihe Revidualdverthethodtarte ddemindo A detaltedgudeptionn has
been given. It_can be seen_that the conputation has a very algorithmc
flavor to 9fithe Rpsidual Borm ead its pppligptien tegnolspatanoddlingiefoundim theyst as there
were alsso : i ]ml 2/ 0G1662 PCTLI450Q1/ 51360 routine
- descri ged Jﬁ?‘é‘%‘?‘%ﬁ%@“@h@%@@?ﬁg eﬁf‘?‘%% 0 6 ' éés [ s&’cl early the

bot t | enec kNMETHOD'BOR! RESIMEA hFORMINIMOLBCULARMMOBDBLANGYhflell @f edanl i ng
with forces is fairly small. In that case, a call was nmade to the force

routine, a at occurs ipside the routi was, i gwpned. Wen it comes to
t he Jacobi‘ﬁgﬁ' \Aﬁﬁf EOIHE'H@E?HB S IdgQ WU@“SS’?&‘GC‘?FW f?, Y BRRYSY% obtai n
the Effect Jacobian, but there is a |ot of processihg needed before the
Ef f ect SaG@ﬁi he. gdrg [ : i I details of
deal i ng wi @'gtr@gﬂ?aglls%éﬁto ﬁ%ﬁ%&fgggﬁﬁgqg‘%mg%gﬁgﬁ%t e next
sections e [ L:Rcar I.ng. St.at | [ el oped. All
ot her Ioa%ﬂ?%%‘b%%%?tﬁlﬁ rg’?lﬁg%i.vgﬂ %g{rl#e .glie%&é?g%tcrg%lgﬁ t;efl iﬁcosng gl\sé an Exanpl e
Ef f ectygThesRashte RiRELSE (OwIRUES phasi &t k6m the (ipbitf AfgtAlonSubabiasy two
char gelg pgdrl??l% es@@%’?%ﬁ " Fa ? X % rl r,t}~l ﬁlﬁl@eﬁs ag?:aﬁé)ssflcal éi\iﬁnver se
squar e | avgg, bnd-the deFi®ativer otnpRtdd bykaehjdai ticle i due to particle 15 j,
depends upon the charge of the parti c{ es, attractive for oppositely charged
particles, repulsive for like chargbs?’(ﬁh&pynbol r*,~is a unit vector
directed from partiOpg bydahiQAbdiled & diso domptet. (Sl it GvASLUREE the

de)
particles; x is a unit-dependent constant related to the strength of the
forces. Othemolealar tivelef, des givan t(gngupandthetsystém paransetasagprograch opposite to
that acting on the particle i. Hence, given a collection of particles 20
i nt er dét i mguting wogels mﬁjb@wwmbwf@ne\ﬂ@%sab%wbmuums aistreddibyowaidadle iy on each
particle is ). ig| L=\ S [ Far. this npl e, the
forces ar e°f€§ﬁg§{g}ee§gﬁd%g$’!§g§ﬁ‘&%§‘?§2 gor{n %1}3‘ rrﬁ?%eapggél%’ﬁge rpﬁt 4 0%1 c forces
in hand, tihevilues(ghodeterpiinebbyran Rescddn dioai #d intéfratioy simiodulesfoorangs acting
on the particles of each body is replaced by a spatial |oad 25 acting at

the pivot of each body. The atom c(ﬂpr(};)a; are first expressed in a

= =

body- 1 xedobs (e sipia-depenealifieea | 5 s nle U aratiod:spatgl oFes BF abpank a

coordi nates of the particular atom\o ich the force is bound. F,~ is a
tor. T i i it inth
part i ci o S A IGH BE Rle 50 M i BRER ! B Bty . P amEATars " 120,
dr, ~ »qoF I 1 [ =x 3 I1E3 -
ar oy 3 Vet B e AR IR ohRApieg ppers )" e Bl =

computed by the following steps:

1. Perform the calculations for the molecular model by the Residual Form as

described above with the passed-in state values(q,u,%);

2. Generate T'(k), the spatial load balance for each body k in the model having
25 bodies:

. Yt (e (L) ¥ ot (k)
T(k) = M (k) A(k) + N TN ~T(k)

k=1,...n
3. Compute g, (k)
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1. The Force Jacobian is a matrix of size na~an~s X ~taro,~,s . Each
element is a 3 by 3 tensor. The (i J) block gives the derivative of force
on atom i weébthogiepect to 5 small changes in the position pfrasambeo | N
general, every force nodel is required to support an intrinsic Jacobian
met hod for analytical processing. 2. Storage requirenments for the Force
Jacobi an qui ckly becone i npractforkhFn ®ly+bkads to the notion of interface
"contraction"” where the Jacobian of,\al orces acting pair-w se between
the atons are reduced or "contra(ﬁ*Q‘J"‘%&é)?gkja“é f]ﬁ air-w se between the
bodi es. 3. Because the Coul onb f é=eeb(ky a pair-wi gepi nt eraction, each force
contributes to two bl ocks in theljﬁéerjld P]:Iﬁ&gbi an. Thys, each force is
processed at constant cost, and tHK +ov@r(§ acobian is conputed at a cost
|toLoporti onal ttho t he n;mt)_er o:‘ aindmslsquar eﬁ, :c e., _O{delr]iI NTh ). This i fh
- the sane as e conputational co 2 e force itself! is is a rather
good result for cogguti ng anal ﬁuibﬁé&ﬁ%ﬂins. A nunerical Jacobian requires
a fresh force conputation each tinme an elenment of the state is perturbed.
Thi sb! eads to cubi (r:] 'gm@Rfdi?qleennnﬁb_ldﬁre_(valNQteﬁ hhddgtdnhm W?R:hthﬁsytstem nurrer: f:al
Jacobi an. nce, the analytic Jacobian | ch cheaper to, c ute as we
as nore ac® @ﬁakmﬁ?@sz%e ' ?4-&@%%5{9%4%@? ﬂﬁ%éhe&wﬂiﬁg ggt)rpwr%f t he

] bi C : . . : ' ;
o conput DEFEENERIEIC eflpl¥orcel HOGRRAMIS G hBmeditho SRIRNIER it | 01 C°
t han t he feauilébrmoybut pithed that Thecapplied forc’ Wduddjrepeotube thesgidert & whiangger t he

Jacobi an cal cul ati on only en needed. 25 Coupli ng’ to the Displ acenent
G adi ent  HERPHIRG e sysierm 18 Hie state (¢4 s TRy resyfuals cpn bgpntgpreted a3 Wahecessary to

process the Jacobi.an further. This.is due t he .fact .t hat mul ti body
yotem i s FHRLEBRe (ieeard Girplinge ftGphted &% HATa iy, Bl 'S bopl 1 e
to each at@@jaturk @is theft{dd ib knéwtlad Githepinvefde dgRaniics, ¥ thePmbihed OF Sahpgedent
gradient”. This denotes the global 30 Cartesian force on atomi, which

resi deld) ontopawgy. | goseak thejcpsewhieratliay arg alhpresgribed) Ad-his ppingpllahg qj p=i se
30 WD 02/061662 PCT/ USOI./ 51360 . ~~ i h jti f at "s"
on body " p*MPHREINNE Fequlngf%ﬁﬁ%ﬁfﬂ@@agEﬁ?g@*(egd@@%fhsgb%%éﬁﬁﬁ f'beto Erépﬁo?cgm >
J bi whi ch just nput ed.. Th tit . ~p' [ I t of
el oo e e PSR e Y ARl B, 2 oo o
position due to_a smal]l chapnge 5 in a generalized coordi nate. Note that
this termyesond Kipamagics Geloyatans fortheMgleeilayMeded ng nothing to do with the

force computation. TiSu O FPDHEIAHANAREMRRIGATRYURHRAS hand then

continually reprocesse the chain rule Tor each coor e Inthe
mul t i body Snsskieemafidsicalcaiatipns apreprret s Thesemkdditionalaatantationk tregbynedsi nce aY'
is a ags columm vector with n%ons entries (each a 3 vector), and the
Jacobi an i t8e second kinemptichealoylations The valugs Pk Bk)s ¥ (hinds dkbath el enent i s
a 3 by 3 tensor. tf 1'15 F.ossi ble to inprove this conputation, since many of
the entri ¢OmRYGdRS 0B F acenent Jacobian are known to be zero. This is due

to the fact thaf i nCPrRALthedaltulRRds Lha MR MO&S bYthe ResdhAce every
atomin the system but only those outboard of the displaced hinge, and not

di sjoint fromthe hifage asdeserdhstliabove, 1.8, therfirstkinematiss caloulatipnyy t he base
body ijaduces a £hangg, in.all..at.0 t he. syst .pertyrbing a torsion
angl e 'On any te?’n‘i na? (}ngi@e ‘i“ﬂ‘c‘l‘ﬂ}étgg bgé%ﬁlgﬁ ec}/%ﬁ%n%?‘g%’ﬁ%@émjlfg% resident in
the term nal body. Therefore, r U yr@peaking, ,about half the work may be
saved by optim zing 'th:f‘g coorzygﬁltla??@w 'I(%?’sa’gte _uc’t'?on cones froma strictly
knowl edge- basedappr DEctPIeonO4I0V aFg MER8msKtPdict i on In the process of
formng T(k), the spatial |oad on body k, the | oad cones fromthe
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atom c forces acting on atons that belong to body k. Each force is
transfornmed fromglobal to |local coordinates, and then shifted to the body
pi vot, A svooi/erecxt at ement of this procedure is: 25 T(K) _pcrit§otishIdok. i)

| E~; The operator ~(k, i) is E3 P(k~ i) NCk (k) ~(k~1i) =0 E3 0 NCB (k) 31
WO 02/ 0616G2 PCT/ USQL1/ 51360 wher, eécp_(k, i) ar g the fixed station coordinates
of atomi on body k. Note that tHé& néiPquiitilty T(k,i) appears. This is
just the atomc force turned intopgrspaH@plggadyat the atom c position of
atomi: O T (k, i) =F (k, i) S The first, el enent of the atom c spati al
load is zero because there is no €a7 et} ed)by the force field on
-individual atoms. Now, T(k) rel ates gt-ogH(khorces to body spatial |oads.

So, the derivative of this equatipon Telates differential atomc forces to
differential spatial loads: 10 aTWKF) ="k} i) aT (k' 2) + a~(k, i)T(k)
-aR ; akk =T, (k)+TZ(k) The second: L ) , in this equation is

di scussed at the end of this sect ilgﬁ?cylé Jki%{cgdlénvol ves the spatial |oads, but
not the |oad derivatives. This nemn@dke term can be treated generically,

wi t hout worrying how the spati al Si i d. 1 S Substituting the
33 Ve 18

definition of T (k) , into T, (k) ,=aoa” a (p, s) T (k) _ ,~ ~(k, i

~ S~ ar(P, s) af; nbod aT(k) 8dp,s) s~ ar(p, s) ag.i where now the
synbol aT(k) -- ~~(k, i) aT (k, gy I nt of the rowreduced ar( p,
D(i) ﬂ(i’ﬂfé?&f es differentjal (body)

GEk~ , .F J bi gn.” ‘Th | at
Spat i al | onds BN foreparoeal tue Aumtes i iy neg G SRpeiPLssd AGaIhs ( p.
s). Telers 1o Hecpholel sl as ek ARoRtu e bRIBSnAR: W RAftoRor The ter m

aT (k) is f y summ ng each atom c Forc Jac n element into
t he dest i napéerfornehigthesecdnd kimematies oaledatiasobi an, wei ght ed by the atons'
~(k, 1) matrix. Each elenent of the rowreduced Jacobian is a 6 by 3

mat ri x. jienpervidiéDiyanaiceCaldutations ce Jacobi an have been contracted. The
contraction_is_evident in the notation: the nunerator has only a body

i ndex, whi | Emal® #dheptsiated py swesping pbpardathsn aytbasd, abithg mplequitiex.
Dependi ng on t he nunber of ag( _Ooerkb dy,n the 32 WO 021 061662

PCT/ USOLI 51360 row reducti on ‘can=pr ovi d&" 4 savi ngs in both storage and

execution tinme when differernfor b= spe2 batl | oads nust be formed. Note that

the row reduction procedure on '3-590'@: toy ne once 5 10 before
conputing the Residual Jacobia X) The" eer hg‘?é@f perform ng the reduction

is nore than offset by the redikrd XodDs@D the smaller matrix vector
products whi ch nust be formed; )

2() += "y (K)z(k) + 'K* (k) p, ()
end
£(1) = p,() - HD2(D)
(1) = D' (1)&(1)
u(1) = v(1)
S(1)=H (Du(l)
fork=2ton
i = inb(k)
g(k) = 'y" &)@+ H (k)u(k)
(k) = v(k) - 'K* () G)
end
With the First and Second Kinematics Calculations, and the Forward Dynamics

Calculations, the Direct Form method is available.
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Note that in formng aT(k) there is no need to save the elenents of the
atomc ar(p,s) Force Jacobian. That is, each elenent aT (k, i) only needs
to be avam@bl/@igdai l e its ar(p,s) contribution to aT(k) i spdeisa/sesgput ed.
So, nore than one elenent of the big ar(p,s} Force Jacobian is not required

at a time. The global coordi nates of a ical atom r( p, s) , are

conput ed i n e °W¥M€€h‘15‘)i%¥a{el$&“611%§éﬂf&\%‘§%ﬂn§i nates of body p's pivot, and
P( P, s) , the stgti | 1(gB &M ¢o

NCk( P) P(P~s} 15 g@’a%ﬁ?@ﬁ??ﬁﬁo ?3*“%“?% dnhé',éh{{)%/{u}'tte h(q’s'grrag’)d Rl Fe)s? e mthe
kinematics Qeritdtivies 4.9 tudirghs hbovaralgaRithifid, wHiéH dre thdn ¥6&K b iHhfRgratibn ~( P)
-aqi ~ aqi Augnenting this equation wth the additional equation ~2( p, s) _
~( p) and dedétivdtg adyarndedinspati al derivative w-- _ar ag 20 the result is:
25 ~(P,s) ~(P) h'(P, s) = ar(P, s) _ ~(P, s)~ ar(P) ag; ag; The vector ~

< can be interpretetdVds (géﬂerati ng a rate of change of orientation for each

body. It is a fi Jdty, in the sense that it can potentially vary at
each point in sp?@gr.\p%lg%wqﬂ)gi d bodi es undergoing pure rotations (wthout

deformation}, it s C@ﬁﬁﬂé cjé@igg?%&%éi@i@%%e%@?b@m/51360 for each body
An

affected by the rotation. algorithmtor conputing ~2
recursively is dascri lpegtothl aBoveitst Kigedidticd TalcWlatibnd WRh 3pOi cation of the
above equation to the equation for T, (k) , the final reduction fornula is
reached: T (k) =3n~ a-Ganklateresidhalayg, kds above- aT(k) ~ (n~ s> a~(~) s~ o
aY(p,s) 10 Each el enent of ~~p~ , the reduced Jacobian, is now a 6 by 6
matri x. 18n el enedt of Negetertheltesidldalsae,cbtan rel ates the spatial |oad at the
pivot of a body to a spatial derivative occurring at another pivot in the
system (after codpl i né’%ffénvﬁécmdﬁma@éﬁﬁ@rﬁalﬁﬂ%tmﬂént of the pivots). The row

reducti on consol i.date | . . 5 20 25 | eaving
the spati al Ioad6deri3%%%5@%g58%%5%%%?%9%?@%P§%g§@ﬁ¢n§§%% ¥¥i ves of all the
atons in the system Tihe DifdctForni AREHoH pPeHuee he hirfaecti@dtlonshe ilt om ¢

di spl acenent derivatives, |leaving the spatial |oad derivatives coupled to

spatial pi vaespaeseito the appdicd foroes acting oF dhesysteme dhig.dhsumgnarigeaghe i nto a
"native'.form r.ki W he .r ced cphi ee up. ¢ utation of
the spat?al PBRICEH Py bils RESabdsrRImIRE St ERBFRRERRE of ' ot o
per body. Thi i I a factor of 100 or nore. This
section sho&é&@%ﬂ*@@@fﬂm%@examl e, howto build an
atom c-l evel Force JaqgRiMD.cqiitichs IRfdhadel ahdt&iie Subd & @Bltdtéi‘xll)_, gieom ¢
forces to differential atom ¢ displacenments. Wth the introduction of the

i dea of i nt émplgowntedrns ranultibedy syistefre(MBB). aThespequatipnd ropeserdNevddiwan t o be
lated to diff tial i c dj spl.acenents th h d F

(el aed 10 RbESheR Shr e SPLAESHENLS beuan 1S iedifstEg oo

contrachgd %ﬁ«gﬂ@hﬁg%ﬁg%ﬁﬁ&k&f&%ﬂ Lot O NORRHiBOdY AR ImethbiEr enti al

spatial displac
To advance the equations in time, in accordance with the present invention, an

implicit method of numerical integration is used, in particular, L-stable implicit
integration methods, such as implicit Euler, Radau$, and SDIRK3.
An important ingredient of this integration process is formation of the

25  Jacobian of the differential equations. This is

A
oy
Since the function fis itself computed by an algorithm rather than by an explicit

formula, the Jacobian computation represents a substantial amount of work. In the
simplest approach, the Jacobian can be formed numerically by differencing the
30  derivative routine. This is a delicate operation because the quality of the Jacobian is a

tradeoff between round-off and truncation errors. Typically half the working
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Now, the Force Jacobian ~ ~p~ nmust be coupled to the spatial displacenent

gradi ent descri bed above. A matrix vector nmultiply perfornms this step, and
scal es wiwb ozheigernber of bodies in the system not the npgyarsoghized ons. 3~
WO 021061662 PCT/ US01/ 51360 The second term TZ (k) , is given by: TZ(k) _

~~~(k~1)T(k~i) . iek a d.involves the ori | spatial,lgads T (k) and
derivative BFQC%S 134 @FQ‘F ISIE%IHGE‘;YE@RQSH}E &g@ﬂa loﬂe!z(ﬁkl}g'@ E3 0 "Ck (k)

5 Thus TZ ( iy d "dCA(k) where "dCk

(k) Ifer@n&%' s?l%fné\ﬂ%&@?ce), tﬂo&é%(lg%ggé@ tgélkput ed recursively from

t he base body out Wardl-hnml:veldfﬂe stiopture afthé gove)rmdge(plra)nohs ma¥ be exp101ted fo where

. dg(k) is defined next sectio e parti derivative
of theagki nl“@?’l?(‘!ﬁ aF‘g’di“? %n%g}%%p&thp%p}agy %ilglr ﬁ’HE}Y XP?IE‘F ’E’Wg‘oﬂﬁl nt type

connecti g tllm%tr%‘iln‘ésTﬁé Blﬂonﬁlmﬁ_nvol(/gd cdmplﬁ@eﬂcf‘&%ahvés e@erﬂﬁ@&glgk ) + 25,

. ~2~2" sin(gx )gka k (k)slid ka® (k)ball and free : -~
-s4~ ' ~3 s4numEnczdmeﬂkod(SIa)re®ed t&exeeua thaﬂnnmkl,s Ohe 8erdvatizes olzane@a@m( k) 2 ~3

PeT Uso 1, 51886F P anauis el Sehehit b i ol 0 e citiRine b SRBRES i ¢

the Inerti agsf@ém and@cBhtiasatis Ratid dppréxaifidare MeoRed Rt Bk chibRioResi dual
Routine. The Residual Jacobian The previ ous Section describes the formation

of the Forcéevdhcobi an ~~p~ , 5 which nust be coupled to the spatial
di spl ac nt gradient, in order.to formthe deriv t he atial
f or ces. ?qfﬁl s section (e8I PRifer ﬁf’mqt%u%?fll?ﬁ'éeg%‘ﬁtﬂléoa‘@ﬁ ¥ acement

gradi ent  angmpii@t ingeRs:d 1R i folhieG Lag o ANwRére L 6 the S maRktidndes idhe
recursive algorithms for conputing the entire Jacobi an are described. The

Jacobi an al §esompaalar famstionof the tipesien: 3es thaopreviopsly ecfereacgbldoPatent As i s

t/g(}::)![ gcratl p?gd%%’&nﬁ ic 10 d| fferenti ?%t t?ﬁ.ﬂ ﬁ\@é’fﬁBﬁsFok &Q@E%ﬁﬁﬁm rix

MOLECULAR MODELING,” filed of even date, for a description of implicit

15 integrators. Changes in step size require refactoring G , but not reforming J .

Reforming ./ is needed only when the Jacobian is needed at a new state. G is used

in a linear subproblem within a Newton loop. The following is solved:

GAy =-r(y)),

Y=yt by
where 7(y) is the residual function for that particular implicit integration method.

20 As shown later, J has a special structure, which is inherited by G .
This means that equation solving with G can be done at reduced cost, if the structure
is exploited.

The quality of the Jacobian affects the ability to solve the nonlinear
equations resulting from discretization in the integrator. Failure to solve the Newton

25 loop may require retraction of a trail step and reduction of the integration time step.
The timestep should be controlled by accuracy, rather than failures in the Newton

loop.

Computation of Analytic Jacobian
The Jacobian Jis a matrix which represents a linearization of the
30 equations of motion. Normally, the governing equations for a dynamical system are

linearized around an equilibrium state, or perhaps a state of steady motion. In this
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passed-in values of the vectors dg and du. In practice, to conmpute the

Jacobi an, the "Jacobian Routine"” is effectively called repeatedly with a
series of wigoRlgsgsavectors (a vector with one entry set to ptTausdiaisko ot her
entries set to zero.) Each call generates the correspondi ng colum of the

Jacobi an. Note that sonme qf the. s have al ready een are, bei
conput ed ¢ eppe, ThicqpatipRSATa asarZed ﬁwgé R ARGy RBIS A ROSRGI brvglag(t he
Forward Dy. S ity. 1.

G ven (q, % C%}%Efé&dﬁv@fon%ftas&H%o ﬁtc{‘gegg{:%ﬁgﬁfﬁ%&& catnﬁch{m met hod.

Al'so set a = z and reconpute A(k) ,(dghevgp” , which reconputes T (k) . 2.

. Performcontraction to conpute the f Ig; o] Jang ol um-reduced Force
Jacobi an, 20 ~~p~ as descri belqgiw) tion, Iﬂf’terf"%ce Contraction": aT _ ~
aT ~. aw ar Steps 3 through 10 bel v@uaréu dut 0JLi)l I the col ums of Jug 3.

- Conpute the analytic Jacobian partltaqon@u f the q terms: r7Wq) JQ- = ag a

25 Jqu = Wusing j oint routines simlar to those needed for the First

Ki nenat i css@ainﬁeloau QAIND ,4 Conmpute g derivatives of position quantities

and ternms for spati ai gradl ent: Previously described nethods were used to

fill i certain joinThepequdtios if ijel We, whdresies @birix MRad2 bRk @Rgonal

PCT/ USOL/i 1360 quantities consisted of 'Ck (k) , the interbody direction

cosi ne mat stiuchse. E@h@loc(l«deppndshxposplmjnhmg'pce&’dmranﬁcsﬁdeaomt&)gidwisatmcﬂ H( k),

the joint b b f t ti f
each of " HELbidsRitHiodkes A tatEjoint Agierited £ By 3 plGel G ot Syiadfe Bilihe L o ke
this refergphsgedfdGivaindd i teriﬂ@‘dﬁ‘Eule‘zj Saraﬁié}ermég'ﬁgﬁﬁf vBkityemuff the

direction cosine matrix 'Ck (k} . Each interbody ection cosine nmatrix
(and all tiembess (aen&phmdfspchShuantl ti es depend only on the generalized

SS?TSQIFI?LSS.SHZEJ% b 0D g e SR abio R MRS PR i K o

properly ° ? Jdyhe recursions being studying, a vector d~ is passed in to
the 10 , rou |ne For Jacobi an conputati on we set one entry is set to 1,

and all the other entries to 0 Th n, @Wégneeded prelimnary quantities are
generated by a typical | oop: qkT 08 =3 rC~ (k) dg(k) k =1, . . . n a9(k)
The partial derivatives of the dlrectlon COSIne matri ces are generated

anal ytically and displayed in the segtng "Interface Contraction” above.
These partial derivatives do 15 not d€pend upon the particul ar col um of
the Jacobi an that i sTRQEBguatieiPate?sbe pRérbicidl Br Pahbdifch@poebhly, @i dg to 1,
and all the rest to O has the effect of annihilating the correct subset of
t he sdéd qmamqet there. is np @eetkto(generateshematrixall eapli¢itlys Theenapkzereblockt er body

v hall o elew?ﬁtgg% fifeglybs BB e s sefeh a0 D 6 1 o

, free aqkreQEanIO 0 01 20 ~(k) here refers to the body's sliding axis
whi ch connects it to its parent body. aH(k) ~ the partial derivative of the

j oi nt map St%llC%lﬁ'C of Juq-AND Juu

The # derivatives are more complicated. Since #=-M"p,,

a(—M_lpu) and 6(_M_lpu)
Oq Ou

20 must be computed. (Note that p, is the residual of the

dynamics routine developed earlier). Here a key result from the field of Numerical

Analysis is used to avoid the derivative of the matrix inverse.

Suppose A(x)y(x) = b(x), then we can write y(x) = A (x)b(x). If

¥(x,) = z is known, and the value of %@ «=x0 D0ust be obtained, we have
x

25 % s (xO) (b(x) A(x)z)

x=x0 x=x0
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WO 02/ OGL6G&2 PCT/ US01/ 51360 aH(k)= 0', pin, slideragxaH(k)_ LOO ~,

bal | agx~0aH(k) .a' Cx(k) , freeagxO0O agxWth the above definitions of the
partial dgoioyaéicyes, the recursions are seeded withthe folktowisogsizeop: for
k =1 to nbod 'dCx (k) = ar ~x (k) dg(k) gx arQ QA {k) drQ-&x (k) - agx
dg(k} dH(k)= a ~(k) o,lql(lk) end 5 After execution of these |oops, all bodies
have *dCx Wihere z =ud b aphelifixed yhgn doqming theirighi-hand side oty egeationat i ve
guantities Il e . |.L:y. .needed in the spatial displacenent
gr adi ent c‘%ﬁ%%#é?ﬁlgndefcghgﬂg‘%%og%&rhi s is ~(k} fromthe section on

I nterface Contraction, tge roaazti_qn axi s );_ha _gemerélt es the rate of change

of orientation for each;ﬁoﬂ?% Moo P ) 1 p%jiﬂu ‘bé‘dz)j oint. Here, this
variable is given the synbol B(k) , the differential rotation axis for

each body yigré p2 M"‘pl(qt,Q,bogb%sdreﬁﬁkavoids“tﬁé Kompitirt)of thé Berfvafividf #0,, slider

. d B{k) = not needed for 1, free end Since arbitrary perturbations to a

set of sEulehiclp & AplefhfridO TRO a0 HiveRe & Tpulled-oof’alh b aboOt biatieaNt ract i on
cannot be used when conputi r:g(wt he correspondi 2%@15 colum of the Jacobi an.
The row r edldeeithes theegeneanatinedoordinate giar the ganerafigerd spepd v dapgndingpaée seedi ng

th ' " dC . , 'd ~ k) , d ~2(k) are co ted: 38
V\oeorz/eggrlglé‘%@?’%%é‘@lwg%%f“{"%d': er)((}<({)1} “d ~k(()1) 0 d o2(1) = d
B{1) for k = 2 to rijpegmefdéy,ko colpiite@ic ﬂéclfsk.}’qmld\l@{é,ﬁﬁrgei@ s dr Q (k) =

dr Qk {i} + ""dC~ (i)r.Q-Qk (k) + NCk {i}dr.Q'Q- (Ky t k) - abcdd

~2(Kk) _ " Gollowkd:d ~2(i) + d B(k) end where a = "dCk (k}, b = dYQ Q {k}"' Ck
{k} +1~Q& "dCk (k), ¢ =0, d="dCk (k) 5. Conpute g derivatives of

vel ocil0y: PCI/ (@i §4,20 Gompatd oé&p-Mhig, (¢ arhuisieg thh ®ireat Eorof methadge of | oi nt
velocity due to change in joint angle starts the process: for k =1 to
rabod “dvk (k) Ehigisimplygays kg campiitd bifeomy themuiment stafe ahé savatibasghe change of
joint velocity v%gbl%% change in joint angle.

2. Compute the analytic Jacobian of the dynamics residual routine. In this step,
the matrix 62 £,(q,u,z) is to be formed. This quantity clearly depends upon
X

15 the vector z computed in Step 1. Note that the numerical value of the residual

p, in this step is zero for each element since we are computing the Jacobian
around a consistent solution of the motion equations. The partitions J,, and

J, of the Residual Jacobian are obtained by substituting “q” and “u” for the

“x above.

20 3. Back-solve the result of Step 2 with the mass-matrix to obtain the desired
block. The back-solve operation is accomplished in the Direct Method routine
by processing a residual vector into a # vector. The Second Kinematics Step
only needs to be performed once, since the back-solves are done at the
nominal value of the state. In fact, the Second Kinematics routine must have

25 been called in Step 1 while computing z, so the variables should still be
cached.

In words, the Jacobian of our derivative routine can be formed by back-solving the
Jacobian of our residual routine. The residual Jacobian is much simpler to compute
than the derivative Jacobian. Steps 2 and 3 above are derived in the following

30 sections.
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Qbviously, it is nonzero only for joints whose map contains coordinate
dependence. 10 For free joints, the generalized speeds produce relative

| i near vayg@bhsicthat depends upon the joint orientation. ACTeSIETGEULI Ng
"dvk (k) , d Y(k) , the derivative of the spatial velocity of each body, is
conputed. This is done by the follow ng loop: dY(1) _ “dvk(1l) for k =2 to
ri bod dY(k} The Résidual(adobiank dY(i)+ ~dv~(k) end 15 6. Coupl e Force Jacobi an
to spatial displacenent gradient to compute T, (k) for k =1 to nbod nbod aT

(k) cam( p) T (k) ~ ~Theppomputateriofibe Rewidnal Jacobiands clossty teleied a theo 7.

R Gy AT P T
NdCk k end 8. 1CoPpifiéren h O€tboatd passcthat@onpucs Iﬂwl&hmmd@taﬂﬁddépenﬂ@upoﬁgai n

the procgss starts with a |ogp that conputes idak (k) dH* (k)ic(k) for k
. =1to nbod 5 daks(l‘lk‘)naildd‘F‘?’l?C}%Wil(k) end This is the change in joint

I t ti f
the spati ai - ackeMited SIER fite SIS conthih nd ks fortinfl®) | a1\ ¥E, P
-~rv k(k) () V (:M)sohdd,‘tbseﬂhélh)m(o)spuﬂlmﬂ@dsactlrrmaﬂkebbéedd ~k (k) ~id G (k)
Y ) 7 Ml i S SR g 175,

R e

| J
%o dt| CBtepa.i Ck* (k) NG3k (1) dcvj -- |de*(k)|\|va<(|)+

+
ng(((l)%A%Z -r;:rg%uqyat as.ﬂl}x%&ggneg&t%sk kzges? 1ateach301n spei(g( (k) =+ 2w

recursively computes the resultant of the (spatial) inertial and applied forces

yP ((k
(k) dA(i
i Ck* (k)
j X idv

for the ‘nest’ of bodies outboard of the joint in question. The residual is the
projection of the resultant on the joint’s degrees of freedom, given by the joint
15 map data.

At a high level the residual computation can be considered to depend
upon two kinds of forces: ‘motion forces’ and external forces. The motion forces are
computed directly by the multibody system. The external forces are available to the
multibody system from a force modeling routine that computes the various

20 interatomic forces such as electrostatics and solvents. A similar procedure is followed
when computing the Jacobian. The multibody system builds the Jacobian of the

motion forces, and combine it with the Jacobian of the external forces.

Partitioning the Force Field into Effects
There are many forces that may be acting on the molecule, and these
25  forces may be computed in various intrinsic coordinate frames that are most
convenient for that particular force “effect”. For example, electrostatic terms may be
computed using multipole methods and spherical coordinates, covalent terms may be
computed in terms of torsion and bond angles, and solvent forces may be computed in
global Cartesian coordinates. During the computation of the Residuals, these forces
30 are transformed from their intrinsic coordinate frame to the MBS coordinates.
The same exchange occurs to compute Jacobians. The native
Jacobians in their intrinsic coordinates are be brought into the MBS coordinates. This

requires the use of the chain-rule to transform between intrinsic and the MBS
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WO 0210GLG=2 PCT/ USO11S1360 The synbol s introduced here with -- are neant
to be tenporary variables not needed after conputation of dA(k) . After
conmput i ngvdogo@peti al accel eration derivatives, the conpupeat/iussv/sassodT(k) |,
the spatial inertia force derivatives, is perforrred: for k =1 to ~zbod dvi
-- dvr,k(k)xlrk(k) "wk + ! rvk(k)xllk k) "d wk 5 dv2 -- "d w (k)
X ("wk (k)generpléch)cogrdWeS( 2 1sxmport@t\thatequ)ef cpq«qumteq 9 ﬁlﬂCMn() dA(k) +

dv2 - dT Kk d h f bod
09, T (T SRRl ) i B S B v v T or b
i >0 dT (i )com tibtibh, Each effbetls thahdfbrihéd into a séf of Kﬁaﬁfﬁl lokds end (en @vﬂe@e piter

. executing thi s routine, the values stored in d are 'i”“ne new col um of

the Resi dugd thé 3§RRicFA gefertlbddy:in the Fdtem, h@m@@ﬁ{ymhése ckfets is %ﬁzé‘xﬂlhbt of
previous step with the mass-matrix to obtain thé desired q ar 1S au

. _- -M' SapPsgybalgl'e back-sol ve operation is acconplished in the Direct
Form met hod routine by processing a residual vector into a a vector. The

Second Ki n@gfRkt lsokiahLBloughiOffo 08 ResiBRR dscob@mbe performed once for the
whol e Jacobi an, since the back-solves are done at the nom nal value of the

state. In fact, the Zdadngh lavalethetresidual sutingavaspsevioshhiavdemensed §am ed in
Step 1 whi I!@ %%g@utl ng z, so the variables should still be cached. .11 WO
02/ 061662 1 51360 St eps 11 through 13 below are used to fill the
colums of Juu : 11. Conpute a deriyatjis i\éeﬁﬁpj )(el ocity: This routine takes
a passed-in_vector dac, and conput eg" dv (k du]( K) Then, dV(k) ,

the dedPvath analfenrenetl@raé}ﬁrs@rdﬂé%bmpt}loér WB’&BWI%WH?@ iptgly yehrinsdeom theqv( 1)

dvk(1) for qrfat onabb¥e. " 8¥ C}{oiﬁ) T —1§ a vgctgrglxlﬁ(s%?t\{/al(l%ds actl 51% ‘1% iidof 2.

Comput e t h& Vel8& y-in uee erivatirve ere t he

routine is tlwlﬁﬁltlibbd)zﬁﬁktémrwhdﬂee&hﬁbnﬁﬁntfsCasp@tlﬁldbid/(aCB%p@m@l&J&n ¢dsmal
| oads. The survi vi g terns are those due to changes in |nert|a forces

al one. Evelnf foreg, rwetr)@luehalﬁ@egaliweassﬁm%}r efferigiathers thagaertip loadsorpe

For k2t onb e pds "TIRQBIE bl A<l iy B 18 B Tor efl oy, =

(I ) X1§ " @heJikstdtrm) isXhe/inQrita fokck, the hextds the spatidt Toadk ) MAE) 4(k) idthle spatial
inertia force for a typical body. This is built from the body mass properties and the
spatial acceleration of the body pivot. The spatial acceleration is computed before the

residual routine is executed by the Forward dynamics routine. The operator H¢ is

implemented in a routine that performs an Order( N ) inward pass.

20 Even without lqlovrring anything about the details of the computation

implied by the equation above, the contribution of Z—T , the spatial load Jacobian (the
X

effect Jacobian) to % , the residual Jacobian, can be immediately inferred:
x

o, __ H¢QT_ .
Ox
The ... refers to terms not involving the effect Jacoblan Again, g or u for“x”,is

25  substituted, depending upon which partition of the Jacobian is being computed.
The role of an effect Jacobian in the residual Jacobian is the same as

the role of the effect in the multibody equations. This means that 7" contributes to the
or op,
residual p, in the same way that a column of ™ contributes to 5 ——~. Both are
x 2

processed by the same operator H¢g . This is a crucial point because it means that no
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CV,J -0 iCk* (k) NCCk (1) d w -- "Ck* (k) "d cvk (a) dt2
--devj x' wk{k) +wj x' dwk (k) dt3 -- 2d wj x 'vQk (k) + 2w x “dvQ (k) dA(k) =
da + dt 3 wod2bices conputing the spatial acceleration derip¢giigeesizesl T(K)
the spatial inertia force derivatives, is corrput ed I 2 V\D 02/ 061662
fork=l tonbod PCT/USQOL/ ~ | 360 vI " ' cvk {k}
x Irk {k) ~DRY Mg %ﬂx@ needqqfo 9édthe mﬂkla{lr@?rrwuta{lﬂlju(fi dquzer{t@etm mk
{k) x P{k)) dT(k) M K pgA( k) + dv2 end 13. Conpute d p(k) , the joint
resi dual densmﬂlt&'ebtfam y k: for k = nbod to 1 d p(k) = Hk)dT(k) - d
o~(k) i = inb{k) if i >@xdT (1) dT (i) + '~k (k}dT (k) end end 5 After
executing this routin : - N: |
t he Resi dual Jacobi aner~htu %’eg‘@ ﬁl?%ft@ét?ﬁ&%idf, 1t%g&f(tl_%% y@s%%&nﬁﬁﬁ@@sﬂd t of
pr evi ous st egidual Facbbian by operatihg ox ittwitlothearigidaheesifinal roating dreatig Aas & _au __
. _, ap_.au ay .10 The bagk-so] ve operation.is acconplished i he Direct

Mbtod St Pﬁﬁnw %@éeiﬁmgaQO?%g RUIEY %dsaﬂlrﬁﬁegg%?qu@é@erlme#ﬂe Second
Kinematics GahWqakiigas only need to be perforned once, since the
back-sol ves are gone at the nom nal value of the state. In fact, the Second
Ki nemati cs routine nudthekalnenisedtheaasited JacobBinggayl thetsaine relenpthei ng z, so
t he vari abl ould still he c hed 1 ove S C | et.e the
Conputat | on CERVERE 8sehi A oEteEBe S deET YSRGS BV SR L r as DRy o
dependence @byithe: THE 'd%aﬁﬁgmﬂe&)eﬁoﬁﬁsea BAcRSDIvedIn SadtaabdiOr it y@aeinles And
atonmic forces are derivable froma potential function. To accommodate
vel oci tyOdepemémeeﬂmmyv\é:at:tﬂnedatasmmtmhm enesationdapeifogn osdrdhis t he
above steps need.,to ?h ified as follows: .13 WO 02/ 0616& PCT/US01 /S
1360 In St efPRSSIBGH NGFOUUNGS, heed to compute the contracted vel ocity
Jacobi an aT(k) aY(k) 'AddiEthel. St&hﬁcihe@hﬁﬁ%l@hs udPd3b sdvp thebendlomput ed. I'n
Step 6 above, the conputation of (k must be augnented with the .
contracted @etatmnty Jacobian: for k =1 to nbod rt6ad aT(k) aw(p) + aT(k)
ar(k,i) 5272 (h) =~aw(P) aq, ; K, i aq d where ai-(k, i) - "dCk
(k) ~"vQk {k) + "co (k) X°M(ky {dﬁ%i j raﬂ% (k) + "d w~ (k)
x p(k' i)] A step is then @gded ftex Stelx walch s called Step | |a.
This new step

15 At this level, there are four contributions to the Jacobian: the inertia forces, the spatial

forces, and contributions due to changes in the operators ¢ and H. The quantities z
and y refer to (MA —T), and gz, respectively, which are held fixed while evaluating

the last two terms. The numerical values of these terms are already available from the
residual computation. Another observation about the above equation is that the

20  operator ¢ depends only upon g, but not . Thus, this term remains constant while
computing the partition J,,. Similarly, the spatial load can be split into its constituent

effects, some of which do not depend upon u. In general, this means that knowledge

of the multibody equations can be exploited to optimize the computations.

Up to now, what to do with %Z once the term has been computed has
x

25  been described, but a description of how to form the term has not been made. These

details are in the following sections.

Computing the Effect Jacobians and Combining with the Residual Jacobian
So far a high-level description of the Jacobian computation has been
given. It can be seen that the computation has a very algorithmic flavor to it. There

30 are very distinct phases to the task, just as there were also for the Forward Dynamics
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10 conputes dT(k) aT(k) ai (k, i) dT (k) _ ,~ ai-(k,i) au; where aY(k, i)
"Ck (k) ~ "dv@X (k) + "d wk (k) x P(k~ i)~ 8u~ Wiile executing Step 12
above, thed@akidepop for dT(k) is nodified by 15 subtract |ptag~/[1j§m/;1360

vel oci ty-dependent force derivative dT(k) for k =1 to nbod dvl --- "d w~
(k) x Irk ( cvk. k) X ~ "wk
(k) x p(k))?® &ltmﬁﬁ GQP{CVW(S@ ﬂ’ﬂ& %%B‘%t&f)lowa(t%)“&f%ﬁ?(éﬁ)‘so‘i?%y ﬂilgdvz -
dT(k) end TBgukfish spdp, Y it FRneat RN rhnllBb uaﬁ)ﬂ; foﬁdédwsgwm feckhe
operational steps o the Anal yt1 ¢ Jacobi an t hod haS been descri bed
in detail alzdfailysnsall In thicos, @6&166/2s Pade tdSﬂi&/f(ﬁﬂ:@ﬁcﬁltlﬁe,gﬁnd‘zWMomra pl ot of

t he accurac he numerl cal I an versus.t ccuracy of .the anal ytic
Jacoh; an f ofusiie theEwBarps oyt BT F sophrioas fooREE Tk dhnreis BRufte
perturbagion was perf%CédlMs STl ﬁﬁH@@b oﬂtﬁiﬁ thY Bitbét Jﬁ?cfob%CHﬁtatﬁb!reﬁQﬁ 14t

. generalized coordinates neral i zed speeds (u) fromthe nunerical

Jacobi an, i ptqsrsssrrmlmdtﬂ/betfomthgfect\ﬂm@lm ¢an|be@sgpmbliechimkd theResidoal t he

anal ytic Jaco IIu ated..b ADDI ODI NENTS , The

o esont i nvdftBPaR 18 RS SLABURY pitiiGrasdeidrds Piotuc BenBvES Agdoemen
above. The IeStexb&cavnd s dﬁtéikﬁih RITeRd B hEngodlectrRkics RldeQBidped. iger of
Forces included in Jacobian 10 order of the forces to be included in

t he Jacobi aﬁtherlv@ds;ﬂ%lowmlmbrdweilﬁmtto Oder( N), Oder( NZ), Oder(
N3 ), and Order( N4 ). An exanple of an Order( N ) force field would be an
el ect r o8@ at EtectrosteticsfasandExasiphgEffecdt nul ti - pol e expansi on nmet hods (see, for
exanpl e, G eengaard, id Evaluation of .Patential ds in Paf~ticle
Syst ens, I\/!assachusett]sH]‘f’F?ﬁ1 PWS%?#%&EH%TIW%&?Q&‘%{%#& centyeg) rat her
than direct cppphpghriblees 1s 15 Order( Nz ). Analytic Jacobian for Direct
Form When the governing equations are in Direct Form the so-called
"forward dynam cs" form of the equatllgns |q$qopta| ned. In this form the
equati ons process a state vector and ‘app ’efforts and generate the
accel eration at each of the joints rmdel ed”I n the 20 system u=M"'(f) The
Jacobi an t h&hisriepclrssod] sSnwehse sqaartilal. Hgrthe firéevarting ontphrtichkeicdiledo phitivies wi t h
respect to elenents of the state vector The preferred enbodi nent shows
sever al 15l gardepénids mpoe tHeadargeaf thecpqmunleﬁ, attractive foheppositalytdhatged paitichds] ves.
The met hods ar exac and do not utiljze 25 punerical roxi mptions to
form deri vafgpisive ‘Pﬁ @P‘Paé&fts H@Pmbe’dnclég uzméfe?tgr ﬁlaethfg@nsl)ae%c%@

Jacobian: _ a (M J~ and aé
particle; 7, 1s t e dlstance between the P 1cles x 1s a unit-dependent constant

related to the strength of the forces. Of course, the force acting on particle j is equal
and opposite to that acting on the particle i. Hence, given a collection of particles
20  interacting through Coulomb’s Law given above, the net force acting on each particle
is computed by summing the pair-wise forces. For this example, the forces are
computed in global Cartesian coordinates.
With the atomic forces in hand, the multibody forces can be generated.
The system of forces acting on the particles of each body is replaced by a spatial load
25  acting at the pivot of each body. The atomic forces are first expressed in a body-fixed
basis, and then shifted to the pivot using the station coordinates of the particular atom
to which the force is bound.

F, is avector. The derivative of F}, with respect to dr;, small changes

y’

in the particle’s relative positions is D, a tensor. It is such that dF}; = D+dr; . For

y,

30 Coulomb force the tensor is

29



Juu 8u 30 by using an algorithm c counterpart to the function which
conputes the a function. d5 WO 02/ 0GL662 PCT/ US01h1360 The conputation of
M' f is woonmpidsshed in Order( N ) floating point operatiroTuspismes) by
utilizing the operational inverse of the Mass Matrix: M~ _ ~I -HF K~D-'
~l ;HLYK~T where all the block matrices are defined previously in the
Second Ki nemati cs Cal cul ati ons, an@._e_a,pﬂ_ BCci3gi')epresents an operator t hat
can be applied to an n-vector in O-der (N7 flops. Since a =~1- HfK~D-"
~| - H~f K~T f r hain rule: Ju9 = ~l - H-I"K~ D' ~1- H-I'K~T of |
aq + a (I -prig'q(%g%&%ﬁ:oa{%'[}' ~ - H1I'K~-Tf + ~1- 'K~ a (D' ~ 1 aq ~I -
- K"K T f + ~1 1. BhEFokee Jadotiar is-a iiltfiKoT sike In ,20x f: andEadhigléraentys 4 by 3" ~ .
Thus the present invention can be used for equations of the Direct Formin
10 produci ng al geensbhBhe (jAtbleckngivéssthe dedivaniVe biiforeday stomarwith fespect tis ed
- form Hepce the present inyention proyides nan a%vanta es. Anal.ytical
Jacobi ang are nuéh? F@%&Hhﬂ‘&tP@SlPWf’gathlcénﬁ THuFNGEY QS?CE‘Pg‘ﬂil¥i cant

Jacobi ans are mucher esitia . fset i )
i ts). Comput i nghbicai LiipoReRliftuakic TIRAIRUERHER B iEA brdctiag S _mic

nore efficient. ction” of rows a ums from "nu
atons" to "nunbeStobghrediuratents fhrthsFdérhe]xobian giiicklyebdcome empacticed.obhmn
matri ces. Jacobi ﬁn corr&gt at.i on

.are of the sape order as.co i on of
forces, rather t ‘?’fﬁs epgn B?W&ﬁf’ g?%ﬁ"@@%é@ﬁ%&ﬂﬁ??%%@%%
perturbed. Thus, ghted Dgin Eﬁﬂﬁs%&w%&m!étagg?d(é}ﬁgd)ﬁ%&( ofMNcohtrRR&Pabi ons, for

exanpl e, a nuneri ca? Ja}cg& an requires O , Whereas an anal ytic
Jacobi ad0r equi r esctng yaiGwikerbetwEnjthobaties, i ons. By controlling the range of

ForPher | (Fuet 20 hebRant Vol thah ol et SR ph R L e e "
urther (]Jus I . )
foregoing is a CoRpbRIcRs ﬁﬁtﬁebm{ailgabfogafant 6 EReK ForEd s préfesdel @t bohsaint | on, it

shoul d be evident that various nodifications, .alternatives and equival ents
may be made and wesidandAbe ovetalldaopbianhecampuied ataseost propettiontlda the mwabepe

taken as limting _the scope_ of the i nti on ich is defined by the netes
and bounds of thg’faﬁ%ﬁas%eévaq-w@tder_-(%- %le%me@twwt@éﬂw@o I'S:
PCT/ USO}£51360 1.,¢fh FBEdAqe qug%l'rﬁﬂer.téﬁsg ?&%ﬁ%zgéog@;utﬁg qﬁélgﬁ&' e,
conprising selecting a torsion angle, rigid multibo node or said

nol ecul e, sai d ndaebidnay Angmedical Jaoolsiawfequives ofreshfosee! coatputationaBachniite ci t
integrator; and generating an anal yti obian for .said imlicit
integrator to i nFBgleHEst 9g'iha S@%PF@‘F@‘“‘%?%WBII?"Q%t%?PbéFsgrPWﬂE)Bteai n

cal cul ati ons ~of ' i O ' .2 . of claim1l
wherein said anal(%/cr? %’rgA?z’gg\éﬂlleaér?S?éﬁggb%g%& aﬁrﬁ%ﬂ%ﬁgﬁ, glr?;n-P%tﬂ:;regé@ ¢Gbi an of the
Resi dual Form of Jhdvbisads atuchREespbr fdonipite akOvell as thorea@cukate theh 2C ~q ' he

nmet hod of claim 2 wherein said anal ytic Jacobian J conprises _aR
20 numerical Jacobian.
4. The computation of the Jacobian is conveniently done in the same routine that
computes the force (co-computation). However, it typically needs to be done
far less often than the force computation. Therefore, a flag can be used to

trigger the Jacobian calculation only when needed.

25  Coupling to the Displacement Gradient
Having obtained the (intrinsic) Force Jacobian, it is necessary to
process the Jacobian further. This is due to the fact that the multibody system is
formulated using relative coordinates. The chain rule is applied to each atomic force

F(k,i) and is called “coupling to the displacement gradient”. This denotes the global
30 Cartesian force on atom #, which resides on body k.

OF (k,i) "4 OF (k,i) or(p,s)
aqj p=\ sep a"(p,s) aq_;
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O and 8c's .lug Ju au J agq - a ~Ws } and J a~ =Wqg4 - a~~J ~ - M~ aP
<g~ u~ z) andJ~ M~ a~u ~9'~ u~ z) ug = a~ ~ aq ue = ~ - alLl where q
are the gwma(rzmkslged coordi nates, a are the general i zed speedsusoYisizzoa j oi nt
map matrix 15 and Mis the mass matrix and p" is the dynam c residual of
the equationg of notjo o 4. The nethod of claim3
wherei n sai d"i}eﬁepf&g qh?B@%‘%?’b?fsaé%‘Peét%Bf’%)ié% conpri ses an L- stabl e
integrator. 5. A meth system
conprising 20 nodel i ng‘ilgglir%ﬁ lﬁyyisnlatégpﬁg ? Ctpgﬁlgtéh{%h &th§F§%¥Zh gid
mul ti body nodel , sajd nodel hayi ng equadi(pny .of nption, V\D 02/ 061662
. PCT/ USOL/ 513‘(1}30h W%Sel@lﬁ%ﬁ%tfég C‘JD’ OTg,, O igan elomet ?ﬂﬁsalsp kagpment;
integrator; said inplicit integrator haV| an anal ytic Jacobl an to obtain
cal cul ati on a of

< claim5 wherel r’F”Z a‘f‘&yg Qﬂ%ﬁgn@%@%@b&%ﬁé%ﬁéﬁnﬁ %lﬁgﬁmdge A an ﬁr&{mg
Jacobi ansof if bge:ﬁ@ﬂizféd@boﬁﬁfam Qflott lteat ddsiimansiriofly akineantical. quImtyrret hod of
claim6 wherein said anal ytic Jacobian J conprises _a9 _agagau o J~? Jquld

- ~dau~?z' dayng ngihungledeawilyths foge gemputation Thus-theFoxecriacapan can%ﬁ oMt

ap~~U~u~2) ce-and the ere g
are the gengpglplﬂtzg COOI’dI n%%grgﬁmgﬂ')nreé}ocﬁssea bﬂera | zeﬂgles%ég 'S %{@j oi nt
map matri x and Mis the nass _matrix and U|sthe namcre5|d |l . of the

equat i ons ofin fasgpyHbodyngystem. Jhisgtep ﬁﬁpreé"gjlts gmagyx Vec@r MDY SIHER] 15c4 aim?7
wherein said inplicit integrator conprises an 15 L-stable integr . 9.

compri ot ng SPPRLCS L heoy bilfpelBAA 9 éﬁﬁﬁfgaamg Fidbfiep 4 %@“%Pneﬁﬁa of

sai d rml 6CU|n?at1£|§?z' d diel xbl?eé@& 9Sr1§3 |opn and a second nodul e
0

for an inplicit ifitegr#tor |n raesal equatlons of 20 notion with an
anal ytic Jacobian to g bk bl ofs & [1fdnPSAG L% sahticdp ecul e.
| 0. The conputer code gi%% Fka?%k& vﬁérée)?ln ngll nglyq(l%c J c%?‘an ‘lﬂg

the displacement Jacobian are known to be zero. This is due to the fact that

incrementing a particular hinge does not displace every atom in the system, but only
those outboard of the displaced hinge, and not disjoint from the hinge in question.

15  For instance, rotating the base body induces a change in all atoms of the system. But
perturbing a torsion angle on any terminal body induces a change only to those atoms
resident in the terminal body. Therefore, roughly speaking, about half the work may
be saved by optimizing the computation. This reduction comes from a strictly

knowledge-based approach.

20  Interface Contraction
In the process of forming T'(k), the spatial load on body £, the load comes from the

atomic forces acting on atoms that belong to body k. Each force is transformed from
global to local coordinates, and then shifted to the body pivot. A concise statement of

this procedure is:

25 T(k) =Y. #(k,))T (k,i)

iek

The operator @(k,i) is

E, i»(k,i)][”c"(k) 0, }

£,

pD) =[ o MC'k)

o |
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- conprlses an

derived froman anal ytic Jacobi an of the Residual Form of the equations of

m)ti on. .ts WO 02/061662 11. | conprises a9 aq J= aq PCT/USO 1/ 51360
" he conpuwero2methe2 of claim 10 wherein sai d anal ytic Jacobim/uboyam6( ~ll p
Jqq Jqu~~d r?ti Jug Juu auJ _aq - a ~Wi ) and J ag = Waq aqqau5J

205 30 wnor g pred uR B sl Bucoatinai B b ot e Rl et
speed: W1 Soai) 2R oo iy b, GRSl s p 3o he

dynami c FESI € ‘equations-o

12. The COIT%}Iﬂé §566n 6f at6hmal m 11 wherei n sai d inplicit integrator 10
{)able integrator. 13. Conputer code for sinmulating the

behavi or of a phy5| cal system said ((‘lgd)e ofpriing a first nodule for a
torsion angle, rigid nultibody model” W tem said nodel having
- equations of notion; and 15 a second nodufke ]f an inplicit integrator to

integrate sgpd ?s‘ﬂ!éﬁ eﬂf‘ﬁf @k afHPﬁ: Q;Ebtiéd fod %‘ze@@ﬁééﬁhk&th@&%ﬁb ?&gﬁé’eﬂ%&' n

cal cul atlions o sal avior o system . The conputer code of
cl ai m 13 whby dierfosaifitldhomingdividual atbofs. an i s der| ved 'froman anal ytic

code of ol ai m 14 wher SPH> d3b el SomEC Htesdp Bnthsmgel Bt i athe 30" o
?2;231\? 6§~ ga'waﬁ‘le gfﬂ%l%&tﬁ%ggﬁf%\%lgfgﬁﬁﬂgl a?&’nm%i'ce%toqdlggrenﬁal S?gtlﬁq - ~a_ ( \éﬂ

- -M, ap-~Radsiu~ z) - au where q are the generalized coordinates, a are
t he generallzed speed, Wis a 5 10| nt map matrix and Mis the nmass matrix
and pt~4s the dynanc resi AFdk) sztd@@ f&ﬂf_qj@ ﬂmt)l on, and z is -M'

pu (q1 u, 0) . an iek
=T,(k)+ L, (k)
The second term, T,(k), in this equation is discussed at the end of this section, as it
involves the spatial loads, but not the load derivatives. This means the term can be

treated generically, without worrying how the spatial loads were computed.

15 Substituting the definition of T'(k), into 7;(k):
o 0T (k,i) Or(p,s)
L(k)= ) ¢(k,i) : ’
l lezk ; ; ar(p,s) aq_]
o oT(k) or(p,s)
p=l sep ar(PsS) aq_,
where now the symbol 3T(k) =W.(3 )6T(k D

iek P,s )

is an element of the row-reduced

Force Jacobian. This Jacobian relates differential (body) spatial loads directly to
differential atomic displacements. Agajn; r(p,s) refers to the global position of the
oT (k)
or(p,s)

Jacobian element into the destination element in the reduced Jacobian, weighted by

20  atom s on the body p. The term

is formed by summing each atomic Force

the atoms’ ¢(k,7) matrix. Each element of the row-reduced Jacobian is a 6 by 3

matrix. Hence the rows of the Force Jacobian have been contracted. The contraction
is evident in the notation: the numerator has only a body index, while the denominator

25  has both a body and an atom index. Depending on the number of atoms per body, the
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16. The conputer code of claim 15 wherein said inplicit integrator
conprises an L-stable integrator. 50 . Aay. Aas. A" . ANL9. As% ALL. As. Af;

S, . AULL. Awloloapbfek2 AsL. A PCT/US01/51360

u 9.Aa 9. A N 9. AN 9. AN 9. ANLL. AaLL. AN %9 A" 9. AL. A L. As9. A'L. A" 9. AS;

S9. A 9. As% AFL_. A" . A" 9. A% A, a% A@s9. A" 9. A% A3As% A" 9. AF. s9. AFs9. AYs% A. " 9
A U L. A libwAthS:tiaEsah previderd savimgh ii9both sfoBage and execution time when

vl el sl e salegtheatealzal oo ca ol ool oo cal ol ol cal ol ol cal
aTVa{ val gb\ W cal] ca]qakemd: 4 fodtfe@h&ingrd sl frdiinhéaivks Bd 8alecan¥t cal ca caj ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] cal apTg| 0?j AETzuoj e_ZU gb\ W ca] caV] ca]

ca] caV] ca]tsddre &Pmawin@}]méﬂlfgm pakdps alheceijethedfl of peragronng Bleaedustipr & caV] ca]
‘ g‘ﬂ ??!5? ?ﬂg@;ﬁ%&; P\é\ﬁieﬁa@g\eg\fﬁt 85}:1&6%&3&%@( vector products which must

aV] ca] caV]sedbandd.ca] cal caV] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] caV]ca] ca]c
aJca] ca] ca]ca

atyca oo R AR DR e o2 3 o2

ca] ca] ca] ca

el T 1 o e v e s S ) [ 8 (mi)d bl Xl gh /
2aj] caV] ca]foues fagpbi géitld%t\?ﬁﬁlbel?}mma W(é@ )c%f‘%\é&;é%? %8@?%}%&61‘%‘;@%%] caj catl
V] cMaV]caV]c aV]ca] caV]ca]caV]ca/ Q/ (S [8011Y1112L2222
3n334h445] 556d666666} gpy)d” Y] ca] cal] ca] ca] ca] ca] ca] ca] ca] cat]ﬁca cal ca] ca] ca]
ca] ca] ca] c@p 9]1(%%}% iag¢arapuied. 039, aeqre Haagne glemeng oithg 8ROW00; v;
<t <<>d>>>L?2?7G@ DGDNDPD| wr mhb] W cV] ca] caV] ca] ca] ca] ca] ca] cal] ca] ¢

~ a1 ¢ I PDVD
Dbp ORI TR PO naaRtval 1 1 vahbl W1 ea) cadl caUl cal cal
ca] ca] ca] ca] caV] ca] cHjecglplod oadjmatdscd Wyt atdne,al(pasy], ard cmjmidddaV] ca] caV] ca
ca] ca] ca] ca

]K_K]KKN}J w]wmwﬁmx\thmgim saaciinpter ofidy-1PrpocRnd | 2B} sdniils sigtionc a] ca] ca] ca]
ca] ca] caj ch]gfcﬁrlaa%gs]gf%}\{«]e gt%lnqa\/] ca] ca] caV] ca] caV] ca] caV] ca] caV] ca] ca] caV] ca] ca
] ca] ca] ca] . .
BR=RJRYRRRRTL UWUJg UUWVI \/V\Y/\ﬁXI—%gZ\q)% i%ri{%ﬁ]hl a{llc)[éi(é;s][jkf [V]]ca] cal] ca] ca] ca] ca

] ca] ca] c*a] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca] caU

ca] calkcalks 4; \ ca
]ca] La?]ga] cﬁé @a%l cai ga ﬁgﬁgg] §ai cai cai gg%ca rgai cai[gg?%g%gg]gg%%g?cg ]cl‘a\/}
ca] ca] ca] ca] ca] ca] ca] ca! QhBr(d,s) Fiok(d)! | ng } nnoo#oWbooo0000~Yyt 0i C
A"Xkfa\W]]V]ca] caU cal ca] cagqc_a]T:a _ca“]@%g%}‘?,(é’f 3@? ] ca] caV] ca] caV] ca] ca]
ca] ca] ca] caJ ca] ca] ca] ca] ca] caf ca] ?é%’ca
o] (V.qk{gg}ﬂg,ﬂﬂf-r el La&h i cajcalc
afggfga?ca] ca] ca\/?ég]?ggi\iqﬁiog]‘@g{qﬁh%aa?glg\aqﬁ%?]hggaw}cg%g&;?% {g?]‘d(gd\}jfﬁg% ?!31\/] ]ca] ]ca
] caV] ca] cakg sg@tiabderivative
vvvamFwiNwowdwwwwv- X XKy xxxxxy\'y ybyqyyy$zpzzzzz{~yt oi d_YTkfa\] caV] ca] ca] caV
] ca] ca] ca] caU] caU] ca] caU] ca] ca] ca] caV] ca]€4V] ca] caV] ca] ca] ca] caV] ca] caV] ca]
caV] ca] ca]ca] ca] ca {#{ C[{{% (|,|O|>| [,h&| g}j1-6~~G
=?_dzuoj d_ZTkfa\ U] ca] ca] caV] ca] caV]ca] c a] caV] ca] caV] ca] ca] ca] caV] ca] ca]
ca] ca] caV] ca] ca] ca] caV] ca] caV] ca] ca] ca] ca] ca
Pl OR\ kQ) +\the-misult &s: ZTkf a\ V] ca] caV] ca] ca] ca] caV] ca] caV] ca] caV] ca] caV] ca] caV] c
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8y{upj e [ VCkf a] ca] ca] ca] ca] cal] ca] caLg%‘a] calcaV] ca] ca
V] ca] Eav) dfa]vaavq ecuoan et vhetiEepiyetivthegystemAafiensqupting fo thg displAcementv] ca
V] chay{~H of T {: gl e_ZTkfa] cV] ca] caV] ca
V] cMa] calc 183 aT%B\/P X‘] caV] ca] ca] caV] ca] ca] caV] ca] ca] c”a] caV] ca] ca
V] c*a] caV] ca] ca V] c zherhe adaetionAdou¥gliddted; allzhe atomic forces on each body,

leaving the spatial load derivatives coupled to displacement derivatives of all the
atoms in the system. The column reduction consolidated all the atomic displacemer:t

15  derivatives, leaving the spatial load derivatives coupled to spatial pivot derivatives.
Thus, the Force Jacobian is recast into a “native” form. Working with the reduced
Jacobian speeds up computation of the spatial load derivatives by roughly the square
of the number of atoms per body. This speedup can easily approach a factor of 100 or
more.

20 This section shows, using electrostatics as an example, how to build an
atomic-level Force Jacobian. This Jacobian relates differential atomic forces to
differential atomic displacements. With the introduction of the idea of interface
contraction, differential spatial loads are shown to be related to differential atomic
displacements through a row-reduced Force Jacobian. Another improvement to the

25  computation finally results in a fully contracted Jacobian that relates differential
spatial loads to differential spatial displacements.

oT (k)

or(p)

displacement gradient described above. A matrix vector multiply performs this step,

Now, the Force Jacobian

must be coupled to the spatial

and scales with the number of bodies in the system, not the number of atoms.
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10  is computed recursively from the base body outward and

0'C* (k)

‘dC* (k) = dgk) k=1,...n
dq(k)
. . . d'C*(k) . o
where dg(k) is defined in the next section, and 5 , the partial derivative of the
Ar

interbody direction cosine matrix is a function of the joint type connecting the bodies:

ik
pin: g gq(k) = —E, sin(g, ) + Acos(q;) + A" sin(q,)
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ik
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W] caV] ggcobidhadpdritiam M@t&a\ﬂxﬂﬂy b&t]@atazémpﬁfé tReSPéABB@h 2R319RpraAP @dBtomatic

@ mhb\ VP
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311222} o Ry A effed B ey kep g RN A ST B R BT Nt ey

d nly athENesiMES sevke 2erblY]| Ban¥]can gbhﬂrﬁtaé/ilﬁa:orrespondmg column

Gafdicsti30ah
U\/J ca\/] caV] ca] caV] ca] caV] caV] ca! caV] ca] ca].caV] cal]caV]ca UV]caV]c
\/] c’\ a] caiAtiedacobian. Note that some of the steps have already been or are being computed for the

cavi £a] ooy SRR O Tyles ol e PR RO B LS

a] ca] c ableagprodhed]eed forlchaity. ( < drYaw] cal caV] cal
PNNOLONOQOTO0 0| GO00000000P" P PBPFEPUPPPQz QQQQURY u Uni d*YaW] ca] caV] ca] ca
] ca] caV] cal c@m\ﬁjm} sopets] A EUPc ) A usaigdhe/Disctfosnrmethed. aplsalsel

V] c, "aV] c, a] caV] ca] ca] ca] ca] caURTRRSPSSTWI T$U) UgUniJ! VBWVGV\Y/\Y/\Y/\Y/\Y/\Y/\Y/\XhXXXXPYY
YY~yt 0] €’ [ UVV] = 2] and frecajmailes o[ ks |thed op] whikh sdooaipates| &) caU] ca] ca] ca] ca] ca] ca
] caV] ca] caV] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal YYY: Z?ZEZTZ\NENZgZKZt Z} 22777777777
27777[ [ | uchc Prfenym eaftrastiontq eompmde the fully row- and column-reduced Force Jacobian,

20 u——)- as described in section, “Interface Contraction”:
ow(p)
or _ =0— or @'
ow or

Steps 3 through 10 below are used to fill the columns of J, :

3. Compute the analytic Jacobian partitions of the § terms:

J, = afg(q) u
q

25 J=W
using joint routines similar to those needed for the First Kinematics Calculations.
4, Compute g derivatives of position quantities and terms for spatial gradient:

Previously described methods were used to fill in certain joint-specific fields. These
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a] caVv] ca] ca] ca] ca] ca] ca] ca] caU] ca] caUl ca] calca]ca]calcaV]ca]lcalca_ 1 4 ]
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aV] ca bbbcccc#c) c<cl cXc”ci cweccccccccdd: dKd_ddde
ezt oj d_zuPn ca:]anai]mgakdaﬂma]daﬁaﬂa\@mhﬁdh)g]thajmﬁ]mm a]taid‘.\qd(yés] iobodrd joint.
V] cMaV] ca] ca V]c"a\/] ca caljca V]c"a Vk ca UV] ca] c"a] ca eoeee;
f1fg#g’ g* g7g7bneplye @@e%asb Bmmfaﬂ da}w]déél}% Fca

%/]U]EEZ]V%%CEZ] %%Z%Eél fe ¢ €]r C:#GJ Ca]\%}g' gﬂ%fﬁ@%ﬂ%@g}fﬁ%ﬂb@gggg,
V] cn 0ca\/] c ‘%ﬁ%ﬁf& \9]“6’8?7}‘ "‘lfgf]"f:g]]'ﬁ]é ca] ca] ca] ca] ca] ca] ca] caV] ca
R b i

@0%B& () - 3dEoripYRéhd en%a@%ﬁ&c(&dmﬁ@g’m ibdividual joint. Thus, ‘dC*(k)is nonzero
1098&' () -1 1098&' ()-| 1098& ()-t -

8100B& () - 3734:19MAicf Yhe GRS (s)tal&ﬁame@ect wmya&ﬂ(e)eo\s@mﬁw&r bbdy k.
~bCY" 109B&' () s109B&' ¥ 0'85 108,10%6 109B& (,) - +109B& ﬁ GJEbC
110988 () - : 15o@mpesly 3seed hiprecuysiqny %&sw w - BORBIET ( lapasée lgzt%)thfL F;

o 1 il (Po et 400R el P Whany

109B& Y109 Bkt hdedkd Wit ARBRR akd goherated 11
109B&' 8 10%@%? O'YlJ:rnk%O‘%B& (3 Y) 10%1(1&?\@ aQ?S‘Igg?(ane:%a tE’100 E'p 5 °° B 10B

Ak (k) = ac(gc)d *) k=1,

The partial derivatives of the direction cosine matrices are generated analytically and

displayed in the section, “Interface Contraction” above. These partial derivatives do
15 not depend upon the particular column of the Jacobian that is being computed.

Setting a particular entry of dg to 1, and all the rest to 0 has the effect of annihilating

the correct subset of the seed quantities.

oro% (k) . . . . .
, the partial derivative of the interbody spanning vector is given by
dx
O
w-—-ﬂ(k}, slider
04y
20,
O _ g, bal
g, -
K2t
FE _ o pin
2
0 000100
orde: (k) _
5 000001 0|, free
% 10000001
20 A(k) There refers to the body’s sliding axis which connects it to its parent body.
OH (k)

, the partial derivative of the joint map is
4k
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h& ()-Fs10% h& ()- 10% h& ()-fL10% h& ()-310% h& ()-F's10% h& ()-j aBmbC' 10%
h& ()- FZwePélwedds) - FY10% h& () - F10% h& () -! 6yF" 10%/hVh& (pdrade¥siseo

h& () - TWIEnMbCF+10% h& ()-3) 10% h& ()-F &10% h& () - FS&310% h& () - $M 10%

h& ()-39 10% h& ()-WFCDEJE: / 10 h 10 h39310% h& ()- 3f8- 10% h& ()-36 10%

h& ()-,5& 10% h& ()-3: 10% &OHYk), , 40% h& () -EFSa  @!uV7/ 10 Y10% u& ()-
10% u& ()-'q " Y10%iu& () - Vo T ()P ’”fé’éfz’e W& ()- L10% u& ()- 10
hi111""R'aB7/ 10 Ys10% u& ()- 10%& () -0Y10% U& ()-1Z

10% u& () -! FOY10%u& () - @y L?) #y##$dET) 10 YYI 9%Z10% u& () - YH@
10% u&' ()-3"10% u& ()- s10% &g 1 u& ()-YS 10% u& () - $S$$$% WAE7/ 10

YY, / 10% & () --Z10% u& () - F+10%u '
- 984 &&&7' ' aB7/ 10 Y8 10% u&: Y
. 10% u& ()-Yf210% u& ()-0!1 £)-" " 9'CF(kY B bed 0

YF10% & ()-F"s10% & ()-s10% &4() -

10- u="10% u& ()-F: 10% u& ()-P(X((E!):) Hpope 10

I mt' 10% ~ & () - Yithithogipve detjgitionspld Qpartlgbiﬁp&'a(lyes, the recursions are seeded with

10% & () - 100/‘ﬁ %% O*a+ ++++, yWAhC 10! (" 109%& ()-! ~>pnt 109%& () - g

n' 109% | & 3() g n'109%gg& ()-g)!\m10% ()-g,-C. ...... {\=
10! 10%| & () L10%1| & () 10" F 26 "= 180 fkodl0% F& ()-'a(" 109&' () -!

("10% " & ()-../Q//0dE{\ = 10!, mlO%’H&( - 1094 & () -

S10%| & () - 3L10%| & () - 10%4| & )= Q1 )Q%( 0[ 0011Y1dE{\ = 10!- 10%4| & () -
Y10%| & ()- 10%| & ()-3&10%| & () -1 10%H 10%t| & () - Y1112L222dE{\ =

10! SH#10%| & ()-3 10%| & () - sY10%}| & (29 %u & ()-910%| & () -

S10%| & ()-22 3n334h4dE{\= 10!, qaaf/gyiu_&_g" | & ()- L*10%}| & () -

(10%t] & ()-'10%4 & () -1 %r10%| & ) - h445]&iq!§6d6d \= 10!

F7FLO%| & ()- 5! 109 & ()- 4910%| & () (f210%H & ()-010% & () -

“FL*10% u& ()- (! 10% u& ()-Y "~ 10% u& ()
1000:11& ) - | 5#10%u& () - FY4-

.1 10%}| & () - d66666666* 7ThC 10! HEMGE: | dHOR & () -
k
end
5 After execution of these loops, all bodies have ‘dC*(k), dr@@ (k) , and dH (k) , their

interbody derivative quantities available.
One new quantity needed in the spatial displacement gradient computation is

also computed. This is A(k) from the section on Interface Contraction, the rotation

axis that generates the rate of change of orientation for each body outboard of a
10 perturbed joint. Here, this variable is given the symbol d@(k), the differential

rotation axis for each body is

for k=1 to nbod

d6(k) = /Z(k) dq(k), pin
dék)=90,, slider

d@(k) = not needed for ball, free

end
Since arbitrary perturbations to a set of Euler parameters do not produce a pure

rotation, column contraction cannot be used when computing the corresponding
15 column of the Jacobian. The row-reduced Force Jacobian can still (and must) be

used..

After seeding the recursions, YdC* (k) , dr®% (%), 'd#*(k), dA(k) are computed:
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10! LGLO9%& ()- | 10%& {)- ,HRU& ()-z 10%& ()- |

“109%& () -s& 109 (§-V EFPJEYNC 10! y ' 1109%& ()- S 10%& ()- S

1098 ()-!10%& ()- ‘a@oa®=Q)- 0, 3109&' () - FHHHHII PI | dEYNC 10! Y

6910%&' () - S510%&' ( -éﬁz & ()-311109&' ()- f/110%& ()-(S

1098 ()-9112IXJIYJ FHR 101 v 109x& ()-L10%& ()- 10 10 10; 10%& ()-: g
1098 ()-fy8 10%&' (for bdIKiddddmBbC 10! 3 y10%& ()-L' ! 109%<& ()-! +

CYL0%<& ()- 3 109%c&,() - 3 o 10%&. () LQ%Es { ) MIM/MWMVHELC 10!, ! 10%
& ()- le(()z’/&&' ()-3 %&«2&&‘(})"-@ (ﬁ&/@)t? égé‘) ety
310%<& () -, T LOUR&! drPolhe NN O VAEE($: () 10%%5) 9% (4 10%& () -
_ a b
‘dg (k)=[c d}
dAk) = 'C* (k)dAG) + dO(k)

end
where

a ="'dC*(k), b = d7%% (k) C* (k) + 799 'dC* (k),

c=0,,d="dC*(k)

5. Compute g derivatives of velocity:

5 A loop that computes the rate of change of joint velocity due to change in joint angle
starts the process:
for £ =1 to nbod
‘dvt (k) = dH " (k)u(k)
end
This quantity is the rate of change of joint velocity due to change in joint angle.
Obviously, it is nonzero only for joints whose map contains coordinate dependence.
10 For free joints, the generalized speeds produce relative linear velocity that depends
upon the joint orientation.
After computing ‘dv*(k), dV (k) , the derivative of the spatial velocity of each
body, is computed. This is done by the following loop:

av () =‘dv*(1)

for k = 2 to nbod

avk)="dg"v i)+ ";é"'dV @)+ ‘av* (k)
end

15 6. Couple Force Jacobian to spatial displacement gradient to compute T}(k)

for k=1 to nbod

4 9T (k) dw(p)

(k)= ) ————*=
' ; aw(p) 0q;

end
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U&' () - WHXHXXX3Yt ZdE]j 10| | F, 1109 U& () -- 91 10% U& () - F+10% L&' () - L* 10%
U8 () - Y(10% U& () - F Briegeh i 1bps tZZ[H[[[[[[dYNC 10!1 10 U 10 U 10 U=10%
U& ()-F:10% U& ()-810% U& ()- YF7Z ¢ Y

dr(k) = T+ 4c @) piac (k)] Tk, )

al O YdC* (k)
end
8. Compute q derivatives of acceleration-related terms:
Again the process starts with a loop that computes ‘da* (k) = dH" (k)u(k) :
for k =1 to nbod
5 ‘da* (k) = dH " (k)i (k)
end

This is the change in joint acceleration due to a change in coordinate. Then, dA(k),

the derivative of the spatial acceleration of each body is computed.

dA(1) = 'da* (1)
WE (k) - (k) } AvE (k) - ['d“’k(k)]

| V% (k) ‘dve (k)
[N _k/y N 3
ros[L2h o)

where — means the 6 vector is decomposed into two 3 vectors,
for k = 2 to nbod

dr1 2 'aCt () (Yot () x (M0 () < 1% (k) +
(”dw" (@yx (Yot (1) x r% (k))) +
iC* (k) (Nfok () x(Yda* (1) x (k))) +
(o Gy x (@ (i) x dr % (k)
da & 'dg* (k) AG) + '8 (k)dAG) + [3;1]

wj 2 'C" (k)" (i)

dwj& dC" (k)" o* (i) + 'C* (k)" d " ()
d22dajx o (k)+wjx do* (k)
di3&2dwjx v (k) + 2w x 'dv® (k)

dA(k) = da + [‘;’;ﬂ + da* (k)

end
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Y3109 & ()-: Y" 3100/%2 9598 r(s}ss*ttudEYNC 10! F 10% & () -

10;%(& ()- Yf - 109 &vﬁ: NH@"LB% (k)) Nyt 10K (&) ¢ )5 §9L0%E () - u/ vvvv%/wvdEYNC
101/"10% & ()- --10% & 0% & -F*lO E g &

"109% & (§ W\(Nzxrrxxy\dy%é%ﬁ(m:z ﬁ(k) p(k) + co(k)) «Sn%(k( (8

10% & ()-810% & ()-6310% & ()- 434 ocy ) F310%{& ()-Fl 1

10% & ()-\y_y yaybygy Y10%3& ()-Y"109B& ()-" 1098B& () -
10( 10( 10( 10%{& ?@Zz{#‘f&%ﬂ"{ ezvz Howe: () -

-109B& () - ! y10%@a& () - Yy109B&' ( 0%3& () Y 10988 ()-{>| ||| 7}}dEbC

10! 1098B& () - 109B&° éc} YIle%B& () YS109B& ()-1z 109B& ()-"10%B& () -}~GPdEhC

9. Compute d p(k), the joint residual derivative for body £:

for k =nbod to 1
dp(k)=dH (k)T (k) +H (k)dT (k) - do(k)

i = inb(k)
ifi>0
dT (i) = dT@) + 'd g (k)T (k) + '¢* (k)dT (k)
end
end
10
After executing this routine, the values stored in d o(k) are the new column of the
Residual Jacobian _6(2- p.(q,u,z).
q
10. Back-solve the g—p result of previous step with the mass-matrix to obtain the desired
q
ou,
dq
15 o -M™ %

oq 2
The back-solve operation is accomplished in the Direct Form method routine by
processing a residual vector into a # vector. The Second Kinematics Calculations
only needs to be performed once for the whole Jacobian, since the back-solves are
done at the nominal value of the state. In fact, the Second Kinematics routine must

20 have been called in Step 1 while computing z, so the variables should still be cached.
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C 10! L310%& ()-! X - +109& (Y- ) S109%& () -
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AL10% ()- p|dE @ 10! SLO%B& ()-1910%8& () - | @ 109B& ()-vl@
. 109B& () - y" 10918s fopting tReBRp4speden@ttor du and computes ‘dv* (k) = H' (k)du(k). Then,
10! S109B&' () - S10YB&' () - SS109B&’ () - S109B& () - SS109B&’ () - +x_>@ 10!
Y10% & () - 310tx§é£ko)ﬂlsslfuwge(qfﬂmm@l ‘(e}ocswmh(t)odys tompyted) 10!
- SY(10%& ()-( | 10%& ()-!I 10%&8’ 10% & ()- ,$10% & ()- ,10% & ()-, 8;
m-|[:>@10!' 310% & ()- 05/ 10% & (1) = Zdv 6Y(10% ()- SY(10% & ()- SY(10%
& ()- SY(10%& ()- c|[: %osegga,,bodLglo%& ()- Y710% & () -
510% & ()-3 1310% & () - |3210% ((1‘0 R W& ()- MO% & ()
Y10% & ()- 1"10% & ()- " 10% & (9¥ 18 €&{’|(z{)+ ) Ys 109 & () -
10% & ()- & "10% & ()- YI0% & (g YI0%W & ()- FL0% & ()-{qQ[: A@O
Y 10%& ()- & 10% & ()- Y 10% & ()- ,4"10% & ()- Y3g10% & () -
1 1096 & () - - E.[CotBuie th¥2 U induced d&%0adivé WTi{(k)&/ A9%eséntedhért; the oIS () -
+109%8 & ()- Yf)10% & ()-NzZ| [NA41010" 10" 10" =10% & ()- 910% & ()-
"9 6: 10% & () -speriflizéd F6iRh¢ sase df hd yeloeitrddpendent Zetingl 0h0s. FThd shit-OihapRetms !

, L#10Yx<& A8, L#10% LA#ALTOYKi k& ()- J,.L#109%D!
 L#10% & (§ ) <[§5q s@,&glfdg@l%@%%rggne 1a oggegég&é.%l}yen 1% %%WEI)@ chgglges in
‘] , L#10%0! D& (e)(femalkﬁﬂagﬁlt wotld on'iybé—?éﬁﬁ’fr@d tolinchude the contribution of dT (k) as

10 before.
0
dA(1) = [“’1
0,

for k = 2 to nbod
| [(N"G"‘ﬁ)x("wk(i)xr9'9*<k>))+]
dtl £ °'C* (k)

(& () x (Vdat (i) x 1% (1))
A ikt ; 0
da 2 '¢* (k)dAQG) + [;1]
wj 2 'C* (k) o' (i)
dwj 2 'C* (k)da' (i)
A2 dwjx'o* (k) +wjx 'do* (k)
d3 2 2dwj x v (k) + 2wj x 'dv® (k)

dr2
dA(k) = da +[ ]
dr3

end
After computing the spatial acceleration derivatives, d7(k), the spatial inertia force

derivatives, is computed:
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F's10% & ()- SPZ9bU410 Y +10%W & ()- )10% & ()-

& 10N & ()- 1B &' 10% : & ()- Y, & 10%@ @& ()- J% & 10%"1& ()-qQ [: bU410
"8100% ! & ()-y 05Y10% & ()- 310% & ()- | @10% & ()- 10410% & () -

V-"10%" =& ()-3vU410 Ylo@ﬁ#&& ) fp " 109R#&&' ()- | 10%&#&&' ()-10"10"10"
=10% & ()- b0810% "1& () 3y T WA10  Fyl0%R#&&' ()- Yz 1098#&& () -

y, ' | 10%#&& () - Y&lO%&#&& () 3 09s10%R#&& ()- YL0%E#&& ()-nf[:vU410
10%9R#8&" () - The(suek+8alve pperatidsgueednplished 0 ct Methqd&m@m&@tpyessmg

" 100saal ()= RPHENESRRINS s 16YER ahdSerohd K Coatab bt )

3: 1098#8&&' () -pefpribBidd Sifeel dincd-hk batEEttves(ake done HPHstSifial value of the state.
3109R#&&' () - ~2bA410&#& 096 @& ()- 10%@06 @& () - 1096 @' () -

, Lz10%@6 @' (In-fact,1the@peanel Kinematgossroowneannst hayerhergycalled/inoSigpd @lile) -
10%@5 @ () -

computing z, so the variables should still be cached.
15 The above steps complete the computation of the analytic Jacobian as long as
the forces only have dependence on g . This accommodates the classical situation where all

atomic forces are derivable from a potential function. To accommodate velocity-dependent
forces, such as simple viscous damping, some of the above steps need to be modified as

follows:
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@610% & ()-4AP; | [: NA410TY 100@t @ ()- , T 10%@6 @& ()- LLM 10%@% @ () -
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L +10%@8 @& f 1OWM@ ,) ot X ar 5 @ >10%@6 @& () -
810%@E @& (§) 61)0(%@/0 _( Hﬁﬁi@@f ) ”)’ (W&é’(€ @ ()- ,1@
10%@6 @ ()-vbA410@/o% %&& 109%8& () - SYL0%&& ()- SL10%&& ()-f
L10%& () - 10@6 @@t Nm)h’dxﬁmaco@ﬂ’d@ 10k} | Q0% ()- 109%&& () -
109R&' ()- cs y 10% % & ()- 109R& ()-1 ]|[:A410@6 @ z109%8& ()- & 109&R&' () -
| @OYR&' ()- 10%&R& ()- 109%&& ()- y 10%&R& ()- 2N|[ A410@/6 @- 10%&& ()-

VHIOIES 07 ) 1075 s W S b GO M 2300 @

10 computes dT'(k):
07T (k) O (k,i)

aA®) =2 s " m )
where
OD _ Wk iy ey (k) + " (k) x ol )]
Ou

j
While executing Step 12 above, the last loop for d7'(k) is modified by
15  subtracting the velocity-dependent force derivative dT(k):
for k =1 to nbod
av12 Ydo' (k)x L, (k)- "ot + "o (k) x I, (k)- Ydo'
dv2 2 Vdot (k) x (" @ (k) x pk) ) + Vo (k) x ( “d * (i) x (k)

dT (k) = M(k)dA(k) + [‘M} — dT(k)
a2

end
The rest of the Steps remain the same.
Fig. 6 summarizes the operational steps of the Analytic Jacobian method,

which has been described in detail above.
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example, Greengaard, The Rapid Evaluation of Potential Fields in Particle Systems,
Massachusetts Institute of Technology Dissertation, 1988) rather than direct method which is
15 Order(N?).
e Analytic Jacobian for Direct Form
When the governing equations are in Direct Form, the so-called “forward
dynamics” form of the equations is obtained. In this form, the equations process a state
vector and applied efforts and generate the acceleration at each of the joints modeled in the
20  system.
=M (f)
The Jacobian then represents the partial derivatives of the accelerations with respect to
elements of the state vector. The preferred embodiment shows several algorithmic methods
for computation of these partial derivatives. The methods are exact and do not utilize
25  numerical approximations to form derivatives.
The Direct Form produces the # partitions of the Jacobian:
R 0)
ug oq
and
U ))
“ du

30 by using an algorithmic counterpart to the function which computes the # function.
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may be made and used. Accordingly, the above description should not be taken as limiting

the scope of the invention which is defined by the metes and bounds of the appended claims,

46



& ()-138& 10% & & ()- ' x' 13& 10% & & ()- 3& 10% & & ()- 3& 10% &
& ()- & ''+ "l 1' pT443& 10% & &'() "3& 10% & & ()- 'x'3& 10% &
& ()- 3& Woz?oa@m(z) -3& 10% & & ()- -'x'1'3° 4" "< = L' M lﬂc’r‘}umﬁfsebO%
& ()-138 10% & & ()-"38& 10% & & ()- 3 10% & & ()- (X 38 10% &
& ()-- MQSTXY ]} ~jN43& 10% & & ()- " 3& 10% & & ()-"'x"'3& 10% &
& ()- 3& 10% & & (WHAEIIEWHAMED)S: 38 10% & & ()- ~'''"'""'"'""' nmM443& 10% &
& ()-"'x'3& 10% &
1. A method of modeling the behavior of a molecule, comprising
selecting a torsion angle, rigid multibody model for said molecule, said model
having equations of motion;
5 selecting an implicit integrator; and
generating an analytic Jacobian for said implicit integrator to integrate said
equations of motion so as to obtain calculations-of said behavior of said molecule.
2. The method of claim 1 wherein said analytic Jacobian is derived from
an analytic Jacobian of the Residual Form of the equations of motion.
10 3. The method of claim 2 wherein said analytic Jacobian J comprises
% 04
Je 0q Ou 2 Ju ). ond
_ai 2’2_ Juq Juu ’
0q Ou
3 O(W oq
a7 =@.=_£_i). and Jqu =—2=W
0q Oq Ou
Juq - @ — _M—l ap,,(q, u, Z) and Jm, - @' - _M_l ap,,(q,u,z)
oq Oq Ou ou
where g are the generalized coordinates, u are the generalized speeds, W is a joint map matrix
15  and M is the mass matrix and p, is the dynamic residual of the equations of motion, and z is
-M" p,(q,u,0).
4., The method of claim 3 wherein said implicit integrator selecting step
comprises an L-stable integrator.
5. A method of simulating the behavior of a physical system, comprising
20 modeling said physical system with a torsion angle, rigid multibody model,

said model having equations of motion; and
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10 where g are the generalized coordinates, u are the generalized speed, Wis a

joint map matrix and M is the mass matrix and p, is the dynamic residual of the equations of

motion, and z is —-M ' p,(q,4,0).

8. The method of claim 7 wherein said implicit integrator comprises an

L-stable integrator.

15 9. Computer code for simulating the behavior of a molecule, said code
comprising
a first module for a torsion angle, rigid multibody model of said molecule, said
model having equations of motion; and
a second module for an implicit integrator to integrate said equations of

20  motion with an analytic Jacobian to obtain calculations of said behavior of said molecule.

10.  The computer code of claim 9 wherein said analytic Jacobian is

derived from an analytic Jacobian of the Residual Form of the equations of motion.
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where ¢ are the generalized coordinates, u are the generalized speed, W is a
5  joint map matrix and M is the mass matrix and p, is the dynamic residual of the equations of

motion, and z is —M ™' p, (q,u,0).

16.  The computer code of claim 15 wherein said implicit integrator

comprises an L-stable integrator.

50



