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Abstract. A unified geometric formulation of the methods used for solving constrained system
problems is given. Both holonomic and nonholonomic systems are treated in like manner, and the
dynamic equations are expressible in either generalized velocities or quasi-velocities. Moreover, a
wide range of unconstrained systems are uniformly regarded as generalized particles in the multi-
dimensional metric spaces relating to their configuration. The derivation is grounded on the tensor
calculus formalism and appropriate geometric interpretations are reported. In its useful matrix form,
the formulation turns out short, elementary and genera. This unified geometric approach to con-
strained system dynamics may deserve to become a generally accepted method in academic and
engineering applications.
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1. Introduction

During the last two decades a renewed interest has been observed in the theo-
ry of constrained mechanical systems, stemmed from the rapid and simultaneous
development of many technological disciplines (robotics, spacecraft, machine and
vehicle dynamics, biomechanics, etc.), and stimulated by advances in computa-
tional techniques. These two factors — the needs for analysing of more and more
complex machineries and the powerful investigation tool offered by numerical
methods — resulted in a new “philosophy” of formulating and solving problems
of analytical mechanics. Many historical approaches consequent to Lagrangian
mechanics turned out to be laborious for large-scale systems and difficult to algo-
rithmize in computer codes. Thiswas mainly due to the arduousness of generating
and differentiating the kinetic energy functions and the entanglements arising when
nonco-ordinate velocity components (quasi-vel ocities) are involved. Sheer impen-
etrability of many of the classical methods, their usua derivation for systems of
particles, and their strict assignment for either holonomic (H) or nonholonomic
(NH) systems might have also led to some confusion. These reasons have caused
intensive investigations aimed at more general, effective and suited for digital
implementation approachesfor handling constrained motion.

Modern methods for the dynamic analysis of constrained multibody systems
fall into two main categories: the differential-algebraic equation (DAE) and ordi-
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nary differential equation (ODE) formulations. Theformer employ amaximal set of
variablesto describe the constrained motion — the co-ordinates and vel ocities of the
unconstrained system and the multipliers that model the constraining forces. The
motion equations that follow are DAEs, often referred to as Lagrange’s equations
of the first kind. Many researches have preferred the DAE formulation due to its
simplicity and ease of manipulation [1-4]. The approach is commonly recognized
as computationally inefficient, however, and special procedures must be applied
to avoid the constraint violation phenomenon. Another approach is thus, prior to
numerical integration, to reduce the motion equationsto a smaller (possibly mini-
mal) set of ODESs. For open-loop (tree structure) systems a popular method of this
type is the joint co-ordinate method; see e.g. [2, 4, 5] (for systems with closed
loops, the method leads to reduced-dimension DAES). A variety of other codes,
applicable for systems of any structure, exploit the concept of an orthogonal com-
plement matrix to the constraint Jacobian matrix, introduced in [6]. Premultiplying
the constraint reaction-induced dynamic equations by the orthogonal complement
results in the governing equations as ODEs, which can then be further reduced in
dimension by introducing a minimal set of (independent) velocity variables. The
co-ordinate partitioning (LU factorization) [3, 7], the natural/point co-ordinates
[8, 9], the zero eigenvalues theorem[10] or singular value decomposition[11, 12],
the QR or Householder decomposition [13, 14], and the Gramm-Schmidt orthog-
onalization [15, 16] are only a few examples of the computer-oriented techniques
using the concepts more or less directly. Useful applications of classical Gibbs—
Appell [17, 18] and Maggi’s[19] equationsaswell as (pretended to be new) Kane's
method [17] have also been demonstrated. A good review of many of the mentioned
methodsis provided in [20].

The prevailing direct/matrix notation used in constrained (multibody) dynamics
has done some damage to our understanding of the physics of concerned problems,
occasionally leading to inconsistenciesin the mathematical modelling. Reconsider-
ing the problems from the geometric point of view may be stimulative in amending
the omissions and providing a uniform approach to constrained systems. Most of
the above cited referencesaswell as[21-23] appeal to the geometry of constrained
motion asadirect generalization of the projection methods used in particle dynam-
ics. However, there are only few attempts, e.g. [24-27], that set the multibody
dynamics formulation precisely according to the differential geometry formalism
—apowerful tool of analysis. This paper is another contribution in thisfield.

Important advantages of the proposed formulation are its compactness, ver-
satility in applications, and the geometrical insight that it gives. A wide range of
uconstrained systems can be studied, including the systems composed of unbound-
ed particles and rigid bodies, and Lagrangian (internally constrained multi-rigid-
body) systems whose equations of motion in terms of independent state variables
are known. The constraints on the systems can then be either H or NH, and no
attention can be paid on whether the velocity components are generalized veloc-
ities or quasi-velocities. By using the unified geometric approach, the schemes
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for obtaining several types of constraint reaction-free equations of motion and the
determination of associated constraint reactions are reconsidered. The other impor-
tant contributions are a precise definition of virtual (constraint-admissible) speeds,
and a novel approach to constraint violation stabilization.

The main body of the paper has been written in standard matrix notation which
is the current fashion of a large segment of the multibody dynamics “commu-
nity”. However, most of the fundamental formulae are simultaneously written
in indicial notation of tensor calculus, important for understanding the covari-
ance/contravariance aspects and the physical (geometrical) meaning of matrix
transformations. The present formulation is thus placed somewhere between these
two poles apart (but virtually equivalent) formalisms, combining compactness of
the former and the mathematical pertinence of the latter. For the convenience of the
reader, the pivotal principles of the notation used are summarized in the Appendix.

2. Unconstrained System Dynamics

The methods of analytical mechanicsare usually introduced for systems composed
of afinite number of material points under the presence of ideal constraints. Such
a procedure excludes an important segment of finite-dimensional systems with an
infinite number of particles, like rigid bodies and multi-rigid-body systems with
kinematic tree structure, unless some limiting procedures are carried out. From the
point of view of differential geometry, however, there are no obstaclesto regarding
all these systems as primitive concepts like mass points and treating them as such.

In order to meet the broader sense of unconstrained system, consider an n-
degree-of -freedom autonomous system characterized by n generalized co-ordinates
p = [pt...p"]". The governing equations of the system can be written in the
following general matrix form:

p=A(p)v D
M(p)V =h*(p,v, 1), 2

where A isan n x n invertible matrix of transformation between the n velocity
componentsv = [v1... ™" (possibly quasi-velocities) and the generalized vel oc-
itiesp, M isthen x n symmetric positive definite mass matrix, h* = [hy ... h,]"
represents the sum of applied forces, gyroscopic terms, centrifugal forces and
Coriolis effects, t is the time, and the superscript (*) is introduced after [28] to
distinguish between the associated vector representations and reciprocal basesin
matrix notation (see Appendix for details). The said unconstrained system can be
either:
e A collection of unconstrained particles. In this case p = v, M is a constant
diagonal matrix, and h* is the representation of only the applied forces.
¢ A collection of unconstrained rigid bodies. Equation (1) relatesthe time deriv-
atives of trandational and rotational co-ordinates of particular bodies and the
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components of their linear and angular velocity (the latter, when expressed in
a body-fixed reference frame, are quasi-velocities). Typically, (2) isan aggre-
gation of Newton—Euler dynamic equations for individual bodies, and M is
constant. A and M are block-diagonal matrices.

e A Lagrangian system— an internally constrained autonomous holonomic sys-
tem whose eguations of motion M (q)g = h*(q,q,t) have been derived in
independent co-ordinates q (0 = p, § = V). Equations of this type arise
among others in the first step modelling of closed-loop systems, after cutting
the closed loops and applying the joint co-ordinate method to the produced
open-loop system. The constraints on the systems are then the closing condi-
tions, seee.g. [2, 4, 5, 7, 20].

e A combination of systems as above.

The motion of a system described in (1) and (2) can be treated as the motion
of point p = [pt...p"]" representing the system in its configuration space. The
Kinetic energy

1 1
T=3 vIMv = > pr’A""TMA I or
1 i d 1 i RJ k-l
T = 5 Myv'v! = 5 BB} Mygphi, 3

where B = A1 is a positive definite quadratic form on the tangent space to the
configuration space at point p. So endowed with the metric at each point p, the
configuration space becomes a Riemannian manifold N. The space E™ tangentto N
at p isaloca n-dimensional Euclidean (linear vector) space[25]. The mass matrix
M is then a metric tensor matrix of a covariant basise, = [€,1...8,,]" of E",
M = e,el (M;; = &, o &), in which the velocity (contravariant) components of
U are expressed, v = el'v (0 = v'8,;). The vector & has thus a unified meaning
of the system velocity and momentum. Namely, by introducing a reciprocal basis
to e,, the contravariant basise® = [&}...&"7 = M~le, (8’ = G/8,;), where

G = M1, & can be variantly written as
- T - = ~j
v=ev=elv' o ¥=v8,; =8, (4)

wherev* = [v1...v,)T = MV (y; = M;;17) is the momentum (covariant) repre-
sentation of ¥ (see also Appendix). To realize the dual meaning of vectorsin metric
spacesis of paramount importance for understanding the further analysis. '
Following the interpretation, the vector & = eV = e/V* (¥ = '€,; = 17;&))
represents both the system accel eration componentsv in e, and the system effective
force components V* in €, V¥ = MV (; = M;;27). The dynamic equation (2),
which in indicial notation reads as M;;”’ = h;, is then the representation of the
following vector formula
h—-o=el(h*—~MV)=0 or h—o = (h — M;i’)8 =0 (5)

(4
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which directly appeals to D’ Alembert’s form of Newton's formula F — ma = 0.
Theuse of base vectors can also be seen asasubstitutefor the virtual displacements
formalism.

The kinematic equation (1) (in indicial notation p* = A7) denotes an inter-
dependence between the system velocity components expressed in e, and e, =
[€1...8,,]" basesof E". The transformation formula between these two basesiis
e, = Al'g,(8,; = A;@,i), and we can write § = ep=eAv=elv=u.The
equivalenceﬁ = v expressed in e, leadsto (1), while representedin e, isv = Bp
(v' = Bipl), whereB = A,

3. Constraintson the System

Let the system as introduced in Section 2 be subjected to m independent ideal
constraints, my H (position) and myy NH (nonintegrable velocity) ones, my +
mny = m. Assuming the NH constraints are linear in velocities, the constraint
equations are:

PH(p,t) =0 (6a)
wNH(P,V,t) = Cnu(p, £V — nn (P, ) =0, (6b)
where ¢ = [@]H e @ﬁlH]T, UnH = [\IIJI\-IH C \I/KmH]T, Cnh isthe myp X n

NH constraint matrix, and nyy = [y - - - nui™]? vanishes for scleronomic con-
straints. By differentiating with respect to time the H constraints, (6) can first be

unified to the velocity form & = [d'ia ], and then, by one more differen-
tiation of the obtained velocity constraints can be transformed to the acceleration

form@ = [&y, ¥y T, i€

& = Clp, v — (.0 [(BsﬁH/é’p)A} v [—8¢H/8t} 0 @

CnH MINH

v

C(p7 t)V - §(p7 v, t) = 07 (8)

where ¢ = —Cv + 7. When handling the constraint equations in the accelera-
tion form (8), the initial values p, and vp must satisfy the lower-order constraint
conditions, @1 (pg, to) = 0 and ¥ (py, Vo, to) = O.

Assumed my > 0, the configuration space of the constrained system, denoted
Ky (ky = n — my), isrestricted to the H constraint manifold (6a) embedded in N
(if there are no H constraints on the system, my = 0 and Ky = N). Thefirst my
constraint vectors, represented in C as rows, are then the H constraint gradients,
and as such are orthogonal to K. The other constraint vectors, corresponding to
NH constraints, may have arbitrary directions with respect to Ky. Rewriting (7) as
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= )i =0forj=1,...,mandi=1,...,n,itcan bededuced that the jth
constramt vector is¢’ = OJ eZ CJ G*8,, WhICh in matrix notation reads

g =[¢...c""' =Cce =CMle,. 9)

If rank(C) = m = max, the constraint vectorsc” (j = 1,...,m), areindependent
in E™, and as such define an m-dimensional subspace of E”, called the constrained
subspace C™. The metric tensor matrix of (contravariant) basise® of C™ isM; 1 =
e'e’ =CM 1CT (GY =E'ot! = C}8F 08lC) = QGWﬂwmaaa_Ml
andG =M1

For ideal constrai nts, the reactions of individual constraints are collinear to the
corresponding constraint vectors, F; = A&’ (do not sum for .J). The generalized
reaction force on the system (the total of the individual constraint reactions) can
then be written as

m m
Fr=>f=> A8l =eTa =el(CTA) =elrr, (10)
J=1 J=1

wherer* = [r1...r,)7 = CTA* and A* = [A1... \,]" (Lagrange multipliers)
arethe representations of 7' in the bases €, and €', respectively. Notethat ristotally
sunk in C™. The governing equations of the constrained system can then be written
in the following form:

p=A(p)v or p'=dald (11a)
M(p)V = h*(p,v,t) + CT(p,t)A* or M;;i’ = h; + CF); (11b)
Cp,t)v=£&(p,v,t) or Cfi'=¢F (11c)

which are often referred to as Lagrange’ s equations of thefirst kind [2, 4, 25]. With
referenceto (5), the geometric interpretation of (11b) is

h+F—o=¢e"(h* +C'A* —MV) =0 (12)

or inindicial notation h +F — & = (h; + CEN, — Mmzﬂ) = 0, which directly
appeals to the geometry of simple dynamics problems (see Flgure 1b). Following
the geometric interpretation, the constraint velocity equation (7) can be viewed as
n=e'v=Ceelv=Cv(y =C ot = Ci8 o&p* = Cir). Thetermn
is thus the projection of the system velocity # into C™, expressed in the basis e.,
ij = el'n (i = 1'c;). Assuch, n representsonly that part of “ constraint velocity” at
p which is contained in C", and the eventual tangent component of the constraint
velocity is not “seen” in the explicit constraint equations (7) (see Figure 1a).

Seemingly, the constituents of ¢ = —Cv + 7 in (8) and (11c) denote: —Cv — the
acceleration due to the constraint “curvature” at p, and 7 — the acceleration due
to the constraint motion at p (again only those parts which are contained in C™).
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Figure 1. The geometry of a constrained system.

Namely, onecanwrite ¢ = v = CelelV = CV (¢! =G o = Cig] 080k =
Ciglrk = Clod) and € = L€ (€ = ¢'C;). Note that i and ¢ are representations
of 7j and E in the basis e, reciprocal to €' in which the constraint reactions are
represented by A*.

The DAE formulation (11) is valid for both H and NH systems, and the com-
ponents of v can be either generalized velocities, quasi-velocities, or both. The
equations can be solved directly by using a range of DAE solvers [29], or the
Lagrange multiplier elimination methods can be used. A popular technique of
latter typeisto rewrite (11) as

p=Av (133)
M —CT Vv h*

[c 0 HA*}‘[J i
and, since the coefficient matrix in (13b) is by assumption invertible, solve the
equations as implicit ODEs in v(¢) and p(¢), and simultaneously determine A\*(t)
in terms of the current state valuesv and p.

The analysis of the constrained motion evolution by using the above govern-
ing equations is commonly evaluated as computationally inefficient, mainly due
to possible large dimension of the sets of equations to handle. Moreover, when
handling the constraint equations in the acceleration form, the solution may suffer
from the problem of violation of the lower-order constraint equations, and special
procedures (e.g. Baumgarte's method [30]) must be applied to avoid the phenom-
enon. The shortcomings of the dependent variabl e formulations have stimul ated the
development of methods for obtaining equations of motion in terms of aminimum
number of (independent) variables. Thefirst step of the approachis usually the pro-

jection of the dynamic equationsinto the null space of C™ (the space complemetary
to C"™in E") [3, 6, 9-16, 21-23, 31].



10 W. BLAJER

4. TheProjection Method

AsC™ isanm-subspace of the n-space E", ak-dimensional (k = n —m) subspace
D that complements C" in E™ can be defined, D* U C"™ = E” and D" N C™ = 0.
Note that D” isthe tangent space to the configuration manifold Ky at p € K only
for aH system (mny = 0) —thetangent space defined asacomplement of the space
spanned by H constraint gradients[25]. For aNH system suchthat 0 < myy < m
(asystem subject to both H and NH constraints), the tangent space is of dimension
ky = n —my > k. Findly, in the extreme case of aNH system (a system subject
to only NH congtraints, myy = m), we have Ky = N, and the tangent space is
E”. To meet the general case of a system subjected to H and/or NH constraints, D”
will be called avirtual (velocity admissible) subspace, asit is formed by a set of
unconstrained (admissible by constraints) velocity directions.

By introducing % independent vectors d, . . . , dj, that are totally sunk in D¥,
represented in e, basis as columnsof ann x n matrix D(p, ¢) of maximal column-
rank, the (contravariant) basis of D* can be defined as

e =[dy,...dy)" =D"ey (14)

(d; = D&,;,i=1,...,k j =1,...,n). The condition D¥ N C" = 0, in matrix
notation, is

D'c’ =0 « CcD=0, (15)

i.e. D is an orthogona complement matrix to the constraint matrix C, and (15)
denotes the mutual othogonality of vectorsd; and &/ (i = 1,...,k, j = 1,...m).
Using (9) and (14), this can bejustified by d; o ¢/ = D¥&,, 0 8.0/ = DFsLC) =
D{?O,{ = 0, or in matrix form e;e” = D’e,&TC? = DT'C? = 0. Asitiswell
known, the formulation of D for a given C is not unique — different sets of &
independent vectors d; can span the same subspace D*.

Being independent, the n vectors dy, ..., dy, &%, ...,&™ form a basis in E".
Using (9) and (14), the transformation formula between the hybrid (covariant-
contravariant) basis [} e:7]”" and the basis e, can be formulated as

€| _ DT e, = H'(p, t)e, (16)
e CM~1 v

whereH isthen xn matrix of transformation. The metric tensor matrix of [€} e
basisis

(17)

HTMH:[DTMD 0 ]:[Md o]

0 cmMicT 0 M1t

whereM 4(p, t) = €€} = DTMD (My;; = d;od; = DF&,,08, D! = DFM;, D)
is the metric tensor matrix of the basise, of D¥, and G.(p,t) = M1 = e.eT =
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CMCT(GY =& o’ = CigF o8 C/ = CiGH ) isthe metric tensor matrix
of & of C™. From (19) it comes also (see Appendix) that

Sk

e =H Ed} = De; + M~'Cle, (18)

C

@ = D;'-aj + G*CLE), where €, = M ey @ = GY7d;), e. = M€ (G =

M,;;Eh.
Substituting (18) into (12), and considering (15), one obtains
e’ (D"h* —D'MV) +el'(CM~th* + CM~ICTA* —CV) =0 (19)

which expresses the projections of the dynamic equation (12) into D* and C™,
respectively. By virtue of the complementarity of the subspacesin E”, (19) means
that:

D'Mv = D' h* (20a)
Cv=CM~h* -+ cMm~ict (20b)

which can aso be obtained by premultiplying (11b) by H”". The geometric inter-
pretation of (20) isillustrated in Figure 1b, and its vector representationis:

ﬁd — IL/'d =0 (218.)
h,+F— . =0, (21b)
where the subscripts d and ¢ denote the projections of appropriate vectors into D¥

and C™.
Since the constraint equation (11c¢) can be interpreted as

§-v.=el(§-CV)=0 (22)
the constrained subspace projections (20b) and (21b) can be manipulated to:

CMth*+cMIcTrxr—¢=0 (23)

h.+F—€=0. (24)

Then, the virtual subspace projections (20a) and (21a), supplied with (11c), leads
to the constraint reaction-free governing equations [5, 6, 9-15, 20, 21, 31, 32]:

p = Av (259)

lDZM ] V= lD?‘*l (25b)
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which are 2n ODEsin v and p. Using the solution v(¢) and p(¢) to the ODEs, the
Lagrange multipliers A*(¢) can then be synthesized from the following algebraic
formula

A*(p,v,t) = (CM~ICT) (& —CcM1h¥). (26)

The coefficient matrix on the left-hand side of (25b) is HY'M. Then it comes
from (16) and (17) that (H'M)~* = [DM;! MC'M,] and | = MDM ;D" +
C"M.CM~1, wherel isthe identity matrix. Using this, (25b) can be manipulated
to the following equivalent form Mv = h* + CTM (¢ — MM ~1h*), where M, =
(CM ~1CT)~1. The result can also be obtained directly by substituting (26) into
(11b), while (26) is obtained after substituting (11b) into (11c), seee.g. [2].

Compared to DAES (11) or (13), the dimension of ODEs (25) is reduced from
2n + m to 2n. The benefit can, however, be fictitious since the n. x n coefficient
matrix in (25b) is ageneral matrix whilethe (n +m) x (n + m) coefficient matrix
in (13b) isasparse matrix. As special procedures can be applied to sparse matrices,
theinversion of thetwo matricesin the processof numerical integration may thusbe
equally “expensive’. Moreover, ODEs (25) still suffer from the constraint violation
problem. Therefore, further reduction in dimension by introduction a minimal set
of (independent) velocity componentsis usually undertaken.

5. TheEquationsof Motion in Virtual Speeds

Further developments in the description of constrained system dynamics can be
achieved by introducing & independent virtual speedsu = [ul...u*]” being the
components in the basis e, of the projection of  into D, 0 = elu (0 = w’d;,
i=1,...,k). According to theillustration in Figure 1a, we can write

0+ 17 = o. (27)

To find a matrix representation of this vector formula, we first write v = e;‘;TM Vv,
and then using (18) wehave & = (&' D’ + e.CM~})Mv = /D" Mv + e.Cv =
U + 7. On the other hand, U = €;Tu* = "M u and 7j = el'n. Comparing the
two formulations, we arrive at

T T
lD MD“] _ [D MV] = H'Mv. 29)
n Cv

For scleronimic systems (p = 0), (28) denotes that & is entirely contained in D*
or, more specifically, the system momentum v* = Mv (the representation of 7 in
€, basisof E") projectsonly into D* and is represented in €/ basis of the subspace
as u* = Mgu. For rheonomic systems (n = 0),  is deflected from D* due to
the constraint “motion” perceived in C™ (77 is the component of v in C'™), see
Figure 1la.



A GEOMETRIC UNIFICATION OF CONSTRAINED SYSTEM DYNAMICS 13

From (28) it comes directly that
u= (D'MD)*D"Mv =M} (p,t)D” (p,t)M (p)v. (29)

Asthe componentsof u may have no physical meaning, (29) can serveto obtain the
consistent initial values ug for given p, and vo, which is of paramount importance
for the succcessful initialization of the integration process of motion equationsthat
will follow. Then, by inverting (28) we obtain

v =Du+M-Ict(cm~Ic?)~1n = D(p,t)u +~(p, 1), (30)

where v = M~1CM .5 denotes the representation of 7 in e, and vanishes from
scleronomic constraints (notethat n istherepresentation of ij ine,, i.e. 7 = el'y =
el'n). Theformulae (29) and (30) are the direct/matrix representations of the vector
equationsv = U + 1j and U = & — 1j, illustrated in Figure 1a

The virtual speeds u are notionally equivalent to the independent kinematic
parameters introduced in Maggi's [19, 32, 33] and Gibbs-Appdll [17, 18, 32]
methods, and to the generalized speeds used in Kane's method [7, 15, 17, 22].
The present formula states the definition more precisely from the mathematical
(geometrical) point of view. Also note that by using (28) the virtual speedsu need
not be introduced a priori — they may result from the constraint equations (7),
the introduced orthogonal complement matrix D to the constraint matrix C, and
the system inertial properties represented in the metric of configuration space
(excludingthelatter fromthe analysisiserroneous, seetheforthcoming discussion).
Moreover, none of the previous methods supplies the user with an explicit general
formula, such as (28) and (29), to determine explicitly the independent velocity
components.

Using (30) and its differentiated form v = DU + Du + 4, it is easy to check
that the velocity and acceleration constraint equations (7) and (8) are satisfied by
identity, and the governing equations (25) transform to the following n + £ ODEs
inpandu:

p=AMDu+y) = p=A4p,t)u+ay(p,t) (314)
D'MDU =D"h* —D'M(Du+4) = My(p,t)u =hi(p,u,t)  (31b)
Given py and v, from (29) theinitial valuesug = M ;1 (pq, t0) D™ (g, to)M (Po)Vo.

Since it comes from (25) that CD = —CD, and the ¢ = —Cv +n = C(Du + ),
the relation (26) can eventually be manipulated to

A*(p,u,t) = (CM~ICT)~IC(Du + 4 — M~th*) (32)

from which, using the solution p(¢) and u(t¢) to ODES (40), A* can be synthesized.

ODEs (31) provide a general procedure for obtaining the minimal-dimension
equations of motion of a constrained system. The formulation requires first to
determine an orthogonal complement matrix D to the constraint matrix C. For
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small systems this can often be done by inspection or ssmply guessed. For large-
scale systems the determination is usually performed numerically, and numerous
computer-oriented codes of this type have been proposed (see eg. [3, 4, 6, 7,
10-16, 20]). A more complex task is to determine Du + < used in the dynamic
equation (31). In the co-ordinate partitioning method [3] the term isfound directly
from the partitioned accel eration form of constraint equations(8). Namely, from the
partitioned velocity form of contraint equations, ¥ = Cv+n = Uu+Ww+n = 0,
whereC = [U W], v = [ul w!]?', and them dependent velocitiesw are chosen so
that det(W) # 0, (30)isobtainedasv = [I —(W~1U)T)Tu+4[0" —(W—1p)T]T =
Du++,and| andOarethek x k and k x Lidentity and zero matrices, respectively.
Then, from the partitioned constraint acceleration equations, ¥ = Cv + ¢ =
Ua+Ww + € = 0, itfollowsthat v = [I —(WtU)T|Ta+ 07 —(W—1g)T]" =
DU + +; see aso [7, 34]. In this way, the dynamic equations (31b) in the chosen
k independent velocities u can be obtained. A recursive scheme for obtaining D
numerically, based on C and C, have also been proposed in [15] and then followed
in [35]. Finaly, in [26] an ingenious differentiation-free scheme (based on pure
differential geometry formalism) for obtaining the dynamic equations in terms of
independent variablesis proposed. General and computationally cheap new codes
for computing Du + + are still desirable, however,

The relations (27-30) and the consequent motion equations (31) have been
derived based on the explicit formulations (7) and (8) of constraint equations. For
H systems, however, the H constraints are commonly introduced implicitly by a
priori choice of independent co-ordinatesq = [¢* ... ¢*]" (my = m, k = n —m)
that define the system position on the H constraint manifold (the configuration
space of the H constrained system, Ky = K. The dependence

p=9(q,t) (33)

standsfor themn H constraintson ther dependent co-ordinatesp, i.e. u[g(p, t), t] =
0. The differentiated form of (33), after considering (1), is

v=D'(a,)q+~'(a,t), (34)

where D' = A~1(9g/0q) and v = A~1(dg/ot), stands for the m constraint
conditions on the dependent velocities v. Finaly, using (33), (34) andv = D'g +
D’q + 4/, the governing equations (31) transform to the following 2k ODEsin q
andq[2,4,5,8,9, 20, 26]

DTMD'§ =D"h* —D"M(D'g+4) = M4(q,t)d = hi(q,q,¢). (35)

For nonautonomous systems, the virtual speeds u (quasi-velocities) defined in
(37) and the generalized velocities ¢ as above are the representations of different
(but collinear) vectorsin E™ (see Figure 2), and the relations (30) and (34), though
similar, are not equivalent. Namely, (30) expresses v = U + 73, while (34) stands
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Figure 2. Thevirtual speeds u (quasi-velocities) and the generalized velocities q.

for 7 = G+ 7', where if’ = el'y' isthe total effect of the constraint “motion” at
q € Ky whilej isthe projection of 47" in C™. From inverting (34) we obtain

= (D'MD)ID"M (v —+). (36)

Evidently, for autonomous systems, u and ¢ are the representations of the same
vector, contained in the subspace D* of E",1j = 7}’ = 0and§ = G = i.

6. Elimination of Constraint Violations

The problem of constraint violation occurs when the motion equations used for
simulationinvolvethedifferential formsof constraint equations. By assumption, the
exact realization of only those differentiated constraint equationsis assured while
the lower-order (original) constraint equations may be violated by the solution
(burdened with a numerical error of integration) even though the initial values
of the state variables satisfy the constraint equations. The case relates mainly to
DAEs(11-13) and ODEs(25), wherethe constraint equationsare considered in the
acceleration form (16). The numerical solutions p(¢) and V(t) to these equations
may violate the H constraint equation (6a) and its differentiated form as well as
the NH constraint equation (6b), $n(p,t) # 0 and ¥ (p,V,t) # 0. The situation
is a little different when dealing with ODEs (31). By virtue of the definition of
independent speeds u, the used relation (30) stands for the m velocity constraint
equations (7), ¥ = [d'ia Wiy = 0, which are by assumption satisfied by the
solution p(¢) and t(t). Theformulation does not, however, protect the H constraint
equation (6a) from being violated by the solution p(¢), @n(p, t) # 0, seeaso[15].
Finally, ODEs(35), derived for H systems, arereleased fromthe constraint violation
problem — the used relations (33) and (34) stand for &y = 0and &y = & = O,
and assure the exact realization of the constraint equations.

The conceptually simplest method for eliminating the H constraint violation
or, in other words, for correcting the system position so that &4 = 0 with a
required numerical accuracy, isto treat p(¢) asatria root of é4(p,t) = O for a
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given ¢, and then to solve the constraint equations for anumerically exact root. As
dim(®H) = mu < dim(p) = n, n — my supplementary eguations must be added
to @4(p,t) = 0 in order to complete the process successfully, and it is essential
to construct the supplementary equations so that to ensure the paosition correction
only in the subspace defined by the my H constraint gradients (which is a part
of C™ for a system subject to H and NH constraints). Such a formulation can be
deduced from (28) applying CHA ~1p + ny + P = Oinstead of the velocity form
of constraint equations. Then, the Newton—Raphson formula for transforming the
H constraint violation $ = & (P, t) to the position correction Ap = p(t) — p(t)
isasfollows

bW

A1 0
Ch 2

H

where Dy is an n x ky orthogonal complement matrix to the my x n H con-
straint matrix Cy = (0Pn/0p)A, kn = n — my, and the superscript (*) denotes
dependence on p. By inverting (37) we obtain a much more useful formula

Ap = —ANI T TEgM—ICT) 1y, (39)

released from the necessity of determining Dy. The elimination of violation of
velocity constraint equations, & = ¥ (P, V, t), can be done by using formulae very
similar to (37) and (38). Namely, denoting Av = v(t) — V(¢), it can be deduced
from (35b) that

~T ~
DM . 0
oor=-[3
or in aresolved form
Av=-—M¢"(EMcT) g, (40)

The formulae (38) and (40) assure that the position and velocity correction are
performed in C™ (the system position and velocity in D are not changed). The
geometric interpretation of the correcting terms (for scleronomic constraints) is
givenin Figure 3.

The position and velacity corrections according to (38) and (40) can be applied
after each step of integration or after a sequence of steps when the constraint
violations surpass the accepted values. The formulae can also serve to modify
Baumgarte's constraint stabilization method [30]. From that angle, ODEs (31)
should be changed to:

p=A(Du+~v)-MIchcyMm Ich)? <K145H + Ko/diH dt) (419)

D”MDU = DTH* — DM (Du + 4), (41b)



A GEOMETRIC UNIFICATION OF CONSTRAINED SYSTEM DYNAMICS 17

Figure 3. Position and velocity corrections.

while ODEs (25) will take the form:
p=Av-AM cl(cymIch) (Klqu + Ko / Sy dt) (42a)

DTM . DTh*
[ C ]V:[‘E_(Llw—FLodet)]’ (42b)

whereK 1 and Ko, and L; and L arethe my x my and m x m diagonal matrices
of appropriate gain values [30]. Seemingly one can use the stabilized kinematic
equation (42a) instead of (13a) and substitute the stabilized constraint enforcement
&—(L1¥+Lo /¥ dt)instead of ¢ in(13b) to transform DAES (13) into astabilized
form.

The present scheme of separate position and velocity corrections for constraint
violation stabilization differs from that proposed by Baumgarte [30]. Here the
position correcting terms are placed in the kinematic equations and the velocity
correcting terms are situated in the dynamic equations. The position constraint
violation are thus directly converted into the appropriate position correctionswhile
thevelocity correctionsresult from only the vel ocity constraint violation. In Baum-
garte’'s method both the correcting terms are placed in the dynamic equations, and
the position constraint violation is controlled indirectly by inducing an additional
velocity correction — the effect in position is thus “ delayed” in time.

The experience of the author is that the present method is very effective, accu-
rate and computationally cheap. It is preferred to use the schemes (38) and (40)
after each step of integration (or a sequence of steps), rather than to apply the
stabilized governing equations (41) and (42). It is also important not to allow large
constraint violations — the correction is performed in C™ defined for p € Kn
(see Figure 3), and the closer K to K the better accuracy. For larger constraint
violation the formulae (38) and (40) be used recursively. In order to justify the
effectiveness/accuracy of the method, it should be tested on examples and com-
pared against other approaches. Thiswill be donein future works. The objective of
this presentation was only to show the geometric involvement of the problem and
the impact it gives on the dynamic formulations.
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7. Discussion and Conclusion

The proposed geometric formulation of constrained system dynamics appeals to
intuition as a generalization of methods used in simple dynamics problems (New-
tonian mechanics). The mathematical language used is that of vectors and tensors
in metric spaces, a powerful and precisetool of analysis. In particular, the velocity
(acceleration) and momentum (effective force) components of a system are treated
as associated representations of the same vector. This implies a special meaning
of the metric of system configuration space, involving theinertial properties of the
system. Neglecting the inertia attributes may occasionally lead to physical incon-
sistencies in mathematical formulation. In many contributions, for instance, the
velocity “norm” isintroduced as ||#(|? = vI'v = v2 +- - - + /2. This can eventually
be accepted for systems of particles, due to the very specific (diagonal) metric
tensor matrix of the configuration space. For a system composed of rigid bodies v
usually consists of linear and angular velacities, however, and by using the above
“norm” we sum addends characterized by different units (what we tell students
never to do!). After setting the norm appropriately, ||#]|?> = vI'Mv, the inconsis-
tencies are clarified. The other example can be the matrix C*'C introduced in the
zero-eigenvalue theorem [10], the singular value decomposition [11, 12], and the
QR/Householder decomposition [13, 14] methods. The entries of the matrix may
also be formed by summing addends of different units. From the geometrical point
of view the matrix should rather be changed to C*'(CM ~1C?)~1C. The remarks
do not, however, condemn the computer-oriented codes involving the physically
inconsistent formulations — most of them are powerful tools of computer-aided
analysis of multibody systems, and playing with numbers the units are not “seen”.
Nevertheless, one can never entirely shake off the feeling that something is missed
in the formulations.

The proposed projective/geometric approach to solving problems of constrained
system dynamics can be recommended for many reasons. It offers acomparatively
simple, general and effective algorithm for obtaining constraint reaction-free equa-
tions of motion and, based on the solution to these equations, for synthesizing the
associated constraint reactions. The method applies for both H and NH systems
and no attention can be paid to distinguishing between generalized vel ocities and
guasi-vel ocities (the entanglements arising when introducing quasi-velocities are
the “Achillesheel” of Lagrangian mechanics[32]). The recent paper [36] presents
several examples of application of the method. Finally, the notion of unconstrained
systemisextended to any autonomous L agrangian (holonomic) systemwhose equa-
tions of motion are given in the form (1) and (2). All the systems can be regarded
as primitive concepts like particles and treated as such (in a unified way). There
are also no obstacles to analyse rheonomic and/or nonholonomic “ unconstrained”
systems, such asthose describedin (35) and (31), respectively, on which additional
constraintsareimposed. The configuration spaces of such systems become pseudo-
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Figure Al. Geometrical illustration of (A1-A3).

Riemannian, however, and the geometric interpretation aswell asthe mathematical
description become more compl ex.

Appendix

In an n-dimensional vector space E™, a vector & can be represented either by
its contravariant components a = [a®...a"]" with respect to a covariant basis
e=[&...8&,]" of E", or by covariant componentsa* = [a; . . . a,]? with respect
to the contravariant basise* = [&*...&"]|T [24, 28, 37]:
id=cela=al& + - -+a"8,

= eTa* = a8t + - + a,&" (A1)
or using indicial notation & = '8 = ajéj. Using the metric tensor matrix M of
the basise,

€106 ... €06,
M=el=| : : (A2
€, 06 ... €08,
(M;; = & o &), the relationships between the associated vector representations
and the reciprocal bases are:

a" = Ma (aq; = Mijaj), a=M1a (ai = Gijaj),
e=Me (§=M,;&), e=Mle (&8=G"8§)), (A3)

whereG =M ! = e*e’” (GY = & 0 &, G Mj;, = 6}). A smpleillustration of
the formalae (A1-A3) isshownin Figure Al.
A dot product of two vectorsaand b in E™ can be written in four different ways:

dob=a’Mb =a’b* =a’b = a*’M 1b* (A4)
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(o b= a' Mt/ = a'b; = a;b/ = a;G7*by,), and the orthogonality condition of
the two vectorsis do b = 0. Then, the “length” of avector disa = Vao a.

The change from the basis e (or €*) to anew basis€ (or €*) of E” is associated
with the following transformation formulae:

a=Ad (d'= A;-a'j), a*=ATa" (d) = A{aj),

¢ = Ad* (8 =487, d=ATe (& =478), (A5)

where A isthe (inevitable) transformation matrix. The metric tensor matrix of € is

M'=éde’ = ATMA = (€*¢*")™t  (M]; =& o0& = AF M AL). (A6)
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