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1. Introduction

In numerical integration, one of the most widely used methods in nonlinear structure dynamics is without any doubt
the Newmark family of numerical methods [1], which also admits extensions to constrained systems (see [2]).

Briefly, a nonholonomic system is a mechanical system with external constraints on the velocities whose equations are
obtained using the Lagrange-d’Alembert principle (see [3]). These systems are present in a great variety of engineering
and robotic environments as for instance in applications to wheeled vehicles and satellite dynamics. In this paper, we
will consider only the case of linear velocity constraints since this is the case in most examples, but the extension
of our nonholonomic Newmark method to the case of nonlinear constraints, explicitly time-dependent systems and
nonholonomic systems with external forces is completely straightforward.

The case of linear velocity constraints is specified by a (in general, nonintegrable) regular distribution D on the
configuration space Q, or equivalently, by a vector subbundle 75 : D — Q of the tangent bundle TQ with canonical
inclusion ip : D < TQ. Therefore, the admissible curves y : I € R — Q must verify the following constraint equation

y'(t) = C;—Jt/(t) €D, foralltel.
The case of holonomic constraints occurs when D is integrable or, equivalently, involutive. Observe that in this case, all
the curves through a point g € Q satisfying the constraints must lie on the maximal integral submanifold of D through q.
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In this paper, we construct nonholonomic Newmark methods in the case where Q is R" and discuss the possibility of
composing Newmark methods to obtain higher-order methods. At the end, we test them in some nonholonomic problems.
According to [4], the reason why several numerical methods produce good energy behaviour is due to the fact that they
preserve reversible integrability and most nonholonomic examples are precisely reversible integrable. The perturbed
pendulum-driven CVT system is an example of an unbiased nonholonomic system since it is no longer reversible. The
main result of the paper is that in one of our methods, the composition of two Newmark methods, we observed nearly
preservation of energy with a similar behaviour to the nonholonomic leap-frog method [5,6]. Our result may help finding
numerical methods for nonholonomic systems exhibiting better qualitative behaviour than those existing in the literature
for unbiased examples as well as it may give some contribution to the understanding of the reason why there are methods
that do preserve the energy in these examples. This, in fact, is one of the open problems in the area of geometric integration
of nonholonomic systems.

The paper is structured as follows. In Section 2, we give a review of the Newmark method to integrate second-order
differential equations and rewrite them in terms of a discretization of the exponential map. In Section 3, we review the
definition of nonholonomic mechanics and of the nonholonomic exponential map which motivates the introduction of
nonholonomic Newmark methods. In Proposition 3.6, we prove that Newmark methods with 8 = 8’ = 0 are equivalent
to a DLA method and in Proposition 3.7, we obtain a numerical method from the composition of lower order Newmark
methods. In Section 4, we give three examples of nonholonomic systems including the perturbed pendulum-driven CVT
system and in Section 5 we present our numerical results. Finally, in Section 6, we discuss the possibility of generalizing
nonholonomic Newmark methods to general manifolds and, in particular, to a Lie group (see [7]).

2. Newmark method for explicit second-order differential equations

Given a second order differential equation % = I'(t, q, q) the classical Newmark method is given by

k+1—q . 1 . )
% =qc+h <5 - ﬂ) I (te, Qi @) + hBL (ter1s Qv 1> Qrer1)

. . (1)

Ak+1 — Gk . .

% = (1—=y) I'(t qi> @) + ¥ Tkt Qi 15 Gerr)
where y and g are real numbers with 0 <y < 1and 0 < 8 < 1/2. The Newmark method is second order accurate if and
only if y = 1/2, otherwise it is only consistent. Moreover, this family of second order methods includes the trapezoidal
rule (8 = 1/4) and the Stérmer’s method (8 = 0). In the latter case, the Newmark method is simplified as follows:

Qkv1—qe . h .

% =qx + Ef(fk, k> k)

Qev1— Qe 1 . 1 )
% = Ef(t’" k., qx) + Er(tkﬂ’ Q+15 Grt1)

2.1. Newmark method for Lagrangian systems

The Newmark method [1] is a classical time-stepping method that is very common in structural mechanical simula-
tions. For simplicity, we consider a typical mechanical Lagrangian L : TR" — R:

1
Lg,q) = iqMaT - V(q), (2)

where (q, §) € TR" = R*", M is a symmetric positive definite constant n x n-matrix and V is a potential function. The
corresponding Euler-Lagrange equations are

i=-M""VV(g), (3)

where V denotes the gradient of the potential function.

The Newmark methods are widely used in simulations of such mechanical systems. In fact, they can be applied in an
even more general context including external forces (cf. [8]). In this case, fixing parameters y and 8, Egs. (1) determine
an integrator implicitly which gives (qx+1, qk+1) in terms of (qk, gx) by

. h
Qrr1 = G + hge + 5 (1 —2B)ax + 2Bak+1) (4)

Gkr1 = Qe +h (1= y)ar + yar) , (5)

where ay = —M~'VV(q) and a1 = —M~'VV(qpsq).

In contrast with other geometric integrators for Lagrangian systems (see [9]), the Newmark scheme is not especially
designed to be symplectic and momentum preserving, but in [8] the authors show that the conservation of the symplectic
form and the momentum occurs in a non-obvious way. In other words, the Newmark methods preserve a non-canonical
perturbed symplectic form and a non-standard momentum.
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2.2. The Newmark method and the exponential map

Given a second order differential equation % = I'(t,q,q)on Q, a point g € Q and a sufficiently small positive number
h > 0, we can construct the exponential map of I” in g at time h, i.e., a map exp,, : U € T,Q — Q. This map is defined
taking for any vector v € T;Q the unique trajectory of the second order differential equation with this initial condition,
that is the unique curve y : I C R — Q such that (0) = g, y(0) = v and y(t) = I'(y(t), p(t)) (see [10] and references
therein). Then we define exp, ;(v) = y(h). A natural idea to derive a numerical method is to consider a discretization of
the exponential map expg’h : U € T,Q — Q that is, an approximation of the continuous exponential map. If Q is a vector
space, a common example of a discretization is the second order Taylor polynomial

hZ
expy(v) = q + hv + =-I(g, v). (6)

Definition 2.1. A discretization of the exponential map of a second order differential equation is a family of maps
expg.h : T;Q — Q depending on a parameter h € (—hy, hg) with hy > 0 such that expgvo(vq) = q, that is, it is a constant
map and the first and second derivatives with respect to h satisfy

d2

expy(0) = v, | expy(v) = (g v).
h=0 h=0

dh
Definition 2.2. The discrete flow (PS‘ :TQ — TQ, qﬁg(qk, Vk) = (Qk+1, vkr1) defined implicitly by the expression

Qi1 = expy, (i)
k. = engkHﬁh(vkﬂ)

is called the exponential method.

Observe that by the implicit function theorem, ¢,’; is well-defined if Tvexpg’ p is regular at v = vy forany h € (—ho, ho).
In other words,

q.h

-1
Pg(v) = [eijXpd (vk),_h} (@), for vy € Tg, Q.

As we will see next, this is precisely the Newmark method with 8 =0 and y = 1/2.
In general, we can recover any Newmark method as a map 053 :TQ — TQ, dbg(qk, Vk) = (Gk+1, Ukt1) using the following
discretizations of the exponential map depending of a parameter 8 with 0 < 8 < 1/2:

h?2
exp)y ,(ve) = i + hve + 5 (1 =2B)1(q. vi) + 2B (ies1. Vi 1)) (8)

and the Newmark method is rewritten as

[Qk+1 = exp)y ,(vi)

Qe = expfkﬂ,,h(vm)

with parameters 0 < 8, 8/ < 1/2. That is

h2
Qk+1 = Gk + hog + 5(1 —2B)T(q, v) + W BT (Ges1, Vies1)

2 (10)

h , ,
Qx = Q41 — hvggq + ?(1 — 2B (Gig1, vie1) + 2B/ T (k. vi)

Observe that these methods are equivalent to the Newmark methods with parameters 8 and y = (1 + 28’ — 28)/2 in
the expression (1) (in fact, if in (10) we put vy = g and vg.1 = Gix.1 then we obtain (1)).

Remark 2.3. The discretization of the exponential map given in Eq. (9) should be understood as follows. Given a
discretization q>[; : TQ — TQ of the flow of a second order differential equation then we can define the discretization of
the exponential map as

h2
expﬁk,h(vk) = qi + hve + ) (1 = 2B)I(qi. vie) + 2B (D (qr. vi))) -

Thus, it is clear that it only depends on the variables (qy, v).
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3. The nonholonomic Newmark method
3.1. Nonholonomic mechanics

Consider a nonholonomic system on the configuration space Q determined by a Lagrangian function L : TQ — R
and nonholonomic constraints which are linear in the velocities given by a nonintegrable distribution D. In coordinates,
wi(q) g = 0, m+1 < a < n, where rank(P) = m < n. The annihilator D° is locally given by P° =
{u* = nf(q)dq’; m+1 <a <n} where the 1-forms ;* are independent.

The equations of motion are completely determined by the Lagrange-d’Alembert principle [3]. This principle states that
acurve q : [0, T] — Q is an admissible motion of the system if

T
3J=5/ L(q().q()dt=0,
0

for all variations satisfying §q (t) € Dy, 0 < t < T, §q(0) = 3q(T) = 0. The velocity of the curve itself must also
satisfy the constraints, that is, u{(q(t))g'(t) = 0. From the Lagrange-d’Alembert principle, we arrive at the well-known
nonholonomic equations

d (oL aL a
— =) - — = )\a’u,i R (113)
dt \ oq aq'

ni(@)q =0, (11b)

where A, m+ 1 < a < n, is a set of Lagrange multipliers to be determined. The right-hand side of Eq. (11a) represents
the force induced by the constraints (reaction forces), while Eq. (11b) gives the linear velocity constraint condition.

If we assume that the nonholonomic system is regular (see [11]), which is guaranteed if the Hessian matrix (Wj;) =
( 83,.2;4,2 is positive (or negative) definite, then the nonholonomic equations can be characterized as the solutions of a
second order differential equation I3, restricted to the constraint space determined by D. We can rewrite Eq. (11a) as a

vector field on the tangent bundle I}, = I + A,Z® where

) e L . d o)
Nn=q¢_—_+w’ < qk) ' =Winl—

aqi ag  odagk” ) g Tagt
where (W) is the inverse matrix of (Wj) (see [11,12]). Moreover, the Lagrange multipliers are completely determined
and are given by the expression A, = —CabFL(,uf’Q'), where (Cg) is the inverse matrix of (C%) = (u;‘W’fo’). This matrix is

invertible if and only if the nonholonomic system (L, D) is regular.
3.2. Numerical methods for nonholonomic systems

There have been several attempts to capture the nature of nonholonomic mechanics in the discrete setting (cf. [5,6,13-
20]). The literature is far too vast on this topic and our purpose is not to make a detailed comparison between the different
methods (see [4] for an excellent comparison) but rather describing the advantages and disadvantages of using each
method in order to introduce better the advantages of considering the method we propose in this paper.

In the following, we will restrict to the case where the mechanical system is defined by a Lagrangian function
L: TR" — R of the form L(q, ) = %QTM(] — V(q), where M is a constant mass matrix and consider the nonholonomic
constraints given by a rank k distribution D defined by the matrix equation u(q)q = 0 where (q) is a m x n matrix for
eachgand m=n—k.

The nonholonomic leap-frog method [5,6] is given by the algorithm

Gt = G+ hie — EM(VV(q) + 1T (q0R)

ki1 = G — BMTUVV(qi) + 1T (@) + YV (Gri1) + 17 (G )i 1)
w(q)qr =0

1(qrs1)qr1 = 0.

and generates a discrete flow of the type (g, i, Ax) — (Qrs1, Qrrts )Zkﬂ).
The DLA method proposed in [15] with a midpoint discretization « = 1/2 may be written in the following form:

Qer1 = Qe+ hie — EM7U(YV(G) + YV (Giir)) + 21T (g + Laior
Qi1 = G — BMTI(VV(qi) + VV(qir1)) + hieT (g + 2gin

w(qi)gx =0

w(Qi+1)qk+1 = 0.
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In Sections 5 and 6 of [2], the authors proposed a Newmark method for general nonholonomic mechanics. In particular,
for o, = af = 0 (using their notation) they derive the following integrator:

. 2 . .
Q1 = G + he + % (1 = 2B8) TGk G i) + 2B Ton( Q1+ Gt A1)
Gk+1 = Qe + h (1 = )Gk, Grs Ak) + ¥ Dan(G@rr1s Gerts ) (12)
&*(qi+1, Grs1) = 0.

where they choose as initial value of the Lagrange multiplier the continuous one, that is, Ao = —Ca»(qo, qo)nw?qi)

q0,90)
Observe that, in the particular case of a nonholonomic system given by a Lagrangian of the type (2) and constraints
determined by a distribution D and choosing the parameters § = 0 and y = 1/2 we exactly obtain the nonholonomic
leap-frog method.

3.3. The discrete constraint space for nonholonomic systems

Given a nonholonomic system (L, D), the nonholonomic exponential map at ¢ € Q and at time h > 0 is the map
expil iUy S Dy —> Q. vy > C”h(h)

sending each tangent vector v, in the distribution to the unique nonholonomic trajectory starting at q with initial velocity
vq evaluated at time h (see [21] for more details; see also [22]).

The fact that the space of initial velocities is restricted to the subspace Dy, implies that the set of points reached by
nonholonomic trajectories starting at g, that is, the image of exp is a submanifold of Q. Thus, we define the exact discrete
constraint space at q as

M= expllt (Dy). (13)

We are intentionally committing a slight abuse of notation in the definition of MZ”, since not all vectors in D, are
guaranteed to generate a nonholonomic trajectory defined up to time h. But if h is sufficiently small, we can always
consider a non-empty open subset of D(L generating such well-defined trajectories.

Moreover, it can be proven that exp is a diffeomorphism from an open subset ¢, in D, to Mghh Thus, in particular,
the dimension of M” is precisely rank( ) (see [21,22]).

This observation i 1s particularly important, since it shows that if g; and qq are two sufficiently close points connected by
a nonholonomic trajectory, then q; is restricted to live in the submanifold M”h . With strictly lower dimension than Q (in
fact dim /\/l”’(’)1 » = m). We will take this restriction into account when constructmg numerical methods for nonholonomic
systems. Though this procedure mimics the exact situation, we are also introducing a new source of error in the numerical
integrator, since the discrete space must be approximated.

Assume that we have a nonholonomic system given by (L, D) with nonholonomic dynamics given by I}x(q, v, A) =
I(q, v) + AZ(q, v) and the Lagrange multipliers are derived from the nonholonomic constraints ¢(t) € Dc(y).

The equations of motion of a nonholonomic system are completely determined by the nonholonomic exponential
map. In fact the unique solution y : I C R — Q of the constrained SODE I, with initial condition such that y(0) = g,
y(0) = vq € Dy is characterized by y(h) = exp ( q) - From the properties of vector field flows, in this case I};;, we have
the following compatibility conditions equ sh(vq) = equ (5= 1)11(”4) where ¢ = y(h) = expg’”h(vq) vz = y(h)and s € [0, 1].
In particular, for s = 0 and s = 1, we obtain the following system of equations

G = expyli(vg), q=expl (). (14)

Observe that the final position and velocity satisfy the constraints § € M™ oh and v € D;.
3.4. The nonholonomic Newmark method

Following Eqs. (14), we will impose some constraints in order to obtain a nonholonomic version of the Newmark
method: (qk, vk) = (qk+1, Vks1)- In particular, we need an appropriate discretization

d.p.an
equf Dy — Q

of the nonholonomic exponential map depending on a parameter 0 < 8 < 1/2 and Lagrange multipliers A and 2’
which force the final point to satisfy a discretization of the exact discrete constraint space, denoted by Mgk’h C Q, with
dim Mq n = rank (D), and the final velocity to belong to D. More concretely, we have the following definition

/ h? ,
engl.:SI;)H)L (vk) = qk + hvg + ? ((1 = 2B)an(Grs vk, Ak) + 2B Lon( Qi 1, Vi1, )Lk+1))

where we are denoting the second component Iju(q, v, A) = I1(q, v) + AZ(q, v) of the vector field I, with the same
letter to avoid overloading notation. Therefore, our proposal of nonholonomic Newmark method is:
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Definition 3.1. The nonholonomic Newmark method with parameters (8, 8’), 0 < B,8 < 1/2 is the integrator

Ff"g/ : D — D implicitly given by
Qres1 = equkﬂ ()
Qi = expl” " (i)
Qi1 € MG,
Vk+1 € Dgpyqs
or

Qk+1 = gk + hve + % ((1 = 2B) (ks vies M) + 2BTn(Gi1s Vi1 Ajeyr))
Qk = Qi1 — hvgr + 72 (28" Ton(s vies M) + (1 = 2B TG 1, Vi1 Meyp))
Qk+1 € Mzk,h
Vk+1 € DQI<+1'
If the constraint distribution is given as the zero set of the functions ¢“ : TQ — R, i.e., ¢*(qk, vr) = 0 and the discrete

constraint space is given as the zero set of the functions ®% : Q x Q — R, i.e.,, @%qx, qk+r1) = 0, then the discrete
equations can be written as

Qk+1 = gk + hvg + % ((1 = 2B)n( s vies i) + 2B Qs 1. Vw1 A1)

Qk = Qi1 — hvgpr + 22 (28’ Tan(@xs Vs i) + (1= 28" oG 1 Vi1 Ayq))
D%(qx. qe+1) =0

®*(qk+1, V1) = 0.

Remark 3.2. In the case of holonomic constraints, that is, when the distribution D is integrable, the exact discrete
constraint space Mgfl is precisely the leaf £g, of the foliation by the point g integrating the distribution and the
constraint distribution is just the tangent space to each leaf (see [21,22]). Therefore, the nonholonomic Newmark method
in the holonomic case becomes (see [23]):

Qer1 = e+ hog + 22 ((1 = 2B)n( Qs vies i) + 2B Giee 1. Vw1 A1)
Ak = Qi1 — hvgys + (2,3 Ton(Gi Vs M) 4 (1= 28" Dan( @it Vit My 1))
Qi+1 € Eqk

Vk+1 € Dqk+1'

Remark 3.3. A very important caveat is that when 8 + g’ = 1/2, the system of equations given by the nonholonomic
Newmark method becomes ill-conditioned, at least for the case of mechanical Lagrangians. This is because the Jacobian
matrix of the system with respect to the unknowns (1, k41, Ak, Ay +1) has two columns, those corresponding to the
Lagrange multipliers, that are almost proportional. Each numerical step gives results with a large uncertainty, which
accumulates rapidly. Therefore, this choice of parameters, which of course includes the case 8 = g’ = 1/4, should be
avoided.

Remark 3.4. The Newmark method (12) proposed by [2] is of a different nature than our proposal of nonholonomic
Newmark method since we do not need an initial value of the Lagrange multiplier and we also add a discrete version of
the nonholonomic constraint, in addition to the continuous nonholonomic constraint.

3.5. Discretizations of the exact discrete constraint space

Suppose that the nonholonomic constraints defining the distribution D, as a submanifold of TQ, are ¢%gq,v) =
(1%(q), v) and, additionally, that the discrete constraints are obtained from the continuous ones in the following way

Qe Gesr) = <u” (1 — )i + aGesr) - w> @ el0,1]. (15)

Alternatively, it would be also possible to consider

B°(qr. Q1) = <(1 — )i () + e Qi) © q’“h_q"> o € [0, 1]. (16)

Whenever it is clear which of the constraint discretizations we are using, we will simply denote the associated
nonholonomic Newmark flow by F, pe . p 5 p,
In this sense, let M » € Q for each grx € Q be the submanifold Mq w = {Gk+1 | @qk, 1) = 0.

6
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For deriving nonholonomic Newmark methods of order two, it would be interesting to assume the following symmetry
condition in the discretization of the exact discrete constraint space:

d

d
qk+1 € qu,h < qk € MQkH-h

For instance, this condition is satisfied if « = 1/2 in the discretizations given by (15) and (16).

As a direct consequence using the symmetry of the method we obtain the following proposition (see [24]).
Proposition 3.5. The nonholonomic Newmark methods with 8 = 8’ and a symmetric discretization of the constraints are at
least of order 2.

Thus, the nonholonomic Newmark method Ff A1/ . p 5 D associated to either discretizations is at least of order 2.
3.6. Some interesting cases of nonholonomic Newmark methods

The following result shows that, in some particular cases, the nonholonomic Newmark method corresponds with the
DLA algorithm, one of the most classical geometric integrators for nonholonomic systems (see [15]).

Proposition 3.6. Assume that we have a nonholonomic system defined by a Lagrangian of the type (2) and a distribution
D. For any « € [0, 1] and for B = B’ = 0, the nonholonomic Newmark method F,?’O’“ : D — D is equivalent to the DLA
algorithm with discrete Lagrangian given by

L™ (s Ges1) = h [(1 —all (qk, B "") +al (qu, Bt ‘”‘)]

T
_h <Qk+lh_ qk) y (qk+1h— Qk> — h(1 — a)V(qk) — haV(qes1) (17)

for each o and using either discretization (15) or (16).

Proof. In this particular case
I(qr, ve) = =M~ 'VV(qi) and Z°(qx) = M~ 11%(q)

From the equations of the nonholonomic Newmark method we obtain
2
qk = Q1 — hvggr + ?Fnh(qlﬁ»]v Vet 1y Agpq)
h2
Qk+2 = Qi1 + hogr + Efnh((hm, Vit 1s Aer1)

adding both equations we immediately deduce that

itz = 24k1 + i Mot + Ay

12 = I(qk+1, vi1) + 3 Z(qi+1)-
or equivalently,
Qk+2 — 2qk+1 + G _ Mer1 + Ay _
22 T = M7 V(i) + M (i)

h2 2
These equations are equivalent to the DLA integrator with respect to the discrete Lagrangian Lzy ™%(qk, Qes1) and the
h(her1 + Ay 1)

constraints (15): with the relation between Lagrange multipliers being A = 5

multiplier appearing in the DLA method [15]. O

, where A is the Lagrange

Moreover, using the previous method, we can produce new numerical integrators using composition and the adjoint
method (see [24], Chapter I1.3). If @, is a numerical method then the adjoint method is given by @; = (@_p)" L. An
example of composition of numerical methods is shown in the next Proposition:

Proposition 3.7. Consider the nonholonomic Newmark method with 8 = B’ = 0 and « = 0 denoted by F,?’O’O, and its adjoint
method (F,?‘O‘O)*. The composition of these two methods

0,0,0 0,0,0
Wy = (Fyy ") o Fy)y (18)
generates a second order method, using standard results on composition of adjoint methods.

Proof. The last result holds directly from the results in [24]. O

7
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0,0,0\x 0,0,1 ine
But we can say more, we may prove that (F,""")* = F,""" and obtain:

Proposition 3.8. Let § = B’ = 0. The nonholonomic Newmark methods with « = 0, 1, denoted by F,?’O’O and F,?’O’l,
respectively, are adjoint methods. Therefore, the composition of these two methods
Wy =Fy5' o Fp® (19)

generates a second order method, using standard results on composition of adjoint methods.

Proof. Observe that the method F,?’O’O is given by the equations
h2
Qk+1 = Gk + hve + jfnh(% U, Ak)
2
qk = Qi1 — hvggr + ?Fnh(qkﬁ—la Uk+1, )\;{+1)

Uk+1 € DQk+1
qk+1 — qk
0= {(u(q), ———

h

It is a straightforward verification that its adjoint method (F,?'O'O)* is given by the same equations except that the last one

becomes 0 = (u® (qi+1) , 21=%). This means that (F"*°)*

)

= F>%" and the result follows. O

Consider the Newmark methods with 8 = 8’ = 0 and a Lagrangian of the type L(q, §) = %(JMC']T — V(q). Suppose that
we discretize the constraint space using the parameter « = 0, i.e.,

dk+1 — 4
Mgk,h = {Qk+1 | <Ma qu) thk> = 0} .

2
Then from the equation qy+1 = qx + hvg + ?Fnh(qk, vk, Ak), we explicitly obtain the Lagrange multiplier Aj:

(1(qi), M~V V(qy))
Il ie(qi) 1z,

)\k

where || u(qe)llmy = M?(q,<)Mifuf(q,<) . In consequence we explicitly derive g1 as

M~1vVv
(u(qr), i (qk))M‘lu(qk))
”/’L(Qk)”M

Then, applying the co-vector u(qy+1) to the second equation
2
Gk = Qi1 — hoer + Eﬂm(q“u Ukt 15 Aegq)

h2
Qk+1 = gk + hog + 5 <_M_1VV(QI<) +

we obtain

_ Qk+1 — CI/<> 4 (1(Qes1), MYV (Girr))
(e 1)1 h ll1e(qrer1)1I?
and in consequence we also derive explicitly vy 1.

<//~ (Gr+1) 5

/ —
)‘IH»] -

Proposition 3.9. The nonholonomic Newmark method F,?‘O‘O : D — D is completely explicit for Lagrangians of the type (2)
and constraints of the type o = 0.

Remark 3.10. In fact, Proposition 3.9 is more general and can be trivially generalized for Lagrangians of mechanical type
Lq,q) = %QM(q)qT — V(q), where M(q) is a positive definite matrix for all g € Q.
Remark 3.11. The Newmark method F,? 0.0 is related to the nonholonomic leap-frog method though they are of a very
different nature. The main difference (see Remark 3.4) between both of them is the existence of an additional discrete
constraint in the nonholonomic Newmark method. This difference has practical consequences on the nature of the flow.
With an additional equation, the value of the Lagrange multiplier’s is now completely determined by the imposition of
the discrete constraints and the algorithm evolves on D. However, in the nonholonomic leap-frog method, the absence of
the discrete constraint implies that the Lagrange multiplier will behave like an extra variable and the method will evolve
on D x R™, In practice, this means we must choose an initial Lagrange multiplier to initialize the algorithm.

Now, the nonholonomic Newmark method does include Lagrange multipliers but they are not treated as a variable:
they are determined by the constraints and do not need to be given an initial value. In other words, the Lagrange

8
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multipliers are functions of the state variables. As we have seen above, for the Newmark method F; 9-0-0 " the expression
of the multipliers is computed explicitly and if we take its value as the initial Lagrange multiplier in the nonholonomic
leap-frog method, we will obtain the same updates on positions and velocities. However, the flow cannot be considered
the same because the nonholonomic leap-frog method also provides an update in the multipliers that is needed in order
to compute the next iteration. In general, it has no relation with the multipliers appearing in the Newmark method.

Remark 3.12. We have introduced in Sections 3.4 and 3.5 first and second-order nonholonomic Newmark methods
depending on the concrete values (3, 8’) and the discretization of the exact discrete constraint space. As we have
seen in Propositions 3.7 and 3.8 we can design new methods preserving the nonholonomic constraints using the idea
of composing methods. In the same way, we can produce higher-order nonholonomic integrators using nonholonomic
Newmark methods as building blocks (see [24-26]) .

For instance, considering the second-order nonholonomic Newmark method F0 012 . p  pand using the triple

jump [24], we obtain a fourth order method ¥, : D — D given by: ¥, = Fflg 172 F)(/ng,uz F}(/)l,g,l/z where

1 21/3
2213 VT T2y

Using similar constructions, we can derive higher-order methods for nonholonomic mechanics with order 6, 8, etc. Thus,
other choices of the parameters produce different higher-order numerical methods (see, for instance, [27]).

V1=

4. Examples of nonholonomic systems
4.1. Chaotic nonholonomic particle

In this example, we study a particle moving on the configuration space Q = R’ with coordinates q = (X, y1, 2, 21, 22)
and described by the mechanical Lagrangian function [6]:

. 1, .
Lg.q) = 5||q||2 (||q|| + 2125 + Y3z} +y323),

where || - || denotes the euchdean norm, and subjected to the single constraint x + y1z; + y2z, = 0 (see [6]).
The motion of the chaotic particle is given by the system of differential equations
X=—x+A, y1 = —y1 — 122,
yo=-y2— }’2222, 71 = —z1 — 11z} — y3z1 + M1,
Zy=—20— 212, — Y3y + A2, X+ Y121+ Y22, = 0.

4.2, Pendulum-driven CVT system

This example in Q = R3 is a nonholonomic continuous variable transmission (CVT) system determined by an
independent Hamiltonian subsystem called the driver system [4]. We will denote the coordinates in R? by (x, y, £) and,
then, the Lagrangian function is

Lx.y. &%, 7,€) = (qu +x,q,)+l(s £),

where (q1, q2, 41, G2) = (x, ¥, %, y) and (€, §) = 252 — V(&) is called the driver energy, while the first term depending only
on g; and ¢; is called the passenger energy. The nonholonomic constraint is of the form y + f(&)x = 0.
The motion of this family of systems is given by the equations
{X—K1X+Af(5) J=ray+ar
§=-V'(§) y+f(€)xk=0

where the Lagrange multiplier may be computed to be of the form

o _JERER A f (€ + iy
1+f%(§)
From now on, consider the following potential and constraint functions and constants
€ sin(2§) .
V(§) = cos(§) — — f(§) =sin(§), x1=K2=—-1

This example has the property that for € # 0, the system is no longer integrable reversible and so, good long time
behaviour observed in most nonholonomic integrators is lost in this case (see [4]).

9



A. Anahory Simoes, S.J. Ferraro, J.C. Marrero et al. Journal of Computational and Applied Mathematics 421 (2023) 114873
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Fig. 1. Energy drift for the chaotic nonholonomic particle.
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Fig. 2. Energy drift and variance for 100 random trajectories of the chaotic nonholonomic particle, with g = g’ = .1.

5. Numerical results
5.1. Chaotic nonholonomic particle

Fig. 1 shows the energy drift for the nonholonomic Newmark method with 8 = B8’ = 0 (DLA), the nonholonomic
Newmark method with 8 = 8’ = .1, both with « = 1/2, a Runge-Kutta 4th order method and the composition
method ¥}, in Proposition 3.8. Here we used T = 1000, h = .2, and initial conditions qg = (1,0,1, -1, —1), v =
(0.05,0.5, —0.5, —0.1, —0.05), with energy 3.2575 approximately.

For this example, the methods we propose here outperform Runge-Kutta in energy behaviour.

We also explore 100 random initial conditions for this example, all of them having the same energy value of 1.535.
We used 8 = 8/ = .1, T = 10000 and h = .2. The method used is the composition method in Proposition 3.8. In Fig. 2
we plot the energy drift for each trajectory and the variance of the energy drift as in [6].

5.2. Pendulum-driven CVT

We first consider the case ¢ = 0. In Fig. 3 we show the energy drift for the nonholonomic Newmark method with
B = B =0, and with 8 = B’ = .1, both with « = 1/2, 4th-order Runge-Kutta, and the composition method ¥;,. Here
T = 400, h = .2, and the initial conditions are qo = (1,0, —2), vg &~ (—0.4481, —0.4075, 0.1), with an approximate
energy of 0.2723.

For the case ¢ = 0.1 in Fig. 4, we compare the nonholonomic Newmark method with 8 = 8’ = 0, « = 1/2, and
the nonholonomic Leap-Frog method as well as the composition methods ¥, and ¥5;. The latter was included because
the computational cost for each step of ¥, is twice that of the nonholonomic Newmark method; therefore ¥, has a
global computational cost comparable to the nonholonomic Newmark method. Here h = .05, T = 7500, and the initial

10
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Fig. 3. Energy drift for the pendulum-driven CVT, € = 0.
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Fig. 4. Total energy for the pendulum-driven CVT, € = 0.1. Newmark O truncated in order to show details of the other methods.

conditions are the same as the ones used in [4], which are go = (1, 1, 0), vg ~ (0, 0, 2.82842712), now the energy being
exactly 6.0.

As expected, we observe that the Newmark method, being equivalent to the DLA method, is no longer able to preserve
energy as it had been already pointed out in [4]. However, the composition of the two Newmark methods in (19) exhibits
a much slower drift in the energy than DLA. At the moment, we have no explanation for this good behaviour. However,
it is interesting to point out that the main advantage of using the composition method over the DLA method is obtained
in the passenger energy. Although it exhibits a steadily increasing drift for the composition method (see Fig. 5(a)), it is
much smaller than the observed drift for the DLA method. The cause of the random walk-type profile in the total energy is
inherited from the driver energy (Fig. 5(b)), contrary to DLA and several other nonholonomic methods that nearly conserve
it. This might be explained from the fact that the composition of nonholonomic Newmark methods is not preserving the
Hamiltonian structure of the driver system. Although the Newmark method is very close from symplectic methods in the
absence of constraints (see, e.g., [8]), the composition of Newmark methods seems to break down this close relationship.
Interestingly, the passenger energy (Fig. 5(a)) exhibits a much slower drift than most nonholonomic methods (see [4]).

6. Future work

In a future paper, we will study the extension of the nonholonomic Newmark method to non-linear spaces, that is,
in general differentiable manifolds. In particular, if Q = G is a Lie group we can derive a nonholonomic Lie-Newmark
method (see [7]) where we assume that we have a retraction map R : ¢ — G (for instance the Lie group exponential
map) and we identify by left (right)-trivialization TG = G x g with left (respectively, right)-trivialized coordinates (g, &).

11
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(a) Passenger energy for the pendulum-driven CVT, ¢ = 0.1, as simulated using the composition
Newmark method and the nonholonomic Leap-Frog method.

) 10 3 Driver energy
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(b) Driver energy for the pendulum-driven CVT, ¢ = 0.1, as simulated using the composition

Newmark method and the nonholonomic Leap-Frog method.

Fig. 5. Simulation of driver and passenger energies.

Therefore if gy € G and &, € g, 1ng C g then

_ h?
8y ‘g1 = R(h& + ?Fnh(gk, fk, Ak))

& & 1
k+lh k= 3 nh(8ks Eks Ak) + = Fnh(gk+1,$k+1,kk+1)

8k+1 € Mgk,h’ &k € ngngH
where we have also identified TTG = G x g x g x g and then I',(gk, &, Ax) € g and Mf}k,h is a discretization of the exact

discrete constraint space.
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