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Abstract

Direct methods for the simulation of optimal control problems apply a specific discretization
to the dynamics of the problem, and the discrete adjoint method is suitable to calculate
corresponding conditions to approximate an optimal solution. While the benefits of structure
preserving or geometric methods have been known for decades, their exploration in the
context of optimal control problems is a relatively recent field of research. In this work, the
discrete adjoint method is derived for variational integrators yielding structure preserving
approximations of the dynamics firstly in the ODE case and secondly for the case in which
the dynamics is subject to holonomic constraints. The convergence rates are illustrated by
numerical examples. Thirdly, the discrete adjoint method is applied to geometrically exact
beam dynamics, represented by a holonomically constrained PDE.
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1 Introduction

There are two alternative ways to handle an optimal control problem numerically. The so-
called indirect methods first derive the necessary conditions for optimality in the continuous-
time setting by applying PONTRYAGIN’s maximum principle and then discretizing the re-
sulting equations. In contrast, direct methods first discretize the continuous problem, turning
it into a finite dimensional one, and then apply a discrete version of PONTRYAGIN’s maxi-
mum principle. In both cases, one is led to the augmentation of the original objective with
the different constraints enforced by LAGRANGE multipliers. The LAGRANGE multipliers
enforcing the plant (the dynamic equations) of the problem are commonly called adjoint
or co-state variables. In the multibody systems literature it is common to refer to this as
the adjoint method, and in particular, the discrete adjoint method when considered as a di-
rect method. In this contribution, we apply the discrete adjoint method to optimal control
problems with variational integrators approximating the dynamics.

In general, for direct approaches, the discretization of the ODE governing the dynamics
results in a specific discretization of the adjoint variables especially for symplectic methods
as e.g. variational integrators [1-3]. Variational and thus symplectic numerical methods are
worthy of consideration as they can benefit the solution of boundary value problems [4]. For
the optimal control of constrained ODEs, discretizations with conservation properties are of
interest as well [5, 6].

The optimal control of mechanical PDEs, such as string and beam dynamics, is an ac-
tive field of research [7-9]. The discrete adjoint method has been used for the optimization
of flexible multibody systems [10] as well as for parameter identification in rigid body dy-
namics [11, 12]. The discrete adjoint method for variational integrators with holonomic
constraints is discussed in [13]. The discrete adjoint method is derived for a specific dis-
cretization of dynamics, and this matches the chosen integrator. Therefore, it suggests itself
to be applied to integrators that are structure preserving [14].

In this work we briefly summarize variational integrators and then show how to derive
the discrete adjoint equations for this class of integrators. The basic principles, the derivation
of boundary conditions, and the discretization of forces are explained. The discrete adjoint
method is then extended to variational integrators for holonomically constrained ODEs. The
convergence behavior of both methods is investigated with the example of a mathematical
pendulum. Finally, the method is applied to the constrained PDE case of geometrically exact
beam dynamics.

2 Discrete adjoint method for variational integrators
2.1 Variational integrators

This section illustrates the derivation of the equations of motion for forced systems via
variational principles in the continuous and discrete setting [2, 15]. These equations have to
be fulfilled as constraints for the optimal control problem.

Consider a Lagrangian mechanical system whose configuration space is the n-
dimensional smooth manifold Q. The motion of our system is represented by a curve
q:[0,T] - Q, t — ¢q(t). We denote the velocity of the configuration at time ¢ by
q(t) € T4 Q. The Lagrangian is a function defined on the tangent bundle of Q, 7Q,
L :TQ — R. It usually represents the difference of kinetic and potential energy. An ex-
ternal Lagrangian control force is amap f : 7Q x U — T*Q where { CR!, [ <n, is the
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Discrete adjoint method for variational integration 449

space of admissible controls. A control is thus a curve u : [0, T] — U. The total virtual work
of such a system vanishes

T

T
8/0 ﬁ(q(t),é(t))dwr/o fe(g(@).q(0), u(®))dq(t) dt =0, V8q(t). (1

This is the LAGRANGE-D’ ALEMBERT principle (with controls), which states that the total
virtual work evaluated over a physical trajectory of the system g (and a control «) vanishes
for all variations 8¢ (¢) with fixed end-points 8¢ (0) = §q(T) = 0. This leads to the equations
of motion, the forced EULER-LAGRANGE equations:

_d L@ , 3.9
dt 3§ dq

+ felg.q.u) =0. (@)

This principle is an extension of HAMILTON’S principle to include nonconservative forces
such as control or dissipative forces. A forced variational integrator is derived via the ap-
proximation of the action and the virtual work of nonconservative forces and subsequent
variation in the discrete setting [15—17]. The time interval [0, T] is discretized by N time
nodes, we consider a discrete configuration path {q,,}i"=0 with ¢, = ¢(t,) with linear ap-
proximation of ¢(¢) in [t,, t,+1]. The approximation of the action integral via the discrete
Lagrangian L, and the approximation of the virtual work of nonconservative forces via
the left and right side discrete forces f; and f; is considered. The input variable is ap-

proximated as u, ~ u(t,). In each time interval [t,, #,,,], the control path u,; = {un}flv;()l is

approximated constant.

Int1 .
/ L(q(1),q(@)) dt ~ La(qn, Gn+1)s (3)
h
In+1 .
felq@),q@), u(®)) 8q (1) dt = fi (qn, Gu+1, Un) 3Gn
n

+fd+((]n, Qn+lvun) 861n+l' (4)

The discrete total virtual work vanishes:

=

—1
[SLd(qn’ Gns1) + fd7 (Gn> Gnt1, un) 8q, + fdJr(qm Gnt1, Un) (Sqn-H] =0, Ydq, %)

Il
o

n

with 6gp = 8qy = 0. The discrete LAGRANGE-D’ ALEMBERT principle leads to the discrete,
forced EULER-LAGRANGE equations, which are derived via discrete variation and subse-
quent rearrangement of terms for fixed boundary conditions. The slot derivatives D denote
derivatives with respect to the kth argument.

DlLd(qnv qn+1) + D2Ld(Qr1717 qn) + fd_(qnv qn+1s un) + fd+((In717 qn; unfl) =0 (6)

forn=1, ..., N — 1. This equation takes two positions at the current and the previous
time node and defines the relation with the next one. Given ¢,_1, q,, #,—1, and u,, this
equation determines a unique g, provided the discrete Lagrangian is regular, i.e., the ma-
trix DlDzLd = DleLd is regular.

The initial conditions are usually defined on 7 Q as position and velocity or on 7*Q
as position and momentum, but not on Q x Q as two positions at different points in time.
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450 M. Schubert et al.

To initialize this time stepping scheme, both a continuous and a discrete version of the
LEGENDRE transformation are needed.

The continuous LEGENDRE transformation FL : TQ — T*Q, (¢,q) — (¢,p =
D,L(q,q)) connects the Lagrangian and the Hamiltonian formulations of dynamics. It
allows us to compute an initial momentum p° from an initial configuration and velocity
(g%, ¢°). In the discrete setting, the (forced) discrete LEGENDRE transformation defines two
distinct maps from the discrete state space to the cotangent bundle, F¥L,: Q x Q x U —
T*Q, defined by

F~La:(qn, Gur1s n) = (qn, P,) (7a)
= (qna _DlLd(qru qn+l) - fdi(qns qn+1> uil))s
F Ly : (qn: Gt Un) = (Gnsts Pyyy) (7b)

= <6In+17 DyLa(qn, gny1) + fj(q:w qn+1, Mn))7

with the left and right side discrete momenta p, and p;. These allow us to interpret the
discrete EULER-LAGRANGE equations (6) as a matching of momenta p, = p| for n =
1, ..., N—1.

To initialize the algorithm, given a configuration ¢°, a velocity ¢°, and an initial control
ug, the relation

DL(q° ¢% = p° =—DiLa(q" q1) — f; (q°, q1, uo) ®)

determines ¢;.
2.2 Derivation of the discrete adjoint method for variational integrators

Similar to the discrete variational principle in Sect. 2.1, now the discrete adjoint method for
variational integrators in (6) is derived via a discrete variational principle, and the structure
and the resulting numerical method for the adjoint equations are illustrated.

Here, we concentrate on a discrete objective J; containing a quadratic MAYER term:

1 1
Iulan, pv) =3 (qn = g™ S, (qn —g™) + 5Py — PS8, (py — M), ©)

where S, and S, are positive semidefinite matrices. The MAYER term is used to relax the
enforcement of the end state conditions (g", p"), introducing weights for the reaching of
the configuration and the momentum at the last time step N.
The discrete adjoint method is derived by augmenting the objective with the variational
integrator (6) and (8) as constraints and by taking variations of the augmented objective [2].
The resulting nonlinear constrained optimization problem reads

N-1

. 1 T
min J;(qa, ua) = Ju(gn, pn) + E ~u, Ru, (102)
qdsud - 2
subject to:
q0=4", (10b)
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p"==DiLa(q" . q1) = f; (", q1. uo), (10¢)

0="DLa(Gn: qn+1) + f3 (Gn: Gn+1, tn) (10d)
+ DyLy(qn-1.90) + f;f @u-1, qn, un—1), forn=1, ..., N—1,

Py =DaLi(gn_1,qn) + [ (@n-1,qn, un_1). (10e)

The quantities p° and ¢° are prescribed initial conditions at the initial time node. The objec-
tive also includes a LAGRANGE term, which is quadratic in the control and R is a positive-
definite weight matrix. Equation (10e) defining py corresponds to the discrete LEGENDRE
transformation F+ L, (gy_1, gy, un_1).

Remark 1 The dependence on gy_; and gy of the momentum term (10e) of the MAYER term
makes it more prone to producing larger contributions than the configuration term. This can
make the optimization process unstable and possibly not convergent. To improve this, an
iterative approach may be used where the end momentum of the (i)th iteration Pz(\l/) is used
to inform the choice of a modified desired end momentum 5" such that

Ipsy — ™ (P, PO < 1IpY — Pl

with p¥(p", p") = p". The procedure can be initialized by considering a first iteration
with S, = 0 and ended once || pj\l,) — pV|| is sufficiently small to allow us to substitute p~

by p" in a final iteration.

The objective J; is augmented to Ja by the initial conditions and the discrete EU-
LER-LAGRANGE equations via adjoint variables X, &~ A(t,) with the discrete adjoint path
Ag = {An}f)’;o‘. The indices are chosen such that A, pairs with the corresponding momenta

+

Py

N—-1

- 1
Ja(@a, ua k) = Ju(@n. px(@u-1 . un-0) + Y Suy Ru, (11)
n=0

+ 24 [PO + DiLa(q% q1) + £ (¢° a1, Mo)]

N-1
+ Z)"Z; I:DlLd(qns QWH) + D2Ld(qnfls qn)

n=1

+ fd_(qnv qn+1s un) + fj(Qn—lv qn; un—l)]-

The discrete variation of the augmented objective 8.J; = 0 has to vanish for variations 8u,,,
8\, and 8¢q, with boundary conditions 8gy = 0, that is, directly enforced as gy = ¢° at
the initial time node is specified in problem (10a)—(10e). The variation of the three types of
variables leads to three sets of equations. The variation w.r.t the adjoint variables leads to the
discrete EULER-LAGRANGE equations, the constraints in (10a)—(10e). The variation with
respect to the configuration variable yields the adjoint equations, reading with rearrangement
of terms as follows:

Ay [DaDiLy(gn-1,qn) + D2 fy (qn-1,qn, tin—1)] (12a)

=-S,(gn —qN) -5, [pN(QN—la‘INa Un—_1) — PN]
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X [DaDyLy(gn-1.9n) + D2 f (gn-1,gn, un—1)].

Ay _o[D2DiLa(gn—2. gn-1) + D2 f] (qn—2. Gn-1. tin—2)] (12b)
+Ak [DZDZLd(QN—Zs gn-1) + D2 ff (qn—2, gn-1, un—2)
+ DD Ly(gn-1,9n) + D1 f; (gn-1, qn, uNfl):I

=-5, [PN(‘]Nfl’ qn,un—1) — PN]
X [D1D2La(qn-1.9n) + D1 ff (@n-1,qn, un-1)],

0= )‘Zzll [D2D1Ly(qn-1,4n) + DZfd_(Qn—h Gns Un—1)] (12c)

+ A; I:DZDZLd(anl 5 (/In) + szd-*—(qnfl s qns unfl)

+D1D1Ld(%y%+1)+D1fd_(61n:qu+17un)]
+)‘y7;+1 [DIDZLd(qnvanrl)+D1f[:—(qnsqn+lvun)] forn=N-2, ..., L.

The discrete variational principle directly provides the boundary conditions (12a) and (12b)
for the two last adjoint variables, as no boundary conditions for the state variables are pre-
scribed at these time nodes. The variation w.r.t. the input u,, yields the optimality conditions.
Note that the last equation is different:

OZRLtn +A£D3fdi(qn;qn+l’ un) (133)
+)\,{+1D3fd+(qmqn+l» u), forn=0, ..., N -2,
0=Ruy_1+Ay_1 D3 £ (qn-1,qNn,UN—1) (13b)

+S, [PN(L]N—u qn,UN-1) — PN] D5 ff (gn-1,qn,un-1)-

The discrete EULER-LAGRANGE equations (6) can be solved forward in time and the adjoint
equations (12a)—(12c) backward in time sequentially given the configuration path to deter-
mine the discrete adjoint variables as a shooting method while using the input equations
(13a)—(13b) to update the input. Such a direct shooting algorithm directly uses the equations
derived above and thus is simple to implement. However, an appropriately small time step %
is necessary for stable integration in both directions in time. The discrete optimization prob-
lem with respect to g4, ug, and A4 can also be solved by applying an interior point algorithm
[18] or sequential quadratic programming [19]. In those, the variational integrator is used as
equality constraints for the optimization as in (10a)—(10e).

2.3 Application of the discrete adjoint method to a mathematical pendulum
Let us consider a mathematical pendulum as depicted in Fig. 1, in minimal coordinates
q = ¢ with the Lagrangian L(p, ¢) = mi>¢* — mgl cos(¢) that is actuated by a torque

f = u. The discrete Lagrangian approximated with the midpoint rule is L;(¢,, ¢ut1) =
Shml> (252202 — hmgl cos(w) with the time step h. The discrete forces are
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Fig.1 Torque-controlled
mathematical pendulum

fdi((p,,, Onil, Un) = %hu”. The desired end configuration in this problem is g" = @™ = .
The end momentum has to vanish p" = 0. The first slot derivatives of the discrete La-
grangian used for the discrete EULER-LAGRANGE equations are as follows:

n — ¥n h . n n
DlLd(%,(an):_mﬂu_,__mgl sin Pni1 +On ; (14)
h 2 2
n — ¥n— h . n n—
DaLiguropn) = mIPZ—E 4 Zmgl sin (%) . (15)

The time stepping scheme (6) for the configuration is

0= Ont1 — 2(0)1 + Pn—1 h 8 . DOn+1 + ©n
= — —=g¢in| ——
h 21 2
(16)
h 8 . On + Qn1 Up + Uy
— —=sin —h .
21 2 2
It is initialized with
- h
OZﬁ—mﬂﬂZ£g+?Mmm<@;%>+h%. (17)

The second derivatives of the discrete Lagrangian inserted in the adjoint equations (12c)
leads to

A =2l AT

0= n—1 n+1
h
Al+alhn  + Pn
_n 5 n 15§COS<¢ 2(/) 1) (18)

_ )“}{Jrl +AZ ﬁg cos Dn+1 +(pn
2 21 2 '

Two equations according to (12a) and (12b) are necessary to initialize the backward integra-
tion (18) in time:

? h _
0=a%_, _m_+_mg cos Nt on-1 + S,(pn —70) (192)
h 4 2
—on_1  h _
+S, [mlsz h@/v 1 " Emgl sin <§0N +2§0N 1)]
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AT — AT
0= N—lh N-2 (19b)
Ao tAy o hg (O hg N+ onoi
# P o (P ) 1 e ()
—on_1 h _
+5, |:m12(ﬂN h§0N 1 i Emgl sin<(pN +2<.0N 1>:|
X m—lz+ﬁm cos gt ont
a8 2 '
The equations for the input are as follows:
AL+l
0=Rhun+h%’”', forn=0, ..., N -2, (20a)
h. ot
0=Rhuy_, +§)LN71 (20b)
h —ono1  h _
+ ES,, |:m12§0N h‘/’N 1 i zmgl Sin(%f +2(/)N 1):| -

The convergence of the configuration g; and the adjoint variables A, is illustrated in
Figs. 2(a) and 2(b), respectively. A simulation time of 7' = 2 and a constant input of u" = 1
forn=0, ..., N —1isused; the pendulum has a length of L = 1 with a gravitational con-
stant of g = 9.81. The mass of the pendulum is m = 1. For the input weight R = 10754 is
used. The weights in the MAYER term are S, = 10° and S, = 10~2. These values were cho-
sen to obtain solutions that achieve the upswing of the pendulum to the upper equilibrium
point, with minimal effort. Larger values for the input weighting lead to solutions with end
configuration at the lower equilibrium of the pendulum. The absolute error in these plots is
computed using the infinity norm of the difference of the variables and a reference solution
(Gref> Aref), Which is a simulation with a fine discretization of & = 107>, || — Gretll o> and
[IXs — Arefll o0» Tespectively. The convergence rate for the configuration and adjoint variables
is equal, we observe second order convergence. This is in accordance with the theoretical
results in [2]. These convergence results are derived for the forward integration of the time
stepping scheme (16) and the subsequent backwards solution of (18) using the configuration
variables calculated with the same time step width.

The optimized motion of the pendulum is depicted in Figs. 3(a), 3(b), 3(c), and 3(d). The
momentum p and the kinetic energy T are close to zero at the end of the simulation with
the optimized input acting on the pendulum.

Remark 2 PONTRYAGIN’s maximum principle leads to necessary conditions for optimality
in the continuous-time setting. The resulting adjoint equations are AT — g/Ixcosp =0 and
the control equations are Ru + A = 0. It can be checked that the discrete equations (18) and
(20a) are the corresponding discrete versions of these equations when discretized using a
midpoint rule. The discrete boundary conditions (19a)—(19b) and (20b), however, are not so
easy to relate to their continuous counterparts. We plan to address this very issue in a future
publication.
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Fig.2 Error of the configuration 10?2
g4 and adjoint variable 14

10

error configuration ||gar — go.00001 |+

10'9 1 1
10 10° 102 10"
time step size h

(a) Error of configuration g4 versus time
step for the mathematical pendulum in
minimal coordinates.

error adjoint [|Aa: — Ao.00001 [l

10'7 1 I
10 10 102 107
time step size b

(b) Error of adjoint variables Ay versus
time step for the mathematical pendulum
in minimal coordinates.

3 Discrete adjoint method for variational integration of constrained
dynamics

3.1 Variational integration of constrained dynamics

The derivation of variational integrators for constrained systems that use null space projec-
tion and nodal reparametrization [20] is shortly summarized in the following section, using
similar steps as in Sect. 2. The discrete adjoint method for such systems is derived thereafter
similar to Sect. 2.2.
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456 M. Schubert et al.

Fig.3 Optimization results for 4r
the pendulum, using the discrete
adjoint method and single
shooting

Optmized angle ¢

time t

(a) Optimized angle ¢.

dynamics \g

Optimized adjoi:

0 0.2 0.4 0.6 0.8 1 12 1.4 16 1.8 2
time t

(b) Optimized adjoint variable .

Up until now, we have worked in local coordinates directly on the configuration manifold
Q. However, it can be advantageous to consider Q an ambient (vector) space parametrized
by redundant coordinates and constrain the motion by constraints. Given a scleronomic,
holonomic constraint function g : @ — R, the constraint submanifold is then

M:={qeQ]glq)=0}. 21
‘We assume that the Jacobian g_g has full rank m, so the dimension of the constraint manifold

is n — m, the number of degrees of freedom of the mechanical system. We also assume con-
sistent initial conditions (¢°, ¢°) that fulfill the constraints on configuration level g(¢°) =0

as well as on velocity level £¢(q°%) = %qo =0.
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Fig.3 (Continued) 5 210°

kinetic energy T

0 02 04 06 08 1 12 14 16 18 2
time t
(c) Kinetic energy T of the optimized upswing
maneuver.

160 -

140

Optimized input u
@ S
2 8

o
S

40

20

0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
time t

(d) Optimized input u.

A LAGRANGE multiplier v is used to enforce the constraint by appending the term
—g(¢)Tv to the Lagrangian in the action integral. Thus, the LAGRANGE-D’ALEMBERT
principle in this setting reads

T

T
0= [ [£la0.d0) — @] di+ [ feladw.u)sqar. vig.sv @
0 0

with 8q(0) = 8q(T) = 0. The constraint part of the action integral is approximated with the
trapezoidal rule:

1

fH gg) v(e) dt ~ E[gd(Qn)vn + 84(Gn+1) V41 ] (23)
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458 M. Schubert et al.

with g,(q,) = hg(g,). Including this in the discrete variational principle in (5), in the con-
strained case, the discrete variational principle, the variation of the discrete action sum with
the variations &g, and dv, and égp = gy = 0 with subsequent rearrangement of terms leads
to the discrete, constrained EULER-LAGRANGE equations

dga(gn) "
0= D1La(Gn gus1) + DrLa(gn-1, ) + gqq v, (24a)
+ fd_(Qm 1, Uy) + fd_(anlv Gn> Un—1),
0=g(gn+1) (24b)

of dimension n + m. To reduce the dimension of (24a) from n to n — m and elimi-
nate the LAGRANGE multipliers, thus avoiding conditioning problems related to these, a
discrete null space matrix P(g,) € R"*®~™  with columns spanning the tangent space
T,, M, that only depends on quantities at the current step can be applied such that the
constraint forces are eliminated. Further, a nodal reparametrization ¢,4+1 = Fy(qn, Vn+1)
with v,1; € V € R"™™ is then used to eliminate the constraints as g(F;(g,, vyy1)) = 0,
Yv,41 €V, forn=0, ..., N — 1. Together with the null space matrix, the reparametriza-
tion F; :V x Q — M leads to the integration scheme

PT(qn)[DlLd(qna Fd(qnv vn+1)) + DZLd(qn—lsqn) (25)
+fd_(QVl’ Fd(QHs vn+]), Mn)
+fd+(qn71,qn,un7|)]=0, forn=1, ..., N—1

that has to be iteratively solved for v, in each time step, given g, 1, ¢,, 4,—1 and u,,.

The redundant control forces f(q,u) = BT (q)t(u) € R" depend on the generalized con-
trol forces 7 (1) € R*~™ and the input transformation matrix B7 (g) € R"*""~™ that must be
chosen such that the consistency with the constraints and consistency of momentum maps
are ensured [6]. The discrete approximations of the redundant forces

_ h r
.fd (Qna Qn+lvun):§B (q:z)t(un)v

+ h ¢
fd (Gn> Gn1, ) = EB (@n+1)T(1y)
capture the effect of the generalized forces acting on the time [#,, t,,+1]. We have assumed
that u is approximated constant in each time interval.

3.2 Derivation of the discrete adjoint method for variational integration of
constrained dynamics

The constrained setting with null space projection and reparametrization for a mechanical
system leads to implicit equations of minimal dimension. The discrete adjoint method ap-
plied to such a system leads to adjoint variables of minimal dimension n — m. It also involves
the null space projection for the adjoint equations.

The starting point is a problem such as in equation (10a)—(10e), but now constrained
by the discrete EULER-LAGRANGE equations for the constrained system with null space
projection and nodal reparametrization (25) as in [6]. Similar to the procedure outlined in
Sect. 2.2, the objective is augmented with the discrete EULER-LAGRANGE equations. As
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Discrete adjoint method for variational integration 459

these equations are defined on M using the nodal reparametrization F;(g,, v,+1), adjoint
variables of the same dimension as v, are necessary.

An objective J; consisting of a MAYER term and an integral term quadratic in the
control, similar to the discrete adjoint method for systems without constraints in equation
(10a)—(10e) is considered:

N—-1
=—(qN—q ) Sy(an — ¢ )+Z LT Ru. (26)

However, to simplify matters, the MAYER term of the momentum has been omitted since it
can be handled similarly as in the unconstrained case. The variation of the objective §J; =0
with respect to all variables 8¢g,, 6X,, du,, and §v,,; at all time steps has to vanish. The
variation of the redundant configuration §g, with respect to the minimal coordinate dv,
reads
56]}1 = DZFa'(qn—lv vn) 51)". (27)
d

The Jacobian matrix % is a null space matrix [21]. After applying this relation, the

adjoint equations become

Ah  PT(gn-1) [D2D1La(gn-1, Fa(qn-1,vn))] (28a)

=—8,(qy —q") D2Fs(gn-1,vn),

Ay_2 P (gn-2) I:D2D1Ld(QN—27 Fa(gn-2, UN—1))] (28b)
=- {)»g,lDlPT(CIN—l)[DlLd(QN—h Fa(gn-1,vn)) + D2La(gn—2, gn-1)
+ 7 (gn-1, Fa(gn-1,v8)  un—1) + f (gn-2. qn-1, MN—Z)]
+ )‘-5_1PT(‘]N—I)I:DIDILd(‘IN—la Fy(gn-1,vn)) + D2D2Ly(gn-2, QN—l)“
X Dy Fy(gn-2, vn-1),
A PT (g 1)[D2D Li(qn-1, Fa(qn-1, vn))] (28¢)
= — (A1 D1 PT (@) D1 La(@u Falns va1)) + DaLa(@n-1, )
£ s FalGns ). 00) + £ Gt s 1)
+ 3 PT (@) DiD1La(Gn, Fa@ns vas1)) + D2DaLa(o-1.01)
+ A} P (gus1) D1 D2 Ly (qn, Qn+1)} Dy Fy(gn-1,vy) forn=N -2, ..., 1.
The variations with respect to the input variables vanish if

0= Ru, + )"ZPT(QV!)DZ%fd_(qnv Fd(Qna vn+1)7 un) (293)
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+)"£+1PT(qn+l)D3fd+(qna Fd(qns le»l)a un) forn = 17 ..., N _27

0= Ruy_1 + Ay PT(gn-1)Ds f; (-1, Fa(gn-1,vn), un—1) (29b)

hold. The evaluation of these equations can be used to update the input variables in a shoot-
ing method.

3.3 Discrete adjoint method for a mathematical pendulum described as
constrained system

The mathematical pendulum is described as a constrained system in the ambient space Q =
R? with redundant coordinates ¢ = [x y]” and the constraint equation g(g) = 1/2(x> +
y? — [2). The null space matrix is P(g,)” =[—y, x,], the input transformation matrix is
B(g,)T = [;fz” ;l—”z], the generalized force is t(#) = u, and the nodal reparametrization
reads

qn+1 = Fd (qru vn+1) = [z?j((:j:ill)) CCS)ISIES:’:S)] n- (30)
The input variable can be interpreted as the physical torque and the variable v as the in-
cremental angle. The Figs. 4(a) and 4(b) show the convergence results for the pendulum in
the constrained case. The adjoint variables are of minimum dimension (n — m) just as the
configuration variables. The error is calculated in the same way as for the unconstrained
case in Sect. 2.3 as infinity norm of the difference to the reference trajectory using the same
parameters. These errors are determined with solutions obtained via forward time stepping
for the configuration and backward time stepping for the adjoint variables with fixed input.
It can be observed in the figures that also in the constrained case the convergence rate is
quadratic. However, note that the theoretical results in [2] only consider the case in minimal
coordinates and not the constrained case.

The optimized motion of the pendulum is depicted in Figs. 5(a), 5(b), 5(c), and 5(d).
The input u and the kinetic energy 7" are close to zero at the end of the simulation with the
optimized input acting on the pendulum. The end configuration is weighted with S, = 10%,
the end momentum weight is S, = 1072. The weight for the input is R = 107>4. This low
weight for the input is chosen to reach the upper equilibrium position of the pendulum. It
reduces the input from a constant initial guess of 1 as well as regularizing the optimization
problem.

The results are similar to those obtained previously by the pendulum in minimal coordi-
nates. Small differences in the solution are visible but show a similar optimized result.

4 Discrete adjoint method for geometrically exact beam dynamics

In this section, the discrete adjoint method is applied to an optimal control problem involv-
ing dynamics of a geometrically exact beam being approximated via the multisymplectic
integrator found in [22].
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Fig.4 Error of the configuration 10!
q4 and adjoint variable A4
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(a) Error of adjoint variables Ay versus
time step for the mathematical pendulum
as constrained system.
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(b) Error of configuration g4 versus time
step for the mathematical pendulum as
constrained system.

4.1 Geometrically exact beam model

The geometrically exact beam [26] models a rod-like deformable body as a curve x (¢, s) €
R3, with a rigid cross section attached to each of its points. Here, t € [0, T'] is used again
to parametrize time, while s € [0, £] parametrizes the longitudinal position along the curve.
The orientation of the cross section at s is described by a rotation R(¢,s) € SO(3). When
considered as a collection of columns R(z,s) = [d;(z, s), d»(t, 5), d3(t, s)], the triad of vec-
tors are known as the directors of the cross section (see Fig. 6).
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Fig.5 Optimization results for
the pendulum in the constraint
setting, using the discrete adjoint
method and single shooting

Optmized angle ¢

kinetic energy T

time t

(a) Optimized angle ¢, calculated as sum of v.

0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2
time t

(c) Kinetic energy T of the optimized upswing
maneuver.

This can be considered as a Lagrangian field theory with configuration space Q = R3 x
SO (3). This space is diffeomorphic to the group of special Euclidean transformations in 3D,
SE (3), to which it differs only in terms of group structure. In [22, 27], the authors claim it
to be numerically more advantageous to consider this latter space.

If g(t,5) = (R(t,s),x(t,s)) € SE(3) denotes the configuration of a cross section, its
derivatives with respect to ¢ and s are related to velocities and strains respectively. More

specifically,

3(Q,V)=g"lg= (R_IR, R~ body angular and linear time derivatives,

(K,W)=g"'¢’=(R™'R', R™'x')  body angular and linear space derivatives,
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Fig.5 (Continued)
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(b) Optimized adjoint variable A.

where we have used X = % and X' = % and “body” is meant to signify “in the reference

frame of the section itself”. Considering
define the strains

time t

(d) Optimized input w.

a reference configuration gr.r(s) € SE(3), we also

(A, F) = (K — Kier, W — Wref)~

The simple case of a straight initial configuration along the e; axis, g.t(s) = (I, se;), where
I is the identity matrix, leads to A = K and I' = W — ¢;. One can see that A measures the
curvature (bending and torsion) and I measures the difference between d; and x’ (elongation

and shear).
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Fig.6 Configuration of a
geometrically exact beam

Considering a hyperelastic material model with moderate strains, the Lagrangian density
of the system can be written as

(QTIQ+pAV!V — ATCIA =TT CoT) = Uext(R, x),

| =

L£(g,8.8)=

where p > 0 is the linear density of the beam, Ue, : SE(3) — R is an external potential
function, and J = pdiag([J;, J», J3]) is the matrix of moments of inertia of the sections
in the body frame. Assuming uniform cross sections and directors d, and d3 coincident
with the principal moments of area I, and I3, one gets that J; = p (I, + I3), J» = pl, and
J3 = plz, and C; = diag((G(l», + ), EL, EL;]), C, = diag([EA, k;G A, k3G A]), which
are the matrices representing the corresponding stiffness parameters of the sections. k, and
k3 are possible shear correction factors.

4.2 Unit dual quaternion formulation

Working on S E (3) is difficult. In [22] the authors propose the use of a constrained approach
where the space of dual quaternions ]ﬁl, which is a vector space, is considered as ambient
manifold and the unit dual quaternions ]ﬁll as constraint submanifold since it is well known
that this latter space provides a double covering of SE(3).

The space of dual quaternions is defined by

H:={G =g, + g€ |q,,qs € H,€ =0},
where € is the so-called dual unit and
H:={g=q0+qi+qj+aklgeR i’ ==k =ijk=~1}

is the space of quaternions. Both of these are vector spaces, so working with them is quite
simple.

Similar to complex numbers, a conjugation operation is defined on the space of quater-
nions, namely, if p = po + pi1i + poj + ps3k, then p = po — qi1i — ¢2j — g3k, and this
operation is inherited by dual quaternions. This defines a norm on H, || p|| = +/pp, and
lets us write the inverse of p as p~' = p/||p||>. This also defines a seminorm on H by

= T T
Wpll=+/Pp=lp+ lﬂ’p,”uf =pp + j’Ti, where in the last equality we consider the
pr Pr

quaternions ¢, g. as vectors in R*. The set of unit quaternions and unit dual quaternions are
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Fig.7 Spacetime grid for the ("1, 2as1) (", Tar1) (" 2041)
multisymplectic variational ) i i
integrator with relative indices 2 4
marked in red _
(La)g
1 3
(t" 1, 24) (t", 24) (", 24)
(tnil‘rwafl) (t",.’l?a,l) (tn+1sl'u,—1)

thus H; :={g € H| ||¢|| = 1} and IFHI = {(j € ]ﬁl| gl = 1} respectively. More explicitly, the
latter implies

4, +ai, + a3, a3, =1 (31a)

q0,r90,¢ + q1,r91,e + q2,r92,¢ + q3,rq43,e = 0. (31b)

As stated before, an element g € H, can be put into correspondence with an element of
SE(3). In particular, we can parametrize g by a rotation angle 6 and two purely imaginary
quaternions n, x, i.e., np = xo = 0, with ||n|| = 1, representing a rotation axis and a three-
dimensional translation respectively. This way g = cos(0/2)+nsin(6/2) and g = g + %xqe.
If G (¢, s) € H;, then

Q:=27G=Q+Ve, K:=243 =K+ We.
One can thus define an ambient Lagrangian in the dual quaternions
£(3.4.4') =2 (34.34) = 2C (37 = Gnslier 43 — Grrdl)) — U@, (32)
where M (G, p) = g7 Ip, +q7 ppe. C(G. p) = ¢/ Cip, + g/ Cape, with T = diag([a;. I,
o = diag([az, pAI]), C; = diag([e3, Ci]), and C, = diag([o4, C5]), and «; € R. These «
can be chosen arbitrarily as they play no role in the dynamics once the unity constraints
(31a)—(31b) are enforced.

4.3 Discrete Lagrangian

To discretize the beam, the spacetime [0, T'] x [0, £] is discretized into a regular grid (see
Fig. 7) with constant space and time steps As and At respectively.

We discretize the ambient Lagrangian density (32) applying the trapezoidal rule in both
space and time

- 1
qnogn o gntl gt
La@q. Gusr- 40" 4as) = Ay

~n+1 ~n Sn ~n ~n+1 ~n ~n ~n
~ ~n 49 —4; Y4+1 —4a Qav1 —Y9a41 9a+1 —4a
x| L| gL, ; L ; ,
[ <q“ At As > * ( avt =K As )

~n n+1 n ~n+1 ~n n+l n
E ~n+l qa _qa qai—l qa+1 +£ ~n+1 qail qa+1 qa—tl qa+]
’ Qat1s ’
At As At As
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and introduce the notation (Zd)Z = Zd (N q;’“, q;’il') to simplify the formulas.

As derived in [22], the discrete constrained EULER—-LAGRANGE field equations are de-
rived via a discrete variational principle in space and time and subsequent rearrangement
of terms in space index a and time index n. As shown there, a natural choice of null space
matrix is

—q1 —92 —4q3

5 . Pg) O Ll g9 -5 @
PG = P(q) = -

@ [P(qe) P(qr)] ' @) 2 ¢ 90 —q

—q2 q1 90

The forced version of these equations results from the application of the discrete LA-
GRANGE-D’ ALEMBERT principle, similar to (5),

DO B@ayy + (£D38G + (L8 + (FDusar " + (fDasd,i ] =0

with (£ := f1G", G",,. """, G.F}, u?) denoting all external and control forces, and i =
1,...,4 coinciding with the corresponding relative node on which they are applied, as in

Fig. 7. This leads to DEL with a force contribution from each adjacent spacetime rectangle
sharing the node under consideration:

P@n™ D@+ Doy + Dy@ay ™ + DuTa)|
(33)
DL+ D+ U+ bt =0

Suitable boundary conditions in space and time as well at the spacetime corners are directly
derived via the discrete variational principle.

KELVIN-VOIGT type viscous damping is included as external forces that are propor-
tional to the discrete approximation of the strain rate [23] with bulk viscosity ¢ jlnd
shear viscosity n. In the moderate strain regime these result in a damping matrix D =
diag([0, n(L + 1), x I, x 15, 0, x A, nA, A]), where x = ¢(3 — E/G)> + n(E/G)*/3 is
the extensional viscosity. The corresponding discrete force is

AtA Kt — Kn
L D=L (e = SD( S, )

4 A
( sz (FRVyn ArAs B KZLI KZH
(‘/a D f ~n+] f L AL ,

where by Lg we denote the transposed of the dual quaternion left multiplication operation by

g, and K = K (g2, (@2 with (§)2 = (§)s,, = Gy, — @)/ As and (@)t = (Gt) =
(q:fill g™/ As. Figure 8 shows the position of the tip of a cantilever beam with fixed-
free boundary conditions that is initially straight under gravity. The strain-rate proportional

damping leads to reduced high frequency oscillations.
4.4 The discrete adjoint method in spacetime

The discrete adjoint method for the geometrically exact beam considers the configuration
variables as well as the adjoint variables in space and time to derive the discrete adjoint equa-
tions in space and time. Single shooting in time while simultaneously solving the equations

@ Springer



Discrete adjoint method for variational integration 467

Fig.8 Viscous damping of a

. 0.0
cantilever beam

-0.2 1
-0.4

—0.6

position x3

-0.8 1

-1.04

time t

in space is used for the solution of the optimal control problem. The BARZILEI-BORWEIN
gradient method [24, 25] is used for the update. Here, a pendulum-like beam subject to grav-
ity and fixed-free translation and free-free rotation boundary conditions is considered with
a torque u applied at the fixed end as discrete redundant control forces

T Cln _ T C3\n __ n
Ly (506 =Ly (£ = 28185 k.

Since our control is only applied at the boundary, this is a boundary control problem for a
PDE.

The desired configuration is the upright rotated position of the beam, specified for each
node in space. The final position considered is undeformed. The desired maneuver is from
the lower position to the upright position in such a way that the inertial terms cancel the
strains in the end configuration. As the system is heavily underactuated, the chosen input
does not allow us to control the motion in the axial direction and does not lead to a sta-
tionary upright position. Hence, no end momentum is imposed. Nonetheless, the control
task should demonstrate the presented method in an academic example that resembles the
previous pendulum examples sufficiently.

Our optimal control problem is of the form

A N—1
: ~ ~ ~ ~ ~ 1 n n

min Ja(Gas wa) = D 1@ = @)1 $,18) = @)1+ Y Rwp) - (34a)

dsltd a=0 n=0

subject to:
3% =(@G").. fora=0, ..., N, (34b)
ug = (uQ)s, (34c)
0=PT@G)[Di(La)y+DsLayy™" + (s + (f']. (34d)
forn=1, ..., N—1,
0=P" (@) [Di1(La)s + DoLa)s_, + D3(La) ™" + Da(La)"| (34e)
+ DR+ D+ D+ (e
fora=1, ..., A—1,forn=1, ..., N—1,
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where (¢°)., (u)). are given initial discrete values and (). denotes the discretized desired
end configuration.

The adjoint equations are obtained similar to the constrained temporal case by applying
discrete variational calculus and nodal reparametrization, but now in space and time. How-
ever, the resulting equations are quite long, and so they will not be reproduced here in their
entirety. For instance, the equations obtained by taking variations of the inputs at the fixed
boundary a = 0 are

0= PTG (Ds £+ 0 HT PTG+ (Ds £, (35a)
forn e[1, N —2],

0= 0N DT PTG "Y(DsfHy . (35b)

These are used to update the torque. If instead of boundary control we had controls over the
bulk, then these equations would generalize to all nodes as follows:

0= PT @) (Ds I+ (0 DT PTG, )(Ds )"
+ QDT BTG (Ds £ 4 GIEHT PTGt (Ds 1)1,
fora=1, ..., A—2, n=1, ..., N—-2,

0=0"_ DT PTG D(Ds D+ DT PT @ (Ds £,

forne[l, N —2],
0= HTPT @GN YDs fHY ' + VO PTG H(Ds fHN

fora e[1, A —2],
0=N-HTPT@\=H (s fHi=!.

4.5 Fairly rigid beam

The fairly rigid beam demonstrates the sequential optimization of the beam dynamics with
objective minimization of the control effort. The simulation of the beam dynamics uses
A = 10 nodes in space and N = 3000 nodes in time. The beam has a length of L = 1.
The simulation duration is 7 = 1. The resulting time step is & = Wloo in time and the step
size in space is As = 1—10 A constant initial guess of #° = 1500 is used. The beam has a
square cross-section of Agss = 0.01 with a side length of /; = 0.1. The chosen weighting
for the end term is S, = 10%, and R = 102 for the input." The material of the beam is fairly
rigid with a YOUNG’S modulus of E = 210,000 and a POISSON ratio of v = 0.3. The mass
density is p = 7.85. The beam is damped with n=1-10""and ¢ =1-1072.

Figure 9(a) shows snapshot of the motion of the beam. Figure 9(b) shows the total en-
ergy H as well as all its contributions over time. The deformation energy is the difference
between the total potential energy of the system U and the gravitational potential energy
Ugray. The main contribution to the kinetic energy 7T is due to translation. At the end of
the simulation, the kinetic energy reduces due to the input weight. The optimized input is

I These values have been chosen to provide similar magnitudes to the different terms of the discrete objective.
Notice that S; affects only a single time step, multiplying terms with values around 7 and 0. R appears in a
sum containing the 3000 time steps with input values between 2500 and 0.
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Fig.9 Motion of a fairly rigid | 03
beam and its energy
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(a) Deformation of a fairly rigid beam
during the upward motion.
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(b) Energy of the beam for the optimized
motion over time t.

depicted in Fig. 10(a), it decreases to zero at the end of the simulation time. The optimized
quantities, the distance of the beam to the desired end configuration as well as the control
effort are depicted in Figs. 10(b) and 10(c), respectively. The gradient depicted in Fig. 10(d)
shows heavy oscillations.

4.6 Very flexible beam

A very flexible beam demonstrates the sequential optimization for more flexible beams that
show larger deformations and are therefore harder to control. The simulation of the beam
and adjoint dynamics uses A = 5 nodes in space for a length of L = 1. This results in a
space step width of As = é The simulation time is 7 = 0.5 using N = 600 node in time
and a time step of & = ﬁ. The initial guess for the input is #° = 50 for all time intervals.
The beam has a square cross-section of A, = 0.0025 with a side length of [, = 0.05. The
YOUNG’S modulus is E = 50,000 and the mass density p = 1000. The POISSON ratio is

v = 0.35. KELVIN-VOIGT type damping is applied with n=1-10""and ¢ =1-1072.
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Fig. 10 Optimization results of beam dynamics using single shooting for a fairly rigid beam

The weighting for the end configuration is S, = 102. For this numerical experiment, the
input weight was set to R = 0 since the chosen end configuration gets increasingly harder
to reach for more flexible beams.

The optimization results are depicted in Fig. 11. The input in Fig. 12(a) is increased
compared to the initial guess. In addition, oscillations are present. The gradient depicted in
Fig. 12(b) shows oscillations with high frequency that are likely caused by the dynamics
of the beam in normal direction as these deformations are of much higher frequency than
bending deformations due to the difference in stiffness. The objective is depicted in 12(c).
The largest decrease happens at the start of the optimization. Figure 12(d) depicts the total
energy and its parts. During the optimization, mainly the translational part of the kinetic
energy increases as well as the potential energy due to the gravitation.

5 Summary

The discrete adjoint method for variational integration of (constrained) ODE:s is derived, and
its convergence properties are demonstrated with the help of numerical examples. Quadratic
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Fig. 11 Snapshot of a very x107
flexible beam at n = 0 as well as ik
during the upward movement of a
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(a) Initial configuration of the beam by
example of a very flexible beam.
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(b) Deformation of a very flexible beam
during its motion.

convergence results of the configuration variables as well as for the adjoint variables based
on simulations of a mathematical pendulum are observed. The discrete adjoint method is
also applied to the multisymplectic Galerkin Lie group integrator for geometrically exact
beam dynamics, in particular to the optimal control of the upward motion of a pendulum-
like beam. The discrete adjoint method directly derives fitting equations at the boundary
based on the discretization chosen for the variational integrator. The discrete adjoint method
for constrained systems with null space projection and nodal reparametrization also directly
results in the null space projection of the discrete adjoint equations. The properties of the
discrete adjoint method applied to structure preserving integrators have to be analyzed fur-
ther as to understand the connection in a more general setting.
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Fig. 12 Optimization results of beam dynamics of a very flexible beam
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