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Abstract

Adjoint systems are widely used to inform control, optimization, and design in sys-
tems described by ordinary differential equations or differential-algebraic equations.
In this paper, we explore the geometric properties and develop methods for such adjoint
systems. In particular, we utilize symplectic and presymplectic geometry to investi-
gate the properties of adjoint systems associated with ordinary differential equations
and differential-algebraic equations, respectively. We show that the adjoint variational
quadratic conservation laws, which are key to adjoint sensitivity analysis, arise from
(pre)symplecticity of such adjoint systems. We discuss various additional geometric
properties of adjoint systems, such as symmetries and variational characterizations.
For adjoint systems associated with a differential-algebraic equation, we relate the
index of the differential-algebraic equation to the presymplectic constraint algorithm
of Gotay et al. (J Math Phys 19(11):2388-2399, 1978). As an application of this
geometric framework, we discuss how the adjoint variational quadratic conservation
laws can be used to compute sensitivities of terminal or running cost functions. Fur-
thermore, we develop structure-preserving numerical methods for such systems using
Galerkin Hamiltonian variational integrators (Leok and Zhang in IMA J. Numer. Anal.
31(4):1497-1532, 2011) which admit discrete analogues of these quadratic conser-
vation laws. We additionally show that such methods are natural, in the sense that
reduction, forming the adjoint system, and discretization all commute, for suitable
choices of these processes. We utilize this naturality to derive a variational error anal-
ysis result for the presymplectic variational integrator that we use to discretize the
adjoint DAE system. Finally, we discuss the application of adjoint systems in the
context of optimal control problems, where we prove a similar naturality result.
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1 Introduction
1.1 Applications of the Adjoint Equations

The solution of many nonlinear problems involves successive linearization, and as
such, variational equations and their adjoints play a critical role in a variety of appli-
cations. Adjoint equations are of particular interest when the parameter space is
significantly higher dimension than that of the output or objective. In particular, the
simulation of adjoint equations arises in sensitivity analysis (Cacuci 1981; Cao et al.
2003), adaptive mesh refinement (Li and Petzold 2003), uncertainty quantification
(Wang et al. 2012), automatic differentiation (Griewank 2003), superconvergent func-
tional recovery (Pierce and Giles 2000), optimal control (Ross 2005), optimal design
(Giles and Pierce 2000), optimal estimation (Nguyen et al. 2016), and deep learning
viewed as an optimal control problem (Benning et al. 2019).

The study of geometric aspects of adjoint systems arose from the observation that
the combination of any system of differential equations and its adjoint equations is
described by a formal Lagrangian (Ibragimov 2006, 2007). This naturally leads to
the question of when the formation of adjoints and discretization commutes (Sirkes
and Tziperman 1997), and prior work on this includes the Ross—Fahroo lemma (Ross
and Fahroo 2001), and the observation by (Sanz-Serna 2016) that the adjoints and
discretization commute if and only if the discretization is symplectic.
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1.2 Symplectic and Presymplectic Geometry

Throughout the paper, we will assume that all manifolds and maps are smooth, unless
otherwise stated. Let (P, 2) be a (finite-dimensional) symplectic manifold, i.e., 2
is a closed nondegenerate two-form on P. Given a Hamiltonian H : P — R, the
Hamiltonian system is defined by

ix,2=dH,

where the vector field X g is a section of the tangent bundle to P. By nondegeneracy,
the vector field X g exists and is uniquely determined. For an open interval I C R,
we say that a curve z : I — P is a solution of Hamilton’s equations if z is an integral
curve of Xp,i.e.,z(t) = Xy (z(t)) forallt € I.

A particularly important example for our purposes is when the symplectic mani-
fold is the cotangent bundle of a manifold, P = T*M, equipped with the canonical
symplectic form Q = dg A dp in natural coordinates (g, p) on T*M. A Hamiltonian
system has the coordinate expression

. 0H(q,p)
==,
_0H(q,p)
dg

s

By Darboux’s theorem, any symplectic manifold is locally symplectomorphic to a
cotangent bundle equipped with its canonical symplectic form. As such, any Hamilto-
nian system can be locally expressed in the above form (even when P is not a cotangent
bundle), using Darboux coordinates.

We now consider the generalization of Hamiltonian systems where we relax the
condition that €2 is nondegenerate, i.e., presymplectic geometry. Let (P, 2) be a
presymplectic manifold, i.e., @ is a closed two-form on P with constant rank. As
before, given a Hamiltonian H : P — R, we define the associated Hamiltonian
system as

ix, Q=dH.

Note that since €2 is now degenerate, X g is not guaranteed to exist and if it does, it need
not be unique and in general is only partially defined on a submanifold of P. Again,
we say a curve on P is a solution to Hamilton’s equations if it is an integral curve of
X . Using Darboux coordinates (q, p, r) adapted to (P, €2), where Q2 = dg Adp and
ker(£2) = span{d/dr}, the local expression for Hamilton’s equations is given by

. 0H(g,p,r)

q = —m-—--—
ap

_ _9H(g,p.1)
dq

)

’
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_9H@G, p.1)
or '

0

The third equation above is interpreted as a constraint equation which any solution
curve must satisfy. We will assume that the constraint defines a submanifold of P. It
is clear that in order for a solution vector field X g to exist, it must be restricted to lie
on this submanifold. However, in order for its flow to remain on the submanifold, it
must be tangent to this submanifold, which further restricts where X can be defined.
Alternating restriction in order to satisfy these two constraints yields the presymplectic
constraint algorithm of Gotay et al. (1978). The presymplectic constraint algorithm
begins with the observation that for any X satisfying the above system, so does X + Z,
where Z € ker(£2). In order to obtain such a vector field X, one considers the subset
Py of P suchthat Z,,(H) = Oforany Z € ker(2), p € P;. We will assume that the set
P is a submanifold of P. We refer to P; as the primary constraint manifold. In order
for the flow of the resulting Hamiltonian vector field X to remain on P;, one further
requires that X is tangent to Pj. The set of points satisfying this property defines a
subsequent secondary constraint submanifold P». Iterating this process, one obtains a
sequence of submanifolds

i > Pp—>--—> P> Py= P,
defined by

P11 ={pe Pr:Z,(Hy) =0forall Z € ker(2¢)}, (1.1)
where

Qi1 = Ll Py s
Hiy1 = Hilp,,-

If there exists a nontrivial fixed point in this sequence, i.e., a submanifold Py of P such
that Py = Py41, we refer to Py as the final constraint manifold. If such a fixed point
exists, we denote by vp the minimum integer such that P,, = Py,41, i.e., vp is the
number of steps necessary for the presymplectic constraint algorithm to terminate. If
such a final constraint manifold P,, exists, there always exists a solution vector field
X defined on and tangent to P,, such thatix2,, = dH,, and X is unique up to the
kernel of €2,,. Furthermore, such a final constraint manifold is maximal in the sense
that if there exists a submanifold N of P which admits a vector field X defined on and
tangent to N such that ixQ|y = dH |y, then N C P,, (Gotay and Nester 1979).

1.3 Main Contributions
In this paper, we explore the geometric properties of adjoint systems associated with

ordinary differential equations (ODEs) and differential-algebraic equations (DAESs).
For a discussion of adjoint systems associated with ODEs and DAEs, see Sanz-Serna

@ Springer



Journal of Nonlinear Science (2024) 34:25 Page50f75 25

(2016) and Cao et al. (2003), respectively. In particular, we utilize the machinery of
symplectic and presymplectic geometry as a basis for understanding such systems.

In Sect. 2.1, we review the notion of adjoint equations associated with ODEs over
vector spaces. We show that the quadratic conservation law, which is the key to adjoint
sensitivity analysis, arises from the symplecticity of the flow of the adjoint system. In
Sect.2.2, we investigate the symplectic geometry of adjoint systems associated with
ODEs on manifolds. We additionally discuss augmented adjoint systems, which are
useful in the adjoint sensitivity of running cost functions. In Sect. 2.3, we investigate
the presymplectic geometry of adjoint systems associated with DAEs on manifolds.
We investigate the relation between the index of the base DAE and the index of the
associated adjoint system, using the notions of DAE reduction and the presymplectic
constraint algorithm. We additionally consider augmented systems for such adjoint
DAE systems. For the various adjoint systems that we consider, we derive various
quadratic conservation laws which are useful in adjoint sensitivity analysis of terminal
and running cost functions. We additionally discuss symmetry properties and present
variational characterizations of such systems that provide a useful perspective for
constructing geometric numerical methods for these systems.

In Sect. 3, we discuss applications of the various adjoint systems to adjoint sensi-
tivity and optimal control. In Sect. 3.1, we show how the quadratic conservation laws
developed in Sect.2 can be used for adjoint sensitivity analysis of running and ter-
minal cost functions, subject to ODE or DAE constraints. In Sect.3.2, we construct
structure-preserving discretizations of adjoint systems using the Galerkin Hamiltonian
variational integrator construction of Leok and Zhang (2011). For adjoint DAE sys-
tems, we introduce a presymplectic analogue of the Galerkin Hamiltonian variational
integrator construction. We show that such discretizations admit discrete analogues
of the aforementioned quadratic conservation laws and hence are suitable for the
numerical computation of adjoint sensitivities. Furthermore, we show that such dis-
cretizations are natural when applied to DAE systems, in the sense that reduction,
forming the adjoint system, and discretization all commute (for particular choices of
these processes). As an application of this naturality, we derive a variational error
analysis result for the resulting presymplectic variational integrator for adjoint DAE
systems. Finally, in Sect.3.3, we discuss adjoint systems in the context of optimal
control problems, where we prove a similar naturality result, in that suitable choices
of reduction, extremization, and discretization commute.

By developing a geometric theory for adjoint systems, the application areas that
utilize such adjoint systems can benefit from the existing work on geometric and
structure-preserving methods.

1.4 Main Results

In this paper, we prove that, starting with an index 1 DAE, appropriate choices of reduc-
tion, discretization, and forming the adjoint system commute. That is, the following
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diagram commutes.

Reduce N
Index 1 DAE ” ODE
. . Discretize
Discretize
. Reduce .o
Discrete DAE 7 Discrete ODE
Adjoint Adjoint
~ ~
Presymplectic Adjoint _Reduce — v Symplectic Adjoint
DAE System . ODE System .
Adjoint Adjoint
Discretize Discretize
+ +
Presymplectic Galerkin Symplectic Galerkin
Hamiltonian Variational =™ Reduce ¢ Hamiltonian Variational
Integrator Integrator

In order to prove this result, we develop along the way the definitions of the vari-
ous vertices and arrows in the above diagram. Roughly speaking, the four “Adjoint”
arrows are defined by forming the appropriate continuous or discrete action and enforc-
ing the variational principle; the four “Reduce” arrows are defined by solving the
algebraic variables in terms of the kinematic variables through the continuous or dis-
crete constraint equations; the two “Discretize” arrows on the top face are given by a
Runge—Kutta method, while the two “Discretize” arrows on the bottom face are given
by the associated symplectic partitioned Runge—Kutta method. The above commu-
tative diagram can be understood as an extension of the result of Sanz-Serna (2016)
(that discretization and forming the adjoint of an ODE commute when the discretiza-
tion is a symplectic Runge—Kutta method) by adding the reduction operation. In order
to appropriately define this reduction operation, we will show that the presymplectic
adjoint DAE system has index 1 if the base DAE has index 1, so that the reduction of
the presymplectic adjoint DAE system results in a symplectic adjoint ODE system;
the tool for this will be the presymplectic constraint algorithm.

In the process of defining the ingredients in the above diagram, we will additionally
prove various properties of adjoint systems associated with ODEs and DAEs. The
key properties that we will prove for such adjoint systems are the adjoint variational
quadratic conservation laws, Propositions 2.3, 2.7, 2.11, 2.12. As we will show, these
conservation laws can be used to compute adjoint sensitivities of running and terminal
cost functions under the flow of an ODE or DAE. In order to prove these conservation
laws, we will need to define the variational equations associated with an adjoint system.
We will define them as the linearization of the base ODE or DAE; for the DAE case,
we will show that the variational equations have the same index as the base DAE so
that they have the same (local) solvability.
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2 Adjoint Systems
2.1 Adjoint Equations on Vector Spaces

In this section, we review the notion of adjoint equations on vector spaces and their
properties, as preparation for adjoint systems on manifolds.

Let Q be a finite-dimensional vector space and consider the ordinary differential
equation on Q given by

q = f(@), 2.1)

where f : O — Q is a differentiable vector field on Q. Let Df(q) denote the
linearization of f atq € Q, Df(q) € L(Q, Q). Denoting its adjoint by [Df (¢)]* €
L(Q*, Q*), the adjoint equation associated with (2.1) is given by

p=—IDf (@] p. (2.2)

where p is a curve on Q*.

Let g# be coordinates for Q and let p, be the associated dual coordinates for Q*,
so that the duality pairing is given by (p, ¢) = pag?. The linearization of f at g is
given in coordinates by

3f4q)

g8

(Df(q)) 5 =

where its action on v € Q in coordinates is

3 f4(9)
(Df @ = =5 70"
Its adjoint then acts on p € Q* by
9 B
(D@1 p)a = J;q,(f)pg.

Thus, the ODE and its adjoint can be expressed in coordinates as

it = 49,

af%(q)
- an PB-

Next, we recall that the combined system (2.1)—(2.2), which we refer to as the
adjoint system, arises from a variational principle. Letting (-, -) denote the duality
pairing between Q* and Q, we define the Hamiltonian

H:0x Q0" =R,
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(g, p)— H(q, p)={(p, f(@).

The associated action, defined on the space of curves on Q x Q* covering some
interval (7, t1), is given by

51 1
Slg, pl =/ ((p,c}>—H(q,p))dt=f «p,q) —(p, f(g)) dr.
10 0]

Proposition 2.1 The variational principle §S = 0, subject to variations (8q,dp)
which fix the endpoints §q(ty) = 0, 6q(t1) = 0, yields the adjoint system (2.1)—(2.2).

Proof Compute the variation of S with respect to a compactly supported variation
(q,8p),

dSlg, pl-(8q,ép) = S[CI+68q p+e€dpl

d_
/ P—I—eSp G +e€8q — f(q +e€dq))dt

/ (8.4 = (@) + (p. 59 — Df (@)39) )i

- / (8.4 = £@) + (=h — (DS @V p. 8q) ).
10

The fundamental lemma of the calculus of variations then yields (2.1)—(2.2). ]

Remark 2.1 Note that an analogous statement of Proposition 2.1 can also be stated
using the Type II variational principle, where one instead considers the generating
function

4
H,(q0, p1) = ext [p(tl)q(tl) - / (p.qg — H(q, p))dt} ,
1

0

and one extremizes over C2 curves from [fg, 71] to T* Q such that ¢ (o) = qo, p(t1) =
p1- The Type II variational principle again gives the above adjoint system, but
with differing boundary conditions. These boundary conditions are typical in adjoint
sensitivity analysis, where one fixes the initial position and the final momenta.

The variational principle utilized above is formulated so that the stationarity con-
dition 8§ = 0 is equivalent to Hamilton’s equations, where we view Q x Q* = T*Q
with the canonical symplectic form on the cotangent bundle 2 = dg A dp and with
the corresponding Hamiltonian H : T*Q — R given as above. It then follows that
the flow of the adjoint system is symplectic.

The symplecticity of the adjoint system is a key feature of the system. In fact,
the symplecticity of the adjoint system implies that a certain quadratic invariant is
preserved along the flow of the system. This quadratic invariant is the key ingredient
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to the use of adjoint equations for sensitivity analysis. To state the quadratic invariant,
consider the variational equation associated with equation (2.1),

d
504 = Df (@)%, 2.3)

which corresponds to the linearization of (2.1) at ¢ € Q. For solution curves p and
3q to (2.2) and (2.3), respectively, over the same curve g, one has that the quantity
(p, 8q) is preserved along the flow of the system, since

d d
a(zﬂ, 8q) = (p,dq) + <P, 5&1> = (=[Df(@]*p.8q) + (p. Df(q)8q)

= —(p, Df(9)éq) + {p, Df (q)éq) = 0.

To see that symplecticity implies the preservation of this quantity, recall that symplec-
ticity is the statement that, along a solution curve of the adjoint system (2.1)—(2.2),
one has

d
—QV, W) =0,
a3 )

where V and W are first variations to the adjoint system (i.e., that the flow of V and W
on solutions are again solutions). Infinitesimally, first variations V and W correspond
to solutions of the linearization of the adjoint system (2.1)—(2.2). At a solution (g, p)
to the adjoint system, the linearization of the system is given by

d
—38q = Df(q)dq,
P f(q)dq

d *
5819 = —[Df(@)]"ép.

Note that the first equation is just the variational equation (2.3), while the second
equation is the adjoint equation (2.2), with p replaced by § p, since the adjoint equation
is linear in p. The first variation vector field V corresponding to a solution (éq, 8 p)
of this linearized system is

d 0
V=06g—+dép—.
q8q+ Pap

Now, we make two choices for the first variations V and W. For W, we take the solution
8qg = 0, 6p = p of the linearized system, which gives W = p d/d p. For V, we take
the solution g = 8g, §p = 0 of the linearized system, which gives V = §q 9/9q.
Inserting these into €2 gives

9 9
QV, W)= Py <5q—J(dq A dp)) = (p, dq).
p dq
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Thus, symplecticity %Q(V, W) = 0 with this particular choice of first variations
V, W gives the preservation of the quadratic invariant (p, §¢).

2.2 Adjoint Systems on Manifolds

We now extend the notion of the adjoint system to the case where the configuration
space of the base ODE is a manifold. We will provide a symplectic characterization of
these adjoint systems, prove the associated adjoint variational quadratic conservation
laws, and additionally discuss symmetries and variational principles associated with
these systems.

Let M be a manifold and consider the ODE on M given by

q = fq), 2.4

where f is a vector field on M. Letting # : TM — M denote the tangent bundle
projection, we recall that a vector field f is amap f : M — T M which satisfies
mo f=1y,1ie., fis asection of the tangent bundle.

Analogous to the adjoint system on vector spaces, we will define the adjoint system
on a manifold as an ODE on the cotangent bundle 7*M which covers (2.4), such
that the time evolution of the momenta in the fibers of 7*M are given by an adjoint
linearization of f.

To do this, in analogy with the vector space case, consider the Hamiltonian H :
T*M — Rgivenby H (g, p) = (p, f(q))q where (-, -)4 is the duality pairing of T;M
with T, M. When there is no possibility for confusion of the base point, we simply
denote this duality pairing as (-, -). Recall that the cotangent bundle 7* M possesses a
canonical symplectic form Q = —d® where O is the tautological one-form on 7*M.
With coordinates (g, p) = (g, pa) on T*M, this symplectic form has the coordinate
expression Q = dg A dp = dg? Adpy.

We define the adjoint system as the ODE on T*M given by Hamilton’s equations,
with the above choice of Hamiltonian H and the canonical symplectic form. Thus, the
adjoint system is given by the equation

ix, Q=dH,

whose solution curves on T*M are the integral curves of the Hamiltonian vector field
X . Asis well-known, for the particular choice of Hamiltonian H (¢, p) = (p, f(q)),
the Hamiltonian vector field X g is given by the cotangent lift fof f,whichis a vector
field on T*M that covers f (for a discussion of the geometry of the cotangent bundle
and lifts, see Yano and Ishihara 1973; for a discussion of cotangent lifts in the context
of optimal control, see Bullo and Lewis 2014). With coordinates z = (¢, p) on T*M,
the adjoint system is the ODE on T*M given by

= f(2). (2.5)

To be more explicit, recall that the cotangent lift of f is constructed as follows.
Let &, : M — M denote the one-parameter family of diffeomorphisms generated
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by f. Then, we consider the cotangent lifted diffeomorphisms given by (®_.)* :
T*M — T*M. This covers ®, in the sense that w7+ o (P_.)* = P o w7+ where
wr«p - T*M — M is the cotangent projection. The cotangent lift fis then defined
to be the infinitesimal generator of the cotangent lifted flow,

d *
fl@)= I €:O(dhe) (2).

We can directly verify that fis the Hamiltonian vector field for H, which follows
from

i7Q=—ipd®=—L;O+d(i0) =d(i;0) = dH,

where £ ;0 = 0 follows from the fact that cotangent lifted flows preserve the
tautological one-form and H = i f@ follows from a direct computation (where
i70 is interpreted as a function on the cotangent bundle which maps (g, p) to

(©(. p). Flg. p)))
The adjoint system (2.5) covers (2.4) in the following sense.

Proposition 2.2 Integral curves to the adjoint system (2.5) lift integral curves to the
system (2.4).

Proof Let z = (g, p) be coordinates on T*M. Let (¢, p) € Ty ,»T*M. Then,
Trr«p(g, p) = q where Ty« is the pushforward of the cotangent projection.
Furthermore,

A d d
Trrewf@.p) = Tarng | (@-0"@.p) = | _ Grrow o (®-0")(@. p)
d

d
= | (@comrmn@. p = | _ o@ =@

€=

Thus, the pushforward of the cotangent projection applied to (2.5) gives (2.4). It then
follows that integral curves of (2.5) lift integral curves of (2.4). O

Remark 2.2 This can also be seen explicitly in coordinates. Recalling that i 72 =dH,
one has ‘

If8(q)
dg4

dH =d(paf*(@) = f*(9)dpa + ps dq*,
and, on the other hand, denoting f(q, p) = X*(¢, p)3/dg™ + Ya(q., p)3/0pa,
i72 = (X"(q, P)9ya + Yalq, p)dp,)1(dg” Adps) = X*(q, p)dpa — Ya(q, p)dg*.

Equating these two gives the coordinate expression for the cotangent lift f,

afBg) o

o 3
— A —pp ) ¢
flg.p)=f (q)an PB 507 apa’
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Thus, the system z = f(z) can be expressed in coordinates as

it = 49, (2.6a)

3B
g4

PA = —DB (2.6b)

which clearly covers the original ODE ¢4 = f4(g). Also, note that this coordinate
expression for the adjoint system recovers the coordinate expression for the adjoint
system in the vector space case.

Analogous to the vector space case, the adjoint system possesses a quadratic invari-
ant associated with the variational equations of (2.4). The variational equation is given
by considering the tangent lifted vector field on T M, f :TM — TTM, which is
defined in terms of the flow ®, generated by f by

~ d
f(q,8q) = I €:0T®e(q,8q),

where (g, 8¢q) are coordinates on 7' M. That is, f is the infinitesimal generator of
the tangent lifted flow. The variational equation associated with (2.4) is the ODE
associated with the tangent lifted vector field. In coordinates,

d ~
3490 = J(q,59). 2.7

Proposition 2.3 For integral curves (q, p) of (2.5) and (q, 8q) of (2.7), which cover
the same curve q,

d
@0, P, @059 =0, 28)

Proof Note that (q(¢), p(?)) € Tq*(t)M and (q(t),8q(t)) € TyM, so the duality
pairing is well-defined. Then,

(€. p). @@).89@) = {@-)"@(O. pO). T®:(q(0). 54(0))

q(t q(1)

(

= (@), p(©), TO—; 0 T®:(q(0), 5q(0)))
<
<

q(0)

(q(0), p(0)), T(®—; o P1)(¢(0), 54(0))>q(0)

= {(q(0), p(0)), (¢(0), 361(0))>q(0),

so the pairing is constant. O

Remark 2.3 In the vector space case, we saw that the preservation of the quadratic
invariant is implied by symplecticity. The above result is analogously implied by
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symplecticity, noting that the flow of the adjoint system is symplectic since fis a
Hamiltonian vector field.

Another conserved quantity for the adjoint system (2.5) is the Hamiltonian, since
the adjoint system corresponds to a time-independent Hamiltonian flow, E(il?H =
Q(Xg,Xg) =0.

Additionally, conserved quantities for adjoint systems are generated, via cotangent
lift, by symmetries of the original ODE (2.4), where we say that a vector field g is a
symmetry of the ODE x = h(x) if [g, h] = 0.

Proposition 2.4 Let g be a symmetry of (2.4), i.e., [g, f]1 = 0. Then, its cotangent lift
¢ is a symmetry of (2.5), and additionally, the function

(©.3)

on T*M is preserved along the flow of f i.e., under the flow of the adjoint system
(2.5).

Proof We first show that g is a symmetry of (2.5), i.e., that [g, f] = 0. To see this,
we recall that the cotangent lift of the Lie bracket of two vector fields equals the Lie
bracket of their cotangent lifts,

lg. f1=13. 1.

Then, since [g, f] = 0 by assumption, [, f] = @ =0=0.
To see that (©, g) is preserved along the flow of f, we have

LFO,3) = (£70,3) +(0,£73) =(0,2) +(©,[f,2) =

where we used that £ f@ = 0 since fis a cotangent lifted vector field. O

Remark 2.4 The above proposition states when [ f, g] = 0, the Hamiltonian for the
adjoint system associated with g, (®,g), is preserved along the Hamiltonian flow
corresponding to the Hamiltonian for the adjoint system associated with f, (®, f),
and vice versa. Note (©, g) can be interpreted as the momentum map corresponding
to the action on T*M given by the flow of g.

The above proposition shows that (at least some) symmetries of the adjoint system
(2.5) can be found by cotangent lifting symmetries of the original ODE (2.4). Addi-
tionally, the above proposition states that such cotangent lifted symmetries give rise
to conserved quantities.

In light of the above proposition, it is natural to ask the following question. Given
a symmetry G of the adjoint system (2.5) (i.e., [G, f] = 0), does it arise from a
cotangent lifted symmetry in the sense of Proposition 2.4? In general, the answer
is no. However, for a projectable vector field G which is a symmetry of the adjoint
system, its projection by T+ to a vector field on M does satisfy the assumptions
of Proposition 2.4. This gives the following partial converse to the above proposition.
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Proposition 2.5 Let G be a projectable vector field on the bundle wrsp : T*M — M
which is a symmetry of (2.5), i.e., [G, f] = 0. Then, the pushforward vector field
g = Trr+y(G) on M satisfies the assumptions of Proposition 2.4 and Trr=yg =
T7TT*M G.

Proof Since G is a projectable vector field on the cotangent bundle, g = Twr+y G
defines a well-defined vector field on M. Thus,

lg, f1=[TrnruG, TﬂT*Mﬂ =TrarmulG, ﬂ =Tnar«y0=0,
so g is a symmetry of (2.4). Furthermore, we also have
TﬂT*M§= Trrspy(TrarsyG) = Tar«yG.

O

The preceding proposition shows that, for the class of projectable symmetries of
the adjoint system (2.5), it is always possible to find an associated symmetry of the
original ODE (2.4) which, by Proposition 2.4, corresponds to a Hamiltonian symmetry.
Note that this implies that we can associate a conserved quantity (®, g) to G, where
g = Twy+yG. Furthermore, since Try+y g = Trr+y G and the canonical form © is
a horizontal one-form, this implies that (©, G) equals (®, g) and hence, is conserved.

These two propositions show that symmetries of an ODE can be identified with
equivalence classes of projectable symmetries of the associated adjoint system, where
two projectable symmetries are equivalent if their difference lies in the kernel of
Trn T*M -

We also recall that the adjoint system (2.5) formally arises from a variational prin-
ciple. To do so, let ® be the tautological one-form on T*M. The action is defined to
be

S[y] = /I [V — (H o y)dr], 2.9

where ¥ (t) = (q(t), p(¢)) is a curve on T*M over the interval I = (fg, t;). We
consider the variational principle §S[¢¥r] = 0, subject to variations which fix the

endpoints ¢ (ty), g (t1).

Proposition 2.6 Let v be a curve on T*M over the interval 1. Then, V is a stationary
point of S with respect to variations which fix q(ty), q(t1) if and only if (2.5) holds.

The proof of the above proposition is standard in the literature, so we will omit it.

Remark 2.5 1t should be noted that although the fixed endpoint conditions on ¢ (#p) and
q(t1) in the variational principle formally obtains the correct equations of motion for
the adjoint system, these boundary conditions are incompatible with the adjoint sys-
tem, since it covers an ODE on the base manifold. From a theoretical perspective, this
is not an obstruction to Proposition 2.6 since the equations of motion are obtained after
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enforcing the variational principle. However, from a numerical perspective, a varia-
tional principle with Type II boundary conditions fixing g (zp) and p(t) is preferable
for constructing variational integrators for adjoint systems. In Appendix C, we develop
an intrinsic Type II variational principle to incorporate these boundary conditions.

Remark 2.6 In coordinates, the above action (2.9) takes the form

14
s= [ pd - (o i@,
0]
which is the same coordinate expression as the action in the vector space case.

2.2.1 Adjoint Systems with Augmented Hamiltonians

In this section, we consider a class of modified adjoint systems, where some function
on the base manifold M is added to the Hamiltonian of the adjoint system. More
precisely, let H : T*M — R, H(q, p) = (p, f(q)) be the Hamiltonian of the
previous section, corresponding to the ODE ¢ = f(g). Let L : M — R be a function
on M. We identify L with its pullback through w7+ : T*M — M. Then, we define
the augmented Hamiltonian

H =H+L:T"M —- R
(g.p)— H(q, p)+ L(g) = {(p, f(q) + L(g).

We define the augmented adjoint system as the Hamiltonian system associated with
H| relative to the canonical symplectic form € on 7*M,

ixy, 2 =dH]. (2.10)

Remark 2.7 The motivation for such systems arises from adjoint sensitivity analysis
and optimal control. For adjoint sensitivity analysis of a running cost function, one is
concerned with the sensitivity of some functional

t
/ L(g)dr
0

along the flow of the ODE ¢ = f(g). In the setting of optimal control, the goal
is to minimize such a functional, constrained to curves satisfying the ODE (see, for
example, Aguiar et al. 2021). We will discuss such applications in more detail in
Sect. 3.

In coordinates, the augmented adjoint system (2.10) takes the form

oH
gt = = @, (2.11a)
PA
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0H _ 3f%(q) _IL(g)

I = 2.11b
8qA PB an an ( )

pa =
We now prove various properties of the augmented adjoint system, analogous to
the previous section. To start, first note that we can decompose the Hamiltonian vector

field X7, as follows. Let f be the cotangent lift of f. Let X; = Xp, — f. Then,
observe that

ix,Q=ix, Q—i;Q2=dH, —dH =dL.

Thus, we have the decomposition Xy, = f+ X1, where fand X, are the Hamiltonian
vector fields for H and L, respectively. In coordinates,

X dL 0
LT g apa

From the coordinate expression, we see that X is a vertical vector field over the
bundle T*M — M. We can also see this intrinsically, since d L is a horizontal one-
form on T*M, X satisfies ix, 2 = dL, and  restricts to an isomorphism from
vertical vector fields on T* M to horizontal one forms on 7*M. Thus, it is immediate
to see intrinsically that an analogous statement to Proposition 2.2 holds, since the
flow of flifts the flow of f, while the flow of X is purely vertical. That is, since
Trar«y Xy =0,

TrarsuXp, =Taruf = f.

We can of course also see that the augmented adjoint system lifts the original ODE
from the coordinate expression for the augmented adjoint system, (2.11a)—(2.11b).

We now prove analogous statements to Propositions 2.3 and 2.4, modified
appropriately for the presence of L in the augmented Hamiltonian.

Proposition 2.7 Let (q, p) be an integral curve of the augmented adjoint system (2.10)
andlet (q, 8q) be an integral curve of the variational equation (2.7), covering the same
curve q. Then,

d
—(p, 8q) = —(dL, 8q).
dt(p q) ( q)

Remark 2.8 Note that the variational equation associated with the above system is
the same as in the nonaugmented case, equation (2.7), since augmenting L to the
Hamiltonian system only shifts the Hamiltonian vector field in the vertical direction.

Proof We will prove this in coordinates. We have the equations

. aft oL
pPA= PBan 9gA’

@ Springer



Journal of Nonlinear Science (2024) 34:25 Page170of75 25

35 B_E A

= 8q4.
a7 qn
Then,
d d d
dt<p q) 4 Pada padq +det q
aff 4 AL 4 afe 4
= —pp———8g4 — —§ -5
PBan q 27 q +PBan q
oL
= ———§g* = —(dL, 8q).
5gA ( q)

]

Remark 2.9 Interestingly, the above proposition states that in the augmented case,
(p, 8q) is no longer preserved but rather, its change measures the change of L with
respect to the variation 8¢. This may at first seem contradictory since both the aug-
mented and nonaugmented Hamiltonian vector fields, Xy, and X g, preserve €2, and
as we noted previously in Remark 2.3, the preservation of the quadratic invariant is
implied by symplecticity. However, upon closer inspection, there is no contradiction
because the two cases have different first variations, where recall a first variation is a
symmetry vector field of the Hamiltonian system and symplecticity can be stated as

d
—QV,W)=0,
a3 )

for first variation vector fields V and W. In the nonaugmented case, the equations
satisfied by the first variation of the momenta p can be identified with p itself, since
the adjoint equation for p is linear in p. On the other hand, in the augmented case,
the adjoint equation for p, (2.11b), is no longer linear in p; rather, it is affine in p.
Furthermore, the failure of this equation to be linear in p is given precisely by —d L.
Thus, in the augmented case, first variations in p can no longer be identified with p,
and this leads to the additional term —(dL, 6¢) in the above proposition.

To prove an analogous statement to Proposition 2.4, we need the additional
assumption that the symmetry vector field g leaves L invariant, Lo L = 0.

Proposition 2.8 Let g be a symmetry of the ODE ¢ = f(q), i.e., [g, f] = 0. Addi-
tionally, assume that g is a symmetry of L, i.e., LoL = 0. Then, its cotangent lift g
is a symmetry of the augmented adjoint system, [g, X, ] = 0 and additionally, the
function

(©,2)

on T*M is preserved along the flow of X, .
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Proof To see that [g, X, ] = 0, note that with the decomposition X g, = f+ XL,
we have

2. Xu,1=1[2 f1+ (2 X.1=[8 X.1.

where we used that [g, f] = @ = 0. Tosee that[g, X1.] = 0, we note that [g, X ]
can be expressed as

(3, X1] = LzX1 = L3(Q7'(dL)),

where we interpret Q : T(T*M) — T*(T*M). Then, note that g preserves Q2 since g
is a cotangent lift and it also preserves L (where, since we identify L with its pullback
through w7+, this is equivalent to g preserving L). More precisely, since we are
identifying L with its pullback (7r7+y)* L, we have

Ls((mrsm) L) = ((mrsm)*dL, g) = (AL, Trr+m8) = (dL, g) = LgL = 0.

Hence, Eg(Q’l(dL)) = 0. One can also verify this in coordinates, and a direct
computation yields

~ 0 B
(8. XLl=—= & D75 )7
q q

which vanishes since £, L = 0.
Now, to show that (®, g) is preserved along the flow of X Hy» compute

Lxy, (0.8) =L7(0O,8) +Lx,(0,8) =Lx,(0©,8),

where we used that £ f(@, 2) = 0 by Proposition 2.4. Now, we have

£XHL <®7§> = ‘CXL(®’§> = <[’XL®’§> + (®’ LXLZ;)
= (£XL®’§) + <®7 [XLv §]>
——
=0
(iXLd® +d(lXL®)’§> = <_iXL97§> + <d(lXL®)’§)
= —(dL,g) + (d(ix,©), ).

The first term above vanishes since £gL = 0. Furthermore, (d(ix, ®), g) = 0 since
X is avertical vector field while ® is a horizontal one-form. Hence, Lx H (®,g)=0.
O

2.3 Adjoint Systems for DAEs via Presymplectic Mechanics

In this section, we generalize the notion of adjoint system to the case where the base
equation is a (semi-explicit) DAE. We will prove analogous results to the ODE case.
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However, more care is needed than the ODE case, since the DAE constraint introduces
issues with solvability. As we will see, the adjoint system associated with a DAE is
a presymplectic system, so we will approach the solvability of such systems through
the presymplectic constraint algorithm.

We consider the following setup for a differential-algebraic equation. Let My
and M, be two manifolds, where we regard M, as the configuration space of the
“dynamical” or “differential” variables and M, as the configuration space of the “alge-
braic” variables. Let 7 : ® — M, x M, be a vector bundle over M; x M,.
Furthermore, let 7y : My x M, — M, be the projection onto the first factor
and let T, TM; — My x M, be the pullback bundle of the tangent bundle

wrmy - TMyg — Mg by mg,ie, TMy = nj(TMd). Then, a (semi-explicit) DAE is
specified by a section f € I'(T M ;) and a section ¢ € I'(®D), via the system

0=¢(q,u), (2.12b)

where (g, u) are coordinates on My x M,. We refer to T M ; as the differential tangent
bundle, with coordinates (g, u, v) and to ® as the constraint bundle.

Remark 2.10 For the local solvability of (2.12a)—(2.12b), regard ¢ locally as a map
RAMMa) o RAiM(Ma) _, Rrank(®) 1§ /3y is an isomorphism at a point (¢g, uo) where
®(go, ug) = 0, then by the implicit function theorem, one can locally solve u = u(q)
about (qo, ug) such that ¢ (g, u(q)) = 0, and subsequently solve the unconstrained
differential equation ¢ = f (g, u(g)) locally. This is the case for semi-explicit index
1 DAEs.

In order for the rank(®) x dim(M,) matrix d¢/du(qo, up) to be an isomorphism,
it is necessary that rank(®) = dim(M,). However, we will make no such assumption,
so as to treat the theory in full generality, allowing for, e.g., nonunique solutions.
We will, however, assume that the D¢ has constant rank (this corresponds to a fixed
index DAE, which is the case if d¢/du is a pointwise isomorphism) since we utilize
the results of presymplectic geometry for constant rank presymplectic manifolds, as
discussed in Sect. 1.2.

Now, let T*M, be the pullback bundle of the cotangent bundle 7*M, by m,,
with coordinates (q, u, p), which we refer to as the differential cotangent bundle.
Furthermore, let ®* be the dual vector bundle to ®, with coordinates (g, u, 1). Let
T*M; & ®* be the Whitney sum of these two vector bundles over My x M, with
coordinates (¢q, u, p, A), which we refer to as the generalized phase space bundle. We
define a Hamiltonian on the generalized phase space,

H:T*M; ® ©* — R,
H(q,u,p,2) ={(p, f(g,uw) + (A, d(q, u)).

Let €4 denote the canonical symplectic form on T*M,, with coordinate expression
Qg = dg A dp. We define a presymplectic form Qg on T*M, @ ®* as follows: the
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pullback bundle admits the map 74 : T*M,; — T*M, which covers ;7 and acts as
the identity on fibers and furthermore, the generalized phase space bundle admits the
projection IT : mj; ® O* — mj;, since the Whitney sum has the structure of a
double vector bundle. Hence, we can pullback €2, along the sequence of maps

T My ® & > T*My =% T*M,,

which allows us to define a two-form Q¢ = IT* o fr;;(Qd) on the generalized phase
space bundle. Clearly, €2 is closed as the pullback of a closed form. In general, 2
will be degenerate except in the trivial case where M, is empty and the fibers of &
are the zero vector space. Hence, 2 is a presymplectic form. Note that since IT acts
by projection and 74 acts as the identity on fibers, the coordinate expression for ¢
on Wd @ ®* with coordinates (g, u, p, A) is the same as the coordinate expression
for Q4, Q20 = dg A dp. The various spaces and their coordinates are summarized in
the diagram below.

(g u, p, NET*M4D* — (q, u, \)ed*

N

(q,u, p)eT*M4 MgxMg>3(q, u) «— TMg3(q, u,v)

(g, P)ET*My My>q TMa>(q,v)

We now define the adjoint system associated with the DAE (2.12a)—(2.12b) as the
Hamiltonian system

ixQo=dH. (2.13)

Given a (generally, partially defined) vector field X on the generalized phase space
satisfying (2.13), we say a curve (g(¢), u(t), p(t), A(t)) is a solution curve of (2.13)
if it is an integral curve of X.

Let us find a coordinate expression for the above system. Expressing the coordinates
with indices (qi ,u, pj, Aa), the left-hand side of (2.13) along a solution curve has
the expression

ad ad d d

i x Q0 = — ) i da— |odg* Ad

ix$20 (618 -+ u auaJerap]+ A )J q Dk
=g'dp;i — pjdg’.

On the other hand, the right-hand side of (2.13) has the expression

dH = d(pl-.f"(q, u) +ra0”(q, M))
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. i A
=fl(q,u)dpi+< 84];1 -H»A o) )dq’—i—d) (g, w)dh

aft ¢
+( g A 30 )du

Equating these expressions gives the coordinate expression for the adjoint DAE system,

q' = fi(q.w), (2.14a)
. 8f" 3"

= —p; — g —, 2.14b

Dj DiT— oq) Aoqi ( )

0=9¢"(q.u). (2.14¢)

afi 3¢A
0= p 2.14d
Pig P ( )

Remark2.11 As mentioned in Remark 2.10, in the index 1 case, one can locally solve
the original DAE (2.14a) and (2.14c). Viewing such a solution (g, u) as fixed, one can
subsequently locally solve for A in equation (2.14d) as a function of p, since d¢/du
is locally invertible. Substituting this into (2.14b) gives an ODE solely in the variable
p, which can be solved locally.

Stated another way, if the original DAE (2.12a)—(2.12b) is an index 1 system, then
the adjoint DAE system (2.14a)—(2.14d) is an index 1 system with dynamical variables
(g, p) and algebraic variables (u, 1). To see this, if one denotes the constraints for the
adjoint system (2.14¢) and (2.14d) as

- ¢ (q. u)
0:¢(qsuaps)")5< Bf’ )
laua +)‘- 3ua

then the matrix derivative of ¢ with respect to the algebraic variables (i, A) can be
locally expressed in block form as

ap/ou A
0 d¢/ou)’

where the block A has components given by the derivative of the right-hand side of
(2.14d) with respect to u. It is clear from the block triangular form of this matrix that
it is pointwise invertible if d¢/du is.

Remark 2.12 1t is clear from the coordinate expression (2.14a)—(2.14d) that a solution
curve of the adjoint DAE system, if it exists, covers a solution curve of the original

DAE system.

We now prove several results regarding the structure of the adjoint DAE system.
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First, we show that the constraint equations (2.14¢)—(2.14d) can be interpreted as the
statement that the Hamiltonian H has the same time dependence as the “dynamical”
Hamiltonian,

Hy :T*M; & ®* — R,
Hy(q,u, p,2) = (p, fq,u)),
when evaluated along a solution curve.

Proposition 2.9 For a solution curve (q, u, p, A) of (2.13),

d d
7 @@, u@), p(), A1) = —-Halq (@), u(@), p(t), A(1)).

Proof For brevity, all functions below are appropriately evaluated along the solution
curve. We have

d H— oH L oH 8H i+ P oH i
T ag g apj YV
dH 3™ .
=8_qiq —p] a)ua-l-(PA)\A
_0H +
= oq q op; p,
0H, . 0Hy . d
= g ! + ap;j ap, P T 4t
where in the third equality, we used (2.14c) and (2.14d). O

Remark 2.13 A more geometric way to view the above proposition is as follows: note
that if a partially defined vector field X exists such that iy 2y = dH, then the change
of H in a given direction Y, at any point where X is defined, can be computed as
dH(Y) = Qo(X, Y). Observe that the kernel of Q2 is locally spanned by d/du, 9/9A,
i.e., it is spanned by the coordinate vectors in the algebraic coordinates. Hence, the
change of H in the algebraic coordinate directions is zero. This justifies referring to
(u, \) as “algebraic” variables.

We now show that the adjoint system (2.14a)—(2.14d) formally arises from a vari-
ational principle. To do so, let ®¢ be the pullback of the tautological one-form ®, on
the cotangent bundle 7*M, by the maps IT and 774, ®¢ = IT* o 7;(04). Of course,
one has Qg = —d®y. Consider the action S defined by

S[y] = /1 [W*©0 — (H o )dr],

where ¥ () = (q(¢), u(t), p(t), A(¢)) is acurve on the generalized phase space bundle
over the interval I = (¢, t1). We consider the variational principle § S[y/] = 0, subject
to variations which fix the endpoints g (ty), g (¢1).
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Proposition 2.10 Let v be a curve on the generalized phase space bundle over the
interval 1. Then, \r is a stationary point of S with respect to variations which fix q (ty),
q(t1) if and only if (2.14a)—(2.14d) hold.

Proof In v = (g, u, p, 1) coordinates, the action has the expression
Slg, u, p, ] = /1 (mcf — pif(q,u) —rag™(q, u)) di
= /I (Pi@" = £ w) = 29 @, ) dr.
The variation of the action reads

8Slg,u, p,A]- (6q,8u,5p, 1)

= /1 |:5Pi(qi — fi)+pj%8qj —ping;Sc]j —M%&ﬂ'
—Sxa0p™ + <—p,~§7f: — A4 ?ﬁj) W} dt

= /1 |:5Pi(6]i —fH- (Pj + Pig?f; +)\A%) 8q’
—8aap™ + <_Pi27f; —Aa E;ﬁ:) 5M”} dr,

where we used integration by parts and the vanishing of the variations at the endpoints
to drop any boundary terms. Clearly, if (2.14a)—(2.14d) hold, then §S = 0 for all
such variations. Conversely, by the fundamental lemma of the calculus of variations,
if §§ = O for all such variations, then (2.14a)—(2.14d) hold. O

Remark 2.14 We will use the variational structure associated with the adjoint DAE
system to construct numerical integrators in Sect.3.2.

We now prove a result regarding the conservation of a quadratic invariant, anal-
ogous to the case of cotangent lifted adjoint systems in the ODE case. To do this,
we define the variational equations as the linearization of the DAE (2.12a)—(2.12b).
The coordinate expressions for the variational equations are obtained by taking the
variation of equations (2.12a)—(2.12b) with respect to variations (§q, du),

q' = f(q.w), (2.152)
0 =¢"(q, u), (2.15b)
d_, dafi(qu. ; 3fiq,u
—8q' = ————68q) + ————5u”, 2.15
ar? ag1 Tt g (2.15¢)
304 (q, . 994 (q,
0= @uw, i 9@ . (2.15d)
aq’ ou?
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Proposition 2.11 Fora solution (q, u, p, \) of the adjoint DAE system (2.14a)—(2.14d)
and a solution (q, u, 6q, du) of the variational equations (2.15a)—(2.15d), covering
the same curve (q, u), one has

d
a<p(t), dq () =

Proof This follows from a direct computation,

d d ; . d .
—{(p,dq) = T (pt«Sq ) = pjdq’ + pi—é8q

dr dr
= —p,g—f; Aaif&] +p a—fl&]f +p,a—fl8u
= —AA£8 J +p,a—fl5u
= (k ?;bj —i—p,gfa) “=0,
where we used (2.14b), (2.15¢), (2.15d), and (2.14d). O

Remark 2.15 Although we proved the previous proposition in coordinates, it can be
understood intrinsically through the presymplecticity of the adjoint DAE flow. To see
this, assume a partially defined vector field X exists such that i xQ2p = dH. Then, the
flow of X preserves 2, which follows from

LxQ0 = ixdQ0 +dixQ) =dixQ) =d*H = 0.

The coordinate expression for the preservation of the presymplectic form Qy = dg’ A
dp;, with the appropriate choice of first variations, gives the previous proposition,
analogous to the argument that we made in the symplectic (unconstrained) case.

Additionally, as we will see in Sect. 3.1, Proposition 2.11 will provide a method for
computing adjoint sensitivities.

These two observations are interesting when constructing numerical methods to
compute adjoint sensitivities, since if we can construct integrators that preserve the
presymplectic form, then it will preserve the quadratic invariant and hence, be suitable
for computing adjoint sensitivities efficiently.

Remark 2.16 For an index 1 DAE (2.12a)—(2.12b), since d¢/du is (pointwise) invert-
ible for a fixed curve (g, u), one can solve for éu as a function of §¢ in the variational
equation (2.15d) and substitute this into (2.15¢) to obtain an explicit ODE for §q.
Hence, in the index 1 case, given a solution (g, ©) of the DAE (2.12a)—(2.12b) and an
initial condition 8¢ (0) in the tangent fiber over ¢ (0), there is a corresponding (at least
local) unique solution of the variational equations.
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2.3.1 DAE Index and the Presymplectic Constraint Algorithm

In this section, we relate the index of the DAE (2.12a)—(2.12b) to the number of steps
for convergence in the presymplectic constraint algorithm associated with the adjoint
DAE system (2.13). In particular, we show that for an index 1 DAE, the presymplectic
constraint algorithm for the associated adjoint DAE system terminates after vp = 1
step. Subsequently, we discuss how one can formally handle the more general index
v DAE case.

We consider again the presymplectic system given by the adjoint DAE system, P =
T*M 4 & ®* equipped with the presymplectic form €9 = dg A dp and Hamiltonian
H(q,u,p,A) = (p, f(g,u)) + (A, ¢(g, u)), as discussed in the previous section.
Our goal is to bound the number of steps in the presymplectic constraint algorithm
vp for this presymplectic system in terms of the index v of the underlying DAE
(2.12a)—(2.12b).

Recall the presymplectic constraint algorithm discussed in Sect. 1.2. We first deter-
mine the primary constraint manifold P;. Observe that since 29 = dg A dp, we have
the local expression ker(£20)|(g,u, p,») = span{d/du, 3/dA}. Thus, we require that

oH
— =0,
u

OH
ar

s

i.e., P consists of the points (g, u, p, A) such that

0— 0H(q,u, p,A) :p'af"(q,u) L (g, u)
dud " ue AT ue
0H(q,u, p,A)

These are of course the constraint equations (2.14c¢)—(2.14d) of the adjoint DAE
system.

We now consider first the case when the DAE system (2.12a)—(2.12b) has index
v = 1 and subsequently, consider the general case v > 1.

The Presymplectic Constraint Algorithm for v = 1.Forthecasev = 1, we will show
that the presymplectic constraint algorithm terminates after 1 step, i.e., vp = v = 1.

Now, assume that the DAE system (2.12a)—(2.12b) has index v = 1, i.e., for each
(q,u) € Mg x M, such that ¢(q, u) = 0, the matrix with A”* row and a’* column
entry

™ (q. u)
oué

is invertible. Observe that the definition of the presymplectic constraint algorithm,
equation (1.1), is local and hence, we seek a local coordinate expression for Q| =
Qolp, and its kernel.
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Let (g, u, p, A) € P;. In particular, ¢ (g, u) = 0. Since d¢ (g, u)/du is invertible,
by the implicit function theorem, one can locally solve for u as a function of g, which
we denote u = u(q), such that ¢ (g, u(g)) = 0. Then, one can furthermore locally
solve for A as a function of g and p from the second constraint equation,

[ u@\ " ari@.u@)
ralg, p) = — T pi—(————-
A

ou?

Thus, we can coordinatize P; via coordinates (¢’, p’), where the inclusion i; : P} <>
P is given by the coordinate expression
i1: (g, p) = (q' u(@h, p'. 1" p)).
Then, one obtains the local expression for €21,
Q1 =i{Q =if(dg) Nif(dp) =dg’ Adp'.

This is clearly nondegenerate, ie., Z, = 0 for any Z € ker(21), p € Py, so the
presymplectic constraint algorithm terminates, P, = P;. We conclude that vp = 1.

To conclude the discussion of the index 1 case, we obtain coordinate expressions
for the resulting nondegenerate Hamiltonian system. The Hamiltonian on P; can be
expressed as

Hi(q',p) = H(ii(q', p)) = (P, f(q', u(g")))
+(a (g, ). o (q' u(g))) =(p', f(q' ulgh)).

Thus, with the coordinate expression X = ¢"9/d¢" + p;9/d p}, Hamilton’s equations
ix2) = dHj can be expressed as

"= = f'(q ug"),

ap;
o 0H  ,3f/(q u(g") , 0f7(q", u(g") du(q")
pi__aq/i =-Dj aqi —rj Jud aq/i :

We will now show explicitly that this Hamiltonian system solves (2.14a)—(2.14d) along
the submanifold P;. Clearly, the latter two equations (2.14c)—(2.14d) are satisfied, by
definition of Pj. So, we want to show that the first two equations (2.14a)—(2.14b) are
satisfied. Using the second constraint equation (2.14d), we have

g uey) « /)aqﬁf‘(qﬂu(q/))
Y dud =4\, P dud ’

Substituting this into the equation for p; above gives

./ /'3f"'(q/,u(61/)) +

_ (g’ u(g))) du(q)
pi - _p] .

: ra(q, -
Py Al p) " 0q"
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By the implicit function theorem, one has

0" (g, u(gh) Bu(q) _ 3¢’ u(g")
ou aqli - aqi :

Hence, the Hamiltonian system on Pj can be equivalently expressed as

q" = f'(q' u(@"),

y Af(d' g

P A /’ l
pi=—"r; ralq' P’)M.

aq! aq!

Thus, we have explicitly verified that (2.14a)—(2.14d) are satisfied along P;. Note that
since the presymplectic constraint algorithm terminates at vp = 1, X is guaranteed
to be tangent to P;. One can also verify this explicitly by computing the pushforward
Ti1(X) and verifying that it annihilates the constraint functions whose zero level set
defines Pj,

(q,u, p,») = ¢*(q, ),

3f (g, u) . 99t(g,w)
(q’u’ pv)\)}_)pl I + A4 ud .
Remark 2.17 1t is interesting to note that the Hamiltonian system iy 21 = dHy, which
we obtained by forming the adjoint system of the underlying index 1 DAE and sub-
sequently, reducing the index of the adjoint DAE system through the presymplectic
constraint algorithm, can be equivalently obtained (at least locally) by first reducing
the index of the underlying DAE and then forming the adjoint system.

More precisely, if one locally solves ¢ (g, u) = 0 for u = u(q), then the index 1
DAE can be reduced to an ODE,

q = f(q,u(q)).

Subsequently, we can form the adjoint system to this ODE, as discussed in Sect.2.2.
The corresponding Hamiltonian is H (g, p) = (p, f (g, u(q))), which is the same as
H,.

Thus, for the index 1 case, the process of forming the adjoint system and reducing
the index commute.

Remark 2.18 In the language of the presymplectic constraint algorithm, Proposi-
tion 2.9 can be restated as the statement that the Hamiltonian H and its first derivatives,
restricted to the primary constraint manifold, agrees with the dynamical Hamiltonian
H\ and its first derivatives.

Remark 2.19 An alternative view of the solution theory of the presymplectic adjoint
DAE system (2.14a)—(2.14d) is through singular perturbation theory (see, for example,
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Berglund 2007 and Chen and Trenn 2021). We proceed by writing (2.14a)—(2.14d) as

. oH
q9=5-= flgq,u),
14
p= g = —[Dy f(g, W] p — [Dgp(q, u)]"A,
L
= 3_)\ =¢(q,u),
oH * N
0= e —[Dyf(q,w)"p — [Dup(q, u)I"A.

Applying a singular perturbation to the constraint equations yields the system

._BH
q= op’
. oH
p= 3(]7
. oH
€= —,
oA
. oH
A= ———,
ou

where € > 0. Observe that this is a nondegenerate Hamiltonian system with
H(q,u, p,A) as previously defined but with the modified symplectic form Q. =
dg A dp + edu A dA. Then, the above system can be expressed ix, 2 = dH. In
the language of perturbation theory, the primary constraint manifold for the presym-
plectic system is precisely the slow manifold of the singularly perturbed system. One
can utilize techniques from singular perturbation theory to develop a solution theory
for this system, using Tihonov’s theorem, whose assumptions for this particular sys-
tem depend on the eigenvalues of the algebraic Hessian Dg’ , H (see Berglund 2007).
Although we will not elaborate on this here, this could be an interesting approach for
the existence, stability, and approximation theory of such systems. In particular, the
slow manifold integrators introduced in Burby and Klotz (2020) may be relevant to
their discretization. It is also interesting to note that for a solution (g¢, pe, Ue, Ac) of
the singularly perturbed system and a solution (8¢, du. ) of the variational equations,

d
E(SQG = Dy f(qe, ue)8qe + Dy f (e, ue)due,

d
6581/!6 = Dq¢(‘1€s ue)dqe + Dy (qe, ue)due,

one has the perturbed adjoint variational quadratic conservation law

d
a((pe,aqa + €fhe,Bue)) =0,
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which follows immediately from the preservation of €2, under the symplectic flow.

The Presymplectic Constraint Algorithm for General v > 1. Note that for the
general case, we assume that the index of the DAE is finite, | < v < co.

In this case, there are two possible approaches to reduce the adjoint system: either
form the adjoint system associated with the index v DAE and then successively apply
the presymplectic constraint algorithm or, alternatively, reduce the index of the DAE,
form the adjoint system, and then apply the presymplectic constraint algorithm as
necessary.

Since we have already worked out the presymplectic constraint algorithm for the
index 1 case, we will take the latter approach. Namely, we reduce an index v DAE to
an index 1 DAE, and subsequently, apply the presymplectic constraint algorithm to
the reduced index 1 DAE. Given an index v DAE, it is generally possible to reduce
the DAE to an index 1 DAE using the algorithm introduced in Mattsson and Soderlind
(1993). The process of index reduction is given by differentiating the equations of the
DAE to reveal hidden constraints. Geometrically, the process of index reduction can
be understood as the successive jet prolongation of the DAE and subsequent projection
back onto the first jet (see, Reid et al. 2001).

Thus, given anindex v DAEx = f(x, y), (;B(x, y) = 0, we can, after v— 1 reduction
steps, transform it into an index 1 DAE of the form ¢ = f(q,u), ¢(q,u) = 0.
Subsequently, we can form the adjoint DAE system and apply one iteration of the
presymplectic constraint algorithm to obtain the underlying nondegenerate dynamical
system. If we let the vg p denote the minimum number of DAE index reduction
steps plus presymplectic constraint algorithm iterations necessary to take an index v
DAE and obtain the underlying nondegenerate Hamiltonian system associated with
the adjoint, we have vg p < v.

Remark 2.20 Note that we could have reduced the index v DAE to an explicit ODE
after v reduction steps, and subsequently, formed the adjoint. While this is formally
equivalent to the above procedure by Remark 2.17, we prefer to keep the DAE in
index 1 form. This is especially preferable from the viewpoint of numerics: if one
reduces an index 1 DAE to an ODE and attempts to apply a numerical integrator, it is
generically the case that the discrete flow drifts off the constraint manifold. For this
reason, it is preferable to develop numerical integrators for the index 1 adjoint DAE
system directly to prevent constraint violation.

Example 2.1 (Hessenberg Index 2 DAE) Consider a Hessenberg index 2 DAE, i.e., a
DAE of the form

q=f(q,u),
0=g(q),

where (q,u) € R* xR", f : R" xR" - R", g : R" - R™, and g—g% is
pointwise invertible. We reduce this to an index 1 DAE (2.12a)—(2.12b) as follows.
Let M; = g~ '({0}) be the dynamical configuration space which we will assume is a
submanifold of R”. For example, this is true if g is a constant rank map. Furthermore,
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let M, = R™ be the algebraic configuration space. To reduce the index, we differentiate
the constraint g(q) = 0 with respect to time. This is equivalent to enforcing that the
dynamics are tangent to M. This gives

agA(q)qi _38%@

0= .
aq’

g, u) = ¢ (q, w).

Hence, we can form the semi-explicit index 1 system on My x M, given by

q=flq, ),
0=¢(q,u).
The above system is an index 1 DAE since g¢ = gg %i is pointwise invertible.

We now form the adjoint DAE system ass001ated with this index 1 DAE, (2.14a)—
(2.144d). Expressing the constraint in terms of g and f, instead of ¢, gives

i'= f'q.w),
. df(q,u) 3?g%(q) ; gt (q) afi(q, u)
”’:_”"T‘“ (Farmar o0+ R0
3
0= 98 (q)f(
0=p 3f affhq,w) | <8g (@) /' (q, u))
- du dgi dud

We can then apply one iteration of the presymplectic constraint algorithm, as discussed
above in the index v = 1 case, to obtain the underlying nondegenerate Hamiltonian
dynamics. Restricting to the primary constraint manifold, using the first constraint
equation to solve for u = u(g) by the implicit function theorem and subsequently,
using the second constraint equation to solve for A = A(g, p) by inverting (g‘; ‘35 ) ,
gives the Hamiltonian system

§" = fi(q' u@@),

S, 0f(g ug")
p] - pl aq/

2 A A 9 i
- halq ’)( s ja(",)fw, @+ aq(f” f(qaqj‘(q )))

2.3.2 Adjoint Systems for DAEs with Augmented Hamiltonians

In Sect.2.2.1, we augmented the adjoint ODE Hamiltonian by some function L. In
this section, we do analogously for the adjoint DAE system.

Tobegin,let H(q, u, p, A) = (p, f(q,u))+ (A, ¢(q, u)) be the Hamiltonian on the
generalized phase space bundle corresponding to the DAE ¢ = f (g, u),0 = ¢(q, u),
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andlet L : My x M, — R be the function that we would like to augment. We identify
L with its pullback through T*M ;& ®* — My x M,. Then, we define the augmented
Hamiltonian

H =H+L:T*My;® ®* - R
(g,u,p,A) — H(q,u, p,A) + L(g, u).

We define the augmented adjoint DAE system as the presymplectic system
iXHLQ() =dH,. (2.16)

A direct calculation yields the coordinate expression, along an integral curve of such
a (generally, partially defined) vector field Xy, ,

c}i — fi(q, u), (2.17a)
. af dph AL
Iﬁz_mgg_xr_f__f, (2.17b)
q dq dq’
0=¢"(q.u). (2.17¢)
aft apA AL
0=pi— + A ) 2.17d
pi Ju? tha Ju? + Ju? ( )

Remark 2.21 Observe that if the base DAE (2.12a)—(2.12b) has index 1, then the above
system has index 1 by the exact same argument given in the nonaugmented case. After
reduction by applying the presymplectic constraint algorithm and solving for u as a
function of ¢ and A as a function of (g, p), the underlying nondegenerate Hamiltonian
system on the primary (final) constraint manifold corresponds to the Hamiltonian

(Hp)i(q', p)) = (p', f(q' u@))) + L(q', u(gh),

which is the adjoint Hamiltonian for the ODE ¢’ = f(q’, u(q’)), augmented by
L(q',u(q)).

However, as we will discuss in Sect.3.3, it is not uncommon in optimal control
problems for d¢/du to be singular, but the presence of [ L dr in the minimization
objective may uniquely specify the singular degrees of freedom.

We now prove an analogous proposition to Proposition 2.11, modified by the
presence of L in the Hamiltonian. We again consider the variational equations (2.15a)—
(2.15d) associated with the base DAE (2.12a)—(2.12b), which for simplicity we express
in matrix derivative notation as

q=f(q,u)), (2.18a)
0=9¢(q,u), (2.18b)
i5q = Dy f(q,u)dq + Dy, f(q,u)du, (2.18¢c)

dt
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0=Dyd(q,u)dq + Dyd(q, u)du. (2.18d)

Proposition 2.12 For a solution (q, u, p, ) of the augmented adjoint DAE system
(2.172)—(2.17d) and a solution (q, u, dq, Su) of the variational equations (2.18a)—
(2.18d), covering the same solution (q, u) of the base DAE (2.12a)—(2.12b),

d
E(p, dq) = —(V4L,8q) — (VyL, du). (2.19)

Proof This follows from a direct computation:

d d
—(p,8q) = (p, —5
dt(p, q) =(p,dq) + (p, m q)

= —([Dg f1"p, 8q) — ([Dg#1*x, 8q) — (V4L, 8q)
+(p. Dg féq) + (p, Dy fSu)

= —(&, Dg#dq) — (V4L,5q) + (p, Dy fSu)

= (A, Dy@du) — (V4L, 8q) + (p, D, fdu)

= —(V4L,8q) + ([Du@I*A + [Dy f1" p, Su)

= —(Vy4L,d8q) — (V,L, u),

where in the fourth equality above we used (2.18d) and in the sixth equality above we
used (2.17d). O

Remark 2.22 Analogous to the ODE case discussed in Remark 2.9, we remark that
for the nonaugmented adjoint DAE system (2.14a)—(2.14d), we have preservation of
(p, 8q) by virtue of presymplecticity. On the other hand, for the augmented adjoint
DAE system, despite preserving the same presymplectic form, the change of (p, §q)
now measures the change in L with respect to variations in ¢ and u. This can be
understood from the fact that the adjoint equations for (p, 1) in the nonaugmented case,
(2.14b) and (2.14d), are linear in (p, ), so that one can identify first variations in (p, 1)
with (p, 1), whereas, in the augmented case, equations (2.17b) and (2.17d) are affine
in (p, A), so such an identification cannot be made. Furthermore, the failure of (2.17b)
and (2.17d) to be linear in (p, A) are given precisely by V, L and V, L, respectively.
Thus, in the augmented case, this leads to the additional terms —(V,, L, 8q) — (V4 L, du)
in equation (2.19).

3 Applications

3.1 Adjoint Sensitivity Analysis for Semi-Explicit Index 1 DAEs

In this section, we discuss how one can utilize adjoint systems to compute sensitivities.
We will split this into four cases; namely, we want to compute sensitivities for ODEs or

DAEs (we will focus on index 1 DAEs), and whether we are computing the sensitivity
of a terminal cost or the sensitivity of a running cost.
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The relevant adjoint system used to compute sensitivities in all four cases are
summarized below.

Terminal Cost Running Cost

ODE Adjoint ODE System (2.6a)—(2.6b) Augmented Adjoint ODE System (2.11a)—(2.11b)
DAE Adjoint DAE System (2.14a)—(2.14d) Augmented Adjoint DAE System (2.17a)—(2.17d)

Note that in our calculations below, the top row (the ODE case) can be formally
obtained from the bottom row (the DAE case) simply by ignoring the algebraic vari-
ables (u, A) and letting the constraint function ¢ be identically zero. Thus, we will
focus on the bottom row, i.e., computing sensitivities of a terminal cost function and of
a running cost function, subject to a DAE constraint. In both cases, we will first show
how the adjoint sensitivity can be derived using a traditional variational argument.
Subsequently, we will show how the adjoint sensitivity can be derived more simply
by using Propositions 2.11 and 2.12.

Adjoint Sensitivity of a Terminal Cost Consider the DAE g = f(q,u),0 = ¢(q, u)
as in Sect. 2.3. We will assume that M is a vector space and additionally, that the DAE
has index 1. We would like to extract the gradient of a terminal cost function C (g (r))
with respect to the initial condition ¢(0) = «, i.e., we want to extract the sensitivity
of C(g(tr)) with respect to an infinitesimal perturbation in the initial condition, given
by Vo C(q(ty)). Consider the functional J defined by

153
7= CQp) — (po.q(0) — o) — /0 [(ped — £(q. 1)) — (b (g, w))Idr.

Observe that for (g, u) satisfying the given DAE with initial condition ¢(0) = «, J
coincides with C(g(zy)). We think of pg as a free parameter. For simplicity, we will
use matrix derivative notation instead of indices. Computing the variation of J yields

87 = (V4 C(g(t), 8q(t)) = (po, 89(0) = 8a)
tr d
— [ [0 3750 = Py@. w50) = (p. Dt w0
— (. Dy (g, 8 + Dty (g, wdu) |dr.

Integrating by parts in the term containing %&1 andrestricting to a solution (g, u, p, A)
of the adjoint DAE system (2.14a)—(2.14d) yields

8J = (VyC(q(ty)) — p(ty), 8q(ty)) — (po.da) + (p(0) — po. 5q(0)).

We enforce the endpoint condition p(ty) = V,C(g(tf)) and choose py = p(0),
which yields

8J = (p(0), sar).
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Hence, the sensitivity of C(g(ty)) is given by
P(O) =VuJ = VotC(Q([f)),

with initial condition ¢(0) = « and terminal condition p(ty) = V,C(g(tf)). Thus,
the adjoint sensitivity can be computed by setting the terminal condition on p(zy)
above and subsequently, solving for the momenta p at time 0. In order for this to be
well-defined, we have to verify that the given initial and terminal conditions lie on the
primary constraint manifold P;. However, as discussed in Sect.2.3.1, since the DAE
has index 1, we can always solve for the algebraic variables u = u(g) and A = A(q, p)
and thus, we are free to choose the initial and terminal values of g and p, respectively.
For higher index DAEs, one has to ensure that these conditions are compatible with the
final constraint manifold. For example, this is done in Cao et al. (2003) in the case of
Hessenberg index 2 DAEs. Alternatively, at least theoretically, for higher index DAEs,
one can reduce the DAE to an index 1 DAE and then the above discussion applies;
however, this reduction may fail in practice due to numerical cancellation.

Note that the above adjoint sensitivity result is also a consequence of the preser-
vation of the quadratic invariant (p, v) as in Proposition 2.11. From this proposition,
one has that

(p(ty), 8q(ty)) = (p(0),8q(0)),

where dq satisfies the variational equations. Setting p(ty) = V,C(q(ty)) and
8q(0) = Sa gives the same result. As mentioned in Remark 2.15, this quadratic
invariant arises from the presymplecticity of the adjoint DAE system. Thus, a numer-
ical integrator which preserves the presymplectic structure is desirable for computing
adjoint sensitivities, as it exactly preserves the quadratic invariant that allows the
adjoint sensitivities to be accurately and efficiently computed. We will discuss this in
more detail in Sect.3.2.

Adjoint Sensitivity of a Running Cost Again, consider anindex 1 DAE ¢ = f(q, u),
0 = ¢ (g, u). We would like to extract the sensitivity of a running cost function

ty
/ L(q,u)dt,
0

where L : My x M, — R, with respect to an infinitesimal perturbation in the initial
condition ¢ (0) = «. Consider the functional J defined by

iy
J =—(po,q0) —«a) +/O [L(g,uw) + (P, f(q,u) — ) + (A, ¢(q, u))]dr.

Observe that when the DAE is satisfied with initial condition g(0) = «, J = fotf Ldr.

. .. . t .
Now, we would to compute the implicit change in fof L dr with respect to a
perturbation S« in the initial condition. Taking the variation in J yields

8J = —(po, 8q(0) — )
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tr d
+/ (V4L 8q) + (VL 8u) +<p, Dy fdq ~ 56q>
0

+ (p. Dy fu) + (A, Dyopdq + Du¢>8u)]dt
= —(p0.8q(0) — 8ar) — (p(t7). 8q(1y)) + (p(0), 84 (0))

ty
+ /O (V4L + 1Dy /T p + (D12 + . 59)

+ (VuL + (D f1"p + [Dug I, u) |dr.

Restricting to a solution (g, u, p, A) of the augmented adjoint DAE system (2.17a)—
(2.17d), setting the terminal condition p(tf) = 0, and choosing po = p(0) gives

8J = (p(0), ). Hence, the implicit sensitivity of féf L dr with respect to a change
da in the initial condition is given by

If
p(0) = 547 :aa/ L(g. wydr.
0

Thus, the adjoint sensitivity of a running cost functional with respect to a perturbation
in the initial condition can be computed by using the augmented adjoint DAE system
(2.17a)—(2.17d) with terminal condition p () = 0 to solve for the momenta p at time
0.

Note that the above adjoint sensitivity result can be obtained from Proposition 2.12
as follows. We write equation (2.19) as

d
3 (P-3a) = —(dL, (3q, ),

to highlight that the right-hand side measures the total induced variation of L. Now,
we integrate this equation from O to ¢ ¢, which gives

Iy
(p(ty), 8q(ty)) — (p(0),84(0)) = —/0 (dL, (8g, du))dt.

Since we want to determine the change in the running cost functional with respect to
a perturbation in the initial condition, we set p(¢s) = 0 which yields

tf
(p(0). 54 (0)) = /O L. (5q. u))d.

The right-hand side is the total change induced on the running cost functional, whereas
the left-hand side tells us how this change is implicitly induced from a perturbation
3¢ (0) in the initial condition. Note that a perturbation in the initial condition 8¢ (0) will
generally induce perturbations in both g and u, according to the variational equations.
Such a curve (8¢, du) satisfying the variational equations exists in the index 1 case
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as noted in Remark 2.16. Thus, we arrive at the same conclusion as the variational
argument: p(0) is the desired adjoint sensitivity.

To summarize, adjoint sensitivities for terminal and running costs can be computed
using the properties of adjoint systems, such as the various aforementioned propo-
sitions regarding E%( P, 8q), which is zero in the nonaugmented case and measures
the variation of L in the augmented case. In the case of a terminal cost, one sets
an inhomogeneous terminal condition p(ty) = V,C(q(tr)) and backpropagates the
momenta through the nonaugmented adjoint DAE system (2.14a)—(2.14d) to obtain
the sensitivity p(0). On the other hand, in the case of a running cost, one sets a homo-
geneous terminal condition p(fy) = 0 and backpropagates the momenta through the
augmented adjoint DAE system (2.17a)—(2.17d) to obtain the sensitivity p(0).

The various propositions used to derive the above adjoint sensitivity results are
summarized below. We also include the ODE case, since it follows similarly. In

Terminal Cost Running Cost
ODE Proposition 2.3, § (p. 8¢) =0 Proposition 2.7, $ (p. 8¢) = —(dL. 8¢)
DAE Proposition 2.1, & (p.8g) =0 Proposition 2.12, & (p. 8g) = —(dL. (3¢. u))

Sect.3.2, we will construct integrators that admit discrete analogues of the above
propositions, and hence, are suitable for computing discrete adjoint sensitivities.

3.2 Structure-Preserving Discretizations of Adjoint Systems

In this section, we utilize the Galerkin Hamiltonian variational integrators of Leok and
Zhang (2011) to construct structure-preserving integrators which admit discrete ana-
logues of Propositions 2.3,2.7,2.11, and 2.12, and are therefore suitable for numerical
adjoint sensitivity analysis. For brevity, the proofs of these discrete analogues can be
found in Appendix A.

We start by recalling the construction of Galerkin Hamiltonian variational integra-
tors as introduced in Leok and Zhang (2011). We assume that the base manifold Q
is a vector space, and thus, we have the identification 7*Q = Q x Q*. To construct
a variational integrator for a Hamiltonian system on 7*(Q, one starts with the exact
Type II generating function

At
Hjexact(qo, p1) = ext[(ﬁl,qn —/0 [p, q) — H(q,p)]dt]

where one extremizes over C? curves on the cotangent bundle satisfying ¢(0) =
qo, p(At) = pp. This is a Type II generating function in the sense that it defines

a symplectic map (qo, p1) — (q1,po) by g1 = DzHIexact(QO, pP1)s po =
DiHJ .0, P1).
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To approximate this generating function, one approximates the integral above using
aquadrature rule and extremizes the resulting expression over a finite-dimensional sub-
space satisfying the prescribed boundary conditions. This yields the Galerkin discrete
Hamiltonian

Hj(qo,p1)=ext[p1,q1 Atzb(P’ Vi) H(Q’}P"))],

where Ar > 0 is the timestep, qo,q1, po, p1 are numerical approximations to
q(0), g(At), p(0), p(At), respectively, b; > 0 are quadrature weights correspond-
ing to quadrature nodes ¢; € [0, 1], Q' and P’ are internal stages representmg
q(c; At), p(c; At), respectively, and V is related to Q by Q' = go + At Z aijV/,
where the coefficients a;; arise from the choice of function space. The expression
above is extremized over the internal stages Q', P' and subsequently, one applies the
discrete right Hamilton’s equations

q1 = D2H] (qo. p1).
po = D1HJ (g0, p1),

to obtain a Galerkin Hamiltonian variational integrator. The extremization conditions
and the discrete right Hamilton’s equations can be expressed as

q1=qo+ At Y biD,H(Q', PY), (3.1a)
i

Q' =qo+AtY ayDyH(Q’, PT), (3.1b)
j

p1 = po— At Zb,-DqH(Ql’, Ph, (3.1c)

P' = py — AtlZZliquH(Q", PY), (3.1d)

J

where we interpret a;; as Runge—Kutta coefficients and a;; = (b;b; — bjaj;)/b; as
the symplectic adjoint of the a;; coefficients. Thus, (3.1a)—(3.1d) can be viewed as a
symplectic partitioned Runge—Kutta method.

We will consider such methods in four cases: adjoint systems corresponding to a
base ODE or DAE, and whether or not the corresponding system is augmented. Note
that in the DAE case, we will have to modify the above construction because the system
is presymplectic. Furthermore, we will assume that all of the relevant configuration
spaces are vector spaces.

Nonaugmented Adjoint ODE System The simplest case to consider is the nonaug-
mented adjoint ODE system (2.6a)—(2.6b). Since the quadratic conservation law in
Proposition 2.3,

d( 3q) =0
dtp’q_v
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arises from symplecticity, a structure-preserving discretization can be obtained by
applying a symplectic integrator. This case is already discussed in Sanz-Serna (2016),
so we will only outline it briefly.

Applying the Galerkin Hamiltonian variational integrator (3.1a)—(3.1d) to the
Hamiltonian for the adjoint ODE system, H (g, p) = (p, f(q)), yields

a1 ZCIO‘FAthif(Qi)a (3.2a)

0" =qo+ A1 ai; f(Q7), (3.2b)
J

p1=po— At Zbi[Df(Qi)]*Pi, (3.2¢)

P'=po— ArZaij[Df(an*Pf : (3.2d)

J

In the setting of adjoint sensitivity analysis of a terminal cost function, the appropriate
boundary condition to prescribe on the momenta is p; = V,C(q(tf)), as discussed
in Sect. 3.1.

Since the above integrator is symplectic, we have the symplectic conservation law,

dg1 Adpy =dgo A dpo,

when evaluated on discrete first variations of (3.2a)—(3.2d). In this setting, a discrete
first variation can be identified with solutions of the linearization of (3.2a)—(3.2d). For
the linearization of the equations in the position variables, (3.2a)—(3.2b), we have

3q1 =dq0+ At ) biDf(QN3Q', (3.32)

80" =8q0 + At Y _aijDF(Q))80Q. (3.3b)

J

As observed in Sanz-Serna (2016), while we obtained this by linearizing the dis-
crete equations, one could also obtain this by first linearizing (2.1) and subsequently,
applying the Runge—Kutta scheme to the linearization. For the linearization of the
equations for the adjoint variables, (3.2c)—(3.2d), observe that they are already linear
in the adjoint variables, so we can identify the linearization with itself. Thus, we can
choose for first variations vector fields V as the first variation corresponding to the
solution of the linearized position equation and W as the first variation corresponding
to the solution of the adjoint equation itself. With these choices, the above symplectic
conservation law yields

0 =dg1 Adp1(V, W, p» —dg0 Adpo(V, W), pe) = (P1,841) — {Po, 390).

This is of course a discrete analogue of Proposition 2.3. Note that one can derive
the conservation law (p1, 8q1) = (po, 8qo) directly by starting with the expression
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(p1, 8q1) and substituting the discrete equations where appropriate. We will do this in
the more general augmented case below.

Augmented Adjoint ODE System We now consider the case of the augmented adjoint
ODE system (2.11a)—(2.11b). In the continuous setting, we have from Proposition 2.7,

d

a(zﬂﬁq) = —(dL, éq).

We would like to construct an integrator which admits a discrete analogue of this equa-
tion. To do this, we apply the Galerkin Hamiltonian variational integrator, equations
(3.1a)—(3.1d), to the augmented Hamiltonian Hy (g, p) = (p, f(q)) + L(g). This
gives

g1 = qo + At Zbif(Qi)» (3.4)

0' =qo+ At ai; (), (3.4b)
J

p1=po— At Zbi([Df(Qi)]*Pi +dL(Q"), (3.4¢)

P’ = po— At Z&ij([Df<Qf>1*Pf +dL(Q7)). (3.4d)

J

We now prove a discrete analogue of Proposition 2.7. To do this, we again consider
the discrete variational equations for the position variables, (3.3a)—(3.3b).

Proposition 3.1 With the above notation, the above integrator satisfies

(p1,8q1) = (po, 8q0) — At ) bi(dL(Q"),8Q). (3.5)

Proof See Appendix A. O

Remark 3.1 To see that this is a discrete analogue of % (p,d8q) = —(dL, 8q), we write
it in integral form as

At
(p1, 8q1) = {po. 8q0) — fo (L (q). 8¢)dr.

Then, applying the quadrature rule on [0, Az] given by quadrature weights b; At and
quadrature nodes c; At, the above integral is approximated by

At ) .
/0 (dL(q), 8q)dt = Aty bi(dL(q(ciAD), 8q(c; AD) = At Y bi(dL(Q"),80'),

1
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which yields equation (3.5). The discrete analogue is natural in the sense that the
quadrature rule for which the discrete equation (3.5) approximates the continu-
ous equation is the same as the quadrature rule used to approximate the exact
discrete generating function. This occurs more generally for such Hamiltonian vari-
ational integrators, as noted in Tran and Leok (2022) for the more general setting of
multisymplectic Hamiltonian variational integrators.

For adjoint sensitivity analysis of a running cost | L dr, the appropriate boundary
condition to prescribe on the momenta is p; = 0, as discussed in Sect. 3.1. With such
a boundary condition, equation (3.5) reduces to

(Po. 8q0) = At Y bi(dL(Q"), 80",

Thus, pg gives the discrete sensitivity, i.e., the change in the quadrature approxima-
tion of [ L dr induced by a change in the initial condition along a discrete solution
trajectory. One can compute this quantity directly via the direct method, where one
needs to integrate the discrete variational equations for every desired search direction
3qo. On the other hand, by the above proposition, one can compute this quantity using
the adjoint method: one integrates the adjoint equation with p; = 0 once to compute
po and subsequently, pair po with any search direction 8¢¢ to obtain the sensitivity
in that direction. By the above proposition, both methods give the same sensitivities.
However, assuming the search space has dimension n > 1, the adjoint method is more
efficient since it only requires O(1) integrations and O(n) vector—vector products,
whereas the direct method requires O(n) integrations and O (ns) vector—vector prod-
ucts where s > 1 is the number of Runge—Kutta stages, since, in the direct method,
one has to compute (dL(Q"), §Q") for each i and for each choice of 8.

Nonaugmented Adjoint DAE System We will now construct discrete Hamiltonian
variational integrators for the adjoint DAE system (2.14a)—(2.14d), where we assume
that the base DAE has index 1. To construct such a method, we have to modify the
Galerkin Hamiltonian variational integrator (3.1a)—(3.1d), so that it is applicable to
the presymplectic adjoint DAE system.

First, consider a general presymplectic system ix Q' = dH. Note that, locally, any
presymplectic system can be transformed to the canonical form (see, Carifiena et al.
1987),

q‘:DpH(q’pvr)v
pZ_DqH(q, pvr)7
O=DVH(q7p5r)’

where, in these coordinates, Q' = dg A dp, so that ker(2') = span{d/dr}. The action

for this system is given by fOAt(( p,q)— H(q, p, r))dt. We approximate this integral
by quadrature, introduce internal stages for g, p as before, and additionally introduce
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internal stages R’ = r(c;h). This gives the discrete generating function
H{ (qo. p1) = ext [(pl, a1) =AYb ((PLV = H(Q' P, R"))} ,
i

where again V is related to the internal stages of Q by Q' = go + At > j aij VJ and

the above expression is extremized over the internal stages Q', P!, R'. The discrete
right Hamilton’s equations are again given by

q1 = HJ (q0, p1), po = Hj (0. p1),

which we interpret as the evolution equations of the system. There are no evolution
equations for r due to the presymplectic structure and the absence of derivatives of r
in the action. This gives the integrator

q1=qo+ Aty _biD,H(Q', P',R"), (3.6a)
i

Q' =qo+ Aty aijDyH(Q', P R, (3.6b)
J

p1=po— At Y bDyH(Q', P\, RY), (3.6¢)
i

Pl = py— At ZéiquH(Qi, P!, R, (3.6d)
J

0=D,H(Q', PR, (3.6¢)

where (3.6b), (3.6d), (3.6¢) arise from extremizing with respect to P, Qi R, respec-
tively, while (3.6a) and (3.6c¢) arise from the discrete right Hamilton’s equations. This
integrator is presymplectic, in the sense that

dg1 Adpy =dgo A dpo,

when evaluated on discrete first variations. The proof is formally identical to the
symplectic case. For this reason, we refer to (3.6a)—(3.6¢e) as a presymplectic Galerkin
Hamiltonian variational integrator.

Remark 3.2 In general, the system (3.6a)—(3.6e) evolves on the primary constraint
manifold given implicitly by the zero level set of D, H, however, it may not evolve
on the final constraint manifold. This is not an issue for us since we are dealing with
adjoint DAE systems for index 1 DAEs, for which we know the primary constraint
manifold and the final constraint manifold coincide. For the general case, one may
need to additionally differentiate the constraint equation D, H = 0 to obtain hidden
constraints.

Thus, the method (3.6a)—(3.6e) is generally only applicable to index 1 presymplectic
systems, unless we add in further hidden constraints. In order for the continuous
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presymplectic system to have index 1, it is sufficient that the Hessian of H with respect
to the algebraic variables, DrzH , is (pointwise) invertible on the primary constraint
manifold. This is the case for the adjoint DAE system corresponding to an index 1
DAE.

We now specialize to the adjoint DAE system (2.14a)—(2.14d), corresponding to
an index 1 DAE, which is already in the above canonical form with » = (u, 1) and
H(q,u, p,A) = (p, f(q,u)) + (A, d(q, u)). Note that we reordered the argument
of H, (¢q, p,v) = (q, p,u,A) — (q,u, p,A), in order to be consistent with the
previous notation used throughout. We label the internal stages for the algebraic vari-
ablesas R’ = (U', A"). Applying the presymplectic Galerkin Hamiltonian variational
integrator to this particular system yields

q1=qo+ At Y bif(Q' U, (3.7a)

Q' =qo+ Aty a;f(Q), U, (3.7b)
J

pr=rpo— A Y bi (ID (@ UNT P +Dg(Q' UNT'AT),  (370)

Pi=po— A Y aij (1D (@7, UDI P + (D¢ (07, UNI'AT), (3.7d)
i

0=¢(Q", U, (3.7¢)
0=[Dyf(Q", UN*P' +[Dygp(Q', UNT*A", (3.7f)

where (3.7b), (3.7d), (3.7e), (3.7f) arise from extremizing over P', Q', A’ U',
respectively, while (3.7a), (3.7¢c) arise from the discrete right Hamilton’s equations.

Remark 3.3 In order for g to appropriately satisfy the constraint, we should take the
final quadrature point to be ¢, = 1 (for an s-stage method), so that ¢(q;, U*) =
¢(Q°, U¥) = 0. In this case, equation (3.7a) and equation (3.7b) with i = s are
redundant. Note that with the choice c¢; = 1, they are still consistent (i.e., are the same
equation), since in the Galerkin construction, the coefficients a;; and b; are defined
as

(&7 1
ajj :/0 ¢j(t)dr, b; :/0 ¢;(v)dr,

where ¢ are functions on [0, 1] which interpolate the nodes c¢; (see, Leok and Zhang
2011). Hence, ay; = bj, so that the two equations are consistent. However, we will
write the system as above for conceptual clarity. Furthermore, even in the case where
one does not take c; = 1, the proposition that we prove below still holds, despite the
possibility of constraint violations.

A similar remark holds for the adjoint variable p and the associated constraint
(3.71), except we think of pg as the unknown, instead of pi.
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Note that (3.7a), (3.7b), (3.7¢) is a standard Runge—Kutta discretization of an index
1DAE ¢ = f(q,u),0 = ¢(q, u), where again, usually c¢; = 1. Associated with these
equations are the variational equations given by their linearization,

3q1 =840 + At Y bi(Dg f(Q',UNSQ" + Dy f(Q", UHSU"), (3.82)

1

8Q" =8q0+ At Y _aij(Dy f(Q, UNSQ! + Dy f(Q7,UHSUT),  (3.8b)
j
0= Dyp(Q',UNSQ" + Dy (Q', U"SU", (3.8¢)

which is the Runge—Kutta discretization of the continuous variational equations
(2.15¢)—(2.154).

Proposition 3.2 With the above notation, the above integrator satisfies

(p1,841) = (po, 8q0).
Proof See Appendix A. O

Thus, the above integrator admits a discrete analogue of Proposition 2.11 for the
nonaugmented adjoint DAE system. By setting p; = V,;C(q(ff)), one can use this
integrator to compute the sensitivity po of a terminal cost function with respect to
a perturbation in the initial condition. As discussed before, this only requires O(1)
integrations instead of O(n) integrations via the direct method (for a dimension n
search space). Furthermore, the adjoint method requires only (1) numerical solves
of the constraints, while the direct method requires O (n) numerical solves.

Remark 3.4 Since we are assuming the DAE has index 1, it is always possible to
prescribe an arbitrary initial condition gg (and §¢q¢) and terminal condition pi, since
the corresponding algebraic variables can always formally be solved for using the
corresponding constraints. In practice, one generally has to solve the constraints to
some tolerance, e.g., through an iterative scheme. If the constraints are only satisfied
to a tolerance O(¢), then the above proposition holds to O(se), where s is the number
of Runge—Kutta stages.

Remark 3.5 The above method (3.7a)—(3.7f) is presymplectic, since it is a special
case of the more general presymplectic Galerkin Hamiltonian variational integrator
(3.6a)—(3.6e). Although we proved it directly, the above proposition could also have
been proven from presymplecticity, with the appropriate choices of first variations.

Augmented Adjoint DAE System Finally, we construct a discrete Hamiltonian vari-
ational integrator for the augmented adjoint DAE system (2.17a)—(2.17d) associated
with an index 1 DAE. To do this, we apply the presymplectic Galerkin Hamiltonian
variational integrator (3.6a)—(3.6e) with r = (u, 1) and with Hamiltonian given by
the augmented adjoint DAE Hamiltonian,

HL(qv u,p, )") = <p’ f(q’ M)) + ()\'7 ¢(‘I’ M)) + L(‘I’ M)
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The presymplectic integrator is then
g1 =qo+ At Y bif(Q1, U, (3.92)
i

Q' =qo+ At ai f(Q1, U, (3.9b)

J
p1=po— At Y bi (1D (@', UNTP + Dy (0", UNT'AT + DyL(Q', UD)).
l (3.9¢)

PP = po— Aty (1D f(Q7, UDY PT + 1Dy (07, UNTA + Dy L(Q", UY),
7

(3.9d)
0=¢(0", UY, (3.9¢)
0=[Dyf(Q,UNT*P' +[Dup(Q', UNI*A' + D,L(Q", U"). (3.9)

The associated variational equations are again (3.8a)—(3.8c). Remarks analogous to
the nonaugmented case regarding setting the quadrature node ¢y = 1 and solvability
of these systems under the index 1 assumption can be made.

Proposition 3.3 With the above notation, the above integrator satisfies

(p1,8q1) = (po, 8qo) — At Y bi(dL(Q', U"), (8Q", 8U")).

Proof See Appendix A. O

Remark 3.6 Analogous to the remark in the augmented adjoint ODE case, the above
proposition is a discrete analogue of Proposition 2.12, in integral form,

At
{(P1,8q1) — {po, 8q0) = —/O (dL(g, u), (8q, éu))dt.

The discrete analogue is natural in the sense that it is just quadrature applied to the
right-hand side of this equation, with the same quadrature rule used to discretize the
generating function.

Remark 3.7 As with the augmented adjoint ODE case, the above proposition allows
one to compute numerical sensitivities of a running cost function by solving for pg
with p; = 0, which is more efficient than the direct method.

To summarize, we have utilized Galerkin Hamiltonian variational integrators to

construct methods which admit natural discrete analogues of the various propositions
used for sensitivity analysis. We summarize the results below.
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Terminal Cost Running Cost
ODE (P1,341) = (p0, 3q0) (p1,841) = (po. 8q0) — At Y bi(dL(Q1), 8QF)
DAE (P1,98q1) = {po. 390) (p1,8q1) = (po, 8q0) — At Y_; bi{dL(Q", UY), (Q*, 8U"))

3.2.1 Naturality of the Adjoint DAE System Discretization

To conclude our discussion of discretizing adjoint systems, we prove a discrete exten-
sion of the fact that, for an index 1 DAE, the process of index reduction and forming
the adjoint system commute, as discussed in Sect.2.3.1. Namely, we will show that,
starting from an index 1 DAE (2.12a)—(2.12b), the processes of reduction, forming
the adjoint system, and discretization all commute, for particular choices of these
processes which we will define and choose below. This can be summarized in the
following commutative diagram.

Reduce N
Index 1 DAE ” ODE
. X Discretize
Discretize
Reduce o
Discrete DAE 7 Discrete ODE
Adjoint Adjoint
Presymplectic Adjoint Reduce | o Symplectic Adjoint
DAE System . ODE System .
Adjoint Adjoint
Discretize Discretize
Presymplectic Galerkin Symplectic Galerkin
Hamiltonian Variational ~ Requce ¢ Hamiltonian Variational
Integrator Integrator

In the above diagram, we will use the convention that the “Discretize” arrows point
forward, the “Adjoint” arrows point downward, and the “Reduce” arrows point to the
right. For the “Discretize” arrows on the top face, we take the discretization to be a
Runge—Kutta discretization (of a DAE on the left and of an ODE on the right, with
the same Runge—Kutta coefficients in both cases). For the “Discretize” arrows on the
bottom face, we take the discretization to be the symplectic partitioned Runge—Kutta
discretization induced by the discretization of the base DAE or ODE, i.e., the momenta
expansion coefficients a;; are the symplectic adjoint of the coefficients a;; used on the
top face. We have already defined the “Adjoint” arrows on the back face, as discussed
in Sect. 2. For the “Adjoint” arrows on the front face, we define them as forming the
discrete adjoint system corresponding to a discrete (and generally nonlinear) system of
equations and we will review this notion where needed in the proof. We have already
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defined the “Reduce” arrows on the back face, as discussed in Sect.2.3.1. For the
“Reduce” arrows on the front face, we define this as solving for the discrete algebraic
variables in terms of the discrete kinematic variables through the discrete constraint
equations. With these choices, the above diagram commutes, as we will show. To prove
this, it suffices to prove that the diagrams on each of the six faces commutes. To keep
the exposition concise, we provide the proof in Appendix B and move on to discuss
the implications of this result.

The previous discussion shows that the presymplectic Galerkin Hamiltonian varia-
tional integrator construction is natural for discretizing adjoint (index 1) DAE systems,
in the sense that the integrator is equivalent to the integrator produced from applying
a symplectic Galerkin Hamiltonian variational integrator to the underlying nondegen-
erate Hamiltonian system. Of course, in practice, one cannot generally determine the
function u = u(q) needed to reduce the DAE to an ODE. Therefore, one generally
works with the presymplectic Galerkin Hamiltonian variational integrator instead,
where one iteratively solves the constraint equations. However, although reduction
then symplectic integration is often impractical, one can utilize this naturality to derive
properties of the presymplectic integrator. For example, we will use this naturality to
prove a variational error analysis result.

The basic idea for the variational error analysis result goes as follows: one uti-
lizes the naturality to relate the presymplectic variational integrator to a symplectic
variational integrator of the underlying nondegenerate Hamiltonian system and sub-
sequently, applies the variational error analysis result in the symplectic case (Schmitt
and Leok 2017). Recall the discrete generating function for the previously constructed
presymplectic variational integrator,

1 (qo. pr: Ar) = ext[(pr. i) — Ar Y bi (P V) = HQ' U P AT ) |

where we have now explicitly included the timestep dependence in H; and H
is the Hamiltonian for the adjoint DAE system (augmented or nonaugmented),
corresponding to an index 1 DAE.

Proposition 3.4 Suppose the discrete generating function H;(qo, p1; At) for the
presymplectic variational integrator approximates the exact discrete generating
function H;‘E(qo, p1; At) to order r, i.e.,

HF (g0, p1; A1) = H F(qo, p1; A + O(Ar Y,

and the Hamiltonian H is continuously differentiable, then the Type Il map (qo, p1) +—
(g1, po) and the evolution map (qo, po) — (q1, p1) are order-r accurate.

Proof The proof follows from two simple steps. First, observe that the discrete gen-
erating function Hj (go, p1; At) for the presymplectic integrator is also the discrete
generating function for the symplectic integrator for the underlying nondegenerate
Hamiltonian system. This follows since in the definition of H +_ one extremizes over
the algebraic variables U?, A’ which enforces the constraints and hence, determines
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U, A as functions of the kinematic variables Q’, P?. Thus, the discrete (or contin-
uous) Type II map determined by H; (or H;’E , respectively), (qo, p1) — (q1, Po),
is the same as the Type II map for the underlying nondegenerate Hamiltonian system,
which is just another consequence of the aforementioned naturality. One then applies
the variational error analysis result in Schmitt and Leok (2017). O

Remark 3.8 Another way to view this result is that the order of an implicit (parti-
tioned) Runge—Kutta scheme for index 1 DAEs is the same as the order of an implicit
(partitioned) Runge—Kutta scheme for ODEs (Roche 1989), since the aforementioned
discretization generates a partitioned Runge—Kutta scheme. To be complete, we should
determine the order for the full presymplectic flow, i.e., including also the algebraic
variables. As discussed in Roche (1989), as long as ay; = b; for each i, which, as we
have discussed, is a natural choice and holds as long as ¢; = 1, there is no order reduc-
tion arising from the algebraic variables. Thus, with this assumption, the presymplectic
variational integrator in the previous proposition approximates the presymplectic flow,
in both the kinematic and algebraic variables, to order r.

Remark 3.9 In the above proposition, we considered both the Type I map (g, p1) —
(g1, po) and the evolution map (qo, po) — (g1, p1). The latter is of course the tradi-
tional way to view the map corresponding to a numerical method, but the former is
the form of the map used in adjoint sensitivity analysis.

Furthermore, in light of this naturality, we can view Propositions 3.2 and 3.3
as following from the analogous propositions for symplectic Galerkin Hamiltonian
variational integrators, applied to the underlying nondegenerate Hamiltonian system.

3.2.2 Numerical Example

For our numerical example, we consider the planar pendulum. Although one can for-
mulate this system as an ODE in the angular variable 6, we instead work with this
system in Cartesian coordinates xy where this system is formulated as a DAE, as an
academic example of the theory presented in this paper. We will derive the adjoint DAE
system associated to the planar pendulum DAE and, subsequently, perform a numeri-
cal test demonstrating the presymplecticity of a presymplectic Galerkin Hamiltonian
variational integrator applied to this system.

Consider a pendulum of mass m > 0 and length L > 0O confined to the xy plane,
where gravity acts in the vertical y direction, with acceleration —g < 0. This is
described by the system

mx = px,
my = py —mg,
)C2 +y2 — L2.

This system can be derived from the Lagrangian
1 1
L=om(E +3%) —mg(y = L)+ 2p(? +y? = L%,
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where the first term is the kinetic energy, the second term is (minus) the potential
energy, and the third term enforces the constraint x> + y?> = L? where p is interpreted
as a Lagrange multiplier.

If we restrict to the region y < 0, the above system can be expressed as a semi-
explicit index 1 DAE of the form

X = vy, (3.10a)
Uy = px/m, (3.10b)
0=x>+y>—L? (3.10¢)
0=vex + vy, (3.10d)
0= m(vi + vg) —mgy + sz. (3.10e)

In terms of the notation of Sect.2.3, we have (x,vy) € My = (—1,1) x R and
(y,vy,p) € My = R_ xR x R. Letting ¢ = (x, vy) denote the coordinates for
the dynamical variables and u = (y, vy, p) denote the coordinates for the algebraic
variables, this system can be expressed in the form (2.12a)—(2.12b), where

Ux
flq,u)= <px/m>,

24y 12
¢(q.u) = UxX + vy
m(v)% + vg) —mgy + L%p

We regard ¢ as a section of the constraint bundle & given by the trivial vector bundle
(Mg x M,) x R3 — My x M,. Coordinatize T* My by (¢, u, p) where p = (px, pv,)
are the momenta dual to ¢ = (x, v,) and coordinatize ®* by (g, u, A) where A =
(A1, A2, A3) are the coordinates of the fibers dual to the constraint bundle fibers. The
Hamiltonian H : T*M; @ ®* — R is then given by

H(q,u, p,2) = (p, f(g,u) + (1, d(q,u))
, 24?12
= (Px Pv,) <p;) + (A1 A2 23) UxX + Vyy
m(v% + v%) —mgy + L%p
The presymplectic form g on T*My; @ O* is given by
Qo =dg Adp =dx Adpyx +duy Adpy,.

To obtain an expression for the adjoint DAE system (2.14a)—(2.14d), we compute the
derivative matrices of f and ¢.

01
qu(qvu):<p/m0>a
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Dufig,u) = (88 ) )

x/m
2x 0
Dyop(g,u) = vx x ,
0 2mu,
2y 0 O
Du‘f’(% M) = vy y O
—mg 2mu, L?

Note that det(D,¢ (g, u)) = 2L2y2 # 0 for (g, u) € My x M,, and hence, the system
is an index 1 DAE as previously claimed.
The adjoint DAE system (2.14a)—(2.14d) for the planar pendulum is then given by

d [ x Vy
4 _ , 3.11
dr <vx> (px/m> (-112)
T
2x 0 A
d T !
_(Px>=_< 0 1) (”X)_ v x . (3.11b)
dr \ Pv, p/m0 Pu, 0 2mu, A3
24y2 L2
0= UxX + vyy , (3.11¢)
m(vf + U%) —mgy + L%p
T
T 2y 0 0 A
00 O
0= (00x/m) (PX> +l v, y 0 2. (3.11d)
Pox —mg 2mv, L? A3

We will apply a presymplectic Galerkin Hamiltonian variational integrator (3.7a)—
(3.7f) to the above system. We choose a first-order Runge—Kutta method, with Runge—
Kutta coefficientsa = 1, b = 1, ¢ = 1 and hence, a = 0. Thus, the internal stages for
the position and momenta are given by Q = ¢g; and P = pg. With these choices, the
presymplectic Galerkin Hamiltonian variational integrator can be expressed as

q1 = qo + Atf(q1, U),

p1 = po — At ([Dg £ (g1, U)T*po + [Dgp (g1, U)T*A) ,
0=¢(q1.0),
0 =[Dy f(q1, U)I"po + [Dudp (g1, U)I*A.

For our example, we set m = ¢ = L = 1. Letting U = (¥, V,,P) and A =
(A1, Az, A3) denote the internal stages corresponding to u = (y, vy, p) and A =
(A1, A2, A3), respectively, the above integrator applied to the adjoint DAE system for
the planar pendulum (3.11a)—(3.11d), withm = g = L = 1, can be expressed as

X1 _ X0 (Ux)l
((vxn) = ((vx)o> Al (PM ) :
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T 2x1 0 T Ay
((px)1>=<<px)o>_m (0 1) (<Px>0)+ (w1 X A |
(Pu1 (Pv.)o P0J \(puo 0 2(v) A3

xl2 +Y2-1
0= (vo)rxr + VyY ,
Wi+ VE-Y+P

T
T 2y 0 0\ (A
o- (a2 (o) (% 18) (%
1/ \Pu)o “12v, 1) \Az

We refer to this method as PGHVI-1. We will compare this to the first-order method
where the Runge—Kutta coefficients are the same for both ¢ and p,ie.,a =1 = a.
This method, which we refer to as BE-1, is given by applying the backward Euler
method in both the g and p variables, i.e.,

X1 _ X0 (vo)1
((Ux)l) N <(Ux)0> A (PX1 ) '

((px)l):<<px)o>_m (0 1>T<<Px>l>+ (ifil fl 2; :
(Pu (Pv)o PO (Pu )1 0 21 Aj3

xT+Yr-1
0= @ox+Vy |,
(Ux)%'f‘vyz—Y'i‘,P
T
000\ ((pon 2y 0 0\ [A
O_<00x1) ((p ))—l— vy 0 A;
vl —12V, 1 A3

For our numerical test, we will qualitatively compare the preservation of the presym-
plectic form Qo = dx A dp, + dvy A dp,, between the two methods. Since Type II
boundary conditions arise in adjoint sensitivity analysis, we place Type II boundary
conditions, i.e., by specifying go = (xo, (vx)o) and p1 = ((px)1, (pv,)1), and sub-
sequently, numerically solve the resulting system for g, po, U, A. We use various
nearby values for the initial position gy = (xg, (vy)o) and various nearby values for
the final momenta p1 = ((px)1, (pv,)1). For a presymplectic integrator applied to a
presymplectic system with presymplectic form dx A dp, + dv, A dp,,, We expect
that the area occupied by the distribution of points (xg, (px)o) is the same as the area
occupied by the distribution of points (x1, (px)1); similarly, we expect that the area
occupied by the distribution of points ((vy)o, (Pv, )o) is the same as the area occupied
by the distribution of points ((vy)1, (py,)1). Since we choose to only solve the system
for one timestep, we take a large timestep to highlight the difference between the
two methods, At = 2, which corresponds to roughly one-third of the period of the
pendulum.
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Evolution of (z,p,) phase space by PGHVI-1
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a (21, (Pa)1)
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0.4

- 4
0.6 0.8

Fig. 1 (x, px) phase space cross section of PGHVI-1 applied to a distribution of initial conditions go and
final momenta pq

Evolution of (v,,p,,) phase space by PGHVI-1

P,
0.35
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0.20 - AAAAA
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0.00 : : : Vg
-0.3 -0.2 -0.1 0.0 0.1

Fig.2 (vyx, py,) phase space cross section of PGHVI-1 applied to a distribution of initial conditions gy and
final momenta py

Note that, with Type II boundary conditions, both methods give a map (go, p1) —
(g1, po) which implicitly determines an evolution map (go, po) — (g1, p1); below,
we plot the phase space cross sections of these implicit evolution maps. The evolution
of the (x, py) and (v, py,) distributions by PGHVI-1 is shown in Figs.1 and 2,
respectively. The evolution of the (x, py) and (v, p,, ) distributions by BE-1 is shown
in Figs.3 and 4, respectively. As can be qualitatively seen from Figs. 1, 2, 3, 4, the
PGHVI-1 method preserves the phase space area in both the (x, px) and (vy, py,)
cross sections, whereas the B-1 method does not.
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Evolution of (z,p,) phase space by BE-1
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Fig.3 (x, px) phase space cross section of BE-1 applied to a distribution of initial conditions g and final
momenta p|

3.3 Optimal Control of DAE Systems

In this section, we derive the optimality conditions for an optimal control problem
(OCP) subject to a semi-explicit DAE constraint. It is known that the optimality con-
ditions can be described as a presymplectic system on the generalized phase space
bundle (Delgado-Téllez and Ibort 2003; Echeverria-Enriquez et al. 2003). For a dis-
cussion of the presymplectic geometry of optimal control systems and in particular,
symmetries of such systems, see de Ledn et al. (2004). We will subsequently con-
sider a variational discretization of such OCPs and discuss the naturality of such
discretizations.

Consider the following optimal control problem in Bolza form, subject to a DAE
constraint, which we refer to as (OCP-DAE),

Iy

min C(q(t7)) + / L(q. udr
0

subject to
q=f(q.w,
0=d¢(q,u),
90 = ¢(0),
0=19r(q(ty),

where the DAE system ¢ = f(q,u), 0 = ¢(q, u) is over My x M, as described in
Sect.2.3, C : My — R is the terminal cost, L : My x M, — R is the running cost,
the initial condition g (0) = qo is prescribed, and for generality, a terminal constraint
@7(q(ty)) = 0is also imposed, where ¢ 7 is a map from My into some vector space
V.
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Evolution of (v, p,,) phase space by BE-1
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Fig. 4 (vx, pv,) phase space cross section of BE-1 applied to a distribution of initial conditions gy and
final momenta py

We assume a local optimum to (OCP-DAE). We then adjoin the constraints to J
using adjoint variables, which gives the adjoined functional

i
T =Clq)+ Ay, or(qts)) +/0 [L(g.uw) +(p, (g, u) —q) + (A, d(q,u))]dz.

The optimality conditions are given by the condition that J is stationary about the
local optimum, § 7 = 0 (Biegler 2010). For simplicity in the notation, we will use
matrix derivatives instead of indices. Note also that we will implicitly leave out the
variation of the adjoint variables, since those terms pair with the DAE constraints,
which vanish at the local optimum. The optimality condition § 7 = 0 is then

0=208T = (VqC(qty)),8q (1)) + Ay, Dgpr(q(ts))8q (L))

1
+/o [(VqL(97 u),8q) + (VuL(q, u), 8u) + (p, Dy f (¢, u)8q) + (p, Du f (g, u)du)
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d
- <p, aaq> + (. Dyd(g. 3q) + (x, Dutp(q, w)bu) |dr

= (VqC(q(t)) + [Dgds(qtp)T*hp — p(tf), 8q(t5))
i
+ /0 [(VqL(qv u) +[Dq f(q. w1 p + p+ [Dgp(q, w]*A, 8q)

+ (VuL (g, 1) + Dy f @ )V p + [Du (g, )], 8u) |,

where we integrated by parts on the term (p, E%Sq) and used g (0) = 0 since the initial
condition is fixed. Enforcing stationarity for all such variations gives the optimality
conditions,

q=f(q,u), (3.12a)
p=—[Dyf(qg.w)]"p —[Dyop(q, W)} — V4L(q,u), (3.12b)
0=¢(q,u), (3.12¢)
0=V,L(q,u) +[Dyf(g, w)]"p+ [Dup(q, )", (3.12d)
0=0rqs), (3.12¢)
p(ty) =VyClq(ty)) + [Dyds(qts)] Ay (3.12f)

The first four optimality conditions (3.12a)—(3.12d) are precisely the augmented
adjoint DAE equations, (2.17a)—(2.17d). The last two optimality conditions (3.12¢),
(3.12f) are the terminal constraint and the associated transversality condition, respec-
tively. Note that these conditions are only sufficient for a trajectory (¢, u, p, 1) to be
an extremum of the optimal control problem; whether or not the trajectory is optimal
depends on the properties of the DAE constraint and cost function, e.g., convexity of
L.

Regular Index 1 Optimal Control In the literature, the problem (OCP-DAE) is
usually formulated by making a distinction between algebraic variables and control
variables, (g, y, u), instead of (g, u) (see, for example, Biegler 2010 and Aguiar et al.
2021). This does not change any of the previous discussion of the optimality conditions,
except that (3.12d) splits into two equations for y and u. That is, the distinction
is not formally important for the previous discussion. It is of course important when
actually solving such an optimal control problem. For example, the constraint function
¢ (g, v, u) may have a singular matrix derivative with respect to (y, u) but may have a
nonsingular matrix derivative with respect to y. In such a case, one interprets y as the
algebraic variable, in that it can locally be solved in terms of (g, u) via the constraint,
and the control variable u as “free” to optimize over. We now briefly elaborate on this
case.

We take the configuration manifold for the algebraic variablestobe M, = Y, xU >
(y, u), where y is interpreted as the algebraic constraint variable and u is interpreted as
the control variable. We will assume that the control space U is compact. The constraint
has the form ¢ (g, y, u) = 0, and we assume that d¢ /9y is pointwise invertible. We
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consider the following optimal control problem,

tf
min/ L(g,y,u)dt
0

subject to
q=f(q,y u),
0=19(q,y u),
g0 = q(0).

We perform an analogous argument to before, except that, in this case, since U may
have a boundary, the optimality for the control variable u will either require u to lie on
aU or will require the stationarity of the adjoined functional with respect to variations
in u. In any case, the necessary conditions for optimality can be expressed as

qg=1r(q,y,u), (3.13a)

p=—[Dyf(q,y, W] p—[Dy¢(q,y, )I*r — V4L(q, y, u), (3.13b)

0=1¢(q,y,u), (3.13¢)

0= VyL(q,y,u) +[Dyf(q,y, wl"p+[Dyp(q,y, u)I"A, (3.13d)

u = argmin Hy (q, y, u’), (3.13¢e)
u'elU

0= p(y), (3.13f)

where Hy is the augmented Hamiltonian Hy (¢, y, u) = L(q, y, u)+{p, f(q, y,u))+
(A, ¢(q, y, u)). Assuming that u lies in the interior of U, (3.13e) can be expressed as

0=V,L(g,y,u)+[Dyf(q,y, w)]*p+ [Dudp(q.y, u)]*A,

or D,Hy (g, y, u) = 0. We say that an optimal control problem with a DAE constraint
forms a regular index 1 system if both d¢/dy and the Hessian D,f Hj are pointwise
invertible. In this case, whenever u lies on the interior of U, (y, u, A) can be locally
solved as functions of (g, p). Thus, in principle, the resulting Hamiltonian ODE for
(g, p) can be integrated to yield extremal trajectories for the optimal control problem.
As mentioned before, without additional assumptions on the DAE and cost function,
such a trajectory will only generally be an extremum but not necessarily optimal.

Of course, in practice, one cannot generally analytically integrate the resulting ODE
nor determine the functions which give (y, u, 1) in terms of (g, p). Thus, the only
practical option is to discretize the presymplectic system above to compute approxi-
mate extremal trajectories. To integrate such a presymplectic system, one can again
use the presymplectic Galerkin Hamiltonian variational integrator construction dis-
cussed in Sect. 3.2. Such an integrator would be natural in the following sense. First,
as discussed in Sect. 3.2, a presymplectic Galerkin Hamiltonian variational integrator
applied to the augmented adjoint DAE system is equivalent to applying a symplectic
Galerkin Hamiltonian variational integrator to the underlying Hamiltonian ODE, with
the same Runge—Kutta expansions for g1, Qi in both methods. Furthermore, as shown
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in Sanz-Serna (2016), utilizing a symplectic integrator to discretize the extremality
conditions is equivalent to first discretizing the ODE constraint by a Runge—Kutta
method and then enforcing the associated discrete extremality conditions. This also
holds in the DAE case.

More precisely, beginning with a regular index 1 optimal control problem, the pro-
cesses of reduction, extremization, and discretization commute, for suitable choices of
these processes, analogous to those used in the naturality result discussed in Sect. 3.2.1.
The proof is similar to the naturality result discussed in Sect.3.2.1, where the arrow
given by forming the adjoint is replaced by extremization. In essence, these are the
same, since the extremization condition is given by the adjoint system, so we will just
elaborate briefly. We already know how to extremize the continuous optimal control
problem, with either a DAE constraint or an ODE constraint after reduction, which
results in an adjoint system. We also already know how to discretize the resulting
adjoint system after discretization, using a (pre)symplectic partitioned Runge—Kutta
method. Furthermore, at any step, reduction is just defined to be solving the contin-
uous or discrete constraints for y in terms of (g, u#). Thus, the only major difference
compared to the previous naturality result is defining the discretization of the opti-
mal control problem and subsequently, how to extremize the discrete optimal control
problem. For the regular index 1 optimal control problem,

ty
min/ L(g,y,u)dt
0

subject to
q=flg,y u),
0=19(q,y u),
g0 = q(0),

its discretization is obtained by replacing the constraints with a Runge—Kutta dis-
cretization and replacing the cost function with its quadrature approximation, using
the same quadrature weights as those in the Runge—Kutta discretization. This can be
written as

min At Y b L(Q', Y, U

1

subject to
vi=f, Y, uh,
0=¢(Q", Y U,

where Q' = qo + AtY j aij V7, which implicitly encodes ¢(0) = go. One can
then extremize this discrete system, which is given by the discrete Euler—Lagrange
equations for the discrete action

S=arY bi((PL VI = (@Y U = (A (0 Y. UN) — L. Y. UD)).
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That is, we enforce the discrete constraints by adding to the discrete Lagrangian the
appropriate Lagrange multiplier terms paired with the constraints, where we weighted
the Lagrange multipliers P?, A’ by Atb; just as convention, in order to interpret them
as the appropriate variables, as discussed in Appendix B. Enforcing extremality of
this action recovers a partitioned Runge—Kutta method applied to the adjoint system
corresponding to extremizing the continuous optimal control problem, as discussed in
Appendix B, where the Runge—Kutta coefficients for the momenta are the symplectic
adjoint of the original Runge—Kutta coefficients. Alternatively, starting from the orig-
inal continuous optimal control problem, one could first reduce the DAE constraint to
an ODE constraint using the invertibility of Dy¢ to give

Iy
min / L(q,y(g,u),u)dt
0

subject to
g = f(q.y(q,u),u),
g0 = q(0).

One can then discretize this using the same Runge—Kutta method as before, where
the cost function is replaced with a quadrature approximation, and then extremize
using Lagrange multipliers. Alternatively, one can extremize the continuous problem
to yield an adjoint system and then apply a partitioned Runge—Kutta method to that
system, where the momenta Runge—Kutta coefficients are again the symplectic adjoint
of the original Runge—Kutta coefficients. Having defined all of these processes, a direct
computation yields that all of the processes commute, analogous to the computation
in Appendix B.

4 Conclusion and Future Research Directions

In this paper, we utilized symplectic and presymplectic geometry to study the
properties of adjoint systems associated with ODEs and DAEs, respectively. The
(pre)symplectic structure of these adjoint systems led us to a geometric characteri-
zation of the adjoint variational quadratic conservation law used in adjoint sensitivity
analysis. As an application of this geometric characterization, we constructed
structure-preserving discretizations of adjoint systems by utilizing (pre)symplectic
integrators, which led to natural discrete analogues of the quadratic conservation laws.

A natural research direction is to extend the current framework to adjoint systems for
differential equations with nonholonomic constraints, in order to more generally allow
for constraints between configuration variables and their derivatives. In this setting,
it is reasonable to expect that the geometry of the associated adjoint systems can be
described using Dirac structures (see, for example, Yoshimura and Marsden 2006a, b),
which generalize the symplectic and presymplectic structures of adjoint ODE and DAE
systems, respectively. Structure-preserving discretizations of such systems could then
be studied through the lens of discrete Dirac structures (Leok and Ohsawa 2011).
These discrete Dirac structures make use of the notion of a retraction (Absil et al.
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2008). The tangent and cotangent lifts of a retraction also provide a useful framework
for constructing geometric integrators (Barbero-Lifidn and Martin de Diego 2021). It
would be interesting to synthesize the notion of tangent and cotangent lifts of retraction
maps with discrete Dirac structures in order to construct discrete Dirac integrators for
adjoint systems with nonholonomic constraints which generalize the presymplectic
integrators constructed in Barbero-Lifidn and Martin de Diego (2022).

Another natural research direction is to extend the current framework to evolution-
ary partial differential equations (PDEs). There are two possible approaches in this
direction. The first is to consider evolutionary PDEs as ODEs evolving on infinite-
dimensional spaces, such as Banach or Hilbert manifolds. One can then investigate the
geometry of the infinite-dimensional symplectic structure associated with the corre-
sponding adjoint system. In practice, adjoint systems for evolutionary PDEs are often
formed after semi-discretization, leading to an ODE on a finite-dimensional space.
Understanding the reduction of the infinite-dimensional symplectic structure of the
adjoint system to a finite-dimensional symplectic structure under semi-discretization
could provide useful insights into structure preservation. The second approach would
be to explore the multisymplectic structure of the adjoint system associated with a
PDE. This approach would be insightful for several reasons. First, an adjoint varia-
tional quadratic conservation law arising from multisymplecticity would be adapted
to spacetime instead of just time. With appropriate spacetime splitting and bound-
ary conditions, such a quadratic conservation law would induce either a temporal or
spatial conservation law. As such, one could use the multisymplectic conservation
law to determine adjoint sensitivities for a PDE with respect to spatial or temporal
directions, which could be useful in practice (Li and Petzold 2004). Furthermore, the
multisymplectic framework would apply equally as well to nonevolutionary (elliptic)
PDEs, where there is no interpretation of a PDE as an infinite-dimensional evolutionary
ODE. Additionally, adjoint systems for PDEs with constraints could be investigated
with multi-Dirac structures (Vankerschaver et al. 2012). In future work, we aim to
explore both approaches, relate them once a spacetime splitting has been chosen,
and investigate structure-preserving discretizations of such systems by utilizing the
multisymplectic variational integrators constructed in Tran and Leok (2022).
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Appendix A: Proofs of Discrete Adjoint Variational Quadratic Conser-
vation Laws

Proof of Proposition 3.1 We begin by substituting (3.4c) and (3.3a) into the left-hand
side of (3.5),

(p1,841) = (po, 8q0) + At Y bi(po, Df(Q)8Q")

— A1) bi(IDf(QOT*PY, 8q0) — Aty bi(dL(Q"), 840)

— A bibi(IDF(QDT* P!, Df(07)507)
ij

— A% ) bibj(dL(Q"), DF(Q))8Q7)
ij

= (po. 8q0) + At Y _b; <P,~ + Aty a;(IDf(QNHT P/ +dL(QY)), Df(Q")6Q">
i J

— ALY b, <[Df<Q")]*P", 80" — At Zaiij(Qj)(SQj>
i J

— At Y bi(dL(Q"). 840)

— A% ) bibj(IDf(Q)I* P!, Df(Q)8Q7)
ij

— A bibi(dL(Q). DF(Q))80Q7),

ij

where, in the last equality, we substituted (3.4d) and (3.3b). We now group and simplify
the above expression,

(p1.8q1) = (po, 8q0) + At Y b, <Pi + A1) a;[Df QI P/, Df(Qi)SQi>
i J

— ALY b, <[Df(Q")J*P", 50" — Atzaiij(Qj)5Qj>
i J

— A2 ) bibj([Df(QN]*P', DF(Q))8 Q)

ij
+ ALY b, <Ar Y adL(Q)), Df(Qf>8Q"> — At Y bi(dL(Q"), 8q0)
i j i

— A " bibj(dL(Q"), DF(Q7)8Q7)

ij
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= (p0.8q0) + At> Y (bjdji + biaij — bibj){[Df (Q)]*P', Df (Q7)50)
ij 0

+ ALY b, <Ar Y aijdL(Q7), Df(Qi>8Q"> — At Y bi(dL(Q"), 8q0)
i j i

— A2 “bibj(dL(QY), Df(Q7)8Q7)
ij
= (po, 8qo) — At sz- (dL(Q"), 8q0)

- A122:(19 bj —bja;i)(dL(Q' N, Df(01)807)

=b;a;j
= (po, 8qo) — At Zb<dL(Q) +Zaz,Df(Q’)5Q’>

= (po. 8q0) — At Y_bi(dL(Q"),8Q"),

where, in the last equality, we used (3.3b). |

Proof of Proposition 3.2 For brevity, we denote

Dy fi =Dy f(Q". U,
Dyufi = D, f(Q', U,
Dy¢i = Dy (Q', U"),
Dyu¢i = Dy (Q', U").

Starting from (pj, 8q1), we substitute the evolution equations (3.7¢), (3.7d), (3.8a),
(3.8b),

(P1,841) = (o, 8q0) — At Y bi([Dg fil* P + [Dyil*A', 840)
+ At Y bi(po. Dy fi8Q" + Dy f:8U')
— A2 “bibj([Dy fil* P! + [Dygil* A, Dy £i8Q7 + Dy £;8U7))
ij

= (0. 890) = At Y_bi ([Dy fiT"P' + Dyl A', 50"
—AtY " aij(Dy 807 + Dufjan)>
J

+ At Zbi <P" + At Za,-j([quj]*Pf +[Dy¢;1*A), Dy ;80" + Duﬁwi>

i J
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— A2 Y " bibj([Dy fiT P'+ [Dy¢il*A', Dy f;8Q7 + Dy f;8U7)
ij
= (po.840) = At D bi(IDy fil" P+ [Dy¢i 1" A", 50")
+ At bi(Pl quf,-SQi + Dy f;8U")
+ Af? lZ (bjaji + biaij — bib;){[Dy f;1* P*
ij

=0
+ [DypiT* A, Dy fi8Q7 + Dy, f;8U7)
= (po. 8q0) + At Y by (([DWAIT P, 8U") = 1Dy 1A, 50 )

= (po.8q0) + At Y bi(— ([DugiT" A", 8U") = ([Dy9i1° A", 50))

= (p0.8q0) — At Y _bi(A', Dy¢i8U" + Dyi8Q") = (po, 840),

1

where in the third to last equality, we used the constraint equation (3.7f) and in the
last equality, we used the constraint equation (3.8c). O

Proof of Proposition 3.3 The proof uses computations analogous to those used in the
proofs of Propositions 3.1 and 3.2. In particular, starting from the simplest case of the
nonaugmented adjoint ODE system, Proposition 3.1 considers the case of augmenting
the Hamiltonian, whereas Proposition 3.2 considers the case of replacing the ODE
with a DAE. The case at hand combines both and the proof involves a combination of
both computations. O

Appendix B: Proof of Naturality of Adjoint System Discretization

In this appendix, we prove the statement in Sect.3.2.1 that (for suitable choices of)
discretization, reduction, and forming the adjoint all commute when applied to an
index 1 DAE. The definitions and choices of these processes were made in Sect. 3.2.1.
To prove that the diagram commutes, we prove that each face of the diagram commutes.
We again include the relevant diagram which we wish to show commutes below.
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Reduce N
Index 1 DAE ” ODE

. . Discretize
Discretize

. Reduce o
Discrete DAE ” Discrete ODE
Adjoint Adjoint

Presymplectic Adjoint Reduce | o Symplectic Adjoint

DAE System Adjoint ODE System Adjoint

Discretize Discretize

Presymplectic Galerkin Symplectic Galerkin
Hamiltonian Variational ~ Requce / Hamiltonian Variational
Integrator Integrator

Back Face We have already proved that the back face commutes (i.e., that reduction
and forming the adjoint commute when starting with an index 1 DAE), as discussed
in Sect. 2.3.1. One can then interpret the above diagram as an extension of this result
with an extra dimension corresponding to discretization.

Right Face This was proven in Sanz-Serna (2016). One can then interpret the above
diagram as an extension of the result in Sanz-Serna (2016) by adding the reduction
operation.

Bottom Face Consider the augmented adjoint DAE system corresponding to the
DAE (2.12a)—(2.12b), which we take to have index 1, i.e., d¢/du is pointwise invert-
ible. We consider the augmented case because the nonaugmented case can be obtained
by taking L = (0. We show that reducing the system first and then applying a symplectic
Galerkin Hamiltonian variational integrator is equivalent to applying a presymplectic
Galerkin Hamiltonian variational integrator, with the same partitioned Runge—Kutta
coefficients, and then reducing.

We start with the former approach. The symplectic adjoint ODE system given by
reduction, as discussed in Sect.2.3.1, is the Hamiltonian system corresponding to the
Hamiltonian

Hq', p)=(p', f'@N) + L),

where we have solved u = u(q’) and defined f'(¢") = f(q’,u(@)),L'(¢) =
L(q’,u(q")). Applying the symplectic Galerkin Hamiltonian variational integrator
construction yields the integrator

g1 =qo+ At Y bif'(Q) (B.1a)
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=qo+ At Y b f(Q" u(Q)),

Q' =qo+ A1) aijf(Q)) (B.1b)

J

=qo —+ At Za[/f(Q]’ M(Qj))a

J
pi=po— Aty bi(IDf(QHI*P' +dL'(Q), (B.1c)
P' = po— Aty G (IDF'(Q)I*PI +dL'(Q7)). (B.1d)
J

Note that the derivative Df’ can be equivalently expressed as
Df'(Q") = D1 f(Q", u(Q)) + D2 f(Q', u(Q") Du(Q"),

where D; denotes differentiation with respect to the i’ argument. We switch to index-
ing the derivative operator here, so we do not have to make the distinction between total
derivatives D, and partial derivatives d,. Similarly, we can express dL’ as follows.
First, note that we have been implicitly identifying the row vector d L’ with the column
vector given by its transpose VL'. Thus, d L in equations (B.1¢c)—(B.1d) should really
be written as VL’. Thus,

dL'(Q") = VL'(Q") = ViL(Q', u(Q")) + [Du(QH*V2L(Q', u(Q").

Now, we show that the second approach is equivalent to the above system. The start-
ing point is the presymplectic Galerkin Hamiltonian variational integrator, equations
(3.92)—(3.9f). From (3.9¢), we can solve for U’ interms of Q' as U’ = u(Q"). Plugging
this into (3.92)—(3.9b) gives precisely (B.1a)—(B.1b). Thus, we just need to see that,
after solving the constraint (3.9f) for A, the two momenta equations (3.9¢)—(3.9d)
are equivalent to (B.1c)—(B.1d). Solving (3.9f) for Al gives

AT = —([D2(Q" u(@NI) ™ [D2f (Q", u (@I P!
—([D2¢ (2", u(@NI) ™' V2L(Q', u(Q").

Multiplying both sides by [D1¢ (Q', u(Q"))]* yields

[D1p(Q", u(QNI*A!
= —[D1¢(Q", u(QNI*([Dup(Q", u(QNI*) ' [D2f (O, u(QNI* P’
— [D1¢p(Q", u(@NT*([Vud(Q', u(Q NI ' V2L(Q", u(Q"))
= [Du(QH*[D2f(Q", u(Q'NI* P + [Du(QH*V2L(Q', u(Q))
= [D2f(Q", u(0))Du(QHI* P + [Du(QH*VLL(Q', u(Q"),
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where in the second equality, we used D1 (Q', u(Q")) = —D2¢(Q', u(Q")) Du(Q")
from the implicit function theorem. Plugging this expression and U’ = u(Q") into
(3.9¢)—(3.9d) yields (B.1c)—(B.1d), noting the above expressions for Df’, dL’.

Remark B.1 Note that, in the above, we used the implicit function theorem to obtain
the local function # = u(q). This is sufficient to prove that the two processes are the
same for a single integration step, assuming that the timestep At is sufficiently small
and the vector field f and constraint ¢ are sufficiently regular, so that g, g1, and all of
the internal stages Q' are in the neighborhood where the local function is defined. For
each subsequent time step, one generally needs a different local function. This does
not matter in practice since one works directly with the presymplectic integrator and
solves the constraints iteratively.

Top Face We want to prove that, starting from an index 1 DAE, the processes of
discretization and reduction commute, where the discretization of the ODE and DAE
have the same Runge—Kutta coefficients.

We start first with reduction then discretization. Starting from the index 1 DAE
q = f(q,u), ¢(q,u) = 0, we apply the reduction operation, which gives the ODE
q = f(q,u(q)). Applying a Runge—Kutta discretization gives

q1=qo+ Aty bif(Q. u(Q"),

Q' =qo+ AtY aij (0, u(Q))).
J

On the other hand, we can discretize the DAE and then reduce. We discretize the
DAE ¢ = f(q,u), ¢(g,u) = 0 by applying a Runge—Kutta discretization with the
same coefficients as before,

Q1 =qo+ At Y bif(Q1, U,
i

Q' =qo+ A1) aif(Q). U,
J

0=¢(Q",U".

To reduce this system, we solve the constraint equations U’ = u(Q') and substitute
these into the two evolution equations, which yields the same system obtained from
first reducing and then discretizing.

Front Face The starting point for this loop is a discrete DAE system, which arises
as a Runge—Kutta discretization of an index 1 DAE, i.e., it is given by the discrete
system

q1=qo+ Aty bif(Q'. U, (B.2a)
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Q' =qo+ Aty ai f(Q1. U, (B.2b)
J

0=¢(0",UY. (B.2¢)

From here, we wish to show that reducing and forming the discrete adjoint system
commute.

First, we recall the notion of a discrete adjoint system. Suppose we are given a
generally nonlinear system of equations, F(x;) = xg, where x; € V is unknown,
xo € Wisgiven,and F : V — W (where V and W are vector spaces). To define
the adjoint system, we first consider the variational equations associated with this
nonlinear system given by its linearization,

DF(x1)6x1 = éxp,

where DF(x) is a linear map V — W and §xp € W is given. Suppose that we are
interested in computing the quantity (s1, §x1) for a given vector s; € V*. In the setting
of adjoint sensitivity analysis, the quantity (s1, dx1) is the sensitivity of the terminal
cost function. We define the associated adjoint equation as

[DF(x1)]"so = s1.
For a solution sg € W* of this system, one has
(s1,8x1) = ([DF(x1)]*s0, 8x1) = (s0, DF (x1)8x1) = (s0, 8x0)-
Thus, to compute (s1, 6x1), one could solve the variational equation for §x; and pair
it with s1 which is given, or, alternatively, solve the adjoint equation for so and pair
it with §x¢ which is given, since these linear systems are solvable by assumption. We

define the adjoint system associated with the equation F(x1) = x¢ as this equation
combined with the associated adjoint equation, i.e., as the combined system

F(x1) = xo,
[Df (x1)]*so = s1.

Following Ibragimov (2006), we will utilize an alternative characterization of the
adjoint system. We define the discrete adjoint action

S(x1, s0) = (s0, F(x1)).

Then, observe that S is a generating function for the adjoint system (x1, s9) — (xg, 1),
in the sense that

1)
Xp = S—S(M, s0) = F(x1),
50

)
51 = S—S(Xh 50) = [Df (x1)]"s0.
x|
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This characterization serves two purposes. First, it will simplify the calculation of
the adjoint system for the case at hand. Furthermore, it resembles the process of
forming the adjoint at the continuous level: starting from the (discrete or continuous)
differential(-algebraic) equation at hand, one forms the (discrete or continuous) adjoint
action and applies the variational principle to obtain the adjoint system. To obtain the
augmented adjoint system, we add a discrete Lagrangian L. : V — R to the action (as
a convention, we subtract the discrete Lagrangian). We define the augmented discrete
adjoint action to be

SL(x1, s0) = (s0, F(x1)) — L(x1).

The map that this generates defines the augmented discrete adjoint system,

1)
X0 =5 SL(x1, s0) = F(x1),
50

)
s1 = 8—SL(X1, 50) = [Df (x)]"so — dLL(x1).
x|

Observe that this definition of an augmented discrete adjoint system is natural in the
sense that,

(s1,8x1) = ([Df (x)1*so + dLL(x1), 8x1) = (s0, x0) — (dL(x1), 8x1),

which resembles the continuous analogue of the adjoint sensitivity result for a running
cost function.

Now, we use this notion of a discrete adjoint system for the problem at hand. We
begin first with reduction and then forming the adjoint system. Applying the reduction
operation to the discrete DAE system (B.2a)-(B.2c), given by solving gb(Qi, Uh=0
for Ul = u(Qi), we obtain

g1 =qo+ At Y b f(Q' u(Q)). (B.3a)

Q' =qo+ Aty a; f(Q. u(Q”). (B.3b)
J

Letus define Q' = go+At > jaij V /. We think of the internal stages Q as functions of
the internal stages V, which are the internal stage proxies for ¢. Our discrete system
(B.3a)—(B.3b) can then be defined by x; = {Vi}le, xo = {0}_,, where s is the
number of internal stages, and

VE— £(Q'(V), u(Q'(V)))
xo = F(x) = :

VS~ FQN(V), u(Q (V)
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Observe that F = 0 only gives the internal stage equations (B.3b). We do this for
simplicity, since we will assume ¢; = 1 as is typical for a Runge—Kutta discretization
of a DAE as previously discussed and hence, equation (B.3a) is redundant, since
asj = b je

We define F and x; in terms of V instead of Q because when we form the adjoint
action, we pair the components of F with the dual variable s¢. In order to interpret sg
as representing the momenta internal stages P, it should be paired with the proxy for
the tangent vector V, instead of Q. We now form the discrete adjoint action. We define
the dual variable for the adjoint system to be so = {Atb; P’ }*_,- The normalization
factor Atb; is used so that the discrete action is the quadrature approximation of the
continuous action. This is just a convention, but we would have to reinterpret the
components of sg if we did not choose this convention. Finally, we define the discrete
Lagrangian to be the quadrature approximation of the continuous Lagrangian L'(g) =
L(q,u(q)), ie., L(x1) = AtY ;b;L'(Q"(V)). This is the natural choice because
the discrete sensitivity of a running cost function is At ) ; b; (dL’(Qi V),s Qi V),
which equals (dIL(x1), §x1) with the above choice of L. The augmented discrete adjoint
action is then

SLUV'), {6 P'Y) = SL(x1, 50) = (s0. F(x1)) — L(x1)
= &Y b (P V= FQT (V). (@ (V) = L@ (V).
To define the discrete adjoint system, we have to give s1, which we take to be 51 =

{Atb; p1};_,, where p is given. Thus, the augmented discrete adjoint system is given
by

8

0= 8L =V = F(Q V). u(@ (V).
8
Atbrp1 = WSL

= AtbeP* = Ay biai (ID1f(Q1(V), u(Q (V)T P
+ (D2 £ (Q' (V) w(Q (V) Du(Q' (V)I*P' +dL'(Q' (V).

The first set of equations above, combined with the definition of Q in terms of V, gives
(B.3b). For the second set of equations, we first divide through by At¢b; and rearrange
to obtain

k _ biﬂ i i * pi
P _pl+mz,-: 5 ([D1F(Q' V), u(@ (V1P

+[D2£(Q'(V), u(Q' (V) Du(Q' (VDI P! +dL'(Q' (V).
= 1+ Y (b — @) (IDLF(Q (V) u(Q (V)T P’
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+ [D2£(Q'(V), u(Q' (V) Du(Q' (VDI P! +dL'(Q' (V).

Note that this is the usual symplectic partitioned Runge—Kutta expansion for the
internal stages P, expressed in terms of p; instead of po. Thus, the full adjoint
system, combined with the redundant k = s stages, yields a symplectic partitioned
Runge—Kutta method.

Now, in the other direction, we first form the adjoint system corresponding
to the discrete DAE system and subsequently reduce. We begin by forming the
adjoint system. We form the discrete action analogously to before, but now the
discrete system (B.2a)—(B.2c) also has constraints which we must incorporate into
F, since we have not yet reduced the system. We take x; = {{V'}, {Ui}}jle and
so = {{Ath; P}, {Ath; AT}}3_,. We define F as

V- f(Q' (V). U

VS — £(Q5(V),U)
—¢(Q'(V), U

x0=F(x) =

—H(0°(V), U)

Note again that Q is a function of V as Q' = go + At Zj ajj V7 Tt is not a priori a

function of U because the condition VI = f(Q'(V), U') has not yet been enforced.

Rather, it is a consequence of the variational principle, which formally matters when

one computes the variation of the discrete action. Define the discrete Lagrangian

L(x1) = Y_; biL(Q'(V), U'). We form the augmented discrete adjoint action
SLAV' L Abi P'}) = SL(x1, s0) = (s0, F(x1)) — L(x1)

=AY bi((PL V= £QT (), UY)
— (A, $(Q", UD) = L(Q'(V), UD).

We use this as a generating function to compute the adjoint system as before. The
computation is analogous so we will just state the result,

vk = ro"v). U"),
PE = pr+ ALY (b — ) (ID1F(Q'(V), UDT P!
+[D1¢(Q'(V), UNT* AT + DyL(Q (V), Ui)) ,

0=¢(Q"(V),U"),
0= [Daf(Q'(V), UNI*P' +[D2¢p(Q' (V), UNI*A' + DLL(Q'(V), UY).
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Finally, we reduce by solving the last two equations for U’, A’ as functions of Q' (V'),
P'. Finally, an implicit function theorem computation analogous to the proof of the
bottom face shows that this is the same as the system obtained by first reducing and
then forming the discrete adjoint.

Left Face The proof for the left face is formally similar to the right face, but since
we have already computed both directions, we will include it for completeness. Start-
ing from an index 1 DAE, forming the adjoint and then discretizing just give the
presymplectic Galerkin Hamiltonian variational integrator (3.9a)—(3.9f). In the other
direction, we first discretize the DAE and then take the adjoint which we did in the
proof of the front face. Expressed in terms of Q, instead of V/, this is

' =qo+ ArZai,ﬂQ-’, u’),
= pi +ArZ(b —a) (101 £, U P

+HD1$(Q", UNT'A" + D, L(Q", UY).
0=¢(Q", U,
0=[Daf(Q', UNI*P' +[D2¢p(Q', UNT*A' + DLL(Q', UY).

Returning to the system given by first forming the adjoint and then discretizing, (3.9a)—
(3.9f), one substitutes (3.9¢) into (3.9d) to write the internal stages for P’ in terms of
p1, and this gives the above system.

Appendix C: An Intrinsic Type Il Variational Principle for Adjoint
Systems

We show that the adjoint system (2.10) arises from an intrinsic Type II variational
principle. In coordinates, the type II variational principle corresponds to fixed initial
position g (fp) = go and fixed final momenta p(¢;) = pj, which are the boundary
conditions used in adjoint sensitivity analysis, as discussed in Sect. 3.1.

Consider the augmented adjoint system

q=9HL/dp = f(q),

p=—03H./dq = —[Df(¢)]"p — dL(q),
where Hj is the augmented Hamiltonian. Recall that Hj is intrinsically defined by
Hp =i A®+nT*ML where @ is the tautological one-formon T*M, wr+p : T*M —
M is the cotangent bundle projection, and L : M — R.

We would like to show that the above system arises from a Type II variational
principle. We consider the action

1
Sy =/ Y*(© — Hpdr),
0]

@ Springer



25  Page 70 of 75 Journal of Nonlinear Science (2024) 34:25

Fig.5 Type II boundary T
conditions for adjoint systems ‘r"‘M Tfh M

Po = (Dt,) }’15

D4, (q0)

where ¥ : (t9,t;) = T*M isacurve on T*M.

We would to place Type II boundary conditions, g(ty) = go and p(t;) = pi, on the
variational principle. However, Type II boundary conditions for Hamiltonian systems,
in general, suffer the drawback that they do not make intrinsic sense on a manifold,
since one cannot specify a covector p(t;) = p; without specifying the basepoint g (¢1).
Fortunately, for Hamiltonian systems which are adjoint systems, Type II boundary
conditions do make intrinsic sense, due to the fact they cover an ODE on the base
manifold M. To see this, if we fix the boundary condition g (fy) = qo, the time #; —
flow of f, assuming it exists for this time, fixes the basepoint g (t1) = ®;,—;,(g(%)).
In terms of the curve 1, this means that once we fix w7+ (V¥ (f9)) = qo, we have
Y(t) € Tq*(tl)M, where q(t1) = ®;,—1(q(to)). Thus, it then makes sense to specify a
boundary condition on v (¢) € Tq*m)M of the form ¢ (t;) = p1,forany p; € T;(”)M .
Fig.5 illustrates Type II boundary conditions for an adjoint system; the flow of f on
the base manifold evolves the initial condition g forward to g; and subsequently,
the vertical component of the lifted vector field Xy, evolves the final momenta p;,
based at g1, backwards to the initial momenta pg. As discussed in Sect.3.1, p; can be
chosen by taking p; = dC|;, to compute the sensitivity of a terminal cost function
C : M — R with a nonaugmented Hamiltonian H; = H or by taking p; = 0 to
compute the sensitivity of a running cost function L with an augmented Hamiltonian
H;y =H+ L.

Remark C.1 1t is interesting to note that the reason for which Type I boundary condi-
tions for adjoint systems are generally inconsistent (namely, that they cover an ODE
on the base manifold) is precisely the reason that one can make intrinsic sense of
Type II boundary conditions for adjoint systems. That is, Type II boundary conditions
are consistent while Type I boundary conditions are generally inconsistent precisely
because an adjoint system is a Hamiltonian system which covers an ODE on the
base manifold. Conversely, every Hamiltonian system on 7*M which covers an ODE
on the base manifold M is locally an adjoint system. To see this, if a Hamiltonian
system covers an ODE on the base manifold, then Hamilton’s equation in the posi-
tion variable ¢ = d H/dp must equal f(g) for some vector field f on M. Thus, we
have 0 H/dp = f(q). Integrating this equation yields a coordinate expression for the
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Hamiltonian

H(q, p) = (p, f(q)) + L(q),

where the “constant of integration” (constant with respect to the p variable) L(g) is
some arbitrary function of ¢. This is precisely the form of the Hamiltonian for an
augmented adjoint system.

To state an intrinsic Type II variational principle for adjoint systems, we regard
the integrand of the above action (before pulling back by ) as a contact form on the
extended phase space I x T*M. Namely, given an interval I = (fy, 1) C R, tg # t1,
let myxr+p - I X T*M — T*M denote the projection onto the second factor. Then,
define the contact form

@H == Tf}kxT*M@ - Hdt,

where we have identified H : T*M — R with its pullback through 77, 7+7. In
coordinates, ® g (g, p) = pdgq — Hdt. Additionally, we define the presymplectic form
Qp = —dO®p. Furthermore, we identify curves on T*M, of the form ¢ : I — T*M,
with curves on I x T* M which cover the identity on 7; in coordinates, this identification
reads ¥ (t) = (¢, q(t), p(t)). The above action can then be expressed as

S[y] Z/IW@H-

To enforce Type II boundary conditions w7+ g (¥ (f0)) = qo € M and ¥ (t;) = p; €
Tq*1 M where g1 = ®;,_4,(g0), we define the space of admissible variations with respect
to these boundary conditions as the space of vector fields X on T*M (identified with
vertical vector fields on I x T*M — T*M) such that (T« X)(go) = 0 and
X(1) = 0, where ¥ = (q1, p1) € Tq*1 M. Intuitively, the first condition states that
an admissible variation does not vary the initial position g(fy) = qo, whereas the
second condition states that an admissible variation does not vary the final momenta

V1.

Proposition C.1 Fix an interval I = (ty,t1) C R, ty # t1. Consider the above aug-
mented Hamiltonian, where we assume that the time t| — to flow of the vector field f
exists. Let qo € M and let py € Tq*1 M where q1 = Oy _4,(qo). Then, the augmented
adjoint system with Type Il boundary conditions

q9=f(q),

p=—[Df (@I p —dL(q),
q(to) = qo,
p(t1) = pi1,
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is intrinsically given by the variational principle: enforce the stationarity of the action

S[y] =/I¢*®H

with respect to admissible variations.

Proof Let ¢, denote the time-¢ flow of an admissible variation X . Then, the variational
principle for the action with respect to admissible variations is given by

0=dsw]-X=i\ S[weow]=/x/f*i\ 0O =/w*Lx®H
de le=0 I delo™¢ I

= —/IW*(iXQH)-l-/Ilﬁ*d(ix@H) = —/I¢*(iXQH)+/Id(¢*iX®H)~

Observe that the boundary term [, d(y*ixOp) = (Y*ixOp) (1)) — (Y*ixOn)(to)
vanishes by the fact that X is an admissible variation since (Y*ix®pg)(t) =
(p@), (Trr= X)(q(2))). Hence, the stationarity condition is given by

/Ilﬁ*(iXQH) =0.

By the fundamental lemma of the calculus of variations, we have ¥ *(ixQy) = 0,
whose coordinate expression is precisely the adjoint system. O

Remark C.2 Inour definition of the space of admissible variations, we set the conditions
that the variation at gg is purely vertical, (Twr=)1X)(qo) = 0, whereas at g1, we
enforced that the variation is zero, X (q1, p1) = 0. In coordinates where

X=34 9 s 9
=0q 9q +op ap’

the first condition reads §qo = O and the second condition reads §q; = 0, §p; = 0.
It would thus seem that we are enforcing an overdetermined set of three boundary
conditions ¢ (ty) = qo, q(t1) = q1, p(t1) = p1. However, the resolution is that the
variations 8¢gg and §g; are not independent; fixing one to zero sets the other one to
zero, by virtue of the fact that the adjoint system covers an ODE on M. Thus, with the
chosen variational principle, we are only setting two independent boundary conditions,
q(to) = qo, p(11) = p1.

Furthermore, in the above proof, by looking at the coordinate expression of the
boundary term,

VixOn m = (p(11). 5q(11)) — (p(t0). 3q(10)).

we see that we only used §gg = 0, §q; = 0. We did not need that §p; = O for the
boundary terms to vanish. However, without setting 6 p; = 0, we only have the system

q= 1),

@ Springer



Journal of Nonlinear Science (2024) 34:25 Page730f75 25

p=—[Df(@1*p —dL(q),
q(to) = qo.

Hence, this system is underdetermined; any curve p(¢) in the fibers of T*M satisfying

p=-[Df(@I"p —dL(g)

would suffice. Thus, to uniquely fix the system, we must also supply a boundary
condition of the form p(#;) = p;. Thus, even though the condition § p; = 0 is not
strictly necessary in the variational principle to derive the equations of motion, it is
necessary to fix the curve p(¢) in the fibers that define the adjoint system with Type 11
boundary conditions.

Analogously the adjoint DAE system (2.17a)—(2.17d), for index 1 DAEs, can be
derived by an intrinsic Type II variational principle, by considering variations V of
the action

1
S[I//]z/ pdq — (H(q,u, p, A) + L(q, u))dt
10

such that TT1, V|, = 0 and Tl ;) VI, = O where Il : (q,u, p,A) — q and
Iy.p) : (g, u, p, ) — (g, p) are the canonical bundle projections on T*M; @ O*.
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