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1. Introduction

Nonlinear differential algebraic equations (DAEs)
F(t,x,x) =0 (1)

arise in a number of application areas [1,2]. Here F € C%(I x I, x Dy, R) is sufficiently smooth, I = [t, t] C R is a (compact)
interval, and Dy, D; € R", are open sets. A number of numerical approaches have been developed for (1). Classical methods
such as backward differentiation or implicit Runge-Kutta methods require the system to be low index and have special
structure. Several approaches have been developed based on what is called the derivative array [3,2,4].

One possible approach, sometimes called index reduction, is to transform (1) into an index one DAE which has the same
solutions as (1) but allows for the application of certain classes of integration methods known from the treatment of ordinary
differential equations (ODEs). However, we cannot use every numerical method. In particular, it is not possible to apply
explicit methods. This is due to the fact that the new DAE contains all algebraic constraints posed by (1) and the numerical
method must be able to resolve these constraints.

An ODE whose solutions include the solutions of a DAE is called a completion of that DAE. There are several reasons why
having a completion would be beneficial. For one it would allow the use of explicit integrators. It would also permit easy
interfacing with many modeling and design software packages which require ODE models. That is, one derives an ODE for
the unknown x from (1) and uses this ODE. But every such ODE will have a larger solution space than (1). In particular, the
derivation introduces additional dynamical behavior which can be interpreted as a completion of the flow of (1) which is
only defined on the set of all (t, x) which satisfy all constraints contained in (1). This additional dynamics is artificial and
depends on the way the corresponding ODE is derived from (1). Examples show that already in the case of linear DAEs
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with constant coefficients the additional flow can be quite arbitrary [5] and sometimes cause difficulty with the numerical
solvers. See also [6] where the so-called least-squares completion is considered.

This leads to the important problem of developing numerical procedures for generating completions of general nonlinear
DAE:s for which the additional dynamics of the completion are known and have the desired behavior. In the case of linear
DAEs with constant coefficients it has been shown in [6] that the least-squares completion yields additional dynamics with
all eigenvalues being zero implying that the additional dynamics is at most polynomial. In [6] it has also been pointed out
that for this special case one can define a completion in such a way that the additional dynamics is constant. This is achieved
by basing the construction of the completion on techniques also used for the index reduction mentioned above. In [7], it
has been shown how the additional dynamics of the least-squares completion in the case of linear DAEs with constant
coefficients can be stabilized. Finally, representations of least-squares completions in the case of linear DAEs with time-
varying coefficients were obtained in [8]. The aim of the present paper is to generalize these results to nonlinear DAEs.
Using some earlier results on stabilization of invariants, we suggest a technique useful for both linear time-varying and
nonlinear DAEs that allows for the modification of a computed completion in such a way that every solution will approach
the set of all points satisfying the DAE constraints. The results presented also provide a corrected reformulation of some
claims of [9].

Stabilization of explicit constraints has been studied on several occasions [9,10]. We are concerned here with general
DAEs where some or all of the constraints can be implicit. Stabilization is done in this paper without analytically determining
any constraints.

Section 2 discusses the linear time-varying case, presents needed notation, and gives formulas for the computed
completions. Section 3 sets up the nonlinear notation and gives results on the nonlinear completions. The key Section 4 first
discusses stabilization of invariants for ODEs, and then applies these ideas to stabilizing the completions of general DAEs.
The results of this section are new contributions to both the linear time-varying and nonlinear cases. Numerical examples
are discussed in Section 5.

2. Linear DAEs with variable coefficients

Consider a linear DAE with variable coefficients of the form
E(0)x = A(Dx + f(t), (2)

where T is an interval and E, A € C(I, R®") and f € C(I, R") are assumed to be sufficiently smooth, i.e., sufficiently often
continuously differentiable. It is well known that (2) defines a well-posed problem if and only if it possesses a well-defined
differentiation index. In order to characterize this property, we need the so-called derivative array equation

M (t)zg = Ne(t)x + ge(t) (3)
obtained by differentiating (2) ¢ times. Here

A i .
(My)ij = <]> E“‘”—( )A“—f—”, ij=0.....0,

, j+1
(Np)i =AF'), i=0,...,¢, (4)
©)i=f, i=0,...,¢
(z0); = x?, j=0,...,¢,

with the convention that (}') =0fori < 0,j < 0orj > i. We then require the following hypothesis, see [2, Chapter 3].
Hypothesis 1. There exist integers y, a, and d such that the derivative arrays M,,, N,, associated with the given pair of matrix
functions (E, A) has the following properties:

1. Forall t € I we have rank(M,(t)) = (u + 1)n — a. This implies that there exists a smooth matrix function Z, of size
((u 4+ 1)n, a) and pointwise orthonormalized columns satisfying ZzTMM =0.

2. Forall t € I we have rank(;\z(t)) = a, where 12\2 = ZZTNH. This implies that there exists a smooth matrix function T, of
size (n, d), d = n — a, and pointwise orthonormalized columns satisfying AT, = 0.

3. Forall t € T we have rank(E(t)T>(t)) = d. This implies that there exists a smooth matrix function Z; of size (n, d) and
pointwise orthonormalized columns satisfying ranld:.‘]Tz = d with E‘] = Z]T E.

If (2) satisfies Hypothesis 1 for some wu, then it satisfies Hypothesis 1 for every larger i with the same values a and d. If
(2) satisfies Hypothesis 1 and p is chosen minimally, then (2) has a well-defined differentiation index v =y + 1fora # 0
and v = u = 0 for a = 0. Conversely, if (2) has a well-defined differentiation index v, then it satisfies Hypothesis 1 with a
minimal © = max{v — 1, 0}. For details see again [2, Chapter 3].

We have used the formulation in Hypothesis 1 since the matrices Z,, T,, Z; are used in the numerical procedures. There
are simpler alternative assumptions directly in terms of M,, N, that can be checked to see that Hypothesis 1 holds [11].

All of the above properties are invariant under (global) equivalence transformations defined by

E=PEQ, A=PAQ—PEQ, i=Q 'x, [=PFf, (5)
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where P eC (~H, R™™) and Q € CI (I, R™™) are pointwise nonsingular. In particular, the derivative arrays My, N, belonging to
E, A and My, N, belonging to E, A transform according to

My = I1,;M, 6y, Ny = IT;MQ — MWy, g = ITg (6)
with
i .
()i = () P, i,j=0,...,¢,
J
, i1\ . o
Op)ij = D qj=0,....¢
( Z)t,] J+ 1 Q ]
@i = QMY i=0,...,¢
The matrix functions Z; and Z, of Hypothesis 1 define a so-called reduced DAE
[51 <t)] . [/51(0} ot [f}l(o} )
0 Ax(t) 2(t)
with

Ev=ZE, Ai=z]A, [i=1]F,
A =ZN,, [, =28,
which is known to possess the same solutions as the original DAE (2). Moreover, (8) satisfies Hypothesis 1 with 4 = 0 and

the same values a and d as the original DAE. In particular, the matrix functions ZlTE and 22T N, form a pointwise nonsingular
matrix function. In view of (8) a natural completion of the given DAE (2) would therefore be the ODE

[Ez@];{: ACIR G ©)
—Ay () A1) f20 |

In the context of completions the case v = 0, where the DAE is actually an ODE, is of no interest. In what follows, we
therefore only consider the case v > 1implying thatv = p + 1.

2.1. Completions and the derivative arrays

The completion (9) is derived by differentiating a part of the computed (8). The first question concerning the completion
(9) is whether it can be derived directly from the derivative array equations (3). To simplify the following discussion, we
sometimes work with formally infinite derivative arrays M, N, and g, defined according to (4) by dropping the limit ¢.
Similarly, we use formally infinite transformations I7, ®, and ¥ according to (7). Note that these formally infinite matrix
functions introduce no difficulties since we will actually consider only finite parts of them.

Lemma 2. Let the (infinite) shift matrix S and the projection V be given by

0 IH
I, 0 0
S= I, © ., V=]o

and let I denote the (infinite) identity matrix. Then we have the relations

@ S's=1, SST+wl=l,
(b) S™ =MST+M— NV, (10)
(c) S =rnms"+11.

Proof. The relations in (10)(a) are trivial. Observing that S; j = §; j;1I, with the Kronecker symbol §; ; we find that

(MS"+M —NV")ij = Y MisSjx + Mij — Nidjo
k>0

i . i : i _ i . )
— EG=h _ AGk=D | s EU=+D _ AGD | — AD5.
;[(J <k+1> CaR AV j+1 »o
O T R 1o Y [
=0 k k+1 j j+1
i (i—j+1) i (i—)) i (i—j+1) i (i—))
. E —1.])A + . )E — . A )
j—1 j J j+1
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which coincides with

(S™);; = Zsk,iMk.j
k>0

k . k )
g )]
k>0 J J +
[ ()]
J j+1

Similarly, we find that
(1" + )i = Z k81 + I

k>0

Sl A LETRR (N PR (P
=0 \k J ji—1 J

which coincides with

k . i+1 .
(S"Mis =D Skiflkibis ( )PH - ( - )P“*f*”. o
J

k=0 J

Extending Z; and Z, to infinite functions by adding zero blocks and using the same notation for these infinite functions,
we can write

Er=zimMv, A=ZN, fi=2%, (11)
A =ZIN, =27g

for the coefficients in (8). The property ZZTM = 0 together with (10) then implies
(Z3 +Z3SHM = ZZM + Z3S™ = ZJM + Z3 (MST + M — NV7)
= ZJM +ZJM — ZINVT
d
= a(ZZTM) —Z;NVT = —ZINVT.
Setting Z3 = 7 + SZ,, we first observe that Z possibly has a nonvanishing vth block due to the involved shift. We therefore
actually work with the finite part M, of M. Setting simply M = M, in the following with Z; and Z, of Hypothesis 1 completed

with a zero block, we defineZ =[Zy Z, Z; Z;]insuchaway thatZ becomes a square matrix function. Consider now
the (finite) matrix function

A%

Since ZlTMV and ZzT N constitute a pointwise nonsingular matrix function, the first part of Z consisting of Z;, Z,, and Z3 has
pointwise full column rank. Hence, we can choose a smooth Z, in such a way that Z is pointwise nonsingular.
Solving now the transformed derivative array equation

Z™z =7Z"(Nx+ g)
with z = z, by means of the Moore-Penrose pseudoinverse [12] of ZTM yields
7= Z"M)*ZT(Nx + g).

Because of corank(M) = a corresponding toZ, M = 0, the above least-squares solution is given by the least-squares solution
of

ZiM z!
—ZNVT | 2= | 2] + 28T | (Nx + g). (12)
M z

Since

zZim 1 [zimv T
—ZINVT| T | =ZIN| "
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where the matrix function multiplying VT is pointwise nonsingular, every solution of (12) satisfies
ZImv VA
2=y S| o0 ()
But this is just the desired completion (9). Hence, (9) can be interpreted as the completion
x=VIM~ (Nx+g) (14)
that is given by the generalized inverse M~ of M defined by

- =Z"M)*Z" (15)

Lemma 3. The (pointwise) generalized inverse M~ of M defined by (15) with a (pointwise) nonsingular matrix function Z is
(pointwise) an inner and outer inverse of M, that is,

MMM =M, M MM~ =M", (16)
and Z"(MM~)Z~T" as well as M~M are (pointwise) symmetric.

Proof. In the following we make use of the properties of (Z'M)™*. First, we have M—M = (Z™M)*(Z™M), which is
symmetric. Second, we have MM~ = M(Z™M)*ZT or Z'(MM~)Z~T = (Z'™M)(Z"M)*, which is symmetric. Third, we have
ZTMM~M = (Z'™M)(Z"™M)*Z™™ = Z™M implying MM~M = M. Fourth, we have M" MM~ = (Z"M)*(Z"M)(Z"™M)*ZT =
Z'™M*zZT=M". O

2.2. Completions and equivalence transformations

In this section, we investigate how the completion behaves under (global) equivalence transformations (5). In particular,
what is the relatlonshlp between the completions of equivalent systems. As already mentioned, the transformed DAE

E(t)x = A(t)x +f(t) satisfies Hypothesis 1 if the original DAE does, with the same values pu, a, and d. The corresponding
matrix functions Zz, Tz, and 21 are related according to

(@ L= a7 "2,U,,
(b) Tr= Q 'TLUy,, (17)
(©) Z1 =M "Z1Ug,

where Ug,, Ur,, Uz, are smooth, pointwise nonsingular matrix functions of appropriate size describing the necessary re-
orthonormalization and the specific choice of a smooth orthonormal basis. Again, it does not matter whether Z;, Z, are
related to M, M,, or the infinite matrix function M. We therefore also omit a subscript of /7. The completion of the
transformed problem is then given by

T 7T
[Z%x]x [z +1 S](Nx—l—g) (18)

where the Z, is computed from 23 =75+ 57,.
In terms of the original data, the first block equation reads

Uy'zim- lHM()V (Q %) = Uy 'Z{ T ((TINQ — IIM¥)Q ™ 'x + I1g)

or, utilizing the special block structure of the involved matrix functions,
ZIMVQ(Q ' —Q7'QQ ") = Z](Nx — MVQQ 'x + g),
which reduces to
ZIMVx = ZI (Nx + g), (19)

which has the same form. However, the second block equation reads
_ _ d _ d _ 1T _ P _ _
Uy, 117 (INQ — TM¥) Q%) = (a(UZbZJH "L - U T T+ U ‘ST>

x (ITNQ — ITM¥)Q ~'x + IIg)
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or, with the help of (10)(c) and ZsM = —Z;NVT,
—ZINQQ % —Q7'QQ ') = (Z) + 235" — Uz, U, 'Z))((NQ — M¥)Q "X + g)
= (2 +2,S" — Uz, U;' ) (Nx + 8) + ZNVTw Q%
which reduces to
— ZINk = (Z3 + 28" — Uz, U, ' Z]) (Nx + g). (20)
Note that (20) is different from the bottom equation in (18). Hence, in general the completion belonging to the
transformed problem is not equivalent to the completion for the original problem we started with. A sufficient condition

that we have equivalence is that Uzz = 0 which is a restriction on the choice of the (pointwise) orthonormal columns in 7.
It should be observed that this choice has an influence on the additional dynamics introduced in the completion.

2.3. Numerical aspects

When dealing with DAEs numerically, we are faced with the problem that while it is possible, it would in general be
too costly to represent Z;, Z, as smooth matrix functions. Rather, we are interested in a procedure which is based on the
determination of suitable values of Z;, Z, at some given point. Setting P = Q = I, in the previous section implying
that T = ® = I and ¥ = 0, the matrix functions Z;, Z, can be interpreted as representing the specific choice of
orthonormal bases in a numerical procedure when we allow Uz, , Uz, to be non-smooth. Note that in the present case Uy, , Uz,
describe transformations between orthonormal bases and are thus pointwise orthogonal. It is known that such a non-smooth
selection does not lead to any problems when we integrate the DAE (8) having non-smooth coefficient functions since in
standard discretization methods the transformations Uy, , Uz, simply cancel out.

If we want to integrate the completion (13), we must fix a suitable Z,ata given point. For this, we may assume that
we have already determined a suitable Z,. In the context of a numerical method it is also important that the differentiation

involved in Z, is not performed by numerical differentiation but based on the use of differentiated data.
Following [2, Chapter 3], we know that we can choose Z, in such a way that

T]/TMT:I . |:T/TMT:|
Zy=—|"1 Z, (21)
K :
where the columns of T; form a suitable orthonormal basis of cokernel(M). This also guarantees that the leading matrix

function is pointwise nonsingular. Fixing Tl’ =T Ury with a non-smooth, pointwise orthogonal Upy, we consider now Z, as
the solution of

T{TMT] : [rm} 5
1 |Zy=—|" Z,. (22)
T 2 2
R :
Inserting the relations Zz = Z,Ugz, and T]’ =T UT1/ gives

uLTIM™ | - Ul TTM"
! Zy=—| " 0 23U,

and, therefore, Z 5 = Zz Uz,. Thus, the choice of 22 transforms in the same way as Zz such that Uz, can be simply removed

in (18). In particular, discretizing (18) with the so constructed possibly non-smooth realizations Z, 22, 22 gives the same
numerical solutions as directly discretizing (13).

3. Nonlinear DAEs

In the general case of unstructured nonlinear DAEs (1), the derivative array equations obtained by differentiating (1) £
times are given by

Fo(t,z,2,...,2 D) =0, (23)
that is,
F(t,z,2)
d F(t 5)
- ,Z,Z
: (€+1) de
Fo(t,z,z,..., 2y = : ) (24)

dZ
—F(t,z,z2
arl ( )

The following hypothesis corresponds to Hypothesis 1 in the case of linear DAEs with variable coefficients.
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Hypothesis 4. There existintegers i, a,and d suchthatL, = {z, € IXR"xR"x---xR" | F,(z,) = 0} is notempty and for

every point (to, Xo, Xo, - - - xé‘”l)) € L, there exists a (sufficiently small) neighborhood in which the following properties
hold:

1. We have rank(F,,.; _ w+n) = (4 + 1)n—aonL,. This implies that there exists a smooth full rank matrix function Z, of
size ((u + 1)n, a) satisfying
Z;Fu;k,...,x(l‘“) =0
onlL,.
2. We have rank(ZzTF,L;x) = aonLL,. This implies that there exists a smooth full rank matrix function T; of size (n, n — a)
satisfying

ZyF,xT» = 0.

3. We have rank(F;T;) = d = n — a. This implies that there exists a smooth full rank matrix function Z; of size (n, d)
satisfying

rank Z[F;T, = d.

Again, alternative characterizations exist [11,13], but the preceding formulas fit our numerical procedures better. We
may assume that p is chosen minimally and set v = ¢ 4 1 as in Section 2. For convenience, we use the shorthand notation
y = (% ..., x" D) Given (to, X0, Yo) € L, we set

Zy = Zy(to, X0, Yo), Zy = Z5(to, Xo, Yo)-
Moreover, due to Hypothesis 4 we can choose a Tl such that
Fp.;y(to’z X0,Y0) 2
] 0
is nonsingular. Defining
F.(t,x,y) + Zw]

T{(y — yo)
we immediately see that H(to, xo, Yo, 0) = 0 and that H, ,, (to, X0, Yo, 0) is nonsingular. Hence, the implicit function theorem
shows that the equation H(t, x, y, w) = 0 can locally be solved for y, w, say according to

y=K(t,x), w = L(t, X).

H(t,x,y,w) = |:

Obviously, every (t, x) with L(t,x) = O satisfies F, (t, x, K(t,x)) = 0 and hence x is consistent at point t. But also the
converse holds, i.e., if x is consistent at point t then (¢, x) satisfies L(t, x) = 0. See [2, Section 7.2] for more details. It follows
that the relation L(t, x) = 0 constitutes all constraints imposed by the given DAE. Moreover, the problem

ZTF(t,x, %) =0, (25a)

L(t,x) =0 (25b)
is an index reduced DAE belonging to the original DAE. In particular, locally it possesses the same solutions as the original
DAE (1) but is index one. Note that we are able to evaluate L (and K) numerically by means of Newton’s method applied to
H(t, x,y, w) = 0. Simply differentiating the constraints, a possible completion is then implicitly defined by

ZTF(t,x, %) =0, (26a)

Li(t, x) + Ly(t, x)x = 0. (26b)

The involved derivatives can be obtained numerically due to the implicit function theorem by solving the linear system

I:Fu;y(t, % K(t, ) 22] |:K[(t, X) K, x):| _ |:FW(t, X, K(t, %)  Fux(t, x, K(t, x)):| . (27)
i 0 [L(t.x) Lt x) 0 0

In a numerical realization of this approach one can combine the systems H(t, x, y, w) = 0, (26) and (27) in the form
H(t,x,y, w) =0, (28a)
ZTF(t, x, %) =0, (28b)
Ly + Lx = 0, (28¢)

Fu;y(f,X,J’) 22 * * _ Fu;r(f,X,J’) Fu;x(t,X7Y)
[ 71 ol L|=7| o o |’ (284)
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where the last relation (28d) can be used to eliminate the unknowns L; and L,. Note that utilizing in this way the structure
of the nonlinear system (28) the computational costs compared with the standard integration of the DAE as by the general
purpose code GENDA [14,15] are only slightly increased due to the additional bordering given by (28c).

Standard integration has to discretize (28b), say by BDF, and then to solve this together with (28a) and w = 0 by a
nonlinear equation solver. An efficient implementation of such a solver can be based on the solution of linear systems with
coefficient matrices as in (28d). Thus, the only additional part which comes into play because of the completion are the a
equations of (28c) which can be decoupled by first dealing with (28a) and (28b). The overall additional costs of solving (28)
compared with standard integration therefore consists of the decoupling of (28c) and of the determination of the Jacobian
belonging to (28c), say by numerical differentiation.

4. First integrals and stabilization

When constructing a completion, we lose the information that the solution of the original DAE must satisfy the algebraic
constraints. In the completions presented in the previous sections we rather have the property that the original constraints
describe invariants or first integrals of the constructed ODEs. In this section we therefore consider ODEs which possess first
integrals and study modifications of them to insure that solutions which do not satisfy a given first integral with a prescribed
value at least yield values of the first integral which tend to the prescribed value exponentially. Moreover, solutions with
the prescribed value of the first integral should not be altered. We then apply the results to the presented completions.

Consider the ODE

x=f(t,x) (29)
withf :Ix D — R", D C R"open,andlet] : T x D — R™, m < n, be a first integral of (29), that is,
Ie(t, x) + L(t,x)f (t,x) =0 forall (t,x) € I x D. (30)

This property immediately implies that I(t, x) stays constant along every solution of (29). If I is the given prescribed value
of the first integral, we want to modify (29) in such a way that g : T x D — R™ defined by

gt,x) =1(t,x) —Io (31)

tends to zero exponentially along every solution of (29) at least when g(t, x) is already sufficiently small. That is, we want
to construct a stabilization of the constraint g(t, x) = 0. As was done for completions, this kind of stabilization should be
defined in a smooth way and it should be easy to carry out numerically.

4.1. Stabilization by Gaufs-Newton flows

The stabilization we are going to present will be based on a generalized Gaul3-Newton flow for the nonlinear equation
g(t, x) = 0. In particular, it involves a certain class of generalized inverses of the Jacobian gy(t, x) which is still assumed to
be of full row rank. A Gauf3-Newton flow can be viewed as a continuous Newton method for solving g = 0.

In order to introduce the class under consideration let A € R™" be a matrix with full row rank and let R € R™" be
nonsingular. We introduce R both as a design parameter and also because earlier work on the linear case showed that some
different appearing completions could be viewed as coming from different choices of generalized inverses.

Lemma 5. The matrix A~ € R™™ defined by A~ = R™'(AR™")* is the unique generalized inverse satisfying
AATA = A, ATAAT =A", AAT = I, RA™AR™! symmetric. (32)

Proof. Itiseasy toseethat A~ = R™!(AR™')* satisfies the four properties stated in (32). On the other hand, setting B = AR™!
and B = RA~ the properties (32) imply BB*B = B, B"BB* = BT, and BB* and B*B are symmetric. Hence, BT is the
Moore-Penrose pseudoinverse of B. O

For later use we need an appropriate form of the property that A~Ax = x holds for a vector x € R". That is, x is in
the range of the projection A~A. Inserting the definition of A~ into A~A we get the condition (AR"")*(AR"")Rx = Rx or
Rx e cokernel(AR™1). That is,

TTR™Rx = 0,

where the columns of T span kernel(A).
A GauR-Newton flow for the nonlinear equation g(t, x) = 0 based on the given class of generalized inverses of Lemma 5
is given by

x = —g(t,x)"g(t, x), (33)

where g,(t,X)~ = R(t,x)"'(g(t, x)R(t,x)~ )™ with an appropriately chosen smooth, pointwise nonsingular matrix
function R. The smoothness of R together with the smoothness and constant rank of g give the smoothness of the
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Moore-Penrose pseudoinverse and hence guarantee the smoothness of g(t, x) . Note that the standard GauB-Newton flow
is included as a special case for the choice R(t, X) = I, in which case g(t,x)~ = g(t, x)™.
We now combine the GauB-Newton flow (33) with the original flow (29) in the form

x=f(t,x) — Cgu(t,x)"g(t, %), (34)

where C € R™" is a coupling matrix which we are still free to choose to suit our purposes. Note that we have two parameters
at our disposal, R and C. It is obvious that a solution of (29) which satisfies the constraint g(t, x) = 0 also solves (34). The
question now is how a solution x of (34) behaves when g(t, x(t)) is sufficiently small in norm.

We shall use the implicit function theorem. For this consider

N g(t,x)
H(t,x,X) = |:T(t, X)TR(t, X)TR(f, X)(;{ — X):I ’

where the columns of T(t, x) form a smoothly parameterized (orthonormal) basis of kernel(g,(t, x)). We then have that
H(t, x,x) = 0forall (t, x) € g~'({0}). Note that

g (t, x) } .

—T(t, x)"R(t, x)"R(t, x) (35)

Hy(t, x,x) = |:
We need (35) to be nonsingular. Multiply (35) on the right by [T T Jwhere T”issuchthat[ T’ T ]is pointwise orthogonal.
Then (35) becomes

gX(tvx)T/(t7 X) 0
[ * —T(t, x)TR(t, x)TR(t, X)T(t, x)] ) (36)

The matrix in (36) is nonsingular since g,(t, x)T’(t, x) is nonsingular due to the full row rank of g,(t, x) and since RT is full
column rank. Hence, the equation H(t, x, X) = 0 can be locally solved for x in terms of (t, X), say according to x = S(t, x).
The solution x of (34) therefore defines locally a function x by

x(t) = S(t, x(t)). (37)
By construction, the function x satisfies

gt x(t)) =0, (38a)

8 (t, x(£)) + & (t, x(£))x(t) = 0, (38b)

&x(t, X(6)) g (t, X(£)) (X(¢) — x(£)) = X(t) — x(t). (38¢c)

Note that at this point x(t) from (37) is not a solution of a specific differential equation. It is just a point on the solution
manifold of the DAE at time t. Since g is related to a first integral according to (31), the property (30) implies

8 (t, x(6)) + g (t, x()f (£, x(t)) =0 (39)

and thus g, (t, x(t))x(t) = gx(t, x(t))f (t, x(t)) from (38b). We are now able to evaluate (omitting obvious arguments of the
functions)

1d

1d _ 2 - = 2
iallx—xllz = Eallgx(t,x) &, )X — x5
1d 3
= g% )" (g (£, )& (£, %)) T (gu(t, X) ™ g (t, X)) (X — X)]
- P - d -
= (X —X)"gu(t, ) gu(t, X)X — %) + (X — X)Ta[gx(t, X) " gu(t, X)](X — x). (40)

For the first term of (40) we get

& — 0)g(t, 0) g (t, )X — %) = (& —0)ge(t, 0) g (t, ) (F(t, ) — Cge(t, )~ g(t, %) — f (¢, X))
= (X — x)"gu(t, x) " gu(t, X)fu(t, X) (X — X)
— (X — X)"gu(t, )~ gu(t, X)Cgy(t, X) ™ Gu(t, X)(X — X) + (X — X) " (t, X, ) (X — X)

by Taylor expansion, where we used the fact in the last step that g (t, xX) = 0 holds. The remainder term is bounded according
tor(t,x,X) = O(||x — x||2). Let L be a constant such that

<L (41)
2

d .
&x(t, %)™ gx(t, X)fe(t, X) + a[gx(t, X)"g(t, x)] +r(t, X, X)

If R = I, then ||gx(t, X) g (t, X)||2 = 1. Under the assumption that

vTg (£, X) " g (t, X)Cay(t, X)~ge(t, x)v > Al|v]|3 (42)
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for all v € range(gy(t, x)~gx(t, x)), it then follows that

1d 2 vt 2
S gp X Xl = @ = Mlix = xl3. (43)

Note that given L, then (42) scales linearly in C, A. Thus by increasing C we cangetL — A < 0.

Theorem 6. Suppose that L is given by (41). Pick > > L. Choose the coupling matrix C € R™" in such a way that (42) holds. Then
for a solution X of (34) with g(t, X(t)) sufficiently small in norm we have

I%(6) = x(0) [l < Me®* (44)
with an appropriate constant M > 0 and x(t) satisfies g(t, x(t)) = 0.
Proof. The claim follows directly from (43) by application of Gronwall’s lemma, see, e.g.,[16]. O

Remark 7. The property (42) always holds for the choice C = Al,. In the case of g,(t, X)~ = gy(t, x)* the condition (42) is
equivalent to

VT (g(t, )T gu(t, x)TC(g(t, X) T gu(t, X))v = A3,
which holds for every v € range(gy(t, X)Tgx(t, X)) if C € R™" is an arbitrary symmetric positive definite matrix with A being
its smallest eigenvalue.
Remark 8. The claim of Theorem 6 remains valid if g only represents an invariant according to

& (t,x) + g (t, x)f (t,x) =0 forall (¢, x) with g(t,x) =0,

which is sufficient to guarantee (39).

Example 9. Consider the ODE
)'(1 =1, 5(2 =X (45)

together with

g(X1, X)) = xe7"1.

The solution manifold of g(x) = 0 is just {(x1, 0)T | x; € R}. Because of

§0F ) = [xpe ™ ] H o,

X2

the function g represents a first integral of (45). With the choice

&)~ = [6‘31}

and C = Al in (34), we get that (45) becomes the ODE

X 1 0 L 1
L)L )

Obviously, the solution manifold of g(x) = 0 is stable only for A > 1. This contradicts Propositions 2.1 and Proposition 2.2
in [9], where it is claimed that A > 0 already guarantees stability. The problem is that g(x) tending to zero does not imply
that x approaches the solution manifold of g(x) = 0. For example, g goes to zero forx; = 1, X, = %xz but x, does not go to
zero. Moreover, arguing with the help of a Lyapunov function requires the solution manifold to be bounded, see [17]. This
is reflected in the presence of our bound L.

4.2. Application to DAEs

The completions of Sections 2 and 3 have the property that they introduce a trivial dynamics with respect to the original
constraints in the sense that the computed constraints for the DAE represent a first integral of the completion. In particular,
the completions fit into the framework of Section 4.1 when we take I as the part of the index reduced DAE that describes
the constraints and set Iy = 0.

In the case of linear DAEs with variable coefficients the constraint equation is 22T (Nx + g) = 0. Adding the corresponding
(standard) GauRB-Newton flow to (14), we obtain the stabilized completion

x=V'M (Nx+g) — C(Z;N)"Z; (Nx + g). (46)
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In the nonlinear case, let (26) imply x = f(t,x). The constraint equation is here given by L(t,x) = 0. Adding the
corresponding (standard) Gauf3-Newton flow to (26), we obtain the stabilized completion

x = f(t,x) — CL(t, X)TL(t, x). (47)

Theorem 6 is applicable in both cases.
In the special case that the index reduced problem is an index one semi-explicit DAE one can also proceed in a slightly
different way. Let

x1 =f(t, X1, X2), 0 =g(t, x1, %) (48)

be a semi-explicit DAE of index v = 1, i.e, let the constraint equation g(t, X1, X;) = 0 be solvable and let g, (t, X1, x2) be
invertible on the corresponding solution set. The DAE (48) then satisfies Hypothesis 4 with u = 0, the quantities d and a
being the sizes of x; and x,. The completion described in Section 3 is given by

x1 = f(t,X1,%2), (49a)
Xy = —gy, (£, X1, X2) 71 (€ (€, X1, X2) + &, (£, X1, X2)f (£, X1, X2)). (49b)

The stabilization (47) modifies both right-hand sides in (49). If the original first equation should be preserved in a stabilized
version, one can proceed as follows. Defining

- 0
gx(taxlvxz) = |:gx2(t,x1,xz)]i| (50)

we get a generalized inverse of g, (t, X1, x) which is covered by Lemma 5. With this choice we obtain (omitting arguments)

[ o o
I o

and v € range(g; g) ifand only if vT = [0 wT ] with arbitrary vector w. Taking

=[s

and observing v"v = wTw, we see that (42) holds if and only if w"Cw > | w||2. Hence Theorem 6 is applicable if we choose

C symmetric and positive definite with A being its smallest eigenvalue. Due to the block structure of C and g, the stabilizing
Gaufl3-Newton flow only affects the (49).

Remark 10. Stabilized differentiation, or Baumgarte stabilization [10], for (48) yields x; = f (t, X1, X») together with
8t (t, X1, X2) + 8¢, (, X1, X2)X1 + &x, (€, X1, X2)X2 = —Ag(L, X1, X2).
Solving for X, gives the ODE
X1 = f(t, x1,X2), (51a)
X = —gy, (t, X1, %) 71 (G (t, X1, X2) + G, (6, X1, X2)f (£, X1, X2)) — Ay (£, X1, X2) ' g (L, X1, X2). (51b)
Comparing (51) with (34), we see that (51) just corresponds to the choice (50) of the generalized inverse together with the
choice C = Al in the coupling matrix C.
Example 11. As in [6] we consider the semi-explicit DAE
X1 =pBx1,  0=e"(x; —xp)

of index v = 1. Due to its structure the completion presented in this paper coincides with the least-squares completion
of [6] and is given by

X1 = Bxi, X2 = (o + B)x1 — ax,.
Note that this completion is a linear ODE with constant coefficients. The eigenvalues are {8, —«} indicating that the
additional dynamics described by —« may be stable or unstable. Since g(t,x) = e%(x; — x), we have gy(t,x) =
e*[1 —1]and hence

1 _ 1 _ - 0
+ _ at _ at
&t,x)" = >¢ [_1], &t,x)" =e [_1].
Using the standard GauR-Newton flow with C = Al the stabilized ODE has the form

. 1 . 1
X1 = Bx1 — 5MX1 —X2), X2 = (a + B)x1 — axy + Ek(m —X2)
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with eigenvalues {8, —(« 4 1)}. Using the GauR-Newton flow on the basis of g, with C = M on the other hand gives the
stabilized ODE

X1 =px1, X =(a+ B)xX1—axy +A(X1 — X2)
which also has eigenvalues {8, — (@ + A)}. Both systems only differ in the eigenvector that belongs to the second eigenvalue.

Obviously we must choose A > —a to obtain stable systems.

5. Numerical experiments

Since the stabilized ODEs in Example 11 are linear with constant coefficients it is at once clear how they behave under
numerical discretization. For our numerical experiments we therefore choose the nonlinear DAE

X1 = X4, X4 = 2X1X7, (52a)
)'Cz = X5, )'<5 = 2X2X7, (52'))
X3 = Xg, Xe = —1— X7, (52¢)
0=x}+x2—x3 (52d)

due to [13]. It describes the three-dimensional motion of a mass point restricted to an upright parabolic bowl under gravity.
It is known to satisfy Hypothesis 4 with u = 2,d = 4, and a = 3. As described earlier, a stabilized completion may
be computed directly from the derivative array of (52). However, it is instructive to exploit the structure of example (52).
Differentiating the constraint and eliminating the differentiated variables with the help of the other equations of the DAE
yields the hidden constraint

0= 2X1X4 + 2X2X5 — Xg. (53)
Differentiating once more and eliminating derivatives gives
0 = 2x5 + 4x3x7 + 2x2 + 4x3x7 +x7 + 1. (54)

Observing that the constraints (52d), (53) and (54) can be solved for (x3, Xg, X7), an equivalent index reduced DAE is given
by

X1 = Xa, X4 = 2X1X7, (55a)
X = Xs, X5 = 2XyX7, (55b)
0=2x2+x —xs, (55¢)
0= 2X]X4 + 2X2X5 — Xg, (55d)
0 = 2x5 + 4x3x7 + 2x2 + 4x3x7 +x7 + 1. (55e)
The completion of Section 3 is then obtained by replacing the constraints g(x) = 0, where
xf + x% — X3
g(x) = 2X1X4 + 2X2X5 — X ,
2X3 + 4x3x7 4+ 2X2 4+ 4xX5x7 + X7 + 1
by
&X)x =0 (56)

and then solving (56) along with (55a) and (55b) for x. A straightforward computation yields
X1 = Xa, X4 = 2X1X7,
Xy =X, X5 = 2XoX7,
).(3 = 2X1X4 + 2X2X5,
X6 = 2x; + 4X3x7 + 2X2 + 4x3x7,
X7 = —16X7(x1x4 + X2%5) /(1 + 4x% + 4x§).
Observing that
2x1 2x, -1 0 0 0 0

&(x) = | 2x4 2Xs 0 2x1 2x, —1 0
8x1%; 8xx; 0  dxg 4xs 0 1+44x] +4x]
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Fig. 1. Norm of constraint residual for A = 0 and A = 1 using g,(t, x)*.
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Fig. 2. Norm of constraint residual for A = 0 and A = 1 using gy(t, x)".

natural stabilizations are given by g,(x)™ and by

00 -1 00 O 0
gx " =|0 0 0 0 0 -1 0
00 0 0 0 0 1/(0+4x%+4x)

Both completions have been solved with various choices of A in C = AI and C=xM using the classical Runge-Kutta
method with fixed stepsize. Figs. 1 and 2 show the behavior of ||g(t, x)||, for A = 0, i.e., for the un-stabilized completion,
and for A = 1 when we use g,(t, x)™ and g,(t, x)~, respectively. Recall that using g,(t, x)~ corresponds to Baumgarte
stabilization. The constant stepsize was h = 0.01. One can easily observe the drift effect for A = 0, which disappears in the
stabilized version. It should be mentioned that it is clear that the discretization becomes unstable for too large values of ha.

6. Conclusions

We have examined the problem of constructing computable completions of vector fields for nonlinear DAEs. This was
done by using a family of weighted GauR-Newton flows. By varying the weights R, C in the definition of the flow we
were able to unify the development of some of the previously presented completions for the linear time-varying case.
For the nonlinear DAEs we do not require the explicit representation of constraints in the original DAE. Our constraint
characterization is based on pointwise numerical calculations and thus applies to general solvable nonlinear DAEs. Our
results also correct some earlier results in the literature.
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Many software modeling packages assume an ODE model. This paper lays the groundwork for having that ODE model
given by a call to a subroutine that generates the right-hand side of a stabilized completion of the DAE of interest. We note
that most of the needed numerical subroutines used to generate the submatrices needed in the completion have already
been written and tested in such codes as GENDA [14,15] where they are used for a different purpose.
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