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1. Introduction.

First introduced by Gaston Darboux, and then brought to maturity by Elie Cartan,
[6, 8], the theory of moving frames (“reperes mobiles”) is acknowledged to be a powerful
tool for studying the geometric properties of submanifolds under the action of a transfor-
mation group. While the basic ideas of moving frames for classical group actions are now
ubiquitous in differential geometry, the theory and practice of the moving frame method
for more general transformation group actions has remained relatively undeveloped and is
as yet not well understood. The famous critical assessment by Weyl in his review, [47], of
Cartan’s seminal book, [8], retains its perspicuity to this day:

“I did not quite understand how he [Cartan| does this in general, though in the
examples he gives the procedure is clear ... Nevertheless, I must admit I found the book,
like most of Cartan’s papers, hard reading.”

Implementations of the method of moving frames for certain groups having direct
geometrical significance — including the Euclidean, affine, and projective groups — can
be found in both Cartan’s original treatise, [8], as well as many standard texts in dif-
ferential geometry; see, for example, the books of Guggenheimer, [19], which gives the
method center stage, Sternberg, [44], and Willmore, [50]. The method continues to at-
tract the attention of modern day researchers and has been successfully extended to some
additional examples, including, for instance, holomorphic curves in projective spaces and
Grassmannians. The papers of Griffiths, [18], Green, [17], Chern, [12], and the lecture
notes of Jensen, [23], are particularly noteworthy attempts to place Cartan’s intuitive
constructions on a firm theoretical and differential geometric foundation. However, none
of the proposed modern geometrical formulations of the theory incorporates the full scope
or range of applicability of the method as originally envisioned by Cartan. To this day,
both the formulation and construction of moving frames for general Lie group actions has
remained obscure, particularly for anyone interested in new applications. Although they
strive for generality, the range of examples treated remains rather limited, and Weyl’s
pointed critique of Cartan’s original version still, in our opinion, applies to all of these
later efforts.

There are two main goals of this series of papers devoted to a study of Cartan’s method
of moving frames. The first, of utmost importance for applications and the subject of the
present work, is to develop a practical algorithm for constructing moving frames that is easy
to implement, and can be systematically applied to concrete problems arising in different
applications. Our new algorithm, which we call the method of “moving coframes”, not
only reproduces all of the classical moving frame constructions, often in a simpler and more
direct fashion, but can be readily applied to a wide variety of new situations, including
infinite-dimensional pseudo-groups, intransitive group actions, restricted reparametrization
problems, joint group actions, to name a few. Although one can see the germs of our ideas
in the above mentioned references, our approach is different, and, we believe, significantly
easier to implement in practical examples. Standard presentations of the method rely on
an unusual hybrid of vector fields and differential forms. Our approach is inspired by
the powerful Cartan equivalence method, [11,16, 38|, which has much of the flavor of
moving frame-type computations, but relies solely on the use of differential forms, and the
operation of exterior differentiation. The moving coframe method we develop does have
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a complete analogy with the Cartan equivalence method; indeed, we shall see that the
method includes not only all moving frame type equivalence problems, under both finite-
dimensional Lie transformation groups and infinite Lie pseudo-groups, but also includes
the standard Cartan equivalence problems in a very general framework.

Our second goal is to rigorously justify the moving coframe method by proposing a
new theoretical foundation for the method of moving frames. This will form the subject
of the second paper in the series, [15], and will be based on a second algorithm, known as
regularization. The key new idea is to avoid the technically complicated normalization pro-
cedure during the initial phases of the computation, leading to a fully regularized moving
frame. Once a moving frame and coframe, along with the complete system of invariants,
are constructed in the regularized framework, one can easily restrict these invariants to
particular classes of submanifolds, producing (in nonsingular cases) the standard moving
frame. This approach enables us to successfully bypass branching and singularity com-
plications, and enables one to treat both generic and singular submanifolds on the same
general footing. Once the regularized solution to the problem has been properly imple-
mented, the a posterior: justification for the usual normalization and reduction procedure
can be readily provided. Details and further examples appear in part II, [15].

Beyond the traditional application to the differential geometry of curves and surfaces
in certain homogeneous spaces, there are a host of applications of the method that lend
great importance to its proper implementation. Foremost are the equivalence and symme-
try theorems of Cartan, that characterize submanifolds up to a group transformation by
the functional relationships among their fundamental differential invariants. The method
provides an effective means of computing complete systems of differential invariants and
associated invariant differential operators, which are used to generate all the higher order
invariants. The fundamental differential invariants and their derived invariants, up to an
appropriate order, serve to parametrize the “classifying manifold” associated with a given
submanifold; the Cartan solution to the equivalence problem states that two submani-
folds are (locally) congruent under a group transformation if and only if their classifying
manifolds are identical. Moreover, the dimension of the classifying manifold completely
determines the dimension of the symmetry subgroup of the submanifold in question. We
note that the differential invariants also form the fundamental building blocks of basic
physical theories, enabling one to construct suitably invariant differential equations and
variational principles, cf. [38].

Additional motivation for pursuing this program comes from new applications of mov-
ing frames to computer vision promoted by Faugeras, [13], with applications to invariant
curve and surface evolutions, and the use of the classifying (or “signature”) manifolds in
the invariant characterization of object boundaries that forms the basis of a fully group-
invariant object recognition visual processing system, [5]. Although differential invariants
have evident direct applications to object recognition in images, the often high order of
differentiation makes them difficult to compute in an accurate and stable manner. One
alternative approach, [35], is to use joint differential invariants, or, as they are known in
the computer vision literature, “semi-differential invariants”, which are based on several
points on the submanifold of interest. Although a few explicit examples of joint differential
invariants are known, there is, as far as we know, no systematic classification of them in the
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literature. We show how the method of moving coframes can be readily used to compute
complete systems of joint differential invariants, and illustrate with some examples of di-
rect interest in image processing. The approximation of higher order differential invariants
by joint differential invariants and, generally, ordinary joint invariants leads to fully invari-
ant finite difference numerical schemes for their computation, which were first proposed in
[5]. The moving coframe method should aid in the understanding and extension of such
schemes to more complicated situations.

In this paper, we begin with a review of the basic equivalence problems for subman-
ifolds under transformation groups that serve to motivate the method of moving frames.
Section 3 provides a brief introduction to one of the basic tools that is used in the moving
coframe method — the left-invariant Maurer—Cartan forms on a Lie group. Two practical
means of computing the Maurer—Cartan forms, including a novel method based directly
on the group transformation rules, are discussed. Section 4 begins the presentation of the
moving coframe method for the simplest category of examples — finite-dimensional transi-
tive group actions — and illustrates it with an equivalence problem arising in the calculus
of variations and in classical invariant theory. Section 5 extends the basic method to intran-
sitive Lie group actions. The simplest example of an infinite-dimensional pseudo-group,
namely the reparametrization pseudo-group for parametrized submanifolds, is discussed in
Section 6 and illustrated with a well studied geometrical example — the case of curves in
the Euclidean plane. This is followed by a discussion of curves in affine and projective ge-
ometry, reproducing classical moving frame computations in a simple direct manner based
on the moving coframe approach; in Section 7, the connections between the classical and
moving coframe methods are explained in further detail. Section 8 employs the moving
coframe method to completely analyze the joint differential invariants in two particular
geometrical examples — two-point differential invariants for curves in the Euclidean and
affine plane. Section 9 discusses how to analyze more general pseudo-group actions, illus-
trating the method with two examples arising in classical work of Lie, [28], Vessiot, [46],
and Medolaghi, [34]. In addition, we show how to solve the equivalence problem for second
order ordinary differential equations under the pseudo-group of fiber-preserving transfor-
mations using the moving coframe method, thereby indicating how all Cartan equivalence
problems can be treated by this method. Finally, we discuss some open problems that are
under current investigation. In all cases, the paper is designed for a reader who is interested
in applications, in that only the basic algorithmic steps are discussed in detail. In order
not to cloud the present practically-oriented exposition, precise theoretical justifications
for the algorithms proposed here will appear in the second paper in this series, [15].

2. The Basic Equivalence Problems.

We begin our exposition with a discussion of the basic equivalence problems which
can be handled by the method of moving frames; see Jensen, [23; p. VI], for additional
details. Suppose G is a transformation group acting smoothly on an m-dimensional man-
ifold M. In classical applications, G is a finite-dimensional Lie group, but, as we shall
see, the method can be extended to infinite-dimensional Lie pseudo-group actions, e.g.,
the group of conformal transformations on a Riemannian surface, the group of canonical
transformations on a symplectic space, or the group of contact transformations on a jet
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space. In either situation, a basic equivalence problem is to determine whether two given
submanifolds are congruent modulo a group transformation. We shall divide the basic
problem into two different versions, depending on whether one allows reparametrizations
of the submanifolds in question. Formally, these can be stated as follows.

The Fixed Parameter Equivalence Problem: Given two embeddings t: X —
M and 7: X — M of an n—dimensional manifold X into M does there exist a group
transformation g € G such that

i(x) =g-ux) for all x e X. (2.1)

The Unparametrized Equivalence Problem: Given two submanifolds N, N C¢ M

of the same dimension n, determine whether there exists a group transformation g € G
such that

g-N=N. (2.2)

Submanifolds satisfying (2.2) are said to be congruent under the group action.

In both problems we shall only consider the question in the small, meaning that (2.1)
only needs to hold on an open subset of X, or that congruence, (2.2), holds in a suitable
neighborhood of given points z, € N, z, € N. Global issues require global constructions
that lie outside the scope of the Cartan approach to equivalence problems.

Note that the problem of determining the symmetries of a submanifold, meaning the
set of all group elements that preserve the submanifold, forms a particular case of the
equivalence problem. Indeed, a symmetry of a submanifold is merely a self-equivalence.
For instance, the unparametrized symmetries of a given submanifold N C M are those
group elements that (locally) satisfy g+ N = N. Note that the symmetry group of a given
submanifold forms a subgroup H C G of the full transformation group.

Example 2.1. A classical example is inspired by the geometry of curves in the
Euclidean plane. A curve C' C R? is parametrized by a smooth map x(t) = (z(t),y(t))
defined on (a subinterval of) R. The underlying group for Euclidean planar geometry is
the Euclidean group E(2) = O(2) x R? consisting of translations, rotations and (in the
non-oriented case) reflections.

In the fixed parametrization problem, we are given two parametrized curves x(¢) and
X(t), and want to know when there exists a Euclidean motion such that X(¢) = R-x(t) +a
for all ¢, where the rotation R € O(2) and translation a € R? are both independent of ¢.
Physically, we are asking when two moving particles differ by a fixed Euclidean motion at
all times, a problem that has significant applications to motion detection and recognition
of moving objects.

In the unparametrized problem, we are interested in determining when two curves are
congruent under a Euclidean motion, meaning C = R - C + a for some fixed Euclidean
transformation (R, a) € E(2). This occurs if and only if there exists a change of parameter
t = 7(t) such that X(7(t)) = R - x(t) 4+ a for some fixed Euclidean transformation (R, a).

A Euclidean symmetry of a curve C'is a Euclidean transformation (R, a) that preserves
the curve: R-C' +a = C. For instance, the Euclidean symmetries of a circle consist of the
rotations around its center. In the fixed parameter version, the circle must be parametrized
by a constant multiple of arc length for this to remain valid.

5



Example 2.2. Consider the action

_ . ar+ 0 u (a p
A: (x,u) (7x+5’7m+5)’ A—<7 5)€GL(2), (2.3)

of the general linear group GL(2) on R2?. This forms a multiplier representation of GL(2),
cf. [14, 38], which lies at the heart of classical invariant theory. We restrict our attention
to curves given by the graphs of functions u = f(x), thereby avoiding issues of reparam-
etrization. Two such curves are equivalent if and only if their defining functions f and f
are related by the formula

ar + 3
vyr + 6

f(x) = (7x+5)f( ) — (v + 6)f(2), (2.4)

for some nonsingular matrix A. Equation (2.4) is the fundamental equivalence condition
for first order Lagrangians that depend only on a derivative coordinate in the calculus of

variations, cf. [36]. Moreover, if f(x) = ¥/P(x), and f(Z) = {/P(Z), then (2.4) becomes’

ar + 3
YT + 0

P(x) = (7x+5)”15( ) = (yx + 6)" P(z). (2.5)
In the case when P and P are polynomials of degree n, (2.5) indicates their equivalence
under projective transformations, and so forms the fundamental equivalence problem of
classical invariant theory.

In the general unparametrized equivalence problem, typically, the submanifolds N
and N are formulated via explicit parametrizations ¢: X — M, with image N = ((X) and
7: X — M, with N = 7(X), where, for simplicity, the parameter spaces are taken to be the
same. (Indeed, since our considerations are always local, we shall not lose any generality
by assuming that X C R"™ is an open subset of Euclidean space.) In such cases, we can
easily reformulate the unparametrized equivalence problem in the following form.

The Reparametrization Equivalence Problem: Given two embeddings t: X —

M and 7: X — M of an n—dimensional manifold X into M does there exist a local

diffeomorphism ®: X — X, i.e., a change of parameter, and a group transformation g € G
such that

I(P(x) =g tx), forall zeX. (2.6)

We shall see that by solving the fixed parametrization problem, first in the case of
G being a finite dimensional Lie transformation group, then extending this to the case
of G being an infinite Lie pseudo-group of transformations, that we will then be able to
solve the reparametrization problem. For instance, we can reformulate the unparametrized
equivalence problem for curves in the Euclidean plane as a fixed parametrization problem
for curves in the extended space E = R x R?, which has coordinates (¢,x) = (¢,z,y). The

T We are ignoring the branching of the nt® root here. See [36, 38] for a more precise version
of this construction.



extended curve is given as the graph {(¢,x(t))} of the original parametrized curve, and the
pseudo-group G = Diff (1) x E(2) acting on F consists of a finite-dimensional group, the
Euclidean group E(2) acting on R?, together with the infinite-dimensional pseudo-group
Diff (1) consisting of all smooth (local) diffeomorphisms ¢ = 7(¢) of the parameter space
R.

The formulation of the reparametrization problem in the form (2.6) indicates an in-
termediate extension of the two cases, in which one only allows a subclass of all possible
reparametrizations.

The Restricted Reparametrization Equivalence Problem: Given two embed-
dings t: X — M and 7: X — M of an n—dimensional manifold X into M and a Lie
pseudo-group of transformations H acting on X, determine whether there exists a group
transformation ¢ € G such that (2.6) holds for some reparametrization ® € H in the
prescribed pseudo-group.

For example, one might consider the problem of equivalence of surfaces in Euclidean
space, in which one is only allowed conformal, or area preserving, or Euclidean reparame-
trizations. The general reparametrization equivalence problem is, of course, a special case
when the pseudo-group ‘H = Diff (X) is the entire local diffeomorphism group.

In general, the solution to any equivalence problem is governed by a complete system of
invariants. In the present context, the invariants are the fundamental differential invariants
for the transformation group action in question. Thus, any solution method must, as a
consequence, produce the differential invariants in question.

Example 2.3. In the case of curves in Euclidean geometry, the ordinary curvature®
function £ = |x,|73(x; A x;;) is the fundamental differential invariant. For the fixed
parametrization problem, there is a second fundamental differential invariant — the speed
v = |x, |. Furthermore, all higher order differential invariants are obtained by successively
differentiating the curvature (and speed) with respect to arc length ds = vdt = | x, |dt,
which is the fundamental Euclidean invariant one-form. (In the fixed problem, one can
replace s derivatives by t derivatives since dt is also invariant if we disallow any changes in
parameter.) A similar result holds for general transformation groups — one can obtain all
higher order differential invariants by successively applying certain invariant differential
operators to the fundamental differential invariants, cf. [38].

The functional relationships between the fundamental differential invariants will solve
the equivalence problem. Roughly speaking, one uses the differential invariants to param-
etrize a “classifying” or “signature” manifold associated with the given submanifold, and
the result is that, under suitable regularity hypotheses, two submanifolds will be congruent
under a group transformation if and only if their classifying manifolds are identical. For
example, in the unparametrized Euclidean curve problem, the classifying curve is param-
etrized by the two curvature invariants (k, ), whereas in the fixed problem, one uses all

four invariants (v, K, v, k) to parametrize the classifying curve. See [5] for applications of

T Here |a| is the usual Euclidean norm and a A b is the scalar-valued cross product between
vectors in the plane.



the classifying curve to the problem of object recognition in computer vision. Of course,
this “solution” reduces one to another potentially difficult identification problem — when
do two parametrized submanifolds coincide? One approach to the latter problem is to use
the Implicit Function Theorem to realize the classifying submanifold as the graph of a
function, which eliminates the reparametrization ambiguity. Alternatively, in an algebraic
context, a solution can be provided by Grébner basis techniques, cf. [4]. Neither approach
completely resolves the general identification problem, but particular cases can often be
handled effectively.

Remark: A more standard solution to the equivalence problem depends on the choice
of a base point x, = x(;) on the curve. Then the curvature x(s) as a function of arc
length s = f;{o ds uniquely characterizes the curve up to Euclidean congruence, [19; p.
24]. The classifying curve approach has two distinct advantages: first, there is no choice of
base point required, which eliminates the translational ambiguity inherent in the curvature
function k(s); second, the classifying curve is completely local, whereas the arc length s is
a nonlocal function of the curve. Note that the classifying curve can be computed directly,
without appealing to the arc length parametrization.

The differential invariants can also be used to determine the structure of the symmetry
group. In the case of an effectively acting Lie group G, the codimension of the symmetry
subgroup H of the submanifold N, i.e., dimG — dim H, is the same as the number of
functionally independent differential invariants on the submanifold. In particular, the
maximally symmetric submanifolds occur when all differential invariants are constant; if
GG acts transitively, then these can be identified with the homogeneous submanifolds of M,
i.e., the orbits of suitable closed subgroups of G, cf. [23]. For instance, in the Euclidean
case, the maximally symmetric curves are where the curvature is constant, which are the
circles and straight lines, since these are the orbits of the one-parameter subgroups of E(2).
(Technically, these retain the infinite-dimensional reparametrization group Diff(1) as an
additional symmetry group.) In the fixed parameter version, the circles and straight lines
must be parametrized by a constant multiple of their arc length in order to retain their
distinguished symmetry status.

Finally, we remark that differential invariants can be used to construct general invari-
ant differential equations admitting the given transformation group. Specifically, suppose
Jy,...,Jy form a complete system of functionally independent kth order differential invari-
ants, defined on an open subset V¥ C J* of the jet space where the prolonged group action
is regular. Then, on V¥, any kth order system of differential equations admitting G as a
symmetry group can be written in terms of the differential invariants: H,,(J;,...,Jy) = 0.
For example, the most general Euclidean-invariant third order differential equation has the
form dk/ds = H(k), equating the derivative of curvature with respect to arc length to a
function of curvature. Similar comments apply to invariant variational problems, and we
refer the reader to [37,38], for details. These results form the foundations of modern
physical field theories, in which one bases the differential equations, or variational princi-
ple, on its invariance with respect to the theory’s underlying symmetry group. The groups
in question range from basic Poincaré and conformal invariance, to the exceptional simple
Lie groups lying at the foundations of string theory, as well as infinite-dimensional gauge
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groups and groups of Kac-Moody type. Remarkably, complete systems of differential in-
variants are known for only a small handful of transformation groups arising in physical
applications — a collection that includes none of the above mentioned groups! Our moving
coframe algorithm provides an direct and effective means for providing such classifications.

3. The Maurer—Cartan Forms.

In our approach to the theory and practical implementation of the method of moving
frames, the left-invariant Maurer—Cartan forms on a finite-dimensional Lie group play an
essential role. We therefore begin by reviewing the basic definition, and then present two
computationally effective methods for finding the explicit formulae for the Maurer—Cartan
forms. The theoretical justification for the second method will appear in part II, [15].

Throughout this section, G will be an r-dimensional Lie group. We let L :h— g-h
denote the standard left multiplication map.

Definition 3.1. A one-form p on G is called a (left-invariant) Maurer—Cartan form
if it satisfies
(Lg)*u =u for all geq. (3.1)

Remark: 1f one uses the right-invariant Maurer—Cartan forms instead, one is led to
an alternative theory of right moving frames. Although the left versions appear almost
exclusively in the literature, their right counterparts will play an important role in the
theoretical justifications and the regularized method introduced in part II. In this paper,
though, we shall exclusively use the left-invariant Maurer—Cartan forms and moving frames;
see [15] for details.

The space of Maurer—Cartan forms on G is an r-dimensional vector space, which can
naturally be identified with the dual to the Lie algebra g of left-invariant vector fields on
G. If we choose a basis v,,...,v, of g, then there is a dual basis u,...,u" of the space
of Maurer—Cartan forms, satisfying ( u° ;vj) = (5;, where 5; is the usual Kronecker delta.
The basis Maurer—Cartan forms satisfy the fundamental structure equations

du' = — ZC;k WAk, (3.2)
i<k

where the coefficients C’; i are the structure constants corresponding to our choice of basis
of the Lie algebra g. The Maurer—Cartan forms are a coframe on the Lie group GG, meaning
that they form a pointwise basis for the cotangent space T*G, or, equivalently, that we
can write any one-form w on G as a linear combination w = Y f, u* thereof, where the f;
are suitable smooth functions.

The most common method for explicitly determining the Maurer—Cartan forms on a
given Lie group is to realize G C GL(n) as a matrix Lie group. The independent entries
of the n X n matrix of one-forms

p=A"1dA (3.3)

form a basis for the left-invariant Maurer—Cartan forms on G. Here A = A(g!,...,g") € G
represents the general matrix in G, which we have parametrized by local coordinates
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(g%, ...,g") near the identity, and dA = >"(0A/dg") dg" is its differential, which is an n x n
matrix of one-forms.

For example, in the case G = GL(2), the four independent Maurer—Cartan forms are
the components of the matrix

(o B2\ g1 — 1 0da — Bdy 6dB — [Bdd 4
K (,U3 u4> d ad — By (ad'y—’yda add)—ydp )" (3.4)

Similarly, if G = E(2) = O(2) x R? is the Euclidean group in the plane, then we can
identify E(2) C GL(3) as a subgroup of GL(3) by identifying (R,a) € E(2) with the 3 x 3
matrix

0 1 singp cos¢ b

(R a>_ cos¢ —sing a
0 0 1

Substituting into (3.3) leads to

1 pei 0 —d¢ cospda+ singdb
p= (" Ra) (dit day [0 07 _ingda+ cosédb
0 1 0 0 0 0 0

Thus, the three independent Euclidean Maurer—Cartan forms are
py = do, o = cos ¢ da + sin ¢ db, fs = —sin ¢ da + cos ¢ db. (3.5)

In cases when the group is explicitly realized as a local group of transformations on a
manifold M, and not necessarily as a matrix Lie group, it is useful to have a direct method
for determining the Maurer—Cartan forms. Given g € G and z € M, we explicitly write
the group transformation z = ¢ - z in coordinate form:

z' = H'(z,9), i=1,...,m.

We then compute the differentials of the group transformations:

dz’ = azk —I—Z—dg, i=1,...,m,

or, more compactly,

dz=H, dz+ H,dg. (3.6)

Next, set dz = 0 in (3.6), and solve the resulting system of linear equations for the
differentials dz*. This leads to the formulae

—dz=Fdg=(H;'-H,)dg,
or, in full detail,

—dz* =) FF(z,9)dg’, k=1,...,m. (3.7)

j=1
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Then, for each k and each fixed z, € M, the one-form

Po = ZFf(zo?g) dg’, (3.8)
j=1

is a left-invariant Maurer—Cartan form on the group G. Alternatively, if one expands the
right hand side of (3.7) in a power series (or Fourier series, or ...) in z,

Y Ff(zg)dg’ = > 2y, (3.9)
Jj=1 #I=0

then each coefficient j1; also forms a left-invariant Maurer—Cartan form on G. In particular,
when G acts locally effectively, the resulting collection of one-forms spans the space of
Maurer—Cartan forms.

Example 3.2. Consider the action of GL(2) given by

_ ar+p N U
- i = 1
o yr+48’ “ yr+ 6’ (3.10)
as discussed above. Differentiating (3.10), we find, as in (3.6),
Q5 — (yz 4 0)(adr + xda + dB) — (ax + B)(ydx + x dy + df)
(yx + §)?
_ (ad = Bvy)dx + (yz +6)(x da+ dB) — (ax + () (x dy + d)
(v + 6)? ’
~ (yz+ ) du+u(ydr + xdy+ dd)
du = .
(yx + )
Setting dr = 0 = du and solving for dx and du, we obtain
ddp3 — [Bdé <5da+’yd6—ad5—ﬂd’y> (”yda—adﬂy) 9
—dr = ———— + T+ T,
oy — add —yds wt ady —vda o '
-\ ad—pBy ad — By
Note that the coefficients of 1,  and 2 in the first formula, i.e.,
. 0dB—pdd . dda+vydB—adi— Bdy . vda—ady (3.12)
/’Ll_ 06(5_/87 ) IU/Z_ 065—/8'7/ ’ /1’3_ 055—/8’)/ 9 .

recover three of the Maurer—Cartan forms in (3.4), while the coefficient of either u or zu
in the second formula provides the remaining one.

Remark: The coefficients in (3.11) are, in fact, immediately found in terms of the
coefficients of the infinitesimal generators for the transformation group. See [15] for details.
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If G does not act effectively on M, then the forms computed by this method will form
a basis for the annihilator

(QM)L:{WEQ*‘ (w;v)=0 for all VEgM}
of the Lie algebra of the global isotropy subgroup

Gy=1{9€eG| g-z== for all z€ M},

and thus can be identified with the Maurer—Cartan forms for the effectively acting quotient
group G = G/G,,;. For example, if we only treat the linear fractional transformations
in z in (3.10), then the resulting three Maurer—Cartan forms (3.12) all annihilate the
generator v = ad,, + 05 + 70, + 00, of the isotropy subgroup {1} C GL(2) consisting
of scalar multiples of the identity matrix. Hence, the three one-forms can be identified
with a basis for the Maurer—Cartan forms of the effectively acting projective linear group

PSL(2) = GL(2)/{\1}.

4. Compatible Lifts and Moving Coframes.

In this section, we begin our development of the moving coframe method, strting with
the simplest problems and gradually work our way up to more complicated situations.
Throughout this section, we assume that G is an r-dimensional Lie group which acts
locally effectively and transitively on an m-dimensional manifold M. (As remarked above,
we can always assume local effectiveness by quotienting by the global isotropy subgroup.)
We begin by choosing a convenient “base point” z, € M.

Definition 4.1. A smooth map p: M — G is called a compatible lift with base point
2, if it satisfies
p(2) - 2y = 2. (4.1)

In order to compute the most general compatible lift, we solve the system of m equa-
tions (4.1) for m of the group parameters in terms of the coordinates z on M and the
remaining r —m = dim G — dim M group parameters, which we denote by h. This leads to
a general formula g = p, (2, h) for the solution to the compatibility equations (4.1). In other
words, by solving the compatibility conditions (4.1), we have effectively “normalized” m
of the original group parameters. Since our considerations are always local, in practice, we
only need to solve the compatibility equations (4.1) near z,. In accordance with Cartan’s
terminology, [6], we will call the general compatible lift p,(z, h) the moving frame of order
zero for the given transformation group. If ¢: X — M defines a parametrized submanifold
N = (X), then one can view the composition p,(c(z),h) as a restriction of the order
zero moving frame to the submanifold N, where the unnormalized parameters h determine
the degree of indeterminacy of the moving frame on N. In geometrical situations, such
restrictions can be identified with the classical moving frames; see also Section 7 below.

Example 4.2. Consider the planar action (2.3) of the general linear group GL(2):

Awﬁwz(m+ﬁ u ), A:(i?)emﬁx (4.2)

Nyr 4+ yr+ 8
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The action (4.2) is transitive on M = R?\ {u = 0}. Choose the base point to be z, = (0, 1).
Since A - z, = (8/6,1/9), any compatible lift A = p(x,u) must satisfy 5/d =z, 1/§ = u,
and hence the solution to (4.1) is

x 1

8= b=~ (4.3)

u

The most general compatible lift thus has the form

(o z/u
po(lL‘,U,Oé,’}/) - </7 1/u> ’ (44)
where o = «(z,u), v = v(x,u) are arbitrary functions, subject only to the condition
a # x7y, so that the determinant of (4.4) does not vanish, and hence p, does take its values
in the group GL(2).

Note that since G acts transitively, we can locally identify M ~ G/H with a ho-
mogeneous space, where H = G, is the isotropy group of the base point. Therefore, a
compatible lift is merely a (local) section of the fiber bundle G — G/H.

Proposition 4.3. Two maps p,p: M — G are compatible lifts with the same base
point if and only if they satisfy

p(z) = p(2) -n(2),

where 1: M — H is an arbitrary map to the isotropy subgroup of the base point z.

Thus, in the previous example, the isotropy subgroup H of the point z, = (0,1)

/
consists of all invertible lower triangular matrices of the form (?;, 1 ) Indeed, we can

rewrite (4.4) in the factored form

o= (5 0) = (0 ) (5 1) e

where o = a — x7, 7' = uvy, reconfirming Proposition 4.3 in this particular example.

Although the remaining unspecified group parameters can be identified with the
isotropy subgroup coordinates, in any practical implementation of the moving coframe
algorithm, it is not necessary to identify the isotropy subgroup explicitly, nor to adopt its
particular coordinates to characterize the order zero moving frame. Thus, in the present
example, the coordinates a, 7, are just as effective as the subgroup coordinates o’,~’. (The
interested reader can follow through the ensuing calculations using the subgroup coordi-
nates instead, reproducing the final result.)

The order zero moving frame p,(z, h), which is the general solution to the compatible
lift equations (4.1), defines a map from the zero*? order moving frame bundle B, = M x H ~
G/H x H, coordinatized by (z, h), to the group G, which is, in fact, a local diffeomorphism
po: By — G. There is an induced action of G' on the moving frame bundle B, that
makes p, into a G-equivariant map: p,(g - (2,h)) = g - py(2,h). Thus, the action on the
unnormalized group parameters h can be explicitly determined by multiplying the moving
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frame on the left by a group transformation. The action of G' on B, projects to the original
action of G on M, so that g - (z,h) = (g 2,1m(g,2,h)) for g € G.

In the present example, the induced action of GL(2) on the unspecified parameters
a,7, is found by multiplying the moving frame (4.4) on the left by a group element

a b ..
(c d) € GL(2); explicitly,

a z/u)_(a b\ (a z/u\ _ (ac+by (ar+b)/u (4.6)
¥ 1/u) \c d vy 1/u) \eca+dy (cx+d)/u)’ '
Therefore, the action of G = GL(2) on the moving frame bundle B, is given by

axr +b B U
u =

cx+d cx+d a = aq + 0y, v = ca+ ay (4.7)

T =
Note that the (z,u) transformations coincide with the original action (2.3), as they should.

Remark: In practical implementations of the moving coframe algorithm, we do not
have to explicitly compute this group action. We do this here so as to provide the reader
with some justification for our claims.

Remark: The action of G on By, = M x H does not project to an action on the isotropy
subgroup H, even if we use the associated subgroup coordinates. In the present example,
we find (4.7) implies that the subgroup coordinates o', 7" in (4.5) transform according to

—/ ad — be / —/ / CU /

Y T ard ™ 7:7+cm’+da'

The next step is to characterize the group transformations by a collection of differential
forms. In the finite-dimensional situation that we are currently considering, these will be
obtained by pulling back the left-invariant Maurer—Cartan forms g on G to the order zero
moving frame bundle B, using the compatible lift. The resulting one-forms ¢, = (p,)* p
will provide an invariant coframe on B, which we name the moving coframe of order zero.
The moving coframe forms ¢, clearly satisfy the same Maurer-Cartan structure equations
(3.2).

Theorem 4.4. The order zero moving coframe forms completely characterize the
group transformations on the bundle B,. In other words, a map V:B, — B satisfies
U*¢, = ¢, if and only if U(z,h) = g - (2, h) coincides with the action of a group element
g € G on B,.

In the present example, we substitute the formulae (4.3) characterizing our compatible
lift (4.4) into the Maurer—Cartan forms (3.4). The result is the order zero moving coframe

da — x dvy dx
Cl = ) CQ = )
o —yx u(a — yx) (4.8)
u(ady — yda) v dx du '
CSZ > C4:_ -
a—yx a—vyr u
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which forms a basis for the space of one-forms on B,. The skeptical reader can explicitly
check that these four one-forms really do completely characterize the group action (4.7),
as described in Theorem 4.4.

Let us now consider a curve N C M. For simplicity, we shall assume that the curve
coincides with the graph of a function u = u(z). However, this restriction is not essential
for the method to work, and later we show how parametrized curves can also be readily
handled by the general method. We restrict the moving coframe forms to the curve,
which amounts to replacing the differential du by its “horizontal” component udx. If
we interpret the derivative u, as a coordinate on the first jet space J1 = JIM ~ R? of
curves in M, then the restriction of a differential form to the curve can be reinterpreted
as the natural projection of the one-form du on J! to its horizontal component, using the
canonical decomposition of differential forms on the jet space into horizontal and contact
components. Indeed, the vertical component of the form du is the contact form du—u, dz,
which vanishes on all prolonged sections of the first jet bundle J'M. We refer the reader
to [38; Chapter 4] for a comprehensive review of the contact geometry of jet bundles.
Therefore, the restricted (or horizontal) moving coframe forms are explicitly given by

_da—xdy B dx
m= o —yx ) nz—u(a_,ny
(4.9)
u(ady — vy da) v(zu, —u) — ou,
Ny = y Ny = d:li‘,
a— T u(o — yx)

which now depend on first order derivatives.

The next step in the procedure is to look for invariant combinations of coordinates
and group parameters. FEach such invariant combination will either provide us with a
basic differential invariant for the problem, or, in the case that it explicitly depends on
the remaining group parameters, a “lifted invariant” which can be normalized and thereby
eliminate one of the remaining group parameters, as discussed below. Specifically, in
the present example, a function J(a,7,x,u,u,) will be a lifted invariant provided it is
unaffected by the group action on its arguments, meaning that

J(@,7,z,u,0;) = J(a,y,x,u,u,), (4.10)

wherever @, 7, Z, u, are related to «,,z,u, according to the induced action (4.7) of the
group on the moving frame bundle, and % is related to u, according to the standard
prolongation, [38], of the action of G on M to the first jet bundle J!. In the present
case, if Z,u are given by (4.7), then a straightforward chain rule computation provides the
prolonged action of GL(2) on the derivative coordinate:

(cx + d)u, — cu
ad — be '

U, = (4.11)
In other words, we interpret «,~,x,u,u, as coordinates on a bundle 50 — J! over the

first jet space, which is merely the pull-back go = (n})*B, of the zeroth order moving
frame bundle via the standard projection w}:J! — M. There is an induced action of

G on B, which projects to its prolonged action on J!. A (first order) lifted invariant,
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then, is just a function J: 50 — R which is invariant under the action of G on go- If the
lifted invariant J = J(x,u,u,) does not, in fact, depend on the group parameters «,,
then it will be a (first order) differential invariant. (However, in the present example,
there are no non-constant first order differential invariants, since GL(2) acts transitively
on J'.) Alternatively, if J actually depends on either o or v then it can be used in the
normalization procedure.

Fortunately, the lifted invariants can be determined without explicitly computing the
prolonged group action, or solving any differential equations. They appear in the linear
dependencies among the restricted (horizontal) moving coframe forms! Indeed, because
the one-forms are invariant, each coefficient J; in a linear relation n, = J; n; +- -+ J, 0y,
in which the forms 7, on the right hand side are linearly independent, is automatically
invariant under the action of the group. In our example, we note that, among the restricted
one-forms (4.9), there is one linear dependency, namely 1, = Jn,, where

J =vy(zu, —u) — au,. (4.12)

One can explicitly verify that J is indeed a lifted invariant, meaning that it satisfies (4.10)
whenever @, 7, Z, 4, U, are related to «, 7, x,u, u,, according to (4.7), (4.11).

The ultimate goal of the moving frame method is to eliminate all the ambiguities, i.e.,
the undetermined group parameters, in the original moving frame, in a suitably invariant
manner. Cartan’s crucial observation is that, we can, without loss of generality, normalize
any lifted invariant by setting it equal to any convenient constant value,

J(a, vy, x,u,u,) = c, (4.13)

without affecting the equivalence problem. In (4.13), ¢ can be any constant, subject only to
the requirement that the solutions to (4.13) remain in the group, e.g., that the determinant
of any resulting matrix (4.4) remains nonzero. Typically, ¢ is taken to be 0,1, or —1,
although other values can be chosen to simplify the resulting formulae. Assuming that J
does actually depend on the parameters «, 7, we can solve the normalization equation (4.13)
for one of them; e.g., @ = a(vy,z,u,u,). Because J is an invariant, such a normalization
will not alter the solution to the equivalence problem, and hence we can use it to eliminate
« from the original formulae for the moving frame and moving coframe. The result is a first
order moving frame, depending on one fewer unnormalized group parameter. This produces
a corresponding first order moving coframe, to which one can apply the same procedure,
leading to a chain of successive normalizations and reductions, eventually enabling one
to completely eliminate all the undetermined parameters and specify a uniquely defined
moving frame on some suitable jet bundle J* = J" M.

In accordance with the general procedure, then, we can normalize our particular lifted
invariant (4.12) by setting it equal to zero; the solution to the normalization equation J = 0

is then given by
o= (w) ~. (4.14)

Uy,

Substituting (4.14) into (4.4) produces the first order moving frame

py (@, u,uy,y) = <(xux —VU)W/U:C T?Z) : (4.15)
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which now depends on first order derivatives of u, and just one unnormalized group pa-
rameter. We can regard the coordinates (x,u,u,,7) as parametrizing a bundle B, — J!
sitting over the first jet space, which is realized as a G-invariant subbundle of go: namely
B, = J Y0} C go- As before, one can restrict the first order moving frame to a curve
u = u(zx) by restricting the map p; to the first prolongation or jet of the curve, i.e., we set
u = u(z), u, = u'(z), in (4.15), with v indicating the remaining ambiguity. There is an
induced action of GL(2) on B, which projects to the usual first prolonged action G @) of
the group on J!, cf. (4.7), (4.11), and makes the first order moving frame p,: B, = G into
a local G-equivariant diffeomorphism. In our case, the explicit transformation rules on B,
are given by

T =

ar+b u _ (cx +d)u, —cu _ (cx + d)u, — cu
- - = = z = L 4.16
cat+d ' ca+d ’ ( ad — bc v (416)

v ad — be
which coincide with left multiplication of the first order moving frame (4.15) by the given
group element. (Again, these explicit formulae are provided for illustration only, and are
not essential for application of the method.) Furthermore, substituting (4.14) into (4.8),
we find the first order moving coframe

d du du — u,, dx u,. dx
Cl - _fy - = + < y C2 == 2

v u, U Yu

~yu du du —u,, dx (4.17)
(5 = L —y(du —u, dz), Qz—u’” .

xT

As in the order zero case, cf. Theorem 4.4, the first order moving coframe completely
characterizes the group transformations on B;.

As before, we determine new lifted invariants by restricting the first order moving
coframe one-forms to a curve u = u(x). This amounts to replacing du and du, by their
horizontal components v, dz and u,, dr respectively, leading to the restricted forms

dy u, dx u,, dx Yyuu,, . dx
= 7 - :B;; ) No = — /;Zug ) N3 = %;7 Ny = 07 (418)

that now depend on second order derivatives. Alternatively, one could deduce these re-
stricted forms by substituting the normalization (4.14) into the previous restricted forms
(4.9). Note in particular that the fact that n, vanishes is an automatic consequence of
our normalization condition 1, = Jn, = 0; alternatively, we note that (, is an invariant
contact form, which hence vanishes when restricted to any submanifold. Now there is an
additional dependency, namely 75 = Kn,, where

Vulug,

K = 2
x

Y

is a new lifted invariant. Again, the reader can check that K is invariant under the
prolonged action of GL(2) on the bundle B, = (7%)*B;, — J2, where 73:J? — J! is the
natural projection, and is provided by (4.16) and the second order prolongation (chain
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rule) formula
. (cx + d)3u,,

Tz (ad — be)? (4.19)

We can normalize K = —1 by setting

Yo (4.20)

T \% ugua:a:

Note that we cannot normalize K = 0 since this would require v = 0, but then the lift
(4.15) would have zero determinant, violating the group conditions. The final lift

TU, — U x
Vudu (]

pQ(xa Uy Uy ux:r) = U, w 1 (421)
Vudu,, u

defines the second order moving frame. The moving frame (4.21) provides an explicit G-
equivariant identification p,: V? = G of the open subset V? = {uu,, # 0} C J? of the
second jet bundle with an open subset of the group G, identifying the prolonged action of
G on J? with the ordinary left multiplication on G; thus

po(g@ - 2D) =g py(z?), g€ GL2), 2P =(z,u,u, u,,)e V.

Substituting (4.20) into (4.18) produces the final set of invariant one-forms

d d d
Clz—#——u—% T Gy = —] 222 gy,
Uy, 22U U u

du —u,, dx
4'3: X _ X

- 3 9 C4 - u 9
U g U™ Upg

(4.22)

which form the second order moving coframe. Note that the second order moving frame
(4.21) provides an equivalence, piu, = (;, mapping the moving coframe forms on the
second order jet space to the Maurer—Cartan forms (3.4) on the group. Consequently, the
forms ¢; uniquely characterize the second order prolonged action of GL(2) on V? C J2.

Finally, the restricted (horizontal) moving coframe forms become

m=- d, Ny = du, N3 = — Ty, Ny =0.
2uu,,, u
There is one final linear dependency, namely 7, = —I 1,, where
3

PAVATITE

is the fundamental differential invariant of the transformation group, also known as the
group-invariant curvature. The remaining one-form ds = 7, is the fundamental invariant
one-form, or group-invariant arc length element. All higher order differential invariants
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can be found by differentiating the curvature invariant with respect to the invariant arc
length; for instance, the fundamental fourth order differential invariant is

L_or _dl_ [l
S On, ds  \wu,, dv
_ 2u2u;m:ux;m::r — 3u2u§:ma¢ — zuuxux:vuxma: + 6uuim — SUiu?m,

(4.24)

3
duu?,

From the general theory, we conclude that every differential invariant for the group (2.3) is
a function of the curvature and its successive derivatives with respect to the arc length. On
the regular part V? of the jet space J2, all GL(2) invariant ordinary differential equations
can be written in terms of these invariants; for instance the most general invariant third
order ordinary differential equation has the form

Uy, + 3U U, = ky/uud,, (4.25)

for some constant k.

Applications to the equivalence problem for curves (which includes the equivalence
problem for first order Lagrangians as well as that of classical invariant theory) follow
directly from the general theorems. Given a function u = u(x), we define its classifying
curve C to be the planar curve parametrized by the fundamental differential invariants
I(x),J(z). The general result states that two curves are mapped to each other by a group
transformation (2.3), so C = g - C, if and only if their classifying curves are identical,
C =C. A curve C is maximally symmetric if and only if its classifying curve reduces to a
point; in this case the original curve is, in fact, an orbit of a one-parameter subgroup of
GL(2). Thus, we have, in a very simple and direct manner, recovered the results in [36]
on the equivalence and symmetry of binary forms, which were found by a much less direct
approach based on the standard Cartan equivalence problem for particle Lagrangians.

There are a few technical points that should have been addressed during the preceding
discussion. First, one needs to impose certain conditions on the function u(x) in order to
ensure that the computation is valid. For instance, the normalization (4.14) requires
u, # 0, i.e., the curve does not have a horizontal tangent. (We have already assumed
that it does not have a vertical tangent by requiring that it be the graph of a smooth
function.) If u, = 0, then we can still normalize J = 0 as long as u # zu,, in which case
we normalize by solving for + instead of a. Actually, both cases can be simultaneously
handled by the normalization o = A(zu, — u), v = Au,, where A # 0 is a new parameter
whose normalization will be specified at the next stage of the procedure. The reader can
check that this alternative procedure leads to the same lift and differential invariants as
before. In the second normalization, we have assumed u,,, > 0 in order to take the square
root. For u,, < 0 we would need to normalize K = +1, and use / — u,, instead. Thus
the problem actually separates into two branches, with the inflection points u,, = 0 being
interpreted as singular points for the group action. The straight lines, for which u,, =0,
form a special class and must be analyzed separately. Finally, the square root itself has a

f In the complex-valued problem, there is no sign restriction.
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sign ambiguity (or, in the complex case, an ambiguity in its choice of branch). Both signs

must, in fact, be allowed in the final expression for the lift and the differential invariants.

Such branching and ambiguous sign phenomena will be familiar to practitioners of the

Cartan equivalence method; see [38] for a detailed discussion of these issues.

Let us finish this section by summarizing the basic method of moving coframes, in a
form which will apply to more general problems. The basic steps are:

(a) Determine the general invariant lift, or moving frame of order zero, by choosing a
base point and solving (4.1) for the given group action.

(b) Determine the invariant forms. In the finite-dimensional case, they are the Maurer—
Cartan forms, which can be computed either by using the matrix approach, or by
direct use of the transformation group formulae.

(c) Use the invariant lift to pull-back the invariant forms, leading to the moving coframe
of order zero.

(d) Determine lifted invariants by finding linear dependencies among the restricted or
horizontal components of the moving coframe forms.

(e) Normalize any group-dependent invariants to convenient constant values by solving
for some of the unspecified parameters.

(f) Successively eliminate parameters by substituting the normalization formulae into
the moving coframe and recomputing dependencies.

(g) After the parameters have all been normalized, the differential invariants will appear
through any remaining dependencies among the final moving coframe elements.
The invariant differential operators are found as the dual differential operators to
a basis for the invariant coframe forms.

Note that we do not need the explicit isotropy groups for the transformation group
actions, nor do we need compute explicit formulae for the prolonged group action in order
to successfully apply the method.

Remark: If one is solely interested in the final differential invariants and invariant
horizontal one-forms (i.e., invariant forms on the submanifold itself), then one need only
determine the effect of the normalizations on the horizontal components of the moving
coframe forms during the computation. The moving coframe itself will also include in-
variant contact forms, which vanish upon restriction, but which, nevertheless, play an
important role in other aspects of the geometry. See [38,40, 20], for applications of in-
variant contact forms to the study of invariant evolution equations, with applications to
image processing. Applications to the computation of the invariant cohomology of the vari-
ational bicomplex, cf. [2], are also of particular importance in the analysis of symmetries
and conservation laws of variational problems.

Remark: The proposed method of moving coframes has the same basic structure as
the Cartan equivalence method, [11, 16, 38], in that one deals with a system of differential
forms depending on arbitrary parameters, and seeks to normalize all the parameters by a
suitable collection of lifted invariants. One can, indeed, view the two methods as partic-
ular cases of a completely general equivalence procedure. However, it is worth pointing
out a few of the differences between the two. First, the Cartan method only deals with
lifted coframes, whose constituents are linearly independent differential forms, whereas the
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differential forms occurring in the moving coframe method are linearly dependent. The
invariant combinations (lifted invariants) used to normalize the parameters are found via
linear dependencies in the moving coframe method, whereas they arise as unabsorbed tor-
sion coefficients in the differentials of the lifted coframe forms in the Cartan equivalence
method. In the moving coframe method, the differentials of the moving coframe one-forms
satisfy the Maurer—Cartan structure equations, and hence do not provide any nonconstant
invariants. Finally, and perhaps most significantly, the group parameters g only occur
algebraically in the lifted coframe elements in the Cartan equivalence method, whereas in
the moving frame problems their differentials dg occur as well, since they appear in the
Maurer—Cartan forms. One can, of course, imagine solving hybrid equivalence problems,
in which aspects of both problems occur during the normalization procedure, although we
are not currently aware of any interesting examples where these occur naturally.

5. Intransitive Lie Group Actions.

Our next task is to extend the moving coframe method to the case of finite-dimensional
Lie groups whose action is no longer transitive. In the intransitive case, we still assume
that G is an r-dimensional Lie group acting effectively, and regularly, which implies that
its orbits, which we take to have dimension s, form a foliation of M. We choose a local
cross-section I C M to this foliation, i.e., a submanifold of dimension m — s intersecting
the orbits transversally, and introduce a compatible lift p: M — G by requiring that, for
each z near IC, the lift p satisfies

z = p(2) -z, for some 2y € K. (5.1)

The general solution to the compatible lift equations (5.1) will be of the form p(z,h)
depending on r — s parameters h. Note that unless the isotropy subgroups at each point
in the cross-section happen to be identical, we cannot identify the unspecified parameters
as local coordinates on any subgroup H C G, leading us beyond any principal bundle-
theoretic interpretation of the method. Nevertheless, the Implicit Function Theorem will
allow us to locally write the general compatible lift in this form. In addition, the group
admits (locally) m — s functionally independent invariants, I,(z),..., I, _.(z), whose level
sets characterize the orbits. The zerot! order moving frame will then be the map

Po(zah) = (p(z,h),[(z)), (52)

whose first components g = p(z, h) are those of the general compatible lift (for the given
cross-section) and, in addition, has the invariants w = I(z) = ([1(2),...,1,,_.(2)) as
further components. Note that p, is only locally defined, since z must lie near the cross-
section K, and, moreover, the remaining parameters h are determined in accordance with
the Implicit Function Theorem.

Note: We can view the range G x R™7% of p, as having the structure of a Cartesian
product Lie group, the additive group structure on the second factor formalizing the fact
that we can add invariants.

The moving coframe forms in this case are constructed from the Maurer—Cartan forms
p on the group G, together with the coordinate one-forms dw = {dw,,...,dw,, .} on
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R™~%. The group transformations are then characterized by the conditions

P'w=w, Odw=dw, I m=np. (5.3)

Using the moving frame lift g = p(z, h), w = I(z), to pull back these one-forms, we are led
to the zeroth order moving coframe, consisting of the pulled-back Maurer—Cartan forms
(po)* 1, along with the differentials (p,)*dw, = dI. of the group invariants. At this stage,
the set up of the intransitive problem is complete, and one proceeds, as in the transitive
case, to look for dependencies among the restricted coframe forms, and then normalize the
resulting lifted invariants.

Example 5.1. The intransitive action

A (a:7u)»—>(:c O‘“J’ﬁ), A:((;‘ ?)esm), (5.4)

"yu+

of the special linear group SL(2) on M = R? arises in complex function theory, [21]. (We
restrict to SL(2) in order to maintain local effectiveness.) The group orbits are vertical lines
and so the basic invariant is merely I(z,u) = x. We choose the cross-section K = {u = 0}.
Solving the equation A(z,u)-z, = (z,u), where z, = (y,0), leads to the general compatible
lift

o} ou

Ag(z,u,0,0) = | o5 -1 , (5.5)
)
ou
which forms the group component of the zerot® order moving frame. The other component
is just the invariant

w=1I(z,u) =x. (5.6)
Pulling back the Maurer—Cartan forms g = A=!dA and dw via the lift (5.5), (5.6), leads

to the order zero moving coframe

glz(a5—1)@—d—5, Cy = 07 du,
u 0 (5.7)
ud(ad) + ad(1 — ad) du
<3 = (52?1/2 ) C4 = d.

As before, we restrict to a curve u = u(x) by replacing du by its horizontal component
u,, dz. Letting n, denote the horizontal component of ¢;, we find that there is one resulting
linear dependency, namely

N, = 6*u, dx = Jdx = Jn,.

The leads to the first normalization § = 1/ \/@ resulting from setting J = 1. Substituting
this normalized value into (5.5), (5.6), provides the first order moving frame. Further-
more, substituting into (5.7) produces the second order moving coframe, with horizontal
components

Vg

)dw, Ny =y = dw,  omy = (da—amng). (5.8)

2uu,,

2aui/2 + uu,, — 2u?
h =
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Now we normalize the coefficient of 77, to 0 by setting a = u;3/?(u2 — suu, ). The final
moving frame (of order 2) is

1 2_1
A, (um lzuumx qu) , w=x. (5.9)

— 372 _1
’U,i/ 2 uaxr: uac

The corresponding restricted moving coframe has reduced to

Mo =Ny = dzx, N3 = _isnw n =0, (5‘10)
where )
S — = (5.11)

is the classical Schwarzian derivative of the function w(z), whose invariance under lin-
ear fractional transformations is of fundamental importance in complex function theory.
Since the one-form dz is invariant, all the higher order differential invariants are found by
differentiating S with respect to x.

Actually, the preceding computation can be slightly simplified by extending our gen-
eral method to non-effective actions. We consider (5.4) as defining a non-effective (and
intransitive) action of the general linear group GL(2) on R2. We may apply the second
algorithm for computing the required Maurer—Cartan forms, leading to the three one-forms
(3.12) that annihilate the global isotropy subalgebra. We substitute the compatible lift
formulae 3 = du for the order zero moving coframe, which is now A, = (3 5; ), into

(3.12), leading to the restricted moving coframe forms

. Ou,dx . doa—wudy+yu,dr db
h = ; Ny = -
o — uy o — uy ) (5.12)
. vyda—ady - 4 '
= - = axr.
N3 5(0(—“’}/) My

The first dependency between 7; and 7, leads to the reduction 6 = (o — wy)/u,. Sub-
stituting into 7, leads to a second dependency, and the resulting normalization yields
a=vy(u—2u2/u,,). At this stage, even though we have not normalized the final parame-
ter -, it no longer appears in the coframe, which coincides with our earlier one, (5.10). It
does, of course, occur in the final moving frame lift, which is obtained by multiplying the
matrix A, in (5.9) by v. However, v plays no other role in the problem, and merely reflects
a final indeterminacy stemming from the ineffectiveness of the group action. The main
point in this solution method is that one does not have to explicitly implement an effective
action, as was done in the original lift (5.5), in order to solve the problem. Indeed, in more
complicated examples, it may be relatively straightforward to write down the compati-
ble lift for an ineffective group action, whereas doing the same for the effectively acting
quotient group G/G,,; may be considerably more complicated.

Example 5.2. Consider the elementary similarity group G = Rt x R? acting tran-
sitively on M = R? via,
A: (z,u) — (az + a,ou+ D). (5.13)
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For the base point z, = (0,0), the associated moving frame of order 0 is the lift with a = «,
b = u. The Maurer—Cartan forms {da/a, da/a, db/a} are pulled back to provide the zeroth
order moving coframe, whose horizontal (or, more precisely, non-contact) components are

_d_a _d_x u, dz

771—a7 ?72—@, N3 = o

(5.14)

There is a single linear dependency 73 = In,, but the resulting invariant I = u, does
not depend on the remaining group parameter, and hence cannot be used to normalize
it. To proceed further in such cases, we work in analogy with the preceding intransitive
case. Here the intransitivity is on the first order jet bundle, and is an indication of the fact
that this particular group exhibits the pathology of “pseudo-stabilization” of its prolonged
group orbits, cf. [38]. We therefore introduce an additional invariant one-form du,,, whose
horizontal component is
Ny = Uyy dr = KT’Q

The resulting dependency leads to the lifted invariant K = au,, which yields the desired
normalization « = 1/u,, and the second order moving frame. The associated invariant
coframe is

772 = 774 - u;cm dl', 771 = _JTI27 773 = 1772, (515>

yielding two fundamental differential invariants

I=u,, J =u; u (5.16)

T Trrxr”

The higher order invariants are found by differentiating J with respect to 1, = u,, dv ~
du,, so that a basic fourth order invariant is

dJ 1 dJ u
- - 7Y _ Zzzax _ 9 g2
du, u,, dx u2, J

K

Note that dI/du, = 1, so that differentiating I produces nothing new. Thus, in this
case, we find two fundamental differential invariants, and require three, namely (1, J, K),
to parametrize the classifying curve that solves the associated equivalence problem. We
conclude that the phenomenon of pseudo-stabilization of group orbits is reflected in the
moving coframe procedure by the premature appearance of differential invariants, whose
differentials are required to finish the procedure. See [38, 39] for further discussion.

Remark: Interestingly, if the scaling acts differently on x and u, so the group is
A (z,u) — (az + a,o"u +b), (5.17)

for k # 1, then pseudo-stabilization does not occur. Such cases can be readily handled via
our basic method without any such intransitive normalizations.

6. Reparametrization Pseudo-Groups.

The classical applications of moving frames to curves and surfaces in Euclidean, affine,
and projective geometry, cf. [6,8,19], can all be readily implemented using the moving
coframe algorithm. In each case, we consider the reparametrization equivalence problem
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for submanifolds, so that the underlying transformation group is the Cartesian product
of an infinite Lie pseudo-group, namely the local diffeomorphism group Diff(X) of the
parameter space, and a finite-dimensional Lie group acting on the manifold M. In this
case, in addition to the Maurer—Cartan forms for the group, one also includes the one-forms
defining the diffeomorphism pseudo-group. One can then proceed to reduce and normalize
as before. For simplicity, we just deal with planar curves, although extensions to surfaces
and curves in higher dimensional ambient spaces can also be handled without significant
further complications.

Example 6.1. Fuclidean geometry of curves. The most well-known classical example
is the reparametrization equivalence problem for curves in the Euclidean plane, introduced
in Example 2.1 above. In this case, we are dealing with a finite-dimensional group, the
Euclidean group E(2) on the plane, together with the pseudo-group Diff(1) consisting of
all smooth (local) diffeomorphisms of the line representing the change of parameter. Thus,
the entire pseudo-group G = Diff (1) x E(2) acts on the total space M = R x R? with
coordinates (t,x) = (t,x,y). For the Euclidean component, we use a compatible lift

R x cos¢p —sing
Ao(w,y,szﬁ):(O 1)2 Silgcb cogcb :t{ , (6.1)

and compute the pull-back of the associated Euclidean Maurer—Cartan forms:

_ _ 0 —d¢ cosopdxr—+singdy

1 1

¢=AytdA, = <R OdR R de) =|dp 0 —singdr—+cospdy |. (6.2)
0 0 0

On the other hand, the pseudo-group Diff(1) is characterized by the invariance of the
canonical one-form o dt on the frame bundle F(R), cf. [26], and hence we include this
additional one-form in our moving coframe formulation. Restricting these four one-forms
to a parametrized curve (x(t),y(t)) leads to

n, = do, Ny = (x, cos ¢ + y, sin @) dt, N3 = (—x, sin ¢ + y, cos @) dt, n, = odt.
(6.3)
Now n, = Jyn, and n3 = J,n, are the linear dependencies, with associated lifted invariants

x,cos ¢+ y,sin ¢ J _ —x;sing +y, cos
9 2 — .

J, =
! o o

We normalize J; =1, J, = 0 by setting
¢ = tan_l(yt/a:t), o=z} +yi. (6.4)

This immediately produces the first order moving frame

N ) B ) B
R=—-—_ ("t t), a=— , o=\/x?+y?. 6.5
cer O v e
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The canonical one-form o dt has been reduced to the fundamental arc length form ds =
V7 +y2 dt for the Euclidean group. Substituting into (6.3), we are left with a final set
of horizontal one-forms

M = Ky, Ny =1, =ds = \/x? + y?dt, n5 = 0. (6.6)

Here
Ty — TYy X AN Xy

@y %P

=x, N X, (6.7)

is the fundamental differential invariant for the Euclidean group — the curvature of the
plane curve. All higher order differential invariants are obtained by successively differen-
tiating the curvature with respect to arc length.

The classical Frenet equations for curves in the Euclidean plane are reformulations of
our final moving frame formulae. (See Section 7 below for more details on the connection
with the classical theory.) The rotational component in (6.5) is traditionally written as
R = (eq,e,), where e, is the unit tangent and e, the unit normal. The translational
Maurer—Cartan forms 7, = ds, n3 = 0 are computed by the original formula as the entries

of R-ldx = Cff

Maurer—Cartan matrix

-1 . 0 —k . . @ . ) 0 —k
R dR = (K 0 ) ds implies that 15 = R e 0 )

dx
, which reduces to the first Frenet equation I = e,. Similarly, the
S

The columns of the latter matrix differential equation complete the system of Frenet equa-
tions:

dx o de, o de,

- — — = K R

ds v ds 2 ds
Finally, the Maurer—Cartan structure equations (3.2) for the Euclidean group reduce to
the classical Frenet—Serret equations for curves. See [13; p. 23], [19; p. 20], for details.

— ke, (6.8)

Remark: One can also compute, as in our original example, the full moving coframe
forms on the jet bundle, leading to a corresponding set of fundamental Euclidean-invariant
contact forms.

Remark: Actually, since we are dealing with the full pseudo-group Diff (1) consisting
of all diffeomorphisms of R, the final one-form 7, = o dt in our moving coframe (6.3) is, in
fact, irrelevant — one could perform the same normalization (6.4) of the angle ¢ based on
the dependency between 7, and 7, the lifted invariant now being J,/J; which is normalized
to zero by setting J, = 0, leading to the same final moving coframe and curvature invariant.
Thus the calculations for parametrized curves and surfaces can, in fact, be done without
invoking the diffeomorphism pseudo-group. Nevertheless, in all examples we have treated,
the inclusion of the canonical one-form 71, on the parameter space leads to an immediate
identification of the final invariant arc length element. More generally, the restricted
reparametrization equivalence problem does require the introduction of suitable one-forms
that characterize the pseudo-group of allowed reparametrizations.
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Remark: The problem of Euclidean equivalence of curves with fized parametrizations,
as discussed in Example 2.1, can also be formulated and solved in the moving coframe
context. Now we are in the intransitive framework, where the parameter ¢ provides a
scalar invariant. Consequently, we retain the first three one-forms n,,n,,75 in (6.3), but
replace 7, by dt to form the moving coframe. We normalize J; = 0 as before, but now J, =
v = y/z? +y? forms a first order differential invariant — the speed of the particle. The
final moving frame has n, = K dt, n, = 0, n; = vdt, n, = dt, where K = z,y,,—x,,y, = v’k
is a second order differential invariant. The higher order differential invariants are found
by differentiating with respect to t. Note that the arc length ds = v dt is also an invariant
one-form, being an invariant multiple of dt, and hence one can, without loss of generality,
apply the arc length derivative d/ds to produce the higher order differential invariants
instead. Thus, in this case, a complete list of differential invariants is provided by v, k,
and their derivatives with respect to arc length.

Example 6.2. The equiaffine geometry of curves in the plane is governed by the
special affine group SA(2) = SL(2) x R?, acting on M = R? according to

g: x+— Ax+a, x €M, AcSL(2), acR? (6.9)

We shall adopt a vector notation for the matrix A = (a3) € SL(2), so that the column
vectors are subject to the unimodularity constraint

ahp=1. (6.10)

It will be computationally convenient not to explicitly implement the unimodularity con-
straint (6.10) by solving for one of the parameters, but retain it as an additional constraint
that is to be respected during the course of the calculation. This method, i.e., treating
a subgroup of a larger Lie group via a collection of algebraic constraints, rather than
parametrizing it directly, has general applicability, and can be readily implemented as is
done in this particular case.

The Maurer—Cartan forms are computed directly as in Section 3, leading to

py =aANdo, py,=pBANda, ps=pBANdB8, vy, =aAda, v,=pANda. (6.11)
Note that the unimodularity constraint (6.10) implies that
aldB=BA da, (6.12)

which means that the matrix of Maurer—Cartan forms p = A~ dA must be trace free.

Choose the base point to be x, = 0. Solving the compatible lift equations x = g-x, = a
yields the zerot! order moving frame, which sets a = x. Substituting into the Maurer—
Cartan forms (6.11), we find that, for a parametrized curve x(t), the forms v, v, restrict
to the following two horizontal forms:

m = (e Ax,)dt, ny = (BAx,)dL. (6.13)

Their ratio produces the lifted invariant (e A x,)/(8 A x,), which is normalized to 0 by
setting
o= \x,, (6.14)
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for some scalar parameter \. Substituting (6.14) into the first Maurer—-Cartan form p, =
a A da, leads to the restricted form &, = A\?(x, Ax,,) dt. Assuming x, Ax,, # 0, the latter
form can be normalized to equal —n, by setting

—BAx, =N (x, Ax,,), or B=A\x, +px,, (6.15)

for some scalar p. However, applying the unimodularity constraint (6.10) to the normal-
izations (6.14), (6.15), we deduce that A\3(x, A x,;) = 1, and thus

AL (6.16)

. .
/X N Xy

Note that (6.15), (6.16) reduce the form 7, to be minus the equi-affine arc length form

ds = {/x, Nx,, dt. (6.17)

Furthermore, substituting (6.15), (6.16) into the second Maurer—Cartan form, we find it
reduces to a multiple of £; = ds, so

& =B Nda = Jds,

where the lifted invariant

Xy N\ Xy

J = p(x, Ax, )3 4 Tt
M( t tt) 3(Xt /\Xtt)4/3
is normalized to zero in the obvious manner. Therefore, the final moving frame is given by

dx X, d*x Xy (% A Xyppp) X4
== ——— = = — , a — X. 6.18
ds /%, Axy . ds? (%, AXy)?3 0 3(x, Axyy)5/3 (6:18)

The final Maurer—Cartan form becomes

& = BAAB = kds,

(83

where )
e —x Ax  — (% A Xypye) + 4Ky AXyyy) 50X AXyyy) (6.19)
U 3(x, Axyy)%/3 9(x, Axyy)8/3 '

defines the equi-affine curvature. As usual, all higher order differential invariants are
obtained by differentiating x with respect to the equi-affine arc length ds. This reproduces
the basic invariants of the equi-affine geometry of curves, [19]; see also [5] for applications
in computer vision.

As with the Euclidean case, we recover the classical Frenet equations as simple refor-
mulations of the final moving frame formulae. We identify the linear part

A = (81,92) = (X57X55)

of the final moving frame with the equi-affine frame at a point x(¢) on the curve, so
that e; = x, is the unit affine tangent vector, whereas e, = x,, is the unit equi-affine
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normal. Combining this with the Maurer-Cartan matrix A=!dA = : é) ds leads to

the complete Frenet equations of planar equi-affine geometry, [13; p. 27]:

dx de de
E e el’ 1 = —2 = K/el. (620>

See [19; § 7-3] for further details.

Example 6.3. The most complicated example treated in the literature, [7], is the
projective geometry of curves in the plane. Here the group is SL(3), acting on M = RP?
according to

ar+ Pu+vy A\r+pu+v
pr+ou+T pr+ou+T

o Y
g: (x,u) — ( ) , det A = det | A vi=1 (6.21)
p T

Q= @

For simplicity, we deal with curves which can be expressed as the graphs of functions,
u = u(z), although the general case of parametrized curves can be handled via the same
sequence of normalizations. Choose the base point to be z, = (0,0). Solving ¢ - (0,0) =
(x,u) leads to the order zero moving frame in the form?

a [ xT _ _
A= X p ur |, where a= L+ 7B = pu) + alup = Ao) . (6.22)
PR (1 — ox)

The one-forms in the first order moving coframe are the entries of the pull-back of the
Maurer—Cartan matrix A~! dA, which we label (in row order) as 7, ..., ng, the final entry
being ny = —1; — 75, reflecting the unimodularity of A. For simplicity, we just indicate the
salient features of the computation without dwelling on the details. (These computations
were done with the aid of some MATHEMATICA routines written for this purpose.) The
first normalization comes from the ratio n4/n,, whose vanishing requires

p=o(u—zu,)— Pu,.

Plugging this normalization back into the moving coframe forms and recomputing, we find
that we can normalize 1y = 1, by requiring

g =ox —um_ml/‘o’.

In the next stage, we set 75 to zero by normalizing

1/3 2
o — T(pu - )‘)u;m: Uy Upgy — 3uxx
o 4/3
Uy 3uxuzx

T In this example, we have chosen to implement the unimodularity constraint explicitly.
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At the next step, we can no longer just look at one-forms depending only on dx — these
do not produce any further invariants. However, we discover that ny = Jn, +n,, and hence
the rather complicated lifted invariant J can be normalized to zero, leading to

Uty — U, +u, \/18,07'u8/3 P,

A=pus 37'u5/ 3 ’
where
Next, the normalization 7, = —n, requires
3 L5
T = A4 where L = guxxuza:mxm 45ux:r:ux:r9: TrTT + 40ux1‘x
54 u

The final normalization
Mg+ PL?
33/4ud LT

comes from setting 7, to zero. The final moving frame is explicitly given by

where My = (u,, D, —4u,,. )Ly

a:am)

A+ plru, —u 3 ./2ud,
AL ) 3 2 gl g
T T 5
uM@ + 6u,u,, Le Mg + K, L2 u
A= ¢ _co 5 8 45 =u = vV =ut 6.23
3L I S o
_ ME+ Py go Mo I
33/4ut LT 3ut/PLy’ 33/2ul,

The corresponding final coframe has

/Ly 9u2_u —45u__u + 40u?
— _ _ dS _ dr = xT wxwx:p xx ‘rxrx xmxw TTX d
M2 N7 = \/— uﬂt \/ 54 u;},m
(6.24)
which determines the well-known projective arc length element, while n, = ng = —rds
yields the projective curvature invariant
o 6u,, LD, Mg —32u,, Le Mg — TMZ — P4L§' (6.25)

2Ly
Again, all higher order differential invariants are found by differentiating the projective
curvature k with respect to the projective arc length ds. This relatively straightforward
computation reproduces the moving frame and the fundamental invariants for the projec-
tive geometry of curves. Cartan, [7], presents a variety of alternative methods to arrive
at the same basic result. See also [38] for a Lie-theoretic approach, and Wilczynski, [49],
for an approach based on differential operators.
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In the classical moving frame method, one identifies the columns of the 3 x 3 moving
frame matrix A = (P,, P, P) as homogeneous coordinates for three points in the projective
plane RP?, the last column P = 7 - (z,u,1)T representing the point on the curve. The
Maurer—Cartan matrix

0 1 0
APdA=| -k 0 1|ds
-1 —k 0
reduces to the full set of projective Frenet equations,
dP dP, ap,
= 1l _LP4+P 2 _ _P—-—kP,. 6.26
ds b ds RE+ T ds I (6.26)

See also [13; pp. 33ff.] for applications to projective curvature evolutions and computer
vision.

7. Connections with the Classical Moving Frames Method.

Our initial identification of a moving frame as an equivariant lift from the underlying
space to the Lie group will be familiar to readers of the modern formulations of Griffiths,
[18], and Jensen, [23]. However, since this point of view is not completely standard, it
is worth reviewing how it relates to the more usual geometric approaches, e.g., [19, 50].
Traditionally, a moving frame is realized as a collection of vectors (or, in the projective case,
points) in the underlying space. The reason that this works in the classical cases, including
Euclidean, affine, and projective geometry of submanifolds, is that it is possible to identify
the components of the group itself with objects in the underlying transformation space. For
example, in the Euclidean case, one identifies a Euclidean group element (R,a) € E(m) ~
O(m) x R™ with a vector a € R™, together with an orthonormal frame determined by
the columns of the orthogonal matrix R. The zeroth order moving frame, then, uses the
lift a = x, where x is a point on the submanifold N C R™, and the orthogonal matrix
is identified with an orthonormal frame in the ambient space based at the point. The
remaining ambiguity in the frame is up to orthogonal transformations, which must then
be resolved in an invariant manner. Similarly, in the equi-affine case, one identifies a group
element (A,a) € SA(m) ~ SL(m) x R™ with a vector a € R™ together with a unimodular
frame determined by the columns of the matrix A. Again, the zerot® order moving frame
takes a = x to be a point on the submanifold, and the unimodular frame becomes a set
of vectors based at the point x. In both cases, the moving coframe method introduces the
Maurer—Cartan forms p = (o, v), where 0 = A71dA, v = A~!da, leading to the initial
structure equations

dx =A-v, dA=A-o. (7.1)
The moving coframe forms satisfy the usual Maurer—Cartan structure equations (3.2),
which, in the classical cases, become the fundamental Cartan structure equations for Eu-
clidean or affine geometry.

Usually, one bypasses the order zero moving frame entirely, and proceeds directly to
the first order moving frame, in which the frame at the point x € N is split into two parts,
so that (using column vector notation)

A= (E,F)=(e,....e,.f,....f ), (7.2)

’ T no rTm—n
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where the first n = dim N frame vectors form a basis for the tangent space T'N to the
submanifold, while the remainder are left arbitrary, subject to the entire frame satisfying
the proper orthonormality or unimodularity constraint. Thus, in the Euclidean case, the
vectors {f;,...,f _ 1} form an orthonormal basis for the normal space to N, whereas in the
equi-affine case they are left arbitrary subject only to the condition that the determinant
of the matrix (7.2) be unity. If we parametrize the submanifold by x(¢,,...,t,), then the
most general first order moving frame (7.2) will have the form

E=(e,...,e,)=V-B, (7.3)

where 5
X
V = = 7.4
(V17 ’V'n)’ Vz 6t‘ ) ( )

(2

is the m x n Jacobian matrix, whose columns span the tangent space to N, while B is
an invertible n x n matrix. (In the Euclidean case, the matrix B is restricted so that the
columns of F are orthonormal, leaving an O(n) ambiguity.)

Let us show how this preliminary normalization to a first order moving frame is an
immediate consequence of our general normalization procedure. Using the zeroth order
moving frame lift, the pull-backs of the subset of Maurer—Cartan forms given by the entries
of v = A= da can be written in matrix form as

v=Aldx = A~V dt.

Precisely n of the m one-forms v are linearly independent, and hence we can normalize
so that the last m — n of these forms vanish. This requires that the matrix A satisfy the

block matrix equation
ATV = (103)’ (7.5)

where D is a nonsingular n x n matrix, while 0 denotes the zero matrix of size (m —n) x n.
Writing A = (E, F') in block form (7.2), we see that (7.5) requires

V=EFE-D, or E=V-C, where  C =D7!,

thereby recovering (7.3). Thus, we can see that in such cases, the first order frame recovered
by an order zero normalization coincides with the traditional first order frame involving
tangent and normal directions.

Similar considerations apply to the projective case. According to Cartan, [7], the
zerot? order frame can be identified with a set of n + 1 linearly independent points in the
projective space which are identified with the columns of the matrix A € SL(n + 1). The
zeroth order lift, as in (6.22), amounts to identifying one of the columns with the point
on the curve x. More precisely, the column is a vector with n 4+ 1 components, which are
interpreted as the homogeneous coordinates of x.

In more sophisticated versions, one realizes the moving frame on the submanifold N C
M as a section of the frame bundle F(M) of M, pulled back to N, i.e., a section ¢: N —
F(M). One can also try to handle cases that do not so readily fit into this simple framework
by reinterpreting them as sections of a suitable higher order frame bundle F*(M) over N,

32



cf. [26]. Although this is possible for all (regular, transitive) transformation groups, the
original geometrical realization has now been obscured, and such a reformulation does not,
we think, offer much insight or help in the explicit implementation of the method.

Consequently, the method of moving coframes includes all the classical constructions
based on the indicated identification of group elements with geometric objects on the trans-
formation space. However, once one goes beyond the traditional cases, such identifications
become much less apparent, and, in our opinion, attempting to mimic the Euclidean, affine,
and projective constructions directly on the transformation space has hindered the devel-
opment of any significant extensions of the method. Furthermore, once one steps outside
the realm of “classical” moving frame geometries, one can no longer use the identification
of the first order frame with tangent and normal directions. Our non-traditional exam-
ples all illustrate this — the first order frames do not include the tangent spaces to the
submanifolds in any obvious manner, because their naive identification with subspaces of
Euclidean space is not necessarily invariant with respect to the given transformation group.
It is our view that, in order to attain their full range of applicability, the constructions
must be viewed in the purely group- or, more generally, bundle-theoretic framework that
we have presented here and develop in detail in part II.

8. Joint Differential Invariants.

New applications in image processing and object recognition, [35], have demonstrated
the need for classification and computation of the joint differential invariants or, as they are
known in computer vision, semi-differential invariants, for a given transformation group.
Specifically, one is given a Lie group (or pseudo-group) G acting on M and considers
its diagonal action g - (z!,...,2%) = (¢ - 2%,...,9 - 2*) on the k-fold Cartesian product
M** = M x --- x M. The invariants I(z!,...,2*) of such a Cartesian product action are
known as the k-point joint invariants of the transformation group. Note that for j < k,
any j-point invariant can be regarded as a k-point invariant, in several different ways.
For example, the two-point invariant I(z,z,) produces three invariants on M >3, namely

f(zl,zQ,zg) = I(2y,25) or I(2y,23) Or I(zy,25). If I is not symmetric in its arguments,
these in turn lead to 3 further invariants by interchanging the points. To avoid this trivial
extension, we will reserve the term k-point invariant for a joint invariant which cannot be
written as as one depending on fewer than k£ arguments.

Similarly, the invariants of the prolonged diagonal action of G(™) on a k-fold Cartesian
product of jet spaces (J7)*¥ are the joint differential invariants of k different submanifolds
Niy,...,N,, C M, which we view as a single submanifold N; x ... x N, of the Cartesian
product space M*F. In applications, the submanifolds N ; = IV are identical, but the joint
differential invariants are measured at k different points along the given submanifold.

The method of moving coframes readily adapts to this slightly more general situation,
and immediately provides complete classifications of joint differential invariants for all of
the standard geometric transformation groups.

Example 8.1. Fuclidean joint differential invariants. Consider the Euclidean group
E(2) acting on the plane M = R%. We consider two-point differential invariants, corre-
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sponding to the Cartesian product action
(x,y)— (R-x+a,R-y+a), x,y € M, (R,a) € E(2), (8.1)
on M*? ~ R* Note that the action is intransitive on M %2, with the interpoint distance
r=|z|, where Z=X-Y, (8.2)

being the fundamental joint Euclidean invariant. (See [48] for a proof that all Euclidean
joint invariants can be written in terms of the elementary two-point invariants.) We can
choose the cross-section to the orbits given by x, = 0, y, = (r,0), which leads to the
compatible lift with

a=x, (rcosg,rsing) =z=x—y. (8.3)

Therefore, all the group parameters are normalized by the initial compatible lift, and it
only remains to substitute (8.3) into the Euclidean Maurer—Cartan forms (3.5). The net
result is the following system of invariant forms:

(,=z-dx, (=z-dy, (3=r>d¢=zAdz. (8.4)

Note that the forms (8.4) include the differential of the joint invariant (8.2) since rdr =
¢; + ¢, Therefore, given two parametrized curves

x=x(t), y=y(s), (8.5)
the first two one-forms (8.4) restrict to define two invariant one-forms
n, = (z-x,)dt, ny = (z-y,)ds, (8.6)
while 1y = I, n; + I, n,, where
zZ N\X ZNy
I = to =205
1 Z.Xt, 2 z-ys7 (87)

are the two fundamental first order differential invariants, which, along with the original
joint invariant (8.2), form a complete system of first order joint differential invariants. The
vector identity

(a-b)?>+(anb)?=|al?|b|? (8.8)
demonstrates that
J:‘Xt|: 1+(1)?
1 Z X, r

is also a joint differential invariant, and hence (in the orientation-preserving case) one can
replace the one-forms (8.6) by the two Euclidean arc-length forms

W1:J1771:‘Xt’dta w2:J2n2:]ys|ds. (8.9)

Theorem 8.2. FEvery two-point Euclidean joint differential invariant is a function of
the interpoint distance r = |x —y | and its derivatives with respect to the two arc length
forms (8.9).
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For example, to recover the Euclidean curvature x; = |x, | ?(x, A x;;) of the first
curve, we differentiate

oI, zZ N Xy (z Ax)[(z-x,) +]%, %] (z Axy)(Z %) — (2 AX,) (2 x4)

om (z - x;)? (z - x,) (z - x,)? o
(x, Ax,,)|z|?
B t(z.;i)g__“‘lijf = ryr? = 1Y,
where we have used the first of the following equivalent determinantal identities
(aAb)(c-d)+ (bAc)(a-d)—(anc)(b-d)=0, (.10)

(aAb)(cAnd)+ (bAc)(and)—(anc)(bAd)=0.

Example 8.3. FEqui-affine joint differential invariants. A more substantial example
is provided by the two-point differential invariants for the special affine group SA(2) =
SL(2) x R?, acting on M = R2. The Cartesian product action

(x,y) — (Ax +a, Ay + a), X,y € M, AcSL(2), acR? (8.11)

is transitive on M*2. As in Example 6.2, we use the vector notation 4 = (a3) € SL(2),
where a A 3 = 1.

In view of (8.11), we can choose the base point x, = 0, y, = (1,0), noting that the
diagonal A = {x = y} € M*? is a singular two-dimensional orbit. This leads to the
compatible lift with

a=x, a=z=XxX-Y. (8.12)

Substituting into the Maurer—Cartan forms (6.11), we find that, for a pair of parametrized
curves as in (8.5), the following horizontal forms:

(z N x,)dt, (B Ax,)dt, (zNy,)ds, (BAY,)ds,

the first two being the pull-backs of v, v,, and the latter being that of v; — py, vy — pts.
Generically (i.e., provided x — y is not parallel to x,) we can normalize the second form
to zero, leading, in view of (8.12) and the unimodularity constraint, to

= : (8.13)

which, combined with (8.12) provides the complete moving frame. The remaining one-
forms are
n, =z Adx = (zA\x,)dt, ny,=zANdy =(zAy,)ds, (8.14)

which provide the two fundamental invariant one-forms, and
X, Ny X, A X
=BAdy = |25 |d =B AdE = | Lt dt.
773 /6 y |i z N\ Xt :| S, 774 /6 ﬁ |:(Z A Xt)2

The resulting linear dependencies provide the two basic differential invariants, consisting
of a single first order invariant
X, N\
I= t0¥s (8.15)
(zAx)(zNy,)
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and the first of the two second order invariants

X, A X y. Ny
J, = t Tt , J, = 28 Jss
VT eax) T Ay (519
Clearly J, can be obtained from J; by the interchange symmetry x < y. Alternatively,
we use (8.10) to compute

9 e _(Xtt ANys)(ZAx) — (% Ay )(zAxy) _ (xu Ax)(Z N YS) = J,,

oy (zAx,)*(z2NY,) (zAx%,)3(zNy,)

so that (8.16) are equivalent to the invariant first order derivatives of the single basic joint
invariant .

Theorem 8.4. Every two-point equi-affine joint differential invariant is a function
of the fundamental first order invariant (8.15) and its derivatives with respect to the two
“joint arc length” forms (8.14).

The reader is invited to try to express the ordinary affine curvature in terms of the
derivatives of I. The same method readily extends to multi-point invariants of more general
groups, including the projective group, as well as joint invariants for surfaces and higher
dimensional submanifolds. Additional examples and applications will appear elsewhere.

9. Pseudo-Group Actions.

The next case is that of infinite Lie pseudo-groups, cf. [28, 30, 10,42, 43]. See also
[29, 45], for classical results on differential invariants of Lie pseudo-groups, and Kumpera,
[27], for a modern treatment. These are readily fit into the same general framework as
follows. Assume, initially, that the pseudo-group G acts transitively on the space M.
By definition, a Lie pseudo-group consists of an infinite-dimensional family of invertible
(local) transformations that form the general solution to an involutive system of partial
differential equations. We can always characterize the transformations ¢: M — M in G
as the projections of bundle maps V: 5 — B, defined on a principal fiber bundle B — M,
that preserve a system of one-forms ¢ = {(,...,(,} defined on B:

U*¢ = ¢. (9.1)

The forms ¢ will play the role of the moving coframe forms for the pseudo-group, and the
fiber coordinates of the bundle B will play the role of the undetermined group parameters.
Of course, in this case ¢ does not form a full coframe on B. (It cannot, because the sym-
metry group of a coframe is necessarily a finite-dimensional Lie group, [38].) A compatible
lift, or moving frame of order zero, is just an arbitrary section py: M — B. Such a section
defines a corresponding moving frame p = p,ot: X — B on any parametrized submanifold
t: X — M. With these provisos, the normalization and reduction procedure proceeds as
in the finite-dimensional situation.

Example 9.1. Consider the pseudo-group G consisting of (local) diffeomorphisms
on M = R? of the form

P=f@), w= g (9.2)
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The Lie algebra of G is generated by vector fields of the form
v, = h(z)d, — uh'(2)d,.

This pseudo-group was first introduced by Lie, [28; p. 353,32], in his classification of
infinite-dimensional pseudo-groups acting on the plane. We are interested in the action of
G on curves which, for simplicity, we assume are graphs of functions u = u(z).

The first step is to construct a bundle B and one-forms on the bundle whose invariance
characterizes the pseudo-group transformations. In this case, away the axis u = 0, the
group transformations (9.2) form the general solution to the defining system of partial
differential equations

w, = — (9.3)

for z = z(z,u), u = w(x,u), cf. [46; p. 325]. The system (9.3) defines a submanifold
d: R — JL(R? R?) of the first jet space, parametrized by the coordinates (z,u, z, w,w,).
The pull-backs of the basic contact forms on J!(R? R?) to the equation submanifold R
are given by

z

0, =" (dz — z, dx — z,, du) = dz — Edav,
w
w (9.4)
6, =2 (dw—w,dr—w,du) =dw—w,dr — Edu.
The Pfaffian system
6, =0, 6,=0,

w

with independence condition dx A du # 0 is involutive on R, cf. [9], [3, 38]. Indeed, the
first Cartan character is s; = 1, as it should be. Following a general procedure’ presented
by Kamran, [24], we set dz = dw = 0, which amounts to pulling back to a level set of R
where u = uy and w = w, are constant. Choosing w, = 1 we find that the contact forms
(9.4) reduce to the invariant one-forms

d
¢, = —udz, ng—wxdac——u.
u
Therefore, the desired bundle B ~ M x R will be coordinatized by x,u, and the
remaining jet coordinate, which we rewrite as @ = w, for clarity. In other words, the

zerot? order moving coframe forms for the pseudo-group (9.2) will be

¢; = udz, (o = adr + d_u (9.5)
u

Restricting to a curve u = u(x), and letting 7, denote the horizontal component of (;, we
have the relation
772 = (UCY + um) dr = ('LLO{ + ux)nb

T Interestingly, this method is similar to our construction of the Maurer—Cartan forms in the
finite-dimensional case.
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and so we normalize & = —u,/u. Thus the final invariant moving coframe is

du —u., dx
¢ = udx, (g=—""", (9.6)

u

the first providing a pseudo-group invariant arc length form, and the latter an invariant
contact form. Note that there are no dependencies among these one-forms, and hence
there are no differential invariants in this example. Indeed, it is not hard to see that
the prolonged actions of G are transitive on every jet space J™ M, justifying the preceding
statement.

Example 9.2. We now extend the pseudo-group discussed in the previous example
to an intransitive action obtained by augmenting the transformation rules (9.2) by an
additional invariant coordinate y, so that the pseudo-group now has the form

u

j:f(x), Yy =1, U= f’(:z:) (97)

This pseudo-group was introduced by Lie, [31; p. 373], in his study of second order partial
differential equations integrable by the method of Darboux. In his paper on group split-
ting and automorphic systems, Vessiot, [46], used (9.7) as one of two principal examples
illustrating his method. More recently, Kumpera, [27] again employed this pseudo-group
to illustrate his formalization of the Lie theory of differential invariants. Now we are inter-
ested in the equivalence problem and differential invariants for surfaces u = u(x,y) under
the pseudo-group (9.7). The Maurer—Cartan forms are given by supplementing (9.5) by
an additional coframe element (, = dy. The linear dependency

Uy
Ny = —(W+Um)m - ;dy

again produces the normalization o = —u, /u, along with the basic first order differential
invariant
U
I=-
U

The final invariant moving coframe is

du —u, dz

Co = dy, C1 = udz, Cz = (9‘8)

u

The invariant total differential operators associated with the first two horizontal forms are

0 0 1
8—% — .Dy7 a—g — E.D:E. (9.9)

Applying them to the fundamental invariant I produce the second order differential in-
variants

agreeing with the classical formulae. All higher order differential invariants are obtained
by successively applying the invariant total derivative operators (9.9) to the invariant I.
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Similarly, the classifying surface associated with a generic surface u(z,y) is parametri-
zed by the four invariants (y, I, J;, J,); two surfaces are congruent under a pseudo-group
transformation if and only if their classifying surfaces are identical. Surfaces with higher
order’ symmetry occur when I is a function of y only, so that u(z,y) = f(x)g(y) is mul-
tiplicatively separable. Finally, the most general second order partial differential equation
admitting (9.7) as a symmetry group can be written in the form

2
Uy ULy, — Uy™ Ul — Uyl |
H (y, = " , 3 =0. (9.10)

These are the class of equations considered by Lie, [31; p. 374].

In his classification of planar second order partial differential equations which admit
symmetry pseudo-groups, Medolaghi, [34], treats the same example, but rewritten in a
slightly different coordinate system. The group transformations take the form

r=f(z), y=y+fl(z), u=u. (9.11)

Applying the same method (or merely changing variables) leads to the invariant moving
coframe u
¢, =e Ydzx, (= —Ldr + dy, (5 = du.
U

xT

The basic differential invariants are

u, I=u J, =u

» Jy = e¥(u,u,, —u,u,,),

yy? Yy

the latter two being obtained by applying the invariant differential operators

Dya ey(Dm_(um/uy>Dy)7
to I. This recovers Medolaghi’s form, [34; p. 249],
H (u, Uy s Uy €7 (Uy Uy, — umuyy)) =0, (9.12)

of Lie’s equation (9.10). The pseudo-group (9.11) is the second of nine different pseudo-
groups acting on a three-dimensional space that are isomorphic to the diffeomorphism
pseudo-group Diff(1), as classified by Medolaghi, [34; p. 242]. The other eight pseudo-
groups can be handled by the same method, reproducing the differential invariants and
invariant differential equations catalogued there.

Example 9.3. Consider the infinite Lie pseudo-group

_ _ _ M (x)y+ ¢ (x
P= ). G=ul @) dete), a=us TOVTID, (9.13)
()
acting on the space M ~ R? with coordinates (z,y,u). Here f(x) and g(x) are arbi-
trary smooth functions of a single variable . The case g = 0 corresponds to the third of

T See [15] for more details on higher order submanifolds, including an interpretation as “non-
reducible partially invariant solutions” to partial differential equations, cf. [41].
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Medolaghi’s pseudo-groups, [34]; the present generalization was introduced by J. Pohjan-
pelto (personal communication). The pseudo-group transformations can be characterized
in terms of an involutive system of invariant one-forms on a rank five bundle B — M, with
coordinates (z,y,u, a, 3,7,0,¢). These can be found by a similar method to that used in
Example 9.1:

d
¢, = —adx, (4:—a—1d:1:,
[0 [0
d 6 —
G = —ady +uadz, C5=—ﬁ+ﬁd7— Y dr — S dy, (9.14)
(6% (6% «
d €
G = —du—Bde—ydy, (="'~ "da
« «

It is easy to check that a local diffeomorphism W:B — B satisfies V*(;, = (;, i = 1,...,6,
if and only if it is a bundle map whose projection 1: M — M has the form (9.13).

We now consider the equivalence problem for surfaces u = u(z,y) under the pseudo-
group (9.13). In order to invariantly normalize the bundle parameters, we replace du by
its horizontal component w, dz + u, dy, which leads to the linear relation

Ny =Jym + Jy

among the horizontal components 7, of ¢;. The lifted invariants are

u, + B+ u(u, +7) u, + 7y
Jl = y J2 - .
a a
Both J; and J, can be normalized to zero by choosing § = —u, and v = —u,, which

defines the first order moving frame. Substituting these values in the last two moving
coframe forms yields

e Uy ATt Uy, dy u(uy, dr + u,, dy) 0 —ue e Edy
a a a a
Uy, + 2un,, + u2uyy +6 Uy, + ULy, + €
= Oé2 T — 062 Upby)
(u,, +€)dr +u,, dy Uy, +uu,, +¢ Uy,
N = — o = - o2 771+?772'

We can normalize the coefficients of 7,, 7, in both formulae by choosing

. _ B _ - 2
Q= /Uy, €= —Uyy — Ully,, 0= —Uy, — 2Ully, — U Uy,

which produces the second order moving frame, given by

2
=\ Uy, B=-u, 7=-u, 0= Uy —2Ul,, —uU,, €=U, —ul,.
Finally, substituting into the last moving coframe form leads to n, = —I;n; — Iyn,, where
Uy T+ Uy + 20, U U
_ Tyyy Tyy yyy _ Yy
Il o 9 3/2 ’ I2 - 9 3/2 (915)
Uyy Uyy
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are the principal differential invariants of the pseudo-group. The fundamental invariant
horizontal one-forms are

771:_\/ uyy dIL‘, n2:_vuyy (dy_wa)7

so that the invariant total differential operators are

1 1
V Uyy V Uy
As above, these can be applied to the basic differential invariants (9.15) to generate all
higher order differential invariants.

Example 9.4. In this example, we show how the well-known equivalence problem of
characterizing second order ordinary differential equations under the pseudo-group of fiber-
preserving transformations, cf. [22, 38], can be recast into the moving frame formulation,
and thereby solved by our moving coframe techniques. This example indicates a general
procedure for reformulating all Cartan-type equivalence problems, [11, 16, 38], as moving
frame equivalence problems under a suitable infinite-dimensional Lie pseudo-group.

We consider the trivial bundle M ~ R x R, with coordinates z,u. Let G denote the
pseudo-group of fiber-preserving transformations, i.e., bundle maps

T=¢(@), u=1y@,u). (9.16)

We let G?) denote the associated second prolongation acting on J2, cf. [38]. A (regular)
second-order differential equation

Az, u,u,,u,,) =0 (9.17)

can be identified with a hypersurface S, C J2. Two such second order ordinary differential

equations are equivalent if and only if their associated surfaces are mapped to each other,

9(2)(35) =S4, (9.18)

by a prolonged fiber-preserving transformation ¢(*) € G(2).

In order to use the method of moving frames we need the structure equations of the
pseudo-group G?). These can be found by the Cartan prolongation algorithm, (11,16, 38],
leading to

d¢y = wy NGy,

dCy = wy A Gy — G5 A (s

dCs = (wy —w ) AGg+wg NGy — G A G,

d¢y = (wy — 2wy ) ANy +wy NG +ws A Gy + wg A,

dwy = (wg — 2w3) A Gy,

dwy = =79 N (g — wg A (y,

dws = —m) N (g — Ty N (5 + w3z Aw; —ws A (y,

dw, = =T N — Ty N3 — 5 Ay — 3wy Awy —wy Awy + 3(wg — wg) Ay,
dws = =21  N(3 — o NGy — 5 Ay — T A Gy + 2w5 Awy — ws A w,

dwg = =21 Ny — 29 AN (g — Ty NGy — wy Awg +ws A (.
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The Cartan characters are s; = 5 and s, = 1, the kernel dimension is 7, hence this differ-
ential system is involutive. The parametric values of the one-forms ¢, w, are determined
by introducing the group transformation matrix

a 0 0 0
B 0 ay 0 0
5= 0 a0t anaqt 0 ’ (9-19)

0440‘2041_2 Q500 0‘60420‘1_2 042041_2

where o, 3, are the fiber coordinates on the prolonged bundle. Equation (9.19) paramet-
rizes the structure group corresponding to the action of the fiber-preserving pseudo-group
on J?; see, for instance, [38; p. 398] for the corresponding group on J!. The first set of
lifted forms are

¢4 oy 0 0 0 dx
G | 0 Qs 0 0 du — u, dx
G| 0 a3a2af1 azafl 0 du, —u,,dx
C4 005077 Q5077 agoney” apag 2 du,,
Furthermore,

w; 0 0 0

O O | =sas+ o,

Wwg Wy wy Wy — 2w,

where 2 represents the absorbed torsion terms. The explicit formulas are

do ax — 20
Ly B,

w, =
1 oy Qs
=22 % g
2 = @, a 1 2G9;
dog a3a6—a5—o¢§
Wy = o + o2 C1_5142_52<3>
2 1
Q Qa0 + Qa: — a2 — 23 a2 — o — p,a2 Ay —
w4:—§da4—ﬁgg’1—|— 6% 35236 25C2+ 6 52 41C3+33 6(47
ag Qs aj Qq
dos g
Ws = 2 T ?doﬂ + BsCa — 20,3 — BaCy — Bswy,
1 1
do
Wg = a—16 - /84C1 - 251@ - 252C3~

We now assume, for simplicity, that the second order ordinary differential equation
(9.17) is given by the graph of a section o: J! — J2; this is equivalent to assuming that the
equation is normal, and solved

u,, = Q(z,u,u,), (9.20)

for its highest order derivative. (However, the moving frame method could be applied
without this assumption; doing the corresponding problem for non-normal equations using
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the Cartan equivalence approach would be harder.) Pulling back the Maurer-Cartan forms
under the map o amounts to substituting for u,, according to (9.20) where-ever it occurs.
We denote the pull-back of ¢; by n;, and of w, by w,. To apply the moving frame method,
we look for dependencies among the resulting one-forms. The first of these is

Ny = Jiny + Jony + J3ns,

where a0
le}
J = -2 i
Ll (a4 + da:) ’
1 0Q 0Q
JZ = Q{_% (Oé5 — 046063 - % — O!g a—ux) s (921)
1 0Q
Jo = — — .
3 O41 (a6 - aux)
Here

Q _0Q 0@ ,9Q
dz Oz T 8u+Q8ux

denotes the total derivative of @, restricted to the equation manifold (9.20). The lifted
invariants (9.21) can all be translated to zero by choosing

) 9Q 9Q

— A —= — — ADp — — —— .
dx’ 5 ou’ 6 ou,

We then pull-back the forms w;, wg, leading to

a4:

1 o
o Cguuac - a_%Quzum> UEY

(6%
b mOd{Th»??z}
> 7737

Wy = — (2ﬁ1 +
Qu u
= — 2 o
o ( Pat Qg
Translating the coefficients of 15 to zero in w; and wy gives

1 leY 1
61 = 7Quu$ + 2—32 Up Uy ? 52 = _—quugu

2001y Oy 20,

which then leads to the pulled-back forms
dOél Qum + 2053
Wy = - M

Qy Qg
doy o4 1
dag Q. — 3 —a3Q, 1 1
T ( af "t e o (Quu = €aQue) 1o+ 2a, @y, | s

At this stage, we have reproduced the system of one-forms obtained via the Cartan equiv-
alence method in [22; p. 394]. Further discussion of this example can be found in this
reference.
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10. Conclusions.

In this paper we have described a systematic procedure for determining moving frames
and invariant differential forms for very general Lie group and Lie pseudo-group actions.
The moving frame and moving coframe can be used to directly determine a complete system
of fundamental differential invariants and invariant differential operators for the given
transformation group. These, in turn, have immediate applications, including the solution
to equivalence problems, classification of symmetry groups, rigidity theorems, construction
of invariant equations and variational principles, and so on. As we have demonstrated,
the method not only readily reproduces all of the standard examples of moving frames
known in the literature, but is also in a form that can immediately be applied to a host of
new and interesting group actions, including intransitive and ineffective actions, infinite-
dimensional Lie pseudo-groups, joint actions, and so on. The theoretical foundations of our
method will be presented in the second paper in this series, [15]. Additional applications
— to differential invariants, to the theory of Lie pseudo-groups, to automorphic systems,
and to computer vision — will be the subject of subsequent papers in this series. Some
extensions that we intend to investigate include:

(1) The moving coframe method, as described in this paper, parallels the explicit “para-
metric” approach to the solution of Cartan equivalence problems. Gardner, [16],
showed how, in such situations, one could perform an “intrinsic” computation,
based on the infinitesimal group action on the torsion coefficients, and thereby
determine the general structure of the solution. An interesting question is whether
one can implement an intrinsic version of the moving coframe algorithm.

(2) In [25], an inductive approach to complicated equivalence problems, based on the
solution to a simpler problem based on a subgroup of the full structure group,
was proposed; see also [38]. In his thesis, Lisle, [33], successfully uses a simi-
lar idea in his “frame method” for symmetry classification of partial differential
equations. The inductive approach not only simplifies the computations, but also
provides direct correspondences between the invariants of the two problems. Is
there a similar inductive version of the moving coframe method? For example,
does the computation of the moving frame for curves in the plane under, say, the
equi-affine group help simplify the corresponding projective computation, thereby
expressing the projective arc length and curvature directly in terms of its equiaffine
counterparts?

(3) In [5], a new scheme for generating invariant numerical approximations to differen-
tial invariants based on the use of joint invariants was proposed, and illustrated in
the planar Euclidean and equi-affine cases. The computation of joint differential
invariants using the moving coframe method strongly indicates that it could be ap-
plied to the general problem of invariant numerical formulae for more complicated
transformation groups. In particular, determining how joint invariants converge
to differential invariants as the points coalesce would be of great importance.

(4) An immediate and important application of the moving method would be to the
classification of the differential invariants associated many of the transformation
groups arising in physics. As remarked above, to date such classifications have
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not been completed, even for some of the most fundamental groups of physical
importance.

Acknowledgments: We particularly thank Ian Anderson for inspiration, enlightening

discussions, and provocative comments. One of us (P.J.0O.) would like to thank Allen Tan-
nenbaum and Olivier Faugeras for stimulating remarks on moving frames and differential
invariants in computer vision.
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