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Abstract. This article presents the equivariant method of moving frames for finite-
dimensional Lie group actions, surveying a variety of applications, including geometry,
differential equations, computer vision, numerical analysis, the calculus of variations, and
invariant flows.

1. Introduction.

According to Akivis, [1], the method of moving frames originates in work of the Esto-
nian mathematician Martin Bartels (1769-1836), a teacher of both Gauss and Lobachevsky.
The field is most closely associated with Elie Cartan, [21], who forged earlier contributions
by Darboux, Frenet, Serret, and Cotton into a powerful tool for analyzing the geometric
properties of submanifolds and their invariants under the action of transformation groups.
In the 1970’s, several researchers, cf. [24,36, 37, 48], began the process of developing a
firm theoretical foundation for the method. The final crucial step, [31], is to define a
moving frame simply as an equivariant map from the manifold back to the transformation
group. All classical moving frames can be reinterpreted in this manner. Moreover, the
equivariant approach is completely algorithmic, and applies to very general group actions.

Cartan’s normalization construction of a moving frame can be interpreted as the choice
of a cross-section to the group orbits. This enables one to algorithmically construct an
equivariant moving frame along with a complete systems of invariants through the induced
invariantization process. The existence of an equivariant moving frame requires freeness
of the underlying group action, i.e., the isotropy subgroup of any single point is trivial.
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Classically, non-free actions are made free by prolonging to jet space, leading to differential
invariants and the solution to equivalence and symmetry problems via the differential in-
variant signature. Alternatively, applying the moving frame method to Cartesian product
actions leads to the classification of joint invariants and joint differential invariants, [77].
Finally, an amalgamation of jet and Cartesian product actions dubbed multi-space was pro-
posed in [78] to serve as the basis for the geometric analysis of numerical approximations,
and systematic construction of invariant numerical algorithms, [54].

With the basic moving frame machinery in hand, a plethora of new, unexpected,
and significant applications soon appeared. In [75,7,55, 56], the theory was applied to
produce new algorithms for solving the basic symmetry and equivalence problems of poly-
nomials that form the foundation of classical invariant theory. In [20, 10,2, 6,91, 72],
the characterization of submanifolds via their differential invariant signatures was applied
to the problem of object recognition and symmetry detection, [16,17,30,87]. Appli-
cations to the classification of joint invariants and joint differential invariants appear in
[31,77,11]. In computer vision, joint differential invariants have been proposed as noise-
resistant alternatives to the standard differential invariant signatures, [28,69]. The ap-
proximation of higher order differential invariants by joint differential invariants and, gen-
erally, ordinary joint invariants leads to fully invariant finite difference numerical schemes,
(19, 20,10, 78,54]. The all-important recurrence formulae lead to a complete charac-
terization of the differential invariant algebra of group actions, and lead to new results
on minimal generating invariants, even in very classical geometries, [79, 43, 81,47, 44].
The general problem from the calculus of variations of directly constructing the invariant
Euler-Lagrange equations from their invariant Lagrangians was solved in [57]. Applica-
tions to the evolution of differential invariants under invariant submanifold flows, leading
to integrable soliton equations and signature evolution in computer vision, can be found
in [80, 50].

Applications of equivariant moving frames that are being developed by other research
groups include the computation of symmetry groups and classification of partial differ-
ential equations [60, 70]; geometry of curves and surfaces in homogeneous spaces, with
applications to integrable systems, [61,62,63]; symmetry and equivalence of polygons
and point configurations, [12, 49], recognition of DNA supercoils, [90], recovering struc-
ture of three-dimensional objects from motion, [6], classification of projective curves in
visual recognition, [41]; construction of integral invariant signatures for object recognition
in 2D and 3D images, [32]; determination of invariants and covariants of Killing tensors,
with applications to general relativity, separation of variables, and Hamiltonian systems,
[27,67,66]; further developments in classical invariant theory, [7,55,56]; computation
of Casimir invariants of Lie algebras and the classification of subalgebras, with applica-
tions in quantum mechanics, [13, 14]. A rigorous, algebraically-based reformulation of the
method, suitable for symbolic computations, has been proposed by Hubert and Kogan,
(45, 46].

Finally, in recent work with Pohjanpelto, [83,84,85], the theory and algorithms
have recently been extended to the vastly more complicated case of infinite-dimensional Lie
pseudo-groups. Applications to infinite-dimensional symmetry groups of partial differential
equations can be found in [22,23, 71, 94], and to the classification of Laplace invariants
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and factorization of linear partial differential operators in [92].

2. Equivariant Moving Frames.

We begin by describing the general equivariant moving frame construction. Let G be
an r-dimensional Lie group acting smoothly on an m-dimensional manifold M.

Definition 2.1. A moving frame is a smooth, G-equivariant map p: M — G.

There are two principal types of equivariance:
g-p(z) left moving frame

plg-z) = { o(2) - g1 (2.1)

right moving frame
If p(z) is any right-equivariant moving frame then p(z) = p(z)~! is left-equivariant and
conversely. All classical moving frames are left-equivariant, but the right versions are often
easier to compute. In classical geometrical situations, one can identify left-equivariant
moving frames with the usual frame-based versions, cf. [39].
It is not difficult to establish the basic requirements for the existence of an equivariant
moving frame.

Theorem 2.2. A moving frame exists in a neighborhood of a point z € M if and
only if G acts freely and regularly near z.

Recall that G acts freely if the isotropy subgroup G, = {g € G|g-z = z } of each
point z € M is trivial: G, = {e}. This implies local freeness, meaning that the isotropy
subgroups G, are all discrete, or, equivalently, that the orbits all have the same dimension,
r, as G itself. Regularity requires that, in addition, the orbits form a regular foliation.

The explicit construction of a moving frame relies on the choice of a (local) cross-
section to the group orbits, meaning an (m — r)-dimensional submanifold  C M that
intersects each orbit transversally and at most once.

Theorem 2.3. Let G act freely and regularly on M, and let L C M be a cross-
section. Given z € M, let g = p(z) be the unique group element that maps z to the
cross-section: g-z = p(z) -z € K. Then p: M — G is a right moving frame.

Given local coordinates z = (zy,. .., z,,,) on M, suppose the cross-section K is defined

by the r equations
Z1(z) = ¢4, e Z.(z) =c,, (2.2)
where Z,, ..., Z, are scalar-valued functions, while ¢, ..., ¢, are suitably chosen constants.

In many applications, the Z, are merely coordinate functions. The associated right moving
frame g = p(z) is obtained by solving the normalization equations

Z(g-2) =cy, Z.(g-2)=c,, (2.3)

for the group parameters g = (gy,...,9,) in terms of the coordinates z = (z,...,%,,)-
Transversality combined with the Implicit Function Theorem implies the existence of a
local solution to these algebraic equations.

The specification of a moving frame by choice of a cross-section induces an invarianti-

zation process that maps functions to invariants.
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Definition 2.4. The invariantization of a function F': M — R is the unique invariant
function I = «(F') that agrees with F' on the cross-section: I | L = F'| K.

In practice, the invariantization of a function F'(z) is obtained by first transforming it
according to the group, F'(g- z) and then replacing the group parameters by their moving
frame formulae g = p(z), so that [F(z)] = F(p(z) - z). In particular, invariantization
of the coordinate functions yields the fundamental invariants: I,(z) = ¢(z,). Once these
have been computed, the invariantization of a general function F(z) is simply given by

U F (2, 2,) ] = F(I(2), ..., L,(2)). (2.4)

In particular, the functions defining the cross-section (2.2) have constant invariantization,
u(Z,) = ¢, and are known as the phantom invariants. Thus, there are precisely m — r
functionally independent fundamental invariants. Moreover, if I(z) is any invariant, then
clearly «(I) = I, which implies the elegant and powerful Replacement Rule

I(zy,...,2,) =1(1(2),...,1,(2)), (2.5)

that can be used to immediately rewrite I(z) in terms of the fundamental invariants.

Of course, most interesting group actions are not free, and therefore do not admit
moving frames in the sense of Definition 2.1. There are two well-known methods that con-
vert a non-free (but effective) action into a free action. The first is to look at the Cartesian
product action of G on several copies of M, which leads to joint invariants. The second
is to prolong the group action to jet space, which is the natural setting for the traditional
moving frame theory, leading to differential invariants. Combining the two methods of jet
prolongation and Cartesian product results in joint differential invariants. In applications
of symmetry constructions to numerical approximations of derivatives and differential in-
variants, one requires a unification of these different actions into a common framework,
called multispace, [54, 78]. These are discussed in turn in the following sections.

3. Moving Frames on Jet Space and Differential Invariants.

Traditional moving frames are obtained by prolonging the group action to the nth
order submanifold jet bundle J* = J"(M,p), which is defined as the set of equivalence
classes of p-dimensional submanifolds S C M under the equivalence relation of nth order
contact at a single point; see [73; Chapter 3] for details. Since G preserves the contact
equivalence relation, it induces an action on the jet space J™, known as its nth order
prolongation and denoted by G(™). The formulas for the prolonged group action are found
by implicit differentiation.

We can assume, without significant loss of generality, that G acts effectively on open
subsets of M, meaning that the only group element that fixes every point in any open
U C M is the identity element. This implies, [76], that the prolonged action is locally free
on a dense open subset V" C J" for n > 0 sufficiently large. In all known examples, the
prolonged action is, in fact, free on such a V" although there is, frustratingly, no general
proof of this property. The points z(™ € V" are known as regular jets.

The normalization construction based on a choice of local cross-section K™ C V" to
the prolonged group orbits can be used to produce a (locally defined) nth order equivariant
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moving frame p™:J" — G in a neighborhood of any regular jet. Once the moving frame
is established, the induced invariantization process will map general differential functions
F(z,u(™) to differential invariants I = (F). The fundamental differential invariants are
obtained by invariantization of the coordinate functions:

H' = (2"), I = (u9), a=1,...,q, #J > 0. (3.1)

These naturally split into two classes: The r = dim G combinations defining the cross-
section will be constant, and are known as the phantom differential invariants. The re-
mainder, called the basic differential invariants, form a complete system of functionally
independent differential invariants. Indeed, if I(x,u(™) = I(...2%...u5...) is any dif-
ferential invariant, then the Replacement Rule (2.5) allows one to immediately rewrite
I =1I(..H"...I¥...) in terms of the fundamental differential invariants. The moving
frame also produces p independent invariant differential operators by invariantizing the
usual total derivative operators, D; = «(D,),...,D, = «(D,), which can be iteratively
applied to lower order differential invariants to generate the higher order differential in-
variants; see below for full details.

Example 3.1. The paradigmatic example is the action of the orientation-preserving
Euclidean group SE(2) on plane curves C C M = R2. The group transformation g € SE(2)
maps the point z = (x,u) to the point w = (y,v) = g - z, given by

Yy = xcos¢—using + a, v=uxsing +ucoso+ b, (3.2)

where g = (¢, a,b) € SE(2) are the group parameters. The prolonged group transforma-
tions are obtained by successively applying the implicit differentiation operator

_ -1
D, = (cos¢p —u,sing)”" D, (3.3)
to v, producing
sin ¢ + u,, cos ¢ U
_ - , _ R . 4
Yy T Cos ®—u,sing Yyy (cos ¢ — u, sin¢)3 (3.4)

Observe that the prolonged action is locally free on the first order jet space J!. (To simplify
the exposition, we gloss over the remaining discrete ambiguity caused by a 180° rotation;
see [77] for a more precise development.) The classical moving frame is based on the
cross-section

K'={z=u=u,=0}. (3.5)

Solving the corresponding normalization equations y = v = v, = 0 for the group parame-
ters produces the right moving frame

r + uu, b TU, — U 16
, @=——F——, =7 .
’ V1+u2 VARRT (3.6)

The classical left-equivariant Frenet frame, [39], is obtained by inverting the Euclidean
group element given by (3.6). Invariantization of the coordinate functions, which is done

¢=—tan tu
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by substituting the moving frame formulae (3.6) into the prolonged group transformations
(3.4), produces the fundamental normalized differential invariants:

t(z)=H =0, t(u) =1, =0, t(u,) =1, =0,

3.7
Wtyy) = I = &, L(u ) =1, =k, +3K°, (37)

xmx) = I3 = Ry, l’(uxxxx

and so on. The first three are the phantom invariants. The lowest order basic differential
invariant is the Euclidean curvature I, = k = (1—|—u§)_3/ 2u,,... The corresponding invariant
differential operator is the arc length derivative,

1
— D
V1+u?
which is obtained by invariantizing (3.3). Using the general recursion formulae, that relate
the normalized and differentiated differential invariants, to be presented in detail below,

we can readily prove that the curvature and its successive derivatives with respect to arc
length, k, kg, kg, ..., form a complete system of differential invariants.

D=D, = (3.8)

4. Equivalence and Signatures.

A motivating application of the moving frame method is to solve problems of equiv-
alence and symmetry of submanifolds under group actions. Given a group action of G on
M, two submanifolds S, S C M are said to be equivalent if S = g - S for some g € G.
A symmetry of a submanifold is a self-equivalence, that is a group transformation g € G
that maps S to itself: S = ¢g-S. The solution to the equivalence and symmetry prob-
lems for submanifolds is based on the functional interrelationships among the fundamental
differential invariants restricted to the submanifold.

Suppose we have constructed an nth order moving frame p(™:J* — G defined on an
open subset of jet space. A submanifold S is called regular if its n-jet j, S lies in the
domain of definition of the moving frame. For any k > n, we use J*) = 1(%) | jpS, where
I®) = (... H".. g .., #J <k, to denote the kth order restricted differential invariants.

Definition 4.1. The kth order signature S*) = S*)(S) is the set parametrized by
the restricted differential invariants J(k):ij — R™*, where n;, =p + q(mk'k) = dim J*.

The submanifold S is called fully regular if J*) has constant rank 0 < t, <p=dimS
for all k& > n. In this case, S®) forms a submanifold of dimension t, — perhaps with
self-intersections. In the fully regular case,
where t is the differential invariant rank and s the differential invariant order of S.

Theorem 4.2. Two fully regular p-dimensional submanifolds S,S C M are (locally)

equivalent if and only if they have the same differential invariant order s and their signature
manifolds of order s + 1 are identical: S+ (S) = SE+1(8).

Since symmetries are merely self-equivalences, the signature also determines the sym-
metry group of the submanifold.



Theorem 4.3. If S C M is a fully regular p-dimensional submanifold of differential
invariant rank t, then its symmetry group Gg is an (r —t)-dimensional subgroup of G that
acts locally freely on S.

A submanifold with maximal differential invariant rank ¢ = p, and hence only a
discrete symmetry group, is called nonsingular. The number of symmetries of a nonsingular
submanifold is determined by its index, which is defined as the number of points in S map
to a single generic point of its signature:

ind S = min { # (JE )| ¢ e st } . (4.2)

Theorem 4.4. If S is a nonsingular submanifold, then its symmetry group is a
discrete subgroup of cardinality ind S.

At the other extreme, a rank 0 or mazimally symmetric submanifold, [82], has all
constant differential invariants, and so its signature degenerates to a single point.

Theorem 4.5. A regular p-dimensional submanifold S has differential invariant rank
0 if and only if its symmetry group is a p-dimensional subgroup H C G and hence S is an
open submanifold of an H-orbit: S C H - z,.

Remark: “Totally singular” submanifolds may have even larger, non-free symmetry
groups, but these are not covered by the preceding results. See [76] for details, including
Lie algebraic characterizations.

Remark: See [72] for some counterexamples when one tries to relax the regularity
assumptions in the above results.

Example 4.6. The Fuclidean signature for a curve C C M = R? is the planar curve
S(C) = {(k, k,) } parametrized by the curvature invariant x and its first derivative with
respect to arc length. Two fully regular planar curves are equivalent under an oriented rigid
motion if and only if they have the same signature curve. The maximally symmetric curves
have constant Euclidean curvature, and so their signature curve degenerates to a single
point. These are the circles and straight lines, and, in accordance with Theorem 4.5, each
is the orbit of its one-parameter symmetry subgroup of SE(2). The number of Euclidean
symmetries of a nonsingular curve is equal to its index — the number of times the Euclidean
signature is retraced as we go around the curve.

In Figure 1 we display some signature curves computed from the left ventricle of a
gray-scale digital MRI scan of a canine heart. The boundary of the ventricle has been
automatically segmented through use of the conformally Riemannian snake flow proposed
in [51,96]. The ventricle boundary curve is then smoothed with the Euclidean-invariant
curve shortening flow (see the final section for details) and the Euclidean signatures of
the resulting curves computed. As the progressively smoothed curves approach circularity,
their signatures exhibit less variation in curvature and wind more and more tightly around
a single point, which is the signature of a circle of area equal to the area inside the evolving
curve. Despite the rather extensive smoothing involved, except for an overall shrinking as
the contour approaches circularity, the basic qualitative features of the different signature
curves appear to be remarkably robust.
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5. Joint Invariants and Joint Differential Invariants.

As always, the starting point the the action of a Lie group G on a manifold M.
Consider the joint action

g-(20y--,2,) = (9 29,---,9"2,), ge G, zy,...,z, € M. (5.1)
on the (n + 1)-fold Cartesian product M >+ = M x ... x M. An invariant 1(z,. .., 2,)

of (5.1) is an (n + 1)-point joint invariant of the original transformation group. In most
cases of interest (although not in general), if G acts effectively on M, then, for n > 0
sufficiently large, the product action is free and regular on an open subset of M *("+1)
cf. [77]. Consequently, the equivariant moving frame method can be applied to such
joint actions, and thereby establish complete classifications of joint invariants and, via

prolongation to Cartesian products of jet spaces, joint differential invariants.

Example 5.1. Consider the Euclidean group SE(2) acting on curves C C M =
R2. For the Cartesian product action on M*", we take the simplest cross-section K =
{zy=uy =12, =0,u; >0} leads to the normalization equations

Yo = Tz COS P — ugsing +a = 0, Vg = Tosing +ugcosp +b =0, (5.2)
Y, = &, €08 — uysing +a = 0. '
Solving, we obtain a right moving frame
-1 (%1~ %o . .
¢ = tan (7) , a = —x,Ccos ¢ + u, sin @, b= —x,sin¢ —uycos¢p, (5.3)
Uy — Uy
along with the fundamental interpoint distance invariant
I'=u(uy) =z — 2] (5.4)

Substituting (5.3) into the prolongation formulae (3.4) leads to the the normalized first
and second order joint differential invariants

szb<%) _ (21 — 29) - 2 Kk:L<d2uk) _ 21 — 2 |I° (B A Zp)

dx (21— 20) N2y, dx? [ (21 — 29) A 730}3

Y

(5.5)
where the dots indicate derivatives of z, (t,) with respect to the curve parameter t,.

Theorem 5.2. Ifn > 2, then every n-point joint Euclidean differential invariant is
a function of the interpoint distances || z; — z; || and their iterated derivatives with respect
to the invariant differential operators

21— 2l
D,=uD,)=——"—2-D

(zp —zg) N2y

Consequently, to create a Fuclidean signature based entirely on joint invariants, we
can take four points z,, 21, 29, 23 on our curve C' C R?. As illustrated in Figure 2, there
are six different interpoint distance invariants

a=|z =zl b=z — 2| c= |z =zl

(5.6)
d=llzy—2 |, e=lzm—2l, [f=lz—-2]
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Figure 2.  Four-Point Euclidean Curve Invariants.

which parametrize the joint signature S=38 (C) that uniquely characterizes the curve C
up to Euclidean motion. Since this signature avoids any differentiation, it is insensitive to
noisy image data. There are two local syzygies

o, (a,b,c,de, f)=0, ®,(a,b,c,dye, f) =0, (5.7)
among the the six interpoint distances. One of these is the universal Cayley—Menger syzygy
2a? a?+b*—d®> a?+c?—e?
det | a® + b — d? 202 b2+ 2 — f2| =0, (5.8)
a’?+c?—e? b>+c?—f? 2c?

which is valid for all possible planar configurations of the four points, cf. [8]. The second
syzygy in (5.7) is curve-dependent and serves to effectively characterize the joint invariant
signature.

A variety of additional examples, including curves and surfaces in two and three-
dimensional space under the Euclidean, equi-affine, affine and projective groups, are inves-
tigated in detail in [77].

6. Invariant Numerical Approximations.

In modern numerical analysis, the development of numerical schemes that incorpo-
rate additional structure enjoyed by the problem being approximated, e.g., symmetries,
conservation laws, symplectic structure, etc., is now known as geometric numerical inte-
gration, (18,29, 40, 65]. In practical applications of invariant theory to computer vision,
group-invariant numerical schemes to approximate differential invariants have been ap-
plied to the problem of symmetry-based object recognition, [10, 20, 19]. In this section.,
I discuss the use of moving frame methods to construct symmetry-preserving numerical
approximations.

The first step is to construct a suitable manifold that incorporates both the differential
equation under consideration and its numerical approximations. Currently, only the case
of ordinary differential equations, involving p = 1 independent variables, is completely
understood, and so we restrict ourselves to this context.
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Finite difference approximations to the derivatives of a function u = f(x) rely on its
values uy, = f(x),...,u,, = f(z,) at several distinct points z, = (z,,v;) = (z;, f(z;))
on the graph. Thus, discrete approximations to jet coordinates on J” are functlons
F(zy,-..,2,) defined on the (n + 1)-fold Cartesian product space M *("+1). As the points
2y, - - -, %, coalesce, the approximation F'(zy,...,z2,) will not be well-defined unless we
specify the “direction” of convergence. Thus, strictly speaking, F' is not defined on all of
M>*(+1) but, rather, on the “off-diagonal” part

MO(”“):{(,ZO,... ‘ 2z # 2 forallz;«éj}CMX(”H)

As two or more points come together, the limiting value of F'(z,, ..., 2,) will be governed
by the derivatives (or jet) of the appropriate order governing the direction of convergence.
This motivates our construction of the ntt order multi-space M ™).

) n

Y n?
curve €' and n + 1 not necessarily distinct points 2, ..., 2, € C thereon. Two (n+ 1)-

Definition 6.1. An (n+ 1)-pointed curve C = (2, ..., z,;C) consists of a smooth

pointed curves C = (zy,...,%,;C), C = (Z,.. ,zn,C) have ntt order multi-contact if

and only if z; = 2z, and ju; ,C|,, = ju;,_1C|,,, where #i = #{j|z; = z; }, for each
1=0,...,n

Definition 6.2. The ntt order multi-space, denoted M (™ is the set of equivalence
classes of (n + 1)-pointed curves in M under the equivalence relation of nth order multi-
contact. The equivalence class of an (n + 1)-pointed curves C is called its ntt order
multi-jet, and denoted j,,C € M),

We can identify the subset of multi-jets of multi-pointed curves having distinct points
with the off-diagonal Cartesian product space M°("*t1) < J*. On the other hand, the
multi-space equivalence relation reduces to the ordinary jet space equivalence relation on
the set of coincident multi-pointed curves, and in this way J* ¢ M ™). Intermediate cases,
when some but not all points coincide, correspond to “off-diagonal” Cartesian products of
jet spaces

JFo. . oJk = { (zékl), . ..,zgki)) e Jk s ox R (2 are distinct } ,  (6.1)

where >"k, = n and m: J¥ — M is the usual jet space projection.

Theorem 6.3. If M is a smooth m-dimensional manifold, then its nth order multi-
space M(™) is a smooth manifold of dimension (n 4 1)m, which contains the off-diagonal
part M°"t1) of the Cartesian product space as an open, dense submanifold, and the ntb
order jet space J" as a smooth submanifold.

Just as local coordinates on J" are provided by the coefficients of Taylor polynomials,
local coordinates on M (™ are provided by the coefficients of interpolating polynomials,
which are the classical divided differences of numerical interpolation theory, [78].

Definition 6.4. Given an (n + 1)-pointed graph C = (z,,...,%,;C), its divided
differences are defined by [z;]o = f(z;), and

(2021 -+ 217, ]c = lim (202172 - - - 207 ]c — (207172 - - - Zp_2%h-1 ]
071+ Zp—1 % lo = im p— .

(6.2)
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When taking the limit, the point z = (x, f(x)) must lie on the curve C, and take limiting
values x — z, and f(z) — f(xy).

It is not hard to show that two (n + 1)-pointed graphs C, C have nth order multi-
contact if and only if they have the same divided differences: [zy2; ... 2, |c = [2021 -+ - 21 |5

C
for all k = 0, ...,n. Therefore, the required local coordinates on multi-space M (™ consist
of the independent variables along with all the divided differences

Toroonky, u® =uy=[z]o v =220, ... u=nll{zy2...2,]o (6.3)

The n! factor is included so that u(™ agrees with the usual derivative coordinate when
restricted to J™.

In general, implementation of a finite difference numerical solution scheme for a system
of ordinary differential equations

Al(zc,u,u(l), ) ..,u(”)) = ... = Ak(a:,u,u(l), .. .,u(”)) =0, (6.4)

requires suitable discrete approximations to each of its defining differential functions A,,.
This requires extending the differential functions from the jet space to the associated
multi-space, in accordance with the following definition.

Definition 6.5. An (n+1)-point numerical approximation of order k to a differential
function A:J” — R is an function F: M(™ — R that, when restricted to the jet space,
agrees with A to order k.

Now let us consider an r-dimensional Lie group G which acts smoothly on M. Since
G evidently maps multi-pointed curves to multi-pointed curves while preserving the multi-
contact equivalence relation, it induces an action on the multi-space M (™ that will be
called the nt® multi-prolongation of G and denoted by G . On the jet subset J* ¢ M)
the multi-prolonged action reduces to the usual jet space prolongation. On the other
hand, on the off-diagonal part M°™+1) ¢ M) the action coincides with the (n + 1)-fold
Cartesian product action of G on M*("+1)

We define a multi-invariant to be a function K: M(™ — R on multi-space which is
invariant under the multi-prolonged action of G™. The restriction of a multi-invariant
K to jet space will be a differential invariant, I = K |J", while restriction to M o(nt1)
will define a joint invariant J = K | M°™+1 . Restriction to intermediate multi-jet sub-
spaces (6.1) will produce joint differential invariants. Smoothness of K will imply that
the joint invariant J is an tnvariant nt® order numerical approximation to the differential
invariant I. Moreover, every invariant finite difference numerical approximation arises in
this manner. Thus, the theory of multi-invariants is the theory of invariant numerical
approximations!

Assuming regularity and freeness of the multi-prolonged action on an open subset
of M we can apply the equivariant moving frame construction. The resulting multi-
frame p™: M) — G will lead us immediately to the required multi-invariants and hence
a general, systematic construction for invariant numerical approximations to differential
invariants through its induced invariantization procedure. The basic multi-invariants are

(H;,K;) =1, = u(z) = (uz;),(w;) ), i=1,...,n, (6.5)
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and their divided differences

o dpoli] =y 1y oly ]

I(k):L([Zoz1---Zk]):[IO"'Ik]: Hy, — H,
1

(6.6)

Example 6.6. For the planar Euclidean action (3.2), the multi-prolonged action is
locally free on M for n > 1. We can thereby determine a first order multi-frame and
use it to completely classify Euclidean multi-invariants. The first order transformation
formulae are

Yo = T COS P — Uy sin @ + a, Uy = Ty sing + ugcos ¢ + b,

. sin ¢ + u( cos ¢ (6.7)
Y, = cosP —uysing + a, o = cos ¢ — u) sing’

where ) = [2,2,] = (u; — uy)/(7; — z,). Normalization based on the cross-section
Yo = Uy = v; = 0 results in the right moving frame

zo +u g

a = —T,Cco8 P+ uUysing = — ,
£/1 (1))2
() tan ¢ = —u) . (6.8)
b= —z,sin¢ —uycos¢p =

Substituting the moving frame formulae (6.8) into the lifted divided differences produces
a complete system of (oriented) Euclidean multi-invariants. These are easily computed by
beginning with the fundamental joint invariants

(z, — zg) + u) (uy, — up) 1+ (2521 ][ 202 ]

Hy, = u(z),) = 14 (ulV))? ~ () T+ [z ]2
(u —u)—u(l)(ill —x,) [Zz]_[zzl]
K, = o) = % 01 - (u(l))zk 0 = (z), — xp) 01k+ [zoz(i 2

The higher order multi-invariants are obtained by forming divided difference quotients

Ky —K, _ ﬁ _ (m = m)[ 20717

Iyl ] = o = T = ,
O H -Hy,  H, o 1+ [z ] [20%]
where, in particular, (V) = [Iy1;] = 0. The second order multi-invariant
7@ —9 [I,1,1,] =2 [1oly] — [ 1]y ] _ 2[ 292129 |\/1+ [ 297, |2

H, - H, (14 [2071][2122]) (1 + [ 2071 ] [ 2022 ])

u® /T (w2

[T+ ()2 + 5uDuC(z; — )] [1+ (WD) + JuDu® (z, - z,)]

provides a Euclidean—invariant numerical approximation to the Euclidean curvature:

e
21,2220 (1 _|_ (u(l))2)3/2 :
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Figure 3. Invariantized Runge-Kutta Schemes for Ames’ Equation.

Similarly, the third order multi-invariant

[IOIIIS] — [IOIIIZ]

I® =6 [I,1,I,I;] =6 H, A,

will form a Euclidean—invariant approximation for the normalized differential invariant
ky = t(u,,,), the derivative of curvature with respect to arc length, [20,31]. In [26],
my undergraduate student Derek Dalle makes detailed comparisons between the various
divided difference approximations to differential invariants, and shows a number of advan-

tages of such moving frame-based approximations.

Given a symmetry group of an ordinary differential equation, we can construct a mov-
ing frame on the associated multispace and apply the induced invariantization procedure to
standard numerical schemes, e.g., Runge-Kutta methods, to systematically derive invari-
antized schemes that respect the symmetries. As emphasized by Pilwon Kim, [52, 53, 54],
the key to the success of the invariantized numerical scheme lies in the intelligent choice
of cross-section for the moving frame. Let us look at one simple illustrative example taken
from [52].

Example 6.7. Ames’ equation
u,, =——=—¢e" (6.9)
is a well-studied stiff ordinary differential equation that arises in a wide range of fields,

including kinetics and heat transfer, vortex motion of incompressible fluids, and the mass
distribution of gaseous interstellar material under influence of its own gravitational fields,

14



[3]. The infinitesimal generators

v ——zz:g—f—Q2 v ——la:lo xg—i—(l—i—lo zz:)3
L T ox ou’ 27 TRt &%) 50’
induce one-parameter symmetry groups mapping (z,u) to
(zut2ey), (@ 7 w201 - e/ ) loga + 6y),

respectively. Individually, neither group leads to a significant improvement in the integra-
tion scheme, but a suitable combination induces a moving frame that maps every point
(x,u) to the cross-section {u = 0}. Figure 3 compares the Runge-Kutta and the invari-
antized Runge-Kutta schemes starting at x = 5. Even in this region, the invariantized
scheme outperforms the standard scheme. A more dramatic effect appears when they
are applied around x = 0, where the ordinary Runge-Kutta breaks down, while the in-
variantized Runge-Kutta method successfully avoids the stiffness of the equation in that
regime.

Extensions to partial differential equations are under development. In [53], Kim de-
velops an invariantized Crank-Nicolson scheme for Burgers’ equation that avoids problems
with numerical oscillations near sharp transition regions. In [95], the authors develop
invariant schemes for nonlinear partial differential equations of use in image processing,
including the Hamilton—Jacobi equation.

7. The Invariant Bicomplex.

Let us return to the case of prolonged group actions on jet space and develop some
further machinery required in the more advanced applications of moving frames to differ-
ential invariants, differential equations, and the calculus of variations. The full power of
the equivariant construction becomes evident once we incorporate the contact structure
and induced variational bicomplex on the infinite order jet bundle J> = J*° (M, p), which
we now review, [4, 74].

Separating the local coordinates (z,u) = (z,...,zP,u!,...,u?) on M into indepen-
dent and dependent variables naturally splits™ the differential one-forms on J* into hor-
izontal forms, spanned by dz?', ..., dzP, and vertical forms, spanned by the basic contact
one-forms

p
?zdu?—Zuiid@"i, a=1,...,q, #J > 0. (7.1)
i=1

Let 7 and 7, denote the projections mapping one-forms on J* to their horizontal and
vertical (contact) components, respectively. We accordingly decompose the differential

f The splitting, which depends on the choice of local coordinates, only works at infinite order,
which is the reason we work on J°°.
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d = mgod+ myod = dy + dy, which results in the variational bicomplex on J*°. If
F(z,u™) is any differential function, its horizontal differential is

p

dy F =) (D;F)da’, (7.2)
=1

in which D, = D,; denote the usual total derivatives with respect to the independent
variables. Thus, dj F' can be identified with the “total gradient” of F'. Similarly, its
vertical differential is

oF oF o
a,J J a,J J
in which the total derivatives act as Lie derivatives on the contact forms § = (6*,..., 097,

and Dy denotes the formal linearization operator or Fréchet derivative of the differential
function F. Thus, the vertical differential dy, F' can be identified! with the (first) variation,
hence the name “variational bicomplex”.

Let 7,:J>° — J" be the natural jet space projections. Choosing a cross-section
K" c V" C J, we extend the induced nth order moving frame p(™ to the infinite jet
bundle by setting p(z,u®>)) = p™ (z,u(™) whenever (z,u(™) = 7 _(2,u(>)) lies in the
domain of definition of p(™). We will employ our moving frame to invariantize the vari-
ational bicomplex. As before, the invariantization of a differential form is the unique
invariant differential form that agrees with its progenitor on the cross-section. In particu-
lar, the invariantization process does not affect invariant differential forms. In practice, one
determines the invariantization by first transforming the differential form by the prolonged
group action and then substituting the moving frame formulae for the group parameters.

As in (3.1), the fundamental differential invariants are obtained by invariantizing the
jet coordinates: H" = 1(z"), IS = 1(u). Let

w' = u(dz’) = w' + 7', where w' =7y (x"), 7' =m,(w), (7.4)

denote the invariantized horizontal one-forms. Their horizontal components w?,...,w?
prescribe, in the language of [74], a contact-invariant coframe for the prolonged group ac-
tion, while the contact forms n', ..., nP are required to make w?!, ..., w? fully G-invariant.
Finally, the invariantized basis contact forms are denoted by

99 = 1(09), a=1,...,q, #J > 0. (7.5)

Invariantization of more general differential forms relies on the fact that it preserves the
exterior algebra structure, and so

UQ+T) = o(Q) + (D), UQAT) = o(Q) A (D), (7.6)

for any differential forms (or functions) Q, ¥ on J*°.

T This becomes clearer when you rewrite 05 = du<.
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As in the ordinary bicomplex construction, the decomposition of invariant one-forms
on J* into invariant horizontal and invariant contact components induces a decomposition
of the differential. However, now d = d,, + d,, + d,, splits into three constituents, where
d,, adds an invariant horizontal form, d,, adds a invariant contact form, while d,,, replaces
an invariant horizontal one-form with a combination of wedge products of two invariant

contact forms. They satisfy the “quasi-tricomplex” identities
d?, =0, d,, dy, + dy,dy =0,
: O &+ dyy dyy + dyydyy = 0. (7.7)

Fortunately, the third, anomalous component d,,, plays no role (to date) in the applica-
tions; in particular, d,,, F' = 0 for any differential function F'. Even better, if the group acts
projectably, d,,, = 0. The corresponding dual invariant differential operators D,,...,D
are then defined so that

p

P p
dy F =) (D,F) = dy Q=Y @ AD,Q, (7.8)
i=1 i=1
for any differential function F' and, more generally, differential form €2, on which the D, act
via Lie differentiation. Keep in mind that, in general, the invariant differential operators
do not commute; see (7.17) below.

The most important fact underlying the moving frame construction is that, while
it does preserve algebraic structure, the invariantization map ¢ does not respect the dif-
ferential. The recurrence formulae, [31,57], which we now review, provide the missing
“correction terms”, i.e., de(€2) —¢(df2). Remarkably, they can be explicitly and algorithmi-
cally constructed using merely linear differential algebra — without knowing the explicit
formulas for either the differential invariants or invariant differential forms, the invariant
differential operators, or even the moving frame!

Let v,...,v, be a basis for the infinitesimal generators of our transformation group.
For conciseness, we will retain the same notation for the corresponding prolonged vector
fields on J°° which, in local coordinates, take the form

, G, g N
Vi = Z HERD) O + Z Z 903,,{(5’3771(])) Juc k=1,...,r (7.9)
J

i=1 a=1 j=#J>0

The coeflicients ¢5 , = v,.(ug) can be successively constructed by Lie’s recursive prolon-
gation formula, [73, 74]:

p
CFie = Di0T . — Z “?j D& (7.10)
j=1

With this in hand, we can formulate the universal recurrence formula.

Theorem 7.1. If () is any differential function or form on J°°, then
du(Q) = u(dQ) + Y vF ALv,(Q)], (7.11)
k=1
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where v', ..., " are the invariantized Maurer-Cartan forms dual to the infinitesimal gen-

erators vy, ...,v,, while v, () denotes the corresponding Lie derivative of €2.

In general, the invariantized Maurer—Cartan forms are obtained by pulling back the
dual Maurer-Cartan forms p',..., 4" on G via the moving frame map: v* = p*u”. The
full details, [57], are, fortunately, not required thanks to the following marvelous result
that allows us to compute them directly without reference to their underlying definition:

Proposition 7.2. Let K = {Z,(z,u™) =¢,,...,Z (x,u™) =c,} be the cross-
section defining our moving frame, so that ¢, = «(Z,) are the phantom differential invari-
ants. Then the corresponding phantom recurrence formulae

OZdL(ZA):L(dZA)—l-i v ALv (Z))], A=1,...,r, (7.12)

can be uniquely solved for the invariantized Maurer—Cartan forms:

p
= Riw' + ) Sy7vg, (7.13)
i=1 a,J

where R, S%7 are certain differential invariants.

The Rf are called the Maurer—Cartan invariants, [44,79]. In the case of curves,
p = 1, they are the entries of the Frenet-Serret matrix Dp(™ (z,u(™) - p(") (2, u(™)~1
cf. [39].

Substituting (7.13) into the universal formula (7.11) produces a complete system of
explicit recurrence relations for all the differentiated invariants and invariant differential
forms. In particular, taking 2 to be any one of the individual jet coordinate functions z?,
u9, results in the recurrence formulae for the fundamental differential invariants (3.1):

D,H? =]+ Ru(l), DIS =15+ Riu(¢5,), (7.14)
K= k=1

where 6;7 is the usual Kronecker delta, and ¢, ©5 . are the coefficients of the prolonged
infinitesimal generators (7.9). Owing to the functional independence of the non-phantom
differential invariants, these formulae, in fact, serve to completely prescribe the structure
of the non-commutative differential invariant algebra engendered by G, [31, 43, 79].
Similarly, the recurrence formulae (7.11) for the invariant horizontal forms are

dw' = d[u(dz?)] = o(d?z") Zu Al (dz?))

:gi (D) V" A w +ZZ ( )u“ms*“.

k=1 a=1

(7.15)

The terms in (7.15) involving wedge products of two horizontal forms are

j k
Hw— E Y ) A"
i<k
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where
s

Vi, =-Y5, =Y [REuDEL) — REu(D,EL)] (7.16)

k=1

are called the commutator invariants, since they prescribe the commutators of the invariant

differential operators:
p
K] = Z ik Di- (7.17)
i=1

The terms in (7.15) involving wedge products of a horizontal and a contact form yield

T q p
dyw' =Y [Z (gi )R“ @' AY* =Y (D&l ST @ A0 | (7.18)

k=1 a=1 k=1

Finally, the remaining terms, involving wedge products of two contact forms, provide the
formulas for the anomalous third component of the differential:

Ww—ZZ( )S“Jﬂama (7.19)

k=1 a=1

In a similar fashion, we derive the recurrence formulae (7.11) for the differentiated invariant
contact forms: In particular, the horizontal components

D95 = 95, + Z RE (v, (09)). (7.20)

can be inductively solved to express the higher order invariantized contact forms as certain
invariant derivatives of those of order 0:

q

Z £ 5(97), (7.21)
in which ¥ = (91,...,99)T denotes the column vector containing the order zero invari-
antized contact forms, while £¢ = ( G105 €5 q) is a row vector of invariant differential

operators, i.e., each £, , =Y. A% DX for certain differential invariants A%
Combining these formulae allows us to express the invariant vertical derivative or
invariant variation of any differential invariant K in the form

dy K = Ay (9), (7.22)

in which A, is a row vector of invariant differential operators. Formula (7.22) can be
viewed as the invariant version of the vertical differentiation formula (7.3), and so will refer
to Ay as the invariant linearization operator associated with the differential invariant K.
Similarly, we derive the recurrence formulae for the vertical differentials of the invariant
horizontal forms:

i
dy,w" =

M@

1 a=1

i YA = i B () A’ (7.23)

J
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in which B} = (B;l, . .,B;q) is a family of p? row-vector-valued invariant differential
operators, known, collectively, as the tnvariant Hamiltonian operator complexr, stemming

from its role in the calculus of variations, cf. [57, 88].

Example 7.3. Let us return to the Euclidean group acting on plane curves initiated
in Example 3.1. The basic invariant horizontal one-form w = i(dx) is obtained by first
transforming dx by a general group element:

dx — dy = (cos ¢ — u, sin ¢) dx + (sin ¢)6, (7.24)
where
0 =du—u,dz, 0, =du, —u,, dr, e (7.25)

are the ordinary basis contact forms. Substituting the moving frame formulae (3.6) for the
group parameters into (7.24) yields the basic invariant horizontal one-form

dr +u., du
w=(dr) = —==1+ul do + ——==10
(dz) V14 u2 \/1+u2

Its (non-invariant) horizontal component is the contact-invariant arc length form

w="ny(w)=ds=+/1+u2 dz,

and so the corresponding invariant dlﬁerentlal operator is the usual arc length derivative
D = D,. In the same manner we obtain the basis invariant contact forms

(7.26)

B B 7 B 1+u2)0, —u,u,, 0
9 =1(0) = W’ v, =u0,) = (11 2) ; (7.27)

To construct the recurrence formulae for the differentiated functions and forms, we
begin with the prolonged infinitesimal generators of SE(2):

v, =0, vy =0,
vy=—ud, + 20, + (14+u2)d, +3uyu,,d, -+ (duu,,, +3u,)0

xrr YUy T rxxr Ugprr

The pulled back dual Maurer-Cartan forms v', v?, 3 are found by applying the universal

recurrence formulae (7.11) to the phantom invariants:
0 =dH = o(dz) + 1(v,(2)) V' + 1(vy(2)) V* + t(vs (7)) V? = =@ + V!,
0=dl, = t(du) + t(v,(u)) v —|— L(vy(u)) v? + L(v3(u)) VP =9+ 12,
0= dl} = u(dug) + (vy (u,)) V' + vy (u,)) v + 1(vs(u,)) V° = ww + 9y + 17,
since du = u, dx + 0, du, = u,, dx + 0. Therefore,
v = —w, V2 =9, V= ko —0,. (7.28)
We are now ready to substitute the non-phantom invariants into (7.11):

dis = du(uy,) = U(dug,) + (Vi () V! + 1(Vy(Uge)) V7 + (V5 (uy,)) v
= (U, dx +0,,) — t(Bu,u,,) (kw+19,) = Iyw+ 0y,

dI3 = dl’( xmx) = L(duxxx> + L(Vl (uxxx>) Vl + L(VQ(Uxxx>) V2 + L(VB (uxxx>) Vg
dr+0,,,) — tlduyu,,, +3u) (ko +9,) = (I, — 36%)w + 95 — 3k,

_L< xmxm T TTT
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and so on. Breaking these formulas into their horizontal and vertical components yields

I :D/{:/{ dv/{/:ﬁQ,
) (7.29)

To proceed further, we compute the differentials of the invariant contact forms, again using
(7.11,28):

d¥ = 1(d0) + v A (v, (0)) + 2 Au(vy(0)) + 12 A u(vs(0))
(dz NB,) — (kw4 19,) A (u, 0) =w AV,

(
(
U(df,) + vt A u(vi(0,)) + 17 Au(va(8,)) + 7 A u(vs(6,))
(
(

W(dx ANO,,) — (koo +9,) A(2uf, +u,,0) =@ A (9y — k29) — kD, A,
40,,) + V1 A 1lv, (6,0)) + 72 A 1(vy(0,,)) + 7 A (v, (6,.))

(dx NO,,,) — (kw+9,) ANe(3u,b,, +3u,, 0, +u,,.,

=w A (05 — 3%, — kK D) — K0, A,

and so on. Concentrating on the terms involving the invariant horizontal form and com-
paring with (7.8), we deduce

L

0)

3 = DOy + 3670, + kK0 = (D* +4K*D + 3k k) V.
Substituting back into (7.29), we find

dy, k = (D* + k?) 9, dy kg = (D° + K*D + 3K k) V.

Thus, the invariant linearization operators for the curvature and its arc length derivative
are
A, =D? + K, A, =D+ k*D+ 3k, (7.30)

Ks

Finally, applying (7.11) and (7.28) to the invariant arc length form w = «(dx) yields

dw = o(d*z) + v' A (v, (dx)) + 12 A (vy(dx)) + 17 A L(vy(d))
=(kw+9) A(u,dex+0)=rw A+, AD.
Therefore,

dyw=—-rVAw, and so B=-k (7.31)

is the invariant Hamiltonian operator.

8. Generating Differential Invariants.

Let us now apply the recurrence formulae to study the structure of the differential
invariant algebra associated with the prolonged group action. A set of differential invariants
Z ={I,...,1,} is said to be generating if, locally, every differential invariant can be
expressed as a function of the generators and their iterated invariant derivatives D;I,,.
Let

7 ={H',... HP} U{I§| a=1,...,q, #J <n} (8.1)
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denote the entire set of fundamental differential invariants (3.1) of order < n. In particular,
assuming we choose a cross-section that projects to a cross-section on M, then Z(0) =
{H', ... ,HP I',...I%} are the ordinary invariants for the action of G on M. If, as in the
examples treated here, G' acts transitively on M, the normalized order 0 invariants are all
constant, and hence are superfluous in any generating systems.

The first result is a direct consequence of the recurrence formulae (7.14) for the fun-
damental differential invariants and the fact that the Maurer—Cartan invariants, being
solutions to the phantom recurrence relations, have order bounded by that of the moving
frame.

Theorem 8.1. If the moving frame has order n, then the set of normalized differen-
tial invariants Tt of order < n + 1 forms a generating set.

Almost all applications rely on a cross-section ™ C J™ of minimal order, which means
that its projections ¥ = 72(K") C J¥ form cross-sections for all 0 < k < n. In this case,
one can significantly reduce the set of required generators, [43, 79]:

Theorem 8.2. IfK" = {Z,(z,u™) =c¢,,...,Z (z,u™) =¢,} is a minimal order
cross-section, then (9 U Z() | where Z(1) = {uUDi(Z;) |1 <i<p, 1<j<r}, forma
generating set of differential invariants.

The result is false in general if the cross-section is not minimal, [79]. An alternative
interesting generating system was found in [44]; again, the proof is entirely based on the
recurrence formulae.

Theorem 8.3. Let R = {RZ|1 <1 <p 1< a<r} bethe Maurer-Cartan
invariants. Then Z(®) U R form a generating system.

In both cases, the Z(°) constituent can be omitted if G acts transitively on M. The
preceding generating sets are rarely minimal. For curves, where p = 1, under mild re-
strictions on the group action (specifically transitivity and no pseudo-stabilization under
prolongation), there are exactly m — 1 independent generating differential invariants, and
any other differential invariant is a function of the generating invariants and their succes-
sive derivatives with respect to the G-invariant arc length element. Thus, for instance, the
differential invariants of a space curve C' C R? under the standard action of the Euclidean
group SE(3) = SO(3) x R?3 are generated by m — 1 = 2 differential invariants, namely its
curvature and torsion.

For higher dimensional submanifolds, the minimal number of generating differential
invariants cannot be fixed a priori, but depends the particularities of the group action and,
in fact, can be arbitrarily large, even for surfaces in three-dimensional space, [79]. Even
in very well-studied, classical situations, there are interesting subtleties that have not been
noted before, (47, 81].

Example 8.4. Consider the standard action of the special Euclidean group SE(3)
on surfaces S C R3. The classical moving frame construction, [39; Chapter 10], or its
equivariant reformulation, [57; Example 9.9], relies on the cross-section

x:y:u:ux:uy:uxyzo, umcgéuyy. (8.2)
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The two basic differential invariants are the principal curvatures
ki = L(umm>7 Ko = L(uyy)7 (83)
or, equivalently, the mean curvature and Gauss curvature
H = 1(k, +ky), K = Kq Kqy. (8.4)

The surface admits a classical moving frame provided we are at a non-umbilic point, where
Ky # Ko. (At a non-degenerate umbilic, one could, in principle, employ a higher order
moving frame.) The corresponding invariant horizontal coframe w' = (dz), @w? = «(dy),
can be identified with the diagonalizing Frenet frame on the surface, [39]. We let D,, D,
denote the dual invariant differential operators.

Let I;, = t(u;;,) denote the higher order normalized differential invariants, so Iy = 5y,
I,, =0, Iy, = ky. The third order recurrence relations are readily found:

Iyo = Diky = K1y Aoy = Doky = Ky p, L1g = Diky = Koy, o3 = Dakiy = Kgp. (8.5)

The two fourth order recurrence relations for
Iy, 1y; — 21221 2

Iyl — 213
12 2+ kywy =Dyl — + RiKg

Iy =Dyly + — —
K1 — Ko K1 — Ko

imply the celebrated Codazzi syzygy

2 2
Ky 1K1 T Ky okg g —2K5 1 —2K7 5

K122 — Ko 11 T — Ky Kg(ky — Kg) = 0. (8.6)

k1 = kg
The well-known fact that the principal curvatures s, ko, or, equivalently, the Gauss and
mean curvatures H, K, form a generating system follows from Theorem 8.1 combined with
(8.5). Remarkably, as we now show, neither is a minimal generating set!

Applying the moving frame machinery, the recurrence relations for the invariant hor-
izontal forms are found to be

1 1 2
yw =Yow A where y, = 2Ly, - 2 gy

dy @ =Y, o' Aw?, k1 = Re Ro = Ky

are the commutator invariants. The invariant differential operators therefore satisfy the
commutation relation

[D,,D,] =D, D, —D, D, =Y, D, — Y, D,. (8.8)
An easy computation shows that the Codazzi syzygy (8.6) can be written compactly as
K = rky = = (D + Y1)Y; — (D, + 15)Y5. (8.9)

which is the key identity employed by Guggenheimer, [39], for a short proof of Gauss’
Theorema Egregium.

Let us now show how, for suitably nondegenerate surfaces, we can write the Gauss
curvature K as a universal rational combination of the invariant derivatives of the mean
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curvature H. In view of the Codazzi formula (8.9), it suffices to write the commutator
invariants Y7, Y, in terms of the mean curvature. To this end, we note that the commutator
identity (8.8) can be applied to any differential invariant. In particular,

D,D,H -D,D,;H =Y, D,H-Y,D,H, (8.10)
and, furthermore, for j = 1 or 2,
D,D,D;H —D,D,D;H =Y,D,D;H —Y, D,D,;H. (8.11)
Provided the nondegeneracy condition
(D,H)(D,D,;H) # (D,H)(D,D; H), for j =1 or 2, (8.12)

holds, we can solve (8.10-11) to write the commutator invariants Y7, Y, as rational functions
of invariant derivatives of H. Plugging these expressions into the right hand side of the
Codazzi identity (8.9) produces an explicit formula for the Gauss curvature as a rational
function of the invariant derivatives, of order < 4, of the mean curvature, valid for all
surfaces satisfying the nondegeneracy condition (8.12).

In [81] it was also proved that, for suitably generic surfaces in R3, the algebra of equi-
affine differential invariants is generated by the third order Pick invariant alone through
invariant differentiation. In [47] it was proved that the algebras of conformal and projective
differential invariants are also both generated by a single differential invariant.

9. Invariant Variational Problems.

As first recognized by Sophus Lie, [59], every invariant variational problem can be
written in terms of the differential invariants of the symmetry group. The associated Euler-
Lagrange equations automatically inherit the symmetry group of the variational problem,
and so can also be written in terms of the differential invariants, [73]. The formula
for directly constructing the differential invariant form of the Euler-Lagrange equations
from that of the variational problem was only known in a handful of particular cases,
[4, 38], until, applying the invariant variational bicomplex machinery, the general version
was established in [57]. Recent applications to the equilibrium configurations of flexible
Mébius bands can be found in [93].

Let us begin by recalling how variational problems £[u] = [ L(z,u(™)dx appear in
the variational bicomplex, [4]. The integrand or Lagrangian form

A= L(z,u™)dx = L(z,u™) dz* A - AdazP, (9.1)

is a differential form on J* of type (p,0), meaning that it involves p horizontal forms and
no contact forms. Classically, to compute the associated Euler—Lagrange equations, one
begins with the first variation, followed by an integration by parts. According to (7.3), we
identify the first variation with the vertical differential d\, A = d;, L Adx of the Lagrangian
form, which is a form of type (p,1). Integration by parts can be viewed as quotienting
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out by the image of the horizontal differential, so w = W whenever w —w = d 1 for some
differential form ¢. The induced equivalence classes are represented by source forms

q
w=Y A (z,u™)* Adx, (9.2)
a=1

whose vanishing defines a system of differential equations: A (z,u(™) = 0. In the case of
a variational problem, A, = F_(L) = 0 are the classical Euler-Lagrange equations.

The Lagrangian of a G-invariant variational problem can be written in the invariant
form
A=LIM)w' A - AWP,

where w!, ..., wP denote the contact invariant coframe induced by the moving frame, (7.4),

while L(I(™) is a function of the generating differential invariants I = (I', ..., I') and their
invariant derivatives D ;I™ up to some finite order #J < k. Since they differ by contact
forms (which vanish when evaluated on submanifold jets), we do not affect anything by
replacing the w? by their fully invariant counterparts w?, and so will use the fully invariant
Lagrangian form

A=LI™ @A - AP (9.3)

in our subsequent computations. To find the invariant form of the Euler-Lagrange equa-
tions, we first compute the invariant variation d,, A, followed by an invariant integration
by parts. Two new complications arise: first, whereas the ordinary vertical derivative does
not affect the basis horizontal forms dz*, formula (7.18) shows that this is not true for
the invariant vertical derivatives of the invariant horizontal forms w?. Secondly, invariant
integration by parts, which amounts to working modulo the image of the invariant horizon-
tal differential d,, , also introduces new terms owing to (7.16). As a result, the invariant
Euler-Lagrange equation expressions are considerably more complicated.

For simplicity, let’s just work out the case of curves, so we have only p = 1 inde-
pendent variable, and ¢ > 1 dependent variables. (The higher dimensional case has some
extra twists; see [57] for details.) Consider an invariant Lagrangian form X = L(I(™) w
depending on the generating differential invariants I = (I, ..., I'), their invariant deriva-
tives I = DI, and the fully G-invariant arc length form w = t(dx). Its first variation
is computed as follows:

N _ _ _ 7 N

We then invariantly integrate by parts by applying the basic identity
Fd, DH)ANw=-DFd,HNw— F(DH)d, w, (9.5)
where we work modulo the image of d,, . We eventually arrive at the formula
dy = E(L)dy, I Aw—H(L)dy, w, (9.6)
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where & (E), the invariantized Eulerian of Z, has components

OL

goz<z) :Z(_D)lﬁ ) 0621,...,[, (97)
i=0 )t
while ~
H(L) =), > 17 ,;(-D) e L (9.8)
a=1 1>7 »T

is known as the invariantized Hamiltonian, being the invariant counterpart of the usual
Hamiltonian associated with a higher order Lagrangian L(x,u(™), cf. [4, 88].

In the second phase of the computation, we use the recurrence formulae (7.22,23) to
compute the vertical differentials

dy I = A(0), dyw=BW)Nw, (9.9)
of the differential invariants I = (I',..., I') and the invariant horizontal (arc length) form
in terms of invariant derivatives of the zeroth order invariant contact forms ¥ = (91, ..., 99).

Substituting (9.9) into (9.6) and performing one last integration by parts, we arrive at the
key formula

dy A = E(L) AW) Aw — H(L) B(O) Aw = [A*E(L) — B*H(L) ]9 A w,

where * denotes the formal invariant adjoint of an invariant differential operator, so if

P=Y_ PD*  then P =) (-D)* P,
n k

We conclude that the Euler-Lagrange equations for our invariant variational problem are
equivalent to the invariant system of differential equations

A*E(L) — B*H(L) = 0. (9.10)

Example 9.1. Any Euclidean-invariant variational problem corresponds to an in-
variant Lagrangian A = L(k, K, K, ...)w depending on the arc length derivatives of
the curvature, and the invariant arc length form (7.26). According to (7.30,31), A =
D? + k% = A*, while B = —x = B*. The invariant Euler-Lagrange formula (9.10) reduces
to the known formula B B

(D? + k¥ EL) +rH(L) =0 (9.11)

for the Euclidean-invariant Euler-Lagrange equation, [4, 38].

Additional, more intricate examples can be found in [80].

10. Invariant Curve Flows.

Finally, let us discuss some recent applications of the invariant variational bicomplex
construction to invariant curve flows. (Extensions to higher dimensional invariant subman-
ifold flows can be found in [80].) Setting p = 1, let us single out the m = 1 + ¢ invariant
one-forms

w, O, ... 01 (10.1)
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consisting of the invariant arc length form w = ((dz) and the order 0 invariant contact
forms 9% = +(6%). Let C C M be a curve. Evaluating the coefficients of (10.1) on the curve
jet (z, u(”)) =j,,C|. produces a G-equivariant coframe, i.e., a basis for the cotangent space
T*M|, at 2 = (z,u) € C. Let t,n,, ..., n,, denote the corresponding dual G—equivariant
frame on C, with t tangent, while n;,...,n  form a basis for the complementary G-
invariant normal bundle N — C induced by the moving frame.

In general, let

q
V=V, +Vy=It+> J%n, (10.2)
a=1
be a G-equivariant section of TM — C, where V., V 5, denote, respectively, its tangential
and normal components, while I, J!, ..., J? are differential invariants. We will, somewhat
imprecisely, refer to V as a vector field, even though it depends on the underlying curve
jet. Any V generates a G-invariant curve flow:

oC

The tangential component V. only affects the curve’s internal parametrization, and hence
can be ignored as far as the external curve geometry goes. For example, if we set V., = 0,
the resulting vector field V is said to generate a normal flow, since each point on the
curve moves in the G-invariant normal direction.

Example 10.1. The most well-studied are the Euclidean-invariant plane curve flows.
The dual frame vectors to the invariant one-forms (7.26, 27) are the usual Euclidean frame
vectors! — the unit tangent and unit normal:

e (e ) e (cn2e2) o
Vi+uZ \ 0z  Tou)’ V1+u2 Toxr  Ou /) '

A Euclidean-invariant normal flow is generated by a vector field of the form V =V = Jn,

in which J(k, k,,...) is any differential invariant. Particular cases include:

V = n: the geometric optics or grassfire flow, [9, 89];

V = kn: the celebrated curve shortening flow, [33, 35], also used to great effect in
image processing, [86, 89];

e V = k'3 n: the induced flow is equivalent, modulo reparametrization, to the equi-
affine invariant curve shortening flow, also used in image processing, [5, 86, 89];

V =k n: this flow induces the modified Korteweg-deVries equation for the curvature
evolution, and is the simplest example of a soliton equation arising in a geometric
curve flow, [25, 34, 64];

V = i, n: this flow models thermal grooving of metals, [15].

A key question is how the differential invariants evolve under an invariant curve flow.

t For simplicity, we are assuming the curve is represented as the graph of a function u = u(z);
generalizing the formulas to arbitrarily parametrized curves is straightforward, [80].
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Theorem 10.2. Let V =) J%n,, generate an invariant normal curve flow. If K
is any differential invariant, then

0K
o = V) = Ak (), (10.5)

where A is the corresponding invariant linearization operator .

Example 10.3. For any of the Euclidean invariant normal plane curve flows C, = Jn
listed in Example 10.1, we have, according to (7.30),

Ok Ok,

2 (D? 4+ K2 = (D3 + k*D . 10.6

ot ( + K >J7 ot ( + K +3/‘\',/‘\',S)J ( )
For instance, for the grassfire flow J = 1, and so
oK 9 0K

— = 5 —3 ) 10.7

ot~ " or oM (10.7)

The first equation immediately implies finite time blow-up at a caustic for a convex initial
curve segment, where x > 0. For the curve shortening flow, J = k, and

Ok _ 3 Ok .
at S§8S8

thereby recovering formulas used in Gage and Hamilton’s analysis, [33]; see also [68].
Finally, for the modified Korteweg-deVries flow, J = &,

T4k, (10.8)

Ok 9 Ok,

FARCR 50 = fssss + 7Kg+ BRAT, (10.9)

Warning: Normal flows do not preserve arc length, and so the arc length parameter
s will vary in time. Or, to phrase it another way, time differentiation 0, and arc length
differentiation D = D, do not commute — as can easily be seen in the preceding exam-
ples. Thus, one must be very careful not to interpret the resulting evolutions (10.7-9) as
partial differential equations in the usual sense. Rather, one should regard the differential
invariants k, kg, K., ... as satisfying an infinite dimensional dynamical system of coupled
ordinary differential equations.

A second important class are the invariant curve flows that preserve arc length, which
requires [V, D} = 0, or, equivalently that the Lie derivative V(w) = 0 is a contact form.
Applying the Cartan formula and (7.23) to the latter characterization, we conclude that
arc length preservation under (10.2) requires

[M]<

DI=BJ) =S B, (J%), (10.10)

1

Q
Il

where D is the arc length derivative, while B = (B, ..., B,) is the invariant Hamiltonian
operator (7.23).
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Theorem 10.4. Under an arc-length preserving flow,
Ky =R, (J) where R, =A, —r,D 'B. (10.11)

More generally, the time evolution of k,, = D"k is given by arc length differentiation:

Ok, /0t = D"R,(J).

Here, the arc length and time derivatives commute, and hence the arc-length preserv-
ing flow (10.11) is an ordinary evolution equation — albeit possibly with nonlocal terms.
Moreover, when (10.11) is a local evolution equation, it often turns out to be integrable,
with R, the associated recursion operator, [73]. However, as yet, there is no general
explanation for this phenomenon.

Example 10.5. For the Euclidean action on plane curves, the condition (10.10) that
a curve flow generated by the vector field V = It 4+ J n preserve arc length is that

DI = —kJ. (10.12)

Most of the curve flows listed in Example 10.1 have non-local arc length preserving coun-
terparts owing to the non-invertibility of the arc length derivative operator on x.J. An
exception is the modified Korteweg-deVries flow, where J = k, and so I = — % k2. For
such flows, the evolution of the curvature is given by (10.11), where

R.=A. —kD'B=D*+r*+r,D ' k=D>+r’+Kk,D; K (10.13)

K

is the modified Korteweg-deVries recursion operator, [73]. In particular, when J = k,,
(10.11) is the modified Korteweg-deVries equation

"("’t = Rn(’is) = "("’sss + %"("’2"("’5‘

Example 10.6. In the case of space curves C' C R3, under the usual action of the
Euclidean group G = SE(3), the coordinate cross-section

K:={z=u=v=u,=v,=v,, =0}

produces the classical moving frame, [39, 57]. There are two generating differential invari-
ants: the curvature x = ¢(u,,) and the torsion 7 = «(v,,,/u,,). According to [57], the
relevant moving frame formulae are

where ¥ = (9;,9,)7 are the order 0 invariant contact forms, while

A, =(D*+ (k*—717), =27D —1,),

A = ( 2TD2-|— 3KT, —2/{57D+ KT, — KyTy +2K3T

K2 K2 ’ B=(-x,0).
1 K K2 — 712 K.T2 —2KTT

_DS__SDQ D s s ,

K K2 N K * K2 )



Thus, under an arc length preserving flow with normal component V 5, = Jn; + K n,, the
curvature and torsion evolve according to

Ky \ J _(Re\ (AN /iSD_lli 0
() =rli) wee == (Re) = () - (ol 5

is the recursion operator for the integrable vortex filament flow, which corresponds to the
choice J = k,, K = 7,. The latter flow can be mapped to the nonlinear Schrodinger
equation via the Hasimoto transformation, [42, 58].

Further developments, including applications to image processing and object recogni-
tion, can be found in Kenney’s thesis, [50].

References

[1] Akivis, M.A., and Rosenfeld, B.A., Elie Cartan (1869-1951), Translations Math.
Monographs, vol. 123, American Math. Soc., Providence, R.I., 1993.

[2] Ames, A.D., Jalkio, J.A.; and Shakiban, C., Three-dimensional object recognition
using invariant Euclidean signature curves, in: Analysis, Combinatorics and
Computing, T.—X. He, P.J.S. Shiue, and Z. Li, eds., Nova Science Publ., Inc.,
New York, 2002, pp. 13-23.

[3] Ames, W.F., Nonlinear Ordinary Differential Equations in Transport Processes,
Academic Press, New York, 1968.

[4] Anderson, .M., The Variational Bicomplex, Utah State Technical Report, 1989,
http://math.usu.edu/~fg mp.

[5] Angenent, S., Sapiro, G., and Tannenbaum, A., On the affine heat equation for
non-convex curves, J. Amer. Math. Soc. 11 (1998), 601-634.

[6] Bazin, P.—L., and Boutin, M., Structure from motion: theoretical foundations of a
novel approach using custom built invariants, SIAM J. Appl. Math. 64 (2004),
1156-1174.

[7] Berchenko, I.A., and Olver, P.J., Symmetries of polynomials, J. Symb. Comp. 29
(2000), 485-514.

[8] Blumenthal, L.M., Theory and Applications of Distance Geometry, Oxford Univ.
Press, Oxford, 1953.

[9] Born, M., and Wolf, E., Principles of Optics, Fourth Edition, Pergamon Press, New
York, 1970.

[10] Boutin, M., Numerically invariant signature curves, Int. J. Computer Vision 40
(2000), 235-248.

[11] Boutin, M., On orbit dimensions under a simultaneous Lie group action on n copies
of a manifold, J. Lie Theory 12 (2002), 191-203.

[12] Boutin, M., Polygon recognition and symmetry detection, Found. Comput. Math. 3
(2003), 227-271.

[13] Boyko, V., Patera, J., and Popovych, R., Computation of invariants of Lie algebras
by means of moving frames, J. Phys. A 39 (2006), 5749-5762.

30



28]

29]

Boyko, V., Patera, J., and Popovych, R., Invariants of solvable Lie algebras with
triangular nilradicals and diagonal nilindependent elements, Linear Algebra
Appl. 428 (2008), 834-854.

Broadbridge, P., and Tritscher, P., An integrable fourth-order nonlinear evolution
equation applied to thermal grooving of metal surfaces, IMA J. Appl. Math. 53
(1994), 249-265.

Bruckstein, A.M., Holt, R.J., Netravali, A.N., and Richardson, T.J., Invariant
signatures for planar shape recognition under partial occlusion, CVGIP: Image
Understanding 58 (1993), 49-65.

Bruckstein, A.M., and Shaked, D., Skew-symmetry detection via invariant
signatures, Pattern Recognition 31 (1998), 181-192.

Budd, C.J., and Iserles, A., Geometric integration: numerical solution of differential
equations on manifolds, Phil. Trans. Roy. Soc. London A 357 (1999), 945-956.

Calabi, E., Olver, P.J., and Tannenbaum, A., Affine geometry, curve flows, and
invariant numerical approximations, Adv. Math. 124 (1996), 154-196.

Calabi, E., Olver, P.J., Shakiban, C., Tannenbaum, A., and Haker, S., Differential
and numerically invariant signature curves applied to object recognition, Int. J.
Computer Vision 26 (1998), 107-135.

Cartan, E., La Méthode du Repére Mobile, la Théorie des Groupes Continus, et les
Espaces Généralisés, Exposés de Géométrie No. 5, Hermann, Paris, 1935.

Cheh, J., Olver, P.J., and Pohjanpelto, J., Maurer—Cartan equations for Lie
symmetry pseudo-groups of differential equations, J. Math. Phys. 46 (2005),
023504.

Cheh, J., Olver, P.J., and Pohjanpelto, J., Algorithms for differential invariants of
symmetry groups of differential equations, Found. Comput. Math. 8 (2008),
501-532.

Chern, S.-S., Moving frames, in: Elie Cartan et les Mathématiques d’Aujourn’hui,
Soc. Math. France, Astérisque, numéro hors série, 1985, pp. 67-77.

Chou, K.-S., and Qu, C.—Z., Integrable equations arising from motions of plane
curves 11, J. Nonlinear Sci. 13 (2003), 487-517.

Dalle, D.; Comparison of numerical techniques for Euclidean curvature,
Rose—Hulman Undergraduate Math. J. 7,41 (2006).

Deeley, R.J., Horwood, J.T., McLenaghan, R.G., and Smirnov, R.G., Theory
of algebraic invariants of vector spaces of Killing tensors: methods for
computing the fundamental invariants, Proc. Inst. Math. NAS Ukraine 50
(2004), 1079-1086.

Dhooghe, P.F., Multilocal invariants, in: Geometry and Topology of Submanifolds,
VIII, F. Dillen, B. Komrakov, U. Simon, I. Van de Woestyne, and L.
Verstraelen, eds., World Sci. Publishing, Singapore, 1996, pp. 121-137.

Dorodnitsyn, V.A., Finite difference models entirely inheriting continuous symmetry
of original differential equations, Int. J. Mod. Phys. C'5 (1994), 723-734.

31



31]
32]
33]
[34]
35]
36]

[37]

Faugeras, O., Cartan’s moving frame method and its application to the geometry
and evolution of curves in the euclidean, affine and projective planes, in:
Applications of Invariance in Computer Vision, J.L. Mundy, A. Zisserman, D.
Forsyth (eds.), Springer—Verlag Lecture Notes in Computer Science, Vol. 825,
1994, pp. 11-46.

Fels, M., and Olver, P.J., Moving coframes. II. Regularization and theoretical
foundations, Acta Appl. Math. 55 (1999), 127-208.

Feng, S., Kogan, I.A., and Krim, H., Classification of curves in 2D and 3D via affine
integral signatures, Acta. Appl. Math. 109 (2010), 903-937.

Gage, M., and Hamilton, R.S., The heat equation shrinking convex plane curves, J.
Diff. Geom. 23 (1986), 69-96.

Goldstein, R.E., and Petrich, D.M., The Korteweg—deVries equation hierarchy as
dynamics of closed curves in the plane, Phys. Rev. Lett. 67 (1991), 3203-3206.

Grayson, M., The heat equation shrinks embedded plane curves to round points, J.
Diff. Geom. 26 (1987), 285-314.

Green, M.L., The moving frame, differential invariants and rigidity theorems for
curves in homogeneous spaces, Duke Math. J. 45 (1978), 735-779.

Griffiths, P.A., On Cartan’s method of Lie groups and moving frames as applied to
uniqueness and existence questions in differential geometry, Duke Math. J. 41
(1974), 775-814.

Griffiths, P.A., Exterior Differential Systems and the Calculus of Variations,
Progress in Math. vol. 25, Birkhauser, Boston, 1983.

Guggenheimer, H.W., Differential Geometry, McGraw—Hill, New York, 1963.

Hairer, E., Lubich, C., and Wanner, G., Geometric Numerical Integration, Springer—
Verlag, New York, 2002.

Hann, C.E., and Hickman, M.S., Projective curvature and integral invariants, Acta
Appl. Math. 74 (2002), 177-193.

Hasimoto, H., A soliton on a vortex filament, J. Fluid Mech. 51 (1972), 477-485.

Hubert, E., Differential invariants of a Lie group action: syzygies on a generating
set, J. Symb. Comp. 44 (2009), 382-416.

Hubert, E., Generation properties of Maurer—Cartan invariants, preprint, INRIA,
2007.

Hubert, E., and Kogan, I.A., Rational invariants of a group action. Construction
and rewriting, J. Symb. Comp. 42 (2007), 203-217.

Hubert, E., and Kogan, I.A., Smooth and algebraic invariants of a group action.
Local and global constructions, Found. Comput. Math. 7 (2007), 455-493.

Hubert, E., and Olver, P.J., Differential invariants of conformal and projective
surfaces, SIGMA 3 (2007), 097.

Jensen, G.R., Higher order contact of submanifolds of homogeneous spaces, Lecture
Notes in Math., No. 610, Springer—Verlag, New York, 1977.

Kemper, G., and Boutin, M., On reconstructing n-point configurations from the
distribution of distances or areas, Adv. App. Math. 32 (2004), 709-735.

32



[57]
58]

59]

60]
61]

62]

63]

64]

65]

66]

Kenney, J.P., Evolution of Differential Invariant Signatures and Applications to
Shape Recognition, Ph.D. thesis, University of Minnesota, 2009.

Kichenassamy, S., Kumar, A., Olver, P.J., Tannenbaum, A., and Yezzi, A.,
Conformal curvature flows: from phase transitions to active vision, Arch.

Rat. Mech. Anal. 134 (1996), 275-301.

Kim, P., Invariantization of numerical schemes using moving frames, BIT 47 (2007),
525-546.

Kim, P., Invariantization of the Crank-Nicolson method for Burgers’ equation,
Physica D 237 (2008), 243-254.

Kim, P., and Olver, P.J.; Geometric integration via multi-space, Regular and
Chaotic Dynamics 9 (2004), 213-226.

Kogan, I.A., Inductive approach to moving frames and applications in classical
invariant theory, Ph.D. thesis, University of Minnesota, 2000.

Kogan, I.A., and Moreno Maza, M., Computation of canonical forms for ternary
cubics, in: Proceedings of the 2002 International Symposium on Symbolic
and Algebraic Computation, T. Mora, ed., The Association for Computing
Machinery, New York, 2002, pp. 151-160.

Kogan, I.A., and Olver, P.J., Invariant Euler-Lagrange equations and the invariant
variational bicomplex, Acta Appl. Math. 76 (2003), 137-193.

Langer, J., and Perline, R., Poisson geometry of the filament equation, J. Nonlin.
Sci. 1 (1991), 71-93.

Lie, S., Uber Integralinvarianten und ihre Verwertung fiir die Theorie der
Differentialgleichungen, Leipz. Berichte 49 (1897), 369-410; also Gesammelte
Abhandlungen, vol. 6, B.G. Teubner, Leipzig, 1927, pp. 664—-701.

Mansfield, E.L., Algorithms for symmetric differential systems, Found. Comput.
Math. 1 (2001), 335-383.

Mari Beffa, G., Relative and absolute differential invariants for conformal curves, J.
Lie Theory 13 (2003), 213-245.

Mari Beffa, G., Poisson geometry of differential invariants of curves in some
nonsemisimple homogeneous spaces, Proc. Amer. Math. Soc. 134 (2006),
779-791.

Mari Beffa, G., Projective-type differential invariants and geometric curve evolutions
of KdV-type in flat homogeneous manifolds, Ann. Institut Fourier 58 (2008),
1295-1335.

Mari Beffa, G., Sanders, J.A., and Wang, J.P., Integrable systems in
three-dimensional Riemannian geometry, J. Nonlinear Sci. 12 (2002), 143-167.

McLachlan, R.I., and Quispel, G.R.W., Six lectures on the geometric integration of
ODEs, in: Foundations of Computational Mathematics, R. DeVore, A. Iserles
and E. Suli, eds., London Math. Soc. Lecture Note Series, vol. 284, Cambridge
University Press, Cambridge, 2001, pp. 155-210.

McLenaghan, R.G., Smirnov, R.G., and The, D., An extension of the classical
theory of algebraic invariants to pseudo-Riemannian geometry and Hamiltonian
mechanics, J. Math. Phys. 45 (2004), 1079-1120.

33



McLenaghan, R.G., and Smirnov, R.G., Hamilton—Jacobi theory via Cartan
Geometry, World Scientific, Singapore, to appear.

Mikula, K., and Sevéovié, D., Evolution of plane curves driven by a nonlinear
function of curvature and anisotropy, SIAM J. Appl. Math. 61 (2001),
1473-1501.

Moons, T., Pauwels, E., Van Gool, L., and Oosterlinck, A., Foundations of
semi-differential invariants, Int. J. Comput. Vision 14 (1995), 25-48.

Morozov, O., Moving coframes and symmetries of differential equations, J. Phys. A
35 (2002), 2965-2977.

Morozov, O.1., Structure of symmetry groups via Cartan’s method: survey of four
approaches, SIGMA: Symmetry Integrability Geom. Methods Appl. 1 (2005),
006.

Musso, E., and Nicolodi, L., Invariant signature of closed planar curves, J. Math.
Imaging Vision 35 (2009), 68-85.

Olver, P.J., Applications of Lie Groups to Differential Equations, Second Edition,
Graduate Texts in Mathematics, vol. 107, Springer—Verlag, New York, 1993.

Olver, P.J., Equivalence, Invariants, and Symmetry, Cambridge University Press,
Cambridge, 1995.

Olver, P.J., Classical Invariant Theory, London Math. Soc. Student Texts, vol. 44,
Cambridge University Press, Cambridge, 1999.

Olver, P.J., Moving frames and singularities of prolonged group actions, Selecta
Math. 6 (2000), 41-77.

Olver, P.J., Joint invariant signatures, Found. Comput. Math. 1 (2001), 3—67.

Olver, P.J., Geometric foundations of numerical algorithms and symmetry, Appl.
Alg. Engin. Commun. Comput. 11 (2001), 417-436.

Olver, P.J., Generating differential invariants, J. Math. Anal. Appl. 333 (2007),
450-471.

Olver, P.J., Invariant submanifold flows, J. Phys. A 41 (2008), 344017.

Olver, P.J., Differential invariants of surfaces, Diff. Geom. Appl. 27 (2009), 230-239.

Olver, P.J., Differential invariants of maximally symmetric submanifolds, J. Lie
Theory 19 (2009), 79-99.

Olver, P.J., and Pohjanpelto, J., Maurer—Cartan forms and the structure of Lie
pseudo-groups, Selecta Math. 11 (2005), 99-126.

Olver, P.J., and Pohjanpelto, J., Moving frames for Lie pseudo—groups, Canadian J.
Math. 60 (2008), 1336-1386.

Olver, P.J., and Pohjanpelto, J., Differential invariant algebras of Lie pseudo-groups,
Adv. Math. 222 (2009), 1746-1792.

Olver, P.J., Sapiro, G., and Tannenbaum, A., Differential invariant signatures and
flows in computer vision: a symmetry group approach, in: Geometry—Driven
Diffusion in Computer Vision, B. M. Ter Haar Romeny, ed., Kluwer Acad.
Publ., Dordrecht, the Netherlands, 1994, pp. 255-306.

34



88]
89]

[90]

[91]

92]

93]

[94]

95]

[96]

Pauwels, E., Moons, T., Van Gool, L.J., Kempenaers, P., and Oosterlinck, A.,
Recognition of planar shapes under affine distortion, Int. J. Comput. Vision 14
(1995), 49-65.

Rund, H., The Hamilton-Jacobi Theory in the Calculus of Variations, D. Van
Nostrand Co. Ltd., Princeton, N.J., 1966.

Sapiro, G., Geometric Partial Differential Equations and Image Analysis, Cambridge
University Press, Cambridge, 2001.

Shakiban, C., and Lloyd, P., Signature curves statistics of DNA supercoils, in:
Geometry, Integrability and Quantization, vol. 5, .M. Mladenov and A.C.
Hirschfeld, eds., Softex, Sofia, Bulgaria, 2004, pp. 203-210.

Shakiban, C., and Lloyd, R., Classification of signature curves using latent semantic
analysis, in: Computer Algebra and Geometric Algebra with Applications, H. Li,
P.J. Olver, and G. Sommer, eds., Lecture Notes in Computer Science, vol. 3519,
Springer—Verlag, New York, 2005, pp. 152-162.

Shemyakova, E., and Mansfield, E.L., Moving frames for Laplace invariants, in:
Proceedings ISSAC2008, D. Jeftrey, ed., ACM, New York, 2008, pp. 295-302.

Staarostin, E.l., and Van der Heijden, G.H.M., The shpae of a Mdobius strip, Nature
Materials Lett. 6 (2007), 563-567.

Valiquette, F., Applications of Moving Frames to Lie pseudo-groups, Ph.D. thesis,
University of Minnesota, 2009.

Welk, M., Kim, P., and Olver, P.J., Numerical invariantization for morphological
PDE schemes, in: Scale Space and Variational Methods in Computer Vision, F.
Sgallari, A. Murli and N. Paragios, eds., Lecture Notes in Computer Science,
vol. 4485, Springer—Verlag, New York, 2007, pp. 508-519.

Yezzi, A., Kichenassamy, S., Kumar, A., Olver, P.J., and Tannenbaum, A., A
geometric snake model for segmentation of medical imagery, IEEE Trans.
Medical Imaging 16 (1997), 199-209.

35



