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Abstract—1t is a classical result that solutions to the
isoperimetric problem, i.e., finding the planar curves with a
fixed length that enclose the largest area, are circles. As a
generalization, we study an asymptotic version of the dual
isoholonomic problem in a Euclidean space with a co-dimension
one distribution. We propose the concepts of asymptotic rank
and efficiency, and compute these quantities as well as the
efficiency-achieving curves in several special cases. In particular,
an example of a snake moving on ice is worked out in detail to
illustrate the results.'

1. INTRODUCTION

As the dual to the isoperimetric problem, the isoholonomic
problem has application in a variety of fields, for example,
control theory [3], the falling cat problem [6], the swimming
microorganism at low Reynolds number [9], and the Berry
phase in quantum mechanics [7], etc. Another reference can
be found in [1]. In this paper, we will formulate and study an
asymptotic version of the isoholonomic problem for which
analytic solutions are available in certain cases. To define the
problem, we shall start from a motivating example, which can
be thought of as the planar version of the falling cat problem.

A snake.

Fig. 1.

A. Motivating Example: Snake on Ice

Consider the following model of a snake moving on a hor-
izontal plane. The snake consists of n + 2 unit point masses
(nodes) whose positions are denoted by ¢i,...,qn42 € R2,
respectively. These nodes are then connected subsequently
by n + 1 rigid bars of unit length and zero weight, forming
a kinematic chain. Figure 1 shows an example when n = 3.
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Suppose that the plane is ideal ice (i.e., frictionless) so that
the snake cannot “push off” the ground to gain locomotion.
Then since the snake is a closed mechanical system, its
total linear momentum and total angular momentum are both
conserved. So for an initially stationary snake, we must have

n+2

Zqz- = 0, ()
io =1

> ai % di
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Without loss of generality, we assume that the snake is ini-
tially centered at the origin, i.e., ZZ’E gi(0) = 0. Condition
(1) then implies that 37" ¢; = 0.

The configuration of the snake is uniquely determined by
the angles 01, .. ., 0,41, where 6; is the angle g;1 1 —¢q; makes
with the positive z-axis for i = 1,...,n + 1. Each 0, takes
values in R modulo 27, namely, the 1-torus T = R/27Z,
$0 (01,...,0,41) takes values in the (n + 1)-torus T"T1,
which is the configuration space of the snake. For given
, qn+2 can be recovered by
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01,...,0nt1, q1,. ..

n+1
1 . :
@ = _n+2;(nm—j)(cosaj,smej)f, 3)
i—1
g = q+» (cos,sinb;),i=2,... ,n+2, (4
j=1

Equation (3) and (4) together define an embedding of the
configuration space T"*! into R?**4 Thus T"*! inherits
isometrically via this embedding a riemannian metric from
the standard metric on R2"*+4, After some calculation, this
metric (-,-) can be determined as

g 0
AN ..
9ii = (557> 777) = Aijcos(0i —0;), 1 <d,j <n+1, (5)
g 00;" 00, / /
where A;; are constants defined by
i(n42—7) e .
Ay = ( f;‘g-)-7 ifo<g,
: e, ifi >

Suppose that the trajectory of the snake over an interval I =
[0,1] is given by the curve v in T"T!. Unless otherwise



stated, we assume that all the curves in this paper are defined
on I. Define L(vy) = fol %Il dt and E(vy) = fol I511% dt as
the length and the energy of ~, respectively, where || - || is
the norm corresponding to (-, -). From the definition of (-, -),
if the positions of the nodes of the snake corresponding to y
are given by q1, ..., qnt2, respectively, then

n+2

L) = | I(qu)m &t B = [ iq dt.

=1

The problem we study in this paper can be roughly stated
as: how can the snake turn most efficiently? One possible
formulation is described in the following. Suppose that the
snake starts from configuration (69,...,6%_ ;) at time 0, and
wishes to retain the shape but with different orientation, for
example, it tries to reach configuration (69 +6,...,67 ,+06)
at time 1. Among all such trajectories v, we want to find the
one with minimal length L(v) (or energy E(v), which are
equivalent), subject to the constraint (2) that the total angular
momentum are zero at all time.

B. Solutions as Sub-Riemannian Geodesics

Without the constraint (2), the above problem becomes
finding geodesics in T"*! with the riemannian metric (-, -),
which is studied in [5]. However, with the addition of the
constraint (2), the problem becomes one of finding sub-
riemannian geodesics in a certain sub-riemannian geometry.
In fact, let v = (61,...,60,41) be a curve in T"!, and

let q1, ..., gn+2 be the corresponding positions of its nodes.
Then careful calculations show that (2) is equivalent to
n+1
> Aijcos(0; — 0;)0; = 0. (©6)
i,j=1

In other words, if we define a one-form on T"t1 by

n+1
o = Z Aij COS(GZ' — Gj)de, (7)
i,j=1

then condition (2) is equivalent to (%) = 0, i.e., ¥ €
ker . Note that H = ker « is a co-dimension one distribution
on T"*!. Hence v must be a horizontal curve for this distri-
bution. Moreover, the restriction of (-, -) to H defines a sub-
riemannian metric (-,-)7;. In this sub-riemannian geometry,
the sub-riemannian length of the horizontal curve ~ coincides
with its riemannian length L(7).

Therefore, the problem stated above is to find the short-
est horizontal curves in T"! connecting (67,...,60% ) to
(69 +6,...,05, , +86), which is a distance-minimizing sub-
riemannian geodesic.

Compared with general sub-riemannian geometries, how-
ever, the one defined above belongs to a very special category.
In fact, T"*! is a principal T-bundle over T™ with distribu-
tion H and sub-riemannian metric (-, -)3 that are compatible
with the action of the structure group T. To see this, consider

the following action R of T on T+ for each 6 € T,
Ry : T — T+ is defined by

Ro(01,...,0n11) = (01 +0,...,0,1 +0).
The configuration of the snake corresponding to
Ro(61,...,0,11) is obtained from that corresponding to

(01,...,0n41) by a rotation of § counterclockwise. In fact,
the set of all shapes of the snake corresponds in a one-to-one
way to the set of T-orbits of T+, which can be identified
as T £ {(917'-'79n+1) e T+ . 0, + ---+9n+1 =0
mod 27}. We shall call T" the shape space. As the notation
suggests, T™ is topologically an n-torus.

There is a natural projection w : T"*! — T" defined

ntlg, Yrtle
byw(91,...,9n+1):(91— 111-{-11 ,...,9n+1— ;H—ll ),
such that for each (61,...,0,+1) € T™ its inverse image
under 7 is exactly the T-orbit in T"*! passing through it. In
the terminology of principal bundles, 7 makes T"*! into a
principal bundle with base space T™ and structure group T.
Each fiber of this bundle consists of all configurations of the
snake with a fixed shape but different orientations.

Note that in the definitions (5) and (7), the terms involving
6;’s are of the form 6; — 6;, which remain unchanged under
the action R. Hence the horizontal distribution H and the
sub-riemannian metric (-,-)7; are both invariant under the
action R. Such distributions and sub-riemannian metrics are
called compatible (with the action of the structure group T).

In this perspective, the problem is to determine the shortest
horizontal curve from a configuration (61, . ..,6,11) to a new
configuration Ry(61,...,0,4+1) in the same fiber.

C. Asymptotic Problem

Due to the global nature of the problem proposed above, its
solutions are usually impossible to obtain analytically. In this
paper, we shall study an asymptotic version of the problem:
what is the most efficient way of turning if the snake can
only exert an increasingly smaller amount of energy? Besides
giving approximate solutions to the global problem when
the snake is confined to a neighborhood of the current
configuration, solutions to the asymptotic problem can be
employed repetitively for the snake to turn a significant angle,
which makes sense if the snake has to take a breath at its
original shape from time to time.

The paper is organized as follows. First, some notions
in sub-riemannian geometry are reviewed in Section II. In
Section III, we formulate the problem of asymptotic iso-
holonomy by proposing the concepts of rank and efficiency.
The rank two case is solved in Section IV, and the rank three
case with n = 2 in Section V. The results are then illustrated
in Section VI for the snake example.

II. BASIC SETUP

Since we are concerned with local solutions, we consider
R"*1 instead of T"*!. The projection 7 : (z1,...,%nt1) €
R (21,...,7,) € R™ defines R"™! as a bundle



over R™ whose fiber over each point m € R"™ is given by
71 (m) ~ R, making 7 : R**! — R" a principal R-bundle.

A. Co-Dimension One Distribution on R"!

A co-dimension one distribution H on R"*! is defined by
the vanishing of a one-form

n
a= Z oidz; — dTn i1, )
i=1
where a1,...,a, are C™ functions on R™*!. At each
point ¢ € R™"!, the horizontal space H, is the kernel of
ag in T,R"™ ~ R"*1 thought of as an n-dimensional
subspace of R"*1, namely, H, = {(v1,...,vn41) € R*TL:
D ic1 @i(q)vi — vpg = 0}

A horizontal curve v in R"*! is an absolute continuous
curve in R"*! whose tangent vector +/(¢) wherever it exists
belongs to H. ). Write v = (71,...,Vn+1) in coordinates
and note that ‘H = kera, we have that ~ is horizontal if
and only if 4,41 = Zi:l a;%;, a.e. For a curve ¢ in R"
starting from m, let ¢ = (m,h) € 7w~ !(m) be arbitrary.
The horizontal lift of c based at ¢ is the unique horizontal
curve 7 in R™*! starting from ¢ and satisfying 7(y) = ¢
at all time. If in particular c is a loop in R™ based at m,
then its horizontal lift v must start and end in the same fiber
7~(m), i.e., the end point of ~ has the same x1,...,z,
coordinates as m. The difference in their x,4; coordinates
is called the holonomy of the loop c (based at ¢), which in
general depends on the choice of ¢ € 771(m).

B. Compatible Distribution

The distribution H is called compatible (with the bundle
structure 7 : Rt — R™) if it is invariant under the action of
the structure group R, namely, translations along the z,,41-
axis. In other words, H is compatible if and only if the
horizontal spaces H,, thought of as n-dimensional subspaces
in R"*1, are the same for ¢ in the same fiber 7—*(m). In

terms of equation (8), this is equivalent to
the functions a, ..., a,+1 are independent on x,41. (9)

Because of (9), we can defined a one-form on R™ as

O = i OéidCCi,
i=1

which is called the connection form of H. The curvature
form of H is the two-form on R" defined as

Q1 =do.

(10)

(1)

An important implication of compatible distributions is
that the holonomy of a loop ¢ in R™ based at m is inde-
pendent of the starting point ¢ € 7~ !(m) of its horizontal
lift, thus can be simply denoted by h(c).

An alternative interpretation of h(c) is the following. Let
c: I — R"™ be a loop based at m, and ~ be its horizontal
lift based at an arbitrary point in 7~ !(m). Then h(c) =

Yn41(1) = Y1) = [y Anyrdt = [ S0, apfpdt =
J.©. Now we find a two-dimensional submanifold S im-
mersed in R™ whose boundary 0S5 is exactly ¢ under the
canonical orientation of R™. Then by the Stokes equations,

= J,0= Jite- /Q

Equation (12) expresses the holonomy h(c) as an integral of
the curvature form €2 over an arbitrary surface encircled by
c. This relation will be useful later.

12)

C. Sub-Riemannian Metric

A sub-riemannian metric on H is an assignment of inner
products to horizontal spaces H, that varies smoothly with
q € R™*1. One often denotes these inner products by (-, )%
and their corresponding norms by || - ||7. The existence of a
sub-riemannian metric enables one to measure the length of
horizontal curves: for a horizontal curve « in R**+1, its length
is given by L(vy fo I%|| dt. 1t should be emphasized here
that the 1ength of a non-horizontal curve is in general not
defined. The sub-riemannian distance between two arbitrary
points ¢; and ¢o in R™*! is the infimum of the length of
all horizontal curves connecting them. With this distance, the
distribution H and the sub-riemannian metric (-, -)7; together
specify a sub-riemannian geometry on R"*1,

D. Compatible Metric

For a compatible distribution H, a sub-riemannian metric
is called compatible (with the bundle structure 7 : R**! —
R™) if it is invariant under the action of the structure group
R. Hence translations along the x,,1-axis are isometries for
the sub-riemannian geometry.

Compatible sub-riemannian metrics on H corresponds in
a one-to-one way to riemannian metrics on the base space
R™. To see this, we first define the horizontal lift operator.
For each pair of m € R™ and ¢ € 7~ !(m), the horizontal
lift hg : T,,R™ — H, is a linear map that maps v € T,,,R"
to the unique v € H, satisfying dmy(u) = v. Thus hq is
the inverse of the map dm, restricted on H,, which is an
isomorphism by our choice of « in (8). Now starting from a
compatible sub-riemannian metric (-, )3, there is a unique
riemannian metric (-, -)gn on R™ that makes all horizontal
lifts isometries. In fact, (-, -)g~ is defined by

(u, v)rn = (hq(u), hq(v))n, Vu,ve TR, (13)
which is independent of the choice of ¢ € 7~%(m) since
(-, )7 is compatible. Conversely, a riemannian metric (-, -)gn
on R™ induces a compatible sub-riemannian metric on H as

(u, v)p = (dmg(u),dmg(v))rn, Vu,v € H,. (14)

III. PROBLEM FORMULATION
A. Asymptotic Holonomy

Suppose that H = ker « is a co-dimension one distribution
on R™"*! where « is given in (8), and (-,-)% is a sub-
riemannian metric on H. Fix a pair (m, ¢), where m € R",



q € R"! and ¢ € 7=1(m). Let ¢ be a non-trivial loop in
R™ based at m, and let « be its horizontal lift in R™*+! based
at ¢. Denote by h(c) the holonomy of ¢ based at ¢ and, with
some abuse of notation, by L(c) the length of + (the length
of ¢ is in general not defined). Note that L(c) > 0 since ¢
is non-trivial. For each € > 0, denote by ec the loop in R"
obtained by scaling ¢ by a factor of € towards m (a more
accurate notation should be m + €(¢ —m)). Thus h(ec) and
L(ec) are similarly defined. It is easy to show that as e — 0,
L(ec) is of the order of ¢, while |h(ec)| is of the order of €”
for some integer » > 1. We call this integer the rank of the
loop ¢, and denote it by 74(c). The (asymptotic) efficiency of
c is defined as
o [e0)

male) = i oy

The rank and the (asymptotic) efficiency at q are defined as

5)

7(q) £ min 74(c),
€ (16)
n(q) £ sup{7,(c) : ¢ such that 74 (c) = r(q)}.

Remark 1 Both r,(c) and ny(c) depend on q € 7 *(m)
since h(c) and L(c) in general vary with q. However, if the
distribution H and the sub-riemannian metric (-, )3 are both
compatible, then h(c) and L(c) are the same as q varies
in the fiber =1 (m). Therefore, in this case one can write
rm(€), m(c), r(m), and n(m) instead. We shall simply call
r(m) and n(m) the rank and the efficiency at m, respectively.

Example 1 (Heisenberg Geometry) Consider the follow-
ing compatible distribution H and sub-riemannian metric
(-,-Y1 on R3. Suppose that H is given by the vanishing of
o = 3(v1dxy — xodwy) — das, and that (-, )3 is induced by
the canonical riemannian metric on R2. Then the holonomy
h(c) of a loop c in R? is the signed area it encloses, and
L(c) is simply its length in R% Thus by the well-known
isoperimetric theorem, the rank at any m € R? is two, and
the efficiency n(m) = 1/4w, both realized when c is a circle

of arbitrary radius passing through m.

The following lemmas are direct consequence of the above
definitions. We omit their proofs here.
Lemma 1 For a loop c in R™ based at m, and q € 7~1(m),
e (invariance to scaling) r,(c) = rq(Xe) and ny(c) =
ng(Ae) for any A > 0;
o (invariance to reparameterization) r,(cop) = r¢(c) and
ng(co p) =ny(c) for any diffeomorphism p : I — I.

Obviously, the rank at ¢ € R"*! depends only on the
horizontal distribution H near ¢, and is independent of the
sub-riemannian metric (-, ). For compatible H, we have
Lemma 2 Suppose H is compatible with connection form ©
and curvature form S, respectively. Write §) in coordinates
as Q=37 i icn Qij dz; A dzj, where Qij = —Qj;. Then
at any m € R", r(m) — 2 is equal to the smallest integer

k > 0 for which there exist some i, jo such that at least one
k-th order partial derivative of Q;,;, at m is nonzero.

On the other hand, although 7(q) does depend on (-, )7,
due to the smoothly varying nature of (-, -)3; near ¢, we have

Lemma 3 7(q) depends on the sub-riemannian metric
(-,-)n only through its restriction on H,.

By Lemma 3, to the effect of studying 7(g), we can modify
(-,-)2¢ on other horizontal spaces so that for any ¢’ € R"*!,

drg : Hy — TrgyR™ is an isometry, 17)

where the metrics on all 77, R™ are given by the same
positive definite n-by-n matrix Ag. For compatible H, (-, )%
thus chosen is also compatible. By a transformation of
coordinates within R™, in the rest of the paper we shall
assume that (17) holds with Ay = I. Hence L(c) is simply
the arc length of c as a curve in R™ with the canonical metric.
B. Equations of Efficiency-Achieving Loops

To find the efficiency 7(q) at ¢ € R™*! and the (family
of) loops ¢ based at m = w(q) for which 7,(c) = n(q), one
needs to solve the following variational problem.

Problem 1 Let c be an arbitrary loop in R™ based at m, and
let h(c) be its holonomy. Then solving for 1n(q) is equivalent
to one of the following problems:

1) minimize L(c) = fol ¢l dt, subject to h(c) = 1;

2) maximize h(c), subject to L(c) = 1;

3) minimize E(c) = fol l|él|? dt, subject to h(c) = 1;

4) maximize h(c) subject to E(c) = 1.

Formulation 3 is adopted here since it avoids the ambi-
guity of reparameterizations (solutions in formulations 3 are
solutions in formulation 1 parameterized with unit speed).
Using the Lagrangian multiplier approach [8], solutions are
given by:

&= —\ieS. (18)

Here, i:Q) = Q(¢, -) is a one-form on R™ that we identify as
a vector via the canonical metric on R". We are interested
only in those solutions to (18) that start and end in the
origin. The constraint that A(c) = 1 can be ignored if one is
only interested in the shape of such solutions. Equation (18)
describes the motions of a particle of unit mass and unit
charge moving in a magnetic field on R™ given by € in the
case of n = 2,3, and in general admits no analytic solution.

IV. RANK TwO CASE

Let H be a compatible co-dimension one distribution on
R™ with connection form © and curvature form €2, and let
(-,+)2 be a riemannian metric on H obtained by lifting the
canonical metric on R™. In this section, we try to determine
n(m) at a point m € R™ with rank r(m) = 2. Without loss
we assume that m = 0 € R™ and ¢ = 0 € R™*!,

By Lemma 2, if Q) = Zlgi,jgn Q5 dz; A dz; in coordi-

nates, then ;;(0) # 0 for at least some i, j. Define Q° £



> i<ij<n $2(0) dz; A dx;. The for any two dimensional
submanifold S in R™ encircled by a loop ¢ based at 0, we
have h(ec) = [(Q~ [ Q0 =€ [(Q°, as e — 0. Hence
in determining the efficiency at 0, we may as well assume
that H has the curvature form Q°. Under this assumption,

e 2 QO QO
770(0) = 11m5—>0 IL};((EC))‘ = 1lm5—>0 E’z{g(c)‘ ‘{g( )‘ SO
0o 0o
1(0) = supmo(c) = sup |£§(C) L sup | fES(C) | .19
Define an n-by-n skew-symmetric matrix
Z = [Q5(0)h1<ij<n- (20)

Z can be transformed into the following standard form:

. 0 - 0 -
Z_Q~d1ag<[01 gl},...,{m gl],o,...,o).Qt,

where @) € R™*"™ is orthonormal, [ > 0 is an integer with
2l <n,and o7 > --+- > o7y > 0. In fact, 01,...,0; each
repeated twice are the nonzero singular values of Z.

Now perform the following coordinate transformation:

7:1771)@

Then QO = 2(0’1dy1 A dyg + -+ O'ldyglfl A dygl). So for
S in R™ encircled by a loop ¢ based at 0 with coordinates
Y1y -3 Yn, WE have fS QO =2 Zé:l g; fS dy2i71 A dygl
Note that f S dyai—1 N dys; is the area of the projection of
S onto the plane II; spanned by the y9;,—1 and yo; axes.
By the cla551cal 1soper1metrlc theorem [4], | fS dyai—1 N
dy2i| < 4= fo U3, 1 + v3;) dt, with equality if and only
if (y2i— 1,y21) for t € I draws a circle of arbitrary radius
through the origin in II;. Summing up, we have f QO| <
221:1 Uz|f5 dy2i—1 A dyzi| < 201 Zz 14x fo y21 1+
y3;) dt < G- E(c), where the equality holds if and only if for
all ¢ =1,...,1 such that o; = max;<;<; 0;, the projection
of c onto II; is a circle of arbitrary radius through 0, and the
projection of c¢ to all other axes are all zero. Therefore,

(Y1, .-, yn) = (21, .. 21

Theorem 1 Suppose that H is a compatible distribution on
R™ with curvature form Q, and (-,-)x is a sub-riemannian
metric on H such that dm is an isometry from Hg to ToR"
with the canonical metric. Let o1 > --- > o] each repeated
twice be the nonzero singular values of the matrix Z defined
in (20). Then the efficiency at O is

n(0) = (22)

27
Moreover, let 11; be the subspace spanned by the y2;—1 and
Y2, axes under the coordinate transformation (21). Then for a
loop ¢ in R™ based at 0 to have efficiency 1(0), its projection
onto each plane 11; with o; = o1 must be a circle, and its
projections on all other axes are zero.

Fig. 2. A solution curve to problem (23).

V. RANK THREE CASE

In this section, we study the efficiency at point m =0 €
R™ for a compatible horizontal distribution 7 on R"*! with
rank 7(0) = 3. So the curvature form 2 satisfies 2° = 0 and
Qra > oi<ijk<n 8%1; O gy, dz; A dz; # 0. By our previous
discussions, we can replace Q by QL.

We study the simplest case n = 2 only. So

Ql = 2(8%112(0) 1 + aﬂaljz)(o)xg)dzl A dxo. Define kK =

\/ [8961;1(0)] + [8%1;2(0)]2, which is nonzero by assumption.

Perform the coordinate transformation (y1,y2) = (z1,z2)@,
where () is the orthonormal matrix defined by

1 912(0) 9012(0)

Q — oz Oxo
K _ 8912(0) 8912(0)

Oz Oz

Then Q' is now Q! = 2ky; dy; A dys. For a nontrivial loop
c in R? based at 0 enclosing the (oriented) area S, we have

h(ec) N/ ol = 63/ ol = eg/nyfdyg.
eS S c

2
Hence 70(c) = lime_.¢ Lh3((6:c)) _ rJ. yidy

AT and

f yidys
P )

K [, yidys
1(0) = supno(c) = sup ——==—<— ‘[ g
To determine the ¢ for which 7(0) is achieved, one needs to
solve the following variational problem:

find ¢ that minimizes F(c) such that / yidys = 1. (23)

C

Problem (23) can be solved using the Maximal Principle.
The details are omitted here, and can be found in an
upcoming paper. Figure 2 plots one solution curve (up to
a scaling) to problem (23), which should be parameterized
so that it proceeds counterclockwise with constant speed.

Remark 2 The efficiency-achieving loop calculated in this
section is part of the trajectory of a charged particle mov-
ing in a magnetic field B with linear components on R?,
referred to as a grad B drift since it exhibits an overall drift
orthogonal to the direction grad |B| ([2]).



VI. BACK TO THE SNAKE

Suppose that in the snake example we have n = 2. So the
snake consists of three rigid segments, whose orientations are
given by the angles 60;, i = 1,2, 3. The configuration space
is T2, with a Riemannian metric given by (5), where A =

3 21
(Aij)i<ij<s =3 |2 4 2|.By (7), the co-dimension one
1 2 3

distribution H is given by the vanishing of the one-form
o = Z?,j:l Aij COS(gi — 9J)d97

Suppose now that the snake is at the initial configuration
q corresponding to 61 = 03 = 03 = 0, i.e. the three segments
of the snake are all aligned in the positive horizontal direc-
tion. To compute the rank at ¢, we perform the following
coordinate transformation in a neighborhood of ¢:

o] [ mE )0
p2| = | —1 0 1 0|, (24
¢3 1 1 1 03

The choice of such a transformation serves several purposes.
First, ¢35 = 01 + O3 + 03 is the direction along the fibers of
T3 under the action of T as described in Section I. Second,
the plane II spanned by the ¢; and ¢, axes is transversal
to the ¢3 axis, hence can be regarded as the base space for
the principal bundle T3, at least locally around the origin.
Third, the projection dm : Hy — T(o,0)Il is an isometry
if II is equipped with the canonical Euclidean metric. Thus
condition (17) is satisfied with Ag = I.

In the new coordinates, g corresponds to the origin ¢; =
¢2 = ¢3 = 0, and the condition that « = 0 is equivalent
to the vanishing of a suitable connection form © defined on
II ~ R2. After a careful calculation, the curvature form 2 is

Q =dO = f(¢1,p2)dd1 Adpa, where f(p1, d2) is given by

B 3sin(31—{§¢>1){ 1 f2<¢1,¢2>}
f(o1,02) = BCR) 4C05(§¢2) + Fonda) )

Fuld1, o) = 5+ 4cos(31—“05¢>1)cos<%¢2) + cos d,

fa(¢r, d2) = 005(31—\{)5%)[10 SiHQ(%%) - 60052(%%)]

+4 Sin2(%¢2) cos(%gbg).

One can verify that f(0,0) =0, 8%(07 0) #0, (%2(0, 0)=
0. As a result of Proposition 2, the rank at ¢ is three. To
compute the efficiency at ¢, we can replace €2 by its first order
approximate 2! = 25—510d¢1 A dego. In particular, maximum
efficiency at ¢ is achieved by the horizontal lifting of a curve
cin the (¢1, ¢2) plane plotted in Figure 2. Horizontally lifting
¢ to a curve v in (¢1, @2, ¢3) coordinates, transforming -
back to the (61,02, 6s) coordinates using (24), and finally
using equation (3), we obtain the motions for the snake to
turn with the least energy asymptotically starting from the
aligned initial position. Figure 3 shows the snapshots of the

motions at different time instances obtained numerically.

Fig. 3. Snapshots of snake turning.

Remark 3 In a neighborhood of the origin in the (¢1,p2)
coordinates, the zero-th order approximate of the curvature
form Q vanishes if and only if ¢1 = 0, i.e., if and only if
01+03—2602 = 0. So the rank is three at points satisfying this
condition and two otherwise. As a result, for snake starting
from a shape close to the aligned one, it is more difficult for
the snake to turn if its initial shape satisfies the condition
01+ 63 — 26, = 0.
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