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Abstract

The problem of finding a pevdenic puning given points xq, x; in a connected complete Riemannian
manifold requires much muwe eftort than determining a geodesic from initial data. Boundary value
problems of this type are smeumes solved using shooting methods, which work best when good initial
guesses are available. espevially when 1, 1, are nearby. Galerkin methods have their drawbacks too.
The situation is much muwe &t oult with general variational problems, which is why we focus on the
Riemannian case

Our global algonthm: i vern umpie W implement, and works well in practice, with no need for an
initial guess. The praut ot comeryenae 1+ elementary and very carefully stated, with a view to possible
generalizations later on W hsv e ir mund the much larger class of interesting problems arising in optimal
control especially from me hune o er incering.

1991 Mathematics subiect cwav- ' urww « Amer Math. Soc.): primary 34B15, 49MO05; secondary 53C22.

1. Introduction

Let N be a C™ path-connected Riemannian n-manifold where #n > 1 is finite. When
N is complete with respect to the Riemannian distance function d the classical Hopf-
Rinow theorem says that any x,. x; € N are joined by a minimal geodesic, namely a
curve y : [0, 1] = N of minimum length with respect to the Riemannian structure.
When the geometry of N is very well understood all geodesics can be written down
in closed form [1, 6], but in general finding y is not easy.

There always exists a coordinate chart of N containing the image of y, but finding
the chart may not be easy either, unless y is given or x,, x; are nearby. Putting that
difficulty to one side, y solves a second order non-linear system of n ordinary differ-
ential equations defined in the chart coordinates, as well as the boundary conditions
y (i) = x; fori = 0, 1. So the search for y can be considerably narrowed by solving a
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2-point boundary value problem, at least if a suitable coordinate chart has been found.

Solving a 2-point boundary-value problem is much harder than solving an initial-
value problem. In particular, some kind of completeness assumption, such as we have
made in the Riemannian case, is needed to ensure that a solution to the initial-value
problem exists for all time. Typically the boundary-value problem does not have
a unique solution, and in the general case a solution need not exist. In the single
shooting method [3, Chapter 2] for 2-point boundary-value problems the unknown
initial data is estimated, or just guessed when no basis exists for making an estimate.
Then the corresponding initial-value problem is solved to obtain an estimate y of the
solution to the boundary-value problem. The error y (1) — x; in the terminal value is
used to update the initial guess. When the initial guess is good the estimates obtained
by iterating this procedure converge to a solution of the boundary-value problem.
The success rate does not seem to be high in other cases, and in general there is no
guarantee of convergence.

When x,, x| are nearby they determine a useful estimate of the initial velocity y (0),
which is the extra initial data that we need for single-shooting. Usually in such cases,
which we call the local version of our problem, single shooting works well and is
possibly the method of choice. When x,, x| are distant we have the global problem
and the performance of single-shooting is critically dependent on the quality of the
initial guess.

Error accumulation in solutions of initial-value problems can be especially trouble-
some for non-linear systems. To cope with this and other difficulties, single shooting is
sometimes replaced by multiple shooting [3]. Then [0, 1] is divided into small subin-
tervals whose initial data is simultaneously updated at each step. This ameliorates
chaotic effects but performance is still heavily dependent on the quality of the initial
guess. As an added computational burden, the number of variables is substantially
increased. As for single shooting there is usually no guarantee of convergence.

The global algorithm of the present paper resembles multiple shooting in that [0, 1]
is subdivided and geodesics are found separately over each subinterval. So we do
not expect to be troubled by the non-linear dynamics either. The most important
differences between the global algorithm and multiple shooting, as described in [3],
are

(1) Each step of the global algorithm updates only n real variables at a time.

(2) The curves of the global algorithm satisfy both boundary conditions at every
step of the iteration.

(3) The global algorithm always converges, without the need for an initial guess.
Usually there is no need to search for convergent subsequences. The entire sequence
of approximations is proved to converge under fairly general conditions.

The present paper exploits the success of single shooting by treating the local
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problem as essentially solved. This opens up the possibility of solving the global
problem by building approximations from local solutions. This idea is certainly not
new. For example in [6, IIl.Section 16] the space of all piecewise-C' curves joining
Xy, X, is approximated by a C* finite-dimensional manifold B of piecewise-geodesics.
Restricting the energy integral E to a suitable compact subset of B suffices to prove
the Hopf-Rinow Theorem. So it appears we might be on the right track.

Indeed the method of gradient descent applied to the C* function £’ = E|B on
B can be used to solve the global problem. Alternatively, gradient descent can be
applied directly to suitable infinite dimensional manifolds of curves [11]. The gradient
of E’ is a vector of velocity increments at the junctions of a piecewise geodesic and is
readily calculated in practice. However a practical difficulty with gradient descent is
that each iteration requires a choice of step-size. The most satisfactory way to make
the choice is to base it on a local quadratic approximation to £’ namely by reference
to the Hessian H of E’. Usually H does not need to be updated at every step, but the
need to calculate it at all substantially increases the computational effort required. The
dimension b of B is nj where j is the number of junctions in the piecewise-geodesics.
When step-sizes are determined by human intervention, gradient descent takes place
in R?. Once the process is fully automated H represents a further (b + 1)/2 scalars.

The Gauss-Seidel algorithm is an iterative scheme for the solution of large systems
of affine equations. Each iteration adjusts a single variable, and for large systems
Gauss-Seidel is much more efficient than Gaussian elimination. We are faced with
not dissimilar difficulties in the application of gradient descent to the global problem,
especially when b is large. So it seems natural to imitate Gauss-Seidel. (An alternative
way of motivating the global algorithm is by comparison with the non-linear corner-
cutting techniques of {7-9].)

Consider a piecewise-geodesic curve w : [0, 1} - N from x, to x,, parameterized
proportionally to arc-length, and whose j geodesic segments occur within convex
subsets of N. Then w is uniquely defined by the j-tuple (y, y>,...,y;) € N/
of junctions of geodesic segments. Instead of applying gradient descent to the nj-
dimensional j-tuple we adjust each y; separately as follows. Set yo = xo, ¥y, = X
where ¢ = j + 1 and suppose that for each I < i < ¢ all three of y;,_y, y;, i+
lie inside some convex subset of N. Then moving y; onto the minimal geodesic
joining y;_,, ¥+ achieves the largest possible decrease in length while keeping other
variables fixed. There is some uncertainty about where on the minimal geodesic y;
should go but in order to focus the discussion we settle on the midpoint. The global
algorithm consists of iterating this procedure so that all y; are moved infinitely often
where 0 < i < g. More precisely, in the present paper let i run from 1 to g — 1 and
then start over again. This generates a sequence 2 = {w, : [0,1] > N :a > 1} of
piecewise-geodesics whose lengths are decreasing.

A little attention to detail shows that & has a uniformly convergent subsequence. It
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is plausible, true, but not quite obvious that the limit y is a geodesic. (However y need
not be a minimal geodesic.) What complicates the proof a little is that the (g + 1)-tuple
determining y might contain redundancies. So we obtain a useful algorithm which is
not very demanding of computational resources.

Even greater efficiencies are possible when £2 is known to be convergent, because
then we do not have to look out for convergent subsequences. We prove that
converges when N has everywhere non-positive sectional curvature, and in many
other situations as well. We do not know whether €2 is always convergent. The only
case where we might have to go to subsequences is where there are distinct geodesics
v: : [0,1] — N of the same length, which are homotopic through curves from xq
to x;.

EXAMPLE 1.1. If N = §" with the usual Riemannian metric then 2 converges
unless xp = —x;. If xp = —x; we might have to go to subsequences. Finding
geodesics on S” is no trouble at all because the geometry is so well understood. The
same goes for the next two examples.

EXAMPLE 1.2. If N = RP”" with the usual Riemannian metric then Q converges
unless d(xg, x;) = 7.

EXAMPLE 1.3. If N is the n-dimensional flat torus S' x S' x --- x S! then &
converges for any choice of xo, x,.

Before going into the details of the global algorithm we mention an alternative and
very attractive method of constructing solutions to non-linear variational problems,
namely the use of pseudomonotone operators in non-linear functional analysis. Except
for the difficulty already mentioned (which is not a problem for the global algorithm)
of finding a suitable coordinate chart, the problem of joining x,, x, by a geodesic can
also be approached using a very general result of Brézis [16, Theorem 27.A]. Apart
from its wide range of possible applications, for us the most interesting aspect of
this theorem is that it gives an effective construction using a sequence of Galerkin
approximations. The approximations are found by solving a non-linear system of
equations in R* for increasing values of k, appealing to the Brouwer fixed point
theorem each time. Tumning the Brouwer theorem into a constructive procedure is not
without its practical difficulties, and of course this has to be carried out time after time
as k increases.

A more serious difficulty with the Galerkin approximations is that & is unbounded,
namely, there is an explosion in the number of variables that need to be considered.
So Brézis’ very important theorem seems somewhat deficient as a practical method of
solving variational problems and in particular for finding geodesics. The global algo-
rithm does not suffer from the same limitations because the space B of approximating
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curves actually contains the geodesic and its dimension is n(g — 1) where g depends
on the geometry of N.

Galerkin approximations have nonetheless been used to achieve impressive suc-
cesses in solving practical problems in optimal control, for example in the work of
Teo and his co-workers [14]. For instance there is no doubt at all that the MISER
software package can find geodesics. However it must also be admitted that the com-
putational effort required for these successes is sometimes very large, as would be for
an implementation of the proof of Brézis’ theorem. It was to ease this computational
burden that a version of the global algorithm for optimal control was proposed in
stimulating conversations between K. L. Teo, the present author, and their research
student Y. C. Liu. These conversations were motivated in part by the work of Zuo
{17] on an algorithm for discrete-time optimal control problems, but our efforts were
soon abandoned due to difficulties of proving (or even verifying) convergence. The
algorithm in the present paper is a continuous-time analogue of Zuo’s. The present
author will revisit optimal control in future papers. However there are some challeng-
ing problems calling for the computation of geodesics. One problem which seems
more accessible now, in light of the present paper, is the folowing

EXAMPLE 1.4, In the statistical problem of computing Rao distances between mul-
tivariate Gaussian distributions with different means {5, 12, 13] the Riemannian dis-
tances are very difficult to compute in closed form. There is a single exception,
reducing to planar hyperbolic geometry.

For future work we have in mind the much larger class of interesting problems
arising in optimal control especially from mechanical engineering [2, 10].

2. Midpoint maps

A subset W of N is said to be convex when

(1) for any xo, x, € W, there is a minimal geodesic y : [0, 1] — W of N from x,
to x;;

(2) y is the only geodesic from x, to x; defined on [0, 1] whose image is entirely
contained in W,

(3) y depends differentiably on x, x;.

By [15] N has an open cover by convex sets.
Let L(w) be the Riemannian length of a piecewise-C' curve w : [a, b] — N. Let
d be the Riemannian distance function namely the metric d on N given by

d(xg, x;) = inf{L(w)}
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where w : [0, 1] — N varies over piecewise-C' curves from x, to x,. Let the metric
space (N, d) be complete. Then the closure of any open ball B(x, r) is compact.

Given a piecewise-C' curve w : [0, 1] = N, let 65 > 0 be a Lebesgue number of
an open cover {W, : @ € A} of the closure of B(w(0), L(w)) by convex subsets of N.
Let X be the union | ., W.

Let D = {(xp,x;) € X x X : d(x0,x,) < 26} and define M : D — N by
M (xp, x;) = y(1/2) where y : [0, 1] — N is the minimal geodesic from x; to x;.
Because of the following simple result M maps into X.

LEMMA 2.1. For (xg, x;) € D, M(xy, x)) € X.

PROOF. Because d(xg, x;) < 38, xo, x, € W, for some ¢ € A. Then M(xy, x,) €
W, because W, is convex. This proves the lemma.

Now M is C*™ and
(H d(xo, M(x9, X)) = d(x0, x1)/2 = d(M(xo, x1), X)

for all (xo, x;) € D.

Choose 0 =t < ) < --- < t, = 1 so that d(w(t,_)), w(#)) < § for all
i =1,2,...,q. Because each L(w|[0,#]) < L(w), w(t;) € X. In other words
(w(ty), w(t), ... ,w(t,)) is an element of the set Y of all (g + 1)-tuples y =

(}’0, Yiseoe
¥q) € X9*! satisfying d(y;_y, y;) < 8foralli =1,2,...,q.
For1 < p < g define G, : Y — X% by

Gp(¥) = (Yos Yis -+« » Yp=is Zps Yp+1s Yp+2s - - -+ Yg)
where z, = M(y,_1, Yp+1)-
LEMMA 2.2. G,(y) €Y.
PROOF.

d(yp—l s Zp) = d(Zp, Ypt1) = d(Yp_1, )’p+|)/2
< (dYp-15Yp) +d(yp, ¥p+1))/2 < (28)/2.

The lemma is proved.

SoG,:Y — Y where 0 < p < q. Since M is C* so are the G,,. Define a C*
function F : Y — Y as the composite G, 0 G, 0---0G,. Then F(y) € Y is the
(g + 1)-tuple z defined inductively by
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1) 2z = yo,
(2) z = M(zi-, y,-+,) forl <i < q,
3 2=,

Note that F(y) does not depend on y;.
Just as the piecewise-C' curve @ has length so does y € Y: define A(y) =
Zizi2... qd(Yi-1, yi). Thend(yo, y,) < A(y) < L(w) and A : Y — R is continuous.

LEMMA 23. ForO < p < gandally € Y, A(G,(y)) < A(y).
PROOF. A(y) — A(G,(y)) is

d()’p—l, yp) + d()’p, Yp+i) — d(yp-1,2p) — d(2p, Yp+1)
= d(yp—l ’ yp) + d(yp’ yp+l) - d(yp—lv yp+l) > 0.

This proves the lemma.
Thus g — 1 applications give
LEMMA 24. Forally € Y, A(F(y)) < A(y).
Let d?*! be the uniform metric on Y induced by d, namely:

d’*'(y,z) = _max qd(yi, Zi).

LEMMA 2.5. d97'(y, F(y)) < 26.
PROOF. Write z = F(y). Thend(yo, 20) = d(y,,2,) =0. For0 <i < g
d(z, yis1)) =d(zi-1,2) <8
because z € Y. But y € Y also and so d(y;, yi+1) < 8. Therefore d(y;, z;) < 26 and

this proves the lemma.

3. Multiplicities and curves

So as to simultaneously study (g + 1)-tuples for different values of g, the notation of
Section 2 is supplemented when necessary with superscripts (g) referring to (g + 1)-
tuples. So Y@ is the space Y defined in Section 2 and Y” is the same but with
(p + 1)-tuples instead of (g + 1)-tuples. The same symbol is used for F in the context
of (g + 1)-tuples regardless of the value of q.
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DEFINITION 3.1. y has multiplicity > k — j + 1 in position 0 < j < g when
¥, = Yjp1 = --- = yi. The multiplicity of y in position 0 < j < g is the largest
I < m < g such that y has multiplicity > m in position j.

The reduction p(y) of y € Y is defined by discarding consecutive repetitions in
positions 0 < j < g. Note

(1) for some 0 < r < g, p(y) € Y and has multiplicity 1 in every position
O<j<r;

(2) p(y) = y if and only if y has multiplicity 1 in every position 0 < j < ¢g. In
such a case y is said to be irreducible.

The expansion e(w, m) of w € Y by an (r + 1)-tuple m = (mg, m,, ... ,m,) of
posttive integers is obtained by replacing each w; with m; copies of itself. Any y € Y
can be written in the form € (w, m) for some m, where w is the irreducible p(y). The
curve of a (g + 1)-tuple y € Y is a piecewise-geodesic joining the y; in order, and
parameterised proportionally to arc-length. More precisely

DEerFINITION3.2. For y € Y and 0 < i < g let y; : [0,1] —> N be the minimal
geodesic from y;_; to y,. The curveof y € Y is w, : [0, 1] — N where

w,(t) =y ((tl()’) - Z d(yj_1, }’j)) /d(yi-, )’i))
O<j<i
.md
1 (y) € [ DALy Y don ) |-
O<j<i O<j<i
Note the following simple consequences of the definitions of w,, A and L.

2) L(wy) = A(y),

3 Wp(yy = Wy.

From now until the end of this section w, will be a geodesic y : [0, 1] = N. This
exceptional situation occurs in the proof of Lemma 4.2, as the result of a limiting
process. In such a case we have

4 WE(y) = W,

We can write F(y) = z where z; = y(u;) and uo = 0, u; = (u;_; + t;1,)/2 for
O<i<gqg,u, =1

LEMMA 3.1. When w, is a geodesic, with u;, t; as above,
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() u; <ty for0<i <gq;
(2) u; Suiyy for 0<i <g;
(3) lf[j_|<tj=tj+|="'=tk thenu,~<t,~+1forj—1§i<k.

have uy = O and ¢, > t, = 0. Fori > 0 suppose inductively that u;.; < ;. Then
u; < (t; +1;41)/2 < t;,; and so the assertion is proved.
The second assertion holds trivially wheni =g — 1. For0 <i < g — 1 we have

PROOF. We first prove that u; < t;,, by inductionon 0 <i < g. Wheni = 0 we

Uigy = (W +132)/2 > (Ui +60)/2 > w;

according to the first assertion.

The last part of the lemma is proved by induction. When j = 1, 4y =0 < ¢, by
assumption. Wheni = j — 1> 0, u;_, = (uj—2 + t;)/2 < (t;-, + ¢t;)/2 according to
the first assertion. Since 7;,_, < f; we obtain u;_; < ;.

Now for j—1 < i < ksuppose inductively thatu;_, < ¢;. Thenu; < (t;+144,)/2 =
1.+« which completes the proof of the lemma.

The following result is not used in the present paper. Itis included for completeness.

LEMMA 3.2. Let w, be a geodesic y. Then the sequence {F°(y) :a =1} C Y
converges to the uniformly distributed (q + 1)-tuple

3o, ¥(1/9), v (2/q), ..., ¥ (i/q), ... . ¥y)-

PROOF. If ¢ = 2 the result is clear since F(y) is independent of y, and the limit is
achieved immediately as F(y). For ¢ > 2 write

t= (t29 t39 LIS tq—l)Ty u= (uz’ Uz, ..., uq—l)T € Rq—z'
If F(y) = zthent = Au + b where A is the (g — 2) x (¢ — 2) matrix whose rows are

122 1/2 0---0
172> 1722 172 0---0

/2970 172972 1297 2P
and b = (0,0,...,0,1/2)T € R?2. It follows that Fe(y) is
o, ¥y ™" /2), y @), y s, Ly @), v,)

where u® =t and, fora > 0,

u? =b+Ab+ A+ ---+ A 'b + A°t.
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This converges since ||A]| < 1, and the limit «‘* satisfies ¥ = Au +b. It
is readily verified that 4 = (2,3,...,q — 1)7/q is the unique solution, and this
proves the lemma.

4. Extremes

Let y € Y and define s = F°y) fora > 1. By Lemma 2.4 the sequence
{A(s’) : @ > 1} converges to its infimum A € [d(yy, y,), ¢3].

Because (N, d) is complete the closure B of B(yy, g8) is compact. Because Y
is closed in the cartesian power B?*', Y is compact. Let {s'%’ : j > 1} be any
convergent subsequence of {s‘” : @ > 1} C Y. Write lim;_, o 5%’ = 5 € Y, where
5O = (58,5, ..., 5{°). Because A is continuous A(s‘) = 1.

Given (xy, x;) € D saythatw € N is between xy, x, when w lies in the image of the
minimal geodesic y : [0, 1] — N from x, to x;. In such a case (xg, w), (w, x;) € D.
Note also the following.

(1) x and x, are between xq, x;;
(2) w is between xy, x, if and only if w is between x,, x,.

Call w € Y'» extreme when w; is between w;_,, w;4, forall1 <i < p.
P

LEMMA 4.1. An irreducible w € Y'? is extreme if and only if w,, is a geodesic.

PROOE. Suppose that w is extreme and for 0 < i < g lety; : [0, 1] = N denote
the minimal geodesic from w;_; to w;,,. By contrast the minimal geodesics in
Definition 3.2 from w;_; to w; are y; : [0, 11 —> N.

Because w; is between w;_,, w4+, w; = y;(s) where s € (0, 1) since w is irre-
ducible. Then s is the ratio

d(w;, wiy)/(dwi_y, w;) + d(w;, wii)).

The restrictions ;][0, s] and ¥;|[s, 1] are minimal geodesics, from w;_, to w; and
from w; to w; . respectively. So in Definition 3.2

i) =v@/s) and  yia (@) = 5 —s)/(1 —5)).
Consequently s¥;(1) = (1 — 5)y,4.(0), and substituting for s:
vi()/d(w;_y, w;) = Yie1(0)/d(w;, wisy).
DEFINITION 4.1. Let a continuous curve ¥ be defined over a closed interval [a, b]
and suppose that ¢ € (a, b). Then the restrictions of y to the subintervals [a, ¢] and
[c, b] are called track-summands of y, and y is the track-sum of its track-summands.

More generally y may be repeatedly decomposed into a track-sum of finitely many
summands.
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So the left and right derivatives of w,, agree at the junctions of the track-sum,
namely when tL(w) = Zo.j<id(w;y, w;) for 0 < i < p. Sow, is C', as well as a
track-sum of geodesics. This proves that w,, is a geodesic when w is extreme.

Suppose now that w,, is a geodesic. For 0 < i < p the restriction @; of w,, to the

interval
[Z d(w;, w)/Lw), Y d(w,-_l,w,-)/L(w)}

O<j<i O<j<i+l
is a geodesic from w;_; to w;,,. The diameter of the image of @ is at most 2§ and
35 is a Lebesgue number of an open cover of N by convex sets. So the geodesic o;
maps into some convex subset of N. So @; is a minimal geodesic from w;_, to w; 4,
and, after reparameterisation, w; is seen to be between w;_,, w;;,. This completes the
proof.

The first two parts of the following result come from Lemma 2.4 and the definition
of F (they are included here only for convenience). The proof of the third assertion is
complicated by the need to allow for the possibility that y might not be irreducible.

LEMMA 42. (1) A(F(y)) < A(y);
(2) if w, is a geodesic then A(F (y)) = A(y);
(3) IfA(F(y)) = A(y) then w, is a geodesic.

PROOF. To prove the third assertion write y = €(w, m) where w = (wy, wy, ... ,
w,) € Y is irreducible and m is an (r + 1)-tuple of positive integers. Suppose w,
is not a geodesic. Then w is not extreme by (3) of Section 3 and Lemma 4.1. Let
1 < p < r be the largest integer such that w = (wp, wy, ... , w,) € Y? is extreme.
Then @' = (wo, Wi, - .. , Wy, Wpyy) is not extreme. By Lemma 4.1, w; is a geodesic
and w; is not. Note that w;, is a track-sum of w; with a minimal geodesic y from w,,
towyy. ForO <i <k=2%;.,  ,m;writey, = w;(f;) where

O=p=<y<h=-- <t <ti=lin=--=hx=1

Write §y = (w3 (t), @z (1)), ... , wz(%)). Then p(y) = w, and w; = w; by (3). So
the track-sum of w; with y is not a geodesic. Then by (4), (3) the track-sum of w, (),
with y is not a geodesic.

By Lemma 3.1, F(y) = (Yo, 21, - - - » Zj=15 Zj» - - - » Zu—1» Wp) Where z; = wy (u;) for
0<i <k, and
(1) u; <t for0<i <k;
(2) ui <uj,for0<i<gq;
(B) i<t forj—1<i<k.

In particular u;_, < t, = 1 and z,_, # w,. Summarising:
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(1) the last two entries of F(y) are z,_, w,;
(2) since these are distinct they are also the last two entries of p(F (¥)).

Because the track-sum of w, ;) with y is not a geodesic, w, is not between
Zk—1, Wpe1. Otherwise, appending w,; to p(F(y)) gives an irreducible extreme,
whose curve is a geodesic by Lemma 4.1. However the curve is the track-sum of
wyry With y. So w, does not lie in the image of a minimal geodesic from z;_; to
w4 and consequently

S = d(zk—l, wp) +d(wp$ wp+1) - d(Zk_l, wp+l) > O'

Now zi_, w,, W,4 are the entries in positions k — 1, k, k + 1 respectively of
y, = Gk-l o] Gk_2 O---0 Gl(y) By Lemma 23,

AF(¥) = MGyo10 Gy 00 Gul(y) < MGu(y)) = A(y) — 8 < A(y)

since § > 0 and by Lemma 2.3 again. The third assertion is proved.

LEMMA 4.3. w= is a geodesic.
PROOF. By Lemma 2.4, and because A and F are continuous

A(s™) = A(F(s™)) = Lim A(F%* (y)) 2 lim A(F%*' (y)) = A
j—ooo FAndsat

again by Lemma 2.4. But A’ = A(5°). Therefore A(F(s®)) = A(s*®) and the
lemma follows from Lemma 4.2.

5. Geodesics between distant points

As in Section 2 let  : [0, 1] — N be a given piecewise-C' curve parameterized
proportionally to arc-length. Construct y € Y from w as in Section 2. Define
F : Y — Y as in Section 2 and let s® be the limit of any convergent subsequence
of § = {F%(y) : a = 1}. Note that Y is compact so that at least one convergent
subsequence exists. Let y : [0,1] — N denote the curve wy= of s defined
as in Definition 3.2. Then y is the limit of the subsequence {w,, : j > 1} of
Q= {w,m ra > 1}

THEOREM 5.1. (1) y isa geodesic;
(2) ifwis already a geodesic then y = w;
(3) L(y) < L(w) and L(y) < L(w) unless w is a geodesic;
(4) vy is homotopic to w through curves joining w(0), w(1);
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(5) K is uniformly convergent 1o y, unless there exists a geodesic y # y : [0, 1} —
N from xq to x, but homotopic to y through curves joining xo, x|, and satisfying
Liy)= L)

PROOF. Lemma 4.3 says that y is a geodesic. For every z = F“(y) we have
2 = yo = w(0). 2, = ¥, = w(l) and so this holds for the limit s** as well. Then
from Definition 3.2 y(0) = w(0). y (1) = w(1).

If L(w) = L(y) then Liw) = A(y) because L(y) < A(y). Thenfor0 < i < g
each w|[#;,_y, ;+,] has the same length as the minimal geodesic joining y;_, v
and consequently 18 a mimimal geodesic. Here we are using the hypothesis that w
is parameterized proportionally to arc-length. So w = w,. By (4) of Section 3
Wr(y) = wy. Arguing inductively. w,w = o, forall a > 1. Restricting attention to the
convergent subsequence {3 " j > 1}, y = w,. Therefore w = y.

For0 <i <gand 0« u < | replace wllt;_;, t;—; + u(t; — t;_;)} by the minimal
geodesic defined over the same subinterval and joining the same two points. Doing
this for every i gines a homotopy from  to w, through piecewise-C' curves from
w(0) to w(l).

Any z € Y 1s alvo a pount in the Cartesian power N9 which is a Riemannian
manifold, complecte with respect to the uniform metric d?+'. By Lemma 2.5 there is a

minimal geodesic trom ;- to F 12y whose image is entirely contained in
Yoo oe ATy = w(0), d(wioy, w;) < 58
forO<i<q.u,= ol
Sofora=0.12 ict .. [0.]1] —> Y be the minimal geodesic from s~ to
s@ = F(s“') Here + Choose j so large that d9+' (s, s°) < 2§ and let

Yoo : [0,1] — ¥ b the mummal geodesic from s to s©. A track-sum of these
minimal geodesics gives s continuous path 4 : [0, 1] — Y from y to s©.

The curve construction of Detnition 3.2 applies also to elements of ¥ because 8
was chosen consenatnvels in Section 2. (If the homotopy is not required then § can be
taken twice as large in Section 2.) Applying the curve construction to each point on
the continuous path h yiclds a homotopy from w, to y through piecewise-geodesics
joining w(0), w(1).

To prove the last assertion suppose that there is no geodesic y with the properties
listed. Then the limit '’ of any other convergent subsequence of S gives rise to the
same geodesic y. Let

O={w, :[0,1]> N:yeVY}

with the quotient topology from Y, namely the topology of the uniform metric. Then
© is compact and y is the only accumulation point of the subset 2. This completes
the proof.

https://doi.org/10.1017/51446788700039380 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700039380

50

Lyle Noakes [14]

COROLLARY 5.1. Let N have everywhere non-positive sectional curvature. Then

{w, :

a > 1} is convergent.

PROOF. By [4, Theorem 8.1] the exponential exp, : TN,, — N is a covering map
and y,  would lift to the curves t — ty(0), 7 (0) in T N,,- A homotopy from y to
y would lift to a homotopy in T N,,. But exp;o' (x;) is discrete, and the contradiction
proves the corollary.
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