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A DISTANCE FOR SIMILARITY CLASSES OF SUBMANIFOLDS
OF A EUCLIDEAN SPACE

PATRIZIO FROSINI

A distance is defined on the quotient of the set of submanifolds of a Euclidean
space, with respect to similarity. It is then related to a previously defined function
which captures the metric behaviour of paths.

INTRODUCTION

In the long-term project of formalising the intuitive concept of “shape” of an object
(5, 8], a natural problem is to define a distance which vanishes for similar objects. This
is the aim of the present paper, in which we define a distance between equivalence
classes of manifolds embedded in E™, with respect to similarity (Section 1). A result
connecting this distance with a function defined in [5] is presented in Section 2.

The distance is defined very much in the way Teichmiiller distance is, the essential
difference being that the latter considers a ratio between a maximum and a minimum at
each point, while ours uses the ratio between a global maximum and a global minimum.
This is due to the necessity of using a distance that calls attention not to conformal
mappings but to similarities, because of the central position that similarities hold in
building the intuitive concept of shape.

1. THE BASIC DEFINITION

The proposal of this section is to define a distance on the quotient set of the C™
compact n-manifolds embedded in the Euclidean space E™ with respect to the relation
of similarity. In one sense this distance will measure how different the shapes of two
manifolds are. The definition of this distance will be very similar to the well-known one
of Teichmiiller distance (see [8, 2]).

DEFINITION 1.1: Let X, be the set of the C™ compact n-manifolds (n > 0) with-
out boundary and embedded in the Euclidean space E™ and let ® be the equivalence
relation so defined: for every M, N € £, M®rN if and only if there exists a similarity
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transformation 6: E™ — E™ such that (M) = N. The equivalence class to which the
manifold M belongs will be denoted by {M].

For every pair (M, N) of n-manifolds in £, let us denote by D(M, N) the set
of the C*™ diffeomorphisms ¢ from E™ to E™ such that ¢(M) =N and ¢ and ¢!
have differentials with bounded norm. The norm which we consider is the usual one for
linear operators (see [4], Part 1, Chapter II, Section 3) and for every linear operator 4
we shall denote its norm by ||A||. On the quotient set £,/® let us define the following
function o with values in RU {+o00}:

+o00 if DM, N)=0
M], V) =
o((M], W) vEDi(IJI\i:t.N) {log (Pseué)m [lde(P)] - Qseuéam ”d¢_1(Q)”)} otherwise
where dp and dp~! are the differentials of ¢ and ¢! respectively.

REMARK 1.1. We point out that if o is great (and less than +o00) then it means that
every ¢ € D(M, N) is very different from a similarity transformation because there
are points on M in which the norm of the differential of ¢ has very different values:
in other words in order to change M into N' we must perform a great deformation of
M.

In the parallelism between o and Teichmiiller distance we point out that in one
sense the quotient space £,/®R and the set D(M, N) correspond respectively to the
Teichmiiller space T, and the set of quasiconformal mappings from M to M. (As
regards these last two concepts we refer to [1]).

The definition of ¢ may bring to mind also the well-known concept of Fréchet
Distance (see [3], Chapter IX, Section 31.6). In one sense the structures of the two
definitions are similar but they arise from quite different ideas.

THEOREM 1.1. The function o is a well-defined distance on £,/R.

PROOF: First of all we observe that o is well-defined. In fact if M;RM; and
M®RN; (that is [M,] = [M;] and [M;] = [M2]) then there exist two similarity trans-
formations Sy, S,: E™ — E™ whose differentials have everywhere norm A and p
respectively (A, u # 0) such that we have Sy(M;) = M; and S,(N;) = N2. There-
fore if D(M;, N1) # 0 we have (d is the operator that takes a C* function to its

https://doi.org/10.1017/50004972700028574 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700028574

(3] Submanifolds of a Euclidean space 409
differential):

it . 1o (s 1aotP)- e 4o~ @)}

PED(My, M ) EE™
A

= veoith gy {08 (5 am1eeton) - (3 o, e c@1) )}
= ool {log (Rseué)m ld(Su0p 053 (R sup. “d (Suoposil)™ (T)”)}

{rog ((suz, tavm - e sl }-

= inf
$ED(M3,N3) €E™

On the other hand if D(M;, M;) = 0 then also D(M,, N3) = 0.

These facts prove that the function o is well defined.

In the second place we observe that the following statements are true:

(1) o(IM],[N]) = 0 for every M, N € X,. In fact if D(M, N) = 0 then
o([M], [N]) = +oo > 0 while if D(M, N') # 0 then for every p € D(M, N) we have:

log( sup [ldp(P)|- sup Ildso“(Q)II) >log( sup IIdsO(P)OdW‘(Q)II)
PceEm QEE™ P,Q€ee™

> 1og ( sup_|lde(P)ode™(p(P)]) =1og ( sup 11 = log(1) = 0

(where I is the identity linear operator).

(2) o([M], [M]) = 0 for every M € E,. In fact if we take ¢ equal to the identity

function we have that log( sup ||de(P)|| - sup ”d(p‘l(Q)“) = log(1) = 0. The
PeE™ Q€EE™
thesis follows from this fact and the previous statement 1.

(3) a([M], [N]) = 0 implies that [M] = [N]. We can prove this statement in the
following way: if o([M], [N]) = 0 then there exists a sequence {y;}ien of diffeomor-
phisms in D(M, N) such that _li-IP log( l[dei(P)|| - sup ”dzp:l(Q)”) =0,

1= 00 QEE"I

that is lim sup [|dg;(P)| - sup “dgo‘_l(Q)” = 1. For the sake of simplicity we
i—+o00 pcgm QeEm '

shall denote sup |dy;(P)|| by M; and 1/ sup “dqa;'l(Q)“ by m; (we point out that
Peem™ QeE™

sup
Peg™

because of the definition of D(M, N) it follows that 0 < m;, M; < +oo0).

By observing that for every P, Q € E™ (and in particular for every P, Q € M)
and 1 € N it follows that m;- ||P — Q|| < |lgi(P) — i(Q)ll < M;-||P — Q||, and calling
A(M) and A(N) respectively the diameters of M and N, we obtain m; - A(M) <
A(N) € M; - A(M). Therefore we can say that there exist two values k, k € R such
that 0 < h € M; and 0 < m; < k for every 1 € N, otherwise the manifolds M and
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N could not both have a finite nonvanishing diameter, against the hypothesis that M
and N are compact n-dimensional (n > 0) manifolds.

In particular (if necessary by exiracting a subsequence) we can suppose that
{m:}ien converges to a finite value 7. Since '__l'i?_loo M;/m; = 1 we have that also

the sequence {M;}ieN converges to the value 7, and this fact implies that i > A > 0
and that all the functions ¢; have differentials with norms everywhere bounded by a
constant ¢ < +oo: so the functions g; are equiuniformly continuous. Moreover, if
for every j € N, K; is a compact subset of E™ of diameter D; containing M and
_EJN K; = E™, then for every i € N p;(Kj) is contained in the compact set Bg; made
;p by the points of E™ distant from N less than D; - c. So for every such compact
K; we can apply the Ascoli-Arzela generalised theorem to the space of the continuous
functions from K; to Bg; (see (7], Chapter II, Section 18): this allows us to extract
from {p;}ien a subsequence {y,(;, j)}ien that converges uniformly in K; to a (contin-
uous) function P, - Moreover the diagonal subsequence {y,(;,i)}ien convergesin E™
to a (continuous) function ¥ extension to E™ of the Pk; ’s. For the sake of simplicity
in the following we shall use the notation {y;}ien instead of {w,(;, ) }ien-

By computing the limits for i — +oo in the above-mentioned inequality
mi - [P =@l < [lpi(P) —pi(Q)Il < M;-||P~Qll it follows that ||B(P) —P(Q)Il =
- ||P— Q| for every P,Q € E™. Therefore ¥ multiplies by 7 all the distances
between points and so it is a similarity transformation from E™ to E™ (7@ # 0).

The last thing to prove is that G(M) = N. First of all (M) C N: infactif P €
M then for every i € N p;(P) € N (since p; € D(M, N)) and so p(P) = i_ljg; pi(P)
belongs to N because A is a closed subset of E™. In the second place B(M) D N:
in fact if Q € N then $1(Q) € M because otherwise (@) would have a distance
7> 0 from M (it is a closed subset of E™). In such a case, since ; multiplies every
distance by a number not less than m; > 0, ¢; (T’(Q)) would have a distance not
less than m; -7 > 0 from pi(M) = N and se Q = B(F}(Q)) = ‘_liinwgp.-(ﬁ“(Q))
would have a distance not less than 7 -9 > 0 from AN : this fact would be against the
hypothesis that Q € M. Therefore H(M) = N.

In conclusion @ is a similarity transformation such that (M) = N and so we
have that [M] = [N].

(4) o([M], [N]) = o([N], [M]) for every M, N € Z,. This equality follows by
observing that ¢ € D(M, N) if and only if ¢~! € D(N, M): if D(M, N) # 0 then
the infima which give o([M], [N]) and o([N], [M]) are computed in the same set of
values while if D(M, ) =0 then also D(N, M) = @ and the equality is obvious.

(5) o([L], (VM) < o([L], (M]) + a([M], [N]) for every L, M, N € £,. We can
prove this in the following way. If o([L], [M]) = 400 or o([M], [N]) = 400 then

https://doi.org/10.1017/50004972700028574 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700028574

(5] Submanifolds of a Euclidean space 411

a([L£], [M]) + a((M], [M]) = +o0 = o([L], [N]). On the other hand if (L], [M]) <
+00 and o([M], [N]) < +oo then D(L, M) # 0 and D(M, N) # 0 and it follows that
the functions in D(L, N) are all and only those which are obtained as a composition
of a function in D(L, M) with a function in D(M, N) (so D(L, N') # 0). Therefore

in this second case we have:

oAlc) A+ oM, WY = iat s s 1P s s~ @)] )}

PED(L,M)

* st {10 (. 1 . v~ )

= inf lo do(P)|| - dp!
v‘aeD(M,Af)

+log ( sup [|dy(Q)l| - sup ”d¢-l(R)”)}
QeE™ REE™

— {log( wup [[dp(P)]- sup |ldp=(@)]|- sup 4¥(Q)]- sup ||d¢-‘(R)u)}
PEE™ QEE™ Q REE™

wED(L,M) €E™
YED(M, N)

> ot {108 (sup, QawieteDl - oo s (o™ 6 )] fav~ (D )}
YED(M, N)

> dnt {108 ( (e, 1astorpn oapton) - (sup oo™ (v () o0~ (a]) )}
YED(M, N)

= i o {los ((Pseugm lld(y o v)(P)lI) : (::Epm l|d(¥ o <P)"(R)||)> }
YED(M, N)

R (X O RE O IRy

The above-mentioned properties show that o is a distance on X, /%. 1]

2. A RESULT ABOUT THE DISTANCE o

The above-defined distance is difficult to compute and we need some tools to find
information about the distance between two given equivalence classes [M] and [V]
without really studying all the diffeomorphisms in D(M, N). For this reason we give
in this section a result that provides a lower bound for o.

First of all we need to define the function f-(M, z, y) in the real variables z,y.
For every manifold M € X,, and every z, y € R we consider the set P(M, z) of the
piecewise C? closed paths in M of length less than or equal to z and we quotient

it with respect to the following equivalence relation L. for every a, f € P(M, z) we
v
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have a 2 B if and only if either a and B are the same path or there exists a homotopy
v

Hop(t, ) between a and B such that for every 7 € (0, 1] the path in the variable
t Hap(t, 7) belongs to P(M, y), that is we can “transform with continuity e into
B without exceeding the length y”. H,g will be said to be a y-L-homotopy. We
shall define f-(M, z,y) as the number of equivalence classes into which P(M, z) is
divided by the relation of y-L-homotopy (we shall denote all the cardinalities > Ry by
the unique symbol “+o00”).

Of course if z > 0 and z > y then f-(M,z,y) = 400 and if z < 0
then f-(M, z,y) = 0. For a more precise and detailed definition of the function
FH(M, z, y) we refer to the paper [5], Section2.

By using the following results we shall point out that even a partial knowledge of
the functions fI-(M, -, -) and fL(W, -,-) provides a lower bound for o({M], [V]).

LEMMA 2.1. Let M, N € £, and ¢ € D(M, N). Then for every k, h € Rt
such that sup ||dp(P)|| < k and sup ||dp~'(Q)|| < 1/h and every z,y,&, 7 € R
Peg™ Q€EE™

with £ > kz and 1 < hy we have f-(N, €, 1) > f-(M, z, 9).

PROOF: We observe that because of its definition the function fl-(N, £, 1) is non-
decreasing in the variable £ and non-increasing in the variable 7, therefore it will suffice
to prove that f-(N, kz, hy) > f-(M, z, y). In order to prove this we shall construct

an injective mapping F from P(M, z)/ Z to P(N, kz)/ hé (we shall suppose that z >
v y
0 and therefore that P(M, z)/ £ and P(N, kz)/ hé are not empty because otherwise
¥ v

fE (N, kz, hy) = f-(M, z,y) = 0 and the thesis is trivial). This fact will imply that
the cardinality of P(M, z)/ £ is less than or equal to the cardinality of P(N, kz)/ hé:
v ]

since by definition of f- we have fl-(M, z,y) equal to the number of equivalence

classes in P(M, z)/ L and fL(N, kz, hy) equal to the number of equivalence classes
¥
in P(NV, kz)/ hé , the thesis of the lemma will follow immediately.
v

Now let us construct F. For every equivalence class C € P(M, z)/ £ let us fix
v

arbitrarily one path a in C. We observe that ¢ o a belongs to P(N, kz) because of
the inequality sup ||dp(P)|| < k. Define F(C) as the equivalence class of p 0 a in
Pce™

L
P(N, kz)/ =
If F(C,) = F(C,) then, calling a and 8 the respective representatives of C; and

C., we have by definition that either @ = poa and B = p 0B are the same path or
there exists an hy-L-homotopy H T between a and 8. In the first case we have that
a
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a and f are the same path and therefore that C; = C;. In the second case, because of
the hypothesis sup [|de~!(Q)|| < 1/h we have that the function Hag = p~ " o H~E
Q€E™ a

is a y-L-homotopy between a and f and so C; = C, (incidentally we observe that
because of the choice of only one representative per class this equality implies that a
and § are the same path also in this case). Therefore in every case C; = C; and so F
is injective. 0

THEOREM 2.1. Let M, N € I, and let A(M) and A(N) be the diameters
of M and N. HflL(Na£177)<flL(M13’y) with &, 7, 2,y > 0 then o([M], [N]) >
log (min {(£ - A(M))/(= - AN)), (v - AN))/(n - A(M)]).

PrOOF: We can suppose D(M, N) # 0 because otherwise o([M], [N]) = +oo
and the thesis is trivial. So let ¢ € D(M, N). For sake of simplicity we shall denote
PsEuEp {|de(P)|| by M and 1/qué) ”d(p‘l(Q)” by m. Because of Lemma 2.1 the hy-

m €E™ ,

pothesis fL-(N, €, ) < f-(M, z, y) implies that either £ < Mz or 7 > my. Therefore
either it results M > £/z or 1/m > y/n.

Furthermore, as seen at point (3) of the proof of Theorem 1.1, we have m-A(M) <
A(N) € M - A(M) and so it must follow that M > A(N)/A(M) and (1/m) >
A(M)/A(N). Therefore if M > ¢/z then we have M -(1/m) > (£/z)-(A(M)/A(N))
while if 1/m > y/n then we have M - (1/m) > (A(N)/A(M)) - (y/n). In either case
we have M - (1/m) > min {(¢ - A(M))/(z - A(N)), (y- A(N))/(n - A(M))}. This fact
means that for every ¢ € D(M, N) the following holds:

(atoecem) - (gaz. o~ @) > e {550 15655 )

(which is positive for the hypothesis &, 7, z, y > 0). Therefore, because of the definition
of o, we have that

o([M], [V]) > log (min { i'.i%)’ : 2((1\[4)) }) '
0

REMARK 2.1. It is not difficult to reproduce the result of Theorem 2.1 for geodesic
diameters instead of Euclidean diameters.

In order to show the usefulness of Theorem 2.1 we give the following example.

EXAMPLE 2.1. Let us consider the manifold M € I, obtained by the rotation in E?,
around the z-axis, of the curve p = 1+4cos? (§) in E? (expressed in polar coordinates).
The curve is shown in Figure 2.1.
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Then let us consider the 2-manifold A/ = S§?, the standard 2-sphere in E3. It
is easy to verify that f-(M, 2r, 8) > 2 (we cannot change homotopically the closed
path of length 2x around the central narrowing of M into a trivial path without
exceeding the length 8 during the deformation). On the other hand we have proved
in [5] (Proposition 3.1) that fl-(NV, ¢, 1) = 1 for every 0 < ¢ < 7. Therefore for
z =2,y =8, £ = n = 4y/m/5 (these values have been chosen in order to make
simpler calculations) we have f-(WV, €, 1) < fS(M, z, y). Moreover A(M) = 10 and
A(N) = 2. By applying Theorem 2.1 we have o([M], [N]) > log(2/+/7) > 0.12.

REMARK 2.2. It can be useful to look at the construction of the distance o in a
more general context. The scheme used here is the following. First of all we consider an
equivalence relation ® on a subset 9 of £, and then theset T = {(M, N, p): M, N €
2, ¢ € DM, N)}.

In the second place we define a non-negative function ©@: T — R U {+oo0} such
that:

(i) for every M, N € 2 we have MRN if and only if there exists a sequence
{pi}ien  of diffcomorphisms in D(M,N) such that
Jim_O((M, N, ) = 0;

(ii) for every M, N € Q and every ¢ € DM, N), O((M,N,¢)) =
OV, M, 971));

(ii) for every L, M, N € Q, ¢ € D(L, M) and ¥ € D(M, N) we have
O((£, M, )) + O((M, N, $)) > O((L, N, Y0 p)).

In the third place we observe that the function o([M)], [N]) defined equal to

(peDi(lJl\ft,Af)e((M’ N, 9)) if D(M, N) #0 and 400 otherwise is a distance in }/®.

In this paper we have studied o in the case that 2 = ¥,, Ris the similarity

relation and O((M, N, ¢)) = log( sup [|dp(P)||- sup "dgo‘l(Q)”) , but we can
PeEm QEE™

change the choice of ! and = and in particular consider other non-negative functions
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©: T — RU {+00} satisfying (i), (ii), (iii). For example, for every natural number k
with 2<k<n—-1,p€ D(M,N) and P € E™, let us set

vol(dp(P)(v1), dp(P)(vs),. . . ,dp(P)(vr-1), d«p(P)(vb)),

©1,92,...,05 ER™ vol(v1,v2,. .., Vk—1,Vk)
v°l(”l 19300y U )#0

lde(P)llx =

where the symbol vol(w;, w2, ..., wi_1, wx) denotes the k-dimensional volume of
the k-simplex defined by the vectors wi, wa, ..., wg—1, wx in R™. With this no-

tation the function @.((M, N, ¢)) = log ( sup | de(P)||, - sup "d<p“1(Q)”k) sat-
Pee™ QEE™

isfies the above-mentioned conditions, if we set = I, and define M®RN if and
only if there exists a sequence {y;};en of diffeomorphisms in D(M, N) such that
‘ﬁ? 0:((M, N, ;)) = 0 (we shall not prove here this statement and the fact that

R 1is an equivalence relation). The distance o; that we can obtain by using Oy is
interesting because it corresponds logically to o in the study of L-homotopy in de-
gree k (see [5], Remark 3.5). It is easy to verify that for M, N € X, we have

k- o([M], [N]) = ax([M], IN]).
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