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General notation

The differential of a function ¢ : Q@ — R?, Q being an open subset of IR¥ will
be denoted dp : x — d,p. It takes values in the space of linear operator from IRF
to IR? so that d, ¢ can be assimilated to a d x k matrix (composed with the partial
derivatives of the coordinates of ¢).

Idy, is the identity matrix in IR".

C2 () is the set of infinitely differentiable functions on €, an open subset of
R".






CHAPTER 1

Elements of Hilbert space theory

1. Definition and notation

A set H is a (real) Hilbert space if

i) H is a vector space on IR (ie. addition and scalar multiplication are defined
on H).

ii) H has an inner product denoted (h,h’) — (h, '), for h,h' € H. This
inner product is a bilinear form, which is positive definite and the associ-

ated norm ||h]|| ; = v/(h, k).

iii) H is a complete for the topology associated to the norm.

Converging sequences for the norm topology are simply sequences h,, for which
there exists h € H such that ||h — hy||; — 0. Property iii) means that if a sequence
(hn,n > 0) in h is a Cauchy sequence, ie. it collapses in the sense that, for every
positive € there exists ng > 0 such that ||k, — hy, ||y < € for n > ng, then it
necessarily has a limit: there exists h € H such that ||k, — h| — 0 when n tends to
infinity. If condition ii) is weakened to the fact that ||.||,; is a norm (not necessarily
induced by an inner product), on says that H is a Banach space.

If H satisfies i) and ii), it is called a pre-Hilbert space. On pre-Hilbert spaces,
the Schwartz inequality holds

PROPOSITION 1 (Schwartz inequality). If H is pre-Hilbert, and h,h' € H, then
By WYy < L L

The first consequence of this property is

PROPOSITION 2. The inner product on H is continuous for the norm topology.

PROOF. The inner product is a function H x H — IR. Letting o(h,h') =
(h, B')y, we have, by Schwartz inequality, introducing a sequence (h,,) which con-
verges to h
[o(h, 1) = @b, B) < [[h = Pl 1B ]| gy — O
which proves the continuity with respect to the first coordinate, and also with
respect to the second coordinate by symmetry. a

Working with a complete normed vector space is essential when dealing with
infinite sums of elements: if (h,) is a sequence in H, and if ||hpy1 4+ -+ + hngkll
can be made arbitrarily small for large n and any k > 0, then the series Y o hy,
has a limit in A. In particular, absolutely converging series in H converge:

(1) Z hnlly < o0 = Z h,, converges.

n>0 n>0

We shall add a fourth condition to our definition of a Hilbert space

7



8 1. ELEMENTS OF HILBERT SPACE THEORY

iv. H is separable for the norm topology: there exists a denumerable subset
S in H such that, for any h € H and any € > 0, there exists ' € S such
that ||h — R|| <e.

In the following, an Hilbert space will always be a separable Hilbert space.

A Hilbert space isometry between two Hilbert spaces H and H' is a an invertible
linear map ¢ : H — H’ such that, for all h,h’ € H, (¢(h), o(h')) g = (h, 1) .

A sub-Hilbert space of H is a subspace H' of H (ie. a non-empty subset stable
by linear combination) which is closed for the norm topology. Closedness implies
that H’ is itself a Hilbert space, since Cauchy sequences in H' also are Cauchy
sequences in H, hence converge in H, hence in H' since H' is closed. The next
proposition shows that every finite dimensional subspace is a Hilbert subspace.

ProroSITION 3. If K is a finite dimensional subspace of H, then K is closed
i H

PROOF. let eq,...,e, be a basis of K. Let (h,) be a sequence in K which
converges to some h € H: then h, may be written h,, = Zzzl arner and for all
l=1,...,p:

P
(hn s 1) = Z (er, €1) grann
k=1
Let a,, be the vector in IRP with coordinates (agn,k =1,...,p) and u, € IR? with
coordinates ((hn , ex)y,k = 1,...,p). Let also S be the matrix with coefficients

sk = (ex, €1)p, so that the previous system may be written: w, = Sa,. The
matrix S is invertible: if b belongs to the null space of S, a quick computation

shows that
2

P
D bieil| ='bSb=0
i=1 H
which is only possible when b = 0, since (e, ..., e,) is a basis. We therefore have
an = S~ 'u,, and since u,, converges to u with coordinates ((h, ex) .,k =1,...,p)

(by continuity of the inner product), we obtain the fact that a, converges to a =
S~1u. But this implies that > -7 _, agner — Y r_; axey and since the limit is unique,
we have h =Y7_, ape, € K. O

2. Examples

2.1. Finite dimensional Euclidean spaces. If H = IR" with (h, h') . =
>oi | hihl is the standard example of a finite dimensional Hilbert spaces.

2.2. (? space of real sequences. Let H be the set of real sequences h =
(h1, ha,...) such that > ;2 h? < co. Then H is a Hilbert space, the proof being
left as an exercise.

2.3. L? space of functions. Let k and d be two integers. Let Q be an open
subset of IR*. We define L?(Q, IR?) as the set of all square integrable functions
h:Q — IR with inner-product

(hyWYypo = /Qh(x)h’(ac)dx
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Integrals are taken with respect to the Lebesgue measure on €2, and two functions
which coincide everywhere except on a set of null Lebesgue measure are consid-
ered as equal. The fact that L2 (Q,Rd) is a Hilbert space is a standard result in
integration theory.

If one is not familiar with Lebesgue integration and Lebesgue measure, one may
think of the integral above as a Riemann integral. Of course the set of Riemann
integrable functions is strictly included in the set of Lebesgue integrable functions,
and in particular L?(Q, IRY) would not be complete if it was restricted to Riemann
integrable functions. We will see later a (less intuitive) definition of L?(£2, R")
which will not require Lebesgue integration.

3. Orthogonal spaces and projection
Let O be a subset of H. The orthogonal space of O is defined by
Ot ={h:he HYocO,(h, o), =0}
THEOREM 1. Ot is a sub-Hilbert space of H.

Stability by linear combination is obvious, and closedness is a consequence of
the continuity of the inner product.
When K is a sub Hilbert space of H (a closed subspace) and h € H, one can
define the variational problem:
(Pk(h)): find k € K such that ||k — k|| =min{||h — k|| : ¥’ € K}
The following theorem is fundamental

THEOREM 2. If K is a closed subspace of H and h € H, (Pk(h)) has a unique
solution, characterized by the property k € K and h —k € K+

DEFINITION 1. The solution of problem (Pk(h)) in the previous theorem is
called the orthogonal projection of h on K and will be denoted wg (h).

PROPOSITION 4. 7 : H — K is a linear, continuous function and w1 =
ld —TK.

PrOOF. Let d = inf {||h — k||, : K’ € K}. The proof relies on the following
construction: if k, k¥’ € K, a direct computation shows that

k+K|° 2 2
| k=K 4= (k= kI A= F ) /2
H

-

2

and the fact that (k4 £)/2 € K implies Hh - k%k/’ Y > d so that

2 2
e = w15 < (Ih = kIl + 10 = KI5 ) /2= d2.
Now, from the definition of the infimum, one can find a sequence k,, in K such that
lkrn, — h||fq < d? 4+ 27" for each n. The previous inequality implies that
ko = k7 < (27" +277) /2

which implies that k, is a Cauchy sequence, and therefore converges to a limit k
which belongs to K and ||k — h||;; = d. If the minimum is attained for another £’
in K, we have, by the same inequality

Ik = K7 < (& +d%) /2 - d* =0.
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so that k = k' and uniqueness is proved, so that 7 is well defined.

Let k = g (h), and k' € K and consider the function f(t) = ||h — k — tk|%,,
which is by construction minimal for t = 0. We have f(t) = ||h — k|3, —2t(h — k, k') ;+
t2 ||k'||§{ and this can be minimal at 0 only if (h — k, k"), = 0. Since this has to
be true for every k' € K, we obtain the fact that h — k € K+. Conversely, if k € K
and h — k € K+, we have for any k¥’ € K

2 2
[ P L e R o e I

so that k = mx (h).

We now prove the proposition: let h,h' € H and a,a’ € IR. Let k = i (h),
k' = wr(h'); we want to show that mx (ah 4+ o’'h’) = ak + o'k’ for which it suffices
to prove (since ak + o'k’ € K) that ah + o’h/ — ak — o'k’ € K+. But this is true
since ah —o'h' —ak — o'k’ = a(h—k)+o/(W —K),and h—k € K+, b/ — k' € K+,
and K+ is a vector space. Continuity comes from

IR = W = mre (1) I[7 + s (B) 17

so that (1) |12l]

Finally, if h € H and k = mg (h), then k' = 7. (h) is characterized by k' € K+
and h — k' € (K+)*. The first property is certainly true for h — k, and for the
second, we need to show that K C (K*)* which is a direct consequence of the
definition of the orthogonal, and true in fact for any set O. O

We have the interesting property
COROLLARY 1. K is a sub-Hilbert space of H if and only if (K+)* = K

PrROOF. The < implication is a consequence of theorem 1, and the fact that
K C (K+)* is obviousy true for any subset K C H, so that it suffices to show that
every element of (K1)* belongs to K. Assume that h € (K)*: this implies that
w1 (h) =0 but since w1 (h) = h — wx (h), this implies that h = g (h) € K. O

4. Orthonormal sequences

A sequence (ej,es,...) in a Hilbert space H is orthonormal if and only if
(i, )y =1if i = j and 0 otherwise. In such a case, if & = (o, g, ...) € (%, the
series Y-~ aje; converges in H (its partial sums form a Cauchy sequence) and if
h is the limit, one has a; = (h, €;) .

Conversely, if h € H then the sequence ((h, 1)y, (h, e2)y,...) belongs to
2. Tndeed, letting h, = 321, (h, ;) e, one has (hy, h)y = S0, (h, e =
||hn|@1 On the other hand, one has, by Schwartz inequality (h,, , k) < [|hn ]| |2l 5
which implies that ||hn||2H < ||h||§1 therefore

Z (h, ei>2 < 00
i=1

Denoting by K = Hilb(eq, ea, . ..) the smallest Hilbert subspace of H containing
this sequence, one has the identity

(2) K—{Zakek:(al,ag,...)6l2}
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This is left as an exercise. As a consequence of this, we see that h — ((h, e1) g, (h, €2) .. .)
is an isometry between Hilb(ey, e, ...) and £2. Moreover, we have, for h € H

o0

7T'K(h) = Z <h, 6i>H€i

i=1

because h — wk (h) is orthogonal to every e;.
An orthonormal set (e1,es,...) is said complete in H if H = Hilb(e, e, ...).

In this case, we see that H is itself isometric to £2, and the interesting point is that
this is always true

THEOREM 3. FEuvery (separable) Hilbert space has a complete orthonormal se-
quence.

A complete orthonormal sequence in H is also called an orthonormal basis of
H.

PROOF. The proof relies on the important Schmidt orthonormalization proce-
dure. Let fi, fa,... be a dense sequence in H. We let e; = fi,/ || fx, || y Where f,
is the first non vanishing element in the sequence.

Assume that an orthonormal sequence ey, ..., e, have been constructed with a
sequence ki, ..., k, such that e; € V,, = vect(fi,..., fr,) for each i. First assume
that fi € vect(ey,...,e,) forall k > k,: then H =V, is finite dimensional. Indeed,
H is equal to the closure of (f1, fa,...) which is included in vect(ey,...,e,) which

is closed, as a finite dimensional vector subspace of H.
Assume now that there exists k,, 1 such that f;, ., & V. Then, we may set

€n+1 = A (fknJrl — v, (fkn+1))

where A is selected so that e, 41 has unit norm, which is always possible.

So there are two cases: either the previous construction stops at some point,
and H is finite dimensional and the theorem is true, either the process carries
on indefinitely, yielding an orthonormal sequence (ej,es,...) and an increasing
sequence of integers (ki, ko, ...). But Hilb(ep,es,...) contains (f,,) which is dense
in H and therefore is equal to H so that the orthonormal sequence is complete. O

5. An indirect construction of L?: the Haar sequence of functions

Dyadic intervals of IR are intervals Iy, ; = [k279, (k+1)279] where k and ¢ belong
to Z. We define square integrable piecewise constant functions at resolution ¢ by

V,= {h:]R—dR,h(t):hk on Iz and » B} <oo}
keZz

Vq is a Hilbert space for the L? inner product

(hy W) = /]Rh(t)h’(t)dt

and if h(t) = hy on I\, we have ||h||iz = 21% cphi. If one lets @q 1 be the
indicator function of I, 4, then the sequence (2792, 1,k € Z) is an orthogonal
basis of V. In particular, Vj is the set of square integrable piecewise constant
functions which are constant on intervals [k, k + 1[,k € Z.
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If f is a continuous, or a piecewise continuous function on IR, and if f is square
integrable, its “orthogonal projection” on V; can be computed as

(k+1)279

fow =2y [ W)k (t)

kez k271

In other terms, f(2) (t) is the mean value of f on the interval I, ; to which ¢ belongs.
When f is continuous at ¢, f(@(t) converges to f(t) when t tends to infinity. In
any case, f(9 can be seen as a discretization of f on dyadic intervals.

Consider now the variation between two such approximations: (@ (t)—f@=1(¢).
This variation can be expressed in function of the Haar function, given by

1if 0 <t <1/2
Yty =4 —1if1/2<t<1
0 otherwise

Indeed, letting for j,n € Z

"/}j,n(t) — 2—j/2w <t —;M%)

we can write

FODE) = FD) =Y (f Ygr)oan(t)

keZ

£ o) / e

Summing these expressions, we obtain

FatD) — fO ZZ Vi) o Wi(t) -

j=0keZ

with

And, passing to the limit when f is continuous, we have

f) = £ ZZ s Yak)o Wi (t) -

j=0keZz

Moreover, it is not very hard to show that

[ a0 101 =
R

unless j = j' and n = n’ in which case the integral is 1 so that (¢;,,j >g¢+1,n €
Z) is an orthonormal family. Moreover, each v, for j > 0 is also orthogonal to
Vo. When f is continuous and square integrable, it can be shown directly that

2gp — [ O
/Rf(t)dt /lRf dt+zz , Ygk)a

=0 kezZ

This invites us to the following definition. Let Hy be the Hilbert space of
sequences a = (aq k,;n > —1,k € Z) such that

i > al, <o

q=—1lkeZ
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For a € Hy, we define a function ht(lq) on IR by

q
= Z a-1kpo,k(t) + Z Z a5,k k(1)
kez j=0kcz
Notice that the second sum (over n) consists in fact of only one term, since, for
a given j, there is only one n such that v, () # 0, namely the unique integer,
denoted n; which belongs to |27t —1,27¢], so that there is no problem of convergence
for the series in k in the previous formula. Clearly, h{(lq) €V, and letting ¢ tens to
infinity, we let
ho(t) = lim A9 (t)
q— 00

when the limit exists and h,(t) = 0 otherwise. Then, we can define L*(IR, IR) as
the set
={ho:aelZ?)}

<hauhb L2 = Z Z a]’ﬂ jn

neZ j>—1

and set

If h is a continuous, square integrable, function of IR, we have just seen that h €
L*(IR,,IR) and h = h, for aj, = [ph(t)1;.(t)dt, and the L? norm which has
been defined above coincides with the usual L? norm of h. If h is not continous,
but simply Riemann integrable, then the function h, coincides with h everywhere
excepted on a singular set which does not affect the value of the integrals.

The construction of L?(IR",IR) can be made similarly, essentially replacing
dyadic intervals by dyadic cubes. Finally, if € is an open subset in IR", we may
define L?(Q, IR) as the set of functions h on L?(£, IR) which vanish outside €.

Note that, by construction, piecewise constant functions are dense (for the L2
norm) in L2(IR", IR). This is still true (although less obvious with our construction)
on L?(Q, IR) for any open set § in IR". Finally, any piecewise continuous function
can expressed as a limit, in the least square sense, of a sequence of C'*° functions
with compact support, so that C§°(Q2) is dense in L?(, IR).

6. The Riesz representation theorem

The dual space of a normed vector space H is the space containing all contin-
uous linear functionals ¢ : H — IR. It is denoted H*, and we will often use the
notation, for ¢ € H* and h € H:

(3) p(h) = (¢,h)
Thus, parentheses indicate linear forms, angles indicate inner products.
H being normed space, H* also has a normed space structure defined by:

||§D||H* = max{(@v h) the H» ”hHH = 1}
Continuity of ¢ is in fact equivalent to the finiteness of this norm.
When H is Hilbert, the function ¢ : B’ +— (h, h') belongs to H*, and by
the Schwartz inequality ||¢n||;« = ||| . The Riesz-Nagy representation theorem
states that there exists no other continous linear form on H.

THEOREM 4 (Riesz). Let H be a Hilbert space. If o € H*, there exists a unique
h € H such that ¢ = op,.
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PrOOF. Uniqueness comes from the fact that if (h, h’),;, = 0 for all A’ €
H, then it is also true for A’ = h which yields h = 0. To prove existence, we
use, as in finite dimension, the orthogonal of the null space of ¢. So, let K =
{W € H,(p,h') =0}; K is a closed linear subspace of H (because ¢ is linear and
continuous). If K+ = {0}, then K = (K+)* = H and ¢ = 0 = ¢g, which proves
the theorem in this case. So, we assume that K+ # 0.

Now, let hq and he be two non-zero elements in K-. We have p(arhi+aghy) =
a1p(h1) + asp(hs), so that it is always possible to find non-vanishing a; and as
such that ¢(a1hy + asha) = 0 since K+ is a vector space. We get ayhy + ashe =0
so that K has dimension 1. Fix h; € K such that, say ||h||; = 1. Using
orthogonal projections, and the fact that K is closed, any vector in H can be
written: h = (h, h1)hy + k with k € K. This implies

(@5 h) = <h’a h1>(<)07h1)

so that ¢ = (4 niyn, -

7. Embeddings and the duality paradox

7.1. Definition. Assume that H and H, are two Banach spaces. An embed-
ding of H in Hj is a continuous, one to one, linear map from H to Hy, ie. a map
t: H — Hy such that, for all h € H,

(4) ez, < C llAll

The embedding is compact when the set {¢(h), [|h||; < 1} is compact in Hy. In
the separable case (to which we restrict), this means that for any bounded sequence
(hn,m > 0) in H, there exists a subsequence of (¢(h,,)) which converges in Hy.

In all the applications we will be interested in, H and Hy will be function spaces,
and we will have a set inclusion H C Hy. For example H may be a set of smooth
functions and Hy a set of less smooth functions (see the examples of embeddings
below). Then, one says that H is embedded (resp. compactly embedded) in Hy if
the canonical inclusion map: ¢« : H — Hj is continuous (resp. compact).

If ¢ is a continuous linear map on Hy, and ¢ : H — Hj is an embedding, then
one can define the form t*p on H by (t*p, h) = (¢, t(h)), and t*¢ is continuous on
H. Indeed, we have, for all h € H:

(o, W)l = [ (s e(h))] < Nl g 1Pl g, < C lll

P

where the first inequality comes from the continuity of ¢ and the last one from (4).
This proves the continuity of t* as a linear form on H together with the inequality:

1@l < Cllell gy -
This in fact proves the theorem:

THEOREM 5. If v+ : H — Hy is a Banach space embedding, then the map
G Hy — H* also is an embedding.

7.2. Examples.



7. EMBEDDINGS AND THE DUALITY PARADOX 15

7.2.1. Banach spaces of continuous functions. Let Q be an open subset of R".
The space of continous functions on 2 with at least p continuous derivatives will be
denoted CP(£, IR). If Q is bounded, and thus Q is compact, CP(€2, IR) is the set of
functions on ) which are p times differentiable on (2, each partial derivative being
extended to a continuous function on Q; CP(Q, IR) has a Banach space structure
when equipped with the norm

1£1lp,00 = max|lhfl

where h varies in the set of partial derivatives of f or order lower or equal to p.

Still under the assumption that 2 is bounded, and denoting 0f) the boundary of
Q we let CF(Q, IR) be the set of functions f in CP(€2, IR) with vanishing derivatives
up to order p on 9f).

We obviously have, almost by definition, the fact that C?(§, IR) is embedded
in C4(Q, IR) as soon as p < ¢. In fact the embedding is compact when p < gq.

Compact sets in C°(Q, IR) are exactly described by Ascoli’s theorem: they are
bounded subsets M C C°(Q, IR) (for the supremum norm) which are uniformly
continuous, meaning that, for any x € Q, for any ¢ > 0 there exists n > 0 such
that,

sup  sup |h(z) —h(y)| <e.
YEQ,|z—y|<n heM
Compact sets in CP(Q, IR) are bounded subsets of CP(Q, IR) over which all the pth
partial derivatives are uniformly continuous.

7.2.2. Hilbert Sobolev spaces. Let Q C IR®. We now define the space H'(Q, IR)
of functions with square integrable weak derivatives. A function u belongs to this
set if and only if u € L?(£2, IR), and for each i = 1,...,k, there exists a function
u; € L3(9, IR) such that for any function ¢ C* with compact support in 2, one

has
/Q u(x)gfi (z)dz = — /Q wi(z) () dz

The function u; is called the (weak) directional derivative of u, and will be denoted
g—;. The integration by parts formula shows that this coincides with the standard
partial derivative when it exists.

H'(Q, IR*) has a Hilbert space structure with the inner product:

K ou ow
<U,U> 1:<u,v>2—|—§ < , >
H L i—1 a{L‘l axz L2

(exercise: check completeness).

The space H™(£2, IR) can now be defined by induction as the set of functions f €
HY(Q, IR) with all partial derivatives belonging to H™~1(Q, IR). Partial derivatives
of increasing order are defined by inductions, and the inner product on H™ is the
sum of the L? inner products of all partial derivatives up to order m.

There are theorems which allow to obtain embeddings in classic spaces of func-
tions. We will be interested with a special case of Morrey’s theorem, which is stated
below:

THEOREM 6. Let Q C R*, and assume that m—Fk/2 > 0. Then, for any j > 0,
HI*T™(Q, IR) is embedded in C7(Q, R). If Q is bounded, the embedding is compact.
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Moreover, if 0 €]0,m — k/2], and u € HI*™(Q, IR), then every partial deriva-
tive, h, of order j has Holder reqularity 0: for all x,y € Q)

(@) — h(y)| < C ull gmss 2 — yl’

Let © be bounded. As a final definition, we let H"(, IR) be the completion
in H*(Q, R) of the set of C*° functions with compact support in : u belongs to
HP(Q, R) if and only if v € H™(Q, R) and there exists a sequence of functions
Uy, C*° with compact support in Q such that ||u — u,|| ;. tends to 0. A direct
application of Morrey’s theorem shows that, if m — k/2 > 0, then, for any j > 0,
HJT™(Q, R) is embedded in C}(%, IR).

7.3. The duality paradox. The Riesz representation theorem allows to iden-
tify a Hilbert space H and its dual H*. However, when H is embedded in another
Hilbert space Hy, every continuous linear form on Hj is also continuous on H,
and H{ is embedded in H* (proof as exercise). We therefore have the sequence of
embeddings

H— Hy~H; — H"
but this sequence loops since H* ~ H. This indicates that Hj is also embedded
in H. This is indeed a strange result: for example, let H = H*(Q, IR), and Hy =
L?(Q, IR): the embedding of H in Hy is clear from their definition, but the converse
does not seem natural, since there are more contraints in belonging to H than to
Hy. To understand this reversed embedding, we must think in terms of linear forms.
If u € L?(Q, IR), wed may consider the linear form ¢,, defined by

(Pusv) = (u, V)2 = /Qu(x)v(ac)dx

When v € HY(Q, R), we have

(Pu,v) < lullpz vl > < llullgz 0]l g
so that ¢, is continuous when seen as a linear form on H!(Q,R). The Riesz
representation theorem implies that there exists a @ € H'(Q, IR) such that, for all
ve HYQ, R), (u, v);. = (i, v) g the relation u — @ provides the embedding of
L?(Q, R) into H*(, IR). Let us be more specific and take  =]0, 1[. The relation
states that, for any v € H*(, IR),

1 1 1
/0 ' (t)v (t)dt+/0 u(t)v(t)dt:/o a(t)v(t)dt

Let us make the simplifying assumption that @ has two derivatives, in order to
integrate by part the first integral and obtain

1 1 1
(5) u/(l)v(l)—u'(O)v(O)f/O ﬁ”(t)v(t)Jr/o ﬁ(t)v(t)dt:/o a(t)v(t)dt

Such an identy can be true for every v in H'(Q, IR) if and only if u/(0) = /(1) =
0 and —a” + @ = w: @ is thus a solution of a second order differential equa-
tion, with first order boundary conditions, and the embedding of L?(]0, 1], IR) into
H'(]0,1[, IR) just shows that a unique solution exists, at least in the generalized
sense of equation (5).

As seen in these examples, even if, from an abstract point of view, we have an
identification between the two Hilbert spaces, the associated embedding are of very
different nature, the first one corresponding to a set inclusion (it is canonical), the
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second to the solution of a differential equation in one dimension, and in fact to
a partial differential equation in the general case. Another striking application of
the Riesz representation theorem is presented in the next section, which will be our
first incursion in the theory of deformations.

8. Spline interpolation

8.1. The scalar case. Let Q C IR* Consider a Hilbert space V included in
L?(,R). We assume that elements of V are smooth enough, and require the
inclusion and the canonical embedding of V in C°(, IR¥). For example, it suffices
(from Morrey’s theorem) that V' C H™(Q, IRF) for m > k/2. This implies that
there exists a constant C' such that, for all v € V'

0]l < Cllvlly -

We will make another assumption on V:we assume that a relation of the kind
Zilil a;v(x;) = 0 cannot be true for every v € V unless a1 = ... = any = 0, where
(z1,...,2N) is an arbitrary family of distinct points in . The next section will
investigate some practical methods to define such a set V.

Each z in § specifies a linear form §, defined by (d,,v) = v(x) for x € V. We
have

(62, 0)] < vl < Cllvlly

so that &, is continuous on V. But this implies, by Riesz’s theorem, that there
exists an element K, in V such that, for every v € V', one has

(6) v(r) = (Ky, v)y,
Since K, belongs to V, it is a continuous function y — K, (y). This also defines a
function, denoted K : Q x Q — IR by K(y,z) = K. (y).

This function K has several interesting properties. First, applying equation (6)
to v = K yields
Since the last term is symmetric, we have K(x,y) = K(y,x), and because of the
obtained identity, K is called the self-reproducible kernel of V.

A second property is the fact that K is positive definite, in the sense that, for
any family z1,...,zx € V and any sequence a4, ...,ay in IR, the double sum

N
Z OZiCVjK(ZL'i,Z'j)

ij=1
is always positive, ans vanishes if and only if all o; equals 0. Indeed, by the self-

2
and this is positive.
v

reproducing property, this sum may be written HZiVZl o Ky,

If it vanishes, then ZZJ\LI a; K., = 0, which implies, by equation (6) that, for every
v € V, one has 211\;1 a;v(z;) = 0, and our original assumption on V implies that
Oq:-'-:OéN:O.

This kernel will help us to solve the following interpolation problem:

(S) fix a family of distinct points x1,...,zy in Q. We want to determine a
function v € V of minimal norm, subject to the constraints v(z;) = \;, for some
prescribed values A1,..., Ay € R.
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To solve this problem, define Vj to be the set of v for which the constraints
vanish
Vo={veV:v(z;)=0,i=1,...,N}
Using the kernel K, we may write
Vo={veV: (K, ,v)=0,i=1,...,N}

so that
Vo =vect {Ky,, ..., Koy }"

the orthogonal being taken for the V' inner product. We have the first result

LEMMA 1. If there exists a solution © of problem S, then © € V5- = vect {K,,, . ..

Moreover, if © € V5= is a solution of S restricted to this set, then it is a solution of
SonV.

PROOF. Let © be this solution, and let v* be its orthogonal projection on
vect {Ky,,...,Kzy}. From the properties of orthogonal projections, we have ¥ —
v* € Vy, which implies, by the deffinition of V; that ¥(xz;) = v*(x;) fori=1,...,N.
But, since [[v*||,, < [|9]|;, (by the variational definition of the projection), ||0]|,, <
lv*|ly,, by assumption, both norms are equal, which is only possible, when ¢ = v*.
Therefore, © € Vg~ and the proof of the first assertion is complete.

Now, if 9 is a solution of S in which V is replaced by V-, then, if v is any
function in V' which satisfies the constraints, then v — 9 € V and ||vH%, = ||17||%, +
|lv — ﬁ||%, which shows that o is a solution of the initial problem. O

This lemma allows us to restrict the search for a solution of S to the set of
linear combination of K,,,...,K,, which places us in a very comfortable finite
dimensional situation. We look for ¢ under the form ¢ = vazl o; K5, which may

also be written
N
o(z) = Z o K (x, ;)
i=1

and we introduce the N x N matrix S such that s;; = K (z;,2;). The whole problem
may now be reformulated in function of the vector a = “(aq,...,an) (a column
vector) and of the matrix S. Indeed, by the self reproducing property of K, we
have

N
(7) 1915 = > ciay K (@i, 25) = "aSa
=1

and each contraint may be written \; = v(z;) = Zjvzl a; K (x;,2;), so that, letting
A= t()\l, ...y AN), the whole system of constraints may be expressed as Sa = A.

But our hypotheses imply that S is invertible: indeed, if Sa = 0, then *aSa = 0
which, by equation (7) and the positive definiteness of K, is only possible when
a = 0 (we assume that the x; are distincts). Therefore, there is only one % in V-
which satisfies the constraints, and it corresponds to o = S~!\. These results are
summarized in the next theorem.

THEOREM 7. Problem S has a unique solution in V , given by

N
o(x) = Z K(x,2;)o

Ky}
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with
1

oy K(l’l,l'l) K(l’l,l‘]\/‘)

A

. A
an K(xN,xl) . K(xN,a:N) N
Another important variant of the same problem comes when the hard con-
straints v(z;) = \; are replaced by soft constraints, under the form of a penalty
function added to the minimized norm. This may be expressed as the minimization
of a function of the form

N
2
E(v) = [lolly +C Y elvles) = il)
i=1
for some increasing, convex function on [0, +oo[ and C' > 0. Since the second term
of E does not depend on the projection of v on Vj;, lemma 1 remains valid, reducing
again the problem to v of the kind

N
v(x) = ZK(Jc,xi)a»
i=1
for which
N N N
E(v) = Z a0 K (xy,x5) + CZ © Z K(zi,xj)o — A
ij=1 i=1 j=1

Assume, to simplify, that ¢ is differentiable and ¢’(0) = 0. We have, letting

P(x) = sign(z)y’(),

0 & S
J i=1 i=1

N
D K@i, w)on — A
=1

Assuming, still, that the z; are distincts, we can apply S~! to the system g—fj =
0,7 =1,..., N, which characterizes the minimum, yielding

N
(8) 204i+0¢ ZK(Z‘Z',Z‘]‘)O(]‘ _/\i =0

j=1

This suggest an algorithm (which is a certain kind of gradient descent) to
minimize F, that we can describe as follows:

ALGORITHM 1 (General Spline smoothing).  step 0 Start with an initial guess
a® for a
step t.1 Compute, fori =1,...,N,

N
~C'
a?l = (1=7)aj - 71/J ZK($i>$j)aj = Ai

j=1

where 7y is a fized, small enough, real number.
step t.2 Use a convergence test: if positive, stop, otherwise incrementt and restart
step t.
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This algorithm will converge if v is small enough. However, the particular case
of p(x) = x? is much simpler to solve, since in this case v(x) = 2z and equation
(8) becomes

N
20&1+QC ZK(mi,xj)aj —)\1‘ =0

j=1
The solution of this equation is a = (S +1/C)~1\, yielding a result very similar to
theorem 7:

THEOREM 8. The minimum over V of

N
vy + CZ o(z;) — A

i=1
is attained at
N
(x) = ZK(w,xi)a»
i=1
with
(&3] )\1
= (S—&-I/C')_1 .
N >\N
and
K(I1,$1) K(l‘l,JJN)
s=| : z
K(mN,xl) K(CL‘N,J?N)

8.2. The vector case. In the previous section, elements of V' were functions
from Q to IR. When working with defomations, which our goal here, functions of
interest describe displacements of points in {2 and therefore must be vector valued.
This leads us to address the problem of spline approximation for vector fields in £2,
which, as will be seen, is handled very similarly to the scalar case.

So, in this section, V is a Hilbert space, canonically embedded in L? (Q,Bk ),
and in C°(Q, R"). Fixing = € Q, the evaluation function v — v(z) is a continuous
linear map from V to IR*, which implies that, for any a € IR®, the function v —
tav(x) is a continuous linear functional on V. This implies that there exists a
unique element, denoted K¢ in V such that, for any v € V

(9) (K3, v)y ="av()

The map a — K is linear from IR" to V (this is because aq — ‘av(z) is linear
and because of the uniqueness of the Riesz representation), which implies that, for
y € Q, the map a — KZ(y) is linear from IR* to IR*. This implies that there
exists a matrix, that we will denote K(y,x), such that, for a € R*, z,y € Q,
Ko(y) = K(y, 2)a.

Thus, the kernel K, in the case of vector fields is matrix valued. The self
reproducing property, in this case, write

(K¢, K5>V = taKg(:v) ="'aK(z,y)b

Since the first term is symmetrical, we obtain the fact that, for all a,b € IR*,
taK (z,y)b = "bK (y, r)a which implies that K(y,z) = tK(x, Y).
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Concerning the positivity of K, we make an assumption similar to the scalar
case:

ASSUMPTION 1. Ifx1,...,xany € Q and aq,...,ay € IR* are such that, for all
veV,av(xy) 4+ +anv(zy) =0, then oy =+ = ay =0.
Under this assumption, it is easy to prove (exercise) that, for all ay,...,an €
R",
N
Z tOéiK(l'i,ZL'j)ij Z 0
i,j=1

with equality if and only if all a; vanish.
The interpolation problem in the vector case writes:
(Sp) Given zq,...,zx in Q, Ai,..., Ay in R", find v in V, with minimum
norm such that v(xz;) = A;. As before, we let
Vo={veV:v(z)=0,i=1,...,N}
Then, lemma 1 remains valid:

LEMMA 2. If there exists a solution © of problem S, then © € Vg-. Moreover,
if © € V- is a solution of S restricted to this set, then it is a solution of S on V.

We add to this the characterization of V-, which slightly less straightforward
than in the scalar case:

LEMMA 3.
N
VOJ_ = {U - Zngvah'" yan € Bk}
i=1
Thus, a vector field v belongs to V5" if and only if there exists aj,...,ay in

IR* such that, for all z € Q,

N
v(x) = Z K(x,2;)o
i=1

This expression is formally similar to the scalar case, with the difference that
K(z,x;) is a matrix and «; are vectors.

PrOOF. It is clear that w € Vj is equivalent to the fact that, for any o, ..., ay,
one has
N
Z togu(zs) =0
i=1
so that w € Vj is equivalent to (v, w),, = 0 for all v of the kind v = vazl K.
Thus
N 1
Vo = {1} = ZK;‘i",ozl,...,aN € ]Rk}
i=1
and since {v = Zil K aq,...,ay € JRk} is finite dimensional, hence closed,
one has

N
i k
Vit = {UZZK;Y;,%...,@N €R }
=1
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When v = Zjvzl K37 € Vg-, the constraint v(x;) = \; yields
N
Z K(LIL‘Z', CCj)Oéj = )\z
j=1
Since we also have, in this case,
N
2
olly = Y faK (@i, 25)a,
i,j=1
the whole problem can be rewritten quite concisely under a matricial form, intro-
ducing the notation

K(zy,21) ... K(x1,zn)
(10) S=5(x1,...,zn) =
K(zn,z1) ... K(zn,zN)
which is now a block matrix of size Nk x Nk,
oy A1
a=| : A=
an AN

each «;, \; being consideres as k dimensional column vectors, and the whole set
of constraints now writes Sa = A and Hv||?/ = taSa. Thus, replacing scalars by
blocks, the problem has exactly the same structure as in the previous case, and we
can repeat the results we have obtained:

THEOREM 9 (interpolating splines). Problem (Sy) has a unique solution in V,
given by

N
o(x) = ZK(Jc,xl)al
i=1
with,
o K(xq,21) K(xz1,zN) A
. AN
anN K(zy,z1) : K(zn,znN)

THEOREM 10 (Smoothing splines). The minimum over V of

N
2 2
[vlly +C Y Jo(a:) — Al
i=1
is attained at

with
o )\1
=(S+1/0)7 ...
an AN
and S = S(x1,...,xN) given at equation (10).
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Finally, algorithm 1 remains the same, replacing scalars by vectors. (Exercise
: use the algorithm with robust penalties).

9. Building V and its kernel

9.1. Simplifying assumptions. The previous section showed that the prob-
lem of spline interpolation could reduce to a solvable, finite dimensional problem.
Of course, this remains essentially abstract unless it comes with an explicit, numer-
ically plausible, expression for the kernel K, since all the algorithms depends on it.
Before providing examples of such kernels, corresponding to specific Hilbert spaces
V', we review a series of natural assumptions which will significantly simplify the
issue.

We assume in this section that Q = R" , and study our first assumption:

9.1.1. FEuclidean frame independence. Changing a frame in Euclidean coordi-
nates means replacing the variable 2 € IR¥ by Rz + T, R being a rotation and T
a vector in R" (translation). When assessing the smoothness of a function defined
over le, it is natural to require independence with respect to such deformations.
This requirement is stated below:

AssUMPTION 2 (Frame independence). Let R be a rotation, T' a vector in RF,
and define the operation Arz:V — L*(Q, R") by (Arrv)(z) = v(Rz + T).
We assume that, for all R and T', Ar 1 is an isometry of V onto itself.

This assumptions states two facts: first, if v € V, its transform Ag 7v also
belongs to V. Second, it states that, if v and w belong to V/,

(Arprv, AR TW)|, = (V, W)\,

This has important consequences on the kernel K. Indeed, take Ar v = K¢
in the previous formula. It yields, noting that AE}T =Aig _tpr

(Kg, Aprw)y, = (Ag _ipr K3, w),,

But the left hand term is, by definition of K& also equal to ‘a(Agrw)(z) =
faw(Rz +T) = (K$, 7, w),,. Thus for all w € V

<AtR,7tRTK§ ) w>v = <K%z+T7 w>v

which means that, for ally € Q, z € Q, o € R*, K('R(y—T),z)a = K(y, Rz+T)a,
thus K("R(y — T),2) = K(y, Rz +T). Taking T =y and R = Id yields K(0,z) =
K(y,z +y): K is translation invariant, and letting G(z) = K(0,z), wo obtain the
fact that K(y,z) = G(z —y). Since K(y, z) = K(Ry, Rz), we obtain the fact that
G(z) = G(Rz) for all z € IR*, which is only possible when G is a function T'(|z]).
We thus have the result:

THEOREM 11. IfV satisfies the frame independence assumption, its kernel K
is necessarily such that there ezists a function I' : [0, +oo[— My (IR) with

K(z,y) =T(jz —yl)

Note that I" must be a symmetric matrix, since K(z,y) = tK(y, x).



24 1. ELEMENTS OF HILBERT SPACE THEORY

9.1.2. Isotropy. The assumption we make now is that the smoothness of a vec-
tor field remains unchanged when it is transformed by a constant rotation. This is
natural, if there is no reason to privilege one direction rather than the other. It is
stated as

AssuMPTION 3 (Isotropy). V is stable by the operation v — Rv (R being an
arbitrary rotation) and this operation is an isometry.

Note that we do not need Q = IR for this assumption. This again has strong
consequences on the kernel. Indeed it implies that

(K, Rw),, = <tRK§‘, w>v

But, since (K¢, Rw);,, = ‘aRw(z) = <K;R‘X, w> , we obtain the fact that
%

K;Ra = "RK¢ which yields the fact that, for every z,y € Q, "RK (y,z) = K(y,2)'R,
and that K (y,x) commutes with all rotations. It is a well-known fact that the only
matrices which commute with all the rotations are the homotheties, which means
that there exists a function x : Q2 x Q — IR such that K(y,z) = x(y,x)Id. We state
this in the:

THEOREM 12. IfV satisfies the isotropy conditions, its kernel K takes the form
K(z,y) = x(z,y)ld

where x is a positive definite kernel on IR.

Although isotropy cannot be considered as a universally valid condition, it is a
natural one in a large variety of situations. For this reason, and for simplicity, we
shall restrict the discussion which follows to scalar kernels.

9.1.3. Radial kernels. When isotropy is combined with frame independence,
the kernel x must be radial, ie:

x(z,y) =v(|lz —yl)

for 2,y € IR*. Here v is a function defined on [0, +o0[, with values in |0, +oo].
There is a nice characterization of functions v which provide positive kernels on
IR* for any k. This is partially addressed in the next proposition.

PROPOSITION 5. Assume that there exists a positive function f on]0,4o00[ such
that

—+o0
W= [ e
0
Then, whatever the dimension k, the kernel x(x,y) = v(|x — y|) is positive definite.

The interesting fact is that this sufficient condition is almost necessary. The
necessary and sufficient condition, which requires Lebesgue integration, is that there
exists a positive measure p on [0, +oo[ such that

+oo 5
w0 = [ e ).

An important application is when p is a Dirac measure 1 = §,-2 which provides
2
~(t) = e~ 7. The kernel
lz—y|?

x(z,y) =e 2
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is called the Gaussian kernel on IR* and is probably the most commonly used for
spline smoothing. But proposition 5 can be used to generate other kernels, for

example, f(u) = e™* provides the kernel
1
x@y)=——""—
1+ |z —yf”

9.1.4. Translation invariant kernels. The translation invariant kernels (not nec-
essarily radial), of the kind x(z,y) = I'(z — y) can be characterized in a similar
way.

PROPOSITION 6. Assume that there exists a positive, even function F' on R*
such that

I'(x) :/ e_it'wF(u)du
Rk
Then the kernel x(z,y) = I'(x — y) is positive definite.

9.2. From kernels to Hilbert spaces.

9.2.1. Mercer’s theorem. The interest of the above discussion is that it is possi-
ble to reconstruct the Hilbert space V' used in spline representation from a positive
definite kernel. One of the most efficient way to achieve this is by the use of Mercer’s
theorem

THEOREM 13. We take Q = R*. Let K : Q@ x Q — IR be a continuous, positive
definite kernel, such that

K(z,y)?dzdy < oo
QxQ

Then, there erists an orthonormal sequence of functions in L?(Q, IR), ¢1,¢2,...
and a decreasing sequence (py) which tends to 0 when n tends to oo such that

K(z,y) =Y pupu(@)pn(y)

Define the Hilbert space V by

V= {v €L} R): i (v, cpn)iz < oo}

n=1

and define, for v,w € V:

oo
(v, w)y = Zp;l<v7 ‘Pn>L2<wa <Pn>L2

n=1
Note that, for v € V, there is a pointwise convergence of the series

o0

o@) = (v, pu)papnl)

n=1

since

m 2 m
<Z (v, son>Lzs0n(x)> <Y o v, en)ie D palpn())?

P n=p n=p
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and both terms in the upper-bound can be made arbitrarily small. Similarly,

oo

v(@) = v(y) =Y (v, n)a(en(@) = enly))

n=1

so that
@) —v®)® < D v, en)ie Y palen(r) — on(y))?
n=1 n=1

= ]|} (K(2,2) — 2K (z,y) + K(y,y))
so that v is continuous.
Then, letting K, = K(.,z), one has
<80m, Kw>[,2 = an@n(m)“pmv Spn>L2 = pn‘pm(x)
n=1

so that
> paten s Kadla = Y pan(@)? = K(z,2) < 00
n=1

n=1
so that K, € V and a similar computation shows that (K., K,),, = K(x,y) so
that K is self reproducible.
Finally, if v € V,

(v, Ka)y = prll@, On)p2(Pn, Ke)pz = Z (v, ©n)r2n(z) =v(z)

so that K, corresponds to the Riesz representation of the evaluation functional on
V. Thus, finding a continuous, positive definite, square integrable kernel is enough
to make the whole theory work.

9.2.2. Convolution kernels. Mercer’s integrability condition cannot be satisfied
when Q = R* and x(z,y) = v(z — y) is translation invariant. However, in this
case, there is another way for building the set V' which is valid in a wide number
of situations.

Consider the case when v(u) = [px e~ F(p)dv for an integrable positive
and even function F on RR" (we shall assume that F' is non-vanishing). We let
G(v) = \/F(v), assume that G is still integrable and set

A(u) = /Rk e_it“”G(v)dv

Letting x(z,y) = Y(x — y), we define
V= {v € L*(R*, R) : 3u € L*(R*,,R),v = / X(z,y)u(y)dy}
Rk

It can be shown (from elementary properties of the Fourier transform), that

(1) If [ X(z,y)u(y)dy = 0 for all x, then w = 0. This implies that the
relation

wetu= [ Xy
Rk
is one-to-one and allows to define the inner product on V by

(v,v"), = (u, u');2, when v = y.u,v = xu
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which provides V with a structure of Hilbert space.
(2) We have

~ 2
| Gt < Il

so that V' C L2(€, IRF) whenever F is bounded.
3)
x(fc,y)=/ X, 2)X(2,y)dy
IRk

which implies that x, : ¥ — x(y, x) belongs to V.
(4) We have, if v = x.u

Xz s V)y = (Xa» W2 = v(2)
so that y is the reproducing kernel on V.

9.3. Building V from operators. There is another, direct method, for defin-
ing Hilbert spaces V' of smooth functions. In this framework, an inner product,
defined from the action of an operator, is defined on a subset of L?(£2;, IR) (within
which everything can be defined easily, ie. in a classical sense when speaking of
derivatives), but which is not complete for the induced norm, then extended to a
larger subspace of L?(), IR), which will be a Hilbert space. This is called Friedrich’s
extension of an operator. Since it is not restricted to subspaces of L?(Q, IR), we
work, in the following with an arbitrary Hilbert space H.

To start, we need a subspace D, included in H and dense in this space, and
an operator (ie. a linear functional), L : D — H. Our typical application will be
with D = C%(Q, R) (the set of C*° functions with compact support in Q) and
H = L*(Q, IR). In such a case, L may be chosen as a differential operator of any
degree, since derivatives of C'*° function with compact support obviously belong to
L?. However, L will be assumed to satisfy an additional monotonicity constraint,
which is

ASSUMPTION 4. The operator L is assumed to be symmetrical and strongly
monotone on D, which means that there exists a constant ¢ > 0 such that, for all
u €D,

(11) (u, Lu) g > c{u, u) g
and for all u,v € D
(12) (u, Lvy gy = (Lu, v) gy

An example of strongly monotonic operator on C' (2, IR) is given by Lu =
—Au + Au where A is the Laplacian: Au = Zk 0%y Indeed, in this case, and

i=1 022
when u has compact support, an integration by part yields

/QAu(:C)u(at)dx:g/Q <§Z>2d:ﬂ.

The operator L induces an inner product on D, defined by

(u,v)p =(u, Lv)y
Assumption 4 ensures the symmetry of this product and its positive definiteness.
But D is not complete for ||.||;, and we need to enlarge it (and simultaneously
extend L) to obtain a Hilbert space.
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THEOREM 14 (Freidrich’s extension). There exists a subspace V.C H such that

D is a dense subspace of V' and L can be extended to an operator L:V —V* such
that:

o V is embedded in H R
o Ifu,ve D, (u,v), = (Lu,v), = (Lu,v)

The fact that L is an extension of L comes modulo the identification H = H*.
Indeed, we have V .C H = H* C V* (by the “duality paradox”), so that, L, defined
on D C V can be seen as an operator with values in H*.

DEFINITION 2. The operator L defined in theorem 14 is called the energetic
extension of L. It restriction to the space

Dp={ueV:ilueH =H}
is called the Freidrich’s extension of L.

The Freidrich extension of L will still be denoted L in the following. (exercise:
V1, by continuity of linear forms)

We will not prove this theorem here, but the interested reader may refer to
[22]. The Freidrich extension has other interesting properties:

THEOREM 15. L : Vp — H is bijective and self-adjoint ((Lu, v) ; = (u, Lv) 4
for all u,v € Vp).

Its inverse, L' : H — H is continuous and self-adjoint.

If the embedding V C H 1is compact, then L~ : H — H is compact.

In the following, we will mainly be interested in embeddings stronger than the
L? embedding implied by the monotony assumption. It is important than such
embeddings are conserved by the extension provided they are true in the initial
space D. This is stated in the next proposition

ProprOSITION 7. Let D,V and H be as in theorem 14, and B be a Banach
space such that D C B C H and B is canonically embedded in H (there exists
c1 > 0 such that ||ul|z > 1 ||ully). Assume that there exists a constant co such

that, for allu € D, \/(Lu, u)y > ¢ ||ul|z. Then V C B and |u||,, > c2 ||lul| g for
allueV.
In particular, if B is compactly embedded in H, then L™ : H — H is compact.

PrOOF. Let u € V. Since D is dense in V, there exists a sequence u,, € D such
that [|u, —ul|;, — 0. Thus u, is a Cauchy sequence in v, and by our assumption,
it is also a Cauchy sequance in B, so that there exists ' € B such that |lu, —u'||5
tends to 0. But since V' and B are both embedded in H, we have |u, —ul/; — 0
and ||u, —«'||; — 0 which implies that = «’. Thus u belongs to B, and since
|unlly, and ||u, ||z respectively converge to |[u||,, and |lu|| 5, passing to the limit in
the inequality ||u, |\, > c2 ||un|| 5 ends the proof of proposition 7. 0

We now investigate the relation between this theory and the previous analyses
using kernels. From now on, we assume D = C3(2) and H = L*(Q, IR). The
Hilbert space V' will hold the same role in both cases, but we need the continuity
of the evaluation of functions in V', which here leads to assuming that, there exists
a constant such that, for all u € D,

(13) (Lu, )z > ¢ lull
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since, as we have seen, this implies that V' will be continuously embedded in
C%(€2, IR). Thus, the kernel K is well defined on V, such that (K, , v),, = v(z) =
(0z,v). The linear form 4, belongs to V*, and by theorem 14, which implies that

(Ky,v)y, = (ﬁKz,v>, we have LK, = 0y, OT

K, =116,

This exhibits a direct relationship between the self-reproducing kernel on V'
and the energetic extension of L.

There is another consequence, which stems from the fact that C°(€, IR) is
compactly embedded in L?(€, IR), so that theorem 15 implies that L~ is a com-
pact, self-adjoint operator. Such operators have the important property to admit
an orthonormal sequence of eigenvectors: more precisely, there exits a decreasing
sequence, (p,) of positive numbers, which is either finite or tends to 0, and an
orthonormal sequence ¢,, in L?(€2, IR), such that, for u € L?(Q, IR)

L_lu = an<uv SDn>L2S0n

n=1

Which directly characterizes Vi, as the set

VL = {u € L*(Q,R): i <<“"p”>”>2 < oo}

n=1 Pn

and for u € Vi, we have

Lu=Yp, (u, on)2n

n=1

so that, for u,v € V[,

(u, v}y, = (Lu, v)2 = an U, Pn)p2(u, n)pe

n=1

This indicates that V' should be given by

V:{ueLQQIR Z ugonL2<oo}

This is indeed the case, V7, is dense in this set: isu € V, then uy = 25:1 (U, @n)en
belongs to V7, and |juy — ul|;, — 0. We summarize what we have just obtained in
the

THEOREM 16. Assume that D = C52(Q) and H = L*(Q, R), and L : D — H
is symmetric and satisfies
(Lu, w) e > elfull?,
for some constant ¢ > 0. Then the energetic space of L, V, is continuously embed-
ded in C°(Q, IR) and its self-reproducing kernel is K, = L='3,. Moreover, there
exists an orthonormal basis, (¢,) in L2(Q, IR) and a decreasing sequence of positive
numbers, (py), which tends to 0 such that

V= {u €L R): > py'(u, pn)ie < oo}

n=1
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Moreover,

Lu="p,"(u, ¢n) p20n

n=1

i(w,mmy@o

el Pn

whenever

10. Weak convergence in a Hilbert space
Let us start with the definition:

DEFINITION 3. When V is a Banach space, a sequence (vy,) in V is said to
converge to some v € V if and only if, for all continous linear form o : V — IR,
one has a(v,) — a(v) when n tends to infinity.

The following simple proposition will be useful later:

ProroSITION 8. Assume that V and W are Banach spaces and that W 1is
(continuously) embedded in V. Then, if a sequence (wy,) in W weakly converges (in
W) to some w € W, then w,, also weakly converges to w in V.

This just says that if a(w,) — a(w) for all continuous linear functional on W,
then the convergence holds for all continuous linear functional on V', which is in
fact obvious because the restriction to W of any continuous linear functional on V'
is a continous linear functional on W.

In the case of a Hilbert space, the Riesz representation theorem immediately
provides the proposition:

PROPOSITION 9. Let V' be a Hilbert space. A sequence v, in V weakly converges
to an element v € V if and only if, for all w eV,

lim (w, vp), = (w, v)y,

n—oo

Moreover, in v, weakly converges to v, then ||v|| < liminf ||v,].

The last statement comes from the inequality: (vy, , v),, < [lvnlly ||v]ly, which
provides at the limit
2 -
ol < lolly timinf fon |,

If ||lv]|y, = 0, there is nothing to prove, and in the other case, on can divide both
terms of the inequality by ||v[|;, to obtain the result.
Finally, the following result is essential for us ([22])

THEOREM 17. If V is a Hilbert space and (v,) is a bounded sequence in V
(there exists a constant C such that ||v,|| < C for all n), then one can extract a
subsequence from v, which weakly converges to some v € V.



CHAPTER 2

Ordinary differential equations and groups of
diffeomorphisms

1. Introduction

In this chapter, we review a few results for the theory of differential equations,
which will provide a very efficient way to generate deformations.

It may be time to specify what is meant by deformations in this course. The
definition is quite natural: we fix an open subset  in IR*. A deformation is a
function ¢ which assigns to each point x € 2 a displaced position y = p(z) € Q.
There are two undesired behaviors that we would like to forbid: they are

e The deformation should not create holes: every point y € 2 should be the
image of some point x € 2, ie. ¢ should be onto.

e Folds are also prohibited: two distinct points z and z’ in Q should not be
targeting to the same point y € €2, ie. ¢ must be one to one.

Thus deformations must be bijections of €. In addition, we require minimal
smoothness for ¢. The next definition introduces standard vocabulary:

DEFINITION 4. A homeomorphism of € is a continuous bijection ¢ :  — )
such that its inverse, ="' is continuous.

A diffeomorphism of Q) is a continuously differentiable homeomorphism ¢ : Q —
Q such that o1 is continuously differentiable.

One can show in fact that a continuously differentiable homeomorphism is a
diffeomorphism. From now on, most of the deformations we shall consider will be
diffeomorphisms of some open set Q C R

If there is information (like grey-level, color, shape boundary) which is carried
at position z, it will be moved according to the deformation. We shall say that
deformations act on structures carried by 2. Consider as a example an “image”, ie.
a function I : } — IR and a diffeomorphism ¢ of 2. The deformation will create a
new image I’ on Q by letting I'(y) be the value of I at the position z which was
targeting to y through the deformation, ie I'(y) = I(p~(y)) it I’ = I o 1. This
describes the action of diffeomorphisms on functions.

However, we shall not be directly concerned with the direct problem of com-
puting the action of diffeomorphims, but with the inverse problem of estimating
the best diffeomorphims from the output of its action. For example, the image
matching problem consists in finding an algorithm which, given two functions I
and I’ on €, is able to recover a plausible diffeomorphism ¢ such that I’ = To ™!,

We therefore must face the problem of building diffeomorphims. This is not an
easy matter, because of the nonlinear character of the problem: linear combinations
of diffeomorphisms are not necessarily diffeomorphisms.

31
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There is a direct, but limited way of building diffeomorphisms, by small per-
turbations of the identity. It is provided by the next proposition. We assume that
Q is bounded.

PROPOSITION 10. Let u € C1(Q, IR®), and assume that, for some § > 0, one
has that u(x) = 0 for any x € Q such that there exists y & Q with |x —y| < §.
Then, for small enough ¢, ¢ : © — x + eu(x) is a diffeomorphism of .

ProOF. Indeed, ¢ is obviously continuously differentiable, and takes values in
Q2 as soon as as € < 0 ||u .

Since u is C!, there exists a constant C' such that |u(z) —u(z)| < C |z — 2/|.
If p(x) = p(z’) we have

|z — 2| = eu(z) —u(z)| < Celx — 2|

which implies = 2’ as soon as it is assumed that ¢ < 1/C, and ¢ is one to one in
this case.

Showing that ¢ is onto is a little bit harder. The first remark to be made is
that if B(y,0), the ball centered at y with radius ¢ is not included in €2, then,
by assumption, ¢(y) = y so that y € ¢(Q2). Thus assume that B(y,d) C Q, and
consider the function v, defined on B(0,6) by ¥(n) = —eu(y +n). If e < §||uf,
we have ¥(n) € B(0,6), and we have the inequality

[W(n) — ()| <eCln—n'ly

If eC < 1, ¢ is a contraction, and the fixed point theorem (stated below) implies
that there exists n € B(0,d) such that ¥ (n) = 7. But in this case,

ely+n) =y+nteuly+n)=y+n—vmn) =y
so that y € () and ¢ is onto. O

We here recall the standard fixed point theorem, which has been used in the
previous proof and will be used later:

THEOREM 18 (Banach fixed point theorem). Let B be a Banach space, U C B
and o be a contraction of U, ie. a map ¢ : U — U such that there exists a constant
c € [0,1] such that, for all z,y € U,

(@) =e@llp < llz—-ylp -

Then, ¢ has a unique fived point in U, ie. there exists a unique xo € U such that
o(z0) = xp.

We therefore know how to build small deformations. Of course, we cannot be
satisfied with this, since they corresponds to a very limited class of diffeomorphisms.
However, we can use them to generate large deformation, because diffeomorphisms
can be combined through the composition rule. If ¢ and ¢ are diffeomorphisms,
then o ¢’ is a diffeomorphism. In fact, diffeomorphisms of § form a group for the
composition of functions.

Thus, let eg > 0 and uq, . .., Uy, . . . be vector fields on 2 which are such that, for
€ < €0, id +¢u; is a diffeomorphism of 2. Consider ¢,, = (id +euy,)o---o(id +euy).
We have

Ont1 = (id + eup) 0 @y, = @ + €Up 0 @y
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which can also be written (¢n+1 — ¥n)/e = Uy 0 p,. Fixing € Q and letting
To = &, Tn, = pn(x), we have the relation (z,41 — x,)/e = up(x,). This looks like
a discretized version of a differential equation, of the form (introducing a continuous
time variable t):

This should motivate the rest of this chapter, which will be devoted to ordinary
differential equations and how they generate flows of diffeomorphisms.

2. A class of ordinary differential equations

2.1. Definitions. We let @ C IR* be open and bounded. We have denoted
C}(Q, R*) the Banach space of continuously differentiable vector fields v on Q such
that v and dv vanish on Q. Elements v € C}(Q, IR¥) can be considered as defined
on IR® by setting v(z) = 0 if z & Q.

We define the set X(T,Q) of integrable functions from [0, 7] to C§(Q, R¥).
An element of X1(T, ) is a time-dependent vector field, (v¢,t € [0,1]) such that,
for each t, v, € C}(€, R") and

T
Hwﬂj:éwmmmﬂ<w.

For v € X1(T,Q), we consider the ordinary differential equation, which will
be formally denoted %’ = v(y). A function t — y(t) is called a solution of the
equation on [0, 7] (7 < T) with initial condition z if

e ¢ — y; is continuous on [0, 7], yo = .
o forallt <7,

t
yt:x—i—/ vs(ys)ds
0

2.2. Main results.
2.2.1. FEuxistence and uniqueness.

THEOREM 19. Let v € XY(T,Q). For all x € Q and t € [0,T), there exists a
unique solution on [0,T] of the ordinary differential equation % = v (y) with initial
condition yy = x. This solution is such that ys € Q for all s € [0,T].

PROOF. The proof is standard, and we provide it for completeness.

We denote Q the closure of the bounded, open set €, so that Q is compact in
IR, In the following, set let vi(z) = 0 when z ¢ Q. This does not change the value
of [[vell -

Fix z € Q,t €[0,T] and § > 0. Let I = I(t, ) denote the interval [0,T] N [t —
6,t + d]. If ¢ is a continuous function from I to IR® such that ¢(t) = z, we define
the function I'(¢) : I — IR* by

FWX$=w+AnAMwMu

This provide a function which is also continuous and such that I'(¢)(t) = x. The
set of continuous functions from the compact interval I to IR®, with the supremum
norm is a Banach space, and we show that for ¢ small enough, I" satisfies

IT(@) =T()loo <7l = ¢'ll oo
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with v < 1. The fixed point theorem implies that there is a unique function ¢ such
that T'(¢) = ¢, and this is the definition of a solution of the ordinary differential
equation on I.

Since I(p)(s) = T(¢')(s) = J; (vu((u)) — vu (@' ()))du we have
IT() = T( @)oo < lle = w'\loo/l [0ull1,00du

but [; [|[vul1,00du can be made arbitrarily small by reducing d so that existence and
uniqueness on [ is proved. Now, we can make the additional remark that § can
be taken independent of t. This is because the function o : s — f; [lval1,00du is
continuous, hence uniformly continuous on the interval [0,77], so that there exists
a constant n > 0 such that |s — ’| < n implies that |a(s) — a(s')] < 1/2, and it
suffices to take 0 < /2.

From this remark, we can conclude that a unique solution of the ordinary
differential equation exists over all [0, T], because it is now possible, starting from
the interval I(t,d) to extend the solution from both sides, by jumps of §/2 at least,
until boundaries are reached.

We now prove that solutions such that y; € Q for some t belong to 2 at all
times. This is because if there exists s such that y, = 2’ € Q, then the function
Ju = &' for all u is a solution of the equation, since v, (2’) = 0 for all u. Uniqueness

implies ¥ = y which is impossible. a
DEFINITION 5. Let v € X1(T,Q). We denote by %, (z) the solution at time t
of the equation %’ = v (y) with initial condition ys = x.

The function (t,x) — ¥ (x) is called the flow associated to v starting at s. It
is defined on [0,T] x Q.

From the definition, we have the property
PROPOSITION 11. Ifv € XY(T,Q) and s,r,t € [0,T], then
Pst = Pri © Por
In particular, @2, o 7, =1id and ¥, is invertible for all s et t.

ProoF. Ifz € Q, ¢ () is the value at time ¢ of the unique solution of dy/dt =
v¢(y) which is equal to z at time s. It is equal to &’ = ¢?, (x) at time r, and thus
also equal to ¥, (2’) which is the statement of the proposition. O

2.2.2. Properties of the flow. The next theorem shows that flows really are
interesting objects when diffeomorphisms are needed.

THEOREM 20. Let v € XY(T,Q). The associated flow, o2, is for all times a
diffeomorphism of €.

The proof of this result depends on Gronwall’s lemma, that we first state and
prove.

THEOREM 21 (Gronwall’s lemma). Consider two positive functions as,us, de-
fined for s € I where I is an interval in IR. We assume that u is bounded, and
that, for some function c, and for allt € I,

t
/ asugds
0

(14) U < c—+
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Then, for all t € [0,T],

up < cew orsds|

PROOF. To treat simultaneously the cases ¢ > 0 and ¢t < 0, we let ¢ = 1 in the
first case and € = —1 in the second cases. Inequality (14) now writes:

t
up < c+5/ asugds
0

Iterating once this inequality yields

t t S1
up < c—|—c€/ ozsds—|—€2/ / gy Qg Us, dS
0 0 Jo

and it may be checked by induction that, repeating this process,
t
utgc—l—cs/ asds—l—---—i—a”/ Qgy - Qs dS1 ... dSy,
0 0<s1 <+ <s,<t

n+1
+e / Qlgy oo O,y U, dST .. dSpdSyyr .
0<s1 < <5, <t

Consider the integral

In:/ sy ... .0Q5,dsy...dsy,
0<s1<<sp <t

Let o be a permutation of {1,...,n}: making the change of variable s; — s,, in I,
yields

In:/ Qg ... 0, dS1 ... dsy,
0< 50y <o, <t

E lo<s, < <oy <t =1
g

whenever s; # s; is ¢ # . The n-tuples s1,...,s, for which s; = s; for some j for
a set of dimension n — 1 which has no influence on the integral. Thus, summing

over o yields
t n
nll, = / Qgy - .0, dS1 ... ds, = </ asds)
[0,t]™ 0

Therefore, using the fact that u, is bounded, we have

Dokt bt sup(u) [t
< — 5 _ .
mEel ([ este) + =g () )

and passing to the limit yields the result. a

Obviously,

n+1

We now pass to the proof of theorem 20, in which Gronwall’s lemma will be
used several times.

PRrROOF OF THEOREM 20. We first show that ¢}, is a homeorphism. Take z,y €
Q. We have

i@ - el = Jo-y+ [ (o) - ulel @) dr

IN

k t
[z =yl + [ lorlly oo 950 (2) = 95 (y)] ds
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We apply Gronwall’s lemma with ¢ = |z — y[, - = [[v, ||, and u, = |@§,. () — 8, (y)]
which is bounded since ¢, is continuous in r. This yields

t
(15) |Per (@) — @5 ()] < [z —ylexp (/ [orl1 00 d’”)

which shows that ¢¥, is continuous on €2, and even Lipschitz, with Lipschitz constant
smaller than exp (||v||X1 t). Since (p?,)~! = @Y., it is also continuous so that ¢?,

is a homeomorphism of .
We now prove that we indeed have a diffeomorphism. To see what we aim at,
assume first that this is true and let us formally differentiate, at € = 0 the equation

6 (3
2oL (¢ 4+ 8) = vl (¢ + £0)
to obtain
a v v
&dwgost.é = dg;gt(m)vtdac@stﬁ
This indicate we should introduce the linear differential equation
oW,

5 = Gen@vW

with initial conditions Wy = §. The same argument we have used for the original
equation shows that this equation also admits a unique solution on [0,7]. The
previous computation indicates that this solution should provide the differential
dz%;, and we now prove this result. Define

ac(t) = (@5 (v +e6) — () /e = Wi
We need to show that a.(t) — 0 when ¢ — 0. For a > 0, define
pi(e) = max {|dyv — dyve| c z,y € Q, |z —y| < a}

The function z +— d,v; can be extented to a continuous function on the compact
set €, and therefore is uniformly continous which is equivalent to the fact that
pt(a) — 0 when o — 0. We can write
1t ¢
0et) = - [ (0ot +8) = onlo8y (@) dr = [ dgs oy Wac

S

€ S
t
/ dvgr(x)vrag(r)dr
1
42 [ nletla+0) - vty (a)
— edyy (2)0r (05, (2 +€0) — 3, (2))) dr
We have, for all x,y € Q:

we(y) — ve(@) — dove(y — )| < pe(lz — yl) [z =yl -
This inequality, combined with equation (15), yields

0 ()] < / ol oo lac() dr + C(0) |8 / 1o (£C(0) 6])dr
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for a constant C(v) which only depends on v. To conclude the proof using Gron-
wall’s lemma we need the fact that
T

lim pr(a)dr =0.

a—0 Jq
This is a consequence of the fact that p,(a) — 0 for each » when o — 0 and
of the upper bound p,(a) < 2|v||, , which allows to apply Lebesgue dominated
convergence theorem.

O

We have incidentally shown the following important fact:

PROPOSITION 12. Letv € XY(T,Q). Then for fived x € 2, d,Y, is the solution
of the linear differential equation

AW

= dyy, (@)W
with initial condition Wy = 1dy,.

2.2.3. Variation with respect to the vector field. 1t will be quite important, in
the following, to be also able to characterize the effects that a variation of the
time-dependent vector v may have on the induced flow. For this purpose, we fix
v € XYT,Q), and h € X1(T,Q), and proceed to the compuation of d%gagfsh at
€ = 0. The argument is similar to the previous section: first, make a guess by
formal differentiation of the original ODE, the proceed to a rigorous estimation
argument to show that the result which has been guessed is indeed correct. So,
consider the equation

B v+eh
Pt — vy 0 ot 4 ehy o ol
and formally compute its derivative with respect to €. This yields
a 6 VTE€ VTE€ d VTE€
E%%j "= (he) o it + dvren (vg + Eht)$90s;r "
and, letting e = 0,
90 v+eh v d vteh
ag%tﬁ leo — (ht) oy + dw:tvtdfg%tﬁ le—o
which naturally leads to introduce the solution of the differential equation
0
(17) aWt = hi o gy + dpr, v: Wy

with initial condition Wy = 0. We now set

a:(t) = (93 =" (@) — ¢l (@) Je = W,

and express it under the form
t t
0:0) = [ dos,vaac(du+ [ (ol @) — (et
s s

2 [ (bt @) = 0P @) e v (P57 (2) = o)) du
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The proof can proceed exactly as in theorem 20, provided it has been shown that
¥t (x) — @8, (x)| = O(e) which is again a direct consequence of Gronwall’s
lemma and of the inequality

Lo @) - oute / ||vu|X1T( G2 (2) — ol (e )du+ / Voull, du

Equation (17) is the same as equation (16), with the additional term h; o ¢?,.
This implies that the solution of (17) may be expressed in function of the solution
of (16) by variation of the constant, ie. it may be expressed under the form

Wy = dm@:tAt
with A; = 0 and A; may be identified by letting
dWy » QA

=dyp

hi o g + dpy, v Wy = dt =Pt .

+ d ’UtWt

so that JA
ditt = (dzgpgt)fl ht o 05 (z) = dyv, (o) Prsht © Poi ()

this implies that
t
A= [ g plahuo (o)
and
t
Wi [ duplides, yhlin o (o)
which, by the chain rule can be written
t
Wi= [ e b o)
We summarize this discussion by the theorem

THEOREM 22. Let v,h € X¥(T,Q). Then, for x € Q

d VT€& !
(18) TP @ g = [ s, el o (@)
S

A trivial consequence of this theorem is the fact that ¢, depends continuously
on v. But one can be more specific: the inequalities

o) o) < | [ (uletale) - viotnten) au

+ / t
< |f (@) — vt @))i]

We shall apply to this inequality a more general version of theorem 21 that we state
without proof (see [9])

< / 0u(92 () — 0! (62 (1))

VLt (@) = (el (@) | du

t
01 e |2 ) = 022
S

THEOREM 23. Consider 3 continuous and positive functions cs, s, us defined
on [0,T] such that

t
(19) up < ¢ —|—/ augds .
0
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then

t
rt
up < ¢ —|—/ csasejs ardr
0

This theorem can be applied in our case by letting u, = ‘(ngrT () — ¥, ()],

07 = [t ] o, ana

Cr =

s+T
/ (@ (@) — V(P (@))du

yielding the inequality

t t
@) ot - )] <t [ililllen ([ 1l oar) du

Consider the function v’ +— f; vl 0 @Y,du. Tt is a linear functional on X(T,Q)
which is obviously continuous, since

t t
/ o o ludul < / 0 oo it < [0l
S S

Thus, consider a sequence v™ € X1(T, Q) which is bounded in X1(T, ) and weakly
converges to v. If we let ¢ be equal to ¢, with v™ instead of v/, weak continuity
implies that ¢} — 0 when n tends to infinity. We have ¢! < [[v™[|y1 7 + [[v]l 41 7
so that it is uniformly bounded and the dominated convergence theorem can be
applied to equation (20) to obtain the fact that, for all s,t € [0,7], for all 2 € Q
oo (z) — ¢%(x). But the convergence is in fact uniform in z, thanks to the
following lemma

LEMMA 4. For every € > 0 there exists a finite set x1,...,xn in Q such that,
for all n,

max ¢ () — @ (2)] < e+ max foi () — 5 (i)l
Applying this lemma and letting n tend to infinity implies that limsup ||pg; — @5 |l <
€. Since this is true for all £, we have

Jim o = ¢ielle = 0-

Finally, to prove lemma 4, we use the fact that, since v™ is bounded, and since
we have shown that the liphitz constant of ¥, could be expressed in function of
[lvnll y1 1 we have the fact that there exists a constant C' such that, for all n > 0,
and x,y € Q

psi () — i ()] < Clz —y|
and the same inequality with v instead of v,,. Using the boundedness of {2, we can
find, for every € > 0, a finite sequence of elements x1,...,xny € £ such that, for
any = € (), there exists i such that | — x;| < e/(2C). This implies that
losi () — @at (i) | + lsf () — (i) | + | (i) — @l ()]
20 |z — xi| + |ogf (m0) — (i)

Un

&+ |psr (zi) — i (i)

Thus, we have just proved the theorem

o5t () — e (@)]

VANVANNVAN
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THEOREM 24. Ifv € XY(T,Q) and v, is a bounded sequence in X' (T, Q) which
weakly converges to v, then, for all s,t € [0,T]

Jim [log = ¢ltllee =0

3. Groups of diffeomorphisms

3.1. Admissible Banach spaces.

DEFINITION 6. A Banach space V. C C§(Q, R®) is admissible if it is (canon-
ically) embedded in C§(Q, IR¥), ie. there exists a constant C' such that, for all
vevV,

(21) [olly = Cllvlly o

If V is admissible, we denote by X7 (£2) the set of time-dependent vector fields,
(vg,t € ]0,1]) such that, for each ¢, v; € V and

1
lollag = [ ol ot < 0.

If the interval [0,1] is replaced by [0,7], we will use the notation X (7€) and
ol -
3.2. Induced group of diffeomorphisms.
DEFINITION 7. If V C CA(Q, R¥) is admissible, we denote
Gv = {pt1,v € ()}

the set of diffeomorphims provided by the flow associated to elements v € XY (Q)
after time 1.

THEOREM 25. Gy is a group for the composition of functions.

PROOF. The identity function belongs to G: it corresponds, for example, to
@8, when v = 0. Tf ¢ = @3, and o' = @Y, with v,v' € XL, then ¢/ 0 ¢ = ¥ with
wy = vy for t € [0,1/2] and wy = vh,_ for t €]1/2, 1] (details are left to the reader)
and w belongs to X (£2). Similarly, if ¢ = ¢f;, then ¥ ~! = ¥} with w; = —v1_.
Indeed, we have
t

1—t
Yo1-+(y) =y — / V15 © s (y)ds =y + / Vs © g1 sds
0 1

which implies (by the uniqueness theorem) that ¢, ;(y) = ¢, (y) and in particular
©4.1—+ = P1o- This proves that Gy is a group. ad

Thus, by selecting a certain Banach space V, we can tailor the group of dif-
feomorphisms we will be working with. In particular, elements in Gy inherit the
smoothness properties of V. We state the following theorems without proof.

THEOREM 26. Assume that V is continuously embedded in Cg(Q,Rk), p>1.
Then elements in Gy are p times continuously differentiable. If v € X}(Q), ¢ < p,
01,...,04 € IR*, the qth derivative of vl applied to d1,...,0,, te. dlpl,(01,...,0,),

which is a g-linear form in 61,...,04, satisfies the equation
d v v
(22) %dgwot(éla ey 0q) = di(vo o) (01, 0q)

with d2pgy(01,...,d4) = 0.
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Expanding the ¢-th derivative of v o ¢f, in the right-hand-term of equation
(22) (the general formula is rather cumbersome, but one can do it at least for
small values of ¢) yields the fact that d2¢f,(d1,...,6d4) is the solution of a linear
differential equation with right-hand-term and vanishing initial conditions.

3.3. A distance on Gy. Let V be an admissible Banach space. For 1 and
Y in Gy, we let
(23) dy(, o)) = inf {vllgy ¥ =vowh |

vEXY (Q)
We have the theorem:

THEOREM 27 (Trouvé). The function dy is a distance on Gy, and (Gy,dy)
is a complete metric space.

This says that dy is symmetrical, satisfies the triangle inequality dy (v, v¢") <
dv (¢, ¢") + dy (¥",¢') and dy (¢,9') = 0 if and only if ¢ = ¢".

PrOOF. Note that the set over which the infimum is computed is not empty:
is 1,1" € Gy, then ¢’ o9p™1 € Gy (since Gy is a group) and therefore can be
written under the form g, for some v € XL ().

Let us start with the symmetry: fix £ > 0 and v such that ||v||X‘1/ <d(,¥')+e
and 1’ = 1 o ¢f;. This implies that ¢y = ¢’ o ¢, but we know (from the proof
of theorem 25) that ¢V, = ¢} with wy = —v;_4. Since ||w||X‘1/ = ||1)HX‘1/, we have,
from the definition of dy:

dv(iﬁ/ﬂﬁ) < ||w||_)(‘1/ < dV(d}a d/) +e€

and since this is true for every e, we have dy (¢, ¢) < dy (¢,v"). Interverting the
roles of ¢ and ¢’ yields dy (¢, ¢) = dy (1,4’). For the triangular inequality, let v
and v’ be such that ||v||X‘1/ <d(,¥") +e, ||v’||X‘1/ <d@W", ") +e, " = oy, and

¢ =" oY, We thus have ¢ = ) o @Y, o Y and we know, still from the proof
of theorem 25, that Y o w4 = @ with w, = vh, for t € [0,1/2] and w; = vgy_1
for t €]1/2,1]. But, in this case, ||w||X‘1/ = ||U||X‘1/ + Hv'\\X‘l/ so that

A, 9) < llwllyy < d(@,9") +d@", ) + 2

which implies the triangular inequality, since this is true for every € > 0.
We obviously have d(1, 1) = 0 since ¢; = id. Assume that d(t,¢’) = 0. This
implies that there exists a sequence v,, such that ||vn||X‘1/ — 0 and ¢/ op~! = 7.

Un,

The continuity of v +— 2, implies that o7 — ¢J; = id so that 1 = 9.

Let us check now that we indeed have a complete metric space. Let Y™ be a
Cauchy sequence for dy, so that, for any € > 0, there exists ng such that, for any
n > ng, dy (™, ™) < e. Taking recursively ¢ = 27", it is possible to extract a
subsequence @™ of ¢™ such that

D dy () < oo

k=0

Since a Cauchy sequence converges whenever one of its subsequences does, it is
sufficient to show that ¢™* has a limit.



42 2. ORDINARY DIFFERENTIAL EQUATIONS AND GROUPS OF DIFFEOMORPHISMS

From the definition of dy, there exists, for every k& > 0 an element v* in X ()
such that ¢™k+1 = gpglf o™ and

Jo* Hx‘l/ < dy (P, ) 427k

Let us define a time dependent vector field v by v; = 20, for t € [0,1/2[, v, = 4v},_,
fort € [1/2,3/4[, and so on: to define the general term, introduce dyadic time to = 0
and t4q =t +27%"1 and let

_ ok+1,k
Up = 27T Vot 4y

for t € [tg,tg+1[- Since ty tends to 1 when t — oo, this defines v¢ on [0, 1], and we
fix v1 = 0. We have

ot [ g
HthX‘l/ = 22+/ Hv2k+1(t—tk)Hvdt
k=0 tk
S|
k
= > [ Il
k=070
o0

S S

k=0
so that v € XL (). Now, consider the associated flow ¢f,: it is obtained by first
integrating 2vJ, between [0, 1/2[, which yields ©01/2 = gogi, and more generally

k 0
v _ v
Potr 1 — Po1 " ©Po1 s
so that
Ng4+1 — AU 0
P = Poty4q © P

Let > = ¢f; o ™. We have 9> = ¢ ; o " . Since ¢f ; = go@“lk with
Wi = V(e-ty)/(1-1,)/ (1 — ti), and

1
fullag = [ Nl
tr

we obtain the fact that dy (¢¥™*,1°°) — 0 which finishes the proof of theorem 27.
O

3.4. Properties of the distance. We first introduce the set of square inte-
grable (in time) time dependent vector fields:

DEFINITION 8. Let V' be an admissible Banach space. We define X% () as the
set of time dependent vector fields v = (v, t € [0,1]) such that, for each t, vy € V
and

1
[l de < o0
0

And we state without proof the important result:

PROPOSITION 13. XZ(Q2) is a Banach space with norm

1
oy = ([l )

1/2
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If V is itself a Hilbert space, then X2(S) is Hilbert too with
1
(U, W) o = / (v, wy)ydt.
v 0

2
Because (fol Hvt||vdt> < fol [ve][3 dt, we have X2() C XL(Q) and if v €

XZ(Q), ||UHX‘1/ < Hv||X3 The computation of dy can be reduced to a minimization

over X2 by
THEOREM 28. If v is admissible and ¥, € Gy, we have
n o . ’ v
(24) v, ) = it Al 0 = vogh )
PROOF. Let

/ : / v
v (¥, ) = ve;(réf(m {Hvllxg Y =1o @01}
and dy be given by (23). Since dy is the infimum over a larget set than dy, and
minimizes a quantity which is always smaller, we have dy (¢, ¢") < oy (¢,’) and
we now proceed to the reverse inequality. For this, consider v € X(Q) such that
Y = 1o py,. It suffices to prove that, for any ¢ > 0 there exists a w € X?(Q)
such that ¢' = ¢ o g and Hw||X‘2/ < ||v||X‘1/ + ¢. The important remark for this

purpose is that, if a is a differentiable, increasing function from [0, 1] onto [0, 1]

(which implies ag = 0 and «; = 1), then, letting a; = dj;,

627

Poac (@) = w4 [ vulpou(r))du

t

= 2+ [ dsva.(Poa,(z))ds

S—

so that the flow generated by w = dsva, is ¢g,, and therefore coincides with g,
at t = 1. We have

1 1
lwllxg = [ Gsllva,llyds= [ fvelly dt = ol x
14 0 0 14

so that this time change does not help for the minimization in (23). However, we
have, denoting by 3; the inverse of «y,

1 1
2 . 2 . 2
e A N A

so that this transformation can be used to reduce ||v|| y» . If v; never vanishes, we
\4

can choose g, = ¢/ ||v]|y, or equivalently 3; = |||y, /¢ with ¢ chosen so that

1
/ Bedt =1
0

which yields ¢ = ||v]] x1 Since this gives

1
2 2
ol =< [ Toully at = ol
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which is exactly the kind of transform we are looking for. In the general case, we

let, for some 1 > 0, &g, = ¢/(n + ||v¢]ly,) which yields B = (n+ lve]ly,)/c and
c=n+ ||v||X‘1/. This gives

1 2
2 [[ve|
lwlls = e / — et < clvllyy = (ollxy +m) 1]l

n+ vy
By choosing 7 small enough, we can always arrange that ||w||Xa < ||v||X‘1/ + & which
is what we wanted to prove. a

An important consequence of this result is the following fact:

COROLLARY 2. If the infimum in (24) is attained at some v € X2(S), then
lvelly, is constant.

Indeed, let v achieve the minimum in (24): we have

dy (¥, ¢) = |[vll vz = [Ivllxy
but ||UHX‘1/ > dy (1,v") by definition. Thus, we must have HU”xg = ||v|\X‘1/, which
corresponds to the equality case in the Schwartz inequality, which can only be
achieved by constant functions (a rigorous statement would be almost everywhere

constant functions).
Corollary 2 is usefully completed by the following theorem:

THEOREM 29. If V' is Hilbert and admissible, and ¥,v’" € Gy, there exists
v € XZ(Q) such that
dy (¥, ¢) = [[v]] 2
and ¢ = @ty 0 .
PROOF. By proposition 13, X2(2) is a Hilbert space. Let us fix a minimizing
sequence for dy (1,v'), ie. a sequence v € XZ(Q) such that ||v"||X\2/ — dy (Y, ¢
and ¢’ = @y, o). This implies that (||v"||X3) is bounded and by theorem 17, one

can extract a subsequence of v™ (that we still denote by v™) which weakly converges
to some v € XZ(12), such that

||“||X3, < liminf ||”n||X3 =dv(¥,9)

But theorem (24) implies that ¢ converges to ¢V so that 1/ = @, o 1) remains
true: this proves theorem 29. a



CHAPTER 3

Minimizing matching functionals

1. General principles

The methods we shall investigate in this chapter are using variational formu-
lations to find optimal matchings between two different structures. They will all
obey a very simple general form. Let Q be an open subset of IR? and G a group
of diffeomorphisms on 2. Consider a set Z of structures of interest, on which G is
“acting”: for every I in 7 and every ¢ € G, the result of the action of ¢ on I is
denoted ¢.I and is a new element of Z. Natural conditions require that id.J = I
and ¢.(¥.I) = (p o1).] (we shall see examples immediately). Then, given two
elements I and I’ in Z, the optimal matching ¢ between I and I’ is computed by
minimizing a functional E7 j(¢) which measures how adequate ¢ is as a matching
function between I and I’. Most of the time, F will be of the kind of the kind

(25) Erp(p) =6(p) + D(p.I,1')

where § is a function which penalizes unwanted behavior, typically ensuring that ¢
is smooth and not too far from the identity, and D measures the difference between
o.I and I'.

Before reviewing examples and algorithms in this framework, we may list some
properties that we would like to see satisfied. An obvious one should be that if
I = TI’, then the preferred ¢ should be identity. If E is given by (25), this will
be true when ¢ is minimal at the identity and D(I,I’) minimal when I = I’
Another important property is consistency: can one find a minimizer for E; v in
G (or maybe in some larger space that G on which Ej ;- could still be defined)
? Obviously, the problem would otherwise be meaningless. Beside consistency is
feasibility: can one find an algorithm which is able to solve the problem ? Is the
algorithm stable enough ?

Symmetry may also be an important requirement: if ¢ is found to provide an
optimal correspondence from I to I’, it should be natural that ¢! has the same
property from I’ to I.

2. Matching terms and greedy descent procedures

2.1. Eulerian gradients. We consider energies of the form (25). For such
energies, the matching term largely depends on the matching problem which is
considered. Some of them are reviewed in this section. There are two important
issues which will be addressed in each case. The first one is the continuity of the
matching function. Assume that I and I’ are given: what assumptions must be
made on a converging sequence ¢, — ¢ to ensure that D(p,.I,I') — D(p.I,1")
? Often, pointwise convergence will be enough (@,(x) — ¢(z) for all x), but

45
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sometimes, some additional requirements will be necessary (like assumptions on
the derivatives of ¢,,).

The second important issue concerns the differentiability of the matching term,
under the following sense, called hereafter the Eulerian gradient. We first provide
some necessary definitions. Let V be a Hilbert space included in L?(£2, IR") such
that Gy C G. This implies that U is well defined over Gy so that, if v € XL ()
and ¢ € G, the function ¢ — U(pf, o ¢) is also well-defined.

DEFINITION 9. We say that U has a Fulerian gradient with respect to V if and
only if, for all p € G, there exists an element denoted vZU €V such that

d v =V
(26) ZUbIm = (Vo v)

in which we identify v with the element v, = v € XL(Q).

The interest of this notion is to define the “gradient descent” process which
generates a time dependent element of G by setting

dpe(z)

(27) 7

=V
==V, Uo ()

As long as fg HﬁZ‘SU

ds is finite, this generates a time-dependent element of Gy .
1%

=V
Under some assumptions on the continuity of ¢ — U(y) and ¢ — VU, it can be
shown that

dU (1) ‘ s I
- -||ve.7]
dt e lly
so that U(y;) decreases with time.
2.2. Point matching. Assume that objects are collections of N points z1,...,zx €

Q. Diffeomorphisms act on such objects by:
(28) So(xla7xN):(¢(x1)77¢(xN))
Fix two objects I = (z1,...,zn) and I’ = (2, ...,2'y) and consider the matching

functional
al 2
(29) U(p) = |} — ()|
i=1

U is obviously continuous for pointwise convergence. Next, we study the existence
of a Eulerian gradient with respect to a Hilbert space V. We assume here that V' is
embedded in CO(€2, IR"): this implies that the evaluation functions v — *av(y) are
continuous linear forms on V' and that there exists a self-reproducing kernel K such
that K¢ : 2 — K (z,y)a belongs to V and (v, K) = fav(y) for all v € V. Consider
a diffeomorphism, ¢, and a vector field v € V', and compute the differential

d . o
7V @0 @)
at time t = 0. We have

N
LUt 00) =23 ebiliole) — 2w o ebu(o(e:))

=1
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At t =0, one has ¢,(y) =y and
() = eulee) = (K50 ™ v)

and we readily obtain the expression of the gradient

D W

The gradient descent algorithm writes

dso
t 221{@’(5} & = 72ZK pe(@), pe(w:)) (pe(wi) — a7)

Denote yi = ¢(x;). Applying the gradient descent algorithm at z = x; yields

dy]
71‘:_22[(%7% - ;)

This is a differential system in yt, ...,y which must be solved with initial con-
ditions yj = ¢o(x;). Once this is done, the value of ¢;(z) for a general x is the
solution of the differential equation

N

dy L

It =-2 E K(y,y:)(ys — CU;)
i=1

We now summarize this algorithm, assuming that ¢g = id:

ALGORITHM 2 (greedy spline minimization). Solve the differential system
dy]
4__22[(%:% - ;)

with initial conditions yo =z;.
Then, let @; be the flow associated to the ordinary differential equation

N

dy i

= =2 Ky — )
=1

2.3. Image matching. Now, consider that objects are functions I defined on
Q with values in IR. Diffeomorphisms act on functions by:

(p-I)(x) = I(p~ (2))
for x € Q. Fixing two such functions I and I’, the simplest matching functional
which can be considered is

(30) Ul) = [ 1109 @) - I'w) do

We assume that I has a derivative. Letting V' be like above, we compute
d . -~ " d
@) FUo) =2 [ Top™ oviala) = I'@) VT o™

dt
Now, differentiating ¢, o ¢y, = id with respect to time yields

t
Prodz

d
V0 pp O Py + dw?o w&@wfo =
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so that
d v v -1 v
%@to(x) = _(dw’zo(fr)QOOt) v(z) = —dypipv(e) .
Taking ¢t = 0 and introducing this into (31) yields

GUG R, =2 [ Top (@) = I'@)

t

V(I oo Yo(x)dx

Now,
"Vo(I ooV u(z) = <K§muow>, “>v
so that
VU= =2 [ (o @) - I K0 i

This provides the greedy gradient descent algorithm, the original version being
given in [7] (see also [21])

ALGORITHM 3 (Greedy image matching). Start with o = id and solve the
evolution equation

G010 =2 [ (1) = I @) K(u(0),2)V. Do

with Iy :Iocp;l.

Other, more complex, comparison criteria for images are based on image his-
tograms, or grey-level distributions. For this, define, for A € IR the level line of an
image I at A by

Iy={zeQ,I(x) =)}

In order to compare images which have been obtained under different lighting con-
ditions, or by different imaging devices, in which case the grey level values are not
reliable anymore, it is necessary to use matching criteria which are invariant to
one-to-one transformations of the grey-levels. A group of methods which have been
used in this context are based on joint local histograms of the grey levels. Such
local histograms are computed from a pair of images, I,I’, and are functions of
the kind H,(\, \') which count the frequency of simulataneous occurence of grey-
levels A in I and X in I’ at the same location in a small window around z. One
computationally feasible way to define it is

Ho (A N) = / FUI() = A)F(T () — Mgl )dy

where f is positive and sz f(t)dt = 1, and vanishes when ¢ is far from 0, g is such
that for all x, fQ g(z,y)dy = 1 and ¢(z,y) vanishes when y is far from z.

For each x, H, is a bidimensional probability function, and there exists several
ways for measuring the degree of dependence between each of its components. The
simplest one, which is probably sufficient for most applications, is the correlation
ratio, given by (reintroducing I and I’ in the notation)

Sz AWHL (A, X)dAdN
\/ [z X2 Ho (A N )ADN [e (V)2H (A, X)dADN!

Co(I,T) =1~
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It is then possible to define the matching function by

U(p) :/QCz(Imp*l,I’)dac

Here again, the computation of Eulerian gradients is possible. Since it is quite
lengthy, we do not detail it here, but the important fact to remember is that they
lead to an algorithm similar to 3 for what is often called multimodal image matching.

2.4. Limit behavior of greedy algorithms. Greedy algorithms, as we pre-
sented them here, have a series of very nice features. First, they operate by inte-
grating forward a differential equation, which leads to fast and reasonably simple
computer programs. Second, because of the action of the self-reproducing kernel,
they provide smooth solutions at all times, which, combined to the fact that they
travel along descent lines for some objective function (U), generally guarantees nu-
merical stability, at least in finite time. Maybe the most important thing is that
their output is the flow of some differential equation, hence a diffeomorphism at all
times. As we will see later, other algorithms designed to provide diffeomorphims
may be much more computationally intensive.

However, the infinite time behaviour of such algorithms is less obvious. One
thing we have remarked is that U(y;) decreases with time, so that, if U is bounded
from below (which is a minimal assumption regarding the feasibility of the min-
imisation problem) it will have a limit when ¢ tends to infinity. One can therefore
expect that its derivative, which is the norm (in V') of the left-hand term of the
differential equation, vanishes for infinite ¢, so that variations on ¢; become in-
finitesimally small. This certainly results in a freezing of any numerical integration
procedure when times goes by. But this does not guarantee convergence, since
slowly varying sequences may still diverge at infinity.

In fact (note that this discussion is placed on a highly heuristic level) limit
behavior should stronly depend on the context in which the procedure is used. For
point matching, because the problem is finite dimensional, some reasonable set of
conditions can certainly be found in order that greedy gradient descent converges to
some solution which achieves exact matching (thus a null value for the cost function)
which would belong to Gy . However, there is an infinite number of solutions to
the exact matching problem withing Gy, and it is hard to guess which is the one
which is selected by this algorithm. These issues will be explored, experimentally,
in assignment 2.

The image matching case is more complex, because it is not even guaranteed
that an exact matching solution exists within Gy. The asymptotic behavior of the
algorithm really is an open problem. However, this algorithm (with an adequate
stopping rule) provides generally good and smooth matching results, as illustrated
in [7, 21, 5).

3. Regularized matching

3.1. Small deformations. A standard way to obtain a (hopefully) unique
and smooth solution of a matching problem is to add a penalty term in the matching
functional, denoted 6(p) in (25). A large variety of methods has been designed, in
approximation theory, statistics or signal processing for solving ill-posed problems.
A typical penalty function would take the form

5(p) =l —id |14
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for some Hilbert (or Banach) space of functions. Some more complex functions of
© —1id may also be devised, related to energies of non-linear elasticity (see, among
others, [2, 3,1, 11, 10, 19, 14]). Such methods may be called “small deformation”
methods because they work on the deviation of u = ¢ —id, and controlling the size
or smoothness of u alone is not enough to guarantee that ¢ is a diffeomorphism
unless u is small, as we have seen in section 1 of chapter 2. For example, there is, in
general, no way of proving the existence of a solution of the minimization problem
within some group of diffeomorphisms G, unless some restrictive assumptions are
made on the objects to be matched.

Since we want to focus this course on diffeomorphic matching we shall not detail
much of these methods here. However, it is interesting to compute the Eulerian
gradients of such functionals, and we shall do this in a simple situation, since the
computation rapidly become very heavy.

So, consider the function 6(¢) = [, ||dz||® dz where the matrix norm is

||AH2 = trace(*AA) = Za?j
4,J

(Hilbert-Schmidt norm). Let V' be some Hilbert space of vector fields on €2, take
v € V, and compute

doo o
%6(g00t © 410)|t:0

From proposition 12, we have

d
%dw or = dtpgt (z)”dw ©ot

Taking this equality at time ¢t = 0 yields (after applying the chain rule)

d
2100000 @)y = 2 /Q trace (*dypdy (z) vdyip) da

Let v(®) be the ath component of the IR*-valued vector field v, « = 1,...,k, and
let e, be the a-th element of the canonical basis of IR* so that

(32) v(o‘)(x) ="eav(z) = (Kyeq, v)y = <Kg(3°‘) , U>V

where K is the self-reproducing kernel of V', and Kg(fa) is the a-th column of K.
Recalling that K,(.) = K(.,z) is a k x k matrix, we define 0gK (., x) as the partial
derivative of K (.,x) with respect to xz. A formal differentiation of (32) yields we
get
ov(®)
&’Cg

(z) = <83K(a)(.,x) : v>

(this computation can be made rigorous under sufficient smoothness conditions on
K). Now,

\%

(@) 9p(B) Gyl
Ox; Ox; Ozg

k
trace(tdxgad@(w)vdxgo) = Z (o(x))

0@ §p(B) N
S (05K (@) )

v
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By linearity, this yields the Hilbert gradient of 4 on V:

k
. 0@ g
(33) v@(s:z/ > 0K pla))do
i,a,3=1

This yields a new greedy image matching algorithm, which includes a regular-
ization term (a similar algorithm may easily be written for point matching)

ALGORITHM 4. The following procedure is a Fulerian gradient descent, on V.,
for the energy

1 _
U(e) = [ sl da+ = [ [T0¢7 (@)= 1'a)] do

Start with an initial pg = id and integrate the differential equation

d 9 (0‘)6 (8) N
By Gew) = -2 Y TR oK) pila))ds

2 [ (o)~ 1)K (o), ) Vel

with Iy = T o @; *.

This algorithm, which, like the previous greedy procedures we detailed, has the
tremendous interest of providing a smooth flow of diffeomorphisms to minimize the
matching functional, suffers from the same limitations of its predecessors concerning
its limit behavior, which are essentially due to the fact that the variational problem
itself is not well-posed: minimizers may not exists, and when they exists they do not
necessarily correspond to diffeomorphisms. The methods we present now, because
they directly work with flows of diffeomorphisms, will not have this disadvantage,
although this will be at the cost of a significant increase of the computational
burden.

3.2. Optimizing over flows.

3.2.1. Emistence theorem. Instead of using a functional norm on the difference
between ¢ and the identity mapping, we here consider, as a regularizing term, the
distance dy which has been defined in section 3.3 of chapter 2. More precisely, we
set

3(p) = dv(id, p)?
and henceforth restrict the matching to diffeomorphisms belonging to G'y. In this
context, we have the important existence theorem:

THEOREM 30. Let V be a Hilbert space which is embedded in CL(Q, IR”). As-
sume that the functional U : Gy — IR is bounded from below and continuous with
respect to pointwise convergence. Then there always exists a minimizer of

(35) E(p) = dv(id,¢)* + F(yp)
over Gy .

PROOF. E has an infimum u over Gy, since it is bounded from below. The
problem is equivalent to finding the infimum, over X} (£2), of

1
E(w) = / el dt + U ()
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Now, like in theorem 29, one can find, by taking a subsequence of a minimizing
sequence, a sequence v” in XL (€2) which converges weakly to some v € X (2) and
U(v™) tends to u. Since

1 1
liminf/ |\v?||2vdtz/ loe], dt
0 0

and since weak convergence in X} () implies pointwise convergence of the flow
(theorem 24) we also have F(p§, ) — U(py,) so that E(v) = u and v is a minimizer.
O

Two examples for which this theorem directly applies are the point matching
problem (U given by equation (29)) and the image matching (equation (30)), at
least when I and I’ are continuous over €.

3.2.2. Gradient descent algorithms. We now detail the gradient computations
for energies of the kind (35), in the particular cases of point matching and image
matching. This computation is the starting point of all optimization algorithms,
and we refer, for example, to [18] for more details on how to buid efficient opti-
mization algorithms when once this issue is solved.

As remarked in the proof of theorem 30, the variational problem which has to
be solved is preferably expressed as a problem over &;(£2). The function which is
minimized over this space takes the form

1
M@=AHM@¢+N%J

What we will be looking for is the expression of the gradient for the Hilbert structure
of XL(Q), which is the natural inner-product structure of the problem. It is a
function, denoted VE : v — VY E € X{5(Q), which defined by the formula, valid
for v, h in X%(Q)

d 1
d—E(v+5h)‘5=O = (V' h) :/ (V)i he)ydt
13 \% 0

Since the set V' is fixed in this section, we will drop the exponent from the notation,
and simply refer to the gradient V, E. Note that this is different from the Eulerian
gradient we have dealt with before, this last definition being closer than the usual
definition of the gradient. One important difference is that the gradient we here
define is an element of X%(€2), henceforth a time-dependent vector field, whereas
the Eulerian gradient simply was an element of V' (a vector field on ).

Since the first term in E is the squared norm of v in X} (Q), its contribution
to the gradient is straightforward, since, at € = 0,

d
v+ ehllag =200, By

inducing a first term given by 2v in the gradient. The matching term, F(¢g,) re-
quires more efforts. Instead of writing a general formula, we carry the computation
for the two main examples we have considered so far (point and image matching).
Once these cases are understood, it is not hard to devise new variants.

We start with image matching, and consider

FW&%{AUO@%—FVM
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We assume that [ is differentiable, and use theorem 22 which states that

d v ! v v
@) == [ dagoioh o oti(e)dr.
0

This implies that

d V+E 1
=F 6T = —2 /Q (Io@ly—TI') Vs @] /0 dgy, () Proht © @1y (z)dtdx

1
= 72/ /tat(x)htocpll’t(z)d:cdt
0o Ja

with ay(x) = (L o Y, — I’)td%t(m)apfovwal(m)[ Introducing the reproducing kernel
of V', this may be written as

d
+ h _ at(w)
d€F(9081 ‘ It o _2/ / @Y, (x) h»t d:l:dt

(recall that K is the vector field: z — K(z,y)a). This implies that

(VoE);, = 2v; — 2/ K;‘;g”; dz .
We have just obtained the algorithm, where running time now is denoted by 7

ALGORITHM 5 (Flow based gradient descent for image matching). Start with
an initial guess v° € X5(Q) (for example V =0).
Let v evolve according to the equation

WO — o (450 - [ KGets @l @)as

1.

. T o7 t o7
with of (z) = (I o pjy —I') dg;f; (z)Pto ng{ (x)

Consider now the point matching issue. In this case,

F(et1) Z lyi — @01 ()]

so that theorem 22 directly 1mphes that

d e ! v
de F(‘Pofr h)'f:o = _22 — oo (x )/0 dgogt(xi)SDflhto%t(gCi)dt

—22/ tozihtogogt(mi)dt
i=170

with af = "dyy (4,00 (¥i — b1 (). Thus

d v+5h
F ™M) = 22/ Kot oy he) dt

which finally yields

(36) (VoE); = 20, — 2ZK

i=1

‘Plt(li) :
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It is certainly possible to use this expression to devise an optimization algo-
rithm, but one can be much more efficient in the point matching case. Equation
(36) indeed implies that the optimal v (for which V,E = 0) can always be written

N )
ol
UVt = E Kxit
t
i=1

where 2t = g, (r;). In this expression appear two unknown sets of “trajectories”,
the first one being the landmark trajectories, xi = ¢¥,(z;), the other ones (the
al € ]Rk) being called dual trajectories. These trajectories are not independent
since we have

da? , N o
7; = u(x]) =Y K(a], )
=1

so that, knowing «;, we can retrieve z; by integrating a system of ordinary differ-
ential equations, and knowing x;, we can retrieve a; by solving a linear system.
Moreover, because K is a reproducing kernel, we have

N
2 t i N
loelly = > of K(af,))aj

1,j=1

so that, for the optimal v,

Z/ ol K (2], ) atdt—i—Z‘yl—xl‘
i=1

1,5=1

The initial problem is therefore equivalent to minimizing

N
(o, ) Z/ ongxt,asf idt+2|y¢*z’i|2
i=1

i,j=1

under the constraints that, for j =1,..., N,

dxt ZK xt,xt

By solving these constraints with respect to x or to «, we obtain two dif-
ferent problems. The simplest one is expressed with respect to x. Let S(x;) =
S(z},...,zN) be the block matrix with (i,) block given by K(xi,27). The con-
straints write

dx
7; = S(xt)at

so that oy = S(x;)7! d;t* and the minimization reduces to

1t
d L dx
U(x) :/ ((Zt)S(xt) tdt—|—||y—x1\|
0

Minimizing this function with respect to z by gradient descent is possible, and has

been achieved in [15, 16]. The basic computation is as follows: if s, = d5pg

@ W
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can write

d Y day Ly dé

/Zatat pq fgdt*Q( —21)&1

p,q,T

After a change of variables in the first integral, we obtain a gradient given by

d —1 d.’L‘t 1 d.Tt
24 (S0 %)~ (S0 G 2w,

where 2/ =37 afais; (r) and d; is the Dirac measure at t = 1 (this “gradient”
is in fact a generalized function).

This generalized form of the gradient (even if it turns into a computable ex-
pression once the problem is discretized) may lead to numerical unstabilities. One
way to address this is to compute the gradient in a Hilbert space in which the
evaluation function z(.) — z; is a continuous linear form. This method has been
introduced, in particular, in [12]. Let H be the space of all landmark trajectories
itz = (xf,...,2)), with fixed starting point z¢ and free end-point 1, and
square integrable time derivative. This is a space of the form zy + H where H is
the Hilbert space of time dependent function ¢ — &;, is as a column vector of size

NEk:
o frdede
€ 6= FRa+a

What We need to do, now, in order to obtain the gradient for this inner product, is to
express S-U (z+¢€)|._, under the form (VYU , ¢) . We will make the assumption

that
1
/
which implies that

[ (%) ste0 2 < ¢ [ s af

is continuous in £. Similarly, the linear form £ — (y — 21)&; is continuous since

2
1 dIt

dt
i < 00

S(we)™

dt

@1

$t dt

Yy —21)& < |y — 21| |21

and so is & — fol {216, dt, since, letting

t
N = / zgdt
0

and assuming that it is square integrable over [0, 1], we have
1 1
t ft
atdt=més~ [
/0 0 dt

d
5 = %U(‘T + 55)\5:0

Thus,
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is continuous over H, and the Riesz representation theorem implies that VZ U exists
as an element of H. We now proceed to its computation. Letting

d
Mt—2/ SCL‘t 1ﬁ

and a = 2(y — x1), the problem is to find { € H such that, for all £ € H,

ltd d 1
(¢, &n :/o ditt dfdtJr/ L2&dt — agy

which can also be Written

¢ d . Yy d¢
/0 (dt+<1> /0 (dt+m nt—“)dtdt

which suggests to select ¢ such that (p =0 and
%4'(1 %‘Fﬁl—m—a
which implies .
G +tG :Mt—/ nsds +t(m —a).
At t = 1, this yields 01
201 = */0 nsds +m —a

and we finally obtain

t t 1
Ct=ut—/ nsd8+2</ nsds—u1+m—a>/2
0 0

We summarize this in an algorithm, in which 7 is again the computation time

ALCORITHM 6 (Gradient descent algorithm for landmark matching). Start with

initial landmark trajectories x+(0) = (z}(0),. ..,z (0)).
Solve
Te\T t !
U — o () [t 5 ([ nie)ds - )+ min) - atn)) 12)
with a(1) = 2(y — x1(7)), w(7) = f s(T)ds, mi(T fO T)dt and
() = S(a (7)) ! d””;ﬁ 2

7 (1) = 2 pr 0 ()i (7) s (2:4(7)).

There is a third point of view, which we shall not detail here, which consists in
considering U as a function of ag,...,ay instead of a function of z1,...,zx. The
computations are harder in this case, because x cannot be explicitely computed in
function of « but only by solving a differential equation (see [4]).



CHAPTER 4

Groups, manifolds and invariant metrics

1. Introduction

In the previous sections,

2. Differential manifolds

2.1. Definition. A differential manifold is a set within which points may be
described by coordinate systems, which must satisfy some compatibility constraints
from which one can develop intrinsic differential operations. We start with the
definition:

DEFINITION 10. Let M be a topological Hausdorff space. An N-dimensional
local chart on M is a pair (U, ®) where U is an open subset of M and ® a homeo-
morphism between U and some open subset of IR™.

Two n-dimensional local charts, (Ur, ®1) and (Us, ®2) are C*-consistent if the
function ®; o <I>;1 is a C*-diffeomorphisme between ®o(Us NU7) and p1(UsNUy).

An n-dimensional atlas on M is a family of pairwise consistent local charts
(U, @), € I), such that M = \J; U;. Two atlases on M are equivalents if their
union is also an atlas, ie. if every local chart of the first one is consistent with
every local chart of the second one.

A Hausdorff space with an n-dimensional atlas is called an n-dimensional (C*)
differential manifold n.

If M is a manifold, a local chart on M will always be assumed to be consistent
with the atlas on M. If M and N are two manifolds, their product M x N is also a
manifold: if (U, ®) is a chart on M, (V,¥) a chart on N, (U x V, (®,¥)) is a chart
on M x N.

When a local chart (U, ®) is given, the coordinates functions 1, ..., x, are
defined by ®(m) = (z1(m),...,xn(m)) for m € U. Formally, z; is a function from
U to IR. However, when a point m is given, one generally refers to x; = z;(m) € R
as the ith coordinate of m in the chart (U, @).

According to these definition, IR™ is a differential manifold, and so are the open
sets in IR™. An other example is given by the n-dimensional sphere, S™, defined
as the set of points m € IR""* with |m| = 1. The sphere can be equipped with a
2(n + 1)-chart atlas (U;, ®;), i =1,...,2(n+ 1), letting

Uy ={m=(my,...,mpp1):my >0}NS"
and ®(m) = (ma,...,my41) € R"™, (Us, ®2) being the same, with my < 0 instead,
and so on with the other coordinates ma, ..., my11.
We now consider functions on manifolds.

57
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DEFINITION 11. A function ¥ : M — IR is C*, if, for all local chart (U, ®)
on M, the function 1 o ®~ ! : ®(U) C IR" — IR, is C™ in the usual sense. The
function 1 o ®~1 is called the interpretation of 1 in (U, ®).

From the consistency condition, if this property is true for a family of charts
which covers M, it is true for all charts. The set of C'°° functions on M is denoted
C*®(M). If U is open in M, the set C°°(U) contains functions defined on U which
can be interpreted as C'°° functions of the coordinates for all local chart of M
which is contained in U. The first example of C*° functions are the coordinates: if
(U, @) is a chart, the ith coordinate (z;(m), m € U) belongs to C*°(U), since, when
interpreted in (U, ®), it reduces to (z1,...,%n) — T;.

2.2. Vector fields, tangent spaces. We fix, in this section, a differential
manifold, denoted M, of dimension n.

DEFINITION 12. A wector field on M is a function X : C°(M) — C*(M),
such that
Va,8 € R, Vo, € C°(M):

X+ p4) = aX(p) + 5.X(¢),

X(py) = X(0) + 0 X(¥).
The set of vector fields on M is denoted by X (M).

DEFINITION 13. If m € M, a tangent vector to M at m is a function £ :
C>®(M) — IR such that:
Va,B € R, Vo, € C°(M

):
flap + ) = allyp) + BLWY),

E(ep) = &(@)p(m) + o(m)E(v) .
The set of tangent vectors to M at m is denoted T, M.

If X € X(M) is a vector field on M, and if m € M, we may define X, :

C>*(M) — IR by
Xm(p) = (X(p))(m)

to obtain a tangent vector at m. Conversely, if a collection (X,, € T, M,m € M)
is given, we can define (X (¢))(m) = X, (p) for ¢ € C°(M) and m € M; X will
be a vector field on M if and only if, for all ¢ € C*°(M), m — X,,(p) is C*.
Finally, one can show that, for all £ € T;, M, there exists a vector field X such that

The linear nature of definitions 12 and 13 is clarified in the next proposition

PRrROPOSITION 14. For allm € M, the tangent space T,, M s an n-dimensional
vector space.

PROOF. Let C = (U,®) be a local chart with m € U; denote 2° = ®(m),
2 € R". If ¢ € C°*°(M), then
vo: eU)cR" — R
r = @od ()
is C*°. Define

o dpc
(Omzi)(p) = 9z |

z=a0
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It is easily checked that 0,,x; satisfies the conditions in definition 13, so that 0,,x; €
T,,M. We show that every ¢ € T,,, M may be uniquely written under the form

i=1

Indeed,

n

pc(r) = pol@®) + Y (o — 2y (x)

i=1

13800(

2% 4+ t(x — 2°))dt. Thus, if m' € U
0 3%2

with v (z) =

= o+ Z — ai(m))i(m')

with ¢;(m') = ¢¥F(®(m')), and po = @(m). If £ € T, M and f is constant, we have
Ef = fEQ) = fE(1%) = 2f£(1) so that £.f = 0. Thus, for all ¢ € T,,, M,

p) =0+ i(m
i=1
But 9;(m) = (Omx;)(v), which yields (37) with A\; = £(x;). O

This implies that within a local chart, a vector field can always be interpreted

under the form
X =) ¢idu;
i=1
with @; € C°(M) and [0x;]m = Om;.

There is another standard definition of tangent vectors on M, associated to
differentiable curves on M. This starts with the definitions

DEFINITION 14. Let t — u; € M be continuous, u : [0,T] — M. One says that
this curve is C> if, for all local chart , C = (U, ®), the curve u€ : s — ® oy,
defined on {t € [0,T] : ps € U} is C°°.

Let m € M. One says that two C™ curves, p and v, starting at m (ie. po =
vg = m) have the same tangent at m, if and only if, for all chart C = (U, ®), the
curves u and v° have the same derivatives at t = 0.

PROPOSITION 15. The tangential equality in m is an equivalence relation. The
tangent space to M at m can be identified to the set of equivalence classes for this
relation.

ProoF. We sketch the argument. If a curve p is given, with pg = m, define,
for p € C>(M),

Eu-p = popu

dt|t o

It can be checked that ¢, € T,,M, and that £, = £, if p and v have the same
tangent at m. Conversely, if £ € T}, M there exists a curve p such that £ = &, and
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the equivalence class of u is uniquely specified by p. To show this, consider a chart
(U, ®). We must have

) = @) = 5 wionu()

which indeed shows that the tangent to ® o m is uniquely defined. To define p,
start from a line segment in ®(U), passing through ®(m), with direction given by
(&(x;),i=1,...,n) and apply @' to it to obtain a curve on M. O

When X € X(M) is given, one can consider the differential equation
d,LLt -
a =
Such a differential equation always admits a unique solution, with some initial
condition gy = m, at least for ¢ small enough. This can be proved quite easily

by translating the problem in a local chart and applying the usual theorem on the
existence and uniqueness of differential equations on IR".

DEFINITION 15. If ¢ € C°°(M), one defines a linear form on T, M by & +—
E(p). It will be denoted d,,p, and called the differential of ¢ at m.

2.3. Maps between two manifolds.

DEFINITION 16. Let M and M’ be two differential manifolds. A map ® : M —
M’ has class C* if and only if, for all ¢ € C*(M'), one has p o ® € C>*°(M).

DEFINITION 17. If m € M and m' = ®(m), we define the tangent map of ® at

dp® : TwM — T,y M’
by
(dm®.&)(p) = &(po @)

(€ €TuM, o € C*(M)).
The tangent map d.,® is also called the differential of ® at m.

3. Submanifolds

One efficient way for building manifolds is to characterize them as submanifolds
of simple manifolds like JR™. If M is a manifold, a submanifold of M is a set on
which it is always possible to express a fixed number of coordinates in function of
the others.

DEFINITION 18. Let M and P be two differentiable manifolds of dimension n
and p, with P C M. We say that P is a submanifold of M, if, for all mg € P,
there exists a local chart (U, ®) of M such that mg € U, with local coordinates
(z1,...,2n), such that

UNnP={meM:z;=0,i=p+1,...,n}

The next theorem is one of the main tools for defining manifolds:
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THEOREM 31. Let M be a differential manifold, ® a differentiable map from
M to R*. Leta € ®(M) and

P=®"'a)={meM: ®(m)=a}

If there exits an integer q, such that, for all m € P, the linear map d,,® : T, M —
IR has constant rank q (independent de m), then P is a submanifold of M, with
dimension p =n — q.

This applies to the sphere S™, defined by z7 + --- + xiﬂ = 1, which is a
submanifold of R™"!.

If P C M is a submanifold of M defined as in theorem 31, the tangent space
to P at m is identified to the kernel of d,,,® in T;,,M:

TP = {¢ € T, M, dpy®.€ = 0}

Another way to define submanifolds is via embeddings, as defined below

DEFINITION 19. Let M and P be two differentiable manifolds. An embedding
of M into P is a C*° map ® : M — P, such that
i) For all m € M, the tangent map, d,,® is one-to-one, from T, M to Te ) P.
i1) ® is a homeomorphism between M and ®(M) (this last set being considered with
the topology induced by P)

The second condition means the following: ® is one to one, and, for all open
subset U in M, there exists an open subset V in P such that ®(U) =V N ®(M).
We then have:

PROPOSITION 16. If ® : M — P is an embedding, then ®(M) is a submanifold
of P, with same dimension as M.

4. Lie Groups

4.1. Definitions. A group is a set G with a composition rule (g,h) — gh
which is associative, has an identity element (denoted id ¢, or id if there is no risk
of confusion) and such that every element in G has an inverse in G. A Lie group is
both a group and a differentiable manifold, such that the operations (g, h) — g.h
et g — g~ !, respectively from G x G to G and from G to G are C*™°.

4.2. Lie algebra of a Lie group. If G is a Lie group, g € G and p € C*(G),
one defines p.g € C*(G) by (¢.9)(¢') = ©(¢’.g). A vector field on G is right-
invariant if, for all g € G, € C*(G), one has X(p.g) = (X(p)).g. Denoting
by R, the right translation on G (defined by R,(¢’) = ¢'.g), right invariance is
equivalent to the identity X = dR,.X . The set of right-invariant vector fields is
called the Lie algebra of the group G, and denoted g.

Since (X (¢.9))(id) = (X (¥)).¢9)(id) = (X (p))(g) whenever X € g, an element
X of g is entirely specified by the values of X (¢)(id) for ¢ € C°°(G). This implies
that the Lie algebra g may be identified to the tangent space to G at id, Tiq G. If
& € Tiq G, its associated right invariant vector field is

X¢:g X, =dR,£ € T,G
The operation which provides an algebra structure on g is the Lie bracket.

Recall that a vector field on a manifold M is a function X : C*°(M) — C>*(M),
which satisfies the conditions of definition 12. When X and Y are two vector fields,
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it is possible to chain them and compute (XY)(p) = X (Y (¢)); XY also transforms
C* functions into C*° functions, but will not satisfy the conditions of definition
12, essentially because it involves second derivatives. However, it is easy to check
that the difference XY —Y X is a vector field on M, denoted [X, Y], and called the
bracket of X and Y. A few important properties of Lie brackets are listed (without
proof) in the next proposition:

PROPOSITION 17.

i [X,Y)=-[y, X]

i. [[X,Y],Z] = [X,]Y, Z]]
ii. [[X,Y],Z]+[[Z,X]),Y]+][]Y,Z],X]=0
iv. If® e C>®(M,N),dP[X,Y]=[dDPX,dDY]

=

The last property is important for Lie groups, since, applied with ® = R, :
G+— G,and XY € g, it yields

dR,[X,Y] = [dR,X,dR,Y] = [X,Y]

so that [X,Y] € g. The Lie algebra of G is stable by the Lie bracket operation.
Because of the identification of g with Tiq G, the bracket notation can also be used
for tangent vectors at the identity, letting [¢, 7] = [X¢, X"];q .

There is another possible definition of the Lie bracket on g. For g € G, one
can define the group isomorphism I, : h — ghg~!. Tt is differentiable, and the
differential of I, at h = id is called the adjoint map, denoted Ad, : Tia G — Tiq G.
We therefore have, for n € Tiq G,

Adgy(n) = dia Iy

We may now consider the application U, : g — Adgy(n) which is defined on G and
takes values in Tig G. We then have:

(38) dia Un& = [€, 7]
The notation ade¢n = [€,7n] is commonly used to represent the Lie bracket.
When a vector field X € g is given, the solution of the associated differential
equation
dp
dt
with initial condition pg = id always exists, not only for small time, but for arbi-
trary times. The small time existence comes from the general theory of ODEs, and
the existence for arbitrary time comes from the fact that, wherever it is defined, p
satisfies the semigroup property piys = pepts: this implies that if p; is defined on
some interval [0,77], one can always extend it to [0,27] by letting p; = /ﬂ%. The

X

1227

semigroup property can be shown as follows: if X = X¢, for £ € Tiq G, the ODE

can be written

d,LLt
L — 44 R
dt d Hté-

Consider now v : s — psys. It is solution of the same equation with initial condition
vg = pe. If Uy = pspy, we have
% = dﬂs RHt %
ds ds
Thus, v, and 7, satisfy the same differential equation, with the same value, p, at
s = 0, and therefore coincide, which is the semigroup property.

= dyu, Ry, dia Ry § = dia (Ry, o Ry, )§ = dia R, €
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This solution , p, is called the exponential map on G, and is denoted exp(tX) or
exp(t€) if X = X¢. The semigroup property writes exp((t+s)X) = exp(tX) exp(sX).
Equation (38) can be written, using the exponential map

d d
i exp(t&) exp(sn) exp(—t&) = [, 7] .

We finally quote the last important property of the exponential map ([13]):

THEOREM 32. There exists a neighborhood V' of 0 in g and a neighborhood U
of id in G such that exp is a diffeomorphism between V and U.

4.3. Example: finite dimensional transformation groups. These tran-
formation groups, and in particular the matrix groups, are fundamental examples
of Lie groups. Denote by M., (IR) the n? dimensional space of real n x n matrices.
For i,j € {1,...,n}, denote Jz;; for the matrix with (7,j) coefficient equal to 1,
and all others equal to 0. Let Id,, denote the identity matrix.

4.3.1. Linear group. GL,(IR) is the group of invertible matrices in M, (IR). It
is open in M, (IR) and therefore is a submanifold of this space, of same dimen-
sion, n2. The Lie algebra of GL,(IR) is equal to M,,(IR), and is generated by all
(8$ij,i,j = 1,...,71).

if ¢ € M,,(IR), the associated right-invariant vector field is X¢ : g — £g. The
adjoint map is 7 — gng~!, and the Lie bracket is [£,n] = &n — né. Finally, the
exponential is the usual matrix exponential:

exp() =Y o
k=0

4.3.2. Special linear group. SL,(IR) is the subgroup of GL,(IR) containing
matrices with determinant 1. The determinant is a C*° function. Its deriva-
tive at ¢ € GL,(IR) is a linear map from M, (RR) to IR, given by (d,det).§ =
det(g)trace(g—1&). Since it has rank one, theorem 31 implies that SL,, (IR) is a sub-
manifold of GL, (IR), of dimension n? — 1. The Lie algebra of SL, (IR) is defined
by diq det = 0, and therefore consists of matrices with vanishing trace.

4.3.3. Rotations. O, (IR) is the group of matrices g such that tg.g = Id. SO, (IR)
is the subgroup of O,,(IR) containing matrices of determinant 1. The map ® : g —?
g.g is C°, its differential is

dg®.£ =" g€+ &g
The kernel of d,® therefore contains matrices £ = gn,n skew symmetrical, and
has dimension n(n — 1)/2. Thus, again by theorem 31, O, (IR) and SO, (IR) are
submanifolds of M,,(IR), of dimension n(n —1)/2.

The Lie algebra of O, (IR) contains skew-symmetric matrices.

4.3.4. Similitudes. Sim,(IR) is the group of similitudes, composed with ma-
trices g such that *g.g = Ald, for some A > 0 in JR. In fact, one must have
X = det(g)?/™, so that Sim,, (IR) is the set of invertible matrices for which ®(g) = 0,
with

®: GL,(R) — M,(R)
g +— ‘'gg— det(g)z/"ld
One can check that ® has constant rank and that Sim,,(IR) is a submanifold of
M, (IR) of dimension 1+ n(n —1)/2.
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Lie algebra of Sim,,(IR), contains matrices of the form ald + £, with £ skew-
symmetrical.

5. Group action

5.1. Definitions. One says that a group G acts (on the left) on a set M, if
there exists a map, from G x M to M which associates to a pair (g, m) the result
of the action of g on m, denoted g.m, with the properties that g.(h.m) = (gh).m
and id.m = m.

The orbit of m € M under this action is the set G.m = {g.m,g € G}. Orbits
either coincide or are disjoint, and they form a partition of M. We let M/G =
{G.m,m € M}.

The action of G is transitive if there exists only one orbit, ie. for all m,m’ € M,
there exists g € G such that g.m = m/.

The isotropy subgroup of a point m € M is the collection of elements g € G
such that g.m = m. It is denoted G,,, and forms a subgroup of G, (ie. it is stable
by the group product and by the group inverse). The isotropy subgroup of M is
the intersection of all GG,,,, and denoted Gy.

When G is a Lie group and M is a manifold, one generally assumes that, in
addition, the map (g, m) — g.m is C*°.

5.2. Homogeneous spaces. If H is a subgroup of G, the map (h, g) — gh de-
fines a right action of H on G. The coset space G/H is the set of orbits, {gH, g € G}
for this action. When G is a Lie group and H a closed subgroup of G, G/H is called
a homogeneous space. The differential structure of G can be projected onto G/H
to provide this set with a structure of differential manifold.

The group G acts on the left on G/H through ¢.(¢’H) = (g¢')H. This action
is transitive and H is the isotropy subgroup of (id H). Conversely, the following is
true

PROPOSITION 18. Let G be a group acting on the left on a set M. Fix m € M
and let G, be the isotropy subgroup of m. The map

d:  G/Gp— M
9Gm — g.m

is a diffeomorphism which carries the action of G on G/G,, to the action of G on
M.

5.3. Group action and distances. Recall that a distance d on a set M is a
map: M? — IR, such that, for all m,m/,m" € M,

D1) d(m,m’) =0< m=m/'.

D2) d(m.m') = d(m',m)

D3) d(m,m") < d(m,m') + d(m’,m").

If D1) is not true, and d(m, m) = 0 for all m, one says that d is a pseudo-
distance.

If G is a group acting on M, one says that a distance d on M is G-equivariant
if and only if , for all g € G, for all m,m’ € M, d(g.m, g.m’') = d(m,m’). One says
that d is G-invariant if and only if it satisfies D2) and D3) and D1) is replaced by
D1’) d(m,m’) =0& 3g € G, gm=m'.

A G-invariant distance is in fact a distance on the coset space M /G, through
the identification d(G.m,G.m') ~ d(m,,m').
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A G-equivariant distance may be projected to induce a G-invariant distance:

PROPOSITION 19. Let d be a G-equivariant distance on M. The function d,
defined by

(39) d(G.m,G.m') = inf{d(gm,g'm’),9,9' € G}
is a (pseudo-)distance on M/G.
Since d is G-equivariant, d is also given by

d(G.m,G.m") = inf{d(gm,m"),g € G}

PROOF. Let us show that d is a pseudo distance. Symmetry is obvious from
(39). For the triangle inequality (D3), it suffices to show that, for all g1, g7, g5, 97 €
G, there exists go, g4 € G such that

d(gam, ggm”) < d(gim,gim’) + d(gom’, gy m")

But, since d(ghm’,gim") = d(g\m’, g}(g5)"1gym"), one can take go = g; and
gy = g1 (gh) g} and apply the triangle inequality for d. O

This can be applied in a slightly different way. Let G be a group acting on M.
We here show how a distance on the product space M“ = G x M can be projected
on M.

The group G acts on the left on MY, letting, for k € G, o = (h,m) € MC:
k.o = (hk~, km). For o = (h,m) € MY, denote 7(0) = h.m. For all k € G, one
has 7(k.0) = 7(0).

Let d“ be a distance on M. We let, for m,m’ € M

(40) d(m,m’) = inf{d%(0,0'), 0,0’ € O,7(0) = m,7(0') = m'}
We have the proposition

PROPOSITION 20. Ifd® is G-equivariant, then d, as defined in (40) is a pseudo-
distance on M

This result is in fact a corollary of the previous one, provided it is noted that the
quotient space MY /G can be identified to M and that, though this identification,
the definitions of d in (40) and in (39) are the same.

6. Riemannian manifolds

6.1. Introduction. In this section, M is a differential manifold of dimension

DEFINITION 20. A Riemannian structure on M is the definition of a C* inner
product between vector fields:

(X,Y) € X(M) x X(M)— (X,Y) € C®(M)

such that (X, Y),, = Y, X),., (X,X) >0, and (X, X) = 0 if and only if
X =0, and for all p,7p € C(M)

(X + X', Y) =X, Y)+ (X", Y)
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The value of (X, Y) at m € M will be denoted (X, Y), . and it can be shown
that it only depends on the values X,, and Y,,. It is equivalent to assume that, for
all m € M, an inner product denoted ( , ), . is given on T, M, which is such that,
if X and Y are vector fields, the function m — (X, , Yy,,),, is C°>°. We shall use
the notation

1€llm = /(€5 )

In a local chart, C' = (U, ®), with coordinates (z1,...,z,), a tangent vector at
m € U can be written as a linear combination of the 0,,x;. From elementary linear
algebra, there exists a positive definite symmetric matrix .S,,, the coefficients of
which being C*° functions of m, such that, if £ = N0z, 1 =D 1iOmx;, then,

(€, M) =" ASmp.

Such a structure allows, among other things, to measure lengths of displace-
ments on the manifold. If p : [0,7] — M is continuous, piecewise differentiable, its
length is defined by

-[ Fl,

In other terms, one defines an infinitesimal length element from the norms on the
tangent spaces to M. Similarly, the energy of M is defined by

H dﬂt

u(t)

The extremal curves of the energy are called geodesics (one says that a curve
is an extremal of a given variational problem if any first order local perturbation
of the curve has only second order effects on the functional). In a chart where
pe = (yi,...,y"), and S, = (s;;(y)) is the matrix which is associated to the inner
product, we have

dy*® dy’
=Y sult) S

Il -

Making a local variation of the kind y* — 3 + h?, extremals are characterized by:
for all ¢
dhl dyﬂ dy® dy 3521
j =0
/ Z Z dt dt &El ’
which yields, after an integration by parts
T
d dyf dy’ dy 0s;;
-9 = s Lpt=0.
/0 lz; dt [S” } Z dt dt axl

This relation being true for every h, we have, for all [,

d?y’ dsy; dy* dy? dy dy? ds;
2% s v, s dy* dy Zyy Sij _

R S T D T
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Denote s for the coefficients of S~!. The previous identities write (with a
symmetrized second term)

0 ‘Lyidijzskl(aslj Osii 35z’j)
dtz o dt dt Ox;  Odx; Oxy

Denoting

1 85, asl' 0s;;
41 rk == kl J i ij
(41) ) ZS (axi+8xj+8ml) ’
this is
(42) Tl > dydy’

dt? dodt odt

i,

The coefficients T'¥. only depend on the Riemannian metric. They are called
the Christoffel’s symbols of the manifold at a given point. Therefore, geodesics
(expressed in a local chart) are solutions of a second order differential equation.
This implies that they are uniquely specified by their value at time, say ¢t = 0, and
their derivatives % at ¢ = 0. In particular, one defines the Riemannian exponential

dt
at m € M in the direction v € T,, M by

Exp,, (tv) = us

where p; is the geodesic with po = m and % = v at time ¢ = 0. Such a geodesic
exists, as a solution of a diffrential equation, at least for small times, so that the
exponential is well defined at least for small enough ¢. If this exponential exists at

all x for all times, M s said to be a complete manifold.

6.2. Geodesic distance. When M is a Riemannian manifold, one defines
the distance between two points m and m/ in M by the length of the shortest path
which links them, setting

d(m,m’) =inf{L(u) : p:[0,1] — M,
u continuous, piecewise differentiable , g = m, puy = m'}

The following theorem is standard, and may be proved as an exercise or read,
for example in [6]:

THEOREM 33. The function d which is defined above is a distance M. More-
over,

d(m,m') = inf{\/E(u) : p:[0,1] — M,

w continuous, piecewise differentiable , o = m,puy = m'}

6.3. Lie group with a left invariant metric. On Lie groups, Riemannian
structures are preferably coupled with invariance constraints. As we have seen
in considering groups of diffeomorphisms, the suitable way for “moving” within a
group is by iterating small steps through the composition rule. For a curve g; on the
group, the length of a portion between g, and g44. should measure the increment
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gt+ggt_1. Fix t and let u. = gt+€gt_1: one has ug = 0 and gy = uegs. If there is a
Riemannian structure on G, the length of the displacement from g; to g¢y. is
ds ~¢

/t-‘r&‘
t gs

where the last derivative is taken at ¢ = 0. The right invariance constraint says
that it should in fact be only measured by the increment on the group and therefore
be a function of u.. But u. is itself a curve on G, between id and gt+gg;1 and

dgs
ds

4
de Jt+e

gt

its length is therefore essentially given by & dd“; oo ‘.d . Thus, under the invariance
constraint '

d du,

de Jt+e de .

gt

Introduce the right translation in the Lie group:
Ry,: G — G

h — hg

so that g;1. = Ry, (us). We have, by the chain rule

dge du.
Stre gL R, —=
de le=o d ot de le=0

This leads to the following definition

DEFINITION 21. A Riemannian metric on a Lie group G is said to be right
mvariant if and only if, for allu € g="Tiqa G, for allg e G

|dia Rgu|g = |uliq

Thus, the metric on any T,G may be obtained from the metric on g by right
translation.

6.4. Application to groups of diffeomorphisms. So far, we have discussed
definitions and results which are valid for finite dimensional manifold. In an infi-
nite dimensional situation, eg. for diffeomorphisms, most of the definitions can be
extended, and some of the results, but not all, but it is not our intent here to detail
these aspects. But it is quite interesting to analyse, at least formally the result of
the general construction above when applied to diffeomorphisms.

Let © be a bounded open subset of IR®, and G a group of diffeomorphisms which
reduce to the identity on 9{2. Since tangent vectors to this group are derivatives
of % where p; € G, one can expect them to vanish on 0. In particular, g is
composed with vector fields on € which vanish on 0f).

Since the product in G is the usual composition of functions, the right transla-
tion is R, : 9 — Y o p. If ¥y is a curve on G with g = 0 and dgftt = v € g at time
t = 0, we have

d d
@(Rw(l/’t)) = ai/}t CY=voyYy

(at time ¢ = 0). But, by the chain rule, this is also given by diq Rw% so that
dig Ryv =vogp

Thus, a Riemannian metric on G is right invariant if and only if, for all v € g,
for all ¢ € G,

[vopl, = [vl4
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Thus, consider a curve ¢ : t — ¢; on G, defined for ¢ € [0,1]. Its energy is given,
according to the previous sections, by

E(<p):/01 itdt:/ol

by right invariance. If one lets v, = %

1
E(p) = / [or] sy 2t

with % = vgos. One retrieves the formulas of chapter 2. In fact, the construction
on Gy from an admissible Hilbert space V' is a way to rigorously formalize the above
formal discussion. In particular, we see that this Hilbert space V' may be considered
as the “Lie algebra” of Gy ... with the exception that Gy is not necessarily a Lie
group (right translation is differentiable on Gy by construction, but left translation
may fail to be). Another illustration of the difficulties in making V' be a Lie agebra
comes from the computation of Lie brackets. The Lie brackets are given by the
computation (the derivatives being taken at s,t = 0):

2

dt
id

deor
dt

Aot o
dt 7t

0@ !, we get

&,n] = %dis(id +t&) o (id + sn) o (id + &)~ !
= % (d(id +t&)no (id + &)™)
- % (no(id + )~ + tdeno (id + t€)Y)
= —dn§+dén
since 4 (id + t£)~! = —£ at t = 0. We therefore obtain [¢,] = d¢n — dn¢. For V

to be a Lie alebra, we would need the property £&,n € V = [£,] € V. Assume,
only for this discussion, that 2 = IR, so that constant vector fields belong to 2. In
this case, we would have, taking dp =0, £ € V = déb € V for any b € IR, since
elements of V are continuous, this implies that they are C', and by induction C'*°.
This is quite restrictive, and we do not want to make such an assumption, therefore
relaxing the Lie group property.

6.5. Manifolds of deformable objects.

6.5.1. A landmark manifold. We now apply the paradigm of section 5.3, in the
particular cases of landmark comparison and image comparison, starting with the
former. We therefore consider the set M = Q, which contains collections of N
landmarks. We let G = Gy for some admissible Hilbert space V', and consider the
product space ME = G x M. The action of G on M is

g-(z1,...,an) = (9(z1),- -, 9(2N))
and its action on O is
g-(hyzr,...oan) = (hog™t g(z1),..., g(an))
The projection of M on M is
w(h,z1,...,zn) = (h(z1),...,h(zN))

We want to apply proposition 20, and build a left equivariant distance on M.
This can be done by building an invariant metric on M%: denote A,((h,m)) =
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(hg=!,g.m) for the action of g of (h,m). A left invariant metric should satisfy, for
all g € G, for all (h,m) € MY, for all n € T( y M

‘d(hﬁm)Ag”’g.(h,m) = |77|(h,m)
and taking g = h
7l (hmy = |d(h7m)Ahn|(id,h.m)

This implies that it suffices to define the metric at (h,m) when h = id to know
how to define it everywhere.

For landmark deformation, with m = (z1,...,zy) € M, a tangent vector to
M€ at (h,m) takes the form n = (£, aq,...,ay) where ¢ is a vector field on Q and
a; € RF,i=1,...,N. We have

dih,m)Ann = (§ 0 Rt dy hay, ... doyhay)

Now, define a norm on T{jq ym)MG under the form

N
2 en? 1 2
|§,O{17. .. 7aN|(id,m) - Hé-HV + ?Z |Oé1“
i=1

V being, as usual, an admissible Hilbert space. We have

1 N
|§7ala .. "aN|?h,m) = ||£Oh71’|3/ + ;Z ‘dx1h0q|2

=1

This implies that the energy of a path (he, mt) in M@ is

|

Minimizing path lengths on M¢ with fixed endpoints provides a left invariant
metrix in M. Optimizing it over endpoints of the kind (id ,m), (h, h.m’) will yield
a metric in M, according to theorem 20. We define as before v; = % ohy L We

also define y! = hy(z%) so that
dy _dhy
. dt
and the energy of the path (h;, m;) can be written

[ty 53 [ %o

Note that (h¢,z},...,2) — (vi,yt,...,y") makes a valid change of variable for
the fixed endpoint minimization problem, provided the boundary condition becomes
(yl,...,yl) = gg,.m’/. But to compute the distance between m and m/, this must
be minimized over targets of the kind (h, h.m'), we see that, in fact, the induced
distance on M can be computed by minimizing

(43) U(w):/ol ||vt|\vdt+f§j/ \dy— (vi)

over all v € X} () and all landmark trajectories (y7,. ..,y ) which coincide with
m at time ¢ = 0 and with m’ at time ¢ = 1.

dhy
Pl

d:z:t

dt + d ht dt

dxt

@) dohe—t

2
dt

2
dt
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This Riemannian analysis of landmark deformations provides, in addition to
a distance between landmark configurations, a new matching energy, which can
be compared to the one which has been studied in section 3.2. In that case, the
matching between m and m’ was estimated by minimizing

1 1 N , )
(44) U) = [l de+ 25 3l = (o) P
=1

with respect to v € V. Thus, landmark trajectories are additional unknowns in
problem (43). On the other hand, (43) does not directly involve the integrated flow
Y and may therefore be computed more easily.

Like in section 3.2, the problem can be reduced with the help of the self-
reproducing kernel of V. Indeed, computing the differential with respect to V' of
U(v,y) given by (43) yields

dU (v + €h, y)
ot o [y 0,03 [

|E=D
= 2/ [ ht — 22/ <K at v (w0) , ht>
0 14

which implies that, at the minimum,

1 Y Uy
wl) == Y KCu

Thus, introducing the auxilliary unknowns ai = (ddt —v(y}))/o?, we have vy(.) =
N AP
> iz K (- yp)a; and

(i) he(y7)

ve(y))

2

N
dy; i 9\, J
U(v,y) E / aiK?Jt:yt atdt—|— /E . EK(ytayg)ai dt
=1

i,=1

The gradient of this functional with respect to the a trajectories and to the land-
mark trajectories is quite easy to write down and this computation is left to the
reader.

6.5.2. An image manifold. We want to reiterate what we have done for the
landmarks in the case of functions. In this case, M is a set of functions m : Q@ — IR
(or R?, but we restrict to scalar functions to simplify) and therefore is infinite
dimensional. We still want to consider M as a manifold, which we will do informally,
and carry the same analysis as in the previous section. In the present case, a tangent
vector to a function m € M simply is a function 1 :  — IR, since M is a linear
space.

The action of diffeomorphisms on functions is defined by

g.m=mo g_1
and the action of G = Gy on M% therefore is
Ag(h,m) = g.(h,m) = (hog™' ,mog™)
The differential of this action is straightforward, and given by

dinmyAg(&,m) = (Eog ™t nog™)
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and a left invariant metric on MY must satisfy
-1 -1
€ nllpm = Hd(hﬂ")Ah(g’77)H(id,h.m) =[(€on " non )H(id,h.m)
Consider the following norm
2 2 1 2
1€, 7l Gy = €Iy + —5 Nl

Using translation invariance, the energy of a curve (hs, m;) on M€ is given by

1 2 1
E(gt,mt) :/ dt+/
0 1% 0

To compute the distance between a function m and another function m/, this
must be minimized with boundary conditions my = (id,m) and m; in the orbit
{(g7t,m' 0 g™!),g € G}. Introduce the variable y; = m; o g; ' so that

2

dt
L2

dmt —1
o)

dge 1 g
dat 7t

dt '

dmy  dyy
- dt °gt+ tvgtlu’tvt oGt .

with as usual % = v 0 g;. One can write

1 1
E(gemy) = / ol dt + /
0 0

and minimizing this expression with respect to v and u, with boundary conditions
o = m and gy = m’ is equivalent to the initial problem.

d 2
apt tvlutvt

dt
dt

L2

7. Gradient descent on Riemannian manifolds

7.1. Gradient of a functional.

DEFINITION 22. Let M be a Riemannian manifold. The gradient of a differen-
tiable function U : M — IR is the vector field denoted

VMy: M — TM
m — VMU

such that, for all vector field X on M, and m € M

(45) XU = (X, VMU)
An alternative definition is: for all curve p : t — py on M,
dU(pe) [ dmus
(46) i N\ ar o mY

M
Gradient descent on M is defined by the following proposition:

PROPOSITION 21. Let U be a differentiable function on M and v a positive real
number. If u is a solution of the ordinary differential equation

av _
dt

on some nterval [0,t], then t — U(u) decreases on [0,T].

(47) —%V%U
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Indeed, we have, by definition of the gradient
dU(Mt) - <dmut

Kt Mt

2
VMUY =—|VMU|T <0
dt at > " d e
These straigthforward definition and proposition lead to quite interesting al-
gorithms when applied to practical situations. We here consider the case of Lie

groups.

7.2. Gradient descent on Lie groups with a right invariant metric.
In this section, the Riemannian manifold we consider is a Lie group G with a right
invariant metric. Consider in this framework a differentiable function p and the
function f, : v — Ul(exp(v)g) for ¢ € G and v € g. Since f; is defined on the
Euclidean (or Hilbert) vector space g, it has a gradient in the usual sense which
will be denoted V f;. One has

df(tv
) Wty oy = (95
t |i—o
so that (diq Rg)Vofy = V?U . This implies that the gradient descent algorithm for
U can be written under the form

% = _V(did Rgt)v()fgt
so that we are able to perform gradient descent on G from the computation of a
gradient of a function defined on a Lie algebra (which is generally easier) followed
by a right translation.

In the case of diffeomorphisms (G = Gy ), this gradient descent provides algo-
rithms we already have seen. Indeed, in this case, we have seen that right invariant
vector field have the form X, = vo g with v € V, and the exponential exp(tv) is
the solution of the equation % = v o g; with initial condition gg = id, which has
precisely been called ). Thus in this case, fy(tv) = U(¥!, o g) and the identity
df (tv)

did Rg’l)>g = <(did Rg)_lng7 U>id

(Vofy, v),y is precisely the definition we have given for the Eulerian

dt im0
~V
gradient V  U. The gradient descent now writes
dgt =V
a - WVeUes

which is exactly the equation we have written in (27). Thus, we have an the greedy
algorithms we have considered in chapter 3 as a gradient descent in the group of
diffeomorphisms equipped with a right invariant metric.
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