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Chapter 1

Differentiability on Normed Vector
Spaces

In all this chapter, we will consider R-vector space.

1.1 Fréchet Differentiability

Definition 1 Let E and F be two normed vector spaces, and U be a non empty open set of E and
xeU. Let f: U — F. f is said to be Fréchet-differentiable at x if there exists L € L(E, F') such
that:
f(x+h) = f(x)+ L(h) + ||h]le(h)
(I1R1)

where € : V. — F is an application defined on an open neighborhood V' of O such that ¥ h €

V,z+heU, and lim e(h)=0.
[|2[|—0
L is called differential of f at x and is denoted either by f'(x), dfy or Df(x). In what follows, we

will use the term differentiable for Fréchet-differentiable.

Some properties

1) L is unique.

2) f is differentiable on U if f is differentiable at every point in U. In this case, one has f’ :
U — L(E,F). fis said to be C! if f is differentiable on U and f’ is continuous (f is C? if
flis Ct, ).

3) The set of the applications differentiable at € U (resp. on U) is a vector space.

4) If f is differentiable at « € U then f is continuous at x.

proof
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e Point 1: If Ly and Lo equal Df(z) then: Let h € E\ 0 and ¢ €]0;&'[ (¢’ sufficiently small so
that =+t h e V).

flz+th)= f(z) + Lt k) + o([|t hl[) = f(z) + La(t h) + o([[t 2})

Thus || Ly (h) — La(h)|| = HLW h) = Lo(t h) H _olt !hH) -
e Point 4 : [[f(z + k) = f(x)|| < [|L(A)] + [[2] e(R)] o

Remark 1 In the case, E = F = R, we know that if f is differentiable at x then lim fleth) - f(@) =

h—0,h£0 h
f'(x), which can be rewritten as f(x +h) = f(z)+ f'(x)(h) + o(|h]), and which corresponds to Def-
wmition 1.
Examples 1

1) Let f: U — F and ¢ € F such thatVa € U, f(z) =c. ThenVz € U, f'(x) =0. So
f2U — L(E,F) is null. f is C>®. f" € L(E,L(E,F)).

2) U =FEand f€ L(E,F). ThenVx € E, f'(x) = f (because f(x + h) — f(x) = f(h) =
f'(x)(h)). Thus f" is constant, f is C°° and higher order differentials are null.

3) Let E1, Ey and F be normed vector spaces, and B : E1 X Ey — F a continuous bilinear
application. Then B is differentiable and B'(xz,y)(h,k) = B(x,k) + B(h,y).

proof of 3 ). Let us first show that
AM >0st. ||Blz,y)l <M [lz| [yl
As B is continuous at 0:
36> 05t (@Yl <6 = Byl <1
with ||z]|, = max(||z1]|, ||z2]|), and for this norm E; x Ej is a normed vector space.

5 5y)’
B ITRTERTIRTE 1. SO B:B,y S
‘ (Hﬂcll lyll 1Bz, y)ll

_ 52
= Tl ar 1B )l

Assume r and y are non zero. Then one has:

1 1
52 llz|| |ly]] and we take M = 52 Then, one can write:

B(x+hyy + k) = Ble.y) + Bla,k) + B(h,y) + B(hk) .
~—

B'(z,y)(h.k) o[[(P:k) o)

Indeed, | B(h, k)| < M ||l |[k]| < M [[(h,k)||%, so we have B(h, k) = o([|(h, k)||)-
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Furthermore, B'(z,y) : (h,k) — B(z, k) + B(h,y) is clearly linear:

B’(:E,y)(k(h,k)—{—(u,v)) = B(x, \k+v)+ BAh+u,y) = AB(z, k) + B(x,v) + AB(h,y) + B(u,y)

(Ahtu, \k+v)
= AB'(z,y)(h, k) + B'(z,y)(u,v)

B'(z,y) is continuous, indeed:

1B (2, y) (b, K[| < M (]l I1&]+ Nyl I20) < M (el + Nyl 11, F)llo

Application Let E, F', and G be three different normed vector spaces.

B:L(E,F)x L(F,G) — L(E,G)
(u,v) +— B(u,v)=vou

B is bilinear and continuous (||B(u,v)|| = |[voul < ||v|.]|u|). Thus B is differentiable and

B'(u,v)(h,k) = B(u, k) + B(h,v) =kou+wvoh.

1.2 Differential of a composition of functions

Theorem 1  (chain rule)

Let E, F, and G three normed vector spaces. Let U C E an open set, x € U, f : U — F,
V C F an open set, b = f(z) € V and g : V — G. If f is differentiable at z and if g is
differentiable at b = f(x), then g o f (defined on a neighborhood of x and continuous at z) is
differentiable at x, and one has:

(go f)(x) =g (f(x))-f'(x).

If f and g are CP (p > 1) then go f also belongs to CP.

proof Let us put y = f(x) then

gy +k)=g(y) +9'@).k+o(lkl).

Let us define o(||k||) = ||k||r1(k) with HlliHrgOrl(k) = 0, then set k = f(zx + h) — f(z) = f'(x)h +
l1h||r2(h) with ”}lli”go r2(h) = 0. Then one can write:
of(z+h) =g(f(z+h) =g(y+k)=g)+du).(f (@)h+|hllra(h)) + ofl|n])
=go f(z) +g'(f(@)).f'(@)h+ [hllg' (y)-r2(h) + o([|A]])

But ||¢'(y).r2(h)]| < [[d@)|l[lr2(R)|l. As |l¢'(y)| is bounded and lim r3(h) = 0, one obtains

[[2[|—0

IIflllllm g (y)ra(h) = 0. Finally, as ¢'(f(x)).f'(z) € L(E, F), we get the result.
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Application : functions with values in a product of normed vector spaces

Proposition 1

Let U C E an open set, and f : U — F = F} x --- x F, with F; a normed vector space,
= 1 for y = F

lyll = max [lyill for y = (o, ve) €

u, b, — F
yi +— (0,...,0,9;0,...,0)

Di - F — F;

Yy = Y
f is differentiable at x € U if and only if for i = 1,...,k, f; = p; o f is differentiable at x. Then,
we get:
k
= uio f{(x)
i=1
proof (=) p; € L(F,F;) (p; is continuous since ||p;(x)| = ||zl < ||z||), so p; is differentiable.

Therefore, p; o f = f; is differentiable at x.
k k
<) Z u; o p; = idp — Z u; o p; o f = f. Furthermore, as u; € L(F;, F) f is differen-
i i=1 f“‘
(]

tiable as f; is differentiable. Then, using the chain rule we obtain:

k
(uio fi)'(@) = Y i (fi(w) Zuz o fi'(x
=1

k

J=1

Illustration: Case where E = R% et F = R*

From the previous section, one can write that

k
"(z).h = Z u; o fi'(z).h = (fi(x)h, -, fr(z)h)
i=1

d
Let us then decompose h in the canonical base of R4, h = 5 hje;j. Then using the linearity of the
j=1

differential, one may write:

d
fl@)h = fi(z Zhej = " hjfi(@)(e;)
j=1

where f/(z)(e;) = 21i1r1(1) w = gi,c‘ (). Thus one can write:
e j

=

Fayh = (3 2@, i%() hy) = Jac(f)()h

j=1"" j=1
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In other words, the matrix Jac(f)(z) is the matrix whose element indexed by (i, j), pouri =1, ..., k

and j = 1,...,d, is equal to ggj (x). In the particular case F' = R, one may write

9
1%

.M&
7
I~

(x)h; =V f(z)".h

P = Fa) hyes) = 32 i (@)(e) =
7=1 7=1

J
One can finally rewrite the chain rule theorem in finite dimension under the following form:

Theorem 2

Let d,n,p > 1 three integers, and U C R? V C R"™ two open sets; Let ¢ : V — RP and
Y : U — R™ two differentiable functions such that ¢)(U) C V. Then @ o : U — RP is defined
and differentiable on U, and corresponds to its Jacobian matrix which reads:

Vo e U, Jac(poy)(x) = Jac(p)(¥(x))Jac(y)(x). (1.1)

which can be rewritten in the following way:

The Jacobian matriz of a composition of functions is the product of the Jacobian matrices.

Note that the matrix product in formula (1.1) makes sense , since the matrix Jac(v)(z) is with size
n x m and Jac(p)(¥(x)) is with size p x n (so that Jac(p o v)(x) is with size p x m). A particular
case of this is the following (p =d = 1):

Corollary 1

Let n > 1 an integer and Let ¢ : U — R a differentiable function on an open set U of R™. Let
¥ : I — R™ a differentiable function on an interval I of R (whose components are denoted by

»(t) = (P1(t), ..., ¥n(t))) such that (I) C U. Then f = o) : I — R is differentiable and

dp

WET, f1(1) = g2 (O + .+ 5o (B,

1.3 Directional Derivative, first variation and local extrema

Definition 2 (Directional derivative) Let E and F be two normed vector spaces, and U a non
empty open set in B and x € U. Let f : U — F, v € F and t € R*. We say that f admits a
directional derivative in the direction v at x if

S ()
t—0 t

exists

Definition 3 (First variation) Let E and F' be two normed vector spaces. let U be a non empty
open set of E anda € U. Let f : U — F. Letv € E. If f admits a directional derivative in each
direction v at x, we call it first variation of f at x and denote it §(x,v).

Remark 2 If f is differentiable at x and admits a first variation at x, but the converse is false.

Remark 3 If f is differentiable at z, §(x,v) = f'(x)v.
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Proposition 2  (Necessary condition for the existence of an extremum)

If f admits a first variation at x and an extremum at x, then §(z,v) =0, Vv € E. Thus, if f is
differentiable at = and admits an extremum at x then f'(x) = 0.

proof Consider that f admits a minimum at x then

flattv) - fz)

lim =d(z,v) >0
t—0+ t

but we also have: ;
lim fle=tv) = ) = —0(x,v) >0

t—0+ t

thus 0(x,v) = 0. The proof is the same for a maximum.

Definition 4 (Gateaux-differentiability) Let E and F be two normed vector spaces. Consider
that f is defined in a neighborhood V(x), for some x in E with values in F. f is said to be
Gateauz-differentiable (G-differentiable) at x if and only if:

1. f admits a first variation at x, 6 f(x, h).
2. There ezists B € L(E, F) such that
df(x,h) = Bh

In this case, B will be called the G-differential of f at xz. We will write fi,(x) = B this G-differential
and will define the G-differential of f at x by

da f(x;h) = fg(x)h.

Proposition 3

H If f:V(z) C E— F is differentiable at z, it is also G-differentiable at  and f'(z) = f/ ().

proof Indeed, one can write:
f@+h) = f(@)+ f'(2)h+o(||h]])
Putting h = tk, t € R, k € E, one obtains:
Fla+ k) = f(2) + tf @)k + ol [k]) = f(x) + t£ @)k + o [t]).
So we deduce that 6 f(z, h) = f'(x)h, so f is G-differentiable and f/.(z) = f'(x).

The converse is of course wrong;:
Let

f:R? - R
(z,y) — {

Isiy=a?etx#0
0 otherwise
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This function is discontinuous at (0,0) so it is not differentiable at this point, but:

t—0 t

So the function is fonction is G-differentiable at 0.
exercise: Consider the function

2

3— .
o = { A
o

0if (x,y) = (0,0)

1. Compute 0£((0,0), (s,t))

2. Is this function G-differentiable at (0,0)? What can you deduce from that?

However, we have the following proposition:

Proposition 4

If f(.(y) exists at every y in a neighborhood of z, and if f/, : X — L(E, F') is continuous at point
z, then f is differentiable at = and f'(z) = f{(x)

proof Let us introduce the function ¢(t) = f(x + th) , then ¢/(t) = f{(x + th)h. Using the
continuity of f/, at =, we get:

1
le(1) = @(0) = L' (0)]| = H/O '(t) — ¢/ (0)]

< sup [|¢'(t) — ' (0)]|

t€]0,1]

= sup [|fg(z +th).h — fG(x).h]]
t€]0,1]

< sup |fg(z+th) — fe()llIR] = o(l|A])
t€]0,1]

Exercices

Ex.1
Study the differentiability of

_ m2xy 7 if (2, ) # (0,0)
fla,y) = { E)ryif (x,y) = (0,0)

Replace the numerator by z2y, zy? et 23y, and carry out the same study.

Ex. 2

Let E = (C0,1],||ull = max(||u|co, || |ls0)), F = (C[0,1],||ullsc). Let J : E — F such that
J(u) = u/. Show that J € C*°, compute J'(u).
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Ex. 3

Let E = (C[0,1],].]|oc), J : E — E and J(u) = e*. Show that J € C'.

Ex. 4

Let E = (C[0,1],]|-/loc)s J : E = R, J(u) = 01 e®. Show that J € C! using two different ways
(without using the definition).

Ex. 5

We consider the following functional:

T(u) = elo w/(s)7ds

defined on C'([0,1]) and with values in R. Compute the differential of .J.

Ex. 6
Let E, F,G, H be normed vector spaces, U C Fopen,u:U - F,v:U -G, B: FxG— H
bilinear and continuous. Let us put:

w(x) = B(u(z),v(z)) ze€U
1. Show that if u and v are differentiable at xz € U, so is w . Compute w’'.

2. Applications
Consider F =G =H =R, if E =R, et B(z,y) = xy.
If F=R,G=H et B(z,y) =x.y
Finally, considering appropriate compositions, compute the differential of z(x) = % with
G =R and v(x) # 0 in U, F could be any Banach space, and H = F'.

Ex. 7
Let:
f:RF 5 RF
(1, ,x) = (v1202, T2T3, - -+, TRT1)
and:

g: RF 5 F = (C10,1], [|.[[o0)
x = (t = [|z]* cos(t))

Show that g o f is differentiable and compute its differential.
Ex. 8
Let E be a normed vector space and:

f:REXE—SE
((wla"' axk)au) — ||ZL‘||2U

Show that f is differentiable and compute this differential.

1.4 Local extrema on Convex Sets

Consider the normed vector space F, we have the following proposition:
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Proposition 5

Let X C F an open set, C C X a convex set and f: X — R. If f admits a minimum at x in C
and if f is differentiable at x then

fl@)(y—=)=0, VyeC

proof One has for 6 € [0,1], z + 6(y — z) € C, and thus:

fla+6ly—2) - f@)
- >

Making 6 tend to zero we get the desired result.

1.5 Example of the computation of a differential in infinite dimen-
sion

Proposition 6

Recalling that £ = C'([a, b], R) equipped with the norm |jul| = max(||ul| ,[|v].)- (E,].]]) is
a normed vector space. Considering u € E and F € C'([a,b] x R x R), we define for u € E

J(u) = /abF<ar,u(:c),u’(x)) dx.

Then J belongs to C! and we have:

VheE, J(u)h) = /: <ay(1:,u(x),u’(:p)> h(z) + g(:z, u(x),u'(a:)) h’@)) da

proof Let y,z,s,t€R, x € [a,b] and r € [0, 1].

L q
F(z,y+s,z+t)— F(x,y,z) = /W(F(x,y+rs,z+rt))dr
0

= /01 {c';g};(x?y_i_rs,z—i-rt)s—l—(?)f(m,y—i—rs,z—i-rt)t}dr
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Let ¢ > 0 and h € E. First, we can write
Ju+h)— Ju) = /ab [P (2. u(e) + h@).al(2) + K@)~ F(z,u(z). o (@)} do
_ /ab </01 {885 (2. u(z) + rh(z).u (2) + rh(2) ) h(z)
+ ‘Z—f <$ (@) + rh(z), o (z) + rh’(x)) h’(m)} dr) dx

_ /ab {g@,u(z),w(m))h(az) + 88};<a:,u(x),u'(x))h’(a;)} da:+/abA(x) dz
B

L(h)

We are going to show that L € L(E,R) = E’ and that
31> 0tq [[p| <n=|B] <elh].

L is clearly linear. Now let us show that it is continuous:

[L(h)| < sup {’g(x,u(x),u'(@)‘+‘g(m,u(:¢),u'($>)‘}\|h||(b—a).

z€a,b]

Furthermore,

Alz) = /01 {gj(x,u(x) +rh(z),u (x) + Th/(a?)) - gg};(aﬁ,u(x),u’(x)>} (z) dr

h
+ /01 {gf(gy,u(x) +rh(z),u (x) + rh’(:c)) — gf(x,u(x), u'(m)) } B (z) dr

As F is C1, there exists n > 0 such that ||h| <7 :

'aaj (x,u(x) + rh(z), v (z) + rh'(:c)) — 861; (x,u(ﬂf)yu,(x))‘ <e
oOF

'8F

. (m, u(x) + rh(z),u (x) + rh’(az)) ~ 5 (:U, u(z), u'(x)) ‘ <e

for all z € [a,b] since u is fixed so u([a,b]) and u'([a,b]) are compact. Thus |A(z)| < e( |h(z)] +

/ab A(z) dx

Application: Computation of a minimum

[P (z)]) < 2¢e|h]| and |B| = <2e|p]l (b - a)

Now, consider the previous problem with F' € C?([a,b] x R R), and assume we are looking for a
minimum of J in

X = {u € C?[a,b],u(a) = uq, u(b) = uy fixed} .

As X is a convex set , a minimum wug must satisfy:

J'(ug)h =0, VYheY
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with
Y = {h € C?a,b],h(a) =0, h(b) =0}.
up must satisfy J'(ug).h = 0 for all h in Y. Taking into account the hypothesis made on F, one
can write:
b
F F
Vhey, J(uy).h= /a (gy (aj,uo(z‘),ug(m)) h(z) + %(z,uo(m),ug(l‘)) h'(:v)) dx

By integrating by parts the second part of the integral, we get:

YheY, J (up)h = /ab [?;<m,uo(m),u6($)> _ % <%§(x,uo(x),ug(x))ﬂ ha)ds  (1.2)

Furthermore, we have the following lemma

Lemma 1

let f € C%([a,b]) such that f; f@®ht)dt = 0, Vh € C*([a,b]), satisfying h(a) = h(b) = 0, then
Vt € [a,b], f(t)=0.

proof Let us assume the contrary. If there exists a point tg €|a, b[ such that f(tg) > 0, then as f
is continuous, there exists a small interval [t1, t2] Cla, b[ containing ¢y such that f is strictly positive
on that interval. Let us then introduce the function:

h(t) = { (t—=t)’( =) t<t<t
0 sinon.

This function is in Y and one has:
b to
/ FOrWdt = [ Fonr@)dt> o0
a t1
hence the contradiction.

One can then write that u satisfies the Euler-Lagrange (or Euler) equation associated with the
problem, namely.:

g(auo(a?),%(x)) - % (%1: (m,uo(x),ug(x)>> =0, Vzela,b.

This is a nonlinear second order differential equation, since one can rewrite the above equation
under the following form:

Vz € [a, b

?)5 (a:,uo(x), u’o(a:)) - gjgz (m,uo(:c), ué(m)) T Oyoz (x’uo(w)7“6(x)>uf)(x) - ?;I; (m,uo(:c), uf)(x))ug’(:c) =0.

Application: The length of a curve y = y(t) (assumed to be C?([a,b])) joining the points (a,yq)
and (b, yp) is given by the integral:

b
J(y)=/ V1+y(t)2dt
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We try to find what the curves with minimal length in
X = {y € C*([a,b]), y(a) = ya, y(b) =ys} -

If y is a local minimum it must satisfy the Euler equation. Putting L(¢,y(¢),y/(t)) = /1 + ¥/(t)?,
which belongs to C?([a,] x R?), such an equation reads in that case:

oL d oL d (1)
7L / — —7L / = _— —_— =
gy MLV, (8) = o Lt y(®),y (1) =0 < 5 ( 0 0
since %L(t,y(t),y’(t)) = 0. So, one has:
/ 2
_v® :C’@yQ:CQ(l—l—y'Q)@y’Q:71?02@y':D

L+y'(t)?
Thus, y = At + b (which are straight lines!!) and the unique potential candidate is

Yo — Ya, , bYa — ayp
= t .
b—a + b—a

1.6 Mean value theorem

Theorem 3  (mean value theorem)

Let F' be a normed vector space. Let f : [a,b] — F and ¢ : [a,b] — R two continuous
applications on [a, b] and differentiable on ]a, b[. If

Vi elabl, | £(0)] <)

then
1£(6) = f(a)]| < g(b) — g(a).

proof Let ¢ > (0. We are going to show that
Viteab], If(t) = fla)l <g(t) —gla) +e(t —a) +e (1.3)

Using the continuity of f and g, (1.3) is true for ¢t € [a,a + n] with n > 0 small.

A={n€l0,b—al ; (1.3)is true for t € [a,a +n]}. A is non empty and bounded above, one can
thus define § = sup A and then set § = 6 + a. Using a continuity argument, (1.3) is true for ¢t = 6.
Let us suppose that 6 < b, 3§ > 0 such that for all t € [0,6 + §] and as f is differentiable in 6:

() = f(0) = f/(0)(t = 0)]| < 5(t - 0).

| ™

Similarly, as g is differentiable at 6,

|9(t) —9(0) —g'O)(t = )] < 5(t —0)

| M
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Using triangular inequality, we get :
1F(E) = f@O < IF O —0)+ 5(—0) < g(0)(t—0)+5(—0) <g(t) —g(6) +e(t—0)
Fort € [0,0 + 9] :

1£(8) = fla)l 1) = FOD)] + [1£(6") — fla)l

< I
< g(t)—g(0) +et—0)+g(0) —g(a) + (@ —a)+¢
= g(t)—gla)+e(t—a)+e

So (1.3) is true on [6, 6 + 6], which consists of a contradiction. So # = b and for all € > 0, one has:
1£(b) = f(a)| < g(b) —g(a) +e(b—a) +e

which entails ||f(b) — f(a)|| < g(b) — g(a).

Proposition 7

Let F and F' be two normed vector spaces. Let U be an open set in F, f : U — F' differentiable
onU.

We assume that there exists a constant k > 0 such that Vz € U, || f'(z)] < k.

If [z, y] is a segment included in U, one has :

1 (y) = F@)l <k lly — =]

In particular, f is Lipschitz on a ball included in U and on a convex set included in U .

proof . .
Let us define f : t € [0,1] — f(x + t(y — z)) and then apply the mean value theorem to f :

f't)=fz+ty—2)(y — ).
So,

|7

Taking g(t) = k[ly — z[| ¢, we get

| =117+t — 2Dy - )| < 1@+t =)y = 2l <k lly — ol = ¢ (0).
|70 = 7O = 15 = £@)l < 90) = 9(0) = K lly = =]

Corollary 2

Let f:U — F a C! function. Then f is locally Lipschitz.

proof Let zo € U, f’ is continuous on a neighborhood V of xy and is bounded on V.
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1.7 Higher order differentials

Let f be a function defined on an open set €2 of a normed vector space E taking its values in a
normed vector space F. We assume that f is differentiable on {2 and thus

f:Q— L(E,F).

If this function is also differentiable on €2, f is said to be two times differentiable on €2, and the
second order differential is a function

f":Q— L(E,L(E,F)).

The space L(E, L(E, F)) can be identified to Lo(F, F), the space of continuous bilinear applications
from F onto F (in fact the spaces are isomorphic), so the second order differential in a € Q, f”(a)
belongs to Lo(E, F), and one often denotes it by D?f(a).

To understand well the notations, let us come back to the computation of the second order derivative.
One can write

f'la+h) = f'(a) + f"(a)h + o(||R]]),

by definition. So f”(a)h € L(E, F). This linear application evaluated at k € E should be written
as (f"(a)h)(k), which we rewrite as f”(a)(h, k). If f is two time differentiable at a then f”(a) is
symmetric (Schwarz symmetry theorem). In practice, to compute f”(a)(h, k) one differentiates the
application x — f’(x)h for h in E, at x = a.

In the particular case where f is a function from R™ to R, f”(a) written in the canonical basis
of R is a matrix called Hessian matrix of f at a and denoted by H f(a). The coefficients of

the matrix H f(a) are the second order partial derivatives 852; (a), 1 < i,j5 < n, and one has

9% f _ 9f
8Ii8$j (a) - 8$]31’1 (CL)

Going further, if f is r times differentiable at a, the differential of order r at a is an r-linear
application on E with values in F', which we denote by D" f(a), for all h in E we will denote

D f(a)(h, -~ ,h) = D" f(a)h'.

1.7.1 Taylor-Young formula

One can generalize Taylor-Young formula for functions from E to F', assumed to be vector spaces.
To start with we will need the following lemma:

Lemma 2

Let F and F be normed vector spaces, ¢ : E¥ — F continuous k-linear and symmetric and
® : E — F defined by ®(x) = ¢(2*). Then & is differentiable and

D®(z)h = k¢ (z*1, h)

for z and h in E

proof We have

d(zF) + kp(2*1 h) + terms of the form ¢(xP, h?)
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with p + ¢ = k and ¢ > 2. The mapping h — k¢(x*~1, h) is linear and continuous. Also,
(=, )| <[]l ]["[| 2]}

and the result follows.

Theorem 4  (Taylor-Young)

Let U C F, an open set and f an application from U to F. If f is r times differentiable at a € U,
then it admits a Taylor-Young expansion of order k at point a, meaning there exists a function

e: E— F,with lim e(h) =0, such that:
[[6]—0

k
Flath) = fla) + 3" D" @) () + ol

r=1

proof We will prove this result by induction on k. First, by the definition of the differential, it is
true for £k = 1. We now suppose that it is true up to order £ — 1 and consider the case k. We set:

#(x) = f(a-+2) ~ f(@) = Df(a)z — SDF(@)(a?) — - — 2 D fla) ah).
Using Lemma 2, we obtain:
Dé(z)h = Df(a+2)h — Df(a)h — D*f(a)(z,h) — -+ — T _1 1)!Dkf(a)(xk_1, h).

By hypothesis, for the mapping Df : U — L(E, F), we can write:

Df(atz) = Df(a)+D(Df)(a)ﬂf+%DQ(Df)(a)(:cz)wL' Ry _1 1)!Dk’1(Df)(a)(xk’l)+0(||33Hk*1),
therefore
Df(a+a)h = DJ @+ Df(a) . 1)+ 5D (@), h) -+ g5y D (@)@ -+l

Hence D¢ (x)h = o(||z||*~1)h and so Do(z) = o(||z||*~1). Let us fix € > 0. From what we have just
seen, there exists § > 0 such that Do (z)| (g ) < ellz|*~" if ||z < 6. From this we deduce that:

lo(2)]l = llé(x) — H(0)] < ellz|*

or
G|
[f(a+h)— Z; )(h")|| < el|h)*
It follows that

fla+h)= +Z D’" )(A") + o([IR*)

Hence the result is true for k. This ends the proof.
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1.7.2 Taylor-Lagrange formula

Before we introduce Taylor-Lagrange formula, we need the following lemma

Lemma 3

Let E and F be normed vector spaces, U an open subset of E and f : U — F a (k+1)-differentiable
mapping. Suppose that a € U and x € E are such that the segment [a, a+x] € U. Then the mapping

¢ [0,1] = F,

t— fla+tx)+ f “;Pbrﬂwm)(y)
r=1

is continuous on [0, 1] and differentiable on ]0, 1[ with

o0 = LDty ta) )

proof There is no difficulty in seeing that ¢ is continuous on [0,1]. For r =1,--- , k, we set

¢r(x) = D" f(z) ("),
which is differentiable and

dD" f(a + t)(x")
dt

— S0r(a +ta) = Dorla+tz)e = D f(a+ ta)(a™H).

Finally since

d(1—t)

O prpat i) = S0 ot i) @r) -

(1—t)t

D" f(a+ tx)(z").
Hence the result.

Theorem 5  (Taylor-Lagrange)

Let E and F' be normed vector spaces. U an open subset of E and f : U — F a (k + 1)-
differentiable mapping. Suppose that a € U and that € FE is such that the segment [a,a + z]
is contained in U. Then

k

fla+a) = f(a)+ > D" f(a)(") + R, )

r=1

where

1
sup [|D*f(a+A2)lley,, o,m) 2l

Ra,z)|| <
IR (a,z)|| CESITE
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proof If sup ||D*F!f(a+ ATz, (B,F) = 00, we have nothing to prove, so let us assume that
0<A<1

this is not the case. Let ¢ be defined as in the preceding lemma. Then

1—t)* 1—t)k
Hd)l(t)H = ( k! ) ili& HDk+1f(a+ Ax)||5k+1(E1F)||x”k+l - (/{:!)C
If we set ( i1
1—t
)= -
V(o) (k+1)!
then ( v
roy o (1=t
V) = 0,
and thus using the mean value theorem we may write
C
1) — <y(1) — =
I6(1) = 6(0)] < ¥(1) = ¥(0) = -,

Observing that
k
H(1) ~ 6(0) = flat o) ~ f(@) = 3 D" a)a"),
r=1

we obtain the result.

When F' = R, we have a simpler form for the remainder.

Theorem 6  (Taylor-Lagrange 2)

Let E be a normed vector space, U an open subset of E and f: U — R a (k 4 1)-differentiable
function. Suppose that a € U and that = € E is such that the segment [a, a + x] is contained in
U. Then there is a real number 0 €]0, 1] such that

1
(k+1)!

k
flata) = fla) + 3 2D fla)(a) + DH1(a + ) ()
r=1""

proof If we set g(t) = f(a + tz), then g has continuous derivatives up to order k on [0,1] and a
(k + 1)th derivative on |0, 1[. It is easy to prove by induction that

g"(t) = D" f(a+ tx)(z")

From Taylor’s formula for a function defined on a compact interval of R, we know that there is a
real number 6 €]0, 1] such that

910) = 900) + 3 71070 + (a0
or .
fla2) = f@)+ 3 D" f(@)a) + Gy Do+ b))
r=1

This ends the proof.



22 CHAPTER 1. DIFFERENTIABILITY ON NORMED VECTOR SPACES

1.7.3 Taylor formula with integral remainder

Taylor formula with integral remainder gives an explicit formula for the remainder.

Theorem 7

Let E and F' be normed vector spaces with F' complete. U an open subset of £ and f: U — F
of class C¥*!. If a € U and x € F is such that the segment [a,a + 7] is contained in U then

k 1 ok
f(a+x) = f(a) +Z%DTJC(CL)($T) +/0 ukﬂle)Dk+1f(a+t$)($k+l>dt
r=1"" :

proof Let ¢ be the mapping defined as in Lemma 3. As f is of class C**1, ¢ is of class C! on an
open interval containing [0, 1]. Using the fundamental theorem of calculus, we have

1
6(1) = B(0) + /O & (1)t

or

k L
fla+z)=fla)+ %fo(a)(;pr) +/0 (1]{;‘t)Dk+1f(a b))t
r=1 " .

which is the result we are looking for.



Chapter 2

Image restoration

Image restoration is the process that corrects degraded images and reconstructs a good quality image
from the latter. In this chapter, we are interested in the restoration of blurred images. Before we
start with the description of the different techniques, we need to introduce some background on
some quantities very often used in image processing.

2.1 Autocorrelation function and power spectral density

Definition 1 One can associate to a stochastic process f(t) its statistical autocorrelation defined
by:
Ry(t,7) =E[f(t)f*(t —7)].

For a deterministic signal, the autocorrelation is defined as:
Ry(r)= | FOF (-7t
A white noise is the simplest example of second order wide-sense stationary process, which corre-

sponds to the following definition:

Definition 2 A stochastic process is wide-sense stationary if it satisfies the following two proper-
ties:

1. Its expectation is independent of t.
2. The autocorrelation function depends only on T but not on t.
In the case of a wide-sense stationary process, one can thus write:
Ry(r) = E[f () f*(t — 7)),

and for a white noise b, one has
Ry(1) = NZdo.

where Ng is the power spectral density of the noise and dg the Dirac distribution in 0.

Definition 3 We have the following definitions:

23
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e For a deterministic signal, one defines the energy spectral density Iy as the Fourier transform
of the auto-correlation function, one can show that (&) = |f(&)[*.

e For a stochastic signal, one defines the power spectral density I'y of the process f as the
Fourier transform of the autocorrelation function.

proof The above proposition is called the Wiener-Kintchine theorem. In the deterministic case,
the proof is as follows:

O = [, [ r0re-ne e aar
_ / < f(t + 7_)6—2i7r<§,(t+7')>d7_> f*(t)eQiTr(f,t) dt
R2 R2

-/ ( f<>2”€v>dv) PO ar=fe) [ e = o),
R2 R2 R2

Remark 1 In the case of a white noise, the autocorrelation function is a Dirac distribution so one
has I'y = Ng.

Similarly, we define I'f, the Fourier transform of the cross-correlation function defined in the

deterministic case as:
6?7 /f f tAfT)

Crg(t,7) =E[f(t)g"(t — 7)].
Note that we say that f and g are jointly wide-sense stationary (WSS) processes when Cy 4(t,7) =
Cf:g(T) N

Let us now consider that f is a bidimensional discrete stochastic process, then, as in the continuous
case, we have the following definitions:

and, in the stochastic case, as

Definition 4 The autocorrelation function of a discrete stochastic process f, is defined as:

Ry(n, k) = E[frfr_n]-

For a deterministic signal, the autocorrelation corresponds to:

) =" fofion

keZ?

Definition 5 Let (f,) be a discrete signal in 11(Z?), one calls discrete-space Fourier transform
(DSFT) the function:

= % fuetnnd), (2.1)

nez?

Remark 2 This corresponds to the Fourier transform in the sense of distributions of the bidimen-
sional Dirac comb.
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Remark 3 fy is a continuous function and belongs to L2([0,1]2) since from Fourier series theory
one has:

= R 2i7r<n,§)d
o= || e Oas

As in the continuous space framework:
Definition 6 one can then define:

e For a deterministic signal, the energy spectral density I'y is the DSF'T of the autocorrelation
function and one has: T1(§) = | fa(&)|?

e For a stochastic process, the power spectral density is the DSFT of the autocorrelation function.

proof Assuming f in [1(Z?), we have

L) = Y. fofyne @™m0 = 3" 3" foinfre 2t

n€Z? peZ? n€Z? peZ?

= DS fpene ) TRE — | fy()?

pEZ? nez?

Definition 7 A discrete stochastic process f is said to be wide-sense stationary if it satisfies the
following two properties:

E[fn] is independent of n.

2. The autocorrelation function Rg(n,k) = R¢(k).

Remark 4 In the case of a white noise, one has Ry(k) = Nozéo,k where 0; j 1s the kronecker symbol.
In that case, we get Ty(&) = NZ.

2.2 Image restoration using Wiener Filtering

One assumes an infinite image is damaged in the following way:
U=uxh-4+Db,

where the image u is assumed to be a bidimensionnal wide-sense stationary process and h belongs
to L*(R?) (N L?(R?), and b is a null average white noise, with power spectral density N3. Note that
in that framework 4 is also WSS.

Coming back to the problem of recovering u from @, Wiener deconvolution consists in filtering @ to
obtain u, = w x @ (which is also WSS), where w is supposed to belong to L*(R?) N L*(R?). The
main idea is to find w that minimizes:

E [(u(ac) — ur(x))Q] = E [e(m)Q] =F [(u(x) —wx* (u*xh+ b)(m))Q]

= E[( h)(z)? — 2(u(z) — w * wx h(z))(w * b)(z) + (w * b)(aj)Q]
= E[( h)(:v)ﬂ +E [(w* b)(m)2] .

U—W*xU*

U — W *Uu*
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The last equality being obtained remarking b is with null average, and also because the noise is
independent from the signal. Our goal is first to find a simpler expression for the above expectation,
before finding the optimal w.

For that purpose let us first recall that for a real wide-sense stationary process f (assuming
E[f(z)f(x — 7)] has a sufficiently fast decay, typically is in L'(R?) N L?(R?)):

Ly(§) = /11@2 E[f(z)f(x —7)] o= 2im(TE) g

Then, taking the inverse transform:

Ef@)f@—m) = [ Tree o

From this we may deduce that
B (@) = wr(2)?] = [ Tucssonl) + Tl
Now we remark that
El(w )@ w e~ 1] =B | [ oo - s [ a7 - rar
:/W/Ww(q) (ME[b(z — q)b(z — 7 — 7)] drdq—/ / ) Ro(z — ¢, 7 — (q — ))drdg

/Rz /]R2 ) Ry(r — (¢ —7))drdg = /]R2 </R2 w(q)w(q p)dq> Ry(r — p)dp

-/, Ru(p)Ry(T — p)dp = Ry, % Ry(7).

From this we deduce that:
Funl®) = [ | Rt Rofr)e=00dr = Tul©T(e) = [a(§) M.

Furthermore we may also write:
Fufw*u*h(g) = Fu(f) - Fu,w*u*h(f) - Fw*u*h,u(ﬁ) + Fw*u*h(g)
Since one has:
Bfu(e)(wsus k)= = [ o) [ W)@t~ — o= p)dpdy

= [ 0@ [ 0o+ pyipda = [ 0@ [ Fe)RA 0 panid
R2 R2 R2 R2
= w* h* Ry(7),
with w(z) = w(—x) (and similarly for k). One can then deduce that:
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Similarly we may write:

meaning that

This leads us to:

Pucwusn(€) = Tu(€) = 2R@(EAE)TU(E) + [@(€) P 2(€)*Tu(€)
= 1= @(©hOPTu(E)

and thus
E [(u(z) —ur(2))?] = / Lu—wswsh (§) 4 Tuwsb (§)dE = / Tu (€)1 = B(€)AE) + [ (€)]* Ny de
R2 R2
Differentiating with respect to w we get:

Do [(ua) = u, ()] 0 = = [ Tu(©2 ((1 = (DA (0)) + 2R(6(E)o(e)") NG

which is null if, for all &:

Finally we remark that:

so that we finally get:
1 Ta(é) - Ng

h(e)  Ta(é)
In the absence of noise, one obtains the so-called inverse filter. Finally, one must pay great attention
to singular values of the inverse filter and proceed as previously to deal with that matter.

w(E) =

2.3 Wiener filtering: discrete space setting
We, this time, study the discrete formalism to Wiener filtering, that is we consider:
t=uxh+b

where u * h, = > hy,_uk, where h is supposed to belong to I'(Z?) (so also to I2(Z?)), and b is a
kez?
white noise, with spectral density N3 and u is also supposed to be a wide sense stationary process

(whose definition is just below).
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Similarly to what was done in the continuous case, we seek a discrete filter (w,,) such that v, = w*u
is the closest of u as possible in the following sense:

e =E [(un — (ur)n)?] -

Note that if ((Ry)) is in I'(Z?), T'¢(€) is continuous and using the theory of Fourier series we have
that:

(Rf)k = / Ty(&)e*m e ag
(0,1]2

meaning that:
— 2 —
B[~ ] = [ T (€
= / Fu—w*u*h(ﬁ) + Fw*b(é)
0,1]2
= [ ORI + O N e

Differentiating with respect to 1y (in the space L2([0,1]?)), we get as previously:
1 Ta(é) - Ng
ha(§)  Ta(f)

2.4 Wiener filter finite setting

The previous analysis assumes images are of infinite size which is definitely unrealistic. In image
processing, one very often makes the assumption that the image is periodic in each of its directions.
This enables us to replace the restoration problem on Z? by the same type of analysis but on a
finite domain. The key ingredient for this transition is the circular convolution.

Definition 8 The circular convolution between sequences h et u both with size (N, N) is defined
by:

(h@u)n = Z Ukl mod (N, N)—k = Z U(n mod (N,N)—k) Pk (2.2)
0<k1,ka<N-1 0<k1,ka<N-1

Remark 5 This sequence is itself periodic with period (N, N).

Proposition 1

Let u a periodic signal with period (N, N), define An,, = > hp—gn, then one has the following
kez?

(h*xu)p = (hn@U)y.

property:

To summarize, one seeks to recover the image u, assumed to be periodic and wide sense stationary,
from % which has the following expression:

i=u®hy +b (2.3)
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and we look for a periodic filter w (period N in each direction) , and define u, = w4 so as to
minimize, the expectation:

Eq = E [(un — (ur)n)Q] .

Image restoration in that context uses the discrete Fourier transform (DFT):

Definition 9 The discrete Fourier transform of a bidimensional sequence f, of size (N1, Na) is
defined by:

N _Ziﬂnlkl _Qi‘rrnzkz

fk = Z fnl,nge Moe N2 (24)
0 § ny S N1 -1
0 § n9g S NQ -1

and its inverse discrete Fourier transform is equal to:

2imniky  2imngkg

1 A 2imngky
Jn= N1 Ny Z fee M1oe (2:5)
0<k <N -1

0<ky<Ny—1

Proposition 2

The DFT satisfies the following property:

(f@®h)n 5’ FLH.

We have the following definitions:

Definition 10 The autocorrelation function of a discrete stochastic periodic process fy is defined
as:

and has the same period as f. For a deterministic signal with period (N, N), the autocorrelation
corresponds to:

Re(n) =Y fufin

keS
with S = {(1{71,/{2),0 S ]{?1,/{2 § N — 1}.
Definition 11 In such a case, we have that:

e For a deterministic signal, the energy spectral density I'y is the DF'T of the autocorrelation
function and we have (T'f), = |Fg|*.

e For a stochastic signal, the power spectral density I'y is the DFT of the autocorrelation func-
tion.
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So we have as in the previous two settings:

E [(un — (ur)n)?] = % Z(Fu—ur)k

kesS

1
kesS
1
= 32 D (Cu)r = 2R(Wi Hy ) (To)k + (Wi *[Hy > (Tu)k + [Wi|*Ng
kesS

So if we compute the differential with respect to W we get:

1 (Ta)p — NG

W= —
"TH, (Tan

In this context, one can write the Wiener filters using the FFT. Typically, the Matlab implementa-
tion is then as follows, assuming the support of h is {—m,--- ,;m} and getting rid of singular values
in the filtre H using a parameter n.

We give a simple illustration

load gatlin2;

% the image is loaded in the variable X
% other images clown; mandrill;
% visualization

imagesc(X);
colormap(gray) ;
[M,N] = size(X);

%white noise generation

sigma = 0.1;
J = sigma*randn(M,N);

% filter design
h = ones(5,5)/25;
Y%transformation to frequency domain

Freq_X = £ft2(X);

Freq_h = fft2(h,M,N);

B = real(ifft2(Freq_X.*Freq_h)) + J;
figure

imagesc(B) ;

colormap(gray) ;

%Wiener filtering
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Freq_ B = fft2(B);
pow_B = abs(Freq_B) . 2/ (MxN) ;

Y%generation of the inverse filter

gamma = 50;
sFreq_h = Freq_h.* (abs(Freq_h) > 0)+ 1/gamma * (abs(Freq_h) == 0);
iFreq_h = 1./sFreq_h;
iFreq_h = iFreq_h.*(abs(sFreq_h)*gamma >1)...
+gammaxabs (sFreq_h) . *iFreq_h.* (abs(sFreq_h)*gamma <= 1);

%construction of Wiener filter

W = iFreq_h.*(pow_B-sigma~2)./pow_B;
Xr = ifft2(Freq_B.*W);

figure

imagesc(Xr);

colormap(gray) ;

2.5 Relation between Wiener filter and orthogonality
Coming back to the initial formulation

c = E[(un — (w)o)?] =E [<un—2wkﬂn—k>2]

kesS

Finding the best filter corresponds to finding wy, such that:

8€d

peS
= 2E[enity_t) =0

So Wiener filtering corresponds to the orthogonality of the error with the data.

2.6 Image Denoising with PDEs: isotropic operators

In the following we assume that @ = v + b, where b is a white Gaussian noise.

2.6.1 On the relation between the heat equation and the Gaussian kernel

For any function, u(t,.) in L'(R?), its Fourier transform is defined by:

F(t,§) = /R ult, z)e” 2mETD) g (2.6)

Then, let us consider the heat equation:

ou(t,x
{ dulta) Au(t,z) on R? (2.7)

ot
u(0,z) = a(x),
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where @ € L'(R?). Now assume Ou (gt 2) |

g(z) € L'(R?) for all ¢, then we can write that:

aF(tv 6) _ / au(t’ :E) 672i7r<£,m>dl,‘
R2

)| <

ot ot

Then if u( ) belongs to C?(R?) () L' (R?) and is such that 8“1 and %‘2 are in L'(R?) as well as

82 nd >, one can finally write that:

u 0*u\ _oirica
/]R2 <82x1 * (92,1'2) emtrtldy = _471-2(5% —|—§§)F(£,t)

Indeed, one has:

2 2
o e 2™ dpydry = / Qu e~ g0 ) e 2mET2 gy
R2 82371 R R 82$1

and then integrating by parts twice, one obtains the expected result.
Finally, the Fourier transform of the heat equation reads:

0F(t,&
WO~ g e, (2.8
so that we can finally write F ( L) = C(&)e 4™ (E+E)t . Denoting @ the Fourier transform of ,
we get that: F(&,t) = (g) TG+ Us sing classical results on Fourier transforms of Gaussian
functions, we deduce:
—~ 1 /?+GC2
F(t.€) = a(§) e 7 (§).

Considering the inverse Fourier transform of the above expression, we end up writing:
u(t,x) = ux Gi(x)

2 2
1 _ac1+ac2
where G¢(z) = ;e #
In the following section, we are going to show that to smooth an image using a radial based kernel
is asymptotically equivalent to using a Gaussian kernel. We first consider the averaging operator,
and then will switch on to a more general case.
Matlab implementation of the heat equation:

We discretize the derivative in time as follows:

ou unJ,rl —ul.
5 —(ndt,i,j) =~ B A

and the discretization of the Laplacian is given by:
n _.n n n n n
Augly = uiyyj+ugjp Huilgj+ug — 4wl

Assuming Neumann conditions at the boundaries one can write the following Matlab program:
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close all;

load gatlin2;

imagesc(X);

colormap(gray) ;

N = size(X);

Xextend = zeros(N(1)+2,N(2)+2);

% We extend the signal using miror extension

Xextend (2:N(1)+1,2:N(2)+1) = X;
Xextend(2:N(1)+1,1) = X(1:N,1);

Xextend (2:N(1)+1,N(2)+2) = X(1:N(1),N(2));
Xextend(1,2:N(2)+1) = X(1,1:N(2));

Xextend (N(1)+2,2:N(2)+1) = X(N(1),1:N(2));
Xextend (1,1) = X(1,1);

Xextend (N(1)+2,1) = X(N(1),1);

Xextend (1,N(2)+2) = X(1,N(2));

Xextend (N(1)+2,N(2)+2) = X(1,1);

% we compute the iteration associated with the heat equation a certain number of times

delta_t = 0.1;
B = [0 delta_t 0; delta_t 1-4*delta_t delta_t; O delta_t 0];
n_iter = 5;
for k 1:n_iter
C = conv2(Xextend,B, ’same’);
X0 = C(2:N(1)+1,2:N(2)+1);

Xextend (2:N(1)+1,2:N(2)+1) = XO0;
Xextend(2:N(1)+1,1) = X0(1:N(1),1);
Xextend (2:N(1)+1,N(2)+2) = X0(1:N(1),N(2));
Xextend(1,2:N(2)+1) = X0(1,1:N(2));
Xextend(N(1)+2,2:N(2)+1) = XO0(N(1),1:N(2));
Xextend(1,1) = X0(1,1);
Xextend (N(1)+2,1) = X0N(D),1);
Xextend (1,N(2)+2) = X0(1,N(2));
Xextend (N(1)+2,N(2)+2) = X0(1,1);

end

figure

imagesc(X0);

colormap(gray) ;

2.6.2 Property of the averaging operator

One defines the averaging operator on the disk centered at x and with radius h by:
; u/
= uo(y)dy.
T2 Jp(an)

We are now going to show that the averaging operator satisfies the following property:

mpuo ()

thO(x})L2_ uo(z) _ éAUO(l’) +¢€(h).

33
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Looking at the above equation, we clearly see that it behaves like the heat equation. Indeed
atua(f’t) “(HAXZ_“M, which is similar to 72%0@)=U0@) ¢, nsidering the discretization parameter h2.
Proor: Without any loss of generality, let us consider that £ = 0. A second order Taylor-Young

expansion at 0 reads:

~

uo(y) = uo(0) + Duo(0).y + %((UO)M(O)y% + (10)yy (03 + 2(u0) 2y (0)y132) + o[y [1*)-

The average of ug computed on the disk reads:

(o) 0) = wo(0) + 55 ((u0)a(0) [

yidyidys + (ug)yy(0) / y3dy1dys) + o(h?).
D(0,h)

D(0,h)

Then, we obtain the final result remarking that:

1/ 2dd—l/ (2+2)dd—1/h2 3d—h—2l
o h2 D(Ovh)xl T .7}2—47Th2 DR 1 Ty )axy $2_47Th2 ) Troar = g

We are now going to generalize this property to more general kernels,

2.6.3 Convolution with radial based kernels

We define radial based kernels as g(x) = g(||z||). In what follows, we assume that these kernels are

normalized as:
/ g(z)dr =1 / z3g(x)dr = / z3g(x)dr = 2.
R2 R2 R2

We would like to determine how these properties can still be satisfied when g undergoes a scale

change, that is we consider ag(%) and seek the relations between a and b. For the first equality to

be satisfied, one needs to have ab® = 1 that is to say b = —=. With such a b, the other equalities

Ta
are satisfied (use a change of variables). Then, it is easy to remark that:

/]R2 r1g(7)dr = /11@2 rag(z)dr = /R2 x122g(x)dx =0 (2.9)

Indeed, since function g is radial based, one has:

[ = w2Pg@rts = [ +anigla)aa,

which enables us to deduce the last equality of (2.9). As far as the first two equalities are concerned,
it suffices to remark that:

fRz zrig(x)dx = 0+OO T ffooo g(x)drodry + f_ooo T ffooo g(;p)dm2dm1
= [ [%, g(x)dzadzy — [} 21 [°, g(x)dzadzy = 0.

We now consider a rescaled version of g as follows: gn(z) = +9(-%), and then denote by g™ =
2

g * g * ---* g the function obtained by convolving g with itself n times. Similarly, one defines g;'*,
of which we study the behaviour when n — 400 and A — 0. To do so, we first study the properties
of the convolution by g, for which we have the following theorem:



2.7. IMAGE RESTORATION USING PDES: NONLINEAR DIFFUSION EQUATIONS 35

Théoréeme 1 Let g(z) € L'(R?) a radial based function, normalized as explained above, if one
further assumes that:

[ la@ ez = < +oc,
R2
then for any function u € L°®°(K)( C3(K), K being a compact set of R%, one has:
(g0 * w)(@) = u(e) = hAu(z) + O(h?)
PROOF: One can write using the fact that u is C3:
(on s 0)(@) = @) = [ o)l — y) — ula))dy
— [ 9@ ula = hh2) — ulw))ds
R2
1 h o 1,3 3 1
= / 9(z)(—h2Du(z).z + §D u(z)(z, 2))dz — éhz / g(z)D’u(x — h202)(z, z, z)dz,
R2 R2

where 6 = 6(z, z, h) belongs to [0, 1]. This last expression being obtained by using Taylor-Lagrange
formula on the interval [z — h%z, x]. Using the information on the moments of the function g given
by equation (2.9) and its definition, we are able to write:

((gn * u)(&) — u(z) — hAu(x)| < Ch? max|| Du(a)].

2.7 Image restoration using PDEs: nonlinear diffusion equations

At each point (z,y) where Vu(z,y) # 0, we consider the local coordinates

Vu Vut
= and £ = ———.
[Vl [Vut]]

Ui

Let us denote ® the angle made by the gradient and the axis Ox. With this notation we have:

~( cos(®) .
n= < sin(®) > Then we write

%17; = Vu.np = %% cos(®) + %Z sin(®).

Differentiating a second time we get:

2 2 . 2, .
Uy = 27% cos?(®) + 883@53/ cos(®P) sin(P) + gTZ sin?(®) = n! D?un = D?u( ngll’ ngH ).

. 2, (Vut Vuly _
Similarly, one has D u(Hv“u”, ||VuuH) = Uge.

2.7.1 Perona-Malik diffusion equation

One of the most annoying problem when using the heat equation for image restoration is that the
smoothing process damages the edges. An approach proposed by Perona and Malik [10] aims at
smoothing homogeneous regions while preserving the edges. It is essentially based on the use of the
following equation:

ou .
O _ div(g(|Vul) V),
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where g(s) = m One easily shows that if |[Vu| < 1,

in the opposite case. To prove this, we rewrite the Perona-Malik equation in terms of the local
coordinates (1n,£). We thus have:

diffusion occurs while anti-diffusion

div(g(|[Vul)Vu) = F(a(IVullyuz) + F; (9([Vullyuy)
= Dy([Vul)Vu+g(|[Vul)) Au

= g (IVullun|[Vull + g([|Val) (upy + uee)
e (1A(|Vul?)yuny
TFNVal? T IVl

The first term appears to be a diffusion term in the direction orthogonal to the gradient while
the second one is a smoothing term in the direction of the gradient. Applying this nonlinear
diffusion equation, homogeneous regions should be smoothed while sharp edges should be preserved.
However, since the diffusion operator depends on the gradient of u, the latter does not perform well
in a noisy context. To improve the performance of the proposed operator in a noisy context, Catté,
Lions and Morel have introduced the following model:

ou ,
pril div(g(||V(u * Gy)||)Vu), (2.10)
where G, is a Gaussian kernel. By making the diffusion depend on the gradient of the regularized
image, the diffusion is still important on noisy homogeneous regions.

A example of Matlab implementation of Perona-Malick model is as follows

% Convert input image to double.

close all
load gatlin2;

% the image is loaded in the variable X % visualization %white noise generation

sigma = 1;
colormap(gray) ;

[M,N] = size(X);

J = sigma*randn(M,N);
im = X + J;
imagesc(im) ;

pause

im = double(im);

% PDE (partial differential equation) initial condition.
diff_im = im;
% Center pixel distances

dx = 1;
dy = 1;

% 2D convolution masks - finite differences.

hN
hE

[010; 000; 0-10]/(2%dx);
[0 -1 0; 000; 01 0]/(2xdy);
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num_iter = 10;
kappa = 2;
for t = 1l:num_iter
nablaN = conv2(diff_im,hN,’same’);
nablaE = conv2(diff_im,hE, ’same’);
% Diffusion function.
norm_nabla = sqrt(nablaN. 2+nablaE."2);
Ymean (mean (norm_nabla))
c = 1./(1 + (norm_nabla/kappa)."2);
A =conv2(c.*nablalN,hN,’same’)+conv2(c.*nablaE,hE, ’same’) ;
% Discrete PDE solution.
diff_im = diff_im + delta_t*A;
% Iteration warning.
fprintf (’\rIteration %d\n’,t);

end

figure
imagesc(diff_im);
colormap (gray)

2.7.2 Approaches using mean curvature motion

The main motivation to design filters based on the mean curvature motion (MCM) is that they
correspond to a nonlinear diffusion operator that is able to smooth the image in the direction of
an edge but not in the direction orthogonal to it. Let us first recall that the heat equation can be
written in the local coordinates as:

ou
o = Uge + Unpy-
If we only keep the diffusion in the direction orthogonal to the gradient, we get:
ou D*u(Vu, Vu) Vu
— = ug =Au— ——— = [|[Vul|div(-=—). (2.11)
ot N [Vull? [Vull
This last equality is obtained by means of the following computation:
Vu Ug 0, u 1 D?u(Vu, Vu)
IValdioGgn) = 190l (5 () + o)) = A= V(g Vu = Au - 2587,
[Vull [Vul ™ Oy [[Vul [Vull IVl

We are now going to establish a relation between equation (2.11) and level set motion. Let us
consider that u(z,y,t) is the solution to (2.11) at time ¢, and then let us define the level set with
level r at time ¢ as:

Frp o= (@), ux,y,t) = r}.
This curve can be parametrized by:
F.. = {M(s,t), u(M(s,t),t) = r}. (2.12)
Differentiating (2.12) once with respect to s (we omit ¢ for ease of notation), one gets:

OM (s)
< 0s

Vu(M(s)) = 0. (2.13)
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Differentiating (2.12) twice with respect to s, one gets:

2 S S T S
T2 gua) + P2 pruar() 5~ o (2.14)
We then remark that:
2
8321\54 = K, (2.15)

(EUE) u((s))

[Vl

, and finally since Oﬂgis) _ Vut

where K is the curvature. We can thus write K = —
we get from (2.14).

Val Vub o OM(s) 9M(s), o Y
ol o) = 2 MO, =57 = IVuldio

e = D Vul

) = K[[Vul,

hence the result. Based on this equation, a new model was proposed by Alvarez, Lions and Morel

[1]:

{ B = gV Go)DIIVauldiv (78). (2.16)
u(x7y>0) = uo(x,y).

This model is based on a diffusion in the direction of the level sets except where the regularized
gradient has a strong amplitude.

2.8 Image restoration as minimization process

2.8.1 Tychonov Minimization

The above mentioned nonlinear diffusion equations have uninteresting steady states, which means
that if these equations are used for image restoration, they need to be stoped at a certain time,
imposed by the user. Alternatively, image restoration can be viewed as an optimization problem.
If ug is the original image, we would like the restored image 4 to be close to ug supposed to belong
to L?(2), and also such that the gradient of 4 is as small as possible on average. With this in mind,
one can seek u can be viewed as the solution of the following optimization problem:

u = argmin{)\/|v—u0|2—i—/ ”VUH%} (2.17)
vEHI (D) Q Q

with
H)(Q) = {u € L*(), admitting first order weak derivatives € L*(2), and such that u =0 on 9Q} .

The term ”weak derivative” means u is not differentiable and that there exists unique functions
v; € L2(Q), i = 1,2 such that

dp
Yo e D(Q), | u :—/vigo.
) o Ox; 0
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By an abuse of notation, we note Vu = (v1,v2)”. The first question we need to answer is whether @
exists and is unique. Let us put J(u) = A [, [u — uo|* + [ [[Vul|3. The minimum of this functional
if it exists satisfies:

DJ(u).h =0, Yh € H}(Q)

Let us compute the differential of J, which has to be null at @ whatever h € H} ().
DJ(u).h =0, Vh € H}(Q) < /Qm(u —ug)h +2(Vu,Vh) =0, VYV he H}Q)
Note that H}(2) is an equipped with the norm
2 2
lull 0 = (wn%;@;n%) ,

which is associated with the inner product:

Introducing;:
H'(Q) = {u € L*(©2), admitting first order weak derivatives € L*(Q)}.

is an Hilbert space (for the just mentioned norm) and H}(2) can be be viewed as the closure of
C3(€2) in this space, meaning Hg () is also an Hilbert space. We may then write:

/(Vu, Vh) + Auh = / Mugh, ¥ h € Hi(Q).
Q Q

Considering the bilinear form a(u,v) = [,(Vu, Vh) 4+ Auh, which is continuous, i.e |a(u,v)| <
C||ul|||v]|, and coercive meaning a(v,v) > a|v||?, for some a > 0. From classical functional analysis
theory (Lax-Milgram theorem), it is known that there exists a unique u € H3(Q), satisfying the
above equation and that it corresponds to a minimum. Now if € is a C? open set, with 92 bounded,
one can show that the solution v € H?, and that one has:

Theorem 1

If Q is C? and ug € L%*(Q) then u € H?(Q) and ull 2 ) < Clluoll 2o

Note that if u € C%(Q), using the Green-Ostrogradsky theorem we may write:

/Q<Vu,Vh>:/mwu,mh—/QAuhz—/QAuh V h e Cy(9),

where n is a vector normal to 92 oriented outward. So u satisfies:

/(—Au + Mu—ug))h=0, VhecCi)
Q
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which means —Au+Au = Aug almost everywhere and, as thus as u is C2, this equation (called Euler
equation) is satisfied everywhere. Therefore one can relate the Tychonov minimization problem to
the following partial differential equation:

9u — —MNu—up) +Au inQ
u =0 on 0N

This equation can be viewed as a modified heat equation where the term A(u — wug) prevents u to
be too far from ug. If one denotes uy, the solution w when ¢ tends to +oc, it has the following
behaviour:

If X is large, us is close to ug.

If A is small, the solution is close to that of the heat equation and the edges can be strongly damaged.

Ex: propose a Matlab code to solve this, investigate different values for A.
The conditions that v be null at image boundaries are somewhat arbitrary, and we are going to

show that Neumann conditions could be used instead. Let us reformulate the initial minimization
problem as:

u = argmin{)\/\v—uo|2+/ HVUH%} (2.18)
veH(Q) Q Q

The extrema of the function J should satisfy:
DJ(u).h =0, Yh € H'(Q) & / 2A(u — ug)h + 2(Vu, Vh) =0, YV hec H(Q)
Q
@/(Vu, Vh) + Auh = / ugh, Y h e HY(Q),
Q Q

which admits a unique solution due to Lax-Milgram theorem. The theorem related to the regularity
of u is similar to that associated with u € HE(Q), that it is H? when  is C2.

Assume that the solution is C?, such that g—g = 0 on 2. From the Green-Ostrogradsky formula
we may write:

/(Vu,Vh>—/ <Vu,n>h—/Auh——/Auh Y he CHQ), @:0, on O
Q o9 Q Q on

Then, we may write

/(vu, Vh>+)\uh:/)\u0h, V h e Ccl), 9u =0, on 9N

Q Q on
/(—Au—i—)\(u—uo))hzo, Y he i), gz =0, on 0N
Q

From this we deduce that on 2 we have —Au + A(u — ug) = 0 (since the equality is also true for
C3(9Q)). The associated evolution equation in that case is

{ %:—)\(u—uo)—{—Au in O

gu — 0 on 09
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The minimization problem can be rewritten, in a more general setting using more general Dirichlet
conditions, as:

u = argmin{/\/|v—u0]2+/HVUH%}. (2.19)
veEK Q Q

where K = {u € H*(2), u = g on Q}. Note that K is a convex set (it is even more than that, it
is an affine space). In such a case, a critical point will satisfy

DJ(u)(h —u) >0, Yh € K <> DJ(u).h =0 Yh € H}(Q)

So we end up with the following problem:

/Q(Vu, Vh) + \uh = /QAuoh, Y h e H}(Q)

which is known to admit a unique solution in K.
Instead of considering an evolution equation, one can seek to solve directly the Euler equation when
Q=10,L] x [0,1]. So we seek u such that:

—%Au—i—u:uo on €
u = 0 sur 0f)

We then recall that (eﬂ%ei%yk)n’kez is an orthonormal basis of L?(f2), and proceed as follows:

e Extend uon Q = [—L, L] x [—1, 1] into @, satisfying @(—z,y) = —u(z,y), @(z, —y) = —u(zx,y),
et 4(—z,—y) = u(z,y) for (z,y) in Q. Remarking that @ is odd with respect to each of its
variable, show that on €, % can be decomposed in the basis (sin(75*) sin(myk))pn kez--

e Do the same thing on ug, to obtain g, which also decomposes the same way on the basis
made of sine functions just introduced.

e Compute the Fourier coefficients of & with respect to those of g, and then deduce w.

2.8.2 Mumford-Shah model and variants

An alternative approach to Tychonov minimization was proposed by Mumford and Shah in [8].
Their approach consists of minimizing the following functionnal:

E,(u,K) = B/Q(u—uo)2+/Q\K||Vu|]2+ames(K).

This model admits many different variants. Among these, one could seek to write explicitly the
edge function in the minimization, which leads to the so-called Nordstrom model [9]:

By (w,w) = /Qﬁ(u—uo)Q—i—w||VuH2+)\2(w—log(w))dx,

where w : Q — R} with w ~ 1 inside homogeneous regions and should be null at edge location, A
and B being two positive constants. Assuming that (u,v) lives in H'(2) x K, with K the convex
set of positive functions on 2, the critical points will this time satisfy:

DE,,(u,w).(v —u, k —w) > 0V(v,k) € H(Q) x K
OFE,,

5 (u,w).(v —u) + OLu, (u, w).(k —w) >0 V(v,k) € H(Q) x K.

<~ ow
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One of the local minimum satisfies:
/ Blu —ug)v — (wVu, Vo) = 0, Yo € H(Q)
Q
1
/()\2(1— YL VuPk = 0, Vke K
QO w

Thus we get the Euler Lagrange equations:

Blu —up) — div(wVu) = 0
{ M1 -D)+[Vul? = o

The second equation enables us to write w under the same form as the function g using in the
Perona-Malik equation:

1
w
1+ HV;;IIQ
Finally, we remark that the above minimization can be related to the following reaction-diffusion
equation:
G = div(g(|Vul)Vu) + B(uo — u)
U(l’, 0) = uo (l’)

This equation combines a diffusion term similar to that used in the Perona-Malik equation and
another term that prevents the pre-processed image from being far from the original image.

Note that in that formalism the parameter § has to be tuned, and also that the minimization
process can be viewed as minimizing

[Vull
A2

Fuy(u) = /Qﬁ(u —ug)? 4 M log(1 + )dz,

which is unfortunately non convex.

2.8.3 More general setting

We here study the restoration of the image u, defined on a domain €2, and from ug by :
up = kxu+n (2.20)

where * stands for the convolution product. For that purpose, one seeks u minimizing the following
functional:

B(u) = /QQD(HVUH)—I—)\/Q(uO—k*u)Q (2.21)

1. Assuming Neumann on 0f2, compute the differential of F.

2. Deduce the associated Euler equation and then that the minimisation can be solved by study-
ing an certain evolution equation (we will denote k(z) = k(—x)).

3. Write this equation in the local coordinates (7, &).
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2.9 Formulation of the Rudin-Osher-Fatemi Model

If one assumes that an image u is a cartoon image, a natural approach is to consider that w is in
BV, and ug — u, i.e. the noise is in L?. BV functions correspond to:

BV = {uc L'(), / V|| < +o0),
QO

where the gradient has to be understood in the distributional sense. Then minimizing

u = argmin{/\/|v—uo2+/HVv]}
vEBV Q Q

with the supplementary condition that fQ u = fQ ug. The critical points are such that, the differ-
ential vanishes which admits the following differential, at point where |Vu/| # 0:

DJ(u).h = /Q()\(u o) — dw(ngH))h:O, Vh € BV.

Using the Green-Ostrogradski theorem (assuming the gradient does not vanish) and imposing Neu-
mann conditions on the boundaries (which amounts to drop the constraints on the constant mean),
we obtain:

%1; = dw(||§ZH) Au — ug)
g =0

u(z,0) = up(z)

Then a solution is proposed by discretizing the above equation (an automatic determination of the
parameter A is proposed).

One of the limitation of the above approach is that the functional .J is not differentiable everywhere,
and an alternative technique was proposed by Chambolle in [2]. The minimization problem can be
rewritten as:

. 1
inf (o5 [lv = uoll2 + F(v))
with F(v) = [, | Vv||. Generally speaking, when v is not differentiable, F'(v) is defined as [2]:

= sup{/ x)div(&(x))dr, £ € CH(Q,R?),||&(x)]] <1, Vo € Q}

Note that if the gradient of v exists, then:

0) = sup(= [ (Vola),§(@)hdo. € € CULR). @) < 1. Vo €2} = [ [Vu(o)].

The functional F' is not differentiable (even though in the initial formulation by Osher, Fatemi, the
formal derivation assumed it was the case), so to find the critical points, we use the concept of
sub-differential

Definition 12 (sub-gradient and sub-differential) Let f : E — R a convex function. A wvector
n € E is called sub-gradient of f at xq if

Va € dom(f), f(x) = f(x0) + (1,2 — z0).
The set of the sub-gradients is called sub-differential of f at xo and is denoted by Of(xo).
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Then, one needs to introduce the Legendre-Fenchel transform of F' as

F*(u)= sup (v,u) — F(v).
veL2(Q)

One remarks that:
0 ifuekK

400 otherwise,

P () = () = {

with K = {div(€) : £ € CHQ,R?), ||£(2)|| < 1, Vo € Q}. Indeed,

F*(u) = sup inf /vu—dz’vf = inf sup /vu—div§
(u) veL2(Q) §ECHQR?),[IE(2)]I<1 /o ( ©) EECH(QR?),[IE()I<1 peL2(0) JQ ( (©)

If u— div(€) # 0 for all £ in the set, we take v = a(u — div(§)) and notice that F*(u) is equal to
+oo by making « tend to +00. On the contrary, if there exists £ such that u = div(§), then F*(u)
is null.

Note that with that formalism, since €2 is finite, it can be proven that F' is continuous and then
F** = F. With that formalism, the Euler equation associated with the minimization problem reads:

ug — v ug — v

A

0€v—uyg+ NOF(v) & € 0F(v) v € OF*( ) (2.22)

To show that the Euler equation has the above form, let us denote J(v) = 55[lv — uo||3 + F(v).

Since J is convex we have :
u* € 0J(u) < Yo € dom(J), J(v) > J(u) + (u*,v — u)

and thus
0 € 0J(u) & Yo e dom(J), J(v) > J(u)

Now 8.J(u) = +(u — ug) + OF (u), since the two functions are convex and since the intersection of
the domains of definition of %Hv —up||3 and of F are non empty.
Now to prove Eq. (2.22), we shall remark that

redF(v) & F(u)>F)+ (r,u—v), Yu &€ dom(F)
< (r,v) — F(v) > (r,u) — F(u), Yu € dom(F)
< (r,v) — F(v) = F*(r)
& v edF(r)

veIF*(r) & F*(u)>F*(r)+ (v,u—r)
& F*(u) > F*(r) + (v,u) — (v,r)
& F*(u) > (v,u) — F(v)

which is true. So we have proven that

r € 0F(v) = v e dF*(r)



2.9. FORMULATION OF THE RUDIN-OSHER-FATEMI MODEL 45

Making the same kind of computation for F* we get v € OF*(r) = r € OF**(v) = 0F (v). Hence
the result. We can then rewrite the above equation as:

uQ ug — v ug — v ug — v UuQ ug — v

1 1
—OF~* <0 —0F*
U S UL S W S U UL S w
we thus get that w = “0= is the minimizer of
Jw— )2 1
LD N | I
y W)

and due to the definition of I'* we deduce that w = Px (%) (K is a closed convex). Hence the
solution of the minimization problem is given by:

V=ug — P)\K<’U,0).

We may write:

ug — v
A

Uy
A

) & v:uo—)\PK(%)

= Pr(

& v =1uy— Pyg(up).

Indeed, from the characterization of the projection on a closed convex set, we may write:

Uug

U (1

(5~ P(0)y = Pr() <0, Wy € K
(ug — )\PK(%), Ay — )\PK(%)) <0, VWyeK
{uo — )\PK(%)JJ - )\PK(%» <0, Vy € AK

From the unicity of the projection on a closed convex set we get: APk (%) = Pax(uo). In the
discrete space setting, to compute the orthogonal projection amounts to determining the element
p € RVXN 5 RNXN “miinimizing

min (H)\div(p) — UOH%, st |lpijll < 1,Vi,j=1,--- ,N)

which can be solved by a fixed point technique:

P’ =0
s P + 7(V(div(p") — ug)))i
i

1+ 7[(V(div(p")) — )i

We then have the following theorem:

Theorem 2

Assume that 7 < 1/8, then Adiv(p™) converges to Pyg (ug) when n — +oo

The solution to the minimization problem is thus given by:
u = ug — Adiv(p™).

where p>* = lirf pr.
n—-+0o0
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2.10 Wavelet thresholding

An alternative technique to minimize the above mentioned problem is to consider the wavelet
formalism. Let ug € L*(2) and {¥; ;} be an orthonormal wavelet basis of L?(2), and write ug in
that basis as follows:

uo(z) = Z cikVk(z).

j7k
Since u also belongs to L?(f2), it admits a decomposition in the wavelet basis:
u(z) =Y Ep¥;p(x).
j7k

Since the basis is orthonormal:

lu—uoll®> = lejk — &l
ok

Then, one would like to approximate [, ||Vu|| using wavelet coefficients. For that purpose, one
needs to introduce an approximation of BV functions by means of Besov spaces.

Very commonly used spaces in wavelet analysis are Besov spaces By , which roughly speaking
correspond to functions admitting s derivatives in LP(Q2), the third parameter enabling to adjust
with accuracy the regularity of the functions involved.

One can give an intrinsic definition of Besov spaces B, ; and of their norm ||.||p; , assuming ¢ has
s 4+ 1 null moments and with regularity at least C**1, then if f € By s Il Bj, is equivalent to:

1
q

> (Z zskpz’f@—?ncj,kyf?) (2.23)

k k

Y]

The constant defining the equivalence depend on the chosen wavelet. The Besov spaces are defined
up to a constant, therefore we introduce the homogeneous Besov space as:

B;,q =B,/ {ue B, Vu=0}

Definition 13 Bll’l is the usual homogeneous Besov space. Let 1jy be an orthonormal basis of
compactly supported regular wavelets. 31171 is a subspace of functions of L*(R?), and a function f

Z Z lcji] < +oo

JEZ k72

belongs to Bil if and only if:

BV functions are very close to Bil functions, so that we may write:

u€ BV &Y [&] < oo
j?k

Written in terms of wavelet coefficients, the minimization problem then reads:

argmin ¢ A Z |Gk — Cj,k‘z + Z 1€,k
¢ g,k Jk
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This problem can be solved directly without the use of partial differential equation (the functional
is strictly convex and the coefficient of u can be found by simple differentiation). Annihilating the
differential corresponds in this case to:

2X(¢j i — cjk) + sign(é) = 0.

so that &, has the same sign as c; if [¢j x| > 5, and then we get:

= — I S Y 1
Gk =  Cik 23 if ¢jp > 23
Cik = CikTax ifcip < —g5
Cik = 0 otherwise

So , one translates by a factor of —% the coefficients above % and by a factor % those under —%.

This restoration process is called soft-thresholding.
Ex: propose an algorithm to compute the image restored that way.
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Chapter 3

Edge Detection

3.1 Edge detection: Marr-Hildreth and Canny approaches

A very intuitive definition of an edge would be to consider it is a closed curve on each side of which
the grey level varies sharply, meaning the grey level gradient is strong at edges location. However,
this definition of edges cannot be used as is since:

a) high grey level gradients do not necessarily correspond to closed curves.

b) high grey level gradients may also arise in noisy parts of an image and thus may not correspond
to an edge.

To get rid of high grey level gradients associated with noise, a very classical technique is to filter
the image. This step is carried out by convolution with Gaussian functions.

Then, two main definition are used to characterize an edge, removing the notion of closed curve. The
first one called Marr-Hildreth approach consists in considering the locations where the Laplacian of
the image u vanishes. Another approach, called Canny’s approach, consists in seeking the location
of the local maxima of the modulus of the gradient of u in the direction of the gradient of u. This
amounts to considering a function g defined by:

9(t) = [IVu(z + tVu(z))|,

and then computing points z such that ¢’(0) = 0. To compute this derivative, we remark that
g(t) = d(h(c(t))) with c(t) = v 4+ tVu(z), h(z) = Vu(z) and d(z) = ||z|. Using the chain rule, one
writes:

g'(t) = d(h(ct)).l'(c(t)).c(t) =

(Vu(z + tVu(z)), D*u(z + tVu(z))Vu(z))
|Vu(z + tVu(z))||

Finally, we write:

Vu(x)  Vu(z)
[Vu(@)||” [[Vu()||
Now, if we are interested in the implementation of Canny edge detector, a potential implementation
would be:

Algo 1 (Canny [3)):

g'(0) = 0 & D?u( ) = 0.

49
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e Convolve ug with a Gaussian kernel of increasing size to obtain u (associated with a scale s)

e Find points z such that |[Vu(x)|| # 0 and D2u(x)(ﬁg(ux”), ngg;“) passes through zero.

e At each scale s, only keep the selected points that corresponds to ||Vu(x)|| > 0(s), where 6(s)
is some threshold.

Remark:

1. A simple implementation consists in using finite differences to compute the image gradients
(but more complicated techniques can also be involved).

2. Due to the filtering step, the computation of the second order derivatives can always be carried
out since u is C'°° as soon as ug est bounded.

However, in practice Canny’s edge detector is not implemented that way because to find the zeros
of D2u(a:)(%(um”), %) is difficult. On the contrary, it is usually implemented by finding the
location of the maxima of the norm of the grey level gradients in the direction of the grey level
gradients. To do so, one proceeds as follows:

given a filter A : R — R, one defines the gradients of the smooth image by:
0
V(wgxA) = < u*(%/\ ) - < Wyu

Then one computes Mu = /|W,u|? + [Wyu[? the norm of the gradient and then the orientation of
the gradient is approximated by:

Ay — { a(u) if  Weu>0

T+ a(u)if  Wyu <O0.

Then, to find the edge points we look for the maximum of the modulus of the image gradient in
the direction of the gradient by considering the following approximation:

o If Af € [-§, §[ (modulo 7), we compare Mu(z,y) to Mu evaluated at (z+1,y) and (z—1,y).

If Af € [§, %’T[ (modulo 7), we compare Mu(z,y) to Mu evaluated at (z + 1,y + 1) and
(x — 1,y —1).
5

If Af € [3Z,2Z[ (modulo ), we compare Mu(z,y) to Mu evaluated at (z,y+1) and (z,y—1).
7

If Af € [%r, [ (modulo 7), we compare Mu(z,y) to Mu evaluated at (z — 1,y + 1) and
(x+1,y—1).

We then chain the maxima thus obtained by moving along the direction orthogonal to the local
gradient and then remove the chains with small length.

In Matlab, a procedure is predefined to compute such type of edges:

% Convert input image to double.

close all

load gatlin2;
colormap(gray) ;
[M,N] = size(X);
edge (X, ’Canny”’) ;
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Marr-Hildreth edge detector

Alternatively, one can try and seek to compute the zeros of the Laplacian operator. This is called
the Marr-Hildreth edge detector.
Algo 2 (Marr-Hildreth):

e Convolve ug (original image) with a Gaussian filter with increasing size.
e At each scale, spot the points x such that ||Vu(z)| # 0 and Au(z) changes sign.

The Marr-Hildreth operator corresponds to the search for the zeros of the image Laplacian convolve
with a Gaussian function. If one defines b(x,y) = A(u * g(x,y)), with g a Gaussian kernel, then
due to the property of Gaussian functions, b(z,y) amounts to convolving directly the image with
the Laplacian operator Ag (Laplacian of Gaussian).

A implementation is given in matlab through:

% Convert input image to double.

close all

load gatlin2;
colormap(gray) ;
[M,N] = size(X);
edge (X, ’log’);

This can be well approximated by a difference of two Gaussian functions (called DoG). Indeed, in
the unidimensional case, the DoG operator reads:

12 1 -2

DoG(x) = —e 22 — —e 7.
g o;

Assuming o; = 0 + §o, one writes :

z2 x?

DoG(z) = 16‘272 - e 200+60)2
o o+ do

Writing a first order Taylor expansion with respect to o, we get that:

1‘2
DoG(z) =~ 50% (;6_202>

This operator naturally extends to the bidimensional case through:

1 773”2*-"22 a2 4y?
DOG(-ray) = me 2(o+60)° — ;6 202,

By means of a first order Taylor expansion with respect to o, we obtain:

0,1 _22+°
DoG(z,y) = 50370(26 202 )

1 1 2 2 22442
= 50(_+(x +y))€ 2ot

o3 o
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Differentiating twice the Gaussian function with respect to x, one obtains:

82 1 1 x2 _12+y2
@g(m,y) = S \—=+=g)e .

o o2 ot

One would obtain the same type of expression by differentiating twice with respect to y so that we
finally get:

gg*DoG( y) ~ Ag(z,y).

This formulation is very much used in computer vision because it allows for a very fast computation
of the Laplacian of the image. As we will see in the next chapter, the DoG algorithm is very much
used to detect structure like blobs.

3.2 Edge detection with active contour method: energy based ap-
proach

A very different approach to the previous ones for edge detection is known as active contour edge
detection and was initially proposed by Kass [6]. In the literature, this technique is sometimes
refered to as edge detection based on snakes. It is a semi-interactive mehod in which the operator
places in the image, and in the vicinity of the object to be detected, an initial contour line. This
contour line is going to undergo different transformations under the action of several forces:

e An internal energy corresponding to tension and torsion forces.

e A potential energy aiming at sticking the contour onto the object of interest.

3.2.1 Direct Resolution

We first try to find whether it is possible to solve the problem directly, that is by finding directly the
contour associated with the minimal energy. To do so, one first defines a contour using a parametric
formulation involving the curvilinear abscissa s and time t:

v(s) = [x(s), y(s))" s €10,1].

Then, welook for v that minimize an energy containing 2 different terms, as mentionned before
which are as follows:

Eglobal = Einternal(v) + E’image (’U)

To obtain a C? contour one considers [6]:

1
Einternal :/ aH7H2 +B”d 2 H ds.
0

The first order derivative takes into account the length variations of the contour (it is a tension term
which controls the elasticity of the studied contour), while the second order derivative monitors the
curvature variations (this is a flexion term controlling the stiffness of the contour). The contour
has to be both smooth and stiff and these two terms assume a C? regularity for the curve.

The second term FEjy,q4e characterizes the lines in the image one wants to follow. In the case of
edge detection, the lines correspond to high image gradient, and the energy is taken equal to:

Eimage = — / |Vu(o(s))|ds.
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The global energy can be written as:

! ov
Byt = [ [-IFu(e(o I + 0 S + B2 as.
0 S
To compute the minimum of the energy, we make use of the important result of differential calculus
that follows:

Theorem 1 Let s € [0,1] and v a function belonging to C(0,1), p being for periodic (with period
1). Let F(s,v,v',v",--- ™) a OV function with respect to each of its variables, periodic with
period 1, and such that Fym is C™ with respect to s. With these hypotheses, J(v) the functional
defined by:

1
= / F(S,U,’U,,UH,- o 7U(n))d‘s7
0

is such that its extrema must satisfy the following equation:

Z (_1)maa-ivm(m(sa v, UI7U”7 o 7v(n)) = 07

m=0

where F,ny stands for the partial derivative of F' with respect to v(m)

proof: C7(0,1) equipped with [ul| = maX(Hu Moo, 0,1]) is a Banach space, so the extrema satisfy
J'(v) = 0. Let us compute, the dlfferentlal of J:
Jw+k) = [ Fs,0+ ko' + 1 0" + k- ,v(") + k(”))ds
= Jo F(s,0,00", o 00)ds + [ Fok + Fyk! + -+ Fyak™ds + |[]le(k)

1 n LA om va
= fo F(s,v,0",0", - v™)ds + Z:Ofo (=)™ 88,,5 Lk + || k||e(k)

n om
= fOl F(S>U7U/7U”7"' 7U(n))d8+f01 ZO(_l)m (9517)’(‘m)k+ "k‘| ( )

The last equality is obtained by integration by parts using the fact that the expression under
consideration are equal in 0 and 1. The final result is then obtained by remarking that C}(0,1) is
dense in L?(0,1) (One can also notice that the property is true for k € D(0,1)) M.

In our case, s is the curvilinear abscissa and, to simplify, we will note:

_ da(s) dy(S)
v = sl y o
z! = ddx2§) y// — d2 ( )
U, = ag(:) U// = 868(2 5) .

The energy to be minimized has thus the following form:
1
By = [ 0@ +%) + 5"+ 57) = [Vuu(s)) [Pds.

Differentiating Egjopqi, on C’g (0,1) assuming F satisfies the hypotheses of the theorem, we get:
1
Egiobat(v +h) = / all' + B[+ Bllv" + B2 = [[Vu(v(s) + h(s))||*ds
0

1
= Egiobar(v) +/0 200, B') + 28(v", ") — 2(D*u(v)Vu(v), h)ds + ||h||e(h)

1
= Egopa(v) + 2/ (—av” + B — 2D%*uVu, h)ds + || h||e(h),
0
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where ||| = max([|All2,0,1), |12’
—a”(s) + B (s) = D?u(v(s))Vu(v(s)).

Since the term on the right hand side also depends on v(s) a direct resolution is not feasible, and
the sought minimum is going to be defined as the steady sate of a certain evolution equation as
explained hereafter. That is why we need the time parameter.

2,001]> 17" [l2,j0,17)- In such a case, v satisfies the following equation:

3.2.2 Active contour: formulation using finite differences

To find out the curves associated with the minimal energy requires to solve a partial differential
equation which involves a discretization step by using finite differences.
So, we first consider a discretized version {v; = (z;,9;),t = 0,--- , N — 1} of v. At location v;, the
first and second order derivatives of the first component x of vector v are respectively approximated
by #—=“=L and M# (and similarly for y), with » = +. The equations for  and y are
independent. In that discrete framework, the equation —az” + Bz = f becomes:

—agy (Tig1 — 22 — 1) + B (Wi — 2@ig1 + 23) — 2(Tig1 — 225 + 2i—1) + (23 — 2251 + Ti—2))

= fit1
& Brio+ (48 — h2a)xi_1 + (68 + 2h%a)z; + (—48 — h2a)xit1 + Brive = h fii1.
We then obtain a linear sytem of the form BX = F', where:
X = (24)i=0,. ,N—2
F = (h*fiy1)iz0, N—2,

where B is the matrix defined just below. In the case of a closed curve, and taking into account

the fact that the later is periodic, the matrix B is circulant and can be written as (we take h equal
1 for the sake of simplicity):

2004+ 68 —a—4p B 0 I3 —a—4p
—a—48 2a+68 —a—4p Jé; 0 I5;

15} —a—48 2a+68 —a—40 B 0

0 B —a—48 2a+68 —a—403 15}

B 0 B —a—48 20465 —a—4p3
—a—4p B 0 —a—48 2a+60

As already mentioned above, since the right hand term depends on v, a direct resolution os not
possible. The problem is thus solved iteratively by studying the following partial differential equa-
tion:

0
8—: —av" + o™ = D*u(v)Vu(v) = F(v), (3.1)
to which one can associate the following so-called explicit scheme:
4331&& — ¢ 2 Nt 2 N\t 2 N\t ¢ 4y,
="+ Bai_y — (48 + W a)z;_y + (68 + 2h"a)z; — (48 + h a)xiyy + Brie = K F (),

At
which can be written in the following matrix form:

X(t+ At) = (I + AtB)X(t) + ALtF(X (1)),

which may be unstable depending on the choice for At with respect to h. If one considers the
resolution of the problem under its implicit form, one finally gets:

(I+AtB)X(t+6t) = (X(t) + AtF(X(1))).



3.3. EDGE DETECTION WITH ACTIVE CONTOUR METHOD: GEODESIC BASED APPROACH55

3.2.3 Active contour: variational approach

In this formulation, we consider the original expression of the differential, i.e. without integrating
by parts and simplifying using periodic conditions. The problem can be written as follows:

1 1
a(v,w):/o av,w') + ", w )ds:/o (F(v),w) = Ly(w).

in which (.,.) denotes the inner product on R?. a is a bilinear form on the Sobolev space Hg((), 1)
(p being for periodic). Then, we write the variational formulation corresponding to our problem.
We denote (.,.)2 the inner product on L?(0,1), and then the variational problem reads (v is now a
function belonging to L?(0, T, Hg((), 1)):

0
a(v,wb + a(v,w) = Ly(w),Yw € Hg((), 1)
We now need to find the appropriate subspace Vj of Hg(a, b) satisfying relevant limit conditions
and in which we can solve the following variational problem.

That is we determine vy, € V}, such that :

Yw € Vy, gt(vh(t),w> + a(vp(t),w) = Ly, (w). (3.2)

This formulation enables the resolution of the problem using the finite elements method. In practice,
the problem is solved that way: one first remark that a(v,w) = L,(w) admits a unique solution
in H2(]0,1[), provided the bilinear form a is coercive (a(z,x) > |z||> V = € V), which is the case
as soon as «(s) and [3(s) are positive (to prove it, one computes for each coordinate its mean over
10, 1[ and then subtract it to the considered coordinate. Then one applies the Poincaré-Wirtinger
inequality).

Having shown the existence of a solution to the stationary problem, one approaches this solution
in a finite dimension sub-space V}, of V' (Galerkin method):

CL(’Uh, wh) = Lyh (wh) th S Vh,

where (wy,) is a basis for V. Decomposing vy, onto the basis (wp,), one can write the previous
equality as a linear system: AV = L, where V corresponds to the coordinates of vy in the basis of
finite elements (wp). Nevertheless, since the right hand side term also depends on v, one cannot
ensure that vy, converges to v. One therefore finally discretizes the evolution equation (3.2) using
finite differences to obtain:
VIV o
A A T

3.3 Edge detection with active contour method: geodesic based
approach

In many different papers it was remarked that the term involving the second order derivative of the
curve was somehow useless, and a variant was proposed through the minimization of [4]:

1 1
mmzaéuv@ﬁw—Aéuvwwmm& (3.3)
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Note that another difference with the previous minimization is that the modulus of the norm is
considered instead of the squared modulus. The above minimization can be generalized to:
1 1

E(v) :oz/o !v’(S)II2dS>\/O g(IVu(v(s))[l)ds.
with g : [0,+00[— RT a strictly decreasing function such that g(r) — 0 when r — oco. One
remaining issue is that the energy to minimize depend on the parametrization of the curve. To find
an intrinsic description of the curve the concept of geodesic is used. Indeed, it is possible to show
that the solution to (3.3) is given by the geodesic curve in a Riemannian space induced from the
image u ( A geodesic is a (local) minimal path between given points).
We can rewrite:

1
E@zéﬁwmmmm

where L is the Lagrangian. We recall that for such an energy the Euler-Lagrange equation:

v dsow 0V

Now has the Lagrangian does not depend explicitly on s, we have the following proposition:

Theorem 1  (Beltrami)

If the Lagrangian does not depend on s then the Euler-Lagrange equation is equivalent to the
following Beltrami equation:

L(v(s),v'(s)) = gf,(v(sm’(S))v'(S) =C

proof Remarking that we have

d _oc oL

25 L(0(5), () = Z-(0(s), v'(5))0'(5) + 57 (v(s), 0'(5))0" (s)

we deduce from the Euler Lagrange equation that

oL , ;o doc , o d p oL p "
SV ()0 () = - 50/ (5) = - L(u(s), /() — 5 (0(s), /()0 (5)

Thus
d , d oL o o d (0L o
L (90) = 41 g ()T (D) (5) + G006 00" 0) = 5 (G096 o) )

Hence the result.
The Hamiltonian is then given by H = %(v(s), V'(8))v'(s) — L(v(s), v'(s))is a constant independent

from s in that case. Thus the Hamiltonian can be rewritten as:

H = a|lo'||> = Ag(||Vu(v(s))])?
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So we are looking for the minimizing the energy above under the constraint that H = Ejy. Choosing
FEy = 0, one then easily see that the energy minimization amounts to minimizing the following
problem:

1
/0 g(Hvu(U(s))H)HU,(S)Hds

This approach to active contour is implemented in Matlab. Here is an illustration of how the
procedure works:

I = imread(’coins.png’);
imshow (I)
title(’Original Image’)

% Computation of the mask

mask = zeros(size(I));
mask(25:end-25,25:end-25) = 1;
imshow (mask)

title(’Initial Contour Location’)
pause

bw = activecontour(I,mask) ;

imshow (bw)

title(’Segmented Image, 100 Iteratiomns’)
pause

bw = activecontour(I,mask,300);

imshow (bw)

title(’Segmented Image, 300 Iteratiomns’)
pause
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