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Abstract. Splines play an important role as solutions of various interpolation and approximation problems that
minimize special functionals in some smoothness spaces. In this paper, we show in a strictly discrete setting that
splines of degree m — 1 solve also aminimization problem with quadratic data term and m-th order total variation (TV)
regularization term. In contrast to problems with quadratic regularization terms involving m-th order derivatives,
the spline knots are not known in advance but depend on the input data and the regularization parameter A. More
precisely, the spline knots are determined by the contact points of the m—th discrete antiderivative of the solution
with the tube of width 2\ around the m-th discrete antiderivative of the input data. We point out that the dual
formulation of our minimization problem can be considered as support vector regression problem in the discrete
counterpart of the Sobolev space Wy',. From this point of view, the solution of our minimization problem has a
sparse representation in terms of discrete fundamental splines.

Keywords: higher order TV regularization, splines, support vector regression, Legendre-Fenchel dualization
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1. Introduction order partial derivatives. More precisely, we work in a

strictly discrete setting which is appropriate for tasks

In this paper, we are interested in the solution of the
minimization problem

1
%/(u(x)—f(x))2+x|u('”>(x)|dx — min (1)
0

and some of its 2D versions involving first and second

in digital signal processing. For a discrete signal u =
(), ..., u®)T, we use the m-th forward difference

A"u(j) = Y (=1 (’Z)u(j + ),
k=0

j=1,...,n—m 2)
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as discretization of the m-th derivative. Then, for given
input data f € R”, we are looking for the solution of
the minimization problem

1 n n—m
5 2 () =GN+ Y 18"l min,

j=1 =1
3)

where we refer to the penalty term as m—order TV
regularization. Of course, other discretizations of (1)
are possible. In contrast to the solution of the well
examined version of (3) with quadratic penalty term
|A™u(j)|?, the solution of (3) does not linearly depend
on the input data. This results in some advantages over
the linear solution as better edge preserving. For two
dimensions and first order derivatives in the penalizer,
problem (3) becomes the classical approach of Rudin,
Osher and Fatemi (ROF) Rudin et al. (1992) which has
many applications in digital image processing. Mean-
while there exist various solution methods for this prob-
lem, see Vogel (2002) and the references therein. Most
of these methods introduce a small additional smooth-
ing parameter to cope with the non differentiability of
|-|. There are two approaches which avoid such an addi-
tional parameter, namely a wavelet inspired technique
Welk et al. (2005) and the Legendre—Fenchel dualiza-
tion technique, see, e.g., Chambolle (2004); Chan et al.
(1999) which is also relevant in the present consider-
ations. We further mention that other cost functionals
than the quadratic one have to come into the play when
dealing, e.g., with denoising of images corrupted with
other than white Gaussian noise. In this context we only
refer to recent papers of Nikolova (2004); Chan et al.
and the references therein.

In this paper, we are interested in the structure of the
solution u even for m > 1. We show that u is a discrete
spline of degree m — 1, where the spline knots, in con-
trast to the linear problem with quadratic regularization
term, depend on the input data f and on the regulariza-
tion parameter A. More precisely, the spline knots are
determined by the contact points of the m—th discrete
antiderivative of u with the tube of width 21 around
the m—th discrete antiderivative of f. We will see that
the dual formulation of our minimization problem can
be considered as support vector regression (SVR) prob-
lem in the discrete counterpart of the Sobolev space
W3- The SVR problem can be solved by standard
quadratic programming methods. This provides us with
a sparse representation of # in terms of discrete fun-
damental splines. We formally extend the approach to
two dimensions. Here further research has to be in-

volved to see the relation, e.g., to classical radial basis
functions.

This paper is organized as follows: since discrete
approaches can be best described in matrix—vector no-
tation, the next section introduces the basic difference
operators as matrices. Section 3 shows that our mini-
mization problem (3) is equivalent to a spline contact
problem. To this end, we have to define discrete splines.
Based on the dual formulation of our problem, Section
4 treats the spline contact problem as support vector re-
gression problem and presents some denoising results.
Section 5 gives future prospects to two dimensional
problems. The paper is concluded with Section 6.

2. Difference Matrices

The discrete setting can be best handled using matrix-
vector notation. To this end, we introduce the lower
triangular n x n Toeplitz matrix

10... 00
-11... 00

Dn:: .. ..
00 ... 10
00 ... -11

By straightforward computation we see that the inverse
of D, is the addition matrix

A, =D'=]| - . ) )

Remark 2.1.  While application of D)’ is a discrete
version of m times differentiation, A}’ realizes m—fold
integration, i.e., A} f is a discrete version of the m-th
antiderivative of f. For example, the components of
Al f are given form = 1, 2 by

m=1 m=2

fa S

S+ f(2) 2f(H)+ f(2)
SO+ Q)+ f3) 3f()+2£(2)

+/03)

nf (D) + (- Q)
+...+ f(n)

f(.1)+f(2)+...+ f(n)



and may be considered as discrete version of

A'f(x) = [y f(0)dtand A% f(x) =[5 [o' f@0)deda,

respectively For general m, the j—th component of

Al fis Z (H(lln kl)()',” 1)f(k). Here k™ :=1form = 0

andk(’") —k(k+1) (k+m—1)form > 1lisa
discrete equivalent of the m—th power function.

Let0, ,, denote the matrix consisting of n x m zeros,
1,,,» the matrix consisting of n x m onesand I, the n x n
identity matrix. Then the m—th forward difference (2)
can be realized by applying the m—th forward difference
matrix

Dn,m = (Onfm,munfm) DZ

and our minimization problem (3) can be rewritten as

1 .
S If = ul + 2Dy pully — min. (5)

The functional in (5) is strictly convex and has there-
fore a unique minimizer. The matrix D, ,, has full rank
n —m,ie., R(D,,) = R"™. Moreover, the range
R(D;, ) of D, and the kernel N(D, ) of D,, , are

n,m

given by

RD;,)={feR": > j f(j)=0
j=1

r=0,...,m—1},

N(Dn,m) = Span {(Jr)r]l:l
= Hm—lv

cr=0,...,m—1}

see, e.g., Didas (2004). The space IT,, collects just the
discrete polynomials of degree < m. Then we have the
orthogonal decomposition

=R(D, ) ® N (D). (6)

Obviously, D, ,, is given by cutting of the first m rows
of D!'. The following relations between D' and D, ,,
are proved in the appendix.

Proposition 2.2. The difference matrices fulfill the
properties

) D; m = (_l)mD:? <(I)”m )’
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i) DD} = Dy o (‘}"’ )

i) Dy (‘}"’) =Dy

Proof:

i) Since D, ,, f = (A" f(1), ...,
can rewrite D,, ,, as

A" F(n — m))' we
Dm,n = an(mfl).l '

Dn,l = (On—m,l |In—m)

XDy_m-ry - .. - Ou_11L—1)Dy

Using that by definition

01 —1
T _ T n _
Dnl Dn(lnl >_

we obtain for the transposed matrix

T
D;,m = D1T1,1 R 'an(m71>,1

m I,
~cvrn, (5 ).
Iﬂ*m
D, 1,1 (01 B )

Multiplication of f7 from the left is again succes-
sive application of first order differences. Equiva-
lently we can apply m—th order finite differences
and cut off all additional components which results
in assertion i).

ii) By definition of D, ,, we have

Om n m Om.n
Dn+m’2m<1n’ ) = (Onfm,2m|1n7m) Di+m <In )

= (On—m,mun—m) (On,mlln)
><D2m

Om,n
n+m In .

Since the cutoff of the first m rows and columns of a
Toeplitz matrix results in the same Toeplitz matrix
but with m times reduced order the last equation
can be rewritten as

0171 n

Dn+m,2m (I ' ) = (Onfm,munfm) Dim
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and finally, by applying again the definition of D, ,,
as

Om n
Dn+m,2m (I ’

iii) Using the definition of D, ,,, we obtain

0., m 0,
Dn+m,m <In’ ) = (Onm|ln) Dm+n (I”, )

=D7".

n

) = Dn,mDﬁ~

This completes the proof.

3. Spline Contact Problem

In this section, we will see that our higher order TV
problem (5) is equivalent to a discrete spline interpo-
lation problem, where the spline knots are not known
in advance but depend on the input data f and A. For
m = 1, the resulting spline contact problem is well ex-
amined and can be solved by the so—called ‘taut string
algorithm’, see, e.g., Hinterberger et al. (2003).

A necessary and sufficient condition for u to be the
minimizer of (5) is that the zero vector is an element of
the functional’s subdifferential

0n,l cu—f+ AO|D,, ully .

By (Rockafellar, 1970, Theorem 23.9) and since the
subgradient of |x| is given by

1 if x >0,
— =1 -1 ifx <O,
x| [—1,1] ifx =0,

this can be rewritten as

D, u
ue f—rD) —""—
’ |Dn,mu|

where -/| - | is taken componentwise. These inclusions
in their present form are not very convenient for the
computation of u. However, multiplying with A} and
applying Proposition 2.2i) leads to

I, . ) D, .u

Alue Al f —(=D)" A e
" A ( Dy mte]

0m,nfm

Setting

F, e AM U, e Am
() cutr () nn o

with the splitting into the inner vector F; € R"™™ and
the right boundary vector Fz € R, the inclusions can
be rewritten as

D, ,u

Uyre Fi—(—D"x ,
1 1= (=D D, ot

Up = Fp.

It remains to replace D, ,,u. By (7) and (4), we see that

. ) L FI _nm Ul
rn() wern(f) o

and further by Proposition 2.2ii) that

0, U
Dn,mu = Dn+m,2m <I ’ ) (U;) .

Introducing an artificial left boundary U := 0, ; and
extending our vector by

U:.=U,, U}, Uy
our inclusions become finally

Dn+m 2mU
U, e Fi—(—1D)"A———-—,
! ! ( ) |Dn+m,2mU|
Up = Fp.

Consequently, U is the unique solution of the following
spline contact problem, where we have to explain the
spline notation later.

Spline Contact Problem
(C1) Boundary conditions:
UL :Om,l andUR:FR.
(C2) Tube condition: ||[F; — U/l < A
U/, lies in a tube around F; of width 2A.
(C3) Contact condition:
LetA;:={je{m+1,... ,. n—m}:
AU —m) # 0).
If j € Ay, then U(j) contacts the boundary
of the tube, where
(=D)"A"UG—m) > 0=
U(j) = F(j) — A (lower contact),
(=D)"A"U (G —m) < 0 =
U(j) = F(j) + X (upper contact).



Remark 3.1. (Continuous and Discrete Natural
Splines)

We recall that a natural polynomial spline of degree
2m — 1 with knots x; < --- < x, is a function
s € C*2 such that

s@M(x) =0,
s™(x) =0,

forx € (xj,xj41), j=1,...,r—1,

for x < x1, x > x,.

These splines are the solutions in W, the Sobolev
space of (m — 1) times continuousely differentiable
functions with m-th weak derivative in L,, of

1 .
3 I£I13 — min
st. fxp)=y;, j=1,...,r

Mangasarian and Schumaker (1971, 1973) have intro-
duced the discrete natural polynomial spline of degree
2m — 1 withknots & = {iy, ... ,i.},i; < iy forj <k,
as a vector s = (s(1),...,s(N))" which satisfies for
j € E the relations

AMs(j —m) =0,
Ams(j) — O,

j=m+1,... , N —m;
j=1,...,i1—1;
ir+1,...,N—m.

As its continuous analogue the discrete natural polyno-
mial spline of degree 2m — 1 solves the minimization
problem

1 N—m .

3 2 (A"~ min ©)
j=1

st. yip)=vy;, j=1,...,r

For relations between continuous and natural spline in
the limiting process N — oo see also Mangasarian and
Schumaker (1971, 1973).

Setting N := n 4+ m and using the spline knots
E={1,... m{jUA;U{n—m+1,...,n}, wecan
interpret U defined by (C1) — (C3) is a discrete natural
polynomial spline of degree 2m — 1. In contrast to (9),
the inner spline knots A; are only determined by (C3)
and not known in advance. This reflects the nonlinear
character of our problem solution.
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We extend the discrete spline concept to splines of
even degree as follows: we call s = (s(1), ..., s(n))"
a discrete spline of degree m — 1 with inner knots & =
{ite .o i} ST+ 1o n— |2 Yif

m m
Ams(j—bj)zo, j=lzl+L

n_{ﬂii}jg

o

2

Then the discrete interpolation problem

m
s =vy;, ij € EU{ILEJ}U
m+1 |

has a unique solution. Thus, for given spline knots Ay,
we could solve a spline interpolation problem. Unfortu-
nately, the spline knots depend on the input data f and
A. Therefore, the solution of the spline contact problem
in its present form is only convenient for m = 1, see
Remark 3.2. For larger m and the continuous setting,
an attempt to solve the contact problem is contained
in Mammen and van de Geer (1997). For our discrete
setting, we will see in the following section that the
contact problem can be treated by simply solving a
constraint quadratic minimization problem.

Remark 3.2.  (Taut String Algorithm for m = 1)

For m = 1, condition (C3) means that the polygon
through U is convex at upper contact points and con-
cave at lower contact points. Thus, the construction of
U satisfying (C1) — (C3) is equivalent to the construc-
tion of the uniquely determined taut string within the
tube around F of width 2 fixed at (0, 0) and (n, F(n)).
In other words, the polygon through U has minimal
lengths within the tube, i.e., it minimizes

n—1
DU+ UG+ D —-UGM',
j=0

subject to the tube and boundary conditions. An exam-
ple of a taut string is shown in Figure 1. For solving
this problem there exists a very efficient algorithm of
complexity O(n), the so—called ‘taut string algorithm’,
which is based on a convex hull algorithm, see, e.g.,
Davies and Kovac (2001); Mammen and van de Geer
(1997).
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5 o—n/\/\/

0 10 20 30 40 50

0 10 20 30 40 50

Figure 1. Solution of the spline contact problem (C1) — (C3) for a
signal F of lengths n +m withn =40 and m = 1.

Interestingly, it was shown in Steidl et al. (2004);
Yip and Park (2003) that for m = 1 the spline knots
fulfill a so—called ‘tree—property’.

Remark 3.3. (Tree Property of Spline Knots for
m=1)
Let Amax be the smallest regularization parameter such
that A; = ¢. It is not hard to show that A, =
IP fllw,p,,y» where P denotes the orthogonal pro-
jection of f onto R(D, ;) and Wi(D,, ) is the dual
space of Wi(D, 1) := R(D,, ;) equipped with the norm
llullw,p,.) == 1Dn12ell1.

If A moves from A, to O and A;(A) denotes the
corresponding set of inner spline knots, then, for A ; >
Aks

0= Ar(Amax) € Ar(Xj) © Ar(0p) € A4(0)
={m+1,... ,n—m}.

Figure 2 shows a tree of inner spline knots. The tree
property does not hold for m > 2.

4. Support Vector Regression with Spline Kernels

In this section we want to show the relation of the dis-
crete spline contact problem with discrete SVR. We
start by a brief introduction to SVR in the continuous
setting, where we emphasize the role of splines in the
solution of the SVR problem in Sobolev spaces. Then
we switch to the discrete context to explain the solution
of (5) from the SVR point of view.

4.1.  Support Vector Regression - Continuous
Approach

The SVR method searches for approximations of func-
tions in reproducing kernel Hilbert spaces (RKHS)
and plays an important role, e.g., in Learning The-
ory. Among the large amount of literature on SVR
we refer to (Vapnik, 1998, Chapter 11). SVR can be
briefly explained as follows: Let H C Ly(R?) be
a Hilbert space with inner product (-, -)y having the
property that the point evaluation functional is con-
tinuous. Then H possesses a so—called reproducing
kernel K € L,(R? x R?) with reproducing property
(F,K(,x;))g = F(x;) forall F € H and is called a
reproducing kernel Hilbert space (RKHS). Given some
function values F(x;), j = 1,..., p, the soft margin
SVR problem consists in finding a function U € H
which minimizes

P 1
Y VA(FG) —UG) + S I,

J=1

where V,(x) := max{0, |x|] — A} denotes Vapnik’s
A-insensitive loss function. In other words, Vapnik’s
cost functional penalizes those U(x;) lying not in a A
neighbourhood of F(x;). If u tends to infinity, then
our cost functional must become zero and we obtain
the hard margin SVR problem

1 .
5||U||§1 —  min (10)

sit. [F(xj)) = Ul <A, j=1,...,p.
By the Representer Theorem of Kimmeldorf and
Wahba (1971), the solution of (10) has the form

p

Ux) = ek (xi, x),

k=1

i.e., only the given knots x; are involved into the rep-
resentation. Then (10) can be rewritten as

1
—c"'Kce
2

st. |F = Kellw < X

—  min (11

with F = (F(x;))/_;, ¢ := (c(k));_, and K :=
(K (xj. x0))},_,- This is the usual hard margin SVR

formulation.
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Figure 2. Original signal f (left), tree of spline knots with increasing regularization parameter A from leaves to root (right).

Based on the Karush — Kuhn — Tucker conditions it
follows that c¢(k) # O implies | F(x;) — U (xz)| = X. Let

Ai={ke(l,...,p}:clk)#0}.

Then the solution U can be rewritten as
Ux) = ck)K (xi, x). (12)

keA

The functions K (xx, x) with k € A are called support
vectors. Obviousely, U depends only on these support
vectors and has a sparse representation in terms of the
support vectors if |A| is small compared to p. In the
image processing context, SVR regression is mainly
applied in high dimensional function spaces (d > 1),
where often the Gaussian is involved as reproducing
kernel.

For our purposes we will consider other well-known
reproducing kernel Hilbert spaces, namely the Sobolev
spaces H = W, of real-valued functions on R hav-
ing a weak m—th derivative in L, [0, 1] and fulfilling
F"@)=0forr =0,...,m — 1 with inner product

1
(F, G)wy, = / F™(x)G"™ (x)dx.
' 0

These RKHS were for example considered in (Wahba,
1990, p. 5-14). The reproducing kernel in Wy, is

1
Keyyi= [0 om0 - Dbt
’ (13)
where (x); := max{0, x}. For fixed y, the func-
tions K(-, y) are splines fulfilling K(-, y) € C?"~2,
K(-,y) € Myyu—1 in [0, y] and K(-,y) € II,_ in
[y, 11.
In this context we mention that another minimization
problem having so—called smoothing splines as solu-

tions was considered the literature, see, e.g., Wahba
(1990); Unser and Blu (2000): find U € W, such that

1 .
5 Y (FGep) = UG + AUy, —  min.

J=1

Again by the Representer Theorem, this problem has a
solution of the form U = Z,’:zl c(k) K (-, x;). Conse-
quently, U is a continuous spline of degree 2m — 1 with
knots x, k =1, ..., p. However, in contrast to the so-
lution (12) of (10), all coefficients c(k) are in general
# 0 and we obtain no sparse representation.

4.2.  Support Vector Regression — Discrete Approach

To see the relation between our spline contact problem
and SVR methods, we consider the dual formulation
of problem (5).

Proposition 4.1. The solution u of (5) is given by
u=f—D,, Vi, where V| is the unique solution of
the minimization problem

1 .
Enf—D;,szn% — min (14
s.t. IVilleo < A

For a proof see, e.g., Steidl (2006).
By (8) and Proposition 2.2 i) and iii) we obtain that

mF
If = D5 Vil = 1D, (F’ )
R

m m Infm
~(=1)"D; <0mm) Vil
= 1D mn(F = (=1)" V)],
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where V := (0, , V7,0, )" Setting U := F —

(—=1)"V, problem (14) can be rewritten as

1
E||1),l+m,mU||§ —  min (15)
st. |[Fr—=Ujlleec <A, Upg=Fg.

The unique solution U of this problem which can be
computed by standard quadratic programming (QP)
methods is also the unique solution of our spline contact
problem. Figure 3 illustrates the solution for m = 3.

Remark 4.2. Regarding Remark 3.2, we see that for
m = 1 the minimization problems

n

Y (1+WG+D-UGy)

j=1

1/2 .
—  min,

and

1Dy U5 =) UG+ D-U@G)Y — min
j=1

subject to the tube and boundary constraints lead to the
same solution.

We will see that problem (15) can be considered as
a hard margin SVR problem. To this end, we only have
to define the appropriate RKHS. Let Wy = {F €
R . F(j) =0, j =1,...,m)} equipped with the
inner product

20

) OW

0 10 20 30 40 50

Figure 3. Solution of the spline contact problem (C1) — (C3) for a
signal F of lengths n +m withn =40 and m = 3.

(F,G)wy, =Y A"F(HA"G())
j=1
= (Dn+m,mFa Dn+m,mG>

= (or () o2 (6))

Then the minimization term in (15) is just the norm of
U in Wy',. Now we can straightforwardly determine
the reproducing kernel in W',. Setting

mNT pym -1 m m\T
K :=((D))'Dy) = A (A}, (16)
we see that the columns K ; of

Ko :=(0,,,|K)" e R™™"

form a special basis of W;'), namely with reproducing
property (F, Ko j)wy, = F(j+m).Letushaveacloser
look at the structure of K. Straightforward computation
shows that the components of our discrete kernel are
given by the discrete counterpart of (13), namely

min(j,k)—1

KG. o= Y G=n"" &= """ /(m=1)7,

r=0

with (m) defined as in Remark 2. By Proposition 2 ii)
and 1) we obtain that

Om.n m m
Dn+m,2mK0 = Dn+m,2m (I ' ) An (An )T

= (_1)m (Infms Onfm,m) .

In other words, we have for j = m+1, ... ,n—m that

AM"Kox(j—m)=0, k=1,....n—m; j#k,
A" Kotk —m) = (=D)", k=1,...,n—m,

A"Kox(j—m)=0, k=n—m+1,....,n,

a7)

i.e., Ko is a discrete spline of degree 2m — 1 with one
innerknotk +m fork =1, ... ,n — m and a discrete
polynomial in Iy, fork =n —m + 1, ..., n. For
n =32andm = 1, 2, some columns of K ( are depicted
in Figure 4.
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Figure 4. Discrete splines Ko, k = 1, 5, 10, 20, for n = 32 and m = 1 (left), m = 2 (right).

For every U € W), there exists a uniquely deter-
mined ¢ € R” such that U = Kc and by the repro-
ducing property of K, problem (15) can be rewritten
as

1 T
—-cK
2c c

st. |[Fr—(Ke)rlloo < A,

—  min

(18)
(Ko)gr = Fr.

This is the usual form (11) of a hard margin SVR prob-
lem. Let ¢ be the solution of (18) and let

Ari={jeim+1,... ,n):c(j —m) 0}

so that

U= c(j—mEKojm+ Y. c(HKo;. (19)

jehs j=n—m+1
The vectors K j_,, j € A are called (inner) support
vectors. By (19) and property (17) of K  they are related
to the spline knots as follows:

Proposition 4.3. The support vector indices A of
the solution U in (19) of the SVR problem are exactly
the spline knots Ay, i.e.,

AU —m)#£0 <= jeA.

If the number of contact points |A;| is small com-
pared to n, then ¢ has only a small number of nonzero
coefficients and (19) provides us with a sparse repre-
sentation of U . This can also be seen by noting that our

SVR problem (18) means to find U = K¢ such that
the equality constraints are fulfilled and

1 .
S IF = Ul + el — min.

Compare with Girosi (1998) in a general SVR context.
In contrast to the 2—norm, the 1-norm of ¢ in the penalty
term implies for sufficiently large A that some of the
coefficients c(j) are 0. This implies a sparse represen-
tation of U from another point of view.
Finally, we see by (16) and (8) that

u =D} ANAD)c = (A))'e (20)
is the corresponding sparse representation of our orig-
inal solution u. By Proposition 2.2i) we have that
D, (A" = (—D)"(I,—u]0,—pm.m) so that the first
n — m columns of (A)')" are splines of degree m — 1
with one inner knot and the last m columns are poly-
nomials in IT,,_. For m = 1 and 2 some columns of
(A" areillustrated in Figure 5. In the context of sparse
representation, the following observation is interesting:
by (20), (8) and Proposition 2.2i) and iii), our original
problem (5) can be rewritten as

1 .
5||f—<A;”)Tc||§+A||(1n_m|0n_m,m>c||1 —  min.
(1)

Remark 4.4. Finally, let us mention that a contin-
uous version of our considerations reads as follows:
For a function u = QJ(MZ’") we have that &, = k * u,
where k is the causal fundamental solution of the 2m—
th derivative operator, i.e., the spline k(x) = xi’"ﬁl.
If u plays the discrete role of u then our discrete
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Figure 5. Discrete splines (A )Z’ k=1,5,10,20, forn =32 and m = 1 (left), m = 2 (right). For m = 1, we have added 0.1, 0.2 and 0.3 to

the last columns to better visualize the discrete step functions.

function (U7}, Uk)" = A'u = K D}'u plays the role of
U:= oM =k xu™.

4.3.  Denoising Example

In this section, we show the performance of our ap-
proach (5) and (15) by a denoising example. We are
mainly interested in the behaviour for various differen-
tiation orders m. Our aim is to demonstrate the spline
interpolation with variable knots for various m and not
to create an optimal denoising method. To this end,
we have used the signal shown in Figure 6 (top, left)
and have added white Gaussian noise. First, we have
determined the optimal parameters A with respect to
the maximal signal-to—noise—ratio (SNR) defined by
SNR(g, u) := 10log,, (lelflzg) with original signal
g. For the solution of the quadratic problem (15) we
have applied the Matlab quadratic programming rou-
tine which is based on an active set method. Then we
compared the quality of the results obtained for vari-
ous m. The following table contains the results for A,
the SNR and the peak signal-to—noise-ratio (PSNR)

defined by PSNR(g, 1) = 10log,, (@‘ff[fz)’ where
n denotes the number of pixels. The noisy2 signal in

Figure 6 (top, right) has SNR 6.94 and PSNR 10.72.

m A | SNR | PSNR
1 20.2 | 16.00 | 19.78
2 57.8 | 18.41 | 22.18
3| 275.0 | 17.97 | 21.69
4 | 1453.1 | 17.22 | 20.99

The corresponding signal plots are given in Figure 6.
For this signal the methods with orders m > 2 perform
better than the usual method with m = 1 where the
the linear method (m = 2) achieves the best restora-
tion. In general higher order methods with /; regular-
ization term neglect the staircasing effect appearing
in the piecewise constant approximation with m = 1
and preserve on the other hand local singularities better
than linear methods with quadratic regularization term.
Various other examples for the denoising of signals by
solving (5) were presented in Steidl et al. (2005).

5. Generalization to Two Dimensions

In this section, we briefly consider a possible general-
ization of our concept to two dimensions. This may be
considered as starting point for future research.
Concerning first order derivatives, we consider the
ROF model

% /(u(x) — f(x))* + A|Vu| dx — min (22)
Q

and the model
% /Q(M(X)—f(X))2+)~(|ux|+|uy|)dx — min (23)

treated, e.g., in Hintermiiller and Kunisch (2004). Of
course the second model is not rotationally invariant.
In the following, we restrict our attention for sim-
plicity to quadratic n x n images and reshape them
columnwise into a vector of length N = n?. We
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Figure 6. Denoising results with (5). Top left: original signal. Top right: noisy signal. Middle left: denoised signal for m = 1. Middle right:
denoised signal for m = 2. Bottom left: denoised signal for m = 3. Bottom right: denoised signal for m = 4.

discretize the first order derivatives as proposed by
Chambolle in Chambolle (2004). To this end, we in-
troduce the gradient matrix

— ® D, INN 0._ (Dna
D= (D0®I)€R with D) = 0L,

and the Kronecker product ®. The matrix D has rank
N — 1 and D" plays the role of —div = V*. Further,
we have that A, := D"D is the finite difference dis-
cretization of the Laplace operator with the five point
scheme and Neumann boundary conditions and that

N
R(D") =R(Ay) = {f eRY: )" f(j)=0},
j=1

N(D)ZN(AN) = {/,LINJ ZMER} = H().

(24)

Finally, the discrete version of |Vu|
reads |Du|, where

()

and o denotes the componentwise vector product. Now
we can discretize (22) and (23) by

2 23172
= (ux + uy)l/

— ((FI)Z + (F2)2)1/2

= (F'oF'+F* o F?)'” ¢RY

1
5 ILf —ull3 + Al [Dul II; (25)

and

1
5||f—u||%+x||7>u||1, (26)
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Figure 7. Column 528 of ABZ (left) and of ABI (right) for n = 32.

respectively. Then, by the dual approach, see, e.g.
Chambolle (2004); Steidl (2006), we obtain that u =
f — D"V, where V is the solution of

1
z||f—DTV||§ —  min
s.t. |1IV]llee <A, incase (25), 27

S.t. [V]eo <A, incase (26). (28)

The first minimization problem can be solved for exam-
ple by using Chambolle’s semi—implicit gradient de-
scent algorithm Chambolle (2004), while the second
problem can be solved by standard QP methods. An
example for the solution of both problems is presented
at the bottom of Fig. 8. By the absence of rotation
invariance, the solution of the second problem shows
harder segmentation effects in x and y directions.

In the following, we assume that f € R(D"), i.e.,
f = D'F for some F € R*". Otherwise we consider
Jf —mean(f)1y ;. Then, since Du = Dug, and

1 1 1
SIf = ull3 = SIf - ugll3 + Enu/vn%,

where uy, is the orthogonal projection onto R(D") and
uy the orthogonal projection onto A/(D"), it follows
that the minimizer u of (25) and (26) is also in R(D").

Now U = F — V solves the problem

1
E||DTU||§ — min
st. [IF=Ulllo <2,

st |F =Uloo <2,

in case (25),

in case (26).

With respect to Remark 3 we note that the dis-
crete G-—norm defined for v € R(D") by |v|¢ =
inf,_pry |1Vl plays the role of the Wi(D, 1)
norm.

For higher order derivatives even the choice of an
appropriate disretization which preserves the basic in-
tegral identities satisfied by the continuous differential
operators is a nontrivial question, see, e.g., Hyman and
Shashkov (1997). However, operators of higher order
were considered inimage processing, e.g.,in Chanetal.
(2000); Chambolle and Lions (1997); Hinterberger and
Scherzer (2003); Lysaker et al. (2003); Nielsen et al.
(1997); Schnorr (1998); You and Kaveh (2000); Steidl
(2006). Here we restrict our attention to

% /Q(u(x) — f(x))2 + AlAu|dx —  min.
As discretization we choose
%||f_u||§+k||ADu||1 —  min (29)
where A}, denotes the finite difference discretization

of the Laplace operator with the five point scheme and
Dirichlet boundary conditions. Then A, is invertible.
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Figure 8. Top: Original 256 x 256 image (left). Solution of (30) (right). The image involves artefacts (white points). Bottom: Solution of (27)
(left). Solution of (28) (right). The right-hand image shows a stronger segmentation in x and y direction. All problem were solved with A = 10.
For problem (27) we have used the semi—implicit gradient descent algorithm Chambolle (2004). Problems (30) and (28) were computed by the
ILOG CPLEX Barrier Optimizer version 7.5. This routine uses a modification of the primal—dual predictor—corrector interior point algorithm

described in Mehrotra, S. (1992).

The dual approach to (29) leads with f = A, F and
u = ApU to the contact problem

1
E||ADU||§ ~  min (30)
st. IF—Ullw <,

which can be solved by standard QP methods. An ex-
ample for the solution of this problem in shown at
the top of Fig. 8. The solution contains some artefacts
in form of white points which were also mentioned
in You and Kaveh (2000). Therefore the approach
(29) seems to be not suited for applications in image
processing. Obviously, Az)z is a reproducing kernel in
RY equipped with the norm given by the minimization

term and U = A% and u = Aj'c are in general
sparse representations. The images corresponding to a
central row of A > and A ;! are depicted in Figure 7.

With respect to the kernel AZ,Z let us finally note the
following remark.

Remark 5.1.  (Thin Plate Splines)

The so—called thin plate spline Duchon (1997) K (x) :=
é |x]?1n |x| is the fundamental solution of the bihar-
monical operator A2. For appropriately chosen x; the
solution of

N
LY (Fa) —ulx)y + & /Q i, +2ul, +u dx
j=1

= min
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has the form u(x) = Z?/:l c;K(x —x;)+ao+ax+
ay.

6. Conclusions

We have shown the equivalence of the following prob-
lems in a discrete 1D setting:

i) minimzation of a functional with quadratic data
term and TV regularization term with higher order
derivatives,

ii) spline interpolation with variable knots depending
on the input data and the regularization parameter,
iii) hard margin SVR in the discrete counterpart of the
Sobolev space Wy,
iv) sparse representation in terms of fundamental
splines with penalization the of /; norm of the co-
efficients.

Based on (6) a slightly different approach which han-
dles the boundary conditions in advance (as done in
2D) is possible. Moreover, more general spline con-
cepts as those of exponential splines, see, e.g., Unser
and Blu (2005) and other data terms incorporating only
few knots or related to other than Gaussian white noise
can be considered in a similar way. Finally, the 2D set-
ting deserves stronger investigation.
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