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Piecewise H ! + H° + H! Images and the Mumford-Shah-Sobolev Model for

Segmented Image Decomposition *

Jianhong (Jackie) Shen
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Abstract

Pattern analysis of naturally synthesized images is crucial for a number of important fields
including image processing, computer vision, artificial intelligence, and computer graphics. Ben-
efited from several important works in existence, the current research note proposes a novel
free-boundary variational model for segmented image decomposition. As an inverse problem
solver, the new model outputs not only the boundaries of individual objects as achieved by the
Mumford-Shah model (Comm. Pure Applied Math., 42:577-685, 1989), but also a structure
decomposition comprising a smooth (or cartoonish) component, an oscillatory component (or
texture), and a square-integrable residue (or noise). Motivations and justifications from vision
research are emphasized, and some preliminary mathematical analysis is given.
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Introduction: Image Modeling via Distributions

Image modeling stays at the very core of image processing and low level vision analysis. In the
Bayesian framework, image modeling amounts to the introduction of suitable prior models, while in
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the Tikhonov framework [44], the specification of regularity structures in order to better condition
ill-posed inverse tasks such as denoising or deblurring.

In the variational approach [3, 9, 37, 38, 39], images are assumed to belong to certain function
spaces on the associated continuum domain €2 (or hypothesis classes as in the Learning Theory [12,
40]). Common classes include (1) Sobolev spaces W1P(Q) with p > 1, (2) the BV space BV(Q) first
introduced by Rudin, Osher, and Fatemi [35, 36] and its subspace—special BV functions SBV () [1],
(3) Besov spaces Bg(LP(Q2)) as in wavelet analysis [6, 14, 15, 26], and (4) Mumford and Shah’s
free-boundary model HY(T') @ H*(Q2 | T') [28, 32], where H!(T") denotes the class of closed “edges”
(denoted by I'’s) with finite 1-D Hausdorff measures, and H*(2 | I") Sobolev functions on Q\ T" for
any given “edge” I' (or using the terminology in topology and geometry, H'(Q2 | T') is a fiber at a
given IT).

Mumford remarked in 1999 (also see [31]) that it is insufficient to model images merely using
ordinary (or equivalently, measurable) functions. As an alternative, generalized functions or distri-
butions may better serve the purpose, e.g., to better reflect scaling invariance commonly observed
in image statistics [31]. By the well known Lusin’s Theorem [20], Mumford argued, a measurable
function must be approximately continuous, which is a strong regularity condition hidden in all the
aforementioned image models.

This notion of treating images as generalized functions was later independently rediscovered by
Yves Meyer [27] in 2001 when the connection was explored between the celebrated total variation
restoration model of Rudin, Osher, and Fetemi [36] and Donoho’s wavelet-thresholding-based de-
noising [15, 16]. Meyer introduced the distributional space div(L>(2,R?)) for modeling textures
or oscillatory image patterns. Here the divergence operator is applied in the distributional sense:
for any g = (g1,92) € L™(Q,R?),

(divg, ¢) :== —(g, grade), p € Cy°(Q2) =D(R), test functions.

Thus generically v = divg is not an ordinary measurable function.

Meyer’s idea of distributional textures was soon put into practical numerical computation by
Vese and Osher [45] after adopting instead the distributional spaces div(LP (2, R?)) with p € [1, 00).
In particular, combined with the BV image model, Osher and his collaborators [34] employed the
Sobolev distributional space H~!(Q) for texture processing for the first time:

HY(Q) = div(L?*(9,R?)). (1)

Further discussion on H~1(£2) can be found in Section 2. We refer the reader to [4, 5, 41, 46] for
some other interesting developments on mathematical texture modeling and analysis.

The current work has been closely inspired by all these remarkable works. We propose to
incorporate the H~!-texture component into the celebrated free-boundary segmentation model of
Mumford and Shah [32]. The refined segmentation model outputs not only an optimal edge set T’
and its piecewise smooth Sobolev painting u € H'(Q\T), but also an H~!-texture component (see
Figure 1 in Section 4).

This refined segmentation model shall be called the Mumford-Shah-Sobolev model for con-
venience. On one hand, it perfects the Mumford-Shah model by explicitly dealing with texture
patterns which were previously treated as noises. On the other hand, it provides a sound math-
ematical model that faithfully simulates the three key steps that a typical artist may create a
painting: (i) sketching the outlines of objects in a scene (modeled by the edge set T'), (ii) filling in
the average mean-field shades (modeled by the piecewise smooth function u € H'(2\T)), and (iii)
painting more detailed textures on each individual structure in the scene (modeled by the Sobolev
distribution v € H~}(Q\ T)).



The organization of the paper goes as follows. Section 2 discusses the relevant Sobolev spaces as
generic models for image structures. The global H ' + H® + H' image model is introduced in Sec-
tion 3, and the decomposition task is formulated as an inverse problem via variational optimization.
The existence and uniqueness of the optimal decomposition are established, and some mean-value
properties of the optimal image components are characterized. Based on the results in Section 3, we
then introduce and study piecewise H !+ H% 4+ H'! images and the Mumford-Shah-Sobolev (MSS)
model for their segmented decomposition. Some limited analysis of this free-boundary variational
model is developed.

This research note mainly remains in the modeling stage, supported with some preliminary
mathematical analysis. We will answer many of the computational challenges in a separate forth-
coming work, which is very crucial for a practical field such as computer vision. The main purpose
of this research note is to bring to the attention of the mathematics community an interesting but
challenging new free-boundary variational problem.

Throughout this paper, Q represents a bounded and connected open domain in R? on which
images are supported. It will be called the image domain for convenience, and each point x =
(x1,22) € Q a pizel. In addition, €2 is assumed to satisfy the necessary regularity conditions (e.g.,
Lipschitz or the cone property) so that Poincaré-Sobolev type of inequalities hold [18, 25].

By default, we shall consistently use parentheses pairing (u, ¢) to denote the L? integral [, u(z)¢(z)dz,
and bracket pairing (u, ¢) to denote the dual action between u € D’(Q2) (distribution space) and
¢ € D() (test space), or between u € H1(Q) = (H}(Q))* and ¢ € H}(Q). Without any
subscripts, ||u|| shall denote the ordinary L2-norm of u. The same comments apply to vectorial
functions.

2 Texture Modeling via Sobolev Distributions

In this section, we first briefly review some basic facts regarding the Sobolev spaces H?, H', and
H~', with special attention paid to their implications in vision research.

2.1 H'-Images and Shift-Invariant Visual Measures

Let D(2) = C§°(£2) denote all compactly supported C* test functions on Q and D’(£2) the collection
of distributions or generalized functions on € which are linear functionals on D():

(u,ad + b)) = alu, @) + blu,v), w e D'(Q), ¢, € D(Q), a,b e R.

For instance, Dirac’s delta function u = d0(x) is an important generalized function in quantum
physics and signal analysis: (d, ¢) := ¢(0,0), assuming that (0,0) € Q.

Given u € D'(Q), suppose |(u,d)| < C||p||2 for some fixed constant C' and any ¢ € D(Q).
Then Riesz’s Representation Theorem reveals that u must be an ordinary measurable function in
L?(€2). In the current paper, we also adopt the Sobolev notation HY = H?(Q2) for L?(f2) (as in the
title) to echo with the other two Sobolev image spaces H' and H~! herein.

Suppose in addition that there exist two L? images v; and vy such that

<u7a$z¢> = _(Ui7¢)7 ¢ € D(Q)a i1 =1,2.

Then wu is said to be in the Sobolev space H!(f2), and its gradient is defined to be Vu = (v1,v2) €
L?(2,R?). The natural inner product

(ul,u2>H1 = (’u,l,’u,Q)Lz + (Vul,VUQ)L2



leads to the usual H'-norm: ||ulg = \/||u\|%2 + (| Vul2,.

In vision research, it is interesting to adapt the H!-norm to visual perception. Let ||u||y denote
some visual measure for an H'-image u. It is well known that the vision system is tuned to
information variations rather than to the absolute intensity values of a given image u (see, e.g., the
major discovery of Nobel laureates Hubel and Wiesel [24]). One promising approach is to impose
invariance under gray-level shifts:

lullv = llu+ Ay, ¥ XeR.

If sublinearity is also imposed, such a visual measure has to be a semi-norm. In fact, |Vu|r2 is a
natural candidate, and the following theorem shows that in some sense it is the only one.

Theorem 1 (Shift-Invariant Visual Measure) Let ||ully be a shift-invariant visual measure
that satisfies
AlVaull e < lully < Bllull g1,

for some fized positive parameters A and B and all w € H'(Q). Then it must be equivalent to
IVl 2, i-e., there exist two constants C > 0 and D > 0 such that for any u € H' ().

ClVullrz < lully < D[[Vul| 2.
Proof. One can obviously take C' = A. On the other hand, by shift invariance,
[ullv = llu=0llv < Bllu— 0|z, 6cR.

Take the special value
1
0= UQ::—/uazdaz.
wa = o7 | ul@

By Poiecaré’s inequality, there exists a fixed positive bound K > 0 such that

lu = (@)llz2 < K| Vullz2, ¥V we H(Q). (2)
Thus ||u — (u)||g1 < VvV K2+ 1||Vul|z2 and taking D = BV K? + 1 completes the proof. O

2.2 H '-Distributions and Oscillatory Textures

H(Q) is the H'-closure of all test functions D() in H!(2). Equivalently, it consists of all H'-
images whose traces along the boundary 9 vanish. H~1(Q) is the dual space of H{ ().

Normally in the literature [18], H}(£2) inherits the norm of H!(2). On the other hand, by
Poincaré’s inequality, there exists some positive constant C' > 0 such that

|lu|lr2 < C||Vullz2, for any u € H&(Q) (3)

Thus, the homogeneous semi-norm ||Vu|| 2 is in fact a genuine norm in H{(£2), and the homoge-
neous bilinear form (Vuy, Vug) is equivalent to the H'-inner product. These are the norm and
inner product adopted in the current paper for H}(€2).

By Riesz’s Representation Theorem, the dual space H~'(Q) is isomorphic to HE(Q). More
specifically, given any H ! texture v, there exists a unique ® € H}(€2) such that for any u € HE(Q),

(v,u)y = (V®, Vu).



As a result, one must have v = —A® as a distribution, and the dual norm is given by

[0l = sup (v, u) = [[V@[|2 = [ @] ;-

|u|Hé§l

Notice that from the PDE point of view, the inverse problem v — @ is realized by the following
Poisson equation with homogeneous boundary condition:

—AdP=v, x€ ® =0, along 0.
Writing ® = (—A) v, one has ||v||g-1 = |[V(=A) 0|12, as in Osher, Sole, and Vese [34].

Definition 1 (Texture Source and Potential) As inspired by electromagnetism, v shall be called
the texture or texture source, and ® the texture potential generated by v.

In electromagnetism, v represents the source of electric charges on €2, and ® the electric potential
generated on () with a grounded boundary: <I>| a0 = 0-

2.3 Texture or Non-Texture

When should a given image be treated as an H ~!-texture? Let us elucidate the answer via a simple
1-D example.

Let Q = (0,2) be an interval domain, and wu,(x) = sin(nmz) be a sequence of harmonic waves
with n = 1,2,---. As an H'-image, the norm (or cost) of u, is given by

[un g = \/Ilunllia +luplZs = V1 + (nr).
Let A = d?/dxz? denote the 1-D Laplacian. Solving the homogeneous boundary-value problem
AP, = uy,, ®,(0) = ©,(2) =0,

one has ®,, = sin(n7z)/(n7)?, and consequently,

1
lunllg—1 = [V®nllp2 = —.
nm

Therefore, it is much cheaper to treat u,’s as H~!-textures than H!-structures, especially for large
n’s with high oscillations. Such a quantitative conclusion is consistent with the general notion in
vision research that textures are small-scale features.

3 Global H !+ H° + H! Images and Decomposition

3.1 The Model

We first consider global H~' 4+ H® + H'-images and their analysis. In the next section, their
piecewrse structures are then introduced and investigated.
Consider the image formation model (or a synthesis model):

uo(z) = u(x) +v(z) + w(z), x e,



with v € HY(Q), v € H~1(Q), and w € H°(Q) = L%(Q). The inverse task is to decompose such a
given image ug into a triple (u, v, w). Due to the equality constraint, only u and v are independent
given any synthesized image observation ug.

Perceptually, u represents smoother cartoonish structures and v small-scale detailed structures.
Their generation mechanisms in the real world are often independent [8]. More properly handled by
probability or statistical estimation theory, in particular the Bayesian principle [21, 30], the inverse
decomposition uy — (u,v) can be achieved by maximizing the posterior probability (MAP)

p(u,v [ ug) = p(u)p(v)p(uo | u,v)/p(uo).

In terms of the logarithmic likelihood E[-] = —logp(-), or formally the Gibbs “energy” in statistical
mechanics [22], the MAP decomposition is equivalent to minimizing (up to some insignificant
additive constant)

Elu,v | ug) = Efu] + E[v] + Efug | u,v].

We refer the reader to [8, 9, 30] for such Bayesian rationale to variational modeling in contemporary
vision research. In summary, we consider the following variational decomposition model:

min Elu, v | ug] :a/ ]Vu|2dx—|—u/ |V(—A)_1U|2da§—|—)\/(u0—u—U)de‘. (4)
Q Q Q

For v and w, we have adopted the measures ||v|| -1 and ||wl||;2. For u, the shift-invariant semi-
norm ||Vu| ;2 has been incorporated instead of ||u|| g1, which will also be denoted by ||u|| ;1 using
the standard dot notation for homogeneous semi-norms. Also notice that only the relative ratios
a : i A are essential for the optimization.

To explicitly reveal the role of certain parameters, we may also occasionally write the above
energy in the form of, e.g., Elu,v | ug, | or E[u,v | up,, A]. As conventional in probability theory,
the vertical bar separates unknown variables u, v from the given or known ones.

3.2 Uniqueness and Existence of Optimal Decomposition

We now establish the uniqueness and existence of the above decomposition model.

Lemma 1 (Weak Compactness and Lower Semi-Continuity in H 1) Suppose (v,), is a bounded
sequence in H=1(Q). Then there must exist a subsequence (v, )i and some v, € H=*(Q) such that
Vn,, — vx weakly, i.e., for any ¢ € H}(Q),

<’Unk,¢>ﬁ<1)*7¢>7 k—>OO

Furthermore, ||vi]| -1 < limkinf |vn || -1

The proof is straightforward based on the H~! «» H{ isomorphism: v, < ®, = (=A) v,

and Rellich’s theorem on the pre-compactness of (®,), in L*(Q) [18]. (One could also apply the
more general property that any bounded sequence in a separable and reflerive Banach space has a
weakly convergent subsequence.)

We now prepare two more lemmas for the uniqueness and existence theorem to come. Let
G = G(x) denote the texture potential on Q generated by the uniform texture distribution v = 1:

—AG(x)=1, ze G(z) =0, ze€0.



In particular, G € H}(Q), and

(VG,VG) = (G, —AG) = / Glx)dz > 0.
Q

Define g = G/4/ [ G = G/||VG|. Then with ¢g =1/,/ [, G =1/|VG|,
g=coG € H RQ), —Ag=co, and ||Vyg| =1. (5)
Lemma 2 For any distributional texture v € H=1(Q), one has
min [|v — ¢l -1 = [Jv = (v, g)eoll -1

That is, the optimal scalar c is achieved at ¢, = (v, g)co, where (v, g) represents the coupling between

ve H Q) and g € H(Q).
Proof. Since (—=A)71(v —c) = ® — cG € H}(Q), one has
inf ||v — ¢||g-1 = inf |[V® — VG| = inf |[VP — tVyg|| = |V — (VP,Vg)Vy]l.
cER c€R teR

The last term is exactly ||v — cx| -1 with

cx = (V®,Vg)(—Ag) = (v, g)co.

Lemma 3 (Hidden Symmetry of the Energy) Given ug € H1(Q),

inf Elu,v | up] = inf Elu,v | ugp],
(u,w)EHIx H—1 (u,w)eHYxH~1, (v,9)=0

where Elu,v | ug] is given in (4).

Proof. Tt suffices to show that the right hand side is no greater than the left. For any (u,v) €
HY(Q) x H71(Q),

Efu,v | o] - Elu+ 0 — ¢ uo] = g (J0l3-1 — v = ell3-1)
Let ¢, = (v, g)co be the optimal scalar in the preceding lemma associated with v. Then
Elu,v | ug] > E[u+ ¢y, v — ¢4 | ug)-
Meanwhile, it is easy to verify that (v — ¢, g) = 0 because, by treating co € H1(£2), one has
{co,9) = (=Ag,9) = (Vg,Vg) = 1.

This completes the proof. O

Further define p € H}(Q) with / p(x)dx =1 via
Q

p(x) = cog(z) = §G(x) = m

The preceding lemma can be equivalently stated as

inf Elu,v | up] = inf Elu,v | ug),
(u,v)EHxH-1 (u,v)EHIXxH=1, {v,p)=0



Theorem 2 (Uniqueness and Existence of Decomposition) Given ug € H=1(Q)+ H°(Q) +
HY(Q) (= H YY), there exists a unique optimal decomposition (u.,v.) € H'(Q) x H™1(Q) for
the functional Eu,v | up] in (4).

Proof. Uniqueness follows directly from the strict convezity of the functional Efu,v | uo] in
H(Q) x H71(Q). Strict convexity results from the following argument. Suppose for some ¢ € (0, 1)
and (u;,v;)(i = 1,2),

E[t(ul,’ul) + (1 — t)(UQ,UQ) | UO] = tE[ul,vl ’ UO] + (1 — t)E[UQ,UQ | ’LL()].

Then the first term in the functional requires Vu; = Vuy a.e., or u; — us = const. Similarly the

second term demands ®; — ®; = const. where ®; = (—A) !v;. The third term further requires

Uy + v = ug + vg, or u; —uy = —(v1 — v2). Since v — vy = —AP; + Ady = 0 following the second
term, one must have v; = vy and u; = ug, namely, the strict convexity.

Next we establish the existence of an optimal decomposition pair (u.,v.). By the assumption
that ugp € H~1(Q2), one must have

inf E[u,v | ug] < Elu = 0,v = ug | uo] = plluo||3-1 < oc.
Let (un,v,) € HY(Q) x H~1(Q) be a minimizing sequence with finite energies:

lim Eluy, vy, | ug] = inf Elu,v | ugp).
n—o00 (uw)eHIxH—!

By the preceding lemma, one can assume that (v,,p) =0 for n = 1: co. Let wy, = ug — up, — vy
denote the L2-mnoise residue. Then (w,) is bounded in L?(Q2), and

(tn, p) = (uo = wn = vn, p) = (0, p) = (W, p)-

Thus the values (uy, p)’s must be bounded as well. Noticing that u, € H* C L?, one has

(s} = (1) = [ g (7)

Since fQ p = 1, the generalized Poincaré’s inequality [25] over  C R?

u /Q wpll < OV

must hold for some fixed C > 0 and any u € H*(2). Combined with Eqn. (7) and the fact that
a||Vun||? < Elun, vy, | ug, Poincaré’s inequality implies that (u,) must be bounded in H*(£2). Then
by the compactness theorem of Rellich and Kondrachov [18], there is a subsequence of (uy, vy, ), for
convenience still denoted by (uy,,v,) (and thus the old sequence is dumped from this point on),
and some u, € H*(Q), such that u, — u, in L?(£2), and the lower semi-continuity property holds:

|Vug| < liminf || Vu,|. (8)
n—oo

By Lemma 1, possibly with another round of subsequence refinement, one could assume that
vp — v, weakly in H~1(Q) and

|lvall =1 < lminf ||v, || g-1. (9)
n—oo



As a result of the convergence of (uy, vy )y, the L?-noise residues w,, = ug — u, — v, must converge
to Wy = Ug — Usx — Vs 1N distribution. Since test functions are dense in LQ(Q), one must have

|lws|| < liminf ||wy,]|. (10)
n—oo
In combination, these last three inequalities imply that

Elus, vy | wo] < liminf Efuy,, vy, | uol,
n—oo

and that (u.,v,) must be the (unique) minimizing pair. O
Let (w) denote the mean value of w € L'(Q):

1
(w) = ﬁ/ﬂw(az)da:

Some mean-values properties of the optimal decomposition are characterized next.

Theorem 3 (Mean Values of Optimal Decomposition) Let (us,v.) = argmin Efu,v | ug]
for a given image ug € H=*(Q). Then

(up — vs) = (ux) and ((=A)"lv,) =0.

Proof. Since w, = ug — vy« — ux € L*(2), one has U, = ug — v« = ws + ux € L*(Q), and (U,) is
well defined as a result. Given U,, one must have

uy = argmin, o||Vul|? + \|Us — ul]?.
After adding a shift parameter 0, one has

(u,0) = argmin o||Vul|? + \|U, —u — 6|%
(u,0)

In particular,
= argming ||U, — u, — 6%

By the general principle of least-square approximation [42], one thus must have
0= (U* - U*>,

which yields the first identity in the theorem.
By the preceding lemma and theorem, one must have (v,,G) = 0, where G = (—A)7'1 as
defined earlier. Therefore,

0= (e, (~A)7'1) = (—A) o, 1) = [2] {(~A) o),

which is precisely the second identity. O



3.3 PDE Characterization of Optimal Decomposition

In this section, we characterize the optimal decomposition (u.,v.) by the partial differential equa-
tions (PDEs) they satisfy, or equivalently, the Euler-Lagrange equations associated with the energy.

Proposition 1 (Potential-Noise Identity) Let (u.,v.) = argmin, ) Efu,v | uo] be the unique
minimizer in H*(Q) x H=1(Q). Then the “noise”-component w, = ug — Ux — Vs is identical to
the potential of the texture source vy, up to a multiplicative constant. More specifically, one has

—BAw, = vy for f=\/p.

Proof. Let ®, = (—=A)~'v, € H}(Q) denote the potential of v,. Consider the perturbation
Vs — Vs + 0v with v € H=1(Q). Let §® = (—A)~!v be the corresponding potential, which is a
perturbation to the optimal potential ®,. With w, fixed, one has, at (u., v),

E[us,v | uo] = pd ([ VI*) + A0 (J|w]®),
where w = ug — us — v denotes the noise-component. Notice that
5 ([VO?) = 2(V®,, VD) = 2(d,, —ASP) = 2(D, ov),

where the last two expressions denote the dual action between H}(2) and H~1(€). Similarly, under
Ux — Uy + v, one has dw = d(ug — ux —v) = —dv, and

) (||w||2) = 2(wy, dw) = —2(wy, 0v).

In combination, one must have
(uPy — Awy, ov) =0,

for any admissible dv. Thus the following potential-noise relation must hold:
udy. — Aw, =0, or &,=pw, with S=A/p. (11)
In particular, —3Aw, = v,. This completes the proof. O
Theorem 4 (System of Euler-Lagrange Equations) Let
(U, vx) = argming, ) Elu, v | uol,

and let w, = ug — ux — V4 denote the noise residue. Then the following system of PDFEs hold in the
distributional sense:

alAu, + Aw, = 0,
(12)

M w, + pu, = 0,
with boundary conditions Ou,/On = 0 and w, = 0 along OQ. In particular, u, € Hl(Q) must belong

to H2 (). Furthermore, if the given image ug € L*(Q) and 0Q in C?, then w. € HL(Q) in fact
must belong to H*(Q2).

Proof. The second equation and its boundary condition come directly from the preceding
proposition. For the first one, one applies the perturbation uw, — wus + du with v, fixed and
Su € HY(Q). Then dw = —du, and

1
§6E[u,v* | up] = a(Vuy, Vou) + Mwy, —du) = (—alAu, — Awy, du) + / (n - Vu)duds,
o0

10



Since du € H'(f) is arbitrary, one must have
alAu, + Aw, =0 on 2, and n-Vu=0 along 01,

which are the first equation and its boundary condition.

Concerning the regularities, v, € H~1(£2) implies that its potential Sw, € H(Q). Then by the
theory of elliptic equations (e.g., [18]), the first (Poisson) equation implies that the weak solution
u, € H'(Q) in fact must belong to HY .(£2) regardless of the regularity of .

Furthermore, if the given image ug € L?(€2), then the optimal texture component

Ve = UY — Usx — Wy

must belong to L?(€) as well since u, € H*(Q2) and w, € L?(£2). Then by the theory of second-
order elliptic equations (e.g., [18]), if 9 is a C*-manifold, one must have w, = (—A) v, € H?(Q).
This completes the proof. O

4 Piecewise H !+ H° + H' Images and the MSS Model

4.1 Piecewise H! + H + H' Images and the MSS Model

The 3-D world is an ensemble of individual objects, or 3-D structures. Each structure has relatively
homogeneous surface geometry or reflectance. As a result, under some common lighting conditions,
the acquired 2-D images must also consist of various homogenous patches, each of which captures a
relatively uniform 3-D pattern such as a tree, a pond, or an automobile. This view offers a heuristic
foundation for adopting the class of piecewise H~! + H? + H' images as a generic image model.
Each H~' 4+ H" 4+ H' piece models the image of some homogeneous 3-D object.

Given a piecewise H~! + HY + H! image ug, the goals of segmented decomposition are:

(1) to partition the entire image domain 2 into disjoint homogeneous patches Q; UQ U ..., and

(2) on each patch Q, to decompose the given observed image ug into

(uk,vk,wk) S Hl(Qk) X H_l(Qk) X HO(Qk)

When the disjoint patches are defined as the connected components of Q \ I' for some rela-
tively closed “curve” T', the above two tasks can be naturally combined to yield a free-boundary
optimization problem:

min E[I', u,v | ug] = E[I'] + Efu,v | 'l + Elug | u,v,T].

As in the preceding section, this “energy” formulation has been formally based upon the Bayesian
formula [8]:

p(F, u,v | ’U,(]) - p(F)p(u, v | F)p(uo ‘ u, v, F)/p(uo),
and Gibbs’ energy formula F[-] = —logp(:). (Notice that p(ug) is merely a probability normaliza-
tion constant given wug.) Define w = ugp — u — v to be the noise residue. Coupled with the 1-D
Hausdorff measure H! for the edge set I', the H—! 4+ H" 4+ H' image model of the preceding section
leads to the energy formula:

BT, u,v | ug] = HMT) + olull 3 g + 001 oy + Ao loqenry, (13)
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or more explicitly,

E[F,u,v|u0]:H1(F)+a/

\Vul|?dz + u/ IV(—Ar) " w|?dz + )\/ (ug — u —v)2dz. (14)
o\r o\r

O\r
Notice that here the texture potential ® = (—Ar)~'v is defined by
Ad=v, ze€Q\T; ®(2) =0, ze€0QUT. (15)

Since the classical Mumford-Shah segmentation model can be derived as the asymptotic limit of
the above model as p — oo, for convenience we simply call (13) or (14) the Mumford-Shah-Sobolev
(MSS) model for segmented decomposition. Notice that all the three energies on image patches are
imposed via Sobolev measures.

The existence of a minimizer to the MSS model is more involved than the corresponding problem
for the classical Mumford-Shah (MS) model and will be addressed elsewhere. We refer the reader
to the remarkable works of [13, 23, 28] for the MS model. The proof for the one-dimensional case
is however much simpler and can be found in [8], for example.

Due to the lack of convexity in the MSS model, uniqueness is generally unguaranteed. The
following construction gives an explicit example.

Consider the 1-D situation in which an edge set I' becomes a discrete set of points and the 1-D
Hausdorff measure H'(T) is replaced by the atomic counting measure H°(T).

Let = (0,1) be the image domain and ug = 1(g1/2)(z) — 1[1/2,1)(%) the observed image (which
is the Haar mother wavelet in wavelet theory [14, 43]). Define

A= A(m,l) = inf /\Vu]Qdac—i—m/ \V(—A)_1v|2dm+l/(uo—u—v)Qdac.
(uw)eHN(Q)xH1(Q) Jo Q Q

By the existence theorem in the preceding section, there exists some (u,vs) € HY(Q) x H1()
such that A(m,l) = Elus,vs | up,m,l. Then one must have A(m,l) > 0. Otherwise, the three
terms in the energy would demand w, = const., v, = 0, and ug — ux — v« = const., which is an
impossible scenario given wuyg.

For any given m,[ > 0, define

1 _m 4 A= l
Am, 0 T Ay M T Am )

Theorem 5 (Nonuniqueness) The minimizers to the MSS model EI',u,v | ug, o, p, \| are nonunique
given the above ug and any triple («, 3, \) in the preceding formula.

Proof. Tt suffices to show that the two distinct solutions,
(T' = empty set,u = us,v =v,) and (I'={1/2},u = ugp,v =0),
both achieve the minimum energy inf E[I', u, v | ug, 1, A] = 1. We leave the detail of this calculation
as an exercise. 0
4.2 Euler-Lagrange Equations for the Free-Boundary MSS

For a practical discipline such as computer vision, the actual computation of the proposed model
is no less important than proper modeling and model analysis. Classical variational models are
generally computed via their Euler-Lagrange equations or the gradient descent approach [8], as in
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the case of the Rudin-Osher-Fatemi [36, 7] model and the Mumford-Shah model [10, 32, 17, 28]. We
shall discuss the actual numerical analysis and implementation (via the level-set method [10, 33]
and I'-convergence [2, 17]) of the proposed MSS model in a separate work. Below we only briefly
discuss the associated Fuler-Lagrange equations of the MSS model.

Denote E[I',u,v | ug] by E[I' | up,u,v] when u and v are given, and E[u,v | ug, '] when T is
given. Define ® = (—Ar)~'v to be the I'-segmented texture potential as in (15) and w = ug —u —v
the noise residue. Introduce the energy “density” function

e(z) =e(x |T) = a|Vul? + p|VE|* + Aw?.

Then the MSS energy is given by

E[l,u,v | ug] = HY(T) +/ e(x | T)dz.

O\l
As commonly practiced in the literature [8, 29, 36], to obtain the formulae of the Euler-Lagrange
equations, the patterns (i.e., I', u, v, and ug) involved are all assumed to be sufficiently regular and
allow continuous differentiations. As a free-boundary problem, first consider a local perturbation
x — x + dx of the edge feature I' near any of its regular point, with other conditionally optimal
image patterns (i.e., u,v) continuously adapted to such perturbation. The calculation leads to the

first variation formula of the energy (see, e.g, [17, 32, 29])

0FE = /F (—kn — [e]pn) - dzds,

where ds stands for the arc length element along I', n the unit normal, and s the curvature scalar
coupled with n so that kn points toward the center of curvature. The jump [e],, is defined as

[e]n(z) = Elirggr e(z+en) —e(r —en).

Thus a gradient-descent evolution equation for the curve is given by

ox

— = kn + |e|pn. 16

L =k +[eln (16)

Notice that due to the coupling between k and n, as well as [e],, and n, the right-hand side does

not depend upon the binary choice of n. The first term is the familiar mean-curvature motion [19].
Given a current estimator I', the variations on the image patterns u and v on Q \ I" lead to the

same Euler-Lagrange equations as in the preceding section. That is,

alAu+ Aw =0,
(17)
AMw + pv =0,

with the boundary conditions du/0n = 0 and w = 0 along 9Q UT.

Any practical computational scheme (see, e.g., [11]) usually approaches the (local or global)
minima by alternating between Eqn. (16) and (17). Starting with any initial guess of the edge set,
one first solves the segmented decomposition problem (17) to obtain the optimal u and v associated
to the current edge estimator I';, and then applies the evolution equation (16) for some time step
At to update the edge estimator to a new one I'yy A;. Numerically such algorithm can be carried
out by the level-set technology [10, 33] or the I'-convergence approximation approach [2, 17]. We
shall detail the computational issues elsewhere and Fig. 1 shows the performance of the MSS model
on a natural test image.
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piecewise H' smooth (cartoonish) component H " texture component (displayed via 5x)

l i

Figure 1: The performance of the proposed MSS model on a generic test image. The model may
well simulate how a typical artist creates a painting wug: first sketch the outlines I' (upper right),
followed by filling in the cartoonish overall shades w for each structure (lower left), and finally
elaborate the detailed textures v (lower right) to bring complexion and life to the entire scene wug.

4.3 Textures Do Contribute to Segmentation

We conclude this short research note by justifying the role of textures for segmentation.

In the classical Mumford-Shah model, segmentation is mainly brought out by the discontinuities
of the Sobolev (or cartoonish) component u. We now argue that in the MSS model, the texture
component v does indeed contribute to the segmenting process, as similarly performed by the
human vision system. The following simplified analysis sheds some light on why this is the case.

Consider the 1-D image domain Q = (—m, 7), and a given oscillatory (and measurable) image

(z) = {sin(k_x) x € Q_ = (-m0),
O ) sin(kya) oz e Q= (0,7),

where the “wave numbers” k_ and k4 are positive integers, and satisfy (see Fig. 2)
ko> ky>1. (18)

Treat such an image as a pure texture distribution v. To human vision, it is natural to identify
xz = 0 as a boundary or edge point. We now investigate the quantitative effect of introducing
I' = {0} as an edge point.
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First assume that I' = {0} is indeed acknowledged as an edge point. Then v = ug is segmented
into two components vy on each €)1. Let ®1 denote the corresponding texture potentials. Then
one must have

*(I)g:(l‘) = V4, @i(z) =0, z€dNg,

where £’s must be uniformly + or —. Therefore, we have

sin(kyx)
@ = —
+ ki 3
and
2 0 ' 2 T 2 m (1 1 1 2 2
HUHHfl(Q\F) = . ]@_(x)\ dl’ + : ‘q)_i_(l')‘ d.%' = 5 E + E = 8_71' ()\_ + )\+) s (19)

where Ay = 27/ky denote the wavelengths. By the assumption in (18), A_ < Ay < 1 (see Fig. 2).

—-— A ==
— -

Figure 2: The example of piecewise harmonic waves for analyzing the role of H ~!-textures in
segmentation. Notice the visually noticeable difference between the two wavelengths A_ < A4.

Second, we investigate whether there could be a substantial energy increment when I' = {0} is
not acknowledged as an edge point. Let ® denote the texture potential of v on 2. Then

- (x) =v(z), ®(—7)=®(7)=0.
Then one must have n(hya)
sin(k4+x
+

for some constants a4+ and b+ to be determined next. The boundary conditions at =7 imply that
one can rewrite the solution to

O(x) =

+ar +bix, x€ Qi

sin(kyx)

12 +bi(zFm), xe€Qi.
+

Since v = ug has been assumed to be a measurable function, to avoid the emerging of Dirac’s delta
measure at x = 0, one must now enforce the first-order continuity conditions:

®(07)=®(0"), and @'(07)=d'(0").

Therefore, the two parameters are uniquely given by

1 1 1 1
b= b=, (k—_ - H) - Lo =00
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In particular, one observes that the long waves (with a large H~'-norm) on € have “penetrated”
the middle point x = 0 and “polluted” the texture on 2_. Finally,

1 1 1
'(2)?dr = —N] +7bi = — (AL + (A4 —A2)?
[ @@k = i = (M 0k A )
and as a result, without introducing I' = {0} as an edge point, one would have
1
[0l13-1 () = = (A2 +22 + (O —20)d) (20)

In combination of (19) and (20), the relative (squared) energy increment when I' = {0} is not
acknowledged as an edge point is
A+ =2 1
NI S
since it has been assumed that the wavelengths satisfy Ay > A_.

To conclude, there arises a substantial (texture) energy increment if the visually meaningful
boundary I" = {0} is not acknowledged. In terms of the original Mumford-Shah-Sobolev model, this
increment, after being weighted by the parameter u in the model, competes with the free-boundary
energy (H°(T) in the present 1-D case) in a more complex manner, which will be addressed in
forthcoming works.
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