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Abstract
We propose in this work to find explicit exact solutions called travelling profile
solutions to a nonlinear diffusion equation that occurs in image processing. Some
of these explicit solutions are related with the phenomenon of contour enhance-
ment in image processing. We present a generalization of the results obtained by
Barenblatt to study the contour enhancement in image processing for exponent
range of parameter enhancement.

1 Introduction

Many models which use nonlinear diffusion equations are proposed in image processing
and contour enhancement. The technique of using PDEs in the image edge has firstly
been introduced by Perona and Malik [6]. They have proved that image intensity
flux can lead to an enhancement of image edge if the flux is directed opposite to the
image intensity gradient. Different approaches to the edge enhancement problem were
proposed by several authors [1]. In particular, Malladi and Sethian [7] proposed a
model based on the differential-geometric approach, this model leads (after proper
scaling) to the following equation for image intensity:

(1 + up)ts — 2ustiyuey + (1 + ud)uy,

t =
ut(x, ) (1+u%+u§)1+’y

: (1)

where u(z,y,t) is the image intensity flux and v > 0 is a positive constant. This
equation represents a general movement by curvature flow.

The asymptotic treatment of these models shows the enhancement of the intensity
contrasts by formation of regions of large intensity gradients.

In order to focus on the boundary layer where large gradients concentrate, further
simplifications of this model were proposed in [2], and lead to unidimensional version
of (1):
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2 Travelling Profile Solutions for Nonlinear Degenerate Parabolic Equation

This equation governing the evolution of the image intensity in the boundary layer. In
the range v > 0, equation (2) falls into the class of degenerate parabolic equations with
degeneracy at u, = 00.

In this paper, we first propose to find exact solutions to equation (2) by introducing
the ”travelling profile solutions” which have been proposed by Benhamidouche et al.
n [4, 5], in seeking exact solutions for some nonlinear partial differential equations.
We seek solutions in the following form:

wte. = s (T ). 3)

a (t)

where the coefficients a (t), b(t), ¢ (t) are functions which depend on time ¢ and f is
the basic profile, these functions are to be determined.

On the other hand, we want to generalize the results proposed in [2 ] and we show
that such a behavior can be observed in the larger exponent range v > =, directly by
using solutions (3). We note that this problem has been investigated by Vasquez and
Barenblatt in [3] but with complicated conjugate formulation.

2 Exact Solutions to Nonlinear Diffusion Equation

We now construct exact solutions of equation (2) and give a prescription for properties
such as the asymptotic behavior, blow up, etc., for some exact solutions. For that, we
use the travelling profile solution as a special form of exact solutions to nonlinear partial
differential equations. Travelling profile solutions of equation (2) are represented in the
following form:

x —b(t)
a(t)
where the parameters a(t), ¢(t), b(t) and the profile f should be determined. This form

permits us reducing the PDE (2) to an ODE.
Substituting the form of solutions (4) into equation (2), we obtain:

u(z,t) =c(t) f(§) with &= forz € R and t > 0, (4)

c—2-2

—f - —§fg - —fg € g0 fee (5)

A simple separation of variables argument implies that the following conditions must
hold:

é acfzfzy
c — ==

&= (6)
a a—27

é _)\672 2

o @27

with parameters «, 8, A € R, and the basic profile f must satisfy the following ordinary
differential equation in &:

£ fee = af + BEfe + M. (7)
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We have to solve system (6) to find the coefficients ¢ (t),a (t) and b(t). Indeed, from
(6) we have:

co(t) = Koa(t) 7,
{ b(t) = %g(t) + Ay, (8)

where Ky > 0, A; are integration constants. Inserting (8) into (6), we get:

(i) In the first case, we have two time behaviors of the coefficients ¢ (t) , a (t) and
b(t). They are given by:

a(t) = [K(;Q*QVS& + AO] 7
o(t) = Ko [KO*Q*QVS@ + Ao] 7 , for 0 <t<Tand S3 <0, (9)
b(t) = % [K(;Q*Q”Sﬁt + AO} N + Ay,
with
P L i
Sp

And

=1
S

alt) = | Ko 788t + Ao

c(t) = Ko [KO*Q*QVS@ 4 Ao} 75 , for 0 <t <ooand SB>0, (10)
b(t) = 4 [K(;Q*Q”Sﬁt + AO} N + Ay,
with
S = 2(1"‘7)—044‘275 and Ag >0, Ky > 0, A; are constants.

B

(ii) In the second case (for S = 0), we have:

ct) = KoA(;% exp(Ky >~ Hat), for 0 < ¢ < o0, (11)
b(t) = Ao exp(—Ky * 27 Bt) + Ay,

with Ag > 0, Kg > 0, A; are constants.
We have three time behaviors of coefficients ¢ (t), a(t) and b(t); these behaviors
depend on parameters of similarity o and .

3 Some Explicit Exact Solutions of Nonlinear Diffu-
sion Equation
We consider now two interesting particular cases according to the values of «, § and

A, and we seek new exact solutions of (2), we show also the asymptotic behaviors of
the solutions obtained.
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3.1 Casel: a=0,8cR,, AR

A particular case in the discussion now is the case where a = 0, 8 € R%, A € R. This
corresponds to the following form of solutions:

u(et) = cof(€) with ¢ = =0, (12)

with interesting application of these solutions in image processing generalizing the
results proposed in [2].

To analyze the process of contour enhancement in image processing and resolving
the free boundary problem formulated with equation (2), Barenblatt [2] has introduced
the ”intermediate asymptotic solution” :

Tr — X

u(w,t) =cof(§) with§=——"—+,
(t—Fto) 2y

for a constant ¢y > 0, and =z, tg fixed, the profile f is an increasing function to
be determined. He proves that the rate of enhancement depends on the hypotheses
concerning the image intensity flow (the parameter ).

The mathematical problem was investigated by Barenblatt [2] and consists in solv-
ing this equation with suitable boundary data, namely, © = 0 on the left-hand side of
the contour and u = 1 on the right-hand side, and initial conditions wu(x,0) = ug(x),
satisfying 0 < ug < 1 and wug > 0 in an interval I = (a,b) and constant values oth-
erwise, zero to the left, 1 to the right, joining the levels f = 0 at a finite distance
& = —c <0 tothe level f =1 at £ = c. At these levels, when taken at a finite distance
& = *c, the gradients are infinite.

In this model, the phenomenon of gradient enhancement takes place for all v > 0 :
The spatial gradient of the solutions, u,, increases with time, and its support shrinks
[2, 3]. Indeed, the scaling implies that:

Tr — X

Ug (2, 1) = co(t +to) /27 f/(€) with € = —
(t —+ to) 2y

3

which shows that the solution is concentrated in an increasingly narrower strip S =
{(2,t) : |& — xo| < c(t + to)~1/?7} with gradients that diverge like t'/27 as t — ooc.
With the form of solutions (12), we can generalize these results. Indeed, if we
replace this form of solutions in (2), we obtain:
007272’)1
a=2v

a,., b -
Sl = 1 fee. (13)

A separation of variables argument implies that:
. —2-2y
= —p,
{ =0 (14)
0

where 3, A are arbitrary constants and v > %1
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The equation for the profile f (13) becomes:

df df —2(147) d2f
NEL (2 <L 15
veng- (%) B (15)
According to different value of parameter v, we discuss the solutions of (14) and (15).
The case: v € | 5t 00[— {0} :
The resolution of system (14) is not difficult, indeed from (14) we have:

b(t) = %a(t) A, (16)

If we replace (16) in (14), we get

27y

CL(t) = (C;?f'v) i+ AO) ’
0
1 for 0 < t < o0,

27y
+Ala

(17)

b(t) = 2 (ijy—fthrAO)
0

Pl

a(t) = (sz)%_yfw t+ AO) ) Aoc§(1+'y)
f0r0<t<T:—T,
g

—1

and
(18)

2y
b(t) = 3 (Cﬂ—fthrAO) + Ay,
0

where 8 > 0, and Ag > 0, A; are constants.
The equation for the profile f (15) can be written as:

d¢ dg?

after integration, we obtain

1 df —2(1+7) 2
—_ = —_— k 1 h k
3057 (d§> 16} > + X+ k, wit constant,

and another integration gives

—1-2(147)
(ﬁ) TS (564 3) where 8> 0 and A € R,

=1
2(1+~)

g _[ 1 ] BE + M\ 2
L= e - 1)
for
_wggg_#_

2=5(1) " this relation suggests a free-boundary problem for determination of

For £ =
a(t)
the image intensity evolution in the boundary layer I(t) and r(t) such that

1(t) = b(t) — %a(t} <o <bt)— #a(t} — (1),
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where a(t), b(t) are given by (17) and (18). If we replace b(t) ”given by (16)” we obtain

c C o,
7 5o =r().

Here, C is an integration constant. Further integration and using the boundary condi-
tions f (—#) =0, f (—)‘72#) =1, then we obtain

l(t)ZAl— CL(t)S{ESAl—F

v
G 1[1]ﬁm¢L/§ dn
= —— | — 1+~ _—
VB [1+7 - 02 T
and )
oo |2 /1 dn ’
VB L1+ [1— 772]%
0
Thus, the travelling profile solutions assumes the form:
PIRT S A
v v 77
u(x,t)=cy | —= | —— Ty _
( ) 0 \/B [1"'7] [1_772]2(117)

The gradients are given by

So by (19), we have

L 2
Co 1 2(14+7) =1 xr — Al
o(T,t) = — | —— C [1-—

wte = 5 [ l (Vo)
Therefore, the validity of the asymptotic equation (2) improves with time. Thus, the
gradients blow up like ”O(t%) 7 as t — oo, and like "O((T — t)%)” ast — T. The
width of the transition region r(t) — I(t) is equal to

=1
2(1+7)

=1

C C [ 298 B

which decreases with time.

In this case the phenomenon of gradient enhancement takes place: The spatial
gradient of the solutions u, increases with time, and its support shrinks, see figures 1
and 2.

The case: vy =0:

The equation (2) becomes:

U = Uy 2Ugg. (20)
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u(x,t)

Figure 1: The evolution of the image intensity distribution w(z,t) for v = 1, "the
Beltrami flow”.

<o

u(x,t)

Figure 2: The evolution of the image intensity distribution u(x,t) for y = —1/4.

If we replace the solution (12) in equation (20), we obtain

Q b o
__gfg/_ _fg/ =Cy 2f§ 2f§§- (21)
a a
A separation of variables argument implies that the following conditions must hold:

% - _60725
{ b (12 (22)
Pl —>\CO 5
where 3, \ are arbitrary constants.
The resolution of system (22) gives:
a(t) = Age=P% 1,
- for 0 <t < o0. 23
{ e = Yottt g 4y, PO )
The equation for the profile f becomes:
df _ (df\ TS
R - 24

which can be written as

df\ 7 d?
(d_£> %:(ﬂ{—k)\) where § € R} and A € R,
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after integration, we obtain

=1
a1 ’

¢ C

- (E5)

where C' > 0 is an integration constant. By using the boundary conditions f (— %) =

0 and f (—)‘72#) =1, we obtain, after integration:

1 A DN 1 9
f({)—;arcsm< e >—|—§, 8 =mr",
for
—Cr— A\ Cr— A
e ST

Thus, the travelling profiles solutions assumes the form

1 . .I—Al 1
u(z,t) = co —arcsin WCa(t) —|—§

for

The gradients are given by

-1
2
Co Co

1—GE$Y

The gradients blow up exponentially as ¢ — oco. The width of the transition region

2
r(t) — I(t) is given by 2%A067<$) " which decreases with time. In this case the
phenomenon of edge enhancement takes place for this class of equations (y = 0), see
figure 3.

3.2 Case2: a=pe€eR NeR

Now, we discuss another case so we assume that

/ u (s,t) ds = const.
R
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_ouky)

Figure 3: The evolution of the image intensity distribution u(z,t) for v = 0, ”the mean
curvature flow”.

We can see that from (4):

a(t) R

/Ru(s,t)ds _/Rc(t)f(S_b(t)>ds_a(t)c(t) £(€)de = const,

this implies
const

a(t)’
from relation (8) and (25), we have o« = (3, this case corresponds to physical law of
conservation of mass.

In this case, new explicit solutions are obtained to equation (2), which depends on
the parameter .

The case: v € | 5t 00[— {0} :

The equation of profile f (7) becomes:

c(t) = (25)

£ fee = [(BE + X) f]; where a, A € R. (26)

After integration, we obtain:

1 B
Do 1fg27 Y= (BE+ \) f +k with k is constant.
Y

If we put for example f (0) = f¢ (0) = 0, then k& = 0 and we obtain:

T =2y + ) (BE+ N

which implies that
R = (27 +1) (— — X)) T de.

Integrating once more, we get

2y
2v 41 2942 (294 1)1 2y -1
— frrr =2 (B - N+ + K, | €| —; — {0},
SR 35 (HE-NTTAK, forq € | o0l — {0}

where K is an integration constant.
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Then, the solution of (26) is written under the form:

241

1= [+ e+ K;_ﬁl (- — 2,7 K)J

for v € | 5t 00[ — {0}. Finally, an explicit exact solution to the nonlinear degenerate
parabolic equation (2) is given as follows:

u(w,t) = ct) [(v+1>(2v+1>ﬁ}m K;_; [(_ﬁx;(lt)gt) _M]ﬁJFK) ]T
+

(27)
for v € | 5t 00[ — {0} . The coefficients ¢ (t), a (t) and b(t) are given, explicitly, by:

alt) = [ 500+ 4] 7

ul=

c(t) = Ko [KO*Q*QVS@ + Ao] , for 0 <t < T and <0, (28)

b(t) = 2 [K5 272188t + Ao T + Ay,

with oo
-~k
Sp

And

a(t) = [K(;Q*Q”Sﬁt + AO} -

c(t) = Ko [KO*Q*QVS@ + Ao} N for 0 <t < oo and 3> 0, (29)

b(t) = 2 [KG*2SBt+ Ag| T + Ay,
where

-1
S=2(1+2y) >0 forye ] - oo[— {0} and Ao, Ko > 0, A; are constants.
The case: v =0:

Clearly, if we set v = 0, in (9) and (10), the coefficients ¢ (t), a (t) and b(t) are
given by:

a(t) = [Ky*2at + A =
c(t) = Ko [Kj *2at + Ao

b(t) = 2 [Ky*2at + Ag]

for0<t<Tand f=a<0, (30)

=l

3

+Ala

]
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with
_ —AK3

T
20

And

=1
2

a(t) = [Ky*2at + Ag]
c(t) = Ko [Kj *2at + Ao
b(t) = 2 [Ky2at + A

for0<t<ooand B=a>0, (31)

3

+Ala

= o=

4

where Ao, Ko > 0, A; are constants.
The equation of profile f (7) becomes:

ngfgg =[(a€+A) fl¢ where a, A € R. (32)

Integration of (32) and putting f(0) = f¢ (0) = 0 and after a routine computation
yield

-1
a+ N

Jef =

Integrating once more, we obtain:
1 -1
SfP=—Injag + A + K,
2 o

where K is an integration constant.
Therefore, the solution of (32) is written under the form:

[ = l(%lnlaHAHK)J 2.

Returning to the variables = and ¢ we obtain:

u(z,t) = c(t) l(__%n’ax—b(t) +)\’+K>+r, (33)

! a(t)

where ¢ (t),a(t) and b(t) are given by (30) and (31).

4 Conclusion

In this work we have presented some explicit exact solutions to a nonlinear degenerate
parabolic equation that occurs in image processing. We have introduced a general
form of self similar solutions, called ”travelling profiles solutions”. We have also given
general results obtained for a free boundary problem investigated by Barenblatt [2], to
study the contour enhancement in image processing. We have obtained new results in
the larger exponent range of parameter enhancement ~ > %1
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