Line Scratches Detection and Restoration via Light Diffraction
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Abstract

This paper presents a unified model for the detection and
removal of line scratches. It is based on modelling the
scratch effect by allowing for the diffraction of light. The
paper gives some evidence as to why light diffraction can
give rise to scratches. The physical modelling of the de-
fect along with its classification as region of partially miss-
ing data allows very good results borh in detection and in
restoration. ’

Keywords: Digital Film Restoration, Scratch Detection
and Restoration, Light Diffraction.

1. Introduction

Scratches are common defects on old film sequences.
They appear as straight lines subtending much of the ver-
tical extent of an image frame, The angle to the vertical 15
up to 5 % [8)), with bright or dark intensity and a width
from 3 to 10 pixels [6]. Since they occupy the same or quite
the same location in subsequent frames, they cannot be clas-
sified as temporally impulsive defects. Moreover their auto-
matic detection is usually harder than their recovery because
there is some confusion as to what separates a line scratch
defect from any other thin line in an image. For that reason
there are more proposals for restoration than for detection.
In order to propose an effective and unified model, some
empirical observations, often exploited by experts, should
be accounted for.

Color The transport mechanism can impinge either on the
side of the support material (negative side) or on the
other side (positive side). This leads to black and
white scratches respectively, It means that for white
scratches a part of the information is definitively oblit-
erated, since the mechanism *‘throws away informa-
tion”. On the contrary, with regard to dark scratches no
information loss is incurred since it is only the support
material that is damaged. Therefore, for dark scratches
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Figure 1. Scheme of digitalization process of
a frame £;.

a simple transformation between the image and the de-
graded copy should exist.

Scanning The images are acquired by a film scanner. The
scanner uses CCD cells and these cause a spread of the
light which illuminates them (see Fig. 1).

A simple scheme of the digitization process is depicted
in Fig. | where F; is the degraded frame, I; is the projected
image (where the scratch emerges as a diffraction effect)
and T; is the real observed image (incorporating the light
spreading effect of the CCD array}.

Using these observations, the novel contribution in this
paper is to prove that scratches on digital images are light
diffraction effects (see Appendix A) and then to propose a
unified model for both detection and restoration based on
this effect. The scratch is therefore constrained to follow a
sinc® behaviour as with light diffraction. Its cross-section
[6] can be then defined as follows:

L) = besinc (w|i — cp)) ()

where b is the brightness of the scratch, c, its location
while w is a parameter to be estimated.

The paper is organized as follows. In Section 2 a model
for line scratches detection is proposed and some experi-
mental results are shown. A model for restoration, its im-
plementation and some experimental results are the topics
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of Section 3. Finally Section 4 draws the conclusions, while
in Appendix A diffraction for line scraiches is proved.

2. Detection

As previously mentioned, one of the main difficulties in
the automatic detection of scratches is their occurrence in
the same location in subsequent frames. In {5] this tempo-
ral continuity is exploited by tracking the detected artifact
lines over the image sequence by means of a Kalman filter.
But a precise detection on the first frame is required. On
the contrary, in [6] an additive spatial model is proposed.
Scratches are detected by means of a Bayesian refinement
strategy starting from an initial guess obtaired by a simple
median filter based line detection process. Both the previ-
ous techniques fail to detect a subset of scratches, particu-
larly the low contrast and shortest ones. Moreover, they are
somewhat sensitive to thresholds.

A model for detection (SDHO) based on the Weber’s law
has been proposed in [3]. Its peculiarity was the representa-
tion of a scratch as a region of partially missing data, i.e. the
model was not completely additive. In fact, empirical ob-
servations proved that additivity of image information and
scratch in the cross-section depends on the visibility of the
scratch itself — that is its brightness compared to the image
surround. Moreover, scratch information vanishes moving
away from its maximum. Thus the model can be writterras
follows

M) = a-0-nH) o+

Hi-o) BEEL LW @

where I is the degraded image brightness, G is the original
image one, v is a normalized coefficient representing the
rafio between the brightness of the scratch and the image
one while k;, is the decay of the line profile. Lgf)’ is the
scratch model. The aim was to model the scratch profile
with a damped harmonic oscillator. Only two of the three
solutions were employed: critical and under damping, i.e.

2li—c g :
L%”)’ (i) = { bp(———rﬁf—' + 1) critical damping 3)

b, cos(l-i;’_i—c”—') underdamping

and

A 2/m  (ritical damping
P eV yoderdamping.

2.1. A new contribution

Appendix A illustrates that the scratch behaviour arises
from light diffraction. Therefore eq. (1) is more appropriate
for use in (2). Estimating the free parameters in (1) is then
the main issue. In (3) the frequency of the cosine is 7/m:
at a distance equal to m from zero there is the first relative
extremum. Using w = £ yields

sin*(amx/m)

LIn(w) = bs (are/m)?

, T=limgl @)

SITDOWN | KNIGHT smﬂ
True scratches 24 1 21
Kokaram’s model 9 1 1
Damped sinusoid 12 1 il
SDHO 19 1 18
Diffraction 18 1 12

Table 1. Comparison between Kokaram algo-
rithm [6] results, damped sinusoid based one
[9], SDHO (harmenic osciilator) [3] and the
proposed one (difiraction).

Local extrema (minima if by > Q) are located where the
function sin? is zero, i.e. £ = 2% Since the first minimum
18 & = 1, 1t 1s trivial to see that @ = 1 and then

L, (x) = bssinc?(z/m). (5)

Since image luminance cross-section is a zero-mean
function, while sinc® is a function everywhere positive,
then b, = b, — a, where b, and o are the brightness values
of the image cross-section respectively at ¢, and its closest
extremum location (if there is perfect symmetry). Then, in
order to make sinc? to be zero-mean, a shift of L, (z) along
y-axis is required as follows.

Ln(z) = (by — a)sinc*(z/m) + a. (6)

Notice that the maxima of the function sinc? has an am-
plitude (with respect to the main maximum) equal to 4.7%,
1.6%, .8%, ... located near (k + 1/2)x, &k € N. The be-
haviour of the damping of maxima amplitudes can be mod-
elled by means of an exponential function f(z) (exactly at
least for the first secondary maximum). Such a function will
depend on m and it is easy to show that it can be described
by the following equation:

—2x

flay =e> . M
Then the model equation (2) becomes:
I(i) = (1— (1 = )e=""hG" (i) + (1 - ) Lali) (8

where Ly (i) = Lu([¢ — ¢p|) = La(z).
The following are of importance.

e The damping of sinc? has the same behaviour as the
critical damping of the harmonic oscillator.

o Since sinc® is a non-negative function, the parameter
@ has to be estimated from the data and it is equal to
the average of the data in the range [¢, — m, ¢p +m].

2.2. Experimental Results

We have performed our detection mode! on three frames
of three classical sequences [6]: Star (1-st) (Fig. 2), Knight
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Figure 2. 1¢* frame of the degraded Star se-
quence

brighiness

olumn number

Figure 3. sinc® (solid), critical damping (dot-
ted) and underdamping (dashed) profiles.

(33-rd) (Fig. 5) and Sitdown (7-rd frame) (Fig. 7). In Ta-
ble | there are some results we achieved and they are com-
pared with existing models. Results indicate that the em-
pirical mode! (SDHO) is better than the real physical one.
The empirical model is more general since it considers the
embedded correlated noise due to the original image. In
other words it is less restrictive for the scratch profile model
and in the meantime it includes the "pure” diffraction case
(i.e. without correlated information due to the image) (See
Fig. 3).

Unlike detection, the restoration phase requires a precise
knowledge of scratch profile. To do this, diffraction has to
be exploited since it gives the true information of the scratch
to be removed yielding a precise recovery, as we will see in
the next Section.

3. Restoration

Previous approaches for restoration {1, 2, 4, 5, 6, 7], are
based on the assumption that regions affected by scratches
do not contain information. The work of [1] and [4], which
introduces the concept of inpainting, can aiso be applied to
old movies. But in this case, the hypothesis “'there is no sig-
nificant information in the region to be inpainted” (see [1]
page 1 section 2 rows 5-6) is not true. Moreover, variational
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Figure 4. sinc? {dashed), convolution of sinc?
with a gaussian filter with o = 3 (solid)

Figure 5. 33'% frame of the degraded Knight
sequence.

approaches, though applied in small regions of the image,
are expensive. In [2], [4], [5], and [7], again, information in
the degraded regions is recovered as “extension” of the clos-
est surround. Finally it is worth emphasizing that in [2], for
the first time a diffraction hypothesis has been made even
though it has not been proved or exploited.

It transpires that scratches sometimes remove a part, but
not the whole information from the original image. The
strength (brightness) of the diffraction effect is due to the
depth of the scratch on the film material. Incident light must
pass through the remaining amount of material and the cross
section of the cut in the material may lead to an asymme-
try in the scratch. In the detection phase we assumed the
scratch symmetric. But this was a first approximation since
we was only interested in achieving a threshold value and
then a basis for decision. Moreover it was good enough
since the cross section represents the sum of various asym-



Figure 6. Restored 33** frame of Knight se-
quence.

metric rows. A good restoration entails a good approxima-
tion of the scratch and that implies that asymmetry has to be
estimated. i

From the previous considerations and from the detection
step, we know that the scraich information (i.e the cross-
section) on the degraded image follows a sinc? function.
We know where it is located {¢;} and its width (2m) in a
suitable region £} of the image but the amplitude (b,) is un-
known. However, from the cross-section we have a value
of by, but this is affected by the “original image noise”. A
least squares estimation process follows.

Starting from the equation of the scratch profile on the
image cross-section

L (i)—bSiTLC2(u) ep—m<i<c,+m, (9)

nit) = UpSt m 21X G )

by value can be estimated from the data in the least
sguare sense, l.e minimizing the mean square error in the
scratch domain I = [¢, — m,e, + m]. It is a sim-
ple linear problem because {9) can be written as follows
Lp(7) = bpF(i) where the function F'{) = sincz(h?—:”’)
is known when the domain D is fixed. Then, if I{3) are the
corrupted data of the image signal (cross-section of (1), we
have to find b, :

b, = min ;J (i) — aF (D). (10)

At this point, for a givea region of the image (, we have
all parameters for the scratch (i.e. b,, €, m). These can be
used to restore each row belonging to 2. A filter w to apply
to the degraded data has to be designed. Considering the
model equation (8) we define the filter coefficients (Wiener
filter), as follows:

wli) = (I(i) - C.S()?
(I(i) — G282 + (8282

ieD (i)

Figure 7. 7*" frame of the degraded Sitdown
sequence.

where Cy = (1 — (1 — y)ew li=¢2l), Cy = (1 — ) and
5(i) = CL,{i) {C is a constant depending on the features
of the scanner and it will be defined later). Hence each row
which contributes to §2 cross-section is processed with the
filter w. It is obvious that the smaller {2, the more precise
the attenuation (the data are quite similar).

3.1. The Algorithm

o For each region {} of the image containing only one
scratch, the amplitude by, of the sinc? is estimated from
its cross-section in D in the least square sense (as in

(10));

e foreach row r of Q2

1. The cross-section I.(i) 1s computed, i.e. we sub-
tract its local mean M.(¢);

2. The filter domain D, is computed. The maxi-
mum of I.(¢) in D is found, and its adjacent left
and right minima. If ¢, ¢/ —m, and ¢ +my
are respectively the locations of the maximum,
the left minimum and the right minimum, then
Dy = [ —my, e + mal;

3. The sinc? is adapted to the new local scratch pa-
rameters, i.e.

LY =

_ { bpsincz(ﬁ—;-?i), i€l - ma i)
B bpsz'ncz(ﬁ;?!), ie (@, &+ mg)
4. Filter coefficients are defined as follows.

(I (i) — Ca5,.(i))?
(1 (i) = C25. (D)% + (G2 5:(1)*

wrli) =

with i € D, and where $,(i) = CLY (i):
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Figure 8. Restored 7** frame of Sitdown se-
guence.

5. This filter is applied to the row cross-section I,
obtaining the denoised cross-section 1.{i) =
wr(@} (), i€ Dy

6. The local mean of L, (sinc?, i.e. scratch infor-
mation) is computed and subtracted from the lo-
cal mean M, (2) of the selected row, obtaining the
denoised local mean of the row M,.(4);

7. The restored row is given by M, (1) + I,.().

Step no. 2 computes the asymmetry. It is necessary be-
cause the scratch domain I is estimated from the cross-
section of the whole region © and then it gives a global in-
formation of the scratch in this region. 'A symmetric cross-
section can come from several asymmetric rows. On the
contrary, at this stage we need the precise local features
of the scratch in order to completely remove it. Since we
are investigating the local parameters of the scratch, the hy-
pothesis of symmetry of the defect are not necessarily ver-
ified. For that reason we estimate 1, and m, and then we
define two different sinc? on the left and on the right of
the scratch location. Moreover asymmetry comes from the
fact that transport mechanism causes not perfect slits. Then
scratch is the result of a more complicated effect.

Step no. 6 is supported by the fact that M.(i) are the
local mean of the degraded row and then they also contain
scratch information. Therefore, in order to achieve a good
restoration, this information has to be subtracted from them.
The scratch contribution in M. (z) is represented by the lo-
cal mean of the sine? in the selected region. Splitting in-
formation in low frequency and high frequency components
has already been exploited in [2] and [5].
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3.2. Some considerations and experimental results

Before showing the experimental results we highlight
two interesting aspects concerning the scanning device. The
parameter v, estimaied in the detection step, represents a
measure of the visibility of the scratch on the whole im-
age according to the Weber’s law. (Keep in mind that
¥ = %n_, where E,, is the average of the peaks am-
plitude of the cross-section and « is a normalization factor
[9]). The visibility of a scratch with brightness by with re-
spect to another scratch by can be measured finding the pa-
rameter 8 : 34 = 2, hence f = %f— For that reason the
constant ' has been introduced in (11) as follows:

b;
C= Po E

where b; is the amplitude of the scratch we are removing,
by is the amplitude of a fixed scratch and p,, is a parameter
depending on the scanner features. This procedure is re-
quired to overcome the lack of knowledge of the scanner
features.

The scanner also contributes to the shape of the scratch.
In fact its profile does not exactly coincide with a sinc?
behaviour, We assume that scratch profile comes from the
convolution of a sinc? with a zero mean gaussian function
with variance 0. From some experimental observation, we
noticed that, if ¢ is in a suitable range, the result is an am-
piified and dilated sinc? (see Fig. 4). This contribution is
contained in the parameter p,.

The proposed model has been tested on many frames.
In Fig. 6 and in Fig. § are shown results achieved on Knight
(33rd frame) and Sitdown (7th) sequences. It can be noticed
that even though surround information has not been used,
recovery achieves good results in terms of visual quality.

4. Conclusions

In this paper we have presented a model exploiting the
diffraction effect for both detection and restoration of line
scratches. While black scratches are quite exactly described
by the effect above, the white ones are not, For these lat-
ter scratches, the transport mechanism acts on the positive
side of the film material. Hence, only in this case part of
the information is definitively obliterated as much as the
depth of the scratch. This fact has also been confirmed by
experiments. Hence, our future research will focus on an
improvement of the proposed model integrating it with au-
toregressive filters based ones, as in [6].
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Figure 9. Scheme of a fixed focal lens based
projector: a is the lamp, b is the film, c is the
lens and d is the screen.

A. Diffraction

We have diffraction when:

1. X << d, where X is the wavelength of the light which
passes through a slit and d is the width of the slit; and

2. D =~ oo, where D is the distance between the slit and
the screen(= big enough).

We show here that diffraction conditions for seratches in old
movies exist in film projector as well as in film scanning
devices. ' :

Usually a projection device {or 33mm film is composed
of a light source (lamp) illuminating the film to project the
image on a lens whose only purpose is to increase the size
of the projected image on the screen (see Fig. 9). Features
of the lens are designed in agreement with the size of both
the projection room (features: focal distance and conjugate
points) and the screen (feature: magnification ratio). Firstly,
light ray directions are parallel in the projector. This is in
agreement with a precise request for a diffraction experi-
ment. : ’
If we indicate the wavelength of the light rays of the lamp
with A, we know that#; < d, < [; (see Introduction) where
dp is the scratch width on a digital image. Then it is easy to
see that .

I -Gy <d Slz -Gr’
Gy ~ G,

where &', and G, respectively indicate the (originai analog-
ical) image size (in cm) and the digital image size (in pixel).

At this point, we exploit the well-know diffraction rela-
tion:

(12)

_2DA
=~

where d is the scratch’s width on the film material, D is
the distance between the slit and the screen (in our case the
lens) while A and d; have previously been defined. Com-
bining (12) and (13) it is easy to obtain the first diffraction
condition:

d (13)

2D Amin Gy =~ 210% Apin >> Amaz (14)
LG,

dmin =

considering .39 < A < .78 um, {; = 3and I, = 10, G,
at PAL resolution and (7, without image size increasing (=~
3Smm), D ~ 5 cm,

The situation we have described above 1s relative to old
projectors that had fixed focal distance (in the modern ones
this distance may be adaptively changed). Wote that this
simplified situation is not restrictive at all, since a modern
projector behaves as an old one once the focal length of the
lens is fixed.

Moreover it is easy to show that the second constraint
for the diffraction effect is verified, i.e.]) much bigger than
both A and d (there are some size orders of difference). Note
that in this academical example we don’t know in advance
the focal distance of the lens since tied to the size of the
room for the movie projection and the projection screen.
As matter of fact, we are not inieresied in this information,
but we have to keep in mind that when D) approaches A
the diffraction effect is less and less evident and the light
is almost completely in the centre of the screen. Finally, it
is also easy to verify that when a modern film scanner (or
telecine machine) is involved, diffraction already exists. In
fact, in Fig. 9 CCD cells lie on ¢ and D is shorter. Then in
(13) both D and d decrease (about one size order) leaving
the ratio % mainly unchanged.
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