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Abstract This paper proposes a shot change detection method and a camerawork estimation method for frame
displacement correction of old films. The phase-only correlation is used for the shot change detection. The threshold
of the shot change detection is determined mathematically using the properties of the phase-only correlation in the
proposed method. Camerawork is estimated by lowpass filtering the frame displacement value. Experimental re-
sults show that the proposed method can detect the shot changes accurately and estimate the cameraworks. Visual
inspection shows that the frame displacement is significantly reduced by the proposed method.
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1. Introduction films are degraded by the frame displacement and other de-

fects, it is difficult to make the task of video compression
such as MPEG [2], [3].

displacement improves the performance of an MPEG coder

The main object of this paper is to detect shot changes and Thus, the correction of the frame
estimate cameraworks for frame displacement correction of

old films. Frames of old films may suffer from vertical and significantly [4]. In addition, the existence of the frame dis-

horizontal movements, which we call the frame displacement.
The frame displacement results from the slight distortion
caused by film perforations [1] and the inaccurate timing of
film transporting system in a camera. The correction of such

displacement makes old films comfortable to view. If the

placement has a bad influence on the result of blotch removal
and flicker reduction. Therefore, the correction of the frame
displacement is important as a preprocess of old film restora-
tion.

We proposed the frame displacement estimation method
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with subpixel accuracy using the phase-only correlation [5].
The steady movie can be obtained by the method with high
accuracy unless the movie has camerawork. Cameraworks
should be considered in the process of the frame displace-
ment correction because many movies contain cameraworks.

Displacement estimation results by the proposed method
include frame displacement and cameraworks. The camera-
works should be separated from the displacement estimation
results by some method. For camerawork estimation, shot
change detection is necessary as a previous process of camer-
awork estimation, because camerawork should be estimated
in each shot. A conventional shot change detection method
in Ref. [6] is very susceptible to noises such as blotches and
flickers. A method robust to such noises is needed for old
film restoration.

This paper is organized as follows: Section 2 introduces
important properties of the phase-only correlation and dis-
placement estimation method using the phase-only correla-
tion. Section 3 proposes a shot change detection method
using the properties of the phase-only correlation. Section 4
proposes a camerawork estimation method. Section 5 gives
some experimental results to show the efficiency of the pro-

posed method.
2. Phase-Only Correlation

The phase-only correlation (7] is defined as the inverse
Fourier transform of the normalized cross power spectrum
between two images, and represented as follows:

A(ki1,k2) B*(k1, kz)] )
|A(k1, k2)| | B(ka, k2)|

where IDFT denotes the discrete inverse Fourier transform,
and A(ki, k2), B(k:,k2) are the spectrum of the original im-
ages a(ni,n2) and b(ny,n2), respectively. The phase-only

gab(m,nz) =IDFT [

correlation is robust against intensity flicker, which is a vis-
ible global brightness variation from one frame to the next,
since the amplitude spectrum is normalized. The phase-only
correlation is suitable for frame displacement estimation of
old films.

The phase-only correlation can measure the displacement
between a pair of images subject to unknown translational
differences. Two important properties of the phase-only cor-
relation are used for displacement estimation. One is that
the phase-only autocorrelation is the delta function. The
other is that the phase-only correlation is shifted at the same
amount as the displacement between the two images. That
is, if the image is shifted by 7 then its phase-only correlation
is shifted by —7. The displacement between the two images
can be estimated by finding the location of the highest peak
of its phase-only correlation, since the phase-only correlation

of two similar images has a sharp peak.

The accuracy of displacement estimation is extended to
subpixel by the method in Ref. [5].

the phase-only correlation g,3(n1,n2) between a(ni,n2) and

Now, we consider

b(n1,n2) = a(n1 — 81, n2 — §2), where §; and 42 are subpixel
displacement, respectively. When the discrete Fourier trans-
form is used, the general form of the phase-only correlation
depends on image size [8]. In case that the image sizes Ny

and N are odd number, g,3(n1,7n2) becomes as follows:

gab(n1,n2)
— IDFT [el’%’fkl(ﬂlﬂsl)ej %y%kz(nﬁ-&l)]

_ 1 sin(w(n1 +61)) sin(w(nz + 4§2))
T NN, sin(F; (n1 + 01)) sin(F; (n2 + 82))

)

Since N and N: are much larger than w(n: + 1) and
w(n2 + 82) in case that n; and mny are close values to —d;
and —§; respectively, Eq. (2) can be approximated as a sinc
function given by

gab(n1,n2) ~ sinc(ny + d1)sinc(na + d2). (3)

In case that the image sizes N; and N; are even number,

gab(m1,n2) can be obtained as

gab(n1,n2)

1 (sin(BFa(u +61)
T NN, sin(; (n1 + 61))

sin(ﬂfv—glw(nz +62))
sin(NLQ(ng + 62))

+ cos(7rn1))

+ cos(wnz)) . (4)

The terms cos(nn;) and cos(nnz) are caused because there
are phase discontinuity at k1 = %’- and k2 = %1 The sign
of each cosine term depends on the displacement values 4;
and 8;. Equation (4) also can be approximated to the sinc
function but the difference between Eq. (4) and the sinc
function is larger than that of the Eq. (2) because the effect
of cosine terms. We can obtain the displacement with sub-
pixel accuracy by fitting the continuous sinc function to the
discrete phase-only correlation. The quadratic curve fitting
is used for the reduction of computation cost in our method.
Figure 1 shows the computation process of the proposed dis-
placement estimation method.

Other important properties are that the energy and the
summation of the phase-only correlation between images al-

ways become unity as

Ni—1Np—1

33 lgas(na,na)? =1, (5)

n1=0 no=0

Ny—1Ng-1

> ) gablni,ma) =1. (6)

n1=0 ngy=0

For example, in the case of the phase-only autocorrelation,

the energy and the summation become unity. Even if the
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Fig. 1 Computation process of the proposed displacement esti-
mation method

two images have no relationship (like white noise), the en-
ergy and the summation of the phase-only correlation also
become unity.

3. Shot Change Detection

We must estimate cameraworks for frame displacement
correction of old films, because the estimated displacement
by the method described in the previous section includes
both frame displacement and cameraworks as the estimated
value. Separation of cameraworks and frame displacement is
necessary for frame displacement correction preserving cam-
eraworks. Moreover, shot change detection is necessary as
a preprocess of camerawork estimation. This section intro-
duces a conventional method of shot change detection and
proposes a shot change detection method using the phase-
only correlation.

3.1 Conventional method

We investigate a conventional method of shot change de-
tection. This method uses color histograms to temporally
segment video sequences [6], [9]. The difference between the
histograms of consecutive frames is computed and large dif-
ferences are marked as shot changes. The evaluation function

of this method is shown as

M . N\ 2
() — (hn-1(i) — hn(3))
feni(n) ,§=, (D) ) ()

where h,(¢) indicates the histogram of frame n and M indi-
cates the number of histogram bins. The histogram h, (i) is
a color histogram in Ref. [6], but gray histogram is used in
this paper because we only treat grayscale sequences.

This method is susceptible to noises. If the sequence is

Fig. 2 Phase-only correlation near the origin

suffering from flickers, the value of Eq. (7) becomes large,
because the difference between the histograms of the consec-
utive frames is larger. We have to develop a shot change de-
tection method robust to noises such as flickers and blotches
for old film restoration.

3.2 Proposed method

The proposed method estimates the frame displacement
This displace-
ment estimation is performed from the first frame to the

between consecutive frames in a sequence.

last frame. As described previously, the proposed method
uses the phase-only correlation for displacement estimation.
The phase-only correlation between two similar images has
a sharp peak shown as Fig. 2(a), but the phase-only corre-
lation between two different images has small random val-
ues shown as Fig. 2(b). The peak value of the phase-only
correlation at shot boundaries becomes much smaller than
the other points. The shot boundaries can be detected by
measuring the peak values of the phase-only correlation and
finding the small ones.

The threshold value for shot change detection should be
considered. If the threshold is too high, the number of mis-
detections will increase. If the threshold is too small, we
cannot detect any shot boundaries. It is significant to de-
termine an appropriate threshold for accurate shot change
detection.

The phase-only correlation between images on a shot
boundary has no large peak but small random values. The
sample values of the phase-only correlation between differ-
ent images is distributed to the normal distribution. This
is proved using the central limit theorem. Figure 3 shows
the histogram of sample values of the phase-only correlation
between different images. The histogram indicates that the
normal distribution is a good model for this data set. The
mean value and the variance of the normal distribution can
be determined by the properties of the phase-only correla-
tion. The mean value p is determined as

= %Nz ®)
by the property that the summation of the phase-only cor-
relation always becomes unity as Eq. (6). The variance o2

is also determined as

__:27 i
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Fig. 3 Distribution of sample values of phase-only correlation be-

tween different images

1
ol = N, 9)
by the property that the energy of the phase-only correlation
always becomes unity as Eq. (5). Thus the sample values of
the phase-only correlation between different images follows
the normal distribution, and the mean value and the variance
depend on the image sizes.

The threshold of shot change T}, is determined from these
properties of the phase-only correlation. It is desirable to de-
termine 7}, slightly larger than the maximum of the phase-
only correlation between different images. Figure 4 shows
an example of the normal distribution. If the area of the
hatched region covers 100% of all region, T, may be a good
threshold. However, we cannot detect the shot boundaries by
the threshold, because T, becomes co when the percentage
becomes 100%. In this paper, T}, is determined as p + 4z3,,
where the percentage becomes 99.73% at the point p + z3,.
The magnification 4 is experimentally set. Because z3, can

be obtained by the image size, T, is mathmatically written

as:
Tp = p+ 423, (10)
1 12
= — . 11
NiN; 'N1N, (1)

The threshold only depends on the image sizes. The effi-
ciency of this shot change detection method will be shown in

experiments.
4. Camerawork Estimation

Camerawork is estimated in each shot segmented by the
shot change detection method mentioned above. We only
deal with pan and tilt, which are horizontal and vertical cam-
era movement, as camerawork since old film sequences hardly
include zoom and rotation. Camerawork can be estimated by
low-pass filtering the frame displacement estimation result,
because the frame displacement has generally high temporal
frequency and camerawork has low temporal frequency. We

f(x)

Tp

Fig. 4 Example of normal distribution

Fig. 6 Sequence “Hakodate”

use an order 30 FIR filter with a lowpass cutoff frequency
0.017. The frame displacement corrected movie can be ob-
tained by shifting the image at the difference between the

frame displacement and the estimated camerawork.
5. Experiments

The proposed method is applied for the displacement cor-
rection of two actual old film sequences. We use sequences
shown in Fig. 5 and 6. The sequence “Asahikawa” is 597
frames long and consists of 5 shots. The sequence “Hako-
date” is 596 frames long and consists of 7shots. There are
frame displacement and some other defects such as blotches
and flickers in the sequences. The image size of each frame
is 480 x 720 pixels.

5.1 Shot change detection

Figure 7 shows the log plot of evaluation value of the con-
ventional method in Ref. [6] for “Asahikawa”. The arrows in
the figure indicates shot boundaries and the dashed line indi-
cates the threshold for shot change detection. The threshold
in this method is determined experimentally. We interpret

that a shot change occurs when the evaluation value exceeds
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the threshold. From the result of Fig. 7, we see that the con-
ventional method can detect the shot changes if the threshold
is determined adequately.

Figure 8 shows the peak value of the phase-only correla-
tion for the sequence “Asahikawa”. We interpret extremely
small values as shot boundaries. The threshold value 0.02 is
mathematically determined using Eq. (11). It can be seen
that the peak values of shot changes are below the threshold
and the shot changes are detected by the proposed method.
For “Asahikawa”, both the conventional and the proposed
method can detect the shot changes accurately.

Figure 9 shows the log plot of evaluation value of the con-
ventional method for “Hakodate”. It is difficult to determine
a threshold in this case. If Th; is set as the threshold, the
shot change at frame 350 is not detected besides frame 128
is misdetected as a shot boundary. If Th» is set, the shot
change at frame 350 can be detected but some other frames
are detected as misdetected shot boundaries. The conven-
tional method cannot detect all the shot changes without
misdetection.

Figure 10 shows the peak value of the phase-only corre-
The threshold value
0.02 is same value as the case of “Asahikawa”, because the

lation for the sequence “Hakodate”.

threshold of the proposed method depends on the size of each
frame. It can be seen that the peak values of the shot change

e
kN

o
()

Peak Value

Th--d-9

0 100 200 300 400 500
Frame Number

(=)

Fig. 10 Peak value of the phase-only correlation for “Hakodate”.
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Fig. 11 Estimated displacement and estimated camerawork for

“Asahikawa”.

are below the threshold and the shot changes are detected
by the proposed method. Although the conventional method
cannot detect all the shot change boundaries for “Hakodate”,
the proposed method can detect the shot changes accurately.

5.2 Camerawork estimation

Camerawork is estimated in each shot segmented by the
shot detection method mentioned above. We only deal with
pan and tilt, which are horizontal and vertical camera move-
ment, as camerawork since old film sequences hardly include
zoom and rotation. Camerawork can be estimated by low-
pass filtering the displacement estimation result, because the
frame displacement has generally high temporal frequency
and camerawork has low temporal frequency. We use an or-
der 30 FIR filter with a lowpass cutoff frequency 0.01x.

Figure 11 shows the displacement estimation results (dot-
ted line) using the phase-only correlation of subpixel level
and the estimated camerawork (solid line) for “Asahikawa”.
In each figure, we can see that the camerawork follows the
estimated frame displacement. Figure 12 shows the displace-
ment estimation results for “Hakodate”. We can also see that
the camerawork follows the estimated frame displacement.

5.3 Frame displacement correction

We can correct the frame displacement using the results
in Fig. 11 and 12. When we correct the original movie,

the accumulation result is used for the displacement correc-
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Fig. 12 Estimated displacement and estimated camerawork for

“Hakodate”.

tion. Namely, we correct the original movie by using the
first frame of each shot as a criterion. Frames are shifted at
the difference between the frame displacement and the esti-
mated camerawork. Subpixel displacement can be corrected
by bilinear interpolation. Using our proposed method, we
can perform the frame displacement correction preserving
the camerawork. Visual inspection shows that the frame dis-

placement is significantly reduced by the proposed method.
6. Conclusion

This paper has proposed a shot change detection method
and a camerawork estimation method for old film restora-
tion. The threshold for shot change detection is determined
mathematically in the proposed method and the camerawork
is estimated by lowpass filtering. Experimental results show
that the proposed method is more robust to noises than the
conventional method. Visual inspection shows that the pro-
posed method can estimate the frame displacement and then
correct frame displacement preserving the camerawork.
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