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SUMMARY In this paper, 1) it is shown that amplitude-only images
(AOIs) have quite wide intensity ranges (IRs), and 2) an IR reduction
method for AOIs is proposed. An AOI is the inversely transformed am-
plitude spectra of an image, and it is used in the privacy- and copyright-
protected image trading system because of its invisibility. Since an AOI is
the coherent summation of cosine waves with the same phase, the IR of the
AOI is too large to be stored and/or transmitted. In the proposed method,
random signs are applied to discrete Fourier transformed amplitude coef-
ficients to obtained AOIs with significantly lower IRs without distortion
while keeping the invisibility of images. With reasonable processing time,
high correct watermark extracting rates, inversely quantized AOIs with low
mean squared errors, and reconstructed images with high peak signal-to-
noise ratios are obtained by a linear quantizer in the proposed method.

key words: random sign, intensity range reduction, quantization,
amplitude-only image, copyright protection

1. Introduction

By applying discrete Fourier transformation (DFT) to a sig-
nal, amplitude and phase components of the signal are ob-
tained. These two components have different characteristics
from each other and are also different from their original
signal. For example, delay estimation [1] and image regis-
tration [2], [3] exploit phase components of signals, and the
components are further used for inpainting [4] and image
matching [5], [6]. On contrary, amplitude components are
useful for rotation angle estimation and scaling parameter
estimation [7], [8]. Later, amplitude- and phase-only images
which are inversely discrete Fourier transformed (IDFTed)
amplitude and phase components, respectively, are used in-
stead of components themselves in the image trading system
[9].

In the image trading system [9]-[11] which simultane-
ously protects the privacy of consumers such as purchased
images and the copyright of images, an image is divided into
two parts by a content provider (CP). In the latest one [9],
an image is divided into amplitude- and phase-only images.
The former is sent to a trusted third party (TTP) to be wa-
termarked for copyright protection, and the latter is directly
sent to a consumer. The image which the TTP receives is
desired to be invisible for privacy protection, and amplitude-
only images (AOIs) are recognizable. AOIls, however, nor-
mally have very wide intensity ranges (IRs) that makes the
storage and/or transmission of AOIs difficult.
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This paper proposes an IR reduction method for AOIs
to make the storage and/or transmission of AOIs practical
in the system [9]. Positive and negative signs are randomly
applied to amplitude spectra to obtain the AOIs with sig-
nificantly lower IRs without distortion, and the invisibility
of images is simultaneously kept. That is, for images, ran-
dom signs have been used to control their visibility [5], [6],
whereas the proposed method uses random signs to reduce
the IRs of AOIs. With reasonable processing time, high cor-
rect watermark extracting rates, inversely quantized AOIs
with low mean squared errors, and reconstructed images
with high peak signal-to-noise ratios are obtained by a linear
quantizer in the proposed method.

The contributions of this paper are summarized as

1) Realization of the problem that AOIs have quite wide
IRs, and

2) Proposal of a method overcoming the above mentioned
problem.

On 1), it is noted that similar problem are found in commu-
nication systems; the peak-to-average power ratio in multi-
carrier transmission systems [12] such as an orthogonal fre-
quency division multiplexing system. Whereas analog com-
plex signals are transmitted in such systems, this paper fo-
cuses on AOIs which are digital real number signals to be
quantized to integer signals. Thus, these two are totally dif-
ferent from each other, and this paper is the world first paper
which realizes that AOIs have quite wide IRs as summarized
as contribution 1).

The rest of this paper is organized as follows. Section 2
presents the definition of AOIs and those IRs. Section 3
proposes IR reduction by random signs. The quantization
schemes and image reconstruction are also described. Ex-
perimental results and discussions are given in Sect.4. Fi-
nally, Sect. 5 concludes this paper.

2. Preliminaries

This section gives the definition of the AOI and the IR to
clarify the problem which this paper overcomes.

2.1 Amplitude-Only Images
Let F(u,v) be the X X Y-sized two dimensional (2D) discrete

Fourier transformed (DFTed) coeflicients of X X Y-sized im-
age f(x,y), where x = 0,1,...,.X -1,y =0,1,...,Y - 1,
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DFT coefficients F(u,v) can be expressed in the polar form
as

F(u,v) = |F(u,v)| exp (jp(u,v)) , 3)

where |F(u,v)| and exp (jo(u,v)) denote the amplitude and
phase components of F(u, v), respectively.

The IDFT of amplitude components |F'(u, v)| which is
denoted as A(x, y) is formulated as

X-1Y-1

1 ~ [ux vy
A = 35 Z Z:: \F(u, v)| exp (’2"(Y + 7)) @)
and A(x, y) is the AOI which is a real signal. Similarly, the
phase-only image can be defined by applying IDFT to phase

components exp (jo(u, v)) as

X-1Y-1
Poc=5 3 > exp (ot oesp (72n (5 + ), 5)
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where P(x, y) denotes the phase-only image (POI).
2.2 Intensity Range of Amplitude-Only Images

The IR of an AOI on which this paper focuses is the interval
of pixel intensities in AOI A(x, y), i.e.,

[min (A(x, y)) , max (A(x, y))] . (6)
The IR width is the length of the interval which is given as
max (A(x, y)) — min (A(x, y)) . (7

Similarly, for an 8-bit quantized image, the IR is [0, 255]
and the IR width is 255.

Figure 1 shows image “Lena,” its amplitude and phase
components, the AOI, the POI, the histogram of the AOI,
and the histogram of the POI. AOIs have quite wide IRs as
shown in Fig. 1; about twenty times wider than that of the
original image. While POIs have quite narrow IRs, so IRs
of POIs are not required to be reduced.

2.3 Problem of Amplitude-Only Images with Wide Inten-
sity Range

From Fig. 1, it is clearly seen that the AOI is invisible, viz.,
the original image cannot be seen from the AOI, while the
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(a) Original image f(x, y).

(b) Amplitude components |F(u, v)|. (c) Phase ¢(u, v).

(d) Amplitude-only image A(x,y) in  (e) Phase-only image P(x, y).
In scale.
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(f) Histogram of A(x, ).

Fig.1 The IR and the IR width. Those of (d) are [49.6,4868.8] and
4819.2, respectively, whereas those of (a) are [0, 255] and 255, respectively.

(g) Histogram of P(x, y).

POI reveals the original image. This feature of amplitude-
and phase-only images is useful in privacy- and copyright-
protected image trading systems [9]-[11], and the latest one
actually uses amplitude- and phase-only images in the sys-
tem [9].

AOIs, however, have quite wide IRs as mentioned in
the previous section. This makes the storage and/or trans-
mission of AOIs difficult. In the image trading system [9]
shown in Fig. 2, an AOI is transmitted to a TTP from a CP.
The AOI is, then, watermarked by the TTP and the water-
marked AOI is finally sent to a consumer. In practical terms,
the AOI must be quantized into a desired bit depth by the CP
in order to be stored and be transmitted to the TTP. At the
consumer side, the inversely quantization is performed as
shown by dashed blocks. The transmitting and processing
AOIs with wide IRs consume a large amount of resources
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Fig.2  The image trading system using amplitude-only images [9] (DFT: discrete Fourier transforma-

tion, IDFT: inverse DFT, Q: quantization, Q’I: inverse quantization).
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Fig.3 Framework for image reconstruction (IRW: intensity range width, DFT: discrete Fourier trans-

formation, IDFT: inverse DFT, AOI: amplitude-only image, Q: quantization, QAOI: quantized AOI,
n: the desired bit depth, Q™' inverse quantization, PRNG: pseudo random number generator, RSA:

random sign assignment, and ABS: absolution).

such as bandwidth, memory, and computational costs.
This paper focuses on this problem and proposes a
method overcoming it in the next section.

3. Proposed Method

The proposed IR reduction method with random sign assign-
ment for AOIs is firstly described in this section. Then, the
quantization schemes which are considered in this paper are
mentioned. The features of the proposed method are finally
summarized.

Figure 3(a) shows the framework assumed in this pa-
per which is identical to that in the image trading system
(Fig. 2) except watermarking is removed and the inverse and
forward DFT to the phase components is omitted to focus
AOIs. The AOI is firstly derived from an original image,
and the quantization is subsequently performed to the AOI
for storing it in a desired bit depth. Finally, from amplitude
components with quantization effect and the phase compo-

nents, the image is reconstructed.
3.1 Intensity Range Reduction by Random Signs

As shown in Fig. 3(b), the proposed method symmetrically
applies random signs to amplitude components |F' (i, v)| to
reduce the IR of AOI A(x, y) as

F'(u,v) = r(u, v)|F(u,v), 8)

where F’(u,v) which are real numbers are the amplitude
components with symmetric random signs, and r(u,v) are
random signs, i.e., r(u,v) can either be —1 or 1. It is
noted that r(u, v) are symmetric, viz., "(X/2 + a, Y/2 + b) =
r(X/2 —a,Y/2 = b), r(0,Y/2 + b) = r(0,Y/2 — b), and
r(X/2 +a,0) = n(X/2 -a,0), wherea =0,1,...,X/2 -1,
and b = 0,1,...,Y/2 — 1, to guarantee that modified AOI
A’(x,y) is a real signal. Note that r(0, 0) is set to 1 to make
the modified AOI non-negative as possible. Thus, modified
AOI A’(x, y) is obtained as
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That is, the amplitude components are randomly multiplied
by —1 or 1 in the proposed method. In other words, some
of cosine waves are randomly shifted by 7 radian in the pro-
posed method.

It has been confirmed that square root, logarithm, or di-
vision can also reduce IRs of AOIs. However, huge errors
are introduced to images with finite length words. More-
over, suitable parameters are needed, i.e., base of loga-
rithm, a divider, and so on. Without proper parameters, the
good reconstructed image could not be obtained. Distinctly
from these approaches, the proposed random sign assign-
ment avoids introducing huge error to images.

3.2 Quantization of Amplitude-Only Images

AOIs are required to be quantized into desired bit depth n.
In this paper, three quantization schemes are considered.

3.2.1 Lloyd-Max Quantization

Well-known Lloyd-Max quantization (LMQ) [13],[14]
which minimizes quantization error is compared with other
quantization schemes. It is noted that LMQ requires a table
for the inverse quantization.

3.2.2 Clipping-Based Simple Quantization

The clipping-based simple quantization (CSQ) is a unit step
size uniform scalar quantization with clipping. That is, clip-
ping the IR of round (A(x, y)) to [0,2" — 1], where round()
returns the nearest integer, and n is the desired bit depth or
quantization bit rate. Since CSQ uses a unit step size, in-
versely quantized image is the same as the quantized image.
That is, no inverse quantization is needed in CSQ.

3.2.3 Linear Quantization
Linear quantization (LQ) is performed without clipping, i.e.,

the whole IR is taken into account. AOI A(x, y) is quantized
as

Oi(x,y) = round(A(x’ Y- “;‘in(A(x, ) , (10)
i
where
_ max(A(x, y)) — min(A(x, y)) an

2n — 1

Qi(x,y) is the quantized AOI which ranges in the interval
[0,2" — 1], i.e., the number of quantization levels is equal to
2",

To obtain inversely quantized AOI A, (x, y), the inverse
quantization with constant step size s; and bias constant
min(A(x, y)) are applied to Q;(x, y) as
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Ag(x,y) = 51Qi(x, y) + min(A(x, y)). 12)

3.3 Image Reconstruction

The image is reconstructed from the amplitude and phase
components as shown in Fig. 3(a), even these components
are once separated and are inversely transformed to the
spatial domain. The amplitude components of the image
are constructed by firstly applying DFT to inversely quan-
tized AOI. A subsequent application of the absolute function
makes the amplitude components free from phase compo-
nents, even the random sign assignment is once applied to
the amplitude components as shown in Fig. 3(b). It is noted
that the original amplitude components are recovered if no
quantization is applied to the AOIL.

3.4 Features

As mentioned in Sect. 2.1, AOI A(x, y) is the signal which a
number of cosine waves with the same phase are added up
coherently. Hence, AOIs normally have very high IRs. To
store such images, LMQ with a high quantization bit rate
which requiring numerous processing time is needed. To
reduce the quantization rate while keeping the quality of in-
versely quantized AOIs as high as possible, the IR of AOIs
are reduced in this paper.

Instead of clipping AOIs directly which often gives
huge quantization error, positive and negative signs are ran-
domly assigned to amplitude components in the proposed
method, as described in Sect.3.1. It shifts some of cosine
waves composing an AOI by r radian, and it results in that
the IR of AOI is significantly reduced while keeping the in-
visibility of the AOI, c.f., Sect.4. It is noted that the pro-
posed method guarantees that AOIs are real signals by tak-
ing into account the symmetric property of DFT coefficients.

AOQIs with reduced IR are now desired to be quantized
by practical LQ or CSQ instead of very complex LMQ.

Next section confirms these statements and guides the
users to choose the suitable quantization scheme based on
their requirements.

4. Experimental Results

Five 8-bit gray scale images with 512 x 512 pixels shown in
Fig. 4 are used to confirm the effectiveness of the proposed
method.

4.1 Intensity Range Reduction of Amplitude-Only Images

Figure 5(a) shows the histogram of the AOI for “Lena.” It is
confirmed that the IR of an AOI is very high. Figure 5(b),
(c), and (d) show histograms of AOIs with various random
signs, i.e., different seeds (o) are given to the Matlab’s built-
in pseudo random number generator. It is noted that the
probability of signs is equally likely for —1 and 1. The AOIs
with random signs are with significantly lower IRs. The IR
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(a) Lena.

(e) Fishing Boat.

Fig.4  Test images.
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Fig.5 Histograms of AOIs for image “Lena.”

and IR width are summarized in Table 1, and it is confirmed
that the proposed method significantly reduces the IR width
of AOISs.
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Table1 The IR of AOIs.
(a) IR.
Image ‘Without Proposed method (o: seed)
& random signs o=13 o=15 o =40
Lena [49.6,4868.8] | [-38.4,282.0] [-20.6,283.5] [-34.8,293.8]
Elaine [45.4,4846.7] | [-44.1,298.1] [-33.3,293.1] [-31.6,296.4]
Couple [50.2,7087.2] | [-42.0,268.1] [-30.9,297.1] [-51.5,291.7]
Mandrill [54.6,6686.4] | [-36.1,287.8] [-21.7,297.2] [-23.0,284.7]
Fishing Boat| [54.9,6493.1] | [-37.3,301.4] [-46.8,318.3]  [-68.1,308.5]
(b) IR width.
Image Without Proposed method (o seed)
g randomsigns | c=13 o=15 o0=40
Lena 4819.2 320.4 304.1 328.6
Elaine 4801.3 342.2 326.4 328.0
Couple 7037.0 310.1 328.0 343.2
Mandrill 6631.8 3239 3189 307.7
Fishing Boat 6438.2 338.7 365.1 376.6

(a) Without random signs. (b) Without random signs.

P =

(g) Proposed method (seed o = 40). (h) Proposed method (seed o~ = 40).

Fig.6  AOIs with various random signs for “Lena” (left) and “Mandrill”
(right).

4.2 Invisibility of Amplitude-Only Images

Figure 6 shows several AOIs with various random signs. It
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is confirmed that random sign assignment keeps the invisi-
bility of AOIs, even the IRs of AOIs are drastically reduced
as shown in Table 1.

4.3 Quantization Performance

Three quantization schemes are applied to the AOIs under
two conditions, i.e., with random signs (seed o = 15) and
without random signs. Quantization rate n is varied from
4 bits per pixel (bpp) to 12 bpp with stepping by 2. The
mean squared errors (MSEs) of inversely quantized AOIs of
three quantization schemes which each is averaged by five
images are compared in Fig. 7. The quality of reconstructed
images which reconstructed images are 8-bit images as well
as the original images are also compared in terms of the peak
signal-to-noise ratio (PSNR) as shown in Fig.8. The re-
sults show that random signs allow significantly lower MSE
(higher PSNR) for any of the quantization schemes, whereas
quantizing images with wide IRs causes numerous quantiza-
tion errors even LMQ is used, as shown in Fig. 9.

LMQ and LQ are better than CSQ because of no clip-
ping and no unit step quantization. It is noted that these two
schemes are comparable when random signs are used. Fig-

T
—#— LMQ w/ random signs
= » = LMQ w/o random signs
—&— CSQ w/ random signs
S~ = ® - CSQ w/o random signs
.. —— LQ w/ random signs
- # - LQ w/o random signs

Averaged MSE of inversely quantized amplitude—only images [dB]

40y 5 s 10 12
Quantization bit rate for amplitude—only images [bpp]

Fig.7  Averaged mean squared errors of inversely quantized amplitude-

only images (LMQ: Lloyd-Max quantization, CSQ: clipping-based simple

quantization, and LQ: linear quantization).

o
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= ® - CSQ w/o random signs
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®
S
T

Averaged PSNR of reconstructed images [dB]

4 6 8 10 12
Quantization bit rate for amplitude—only images [bpp]

Fig.8  Averaged PSNRs of reconstructed images. Reconstructed images
are 8-bit images as well as the original images.
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ure 10 compares processing times of quantization schemes.
LMQ takes much longer processing time than those of oth-
ers, and it, moreover, needs the table for inverse quantiza-
tion. Even though random sign assignment significantly re-
duces the processing time of LMQ, LQ takes much shorter
processing time, and it just needs a constant quantization
step and a bias value. This shows that random sign assign-
ment allows a simple LQ scheme to give reconstructed im-
age with high quality by reasonable processing time.

To make the quantization, storage, and transmission of
AOIs simpler, the unit step quantizer with IR clipping, i.e.,
CSQ, is further considered. CSQ without random signs in-
troduces huge quantization errors as shown in Fig.7. In
contrast, in the proposed method, even though CSQ quan-
tizes AOIs with a unit quantization step, and it clips the IRs
of AOIs, it gives reconstructed images with over 51 dB in
the PSNR at 8 bpp quantization, c.f., Fig. 8. As described

(a) Without random signs (b) Proposed method (PSNR:
(PSNR: 33.8066 dB). 48.2748 dB).
Lloyd-Max quantization

(c) Without random signs (d) Proposed method (PSNR:
(PSNR: 20.2579 dB). 45.3582 dB).
Linear quantization

Fig.9  Examples of reconstructed image for “Mandrill.” AOIs are
quantized at 6 bits per pixel.
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Fig.10  Averaged processing times of five quantization schemes.
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Table2  PSNRs of reconstructed images (AOIs are quantized at 8 bpp).

(a) Without random signs.

Image LMQ CSQ LQ
Lena 40.9780  20.2230  34.4826
Elaine 40.8093  20.4843  34.6711
Couple 39.6213  21.5950  31.0853
Mandrill 40.3331 21.6833  31.3698
Fishing Boat | 39.4743  20.3137  31.8983

(b) Proposed method (with random signs).

Image LMQ CSQ LQ
Lena 57.5199  55.0739  57.4347
Elaine 56.9018  49.1322  56.7943
Couple 56.8478  54.6581 56.7427
Mandrill 57.4162  54.6009  57.3232
Fishing Boat | 55.9469 443130  55.8534

in Sect.3.2.2, it is free from computing the quantization
step size, memorizing the quantization step size, and inverse
quantization. So, it is reasonable for low cost image trading
systems.

With random signs, all quantization schemes give good
results at 8 bpp quantization because the IR widths of AOIs
with random signs are almost covered by 8 bits, c.f., Table 1.
LMQ and LQ reconstruct images with the PSNR of 56 dB,
and CSQ achieves about 51 dB in the PSNR. Table 2 sum-
marizes PSNRs of reconstructed images for five test images
when AOIs are quantized at 8 bpp. This table also supports
that quantizing AOIs at 8 bpp is reasonable when random
signs are applied. The results given in this section are sum-
marized as

o The proposed method using random signs is effective
regardless of quantization scheme,

o In the proposed method, LQ is comparable to LMQ in
terms of the PSNR of reconstructed image, while CSQ
is worse, and

e In terms of the processing time, LQ and CSQ are com-
parable and are much better than LMQ.

Consequently, LQ is the best quantizer in the sense of
the quality with the reasonable processing time. The sys-
tem provider can choose a quantization scheme to design an
image trading system based on allowable cost for parameter
derivation, parameter memorization, and inversely quantiza-
tion.

4.4 Fingerprinting Performance

The image quality-guaranteeing fingerprinting technique
[15] used in [9] is used in this experiment. 50 random fin-
gerprints are embedded to 8 bpp linearly quantized AOIs of
“Lena” with and without random signs. The desired signal-
to-watermark ratio (SWR) R of the watermarked AOI is var-
ied from 30dB to 45 dB with stepping by 5 dB. The lower
the number of desired SWR becomes, the stronger the wa-
termark signal becomes.

All fingerprints are extracted from watermarked AOIs
without any error. However, when the watermarked AOIs
are rounded to [0, 255] at the TTP, fingerprints in AOIs with-
out random signs are distorted as shown in Table 3 (a). A
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Table 3  Averaged correct watermark extracting rate [%].

(a) From rounded watermarked AOIs.

SWR [dB] R=30 R=35 R=40 R=45
LQ w/o random signs 50.18 50.17 49.93 49.99
LQ w/ random signs 100 100 100 100

(b) From rounded watermarked images.

SWR [dB] R=30 R=35 R=40 R=45
LQ wj/o random signs 49.72 49.58 49.61 49.68
LQ w/ random signs 72.25 72.96 69.61 71.03

Table4  Averaged PSNR of the watermarked images [dB].

SWR [dB] R=30 R=35 R=40 R=45
LQ w/o random signs 34.50 34.50 34.50 34.50
LQ w/ random signs 40.73 44.88 47.66 50.61

watermarked image is reconstructed at the consumer side,
and then the image is rounded to [0,255]. As shown in
Fig. 2, fingerprints are extracted from watermarked images,
and rounding further distorts fingerprints, in particular, for
images without random signs as shown in Table 3 (b). More-
over, Table 4 confirms that the PSNRs of watermarked im-
ages are much improved by random signs.

5. Conclusions

In this paper, 1) it is shown that AOIs have quite wide IRs,
and 2) an IR reduction method for AOIs is proposed. Sym-
metric random signs are applied to DFT amplitude compo-
nents to obtain AOIs with the significantly lower IRs with-
out distortion while keeping the invisibility of the images.
Moreover, random sign assignment allows us to apply sim-
ple quantization schemes to AOIs to obtain high quality re-
constructed images. The experimental results confirm that
the proposed method with a linear quantizer is practical in
terms of the watermark extraction, the image quality, and
the processing time.

Though 2D-DFT is used in this paper, discrete cosine
transformation(DCT), Hadamard transformation, or other
transformations may be applied. By using DCT instead of
DFT, only signs are handled instead of phases. That will be
the future work.
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