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ABSTRACT

This paper proposes an effective method of gen-
erating amplitude-only images (AOIs) which are in-
versely transformed amplitude components of images
and which are used in the copyright- and privacy-
protected digital fingerprinting-based image trading
systems. The proposed method applies a one-di-
mensional frequency transformation to an image for
generating the AOI with low intensity range (IR),
whereas the IR of the AOI in the conventional method
using a two-dimensional transformation is too large
to store or transmit. The proposed method is dis-
tinct from other IR reduction approaches such as clip-
ping, linear and non-linear scaling, block division, and
random sign assignment which require extra-calcula-
tions, it reduces the computational complexity while
it reduces IRs of AOIs. Moreover, experimental re-
sults show that the proposed method enhances the
quality of fingerprinted images and fingerprinting per-
formance.

Keywords: Discrete Fourier Transformation, Dis-
crete Cosine Transformation, Quantization, Random
Sign Assignment, Image Copyright Protection, Image
Privacy

1. INTRODUCTION

In image trading systems, the copyright of com-
mercial images should be protected. So, a digital fin-
gerprint which indicates the corresponding consumer
is embedded to a purchased image before sending the
image to the consumer [1, 2]. Digital fingerprinting
is desired to be performed by a trusted third party
(TTP) instead of the content provider (CP) for con-
sumers privacy protection, because the CP is not al-
ways trustful. Thus, an original image is sent from
the CP to the TTP for fingerprinting before sending
to the consumer [3]. However, the image sent to the
TTP is visible that makes the consumers privacy lost
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again. In order to protect both the image copyright
and consumers privacy, other image trading systems
were proposed [46] where an original image is divided
into two parts; one of them is invisible and is sent
to the TTP for fingerprinting before being sent to
the consumer. Finally, the image copyright and con-
sumers privacy are all protected.

In [6], discrete Fourier transformation (DFT)
which is a well-known frequency analysis tool is used
to divide the original image into two parts. By apply-
ing the DFT to an image, phase and amplitude com-
ponents are obtained. The inversely discrete Fourier
transformed (IDFTed) amplitude components which
is called amplitude-only image (AOI) was proposed
in [6] for the copyright- and privacy-protection be-
cause of it’s invisibility. On contrary, phase-only im-
age (POI) which is the IDFTed phase components is
visible. So, it is used for image reconstruction in the
image trading system [6] as similar as in [711]. In
other words, the invisible AOI is sent from the CP
to the TTP for fingerprinting, and the POI is sent
directly from the CP to the consumer as a key for
reconstructing the purchased image.

The AOI, however, is the summation of coherent
phase cosine signals with various amplitudes and fre-
quencies, so it’s intensity range (IR) is quite wide
comparing to that of the original image. In addi-
tion, the histogram of the AOI is skew right with high
peak. In order to reduce the IR of the AOI, applying
clipping and rounding, or linear or non-linear scal-
ing directly to the AOI can be considered, but these
approaches introduce numerous errors due to eliding
the skewness of the histogram. Therefore, other IR
reduction methods such as block division (BD) [12]
and random sign assignment (RSA) [13] were consid-
ered. BD divides the original image into sub-images
before generating the AOI. It reduces IRs of AOIs and
also reduces computational resources. However, the
invisibility of the AOI is destroyed by the BD. While,
RSA which makes phases of cosine waves incoherent
is an effective IR reduction method, but it needs an
extra computation [13]. Moreover, DFT was used in
[13], so the POI is required to be quantized as well as
the AOI, and this also introduces quantization errors
to the POI which degrade the quality of the image
reconstructed by the consumer.
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ing system without consumer’s privacy protection [3].

To solve the problems mentioned above, one-
dimensional discrete cosine transformation (1D
DCT)-based AOI was proposed [14]. It reduces the
computational complexity as well as IRs of AOIs,
whereas the RSA requires an extra calculation. More-
over, the quality of fingerprinted images and fin-
gerprinting performance were significantly enhanced.
However, the method has not been well studied yet.
In this paper, all considerable conditions for the de-
sired image trading system are focused on. Not only
1D DCT-based AOI, but also 1D DFT-based AOI is
proposed in this paper. It is noted that other fre-
quency transformations could be applied. It is clari-
fied how 1D transformationbased image trading sys-
tem reduces IRs of AQOIs significantly. Moreover, it
is clarified that the proposed method reduces IRs of
AOIs with keeping the invisibility of AOIs, whereas
BD destroys the invisibility of the AOIs which are
shown in an experimental result part. Dimensions
and types of transformations are described and eval-
uated in turn in this paper. In addition, other IR re-
duction methods, i.e., clipping and linear scaling are
considered and evaluated in this paper for the first
time.

The rest of this paper is organized as follows. Sec-
tion 2 presents the image trading system including
the conventional methods [6, 13], and it also describes
requirements for the desired image trading system.
Section 3 proposes 1D frequency transformation-
based AOI, and it describes benefits of the pro-
posed method. It further distinguishes the proposed
method from other approaches. Experimental results
are given in Section 4. Finally, Section 5 concludes
this paper.

2. PRELIMINARIES

This section introduces image trading systems and
describes the requirements for the desired image trad-
ing system.

2.1 Image Trading Systems

Figure 1 shows the ordinary copyright-protected
image trading system [3] without consumers privacy
protection. In this system, the image that is sent
to the trusted third party (TTP) for fingerprinting
is visible. While Figure 2 shows the copyright- and

privacy-protected image trading systems [46, 1214].
In this system, the image sent to the TTP is invisi-
ble, therefore, the consumers privacy is protected in
addition to copyright protection of images. In this
paper, copyright- and privacy-protected image trad-
ing system is considered.

2.2 Image Trading System Using Amplitude-
Only Images

Figure 3 shows the image trading system using
amplitude-only images (AOIs) [6]. In this frame-
work, 2D DFT is used to transform the image to
the frequency domain. Let F'(u,v) be the X x Y-
sized 2D DFTed coefficients of X x Y-sized image

flx,y), wherex =0,1,...,. X —-1,y=0,1,...,Y -1,
u=0,1,...,.X -1, andv=0,1,..., Y — 1;
X-1Y-1 y
B S (e (5 )
ZZf(wy)eXp(Jw <ty
z=0 y=0

(1)
where j denotes v/—1. DFT coefficients F'(u,v) can
be expressed in the polar form as

F(u,v) = |F(u,v)| exp (j¢(u,v)), (2)

where |F(u,v)| and exp (jo(u,v)) denote the ampli-
tude and phase components of F'(u,v), respectively.
The AOI which is denoted as A(z,y) is obtained
by applying 2D IDFT to the amplitude components
|F(u,v)| as

X-1Y-1

YZ D |F(uv |eXp(327T(X Y))

u=0 v=0
(3)
Similarly, the phase-only image (POI) can be defined
by applying IDFT to phase components exp (jo(u, v))
as

X-1r—-1

P,y > O exp (j6(u,0)ex j2n (5 + 7))

u=0v=0

where P(z,y) denotes the POL.

Figures 4 (a), (b), and (c) show image “Lena,”
its 2D DFT-based AOI, and its 2D DFT-based POI,
respectively. The 2D DFT-based AOI is invisible,
but the 2D DFT-based POI reveals the original im-
age. Hence, the 2D DFT-based AOI is sent to the
TTP for fingerprinting, and the 2D DFT-based POI
is directly sent to the consumer in the image trad-
ing system [6]. The consumer can obtain the fin-
gerprinted image by firstly reconstructing amplitude
components and phase components of the image by
applying 2D DFT to the AOI and the POI, respec-
tively. Then, the fingerprinted image is constructed
by applying 2D IDFT to the combination of the re-
constructed amplitude and phase components.

However, this system is not practical, because the
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AOI and the POI include real numbers. It is impos-
sible to store them in desired bit depths. Therefore,
a quantization should be introduced. In addition, in-
tensity ranges (IRs) of both AOI and POI should
be considered. The IR of the AOI which this pa-
per focuses on is its interval of pixel intensities, i.e.,
[min (A(z,y)), max (A(x,y))]. The IR width which is
the length of the interval is given by Eq. (5).

IRW = max (A(z,y)) — min (A(z,y)), (5)

where IRW denotes the IR width. It is noted that the
same definition is applied to the POI. The AOI has
quite wide IR width. The IR width of the 2D DFT-
based AOI for “Lena” is about twenty times wider
than that of the original image as shown in Figure 4.
It makes the storage and transmission of AOIs dif-
ficult. Huge amounts of memory, high bandwidth,
and high computational costs are required. By di-
rectly quantizing the AOI to 8 bits per pixel (bpp),
numerous quantization errors are occurred, because
the histogram of the AOI is skew as shown in Fig-
ure 4 (f).

2.3 Image Trading System Using Amplitude-
Only Images with Random Sign Assign-
ment

To reduce the quantization errors, the system with
random sign assignment (RSA) [13] was proposed to
reduce IRs of AOIs before quantization, as shown in
Figure 5.RSA symmetrically multiplies random signs
to amplitude components |F(u,v)| to reduce the IR
of AOT A(z,y) as

F'(u,v) = r(u,v)|F(u,v)], (6)

where F’(u,v) which include 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. Thus, modified AOI A’(z,y) is obtained
as

X-1Y-1
Al(x,y) = % Z Z F'(u,v) exp (j27r (% + %)) .
u=0 v=0

(7)
That is, the amplitude components are randomly
multiplied by —1 or 1 in RSA. In other words, some
of cosine waves are randomly shifted by 7 radian so
that the IR of the AOI is reduced. As a result, the
quantization error is reduced [13].
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Fig.4: AOIs and POIs; (a) original image f(x, y)
(IR width: 255), (b) 2D DFT-based AOI A(x, y) inin
scale (IR width: 4819.2), (¢) 2D DFT-based POI P(x,
y), (d) column-wise 1D DFT-based AOI Ac(z, y) (IR
width: 520.1), (e) column-wise 1D DFT-based POI
Pe(x, y), (f ) histogram of 2D DFT-based AOI A(x,
y), and (g) histogram of column-wise 1D DFTbased
AOI Ac(xz, y).

2.4 Requirements for Desired Image Trading
System

RSA [13] reduces the quantization error by reduc-
ing the IR of the AOI significantly with keeping the
invisibility of the AOI, however, there are rooms for
improvement. The requirements for the desired im-
age trading systems are following.

(a) Invisible: The most important requirement for
the desired image trading system is that, the image
sent to the TTP must be invisible to protect the con-
sumer’s privacy.

(b) Low complexity: The system complexity should
be as low as possible.

(c¢) High fingerprinted image quality: The quality of
fingerprinted image which is obtained by the con-
sumer is desired to be high.

(d) High fingerprinting performance: While the qual-
ity of fingerprinted image is desired to be high, high
fingerprinting performance which is evaluated by the
correct fingerprint extracting rate, is also desired.

The next section proposes 1D transformation-
based image trading system which considers these re-
quirements.

3. PROPOSED METHODS

This section proposes 1D frequency transformation-
based image trading system and distinguishes it from
other IR reduction methods for AOIs.

3.1 Proposed Methods

In order to improve conventional image trading
systems, 1D frequency transformation-based image
trading system is proposed. Two transformations

Table 1: Processing times of 2D DFT and 1D DFT

[second].
Image size | 256 x 256 512 x 512 1024 x 1024
2D DFT | 0.017796  0.040041 0.265450
1D DFT ‘ 0.007483  0.021167 0.096524

are considered. Firstly, 1D DFT-based image trad-
ing system is proposed as shown in Figure 6.

Let F.(z,v) be the X x Y-sized column-wise 1D
DFTed coefficients of X x Y -sized image f(z,y) where
z=01...,.X -1,y =01,...,Y — 1, and v =
0,1,...,Y — 1;

Fe) =3 fleg)ew (=27 (32)).  ®
y=0

where j denotes v/—1. DFT coefficients F.(x,v) can
be expressed in the polar form as

Fe(,0) = [Fe(z,v)| exp (joe(, v)) , (9)

where |F.(z,v)| and exp (j¢.(x,v)) denote the ampli-
tude and phase components of F,(z,v), respectively.

The 1D IDFT of amplitude components |F,.(x, v)|,
which is denoted as A.(z,y), is formulated as

Ac(z,y) = ;/,YX_:I |Fe(z,v)| exp (j2ﬂ' (1;73/)) , (10)

and A.(x,y) denotes the column-wise 1D DFT-based
AOIL. Similarly, the POI can be defined by applying
1D IDFT to phase components exp (jo.(z,v)) as

Po(a,y) = ;Yzlexp (el v) exp (527 (57)).
v=0
(11)

where P.(z,y) denotes the column-wise 1D DFT-
based POI. It is noted that row-wise 1D DFT can
also be applied instead of column-wise 1D DFT.

Similar to 2D DFT-based AOIs, 1D DFT-based
AOI is invisible, and 1D DFT-based POI reveals the
original image, as shown in Figs. 4 (d) and (e), re-
spectively. Therefore, 1D DFT-based AOI satisfies
the requirement (a) in Section 2.4.

The IR width of 1D DFT-based AOI is signifi-
cantly lower than that of 2D DFT-based AOI. The
IR and the IR width of the column-wise 1D DFT-
based AOI for “Lena” are [33.1,553.2] and 520.1, re-
spectively. The IR width of the 1D DFT-based AOI
for “Lena” is only about two times wider than that
of the original image. In addition, the histogram of
1D DFT-based AOI is less skew than that of the 2D
DFT-based AOI as shown in Figure 4 (g). This makes
the possibility of using a linear quantization more ef-
fectively as discussed later.

The complexity of the column-wise 1D DFT for an
X XY sized image is O((X?)Y) or O((X logy X)Y)
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Fig.7: The proposed image trading system using 1D DCT (Q: quantization and Q1: inverse quantization,).

with fast Fourier transformation (FFT), whereas that
of 2D DFT is O((XY)?) or O((XY log, (XY)) with
2D FFT. Table 1 compares the processing times of
1D DFT with those of 2D DFT for a 256 x 256
pixel-image, a 512 x 512 pixel-image, and a 1024
x 1024 pixel-image. The proposed 1D DFT reduces
In
addition, while RSA [13] requires extra computa-

the processing time especially for large images.

tional costs and processing resources, the proposed
1D DFT-based method is free from such extra costs.

Secondly, 1D DCT-based image trading system
which gives more advantages than 1D DFT-based im-
age trading system is proposed as shown in Figure 7.

Let Fpcre(x,v) be the X x Y-sized column-
wise one-dimensional discrete cosine transformed (1D
DCTed) coefficients of X x Y-sized image f(z,y),
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where x = 0,1,..., X —
v=0,1,...,Y — 1;

Fper,e(z,v) = foycos( <y+2> )

(12)
DCT coefficients Fpcr,o(x,v) can also be expressed
as

1, y=0,1,...,Y — 1, and

Fper,e(z,v) = [Fper,e(w,v)|Se(2,v), (13)
where |Fper,c(z,v)| and Sq(z,v) denote the ampli-
tude and sign components of Fpcr,c(z,v), respec-
tively.

The 1D IDCT of amplitude components |Fpcr,c
(z,v)| can be formulated as

ADCT c(x Y)
_Z |FDCTva)cos<Y <y+;> ),
(14)
where
av) = \E’U - (15)

\/; =12 Y —1,
and Apcr,.(z,y) denotes the column-wise 1D DCT-
based AOIL.

Distinctly from 1D DFT-based POI, sign compo-
nents S.(z,v) can be stored as a binary image without
performing IDCT and quantization as shown in Fig-
ure 7. It is noted that row-wise 1D DCT can also be
applied instead of column-wise 1D DCT.

3.2 Advantages of The Proposed Methods

This section describes the advantages of using the
proposed methods.

(A) Using One-Dimensional Frequency Transforma-
tion:

1D frequency transformation-based AOIs have low
IRs, because 1D frequency transformation is applied
to images which are 2D signals column-wise or row-
wise. It could be considered that the number of the
same phase cosine signals included in a single row
or in a single column of the AOI in the proposed
method is significantly lower than that of 2D fre-
quency transformation-based AOI, so that the IR of
the 1D frequency transformation-based AOI is much
lower, viz., the number of the same phase cosine sig-
nals is reduced from XY to X column-wise or to
Y row-wise. It is noted that Y iterations of a sin-
gle column of the AOI generating is performed for
the column-based system, and X iterations of a sin-

gle row of the AOI generating is performed for the
row-based system. Without using RSA, the proposed
method reduces IRs of AOIs effectively and reduces
the complexity of the system. Therefore, the pro-
posed method satisfies the requirement (b) in Sec-
tion 2.4. By reducing IRs of AOIs before quanti-
zation, quantization errors of AOIs are significantly
reduced. That is related to the higher quality of fin-
gerprinted image. Therefore, the proposed method
satisfies the requirement (¢) in Section 2.4. In ad-
dition, obtaining the fingerprinted amplitude com-
ponents to produce the fingerprinted image discards
phase components of the fingerprinted AOI. This
eliminates many parts of the hidden fingerprint for 2D
frequency transformation-based AOIs regardless of
RSA, whereas much less fingerprint is removed in 1D
frequency transformation-based AOIs, because delet-
ing 2D phase components affects much more than
deleting 1D phase components. Thus, the proposed
method meets requirement (d) in Section 2.4.

(B) Using DCT Instead of DFT: By using DCT in-
stead of DF'T, the POI generation is discarded; DCT
sign components are sent from the CP to the con-
sumer instead of the POI. A binary image is enough
for storing DCT sign components perfectly. It re-
duces memory usage and transmission bandwidth,
because if DFT is used, an 8 bpp image would be
needed for storing the POI. Therefore, the proposed
method satisfies requirement (b) in Section 2.4. From
the different view point, DCT components are not
distorted, whereas the POI is always quantized. This
quantization error-free property realizes the better
fingerprinted image quality, i.e., the proposed method
meets requirement (c) in Section 2.4. As mentioned in
the previous section, some part of the fingerprint may
be lost to serve the fingerprinted image. DCT signs
are two level integers, while the phase components of
DFT coefficients are any arbitrary complex numbers.
So, removing DFT phase components more degrades
the fingerprinting performance. Thus, the proposed
method satisfies requirement (d) in Section 2.4.

3.3 Other Methods to Reduce Intensity
Ranges of Amplitude-Only Images

In order to distinguish the proposed method from
three other IR reduction methods, BD [12], clipping,
and linear scaling are described here. As shown later
in experiments, these methods do not give good re-
sults compared to the proposed method.

(A) Block Division: One approach for reducing the
IR of the AOI could be BD [12]. The IR of the AOI
is reduced by dividing the original image into sub-im-
ages to reduce the number of coherent phase cosine
signals in the AOI. Therefore, AOIs of sub-images
are generated with low IRs. This method is similar
to the proposed 1D frequency transformation-based
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Fig.8: Test images.

system from the perspective of image dividing, how-
ever, the AOI of BD is visible when the original image
is divided into many blocks. Distinctly from BD, the
proposed method keeps the invisibility of the AOI.

(B) Clipping: Clipping could be the easiest way to
reduce IRs of AOIs. Tt clips the IR of round (A(z,y))
o0 [0,2™ — 1], where round() returns the nearest in-
teger, and n is the desired bit depth. With n = 8§,
numerous errors are occurred by this method.

(C) Linear Scaling: The intensities of AOI A(x,y)
are linearly scaled to SA(z,y), where § is scaling fac-
tor. With the distribution of 2D DFT-based AOI
shown in Figure 4 (f), by using a very small num-
ber of 8, many low intensities disappear after linear
quantization that causes numerous errors.

4. EXPERIMENTAL RESULTS

The effectiveness of the proposed method is con-
firmed in this section by using five test images which
are “Lena,” “Elaine,” “Couple,” “Mandrill,” and
“Boat” as shown in Figure 8. A simple linear quanti-
zation (LQ) is used to quantize AOIs by taking into
account the entire IRs of AOIs. AOI A(z,y) is quan-
tized as

Az, y)

Apg(z,y) = round( — nslin(A(:r, y))>7 (16)

_ max(A(z,y)) — min(A(z,y))
5= T : (17)

Arg(z,y) is the quantized AOI which ranges in
[0,2™ — 1], i.e., the number of quantization levels
is equal to 2". To obtain inversely quantized AOI

fl(x,y), the inverse quantization with constant step
size s and bias constant min(A(z,y)) are applied to

Apq(z,y) as

A("E, y) = SALQ (.’,C, y) + min(A(a:, y)) (18)

According to the use of the LQ, the histograms of
the AOIs are investigated in terms of skewness which
is a measure of symmetry, because it is desired that
the AOIs have the skewness near zero in order to re-
duce the quantization errors. A distribution is sym-
metric if it looks the same to the left and right of the
center point. The skewness is defined as

X-1Y-1 <\ 3
1 Alz,y)— A
Skewness = v i:EO JE:O ( VS ) ., (19)

where A is the mean of
standard deviation of A(z

A(z,y), and S denotes the
,y) formulated as

X-1Y-1
S = A)2.
szO

(20)

The skewness for a normal distribution is zero, and
any symmetrically distributed data should have a
skewness near zero. Negative values for the skew-
ness indicate that data are skewed left and positive
values for the skewness indicate that data are skewed
right. By skewed left, the left tail is long relative to
the right tail. Similarly, by skewed right, the right
tail is long relative to the left tail.

For digital fingerprinting, the block DCT-based
fingerprinting technique [15] used in [6] is applied to
8 bpp LQed AOIs Arg(z,y). The technique guaran-
tees the fingerprinted image quality in terms of the
signal-to-watermark ratio (SWR) by controlling the
energy of the fingerprint sequence, where the SWR is
given as

X-1Y-1
2Y)
SWR = 10logg vy [dB]
. 2
Z Z {ALQ(xvy) - A(iﬂ,y)}
=0 y=0
(21)

and A(z,y) is the fingerprinted AOL The lower the
number of desired SWR becomes, the stronger the
fingerprint signal becomes. That is the fingerprint
is easier to be correctly extracted when the SWR is
lower. Anyway, the lower SWR of the fingerprinted
AOI relates to the lower quality of the fingerprinted
image reconstructed by combining the fingerprinted
AOI with phase components. This trade off between
the correct fingerprint extracting rate and the image
quality of the fingerprinted image is general for digital
fingerprinting [1].
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Table 2: IR widths of AOIs.

IR width ‘ Lena Elaine Couple Mandrill Boat
2D DFT 4819.2 4801.3 7037.0 6631.9 6438.2
2D DFT . .

w/ RSA [13] 320.4 342.2  310.1 323.9 338.7
1D DFT 520.1  629.1 828.1 687.6 660.1
1D DCT 648.6  700.3  904.4 783.1 784.1

—=&— 1D DFT (Proposed 1)
- »-2D DFT w/ random signs [9]
—e—2D DFT [§]
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Fig.9: Awveraged PSNRs of fingerprinted images
where 2D DFT, 2D DFT with RSA, and 1D DFT
are used for reducing IRs of AOIs.

From R which is the user-given desired SWR to
be guaranteed, quantization step size @ for hiding a
binary fingerprint sequence into Arg(x,y) is derived
as

RS
XY 7 &~

In this section, R is varied from 20 dB to 40 dB with
stepping by 5 dB. The I-th fingerprint bit w; is hidden
to low frequency AC coefficient ¢; in the I-th 8 x 8-
sized block in the quantized AOI as

Y-1
Q =107005R > Ao(y). (22)
y=0

¢ = Qround(c;/Q) + wyj, (23)
where ¢; is the fingerprinted coefficient in the [-th
block, and wj is the I-th energy controlled fingerprint
bit given by

w; = Q(w; —0.5)/2

and [ = 0,1,...,L — 1. Here, a 4096-length binary
fingerprint sequence is embedded to the 512 x 512-
sized AOI, i.e., L = 4096.

Each fingerprinted AOI A(x, y) is rounded to
[0,255]. DFT-based POIs are linearly quantized to
8 bpp. Each fingerprinted AOI is inversely quantized
by the consumer and is composed with the inversely
quantized POI to obtain the fingerprinted image. In
order to evaluate the quality of the fingerprinted im-
age, it is compared with the original image in terms of
peak signal-to-noise ratio (PSNR). It is noted that the
fingerprinted image is rounded to [0, 255] as well. In
order to evaluate the fingerprinting performance, the
embedded fingerprint is extracted from the rounded
fingerprinted image.

(24)

Table 3: Quantization errors (MSE) of 1D DFT
phases and 2D DFT phases.

MSE of phases ‘ Lena  Elaine Couple Mandrill Boat
1D DFT 0.0879 0.0910 0.1633 0.1548 0.0526
2D DFT 0.0912 0.1285 0.2011  0.2013 0.0975

4.1 Using One-Dimensional Frequency Trans-
formation

To confirm the IR reduction performance of the
proposed 1D frequency transformation-based system,
column-wise 1D DFT AOIs are compared with 2D
DFT-based AOIs and 2D DFT-based AOIs with RSA
(seed o = 15 for the PRNG, c.f., Figure 5).

Table 2 shows that the IR widths of the AOIs are
significantly lower when 1D DFT is used instead of
2D DFT. By using 2D DFT with RSA, IR widths
of AOIs are the lowest, however, extra calculations
for random sign generation and multiplying signs are
needed. Meanwhile, the proposed method does not
need any extra calculation, instead it reduces process-
ing resources by using 1D transformation instead of
2D transformation; memory and computational cost.

Figure 9 shows PSNRs of fingerprinted images av-
eraged over five images where 2D DFT-based AOIs,
2D DFT-based AOIs with RSA, and 1D DFT-based
AOIs are used for reducing IRs of AOIs. The results
show that 1D DFT-based AOIs allow higher quality
of fingerprinted images than those by other methods.
Even though 1D DFT-based AOIs have a little bit
wider IR widths than those by 2D DFT with RSA,
higher PSNRs of 1D DFT-based fingerprinted images
are obtained, because of lower quantization errors of
1D DFT phases. Table 3 shows quantization errors
of 1D DFT phases and 2D DFT phases in terms of
MSE.

Figure 10 shows fingerprinted images generated by
using 2D DFT, 2D DFT with RSA, and 1D DFT
when the desired SWR of fingerprinted AOIs = 40 dB.
The results show that for 2D DFT without RSA, the
visual quality of fingerprinted images is bad because
of quantization errors of AOIs. 2D DFT with RSA
provides better visual quality of fingerprinted images
than those by 2D DFT without RSA, because RSA re-
duces IR widths of AOIs before quantization as shown
in Table 2 so that the quantization errors are reduced.
The use of 1D DFT provides as good visual quality of
fingerprinted images as the 2D DFT with RSA, and
it does not effect the coherency of the reconstructed
image, even though the 1D transformation-based AOI
is lack of the inter-column or inter-row relationship.
Since the transformation is reversible, the coherency
of the reconstructed image is preserved.

Figure 11 shows averaged correct fingerprint ex-
tracting rates. The results also show that 1D DFT-
based AOIs allow higher correct fingerprint extract-
ing rates than those by 2D DFT-based AOIs and 2D
DFT-based AOIs with RSA.

It is concluded from these results that using a 1D
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(2) () o)

(m)

Fig.10:  Fingerprinted images when the desired
SWR of fingerprinted AOIs = 40 dB. The left col-
umn: 2D DFT. The middle column: 2D DFT with
RSA. The right column: 1D DFT. The first row, the
second row, the third row, the fourth row, and the
fifth row: Lena, Elaine, Couple, Mandrill, and Boat,
respectively.

transformation instead of a 2D transformation con-
tributes not only to IR reduction and AOI generating
cost reduction but also to the quality of fingerprinted
images and fingerprinting performance.

4.2 Using DCT Instead of DFT

To confirm the effectiveness of using DCT-based
AOI, 1D DCT-based AOIs are compared with 1D
DFT-based AOIs. IR widths of 1D DCT-based AOIs
are shown in Table 2. Even though they are slightly
higher than those of 1D DFT-based AOIs, the quali-
ties of 1D DCT-based fingerprinted images are higher
than those of 1D DFT-based as shown in Figure 12,
because DCT sign components are handled perfectly
by binary images.
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Fig.11: Averaged correct fingerprint extracting rates
where 2D DFT, 2D DFT with RSA, and 1D DFT are
used for reducing IRs of AOIs.
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Fig.12: Averaged PSNRs of fingerprinted images
where 1D DFT AOI and 1D DCT are used for reduc-
ing IRs of AOIs.

It is concluded from these results that using DCT-
based AOIs instead of DFT-based AOIs improves the
image quality of fingerprinted images.

Figure 13 shows averaged correct fingerprint ex-
tracting rates. The results show that when using
DCT, higher correct fingerprint extracting rates are
also obtained.

4.3 Others Methods to Reduce Intensity
Ranges of Amplitude-Only Images

BD [12], Clipping, and linear scaling are evaluated
in this part. For BD, each original image is divided
into sub-images before generating AOIs of sub-images
independently with various block sizes. Figure 14
shows BD-based AOIs. The results show that BD
can reduce IRs of AOIs significantly. However, invis-
ibility of AOISs is destroyed by too small block sizes.
With the acceptable block sizes that keep the AOIs
invisible, IRs of AOIs cannot be reduced as good as
those in the proposed method. So, BD is not suit-
able for the copyright- and privacy-protected image
trading system.

For clipping, 2D DFT-based AOIs are clipped to
[0,255] and rounded to integers to be stored in 8 bpp
before fingerprinting. For linear scaling, each scaling
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Fig.13: Awveraged correct fingerprint extracting rates
where 1D DFT and 1D DCT are used for reducing
IRs of AOls.

Table 4: Conclusions of effectiveness of consid-
ered methods (Cy: 2D DFT [6], Cy: 2D DFT with
RSA [6], Py: 1D DFT (Proposed 1), Py: 1D DCT
(Proposed 2), BD: block division [12], CP: clipping,

and LS: linear scaling).
Requirement Cy Co

(a)

(b)

(c)

(d)

BD
X

Ol00l0|®
®|e|0[0|F
> x |02
> x| >0 5

D> x| >0
>O[>|0)

factor is calculated for each 2D DFT-based AOI to
store them in 8 bpp as follows.
2" —1

= 25

7 max(Aw.y) %)

where 3 denotes scaling factor, and n = 8 here. With

rounding, the scaled AOI Agcqie(x,y) can be calcu-
lated as

Ascale (Ia y) - round(ﬂA(z, y))

Therefore, Ascale(,y) ranges in [0,255]. In order to
obtain the re-scaled AOI, the scaled AOI is divided
by the scaling factor 8. For both methods, POIs are
linearly quantized to 8 bpp.

Figure 15 shows PSNRs of fingerprinted images av-
eraged over five images where clipping and scaling
are used for reducing IRs of AOIs. The results show
that both clipping and linear scaling are not effective
methods. They give much lower PSNRs of finger-
printed images comparing with those by the proposed
method. Figure 16 shows averaged correct fingerprint
extracting rates. The results show that clipping and
linear scaling also give much lower correct fingerprint
extracting rates comparing to those by the proposed
method.

By above results, the effectiveness of all consid-
ered methods could be concluded as Table 3, where
C1,Cs,P1,Py, BD, CP, and LS denote 2D DFT-
based image trading system (conventional 1) [6], 2D
DFT with RSA-based image trading system (con-
ventional 2) [13], 1D DFT-based image trading sys-

(26)

(a) IRW
1258.5

(b) IRW

() IRW

[o.2]
(S
©
'~y
o
e
<
;L-

(d) IRW
1121.2

(e) IRW (f) IRW

(=]
¥

—
<

938.0

—
)
-
5
=
-
Il

(h) IRW
1754.1

(i) IRW
1543.0

=

=
:

I

(k) IRW

1l

(1) IRW = 533.6

—
W
=1
[y
(==}
1
Q0
(=}
=S

<.

m) IRW = (n)

IRW
1037.3

(
1565.3

Fig.1/4: Block division-based AOIs. The left column:
64 x 64 pizels per block. The middle column: 32 x 32
pizels per block. The right column: 16 x 16 pizels per
block. The first row, the second row, the third row,
the fourth row, and the fifth row: Lena, Elaine, Cou-
ple, Mandrill, and Boat, respectively. IRW: intensity
range width.

tem (proposed 1), 1D DCT-based image trading
system (proposed 2), BD-based image trading sys-
tem [12], clipping-based image trading system, and
linear scaling-based image trading system, respec-
tively. Requirements (a), (b), (c¢), and (d) are those
described in Section 2.4. Symbols “x,” “A) “(O),”
and “®” mean “bad,” “fair,” “good,” and “excellent,”
respectively.

As shown in Table 5, the skewness of the scaled
AOI is as high as the skewness of the 2D DFT-based
AOL This is confirmed that the linear scaling method
does not work well. It only reduces the intensity
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Fig.15: Averaged PSNRs of fingerprinted images
where clipping and linear scaling are used for reducing
IRs of AOls.
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Fig.16: Averaged correct fingerprint extracting rates
where clipping and linear scaling are used for reducing

IRs of AOIs.

range of the AOI without considering the histogram
of the AOIL. Even though clipping gives much lower
skewness, numerous errors are introduced, because
this method is non-reversible. As same as the origi-
nal image and the RSA-based AOI, the proposed 1D
frequency transformation-based AOIs have near zero
skewness.

5. CONCLUSIONS

This paper has proposed an effective method of
AOI generation based on 1D frequency transforma-
tion. The proposed method reduces the IR of AOIs
comparably to RSA [13] and reduces the computa-
tional resources as well. In addition, DCT-based im-
age trading system has been proposed in this paper to
enhance the quality of the fingerprinted image. The
results show that the proposed method is superior to
the conventional methods [6, 13] in terms of qual-
ity of fingerprinted images and fingerprinting perfor-
mance. It concludes that the proposed method makes
the copyright- and privacy-protected image trading
system [4-16, 12-14] more practical.

Table 5:  Skewness of histograms of AOIs for
“Lena.”
Image Skewness
Original image -0.0282
2D DFT-based AOI 18.7145
2D DFT-based AOI w/ RSA 0.1051
1D DFT-based AOI 2.3758
1D DCT-based AOI 2.3792
Clipped AOI 2.0029
Linear scaled AOI 18.2834
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