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A progressive structure which takes the quadtree depth into consideration is proposed for fractal image
coding. Simulation results show that its image quality at different received data rates is better than that
without considering the quadtree level. Then, a hybrid fractal image coding scheme based on traditional
and no-search fractal image coding with the proposed progressive structure is suggested. The image qual-
ity and compression ratio can be controlled by a threshold, which makes it downward compatible to the
no-search fractal image coding. Experimental results justify that the progressive performance of the pro-
posed scheme is better than that of traditional fractal image coding.
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1. Introduction

In recent years, the rapid growth of the Internet has stimulated
a large volume of multimedia distribution. This attracts a lot of re-
search interests in multimedia compression. On one hand, inten-
sive studies on image and video compression codec in frequency
domain such as Discrete Cosine Transform (DCT) were conducted
[1–7]. In particular, JPEG has been widely used due to its coding
efficiency and simple implementation in low-end devices. The
property of progressive scanning also makes it favorable as a
web multimedia format, which is usually transmitted via an unsta-
ble and unreliable public network. On the other hand, researches
on other multimedia compression algorithms such as fractal image
coding [8–17] were carried out. For example, Kuo et al. improved
the image quality of fractal image coding by partitioning the image
into sub-blocks with adaptive shape [8]. In fact, fractal image cod-
ing provides a higher compression ratio (CR) than JPEG, but its cod-
ing efficiency is much lower, which makes it unsuitable for most
image compression applications.

This limitation stimulates a number of fast fractal image coding
schemes [9–15]. Hamzaoui et al. reduced the complexity of the lo-
cal search algorithm, which is aimed at providing a better solution
than collage coding [9]. He et al. proposed to calculate the mini-
mum distortion using the normalized one-norm range blocks and
domain blocks in order to speed up the searching process [10].
Nevertheless, the fastest approach is to compare only with the do-
main block which overlaps with the range block [11]. This is called
no-search method which will be explained in Section 2.2. Wang
and his research team adopted the no-search method in their
schemes and improved the gray-level transform using an adaptive
plane and a fitting plane, respectively [12–13]. Besides, the re-
search group also adopted simulated annealing genetic algorithm
to shorten the searching time [14].

Apart from these, the image quality assessment also affects the
image compression algorithm. Wang et al. proposed a measure
called Structural SIMilarity (SSIM) which compares the structure,
contrast and luminance of the local pattern between two images
[18]. It aims at overcoming the problem of Peak Signal-to-Noise
Ratio (PSNR), which is not able to reflect the visual effect in Human
Visual System (HVS). The range of SSIM is bounded at [0,1], where
0 implies no correlation between the two test images and 1 means
that the two images are identical. Extensive studies on the image
assessment matrix have been conducted subsequently [19–20].
On one hand, Horé and Ziou found that PSNR is more sensitive to
additive Gaussian noise than SSIM [19]. On the other hand, the sen-
sitivities of PSNR on JPEG and JPEG 2000 images are slightly lower
than those of SSIM. A detailed analysis of six quality evaluation
metrics including PSNR and SSIM has been conducted by Lin and
Kuo [20]. In general, SSIM outperforms PSNR in all the tested image
databases, and its performance is more consistent compared with
other image quality metrics [20]. However, SSIM also has its limi-
tations, e.g., it does not consider the viewing conditions such as the
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viewing distance. To reflect the effect of display resolution and
viewing distance, Wang et al. proposed a multi-scale SSIM [21].
Nevertheless, more investigations are required to consider other
viewing conditions such as the ambient illumination, etc. In recent
works, both PSNR and SSIM are usually employed to evaluate the
quality of the multimedia content. For example, Psannis and Ishib-
ashi have adopted them to evaluate the performance of their effi-
cient error resilient approach for wireless H.264/AVC video
streaming [22]. In fractal image coding, SSIM is also chosen to re-
place Mean Squared Error (MSE) in measuring the similarity be-
tween the domain and range blocks [16].

To take both the advantages of frequency domain operation and
fractal image coding, some hybrid or joint approaches have been
proposed [23–28]. Curtis et al. proposed a hybrid approach based
on DCT and fractal image coding to provide a balance between
operating speed and compression ratio [23]. Belloulata proposed
an image coding scheme which applied fractal coding to encode
each subband of the image decomposed by the orthogonal wavelet
filters independently [24]. A clustering technique is applied on the
domain blocks to speed up the encoding process. Salarian and Has-
sanpour applied no-search fractal coding on the DCT blocks of the
image [25], resulting in an improved performance on the rate dis-
tortion. Zhou et al. proposed a fast algorithm using a special unified
feature, which determines whether the matching error between
the range and domain blocks is small or large [26]. Then, DCT or
fractal image coding would be applied to encode the block based
on this measure. Zhang and Wang proposed a fractal image coding
operating on the wavelet domain, which makes use of diamond
search to reduce the search time [27]. Apart from these, there are
some other researches on secure fractal image coding [29–30]. Lian
et al. analyzed the sensitivity of the parameters of fractal image
coding and suggested a selective encryption to protect the image
content [29]. To have a better protection, Yuen and Wong sug-
gested a full encryption scheme to encrypt the whole fractal coded
image [30].

Although intensive researches on maintaining the confidential-
ity and improving the performance of fractal image coding have
been carried out, there are only a few studies about its progressive
capability. Kopilovic et al. proposed a progressive fractal coding
method based on Lagrange optimization [31]. The quality of the
progressively-decoded image is good. However, the interpretation
of bit stream may fail when there are transmission errors in the re-
ceived bits. As a result, its application area is limited. He et al. focus
on the progressive decoding [32]. They aim at slowing down the
convergence of the reconstructed fractal image during the iterative
decoding process. It is still required to receive the whole image be-
fore the decoding can start. Wang et al. proposed a progressive
transmission method for fractal image coding [33]. However, the
image is divided into fixed size blocks in their scheme and the
compression capability is limited.

In fact, when the quadtree partitioning is performed, the effect
of every bit in the contrast scaling factor ai and the brightest offset
Dgi on the MSE of the whole image is not the same due to the dif-
ferent size of the range block. For example, 1 bit of ai and Dgi at a
lower quadtree depth will have a greater impact on the overall
MSE because it affects a larger image area. Thus, when we decide
to transmit a bit, the quadtree depth should also be considered.
Here, we propose a progressive structure for quadtree-based frac-
tal image coding. Its performance is compared with the progressive
structure proposed by Wang et al., at which the quadtree depth is
not taken into account in the transmission [33].

Moreover, we suggest a hybrid fractal image coding scheme,
which combines the no-search method and the traditional search
method proposed by Fisher [34]. A parameter is used to control
the tradeoff between image quality and searching time. Our
scheme is downward compatible to the no-search method by
controlling this parameter. The paper is organized as follows. The
traditional fractal image coding and no-search algorithm will be
reviewed in the next section. The details and procedures of the pro-
posed progressive structure and hybrid fractal image coding
scheme will be given in Section 3. Some simulation results on
the progressive structure will be presented in the same section.
After that, the performance of the proposed hybrid fractal image
coding scheme will be evaluated in Section 4. Finally, conclusions
will be drawn in Section 5.
2. Review of fractal image coding and no-search algorithm

2.1. Fractal image coding

Fractal is rooted on the self-similarity of the objects. The objects
are formed by self-transformation through the Iterated Function
System (IFS). It is adopted in a wide range of applications. For
example, Yang and Lin proposed a reversible vector quantization
data embedding scheme based on locally adaptive data compres-
sion scheme [35]. The Hilbert space-filling curve serves as the pro-
cessing order of the vector quantization index table. It provides a
better locality and hence improves the embedding capacity and
compression ratio. Besides, Huang et al. retrieved the textures of
an image by studying the statistical characteristics of fractal coding
parameters using the kernel density estimation [36].

Most of the objects in the real world are composed of smooth
surface and colored in gradient tone. Thus, most natural images
are usually highly-redundant and self-similar. They can be parti-
tioned into a number of blocks and each of them can be exploited
from another. This stemmed the idea of fractal image coding,
which was firstly proposed by Barnsley and Sloan in 1988 [37],
and studied intensively by Jacquin in 1989 [38–40]. Once the set
of fractal parameters for the contractive transformation of a given
image is obtained, it is possible to iterate the transformation until a
steady image is reconstructed. This is based on the converging
properties of the IFS on the attractor. Therefore, when an image
is coded by fractal image coding, it will be encoded to a set of frac-
tal parameters that governs the contractive transformation. Let M
be the matrix space of a digital image and d be the metric for dis-
tortion measure. A contractive image transformation s is found by
solving the inverse problem of the iterated contractive transforma-
tion on a given image lorg [39]. By applying the IFS on s, it can
transform any initial image from the space (M, d) to an approxi-
mate image that is close to lorg. The image is compressed once
the required storage space of s is smaller than that of lorg, which
occurs when Eqs. (1) and (2) are satisfied [39]:

9S < 1 such that 8l; m 2 M; dðsðlÞ; sðmÞÞ 6 sdðlmÞ; ð1Þ

and

dðlorg ; sðlorgÞÞis as \close to zero" as possible: ð2Þ

Eq. (3) defines the contractive image transformation s in fractal
image coding, where u(x, y) is the reconstructed pixel value of the
range block at location (x, y), the location of the matched domain
block is represented by Dxy, and li denotes the 2 � 2 isometric
transformation matrix. The contrast scaling factor and brightness
offset are denoted as a and Dg, respectively. The matched domain
block will be reduced to the same size as the range block before the
transformation s takes place. The details of the four parameters are
described in Table 1. Moreover, self-similarity is the key factor on
the rate distortion in fractal image coding. A small size of the range
blocks leads to a high reconstructed image quality, but also means
a low compression ratio. Thus, adaptive partitioning such as quad-
tree partitioning is required to find a suitable block size in different
regions.



Table 1
Fractal parameters and the corresponding bit length in general.

Fractal
parameter

Description Number of bits in general

Dxy Position of matched
domain block

Depends on the number of domain
blocks at the same quadtree level

ai Contrast scaling
factor

6

Dgi Brightness offset 9
li Isometric

transformation
3
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2.2. No-search algorithm

In the encoding stage of fractal image coding, it is required to
search the most similar block from the domain pool. This operation
is very time consuming. Hence, intensive researches have been
done to shorten the searching time [9–15]. In particular, Shen
and Hasegawa analyzed the relative location between the matched
domain block and the range block [11]. Let (rx, ry) be the position of
the range block, wr and hr be its width and height, respectively.
They found that the domain block locating at (rx–wr/2, ry–hr/2) usu-
ally possesses a high similarity with the range block. Besides, they
adopted an adaptive threshold which would change at different
quadtree levels.

In this paper, we study the progressive transmission perfor-
mance of the no-search method. As a matter of fact, a progressive
fractal image coding scheme was proposed by Wang et al. in 2007
[33]. In their scheme, the quadtree information and Dxy are re-
garded as the necessary header, which are transmitted first. Other-
wise, the decoder is not able to reconstruct a recognizable image. It
should be noticed that Dxy is not required in the no-search algo-
rithm. Therefore, the size of the header is reduced and thus it is
worth to investigate the performance of progressive transmission
in the no-search algorithm. Apart from that, a hybrid fractal image
coding scheme combining traditional fractal image coding and the
no-search method is introduced. It is aimed to balance the
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Fig. 1. File structure of f
degradation in image quality caused by no-search algorithm and
the intensive searching time required by traditional fractal image
coding. Besides, the order of the bit sequence is adaptive to the
quadtree level. The details of our scheme will be presented in the
next section.
3. Proposed progressive fractal image coding scheme

First of all, the properties of the fractal parameters are re-
viewed. Fig. 1 shows the file structure of a typical fractal image
coding scheme. The quadtree depth Q specifies the positions of
the range blocks. It is essential as it instructs the decoder on how
to interpret the bit streams. On one hand, the domain block Dxy

is meaningful only when the full code has been received. Thus, it
should be transmitted at full length each time. This is the same
case for the isometric transformation li. On the other hand, the con-
trast scaling factor ai and the brightness offset Dgi are quantized
according to the bit length specified. Their resolution can be raised
when more bits have been received. Thus, they satisfy the criteria
of progressive transmission, i.e., the quality of the image will be
improved gradually when more data have been received. There-
fore, Wang et al. selected ai and Dgi for progressive transmission
in their scheme [33]. The progressive transmission structure de-
signed by them is illustrated in Fig. 2. To simplify the illustration,
the length of ai and Dgi are set as 3 and 5 bits, respectively. ai[b]
and Dgi[b] denote the bit of ai and Dgi at position b starting from
the least significant bit, respectively. However, the bit transmission
sequence was not specified in their paper.
3.1. Quadtree-based progressive transmission

The problem of Wang et al.’s scheme is that they adopted fixed
partitioning in their scheme [33]. When their method is expanded
to fractal image coding with quadtree partitioning, the range
blocks with lower depth, i.e., larger area, will cause higher degrada-
tion in image quality because the same number of bits in ai and Dgi

are received. In fact, the significance of the bits in ai and Dgi at the
same bit position is not the same at different range block sizes.
Therefore, we assign different priorities to the bits of ai and Dgi

according to the quadtree depth, i.e., more bits will be transmitted
with the header for those range blocks with a larger area. This
raises two challenges here. The first one is that how many bits of
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ractal image coding.
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Fig. 4. Original image of (a) Lena; (b) Sailboat.
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ai and Dgi should be initially transmitted with the header at differ-
ent quadtree levels. If the reconstructed image quality is low after
the minimum transmission size has been received, the image is
unrecognizable. However, if the initial transmission size is too
large, the benefit of progressive structure is not apparent. The sec-
ond challenge is the transmission sequence of ai and Dgi at each
progressive stage. Every time when a bit is transmitted, it should
be selected from the bits which can lead to a higher improvement
in the image quality. The Quality of Experience (QoE) assessment
method may help to determine the bit transmission strategy with
reference to the user’s acceptance level. Indeed, a rate adaption
strategy on scalable video coding based on a rate-QoE model has
been proposed by Li et al. [41]. Nevertheless, the QoE model may
be too costly in terms of computation power for the progressive
transmission of a still image. If the transmission strategy is too
complicated, extensive computation is required by the scheme,



Table 2
Comparison of average PSNR and SSIM values of the proposed quadtree-based progressive transmission and the extended Wang et al.’s method [33] at different received data
rates.

Received bit Extended Wang et al.’s method [33] Proposed quadtree-based progressive transmission

PSNR(dB) SSIM Received file size in byte (%) PSNR(dB) SSIM Received file size in byte (%)

Dgi[8] 15.49 0.3807 18368 (53.50) 18.19 0.5116 19652 (57.24)
Dgi[7] 17.95 0.4124 19509 (56.82) 20.33 0.5692 20649 (60.14)
Dgi[6] 18.86 0.4491 20648 (60.14) 20.94 0.6035 21645 (63.04)
Dgi[5] 19.12 0.4717 21789 (63.46) 21.12 0.6161 22642 (65.95)
ai[5] 21.45 0.6183 22930 (66.79) 25.04 0.8042 23639 (68.85)
ai[4] 24.71 0.7557 24070 (70.11) 26.62 0.8508 24636 (71.75)
ai[3] 26.39 0.8219 25211 (73.43) 27.35 0.8693 25633 (74.66)
Dgi[4] 27.91 0.8780 26351 (76.75) 28.23 0.8993 26629 (77.56)
ai[2] 28.86 0.9054 27491 (80.07) 28.78 0.9126 27729 (80.76)
Dgi[3] 29.56 0.9252 28632 (83.39) 29.86 0.9340 28831 (83.97)
Dgi[2] 29.76 0.9304 29772 (86.71) 30.01 0.9376 29931 (87.18)
ai[1] 30.15 0.9391 30913 (90.04) 30.26 0.9421 31032 (90.38)
Dgi[1] 30.21 0.9405 32053 (93.36) 30.30 0.9430 32133 (93.59)
ai[0] 30.41 0.9449 33193 (96.68) 30.42 0.9450 33233 (96.79)
Dgi[0] 30.43 0.9453 34334 (100.00) 30.43 0.9453 34334 (100.00)
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Fig. 5. Comparison of progressive transmission of 10 test images using the
proposed quadtree-based progressive transmission and the extended Wang
et al.’s progressive transmission [33] on (a) PSNR; (b) SSIM.
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which is not desirable. Besides, the interpretation of the bit should
be static, rather than dynamical determined because errors may be
introduced during the transmission.

To settle the first challenge, the effect of the undelivered bits on
the reconstructed image quality during the progressive transmis-
sion is considered. They lead to the quantization loss in ai and
Dgi, which affect every pixel within the block. The larger the range
block area is, the more the number of pixels are affected. In quad-
tree partitioning, the range block is divided into four smaller sub-
blocks, i.e., the ratio of the range block areas between two adjacent
quadtree levels is 1/4. Thus, the number of bits of ai and Dgi to be
transmitted shall be reduced by a factor of 4 at each depth. For
example, if 6 and 9 bits are assigned to ai and Dgi, respectively,
all the bits should be transmitted at the beginning for those range
blocks at the lowest depth, i.e., the range block with the largest
area. Then, b6/4c = 1 and b9/4c = 2 bits of ai and Dgi, respectively,
should be transmitted for those blocks in the next quadtree level
at the initial stage.

However, such a bit assignment is not flexible with reference to
the number of quadtree partitions. In the above example, the num-
ber of bits to be transmitted with the header will become zero
starting from the third quadtree depth. Instead, the number of ini-
tially transmitted bits in our scheme is assigned in proportion to
the quadtree level as given by Eq. (4), where ty[Qi] is the number
of bits of parameter y at quadtree depth Qi to be transmitted to-
gether with the header at the beginning, len(x) is the bit length
of x. As a result, more bits will be transmitted initially at a lower
quadtree depth Qi, i.e., a larger area.

ta½Q i� ¼ lenðaÞ � lenðaÞ Q i � Q min

Q max � Q min

� �
;

tDg ½Q i� ¼ lenðDgÞ � lenðDgÞ Qi � Q min

Qmax � Q min

� �
ð4Þ

To find out the best transmission sequence, we evaluate the
PSNR of different progressive combinations of the number of bits
for the two parameters. Here, the number of bits for ai and Dgi

are selected as 6 and 9 bits, respectively, i.e., there are 96 possible
combinations. The observed best bit transmission strategy is de-
scribed as follows:

1. Transmit Dgi bit by bit starting from the most significant one
until half of them have been transmitted.

2. Compare the ratios of transmitted bits in ai and Dgi. Send the
next bit of ai if the ratio of transmitted bits in ai is lower. Other-
wise, transmit the next bit of Dgi.
The structure of the proposed quadtree-based progressive
transmission is illustrated in Fig. 3. We assign 3 and 5 bits for ai

and Dgi, respectively, for simplification. The quadtree depth is re-
stricted to the range of 4 to 6 levels. Therefore, the initial number
of bits to send for ai and Dgi at different depths calculated by Eq.
(4) is equal to {3,1,0} and {5,2,0}, respectively. According to our
strategy, the bit transmission sequence is Dgi[4], Dgi[3], ai[2],
ai[1], Dgi[2], Dgi[1], ai[0], and Dgi[0]. First of all, some bits of ai



(a) Lena (b) Sailboat

Fig. 6. Reconstructed image using extended Wang et al.’s progressive transmission method [33] after receiving 6 bits: (a) Lena, PSNR = 26.26 dB, SSIM = 0.7580, Received File
Size = 13957 bytes (69.78%); (b) Sailboat, PSNR = 24.00 dB, SSIM = 0.7482, Received File Size = 23977 bytes (70.11%).

(a) Lena (b) Sailboat

Fig. 7. Reconstructed image using our quadtree-based progressive transmission method with 5 received bits: (a) Lena, PSNR = 27.35 dB, SSIM = 0.8614, Received File
Size = 14337 bytes (71.68%); (b) Sailboat, PSNR = 24.39 dB, SSIM = 0.8262, Received File Size = 23549 bytes (68.85%).
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and Dgi are packed with the initial header according to Eq. (4).
Afterwards, the encoder will output the bits of Dgi bit by bit until
half of them are transmitted. Then, the bits will be packed accord-
ing to the ratio of transmitted bits in ai and that in Dgi. If ai[b] and
Dgi[b] have already been included in the header, they would be
ignored.

The performance of quadtree-based progressive transmission is
evaluated by the PSNR and SSIM of the reconstructed images at dif-
ferent stages of progressive transmission. The image was first en-
coded by fractal image coding. Then Qi, Dxy, and li were packed at
the beginning of the file as the header. After that, some bits in ai

and Dgi for each range block were packed according to Eq. (4)
and sent together with the header. The remaining bits in ai and
Dgi were then transmitted bit by bit according to our bit transmis-
sion strategy. In the control experiment, we extended Wang et al.’s
progressive transmission approach [33] to quadtree-based fractal
image coding, with all bits in ai and Dgi being transmitted bit by
bit using the same bit transmission strategy regardless of Qi. To
have a fair comparison, we adopted Fisher’s classification approach
on domain block [34] so that the encoded file sizes of the two
methods were the same. In the experiments, we assigned 6 bits
for ai and 9 bits for Dgi.
Ten standard 512 � 512 test images were processed. They are
Aerial, Baboon, Barb, Boat, Frog, Goldhill, Lena, Peppers, Sailboat,
and Zelda. Fig. 4(a) and (b) show the original image of Lena and
Sailboat, respectively. The average PSNR and SSIM values at various
file sizes received in each stage are listed in Table 2. In the test, the
average size of the compressed images is 34,334 bytes. The num-
ber of bytes received by the decoder at different stages is listed
in the column ‘‘Received File Size in Byte (in Percentage)’’, where
the percentage is calculated as the number of bytes received by
the decoder at different progressive stages divided by the size of
the compressed image, e.g., 19652/34334 � 100% = 57.24%. The
header information, including the quadtree depth, and the fractal
parameters Dxy and li occupy 53.50% of the compressed file on
average, which means that 18,368 out of 34,334 bytes are used
to store these parameters. As some bits of ai and Dgi are sent to-
gether with the header, the initial file size to be transmitted in
our scheme is 19,652 bytes (57.24%), which is 3.74% larger than
the extended Wang et al.’s approach. After these data have been re-
ceived, the decoder can first obtain a low-quality reconstructed im-
age. Then, the transmitter will send the remaining bits of ai and Dgi

one by one. Upon receiving each additional bit, the image with a
better quality can be reconstructed. When all the bits of the com-
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Fig. 8. Illustration of the size of the domain and range block in our scheme.

Table 3
Compression ratio versus PSNR and SSIM at different parameter settings.

Quadtree depth T1 CR PSNR (dB) SSIM

Minimum Maximum

3 5 12.0 113 ± 8 26.84 ± 0.27 0.8083 ± 0.0081
3 5 10.0 102 ± 7 27.27 ± 0.30 0.8293 ± 0.0106
3 5 8.0 94 ± 6 27.40 ± 0.30 0.8412 ± 0.0091
4 6 12.0 46 ± 3 29.87 ± 0.28 0.8709 ± 0.0071
4 6 10.0 40 ± 3 30.72 ± 0.34 0.8962 ± 0.0075
4 6 8.0 35 ± 2 31.23 ± 0.33 0.9138 ± 0.0061
5 7 12.0 21 ± 2 31.87 ± 0.37 0.8983 ± 0.0085
5 7 10.0 17 ± 1 33.00 ± 0.43 0.9178 ± 0.0088
5 7 8.0 14 ± 1 34.05 ± 0.50 0.9348 ± 0.0073
6 8 12.0 12 ± 1 32.92 ± 0.41 0.9326 ± 0.0096
6 8 10.0 10 ± 1 33.71 ± 0.39 0.9416 ± 0.0087
6 8 8.0 8 ± 1 34.61 ± 0.42 0.9513 ± 0.0078
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pressed image file (100% or 34,334 bytes on average) have been re-
ceived, the final image can be reconstructed. The PSNR and SSIM
values of the decompressed image at different stages are plotted
in Fig. 5(a) and (b), respectively. The figures show that the values
of both indices are usually higher using our progressive structure.
Table 4
Comparison of average PSNR of pure no-search method, the proposed hybrid fractal image
size.

Received bit Pure no-search method Hybrid fractal im

PSNR (dB) Received file size in byte (%) PSNR (dB)

Dgi[8] 18.74 5430 (24.44) 18.01
Dgi[7] 21.06 6585 (29.64) 20.25
Dgi[6] 21.68 7740 (34.84) 20.89
Dgi[5] 21.85 8894 (40.04) 21.09
ai[5] 23.79 10050 (45.24) 24.39
ai[4] 25.11 11204 (50.44) 26.32
ai[3] 25.65 12360 (55.64) 27.28
Dgi[4] 26.16 13515 (60.84) 28.25
ai[2] 26.51 14758 (66.44) 28.95
Dgi[3] 27.01 15999 (72.02) 29.85
Dgi[2] 27.06 17243 (77.62) 29.98
ai[1] 27.17 18486 (83.22) 30.26
Dgi[1] 27.18 19728 (88.81) 30.29
ai[0] 27.24 20972 (94.41) 30.43
Dgi[0] 27.24 22214 (100.00) 30.44
Figs. 6 and 7 depict the decoded images of Lena and Sailboat using
the extended Wang et al.’s method and our method at similar re-
ceived bit rate, respectively. It is noted that the background of
the images reconstructed using our method is smoother. This is be-
cause these blocks are usually encoded using a low quadtree depth.
More bits of ai and Dgi are sent initially and hence the decoded
qualities of such blocks are better.

3.2. Quadtree-based progressive transmission for hybrid fractal image
coding

Apart from the quadtree-based progressive transmission for
Fisher’s classification approach on domain block [34], we combine
it with the no-search fractal image coding in order to provide a
superior performance on progressive transmission and a balance
between the encoding speed and the reconstructed image quality.
In our no-search method, the width wd and height hd of the domain
block are chosen to be 3 times larger than those of the range block
because they give the highest reconstructed image quality in our
test. Thus, the location of domain block (Dx, Dy) is picked from
(rx–wr, ry–hr). The sizes and positions of the range and domain
block are illustrated in Fig. 8. In our scheme, the domain block
can only be flipped horizontally, vertically, both horizontally and
vertically, or remain unchanged. Thus, the bit length of li is reduced
to two.

As there is no need to store the location of the domain block, the
no-search method reduces the size of the header. Besides, the
encoding speed is almost 6 times faster than the traditional fractal
image coding scheme. However, the quality of the reconstructed
image is also degraded because the domain block is not the best
matched one. Therefore, we propose a hybrid fractal image coding
scheme, which combines the no-search method and traditional
fractal image coding. The no-search method is adopted at higher
quadtree levels in order to reduce the searching time. To maintain
the quality of the reconstructed image, traditional fractal image
coding is adopted when the MSE of the chosen domain block at
the highest quadtree depth is still larger than the given threshold.
The detailed procedures are listed as follows,

1. The image is divided into a number of range blocks according to
the minimum quadtree level.

2. Each range block will be encoded using the no-search method.
The MSE of this block and the domain block selected according
to Fig. 8 is computed. If the MSE is larger than the given thresh-
old T1, the range block will be divided into four sub-blocks.
coding method, and traditional fractal image coding method at different received file

age coding method Traditional fractal image coding method

Received file size in byte (%) PSNR (dB) Received file size in byte (%)

16902 (50.17) 18.19 19652 (57.24)
18056 (53.60) 20.33 20649 (60.14)
19212 (57.03) 20.94 21645 (63.04)
20367 (60.46) 21.12 22642 (65.95)
21521 (63.89) 25.04 23639 (68.85)
22677 (67.32) 26.62 24636 (71.75)
23831 (70.74) 27.35 25633 (74.66)
24986 (74.17) 28.23 26629 (77.56)
26228 (77.86) 28.78 27729 (80.76)
27472 (81.55) 29.86 28831 (83.97)
28715 (85.24) 30.01 29931 (87.18)
29957 (88.93) 30.26 31032 (90.38)
31201 (92.62) 30.30 32133 (93.59)
32443 (96.31) 30.42 33233 (96.79)
33686 (100.00) 30.43 34334 (100.00)



Table 5
Comparison of average SSIM values of the pure no-search method, the proposed hybrid fractal image coding method, and traditional fractal image coding method at different
received file sizes.

Received bit Pure no-search method Hybrid fractal image coding method Traditional fractal image coding method

SSIM Received file size in byte (%) SSIM Received file size in byte (%) SSIM Received file size in byte (%)

Dgi[8] 0.5635 5430 (24.44) 0.4994 16902 (50.17) 0.5116 19652 (57.24)
Dgi[7] 0.6246 6585 (29.64) 0.5613 18056 (53.60) 0.5692 20649 (60.14)
Dgi[6] 0.6565 7740 (34.84) 0.5995 19212 (57.03) 0.6035 21645 (63.04)
Dgi[5] 0.6677 8894 (40.04) 0.6142 20367 (60.46) 0.6161 22642 (65.95)
ai[5] 0.7615 10050 (45.24) 0.7869 21521 (63.89) 0.8042 23639 (68.85)
ai[4] 0.7979 11204 (50.44) 0.8393 22677 (67.32) 0.8508 24636 (71.75)
ai[3] 0.8156 12360 (55.64) 0.8621 23831 (70.74) 0.8693 25633 (74.66)
Dgi[4] 0.8397 13515 (60.84) 0.8945 24986 (74.17) 0.8993 26629 (77.56)
ai[2] 0.8533 14758 (66.44) 0.9107 26228 (77.86) 0.9126 27729 (80.76)
Dgi[3] 0.8686 15999 (72.02) 0.9293 27472 (81.55) 0.9340 28831 (83.97)
Dgi[2] 0.8711 17243 (77.62) 0.9327 28715 (85.24) 0.9376 29931 (87.18)
ai[1] 0.8757 18486 (83.22) 0.9381 29957 (88.93) 0.9421 31032 (90.38)
Dgi[1] 0.8763 19728 (88.81) 0.9389 31201 (92.62) 0.9430 32133 (93.59)
ai[0] 0.8780 20972 (94.41) 0.9413 32443 (96.31) 0.9450 33233 (96.79)
Dgi[0] 0.8782 22214 (100.00) 0.9416 33686 (100.00) 0.9453 34334 (100.00)
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3. Step 2 is repeated for each of the sub-blocks until the MSE of the
chosen domain block is smaller than T1, or the maximum quad-
tree level is reached. For the latter case, the corresponding MSE
will be compared to the threshold T2. If the MSE is larger, the
best matched block will be selected from the domain pool clas-
sified by Fisher’s method [34]. Otherwise, the set of fractal
parameters will be packed according to our quadtree-based
progressive transmission structure. A bit will be packed into
the header to indicate the type of the domain block matching
method so that the decoder can synchronize with the encoder.

Our scheme is downward compatible with the no-search meth-
od by setting T2 to infinity, i.e., all range blocks will be encoded
using the no-search method even at the highest depth. The advan-
tage of our scheme is that it reduces the effort to encode those
blocks with background, i.e., less detail and with high self-similar-
ity at nearby region. Meanwhile, the computation power is mainly
used in encoding those blocks with details, i.e., more details or with
less self-similarity at nearby region, which needs to search the best
matched block from the domain pool.
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Fig. 9. Comparison of reconstructed image quality of 10 test images using pure no-
search method, the proposed hybrid method, and traditional fractal image coding
method on (a) PSNR; (b) SSIM.
4. Performance evaluation of the proposed scheme

The compression ratio of the proposed scheme is controlled by
several parameters, including the bit lengths of ai and Dgi, the min-
imum and maximum quadtree depth, the thresholds T1 and T2.
Each of them leads to a different MSE between the reconstructed
and the range blocks. Hence, the number of partitioned blocks will
be affected. To evaluate their effects on the compression ratio and
image quality, the image Lena is compressed using different con-
figurations of the parameters and threshold. Table 3 shows the cor-
responding ranges of CR, PSNR and SSIM. In each row, the bit
lengths of ai and Dgi set to [3,5], [4,6], and [5,7] are tested and
the threshold T2 is equal to T1. It is observed that CR is dominated
by the minimum and maximum of the quadtree partitioning be-
cause the number of possible range blocks is bounded by them.
Apart from that, the thresholds T1 can also release or set the con-
straints of the quadtree partitioning so as to control the compres-
sion ratio and the image quality. It is noticeable that the effect
caused by the bit lengths of ai and Dgi is relatively small as the
variations between the measured values in each row are insignifi-
cant. Therefore, the minimum and maximum of the quadtree par-
titioning should be considered first when the proposed scheme is
applied in image compression. To balance the image quality and
the encoding speed, the threshold T2 can be adjusted. Its effect
on the compression ratio and image quality will be analyzed in
Sections 4.1 and 4.2.

Besides, the performance of the proposed scheme is also evalu-
ated by measuring the PSNR and SSIM at different received data
rate, the encoding and decoding time. The scheme is compared
with the pure no-search method and traditional fractal image cod-
ing scheme developed by Fisher [34]. The quadtree-based progres-
sive transmission structure proposed in Section 3.1 is adopted in
all the schemes. The minimum and maximum quadtree levels are



(a) Lena (b) Sailboat
Fig. 10. Reconstructed image of pure no-search method after receiving 14 bits: (a) Lena, PSNR = 30.54 dB, SSIM = 0.9172, Received File Size = 13948 bytes (94.68%); (b)
Sailboat, PSNR = 26.85 dB, SSIM = 0.9113, Received File Size = 20472 bytes (94.41%).

(a) Lena (b) Sailboat
Fig. 11. Reconstructed image using the proposed fractal image coding scheme after receiving 8 bits: (a) Lena, PSNR = 30.58 dB, SSIM = 0.9051, Received File
Size = 14409 bytes (72.42%); (b) Sailboat, PSNR = 28.39 dB, SSIM = 0.8997, Received File Size = 23857 bytes (73.80%).
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set to 5 and 7, respectively. We assign 6 and 9 bits to represent ai

and Dgi, respectively. All the schemes were implemented using C++
programming language and running on a personal computer
equipped with an Intel Core i5 CPU 750 at 2.67GHz and 2GB mem-
ory. Ten standard test images mentioned in Section 3.1 were en-
coded and decoded.
4.1. Quality of reconstructed image

First of all, the PSNR and SSIM at different received data rates of
the pure no-search method, the hybrid fractal image coding meth-
od proposed in Section 3.2, and the traditional searching method
were compared. In this test, the value of T2 is the same as T1. The
average PSNR and SSIM values of 10 test images at various received
data rates are recorded in Tables 4 and 5, respectively. The data are
plotted in Fig. 9(a) and (b).

It is observed that the amount of data to be transmitted at the
beginning using the pure no-search method is only 24.44%, which
is less than half of those required by the hybrid and traditional
fractal image coding method. However, the quality of the recon-
structed image is still low even the entire file has been received.
The average values are only 27.24 dB for PSNR and 0.8782 for SSIM.
This is the tradeoff of using the no-search method which fixes the
domain block with reference to the range block. Besides, it is worth
to note that our hybrid method performs better than the tradi-
tional fractal image coding scheme. In our scheme, the file size
after the first transmission is 7.07% smaller than that of the tradi-
tional fractal image coding scheme. The overall PSNR of our
scheme at various received data rates is also higher. In particular,
the average PSNR of our scheme after receiving the whole coded
sequence is slightly higher though the average compressed size
is a bit smaller. Hence, the proposed scheme would not sacrifice
the image quality of fractal image coding measured by traditional
error measurement because the criteria of the domain block
matching actually remain the same. The best matched domain
block will still be selected from the domain pool when the MSE
is larger than the thresholds T1 and T2.

After the whole compressed image has been received, the aver-
age SSIM of the proposed scheme is, however, slightly less than
that of the traditional fractal image coding scheme. This justifies
that the proposed scheme bears a slight perceptual loss as tradeoff
since MSE is used in the domain block matching process. Thus, it
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Fig. 12. The series of decoded Lena at different received data rate using the proposed scheme.

Table 6
Average PSNR of the proposed hybrid fractal image coding method with different values of T2.

Received bit T2 = 1.5 � T1 T2 = 2.0 � T1 T2 = 4.0 � T1

PSNR (dB) Received file size in byte (%) PSNR (dB) Received file size in byte (%) PSNR (dB) Received file size in byte (%)

Dgi[8] 18.21 13424 (44.44) 18.35 11009 (39.61) 18.67 7449 (30.74)
Dgi[7] 20.50 14579 (48.26) 20.67 12165 (43.77) 20.99 8604 (35.50)
Dgi[6] 21.12 15734 (52.08) 21.29 13320 (47.92) 21.61 9759 (40.27)
Dgi[5] 21.30 16888 (55.90) 21.46 14475 (52.08) 21.78 10915 (45.04)
ai[5] 24.33 18044 (59.73) 24.26 15629 (56.23) 23.98 12069 (49.80)
ai[4] 26.26 19199 (63.55) 26.14 16785 (60.39) 25.51 13225 (54.57)
ai[3] 27.18 20353 (67.38) 26.99 17940 (64.55) 26.15 14380 (59.34)
Dgi[4] 28.05 21508 (71.20) 27.76 19094 (68.70) 26.72 15534 (64.10)
ai[2] 28.70 22751 (75.31) 28.36 20337 (73.17) 27.14 16777 (69.23)
Dgi[3] 29.51 23995 (79.43) 29.07 21579 (77.64) 27.69 18020 (74.36)
Dgi[2] 29.61 25238 (83.55) 29.17 22823 (82.11) 27.75 19262 (79.48)
ai[1] 29.86 26481 (87.66) 29.39 24065 (86.58) 27.90 20505 (84.61)
Dgi[1] 29.89 27723 (91.77) 29.41 25309 (91.06) 27.91 21749 (89.74)
ai[0] 30.02 28966 (95.89) 29.52 26552 (95.53) 27.98 22991 (94.87)
Dgi[0] 30.02 30209 (100.00) 29.53 27794 (100.00) 27.98 24235 (100.00)
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Table 7
Average SSIM of the proposed hybrid fractal image coding method at different T2 values.

Received bit T2 = 1.5 � T1 T2 = 2.0 � T1 T2 = 4.0 � T1

SSIM Received file size in byte (%) SSIM Received file size in byte (%) SSIM Received file size in byte (%)

Dgi[8] 0.5152 13424 (44.44) 0.5291 11009 (39.61) 0.5568 7449 (30.74
Dgi[7] 0.5800 14579 (48.26) 0.5947 12165 (43.77) 0.6194 8604 (35.50)
Dgi[6] 0.6185 15734 (52.08) 0.6328 13320 (47.92) 0.6528 9759 (40.27)
Dgi[5] 0.6324 16888 (55.90) 0.6454 14475 (52.08) 0.6644 10915 (45.04)
ai[5] 0.7877 18044 (59.73) 0.7851 15629 (56.23) 0.7700 12069 (49.80)
ai[4] 0.8369 19199 (63.55) 0.8318 16785 (60.39) 0.8098 13225 (54.57)
ai[3] 0.8589 20353 (67.38) 0.8530 17940 (64.55) 0.8287 14380 (59.34)
Dgi[4] 0.8888 21508 (71.20) 0.8802 19094 (68.70) 0.8534 15534 (64.10)
ai[2] 0.9046 22751 (75.31) 0.8956 20337 (73.17) 0.8676 16777 (69.23)
Dgi[3] 0.9217 23995 (79.43) 0.9117 21579 (77.64) 0.8832 18020 (74.36)
Dgi[2] 0.9248 25238 (83.55) 0.9145 22823 (82.11) 0.8857 19262 (79.48)
ai[1] 0.9300 26481 (87.66) 0.9197 24065 (86.58) 0.8905 20505 (84.61)
Dgi[1] 0.9308 27723 (91.77) 0.9204 25309 (91.06) 0.8912 21749 (89.74)
ai[0] 0.9331 28966 (95.89) 0.9225 26552 (95.53) 0.8930 22991 (94.87)
Dgi[0] 0.9334 30209 (100.00) 0.9228 27794 (100.00) 0.8932 24235 (100.00)
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Fig. 13. Comparison of the image quality of pure no-search method and the
proposed hybrid fractal image coding at different T2 values using (a) PSNR; (b) SSIM.
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Fig. 14. The rate distortion performance of Lena compressed by the proposed
scheme, JPEG, and JPEG 2000 as measured by (a) PSNR; (b) SSIM.
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may not accurately reflect the sensitivity to the perceptual quality
in the HVS. Although SSIM can be used to replace MSE in domain
block matching as suggested in [16], it is not recommended be-
cause the complexity is much higher than that of MSE. A much
longer encoding time is needed since domain block matching is
an iterative process which requires intensive computation.

The reconstructed images of Lena and Sailboat using pure no-
search method and our scheme are shown in Figs. 10 and 11,
respectively. The received file sizes of these images are similar to
those shown in Fig. 7, which was encoded using the traditional
fractal image coding method with the proposed quadtree-based
progressive transmission structure. It should be noticed that the
quality of the pure no-search scheme is the best at similar received
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Fig. 15. Reconstruction performance of our scheme and JPEG2000. (a)–(c): Original images; (d)–(f): Reconstructed by the proposed scheme; (g)–(i): Reconstructed by JPEG
2000.
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file size. Besides, the decoded images of our scheme are better than
those of the traditional fractal image coding by around 3 dB in
PSNR. Fig. 12 shows the series of the decoded Lena images using
our scheme at different received data rates. The quality of the de-
coded image will increase gradually upon receiving more and more
coded data.

Apart from that, we also examine the performance of our
scheme at different values of T2. By setting a larger value for T2,
more range blocks at the highest quadtree level will be encoded
using the no-search method. As a result, both the reconstructed
image quality and the file size will be reduced. Here, we test
T2 = 1.5 � T1, 2.0 � T1, and 4.0 � T1, respectively. The corresponding
average PSNR and SSIM values versus the file size received are
listed in Tables 6 and 7, respectively. Fig. 13(a) and (b) depict the
comparison of average PSNR and SSIM values for the pure no-
search method and the proposed hybrid fractal image coding with
different T2 values, respectively. The qualities of the reconstructed
images, as measured by both PSNR and SSIM, are consistent at var-



Table 8
Average encoding time (in ms) of 10 test images using the pure no-search method, the proposed hybrid scheme with different T2, and traditional fractal image coding scheme.

Test image Pure no-search method Proposed hybrid fractal image coding scheme Traditional fractal image coding scheme

T2 = 4.0 � T1 T2 = 2.0 � T1 T2 = 1.5 � T1 T2 = T1

Zelda 32.20 37.67 42.96 50.76 73.59 113.34
Lena 34.44 41.57 64.27 78.87 103.99 145.48
Peppers 36.30 45.28 66.92 78.84 105.55 162.62
Boat 38.25 49.75 94.90 122.80 168.28 236.16
Barb 40.44 61.74 111.12 133.40 166.24 220.80
Sailboat 40.52 56.79 120.90 152.87 199.08 273.30
Goldhill 41.42 48.02 76.56 104.50 160.86 232.61
Aerial 46.82 77.57 157.73 193.52 243.15 319.20
Baboon 47.80 86.19 191.12 222.04 261.36 305.16
Frog 51.31 66.90 115.89 207.71 326.29 361.93
Average Time 40.95 57.15 104.24 134.53 180.84 237.06

Table 9
Average decoding time (in ms) of 10 test images using the pure no-search method, the proposed hybrid scheme with different T2, and traditional fractal image coding scheme.

Test image Pure no-search method Proposed hybrid fractal image coding scheme Traditional fractal image coding scheme

T2 = 4.0 � T1 T2 = 2.0 � T1 T2 = 1.5 � T1 T2 = T1

Zelda 668.46 664.21 670.60 662.79 667.14 551.27
Lena 678.62 671.66 667.59 660.13 658.07 550.92
Peppers 680.68 672.06 672.23 666.61 667.18 550.07
Boat 684.07 676.16 672.73 661.13 654.56 550.95
Barb 684.12 673.20 660.77 650.03 642.27 551.43
Sailboat 686.20 678.77 671.79 662.84 650.23 550.90
Goldhill 690.30 680.69 679.71 669.70 662.06 551.28
Aerial 699.06 685.12 671.98 656.71 643.38 551.17
Baboon 699.14 681.28 647.10 634.71 621.80 551.41
Frog 704.40 689.90 682.49 648.73 606.23 550.20
Average Time 687.51 677.31 669.70 657.34 647.29 550.96
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ious received data rates. It is observed that by setting a large T2, the
curve of our scheme would shift towards that of the pure no-search
method. Thus, by adjusting the parameter T2, our scheme can be
downward compatible to the pure no-search method.

The rate-distortion performance of the proposed scheme is also
compared with those of JPEG and JPEG 2000. Here, the image Lena
is compressed using our scheme, JPEG, and JPEG 2000 to different
compression ratios (CR). The JPEG images are obtained by Matlab
programs while the JPEG 2000 images are generated using the Jas-
Per software [42]. The resultant PSNR and SSIM values at different
compression ratios are plotted in Fig. 14(a) and (b), respectively. It
is observed that the proposed scheme outperforms JPEG at a high
compression ratio. However, JPEG 2000 shows the best perfor-
mance among the three schemes. Nevertheless, if the image con-
sists of a large area in homogeneous color and clear edges, the
proposed scheme is able to provide a better image quality than
JPEG 2000 at the same compression ratio. Fig. 15 (a) to (i) depict
the original and the reconstructed images compressed by the pro-
posed scheme and JPEG 2000 for test images Graphic, Signage, and
Smile. Each of them is 512 � 512 pixels large. It is noticeable that
the small circles in the image Graphic compressed by the proposed
scheme is sharper and clearer than those compressed using JPEG
2000. Besides, the text ‘‘1101’’ is also sharper in the Signage image
reconstructed by our scheme, though the blocking effect is quite
significant. These justify that the proposed scheme is good at com-
pressing images with a large area of homogeneous color and clear
edges.

4.2. Encoding and decoding time

Apart from the quality and compression ratio, we also evaluate
the coding efficiency of the proposed scheme. Each of the 10 test
images is encoded and decoded for 500 times. The average encod-
ing and decoding time are measured. Since we aim to compare the
speed performance in progressive transmission, the decoding time
is calculated by counting all the time for reconstructing 15 pro-
gressive images at every received data rate. The test is conducted
for the pure no-search method, the traditional fractal image coding
scheme, and the proposed hybrid fractal image coding scheme. In
the test, T2 = 4.0 � T1, 2.0 � T1, 1.5 � T1, and T1 are examined. Ta-
ble 8 lists the results of the average encoding time of each image
for the three schemes in millisecond, respectively.

The average encoding speeds of the pure no-search method and
the traditional fractal image coding scheme are 6.10 MB/s and
1.05 MB/s, respectively. Our scheme operates at 4.37 MB/s,
2.40 MB/s, 1.86 MB/s, and 1.38 MB/s for different T2 values, respec-
tively. Apparently, the encoding efficiency of the pure no-search
method is the highest as it does not need to search the domain
block. The proposed hybrid scheme with T2 = T1 is faster than the
traditional fractal image scheme by 31%. When a higher speed is
preferred in practical applications, the user can adjust the value
of T2 so as to balance the tradeoff between the encoding speed
and the reconstructed image quality.

The results of average decoding time (in millisecond) of each
image for the three schemes are listed in Table 9. The decoding
time should actually be divided by 15 progressive images. There-
fore, the average decoding speeds per progressive image of the
pure no-search method and the traditional fractal image coding
scheme are 5.45 MB/s and 6.81 MB/s, respectively. Our scheme
operates at a speed between 5.54 MB/s and 5.79 MB/s depending
on the value of T2. The decoding speeds of the pure no-search
scheme and the proposed hybrid fractal image coding scheme
are slower than those of the traditional fractal image coding
scheme. This is because the domain block size is 4 times larger
than that of the range block in the traditional fractal image coding
scheme while it is 9 times larger in the other two schemes. As a re-
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sult, the pure no-search method and our proposed scheme require
more time when they resize the domain block to that of the range
block. The average value of 9 instead of 4 pixels is calculated. Apart
from this, there is no other significant difference in the computa-
tion that affects the decoding speed. Nevertheless, the sizes of
the domain blocks in these schemes are still assigned as those in
our test because we would like to have a more comparable result
with reference to the image quality. If the size of the domain block
is chosen to be 3 times larger than that of the range block in the
traditional fractal image coding scheme, the coding time will be
longer. Especially, it will affect the encoding time a lot because
each range block is compared with many domain blocks during
the encoding process. Moreover, the proposed scheme can benefit
from the domain block with both sizes depending on which
searching method is selected.

5. Conclusions

We have proposed the progressive transmission structure for
fractal image coding, which takes the quadtree depth into consid-
eration. The simulation results show that the quality of the recon-
structed images of the proposed quadtree-based progressive
transmission is better than the progressive transmission structure
without considering the quadtree. Besides, a hybrid fractal image
coding scheme based on the no-search method and traditional
fractal image coding was proposed. It provides a better progressive
transmission capability than traditional fractal image coding.
Moreover, the image quality and the coding efficiency can be ad-
justed by the threshold parameter. The scheme is downward com-
patible to the no-search method such that the image can be quickly
encoded to a small file size by sacrificing the image quality.
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