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ABSTRACT 

 
A novel computational model for detecting salient regions in color 
images is proposed, based on a two-stage coarse-to-fine framework. 
Firstly, different early visual feature maps − including the edge 
intensity; the black-white, red-green, and blue-yellow color 
opponents; and the Gabor features with four directions − are 
incorporated into the eight channels of an octonion image. Spectral 
normalization is achieved with the octonion Fourier transform by 
preserving the phase information of the octonion image. Then, with 
mean-shift segmentation, the saliency values in each segment are 
averaged to form a coarse saliency map. Finally, the coarse 
saliency map is subject to Bayesian inference to further refine the 
salient regions. The integration of frequency normalization, spatial 
segmentation and Bayesian inference exploits the benefits from 
both the spectral domain and the spatial domain. Experimental 
results show the superiority of the proposed method compared to 
several existing methods. 
 

Index Terms— Salient object detection, octonion image, 
spectral normalization, mean-shift segmentation, Bayesian 
inference 
 

1. INTRODUCTION 
 
Visual attention is a remarkable mechanism of the human visual 
system (HVS) which can extract salient and important information 
from natural scenes efficiently. According to some previous 
research [1, 2], the visual-attention mechanism can be divided into 
two categories, namely bottom-up and top-down. The bottom-up 
mechanism is fast, simple, and task-independent, in which early 
features are processed. In contrast, the top-down mechanism 
involves high-level processing, which may require prior 
knowledge and training. In the existing bottom-up models, the 
saliency at a given pixel position is determined by computing the 
pixel's dissimilarity from its neighbors. “Dissimilarity” can be 
defined in many ways, e.g. center-surround contrast [3], self-
information [4], etc. Many problems in computer vision, such as 
image compression [5], image categorization [6], and object 
localization [7], can benefit from saliency detection as a 
preprocessing step in order to focus on those areas of greater 
importance. 

Over the past decades, many computational models have been 
proposed for computing visual saliency. Among these models, the 
most famous one was proposed by Itti et al. [3]. The algorithm is 
based on the center-surround mechanism − which is similar to the 
visual receptive field − in intensity, color and orientation. Bruce 
and Tsotsos [4] proposed a bottom-up model based on the principle 
of maximizing information sampled from a scene. Hou and Zhang 
[8] presented the first spectral approach for visual saliency 

Figure 1 Saliency map. From top to bottom: the original sample 
images, our saliency map, and the ground-truth images. 

 
detection, based on the difference between the perceived log-
spectrum and the characteristic log-spectrum of natural images. 
Guo et al. [9] proposed that phase is the key in obtaining the 
saliency map, and introduced the use of quaternion image to detect 
salient regions by preserving phase information only. Achanta et 
al. [10] proposed using the difference of Gaussian (DoG) filtering 
to eliminate redundant information and generate saliency maps 
with well-defined object boundary. More recently, Goferman et al. 
[11] combined local low-level cues, global considerations, visual 
organization rules, and high-level features to highlight salient 
objects with their contexts. Gao and Lam [12] proposed using 
octonion image to incorporate more feature channels in generating 
saliency maps. 

The main contributions of our proposed framework are twofold. 
First, we propose a coarse saliency map method through octonion 
algebra and mean-shift segmentation, which is fast and can avoid 
exhaustive searching like the sliding-window method and multi-
scale computation. Second, we combine spectral analysis with 
spatial processing, which can exploit the benefits of detecting 
saliency in both the spectral domain and the spatial domain. As 
Figure 1 indicates, our proposed method can detect the salient 
objects accurately. 

The rest of the paper is organized as follows. Section 2 first 
introduces the concept of octonion algebra, octonion image 
construction, and octonion Fourier transform. Then, the generation 
of a coarse saliency map by our octonion saliency map and mean-
shift segmentation is presented. In Section 3, we refine the coarse 
saliency map using Bayesian inference to produce the final 
saliency map. Experimental results and the evaluation of the 
proposed model are given in Section 4. Finally, the conclusion is 
provided in Section 5. 
 

2. OCTONION FOURIER TRANSFORM AND MEAN-
SHIFT SEGMENTATION FOR SALIENCY DETECTION 
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Guo et al. [9] were the first to propose using quaternion algebra for 
saliency detection. A quaternion image is constructed based on 
four feature maps, including one intensity map, two color opponent 
maps, and a motion map. Due to the limited channel capacity, we 
cannot incorporate more feature maps into the quaternion image. 
Hence, in order to accommodate more feature maps, we propose 
extending the quaternion image into the octonion image, i.e. a 
more advanced algebra structure is employed. 
 
2.1.  Basic Octonion Properties 
 
Among the normed algebra in mathematics, the octonions O are 
the largest such group, with the other three being the real numbers 
R, the complex numbers C, and the quaternions H. Therefore, we 
propose to use octonion image as the container to accommodate 
more feature maps. Octonions, which were discovered by Graves 
and Caylay [13] independently, have eight dimensions, thus 
doubling the number of the quaternions, and can be defined as 
follows: 

o = x0e0 + x1e1 + x2e2 + x3e3 + x4e4 + x5e5 + x6e6 + x7e7,     (1) 
where {e0, e1, e2, e3, e4, e5, e6, e7} are unit octonions that can be 
treated as perpendicular axes in the eight-dimensional space. {x0, 
x1, x2, x3, x4, x5, x6, x7} are real numbers.  

The addition and subtraction of octonions are done by adding 
and subtracting corresponding terms. However, multiplication is 
more complex, since it is neither commutative nor associative, i.e. 
eiej = -ejei ≠ ejei, if i, j≠0, and (eiej)ek = -ei(ejek) ≠ ei(ejek), if i, j, k are 
distinct and non-zero. The multiplication rules is shown is Table 1. 

 
× e0 e1 e2 e3 e4 e5 e6 e7 

e0 e0 e1 e2 e3 e4 e5 e6 e7 
e1 e1 −e0 e3 −e2 e5 −e4 −e7 e6 
e2 e2 −e3 −e0 e1 e6 e7 −e4 −e5 
e3 e3 e2 −e1 −e0 e7 −e6 e5 −e4 
e4 e4 −e5 −e6 −e7 −e0 e1 e2 e3 
e5 e5 e4 −e7 e6 −e1 −e0 −e3 e2 
e6 e6 e7 e4 −e5 −e2 e3 −e0 −e1 
e7 e7 −e6 e5 e4 −e3 −e2 e1 −e0 

Table 1. Multiplication rules for the unit octonions. 
 

The conjugate of an octonion is defined as follows: 
o* = x0e0 - x1e1 - x2e2 - x3e3 - x4e4 - x5e5 - x6e6 - x7e7.      (2) 

The product of an octonion with its conjugate is always a non-
negative number as follows: 

o*o = x0
2 + x1

2 + x2
2 + x3

2 + x4
2 + x5

2 + x6
2 + x7

2.         (3) 
Using the definition above, the norm is consistent with the standard 
Euclidean norm, and is defined as follows: 

*o o o= .                                       (4) 

 
2.2.  Feature Map and Octonion Image Construction 
 
In general, color images have 3 channels, such as RGB, YUV or 
CIE Lab. Instead of using the RGB color space, our algorithm 
transforms an image into the CIE Lab color space to form the 
feature maps. This transformation de-couples the luminance 
channel from the two color-carrying channels, i.e. the red-green 
(RG) and the blue-yellow (BY) color opponents, which is 
consistent with [14]. We retain the two color-opponent maps as the 

color feature maps. The luminance channel of the YUV color space 
is used as the intensity feature map or black-white (KW) color-
opponent feature map. To better discriminate between different 
objects in an image, we use edge intensity to form another feature 
map. Besides intensity and color feature maps, Itti et al. [3] also 
incorporated the orientation feature maps in their framework, to 
approximate the receptive-field sensitivity profile of orientation-
selective neurons in the primary visual cortex [15]. The orientation 
information is extracted by Gabor filters, which have a simplified 
form as follows: 

2 2

2

' '( , ; , , , ) exp( ) exp( ( ' ))
2

x yg x y i xσ θ ω ϕ ω ϕ
σ
+= − + ,     (5) 

where x’ = xcosθ + ysinθ and y’ = -xsinθ + ycosθ. In (5), σ is the 
standard deviation of the Gaussian envelope, θ is the orientation 
selectivity of the Gabor filter, ω is the frequency of the sinusoidal 
factor, and φ is the phase offset. For simplicity, we select only four 
orientations, namely the horizontal, vertical, and two diagonal 
orientations. Hence, the orientations for the Gabor filter are: θ ∈ 
{0°, 45°, 90°, 135°}. 

Once selected, these eight early feature maps can be integrated 
to form an octonion image. The constructed octonion image is 
given as follows: 

o(x, y)=e(x, y)e0 + kw(x, y)e1 + rg(x, y)e2 + by(x, y)e3 

+ o0(x, y)e4 + o90(x, y)e5 + o45(x, y)e6 + o135(x, y)e7,   (6) 
where e(x, y) is the edge map; kw(x, y), rg(x, y) and by(x, y) are the 
black-white, red-green, and blue-yellow color maps, respectively; 
and o0(x, y), o90(x, y), o45(x, y), and o135(x, y) are the four 
orientation maps for 0°, 90°, 45°, 135°, respectively. 
 
2.3.  Octonion Fourier Transform and Spectral Normalization 
 
Since there is no existing clearly defined Fourier transform for 
octonion images, we propose extending the existing quaternion 
Fourier transform on color images proposed by Ell and Sangwine 
[16], to implement the octonion Fourier transform. According to 
[16], the general quaternion Fourier transform is defined as follows: 

1 1
2 (( / ) ( / ))

0 0

1[ , ] ( , )
M N

mv M nu N

m n
F u v e f n m

MN
μ π

− −
− +

= =
= ∑ ∑ ,       (7) 

where (n, m) and (u, v) are locations in the spatial and the 
frequency domain, respectively; M and N are the height and width 
of the image f (n, m), respectively; µ is any unit pure quaternion. 

In order to implement the octonion Fourier transform with the 
quaternion Fourier transform, we can express an octonion image in 
the symplectic form as follows: 

o(x, y) = q1(x, y) + q2(x, y)e4,                      (8) 
where q1(x, y) and q2(x, y) are the simplex part and the perplex part 
of the octonion image o(x, y) respectively, defined as follows: 

q1(x, y)=e(x, y)e0+kw(x, y)e1+rg(x, y)e2+by(x, y)e3,         (9) 

q2(x, y)=o0(x, y)e0+o90(x, y)e1+o45(x, y)e2+o135(x, y)e3.  (10) 
Taking the quaternion Fourier transform of (8), we obtain:

 
O(u, v) = Q1(u, v) + Q2(u, v)e4,                      (11) 

where Q1(u, v) and Q2(u, v) are the quaternion Fourier transform 
that can be calculated using (7). 

As indicated in [16], a quaternion image can be expressed in 
polar form. Hence, Qi (u, v), where i = 1, 2, can be expressed as 
follows: 
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 Q’(u, v) = |Q’(u, v)| e µ φ(u,v)                        (12) 
where µ and φ are referred to as the eigenaxis and eigenangle of 
the quaternion, respectively. 

We follow the phase-preserving idea in [9] by neglecting the 
magnitude and keeping the phase information unchanged. By 
transforming back to the spatial domain, we can obtain the 
spectral-normalized quaternion image q’(x, y) to form the saliency 
map as follows: 

 Q’(u, v) = e µφ(u,v) ,                                (13) 

1

1 1
2 (( / ) ( / ))

0 0

1'( , ) '( , )
M N

mv M nu N

v u

q x y e Q u v
MN

μ π
− −

− +

= =

= ∑∑ ,   (14) 

where Q’(u, v) is the normalized frequency representation. 
The saliency map can be calculated by squaring the eight 

normalized channels and summing them together, as follows: 

SM= A0
2+A1

2+A2
2+A3

2 +A4
2+A5

2+A6
2+A7

2,            (15) 

where SM is the saliency map; and A0, A1, A2, A3, A4 A5, A6, and A7 
are the eight channels of the spectral normalized octonion image 
q’(x, y), respectively. 

 
2.4.  Coarse Saliency Map Generation 
 
Saliency detection performance can be improved by high-quality 
segmentation algorithms, e.g. mean-shift segmentation [17], since 
the segmentation process can provide accurate boundaries of the 
objects in an image. The coarse saliency map can be generated by 
averaging the saliency values in each segment. Assume that there 
are N segments in an image after mean-shift segmentation, and 
each of the segments is denoted as Ri (i = 1, 2,…N). N 
segmentation masks Mi (i = 1, 2, …, N) can thus be generated, with 
the values within Ri being 1 and other regions being 0. The 
saliency value si in the segment Ri can be calculated as follows: 

[ ( , ) ( , )]/ | |i i i
x y

s M x y S x y R= ∑∑ ,   i=1, 2,…N,        (16) 

where S(x, y) is the saliency map computed using (15), and |Ri| is 
the number of pixels in the segment Ri. As (16) shows, the average 
saliency value in each segment is considered, thus producing clear 
object boundaries. After this operation, the false-alarm rate outside 
salient objects can be greatly reduced, since the saliency leakage is 
shared by all the pixels in that segment, which can be discarded 
after thresholding. In order to avoid small segments, we set a 
minimum segment size in the mean-shift segmentation algorithm. 

 
3. SALIENCY REFINEMENT VIA BAYESIAN INFERENCE 
 
In this section, we refine the coarse saliency map generated by our 
octonion saliency map and mean-shift segmentation based on 
Bayesian inference. In [18, 19], Bayes formula has been adopted in 
saliency detection with success. As indicated, the Bayesian 
inference can be formulated in saliency detection as: 

( ) ( | )
( | )

( ) ( | ) ( ) ( | )

p sal p x sal
p sal x

p sal p x sal p bg p x bg
=

+
,            (17) 

where p(sal|x) is the posterior saliency probability; p(sal) is the 
prior saliency probability; and p(x|sal) is the likelihood. We use the 
Bayes formula to represent the saliency of each pixel with the 
posterior probability. In the following two sub-sections, the 
procedures to derive the prior probability p(sal), and the likelihood 
p(x|sal) are demonstrated. 

 
3.1.  The Prior Probability 
 
In the previous work [18] and [19], Rahtu et al. [18] simply use a 
constant for the prior probability; Xie and Lu [19] obtain the prior 
probability using complicated processes, including superpixel 
generation, k-means clustering, and exhaustive searching. As a 
compromise, we use the coarse saliency map obtained previously 
as the prior probability map, since the saliency measure of each 
segment after the segmentation reflects the importance of each 
segment.  

With the coarse saliency map providing some prior saliency 
estimation, the prior probability p(sal) can be modeled as the 
saliency value of each pixel scaled in the range of (0,1) in the 
coarse saliency map. p(bg) is thus defined as 1 - p(sal). 

Compared with the constant prior probability in [18], our 
method is more accurate, since the spectral normalization and the 
mean-shift segmentation in the first stage can locate the general 
salient region and eliminate the background region to some degree. 
Compared with the complex processes used in [19], our method is 
comparable in terms of precision, but our processing time is less 
than 5% of [19]. This is because our algorithm is primarily based 
on FFT-like operations, while [19] requires lengthy iterations. 
 
3.2.  The Likelihood 
 
The coarse saliency map can separate an image into two disjoint 
sets: the salient pixels S and the background pixels B. The pixels in 
S tend to be salient, while the pixels in B tend to be non-salient. In 
order to threshold the coarse saliency map into S and B, an 
adaptive threshold is empirically determined as the mean value of 
the coarse saliency map. In this scheme, the pixels which are larger 
than the threshold are classified as the background pixels S, and the 
pixels which are smaller than the threshold are classified as the 
salient pixels B.  

We compute the likelihood p(x|sal) and p(x|bg) in a similar 
way as [19] by representing the feature at each pixel x in the CIE 
Lab color space as F(x) = (l(x), a(x), b(x)). The color histogram is 
applied to describe the features in the S and B regions. The colors 
in each channel are uniformly quantized into 16 bins. By assuming 
the independence of the three color channels, the likelihood at a 
pixel x can be computed as follows: 

( ( ))

{ , , }

( | ) S f x

f l a b S

N
p x sal

N∈

= ∏ , and ( ( ))

{ , , }

( | ) B f x

f l a b B

N
p x bg

N∈

= ∏ , (18) 

where NS and NB are the number of pixels in S and B; NS(f(x)) and 
NB(f(x)) represent the number of pixels in S and B that have the same 
feature value in one of the three feature channels specified by f. 
Having determined the prior probability and likelihood, the final 
saliency value can be calculated with equation (17). 
 

4. EXPERIMENT RESULTS 
 
In this section, we evaluate our algorithm on the MSRA dataset [19] 
with 5,000 color images. Besides, 1,000 ground-truth images from 
MSRA dataset are available in [10]. To evaluate our method, as 
mentioned in Section 1, we compare the proposed method with six 
existing well-accepted saliency models: the classical center-
surround model IT [3]; the information maximization model AIM 
[4]; the spectral analysis model SR [8]; the difference of Gaussian 
filtering model FTS [10]; the image patch model CA [11]; and the 
Bayesian-based model RA [18]. 
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(a)                    (b)                   (c)                     (d)                   (e)                    (f)                    (g)                    (h)                  (i) 

Figure 2. Comparison of our algorithm with six existing methods. From left to right: (a) original images, (b) IT [3], (c) AIM [4], (c) SR [8], 
(e) FTS [10], (f) CA [11], (g) RA [18], (h) our proposed algorithm, (i) ground-truth images 
 

Figure 2 shows the saliency maps generated by the different 
methods. As presented, our method can detect salient objects 
accurately, with the boundaries being much better defined than 
with the other methods. We also evaluate the performance of our 
method quantitatively with the Receiver Operating Characteristic 
(ROC) curve [21]. The saliency map can be divided into two parts, 
namely the salient points and the non-salient points; and the binary 
ground-truth map can be divided into object points and 
background points. The percentage of the object points that fall 
into the salient points in the saliency map is the True-Positive 
Rate. The percentage of background points that fall into the salient 
points in the saliency map is the False-Positive Rate. The overall 
performance can be reflected by the area under the ROC curve 
(AUC), where a larger AUC score indicates a better performance. 
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Figure 3. ROC curves for the different saliency detection methods. 

The ROC curves of the different methods and our proposed 
method are shown in Figure 3, and the AUC scores of these 
methods are shown in Figure 4. From Figure 3 and Figure 4, it can 

be seen that our method has the largest AUC score, and thus 
achieves the best performance among the different methods. 

 
Figure 4. AUC scores for the different saliency detection methods. 
 

5. CONCLUSION 
 
In this paper, we have proposed a two-stage computational model 
to locate salient objects. In the first stage, an octonion image is 
constructed to incorporate eight feature maps, and is subject to the 
Fourier transform and spectral normalization. Then, mean-shift 
segmentation is applied to the spectral normalized octonion image 
to obtain accurate objects’ boundaries. In the second stage, 
Bayesian inference further improves the detection accuracy. We 
have formulated the saliency value as the posterior probability in 
the Bayes formula, and it is determined by the prior probability 
and likelihood. Experimental results have shown that our method 
can detect salient objects more accurately than six existing salient 
object detection methods. 
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