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Abstract. In this paper, non-sub-sampled shearlet transform (NSST) multi-
scale analysis is combined with phase stretch transform (PST) to nonlinearly
enhance images. The components of different scales after NSST multi-scale
decomposition are processed by nonlinear models with different thresholds, and
the noise is well suppressed while enhancing the detail features. The thresholds
of the enhanced model are determined by the local standard deviation of PST
feature map. Experiments on Matlab platform show that the proposed algorithm
has improved image distortion, cleared details, and enhanced image contrast.
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1 Introduction

Image enhancement is a crucial pre-treatment step for many image processing appli-
cations. Image enhancement algorithms can be roughly grouped into two kinds [1]:
space domain image enhancement and frequency domain image enhancement. Space
domain image enhancement algorithm is mainly based on grayscale transformation,
histogram processing, mean filtering, and other methods. Frequency domain image
enhancement is also called transform domain image enhancement. Nowadays, the
transform domain image enhancement algorithm has gradually become a research
hotspot with the continuous development of multi-scale analysis tools [2–6]. Common
multi-scale analysis tools for image enhancement include wavelet transform, contourlet
transform, shearlet transform, and so on.

Image phase information plays a crucial role in the procedure of human perception
of images. Phase information can reflect the space information of images and has a
strong ability to interpret images [7–9].

From the above analysis, it is supposed that if we can combine the accuracy of
multi-scale analysis with the stability of phase analysis in the process of image
enhancement, we will get a more ideal enhancement effect.
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2 Design of the Algorithm

2.1 NSST Multi-scale Analysis

Non-sub-sampled shearlet transform (NSST) is a multi-scale and multi-directional
analysis tool. It is an optimal approximation, which is a “true” sparse representation of
the image in all directions and at various scales. In addition, NSST does not perform
down-sampling when performing multi-scale decomposition of an image. It combines a
non-down-sampling tower transform with a non-sub-sampled directional filter bank
and transforms. The size of the directional sub-bands of each scale is the same as that of
the original image. The transform has shift-invariance and can overcome the pseudo-
Gibbs phenomenon when the image is reconstructed.

2.2 Feature Extraction with PST

PST is a new image processing method proposed by Asghari and Jalali. It is said that
PST has superior performance in feature extraction, especially edge extraction. It can
even be applied to detect features in low-contrast visually impaired images [10].
The PST processing can be divided into several steps: Firstly, smooth the image with a
low pass filter to reduce noise. Secondly, apply the PST kernel which has a nonlinear
frequency dependent transfer function to the image. The output of the transform is the
phase in space domain. The applied phase is frequency dependent with the original
image, which is higher amount of phase applied to higher frequency features of the
image. Finally, find image sharp transitions by thresholding the phase and apply binary
morphological operations, so as to enhanced the features and clean the transformed
image.

2.3 Nonlinear Enhancement Model

The enhancement function selected in this paper is presented by A. F. Laine in 1996.
After that, many scholars applied this function to image enhancement processing and
achieved good results. The enhancement function is shown in formula 1.

f ðxÞ ¼ a½sigmðcðx� bÞÞ � sigmð�cðxþ bÞÞ� ð1Þ

where a ¼ 1
sigmðcð1�bÞÞ�sigmð�cð1þ bÞÞ, sigm is defined as sigmðxÞ ¼ 1

1þe�x.

In this function, there are two parameters of b and c, where b is used to control the
enhancement range, and its value is usually between 0 and 1, while c is used to control
the enhancement strength, and it usually uses the fixed value between 20 and 50.
However, our algorithm does not preset fixed values for b and c. Instead, we set two
thresholds of the function to determine the shape of the function curve, and then obtain
the values of the b, c parameters.
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2.4 Algorithm Flow and Steps

First, the NSST transform is applied to decompose the original image. After that, the
NSST coefficients of different scales and directions can be obtained. Since image detail
information often exists in high-frequency coefficients, we choose high-scale coeffi-
cients for processing, while low-frequency coefficients remain unchanged.

Considering that PST algorithm has obvious advantage in extracting features of
image, the proposed method extracts the details of the original image by PST and uses
its output as the image feature map. This feature map can clearly distinguish the region
where the detail information is concentrated, so it can be used as the reference of image
enhancement. Figure 1 is the feature map of the Lena image processed by PST.

After PST, we calculate the local standard deviation of each pixel in the feature
map. The local standard deviation reflects the contrast change of the local area in an
image. Therefore, the pixels with larger local standard deviation in feature map will be
rich in the detail texture around it, so they should be enhanced, while the region with
the smaller value of the local standard deviation can be mildly enhanced or preserved.

The enhancement of the NSST high-scale coefficients depends on the output of the
nonlinear enhancement model. In order to facilitate the calculation, the values of the
input need to be normalized. The nonlinear enhancement function of Fig. 1 contains
two thresholds. One threshold is the first intersection of the enhancement function and
the line of y = x. It is the threshold that characterizes the feature coefficients from noise
coefficients. We call it T1. If the abscissa value of a certain point on the function curve
is less than T1, then the value of its ordinate will be reduced nonlinearly, that is
suppression (applicable to noise information); while if the abscissa value of a certain
point on the function curve is greater than T1, the value of its ordinate will be non-
linearly stretched, that is enhanced (applicable to detail information). The other
threshold is first intersection of the enhancement function and the line of y = 1. It is the

Fig. 1 Feature map of the Lena image processed by PST
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threshold that determines the extent of enhancement. We call it T2, if the abscissa of a
certain point on the enhancement function curve is larger than T2, it is considered as
strong edge, so this part will be enhanced greatly.

As shown in Fig. 2, the abscissa value in the graph is set to be the local standard
deviation of the corresponding pixels in the PST feature map. We choose the k1 times of
the minimum value in the local standard deviation as T1 (k1 is a positive integer greater
than 1) and k2 times of the maximum as T2 (k2 is a positive integer greater than 1). After
that, if we bring the pixel’s local standard deviation in the PST feature map into the
enhancement function, we can get the enhancement ratio at the pixel in the enhancement
curve. It is the ratio of the ordinate value to the abscissa value. Finally, the NSCT
coefficients of the N-scale can be multiplied with the enhancement ratio. After the
processed NSCT coefficients are inversely transformed, the enhanced image is formed.

3 Experiments and Simulation

3.1 The Experiment Settings

We carried out experiments on two images, they were Lena and Barbara. As a contrast,
wavelet nonlinear enhancement, NSCT nonlinear enhancement, the NSST nonlinear
enhancement proposed in the literature [5], and the algorithm proposed in this paper
enhanced four images, respectively. All experiments were carried out on Matlab
R2016b platform.

3.2 Subjective and Objective Evaluation

The enhancement results are shown in Figs. 3 and 4, among which (a) is the original
image, (b) is acquired using wavelet nonlinear enhancement, the NSCT nonlinear

Fig. 2 Nonlinear enhancement function
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enhancement result is presented in (c), (d) is the enhancement result with the method
proposed by literature [5], and (e) is the image enhanced by our algorithm. Through
subjective evaluation, our algorithm has significant effect on image contrast stretching
and edge enhancement. The enhanced images have no pseudo-Gibbs phenomenon, and
the details are clear without obvious distortion.

Generally, it is difficult for human beings to perceive the mild differences among
the enhancement results of various algorithms. Hence, the paper adopts two widely
used objective evaluation parameters, Edge Preserved Index (EPI) and Contrast
Improvement Index (CII), to evaluate the image enhancement effects. The greater
values of EPI and CII indicate the better quality of the image. It can be seen from
Table 1 that the effects of our algorithm are more ideal than the other algorithms.

Fig. 3 Enhancement results of Lena

Fig. 4 Enhancement results of Barbara

Table 1 Objective evaluation parameters for Lena and Barbara image sets

Lena CII EPI Barbara CII EPI

Wavelet 1.0295 1.0771 Wavelet 1.0189 1.0172
NSCT 1.0639 2.0942 NSCT 1.1463 1.8084
NSST 1.0734 2.3440 NSST 1.1961 2.0732
NSST+PST 1.0823 2.5283 NSST+PST 1.3666 3.1209
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4 Conclusion

This paper describes an approach for accomplishing a nonlinear image enhancement
algorithm that combines NSST and PST and takes the advantages of multi-scale
analysis and image phase analysis to perform nonlinear enhancement of images. The
algorithm can enhance image details and edge features without amplifying noise.
Experiments on Matlab platform show that the algorithm is better than other algorithms
in the experiments in terms of accurate edge preservation and adequate contrast
enhancement.
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