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The edge enhancement technique, as an effective method to represent the boundary of objects, plays an important role in image processing. Among them, the vortex filtering, which is based on the radial Hilbert transformation, has been paid great attention due to its ability to achieve isotropic and anisotropic edge enhancement. Recent years have witnessed a growing interest in the nonlinear vortex filter to skillfully realize the visualization of the object edge under invisible light irradiation. In this paper, we start from reviewing the achievements have been made with the vortex filtering technique in linear optics, and then discussed the recent processes of the scalar and vector vortex filter in nonlinear optics. We hope that the nonlinear optical vortex filter can motivate some promising applications in biological edge imaging with visible light-sensitive specimens.
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1 INTRODUCTION
With the development of optical information processing technology, the edge enhancement technology has been widely used in many fields such as optical imaging [1–3], fingerprint detection [4, 5], astronomical observation [6, 7] and so on. Although several new types of edge enhancement algorithms [8–11] and technologies [12–15] emerge in academic and industry, the disadvantages of poor sensitivity, low efficiency and high price in the information collection of infrared band are still existed. Thus methods for edge enhancement in the infrared band are urgently needed.
Since the Hilbert transform was proposed [16–18], it has been widely used in the optical information processing to realize the edge enhancement of images. Furthermore, the spiral phase plate, a new type of diffraction optical element, has quickly attracted wide attention [19–21]. The appearance of the helical phase plate expands the one-dimensional Hilbert transform to the radial space, ensuring that the phase difference in any radial direction is π, so the vortex filtering of the image on the spatial spectrum plane can obtain the isotropic edge enhancement effect. By classifying the vortex generation method, the vortex filtering method can be divided into scalar vortex filtering and vector vortex filtering.
Scalar vortex filtering is usually based on spiral phase plates, which usually requires spatial light modulation to achieve edge enhancement effects. However, the additional diffraction light from the central singularity and sharp edge of the spiral phase plate will lead to the formation of side lobes. The side lobes increase the background noise of the image and reduce the contrast of the out-put image [22–24]. To solve this problem, researchers have proposed many methods to suppress the vortex filter side lobes, and obtained the isotropic edge enhancement effect with high contrast [25–28]. In practical optical imaging, if some local features of the edges need to be emphasized, anisotropic edge enhancement techniques should be used to highlight the required edge information. Referring anisotropic vortex phase distribution in scalar vortex filtering can produce directed edge enhancement in the output image. The anisotropic enhancement of the edge can be achieved by the fraction or off-axis vortex filter [29–31] or by introducing image dispersion into the vortex filter [32]. However, due to the broken symmetry of the filter and the existence of the sharp edge, the diffraction light produced by it seriously affects the quality of the image, and the shadow effect begins to appear in the output image [33, 34]. In addition, in the anisotropic edge enhancement experiment, it is necessary to constantly replace the phase information diagram loaded on the spatial light modulator, and the convenience of the edge enhancement technology is greatly restricted.
Meanwhile, vectorial vortex filtering based on polarization of the vortex filter is proposed to realize directional and non-directional edge enhancement [35, 36] through the polarization sensitive element of vector vortex to realize radial Hilbert transformation. Anisotropic edge enhancement can be achieved by inserting a polarizer before the output plane, and edge enhancement in different directions can be obtained by rotating the polarizer. However, in the methods above, due to the influence of the vortex filter, the background noise is difficult to be suppressed and the contrast of the image is greatly reduced due to the influence of the shadow effect. In other words, the vector filtering would be able to greatly improve the convenience, but with high background noise.
Edge detection is usually performed in light source irradiation in the visible or infrared bands. In nonlinear optics, to improve the drawback of the traditional infrared image detector, which is usually considered as low efficiency, low resolution and complex equipment shortcomings, researchers skillfully convert infrared image information to visible band. And the visible light detector with high efficiency, high resolution, simple equipment and low price is then used for image acquisition. As a result, it extends this technology to the field of quantum imaging extremely weak light. This review details the basic principles and improvement scheme of optical edge detection technology, and also the achievements of scalar and vector vortex filtering technology in the field of linear optics, and then discusses about the application of scalar and vector vortex filters in the field of nonlinear optics, together with finally summarizes the latest relevant research progress.
2 VORTEX FILTERING AND THE HILBERT TRANSFORMATION PRINCIPLE
Vortex filtering is mainly based on the Fourier transform effect of the lens. And with the help of the 4f imaging system, the edge contour information of the object is enhanced by extracting useful higher-order information and eliminating irrelevant base frequency information, so as to realize the edge enhancement. As annotated in Figure 1, [image: image], [image: image], [image: image] represent the object plane, Fourier plane and image plane, respectively. The object plane and the Fourier plane are located in the left and right focal plane of the lens L1, respectively. And the image plane is located in the right focal plane of the lens L2, while the designed vortex filter [image: image] is placed in the Fourier plane. After the Fourier transform of the input image information [image: image], whose spectral information in the Fourier plane is modulated by the vortex filter, the output light field can be obtained by the inverse Fourier transform of the modulated information. The relationship between object plane and image plane can be expressed as follows:
[image: image]
where the point spread function [image: image] is the Fourier transform of the vortex filter [image: image].
[image: Figure 1]FIGURE 1 | Schematic diagram of the spiral phase contrast filtering.
Using the imaging system above, the Hilbert transformation can be completed only by placing the vortex filter in the spectral plane of the input optical field. According to the definition of the one-dimensional Hilbert transform, the input light field [image: image] will be convolved with [image: image], and the Hilbert transform of the input light field [image: image] can be expressed as [37]:
[image: image]
Comparing with Eq. 1, it is clear that the Hilbert transform can actually be considered as a filtering system with the point diffusion function −1/πx, and the corresponding one-dimensional Hilbert transform filter is shown in Figure 2A. After the Hilbert transformation of the input light field, the amplitude of each frequency component in the frequency domain remains unchanged, but the positive frequency part has a +π/2 phase shift, and the negative frequency part has a −π/2 phase shift. Thereby producing a phase difference of π between the positive and negative frequency parts, and with this property, the input information through the Hilbert transform produces the effect of one-dimensional image edge enhancement. The one-dimensional Hilbert transform can only satisfy the edge enhancement effect in one direction, but in many practical applications, it is usually necessary to observe all the edge information of the input light field information.
[image: Figure 2]FIGURE 2 | (A) One-dimensional Hilbert transform filter. (B) Radial Hilbert transform filter. Gray levels represent different phase values in both subgraphs. Reproduced from [19] with permission from Optica Publishing Group.
In 2000, Davis et al. proposed radial Hilbert transformation to further expand the effect of edge enhancement in the one-dimensional direction to isotropic edge enhancement [19]. The radial Hilbert transform filter is shown in Figure 2B, and the transmittance function of the filter is:
[image: image]
Where [image: image] represents the polar frame of the spectral plane, [image: image] represents the circular hole filter with radius R0, and l represents the number of topological charges of the vortex phase. This is equivalent to adding a vortex phase to the spectral plane, which is also called vortex filtering. And the phase difference of the spectrum of the input light field is π in any radial direction, thus achieving isotropic edge enhancement. The point spread function of the vortex filter is:
[image: image]
where [image: image] shows the coordinates of the image plane, while x = 2ρR0/λf, λ is the wavelength of the incident light, and f represents the focal length of the Fourier lens. J0 and J1 are first class Bessel functions of zero and first order, respectively, while H0 and H1 are Struve functions of zero and first order, respectively. As can be seen from the point spread function, one can see that the amplitude of the central singularity is 0, so the low frequency information of the input light field can be effectively suppressed, and the distribution of the amplitude in all directions of the main lobe is relatively uniform, so the vortex filtering can produce isotropic edge enhancement. But the presence of many lateral lobes around the main lobe, which are the direct cause of edge-enhanced background noise, leading to a decrease in the contrast of the output image.
3 IMAGE EDGE ENHANCEMENT BASED ON SCALAR VORTEX FILTERING
In optical imaging, the vortex filtering reduces the image contrast and increases the diffraction noise due to the presence of the side lobe. The idea of vortex filter side lobe inhibition was first proposed in 2004 by [38]. Further, through the designed annular spiral phase plate [39], the Laguerre Gaussian amplitude modulated spiral phase plate [40], the Bessel filter [41, 42] and the Airy vortex filter designed based on the Airy amplitude modulation spiral phase plate [43], the background diffraction noise is reduced and the image contrast is improved by suppressing the side lobes.
The methods above can be summarized as correcting the transmittance function of the filter to eliminate the background noise of the output image. Taking the Laguerre Gaussian vortex filter as an example [40], the transmittance function of the corresponding filter is:
[image: image]
Where [image: image] is the Laguerre Gaussian term, the amplitude correction of the conventional vortex filter. Otherwise, ω represents the beam waist radius and R0 represents the aperture size.
This vortex filter is applied, with the help of the Laguerre Gaussian amplitude modulation, to reduce the diffraction of the central singularity on the incident light. The holograms of the spiral phase plate vortex filter and the Laguerre Gaussian vortex filter are given in Figures 3A, B. Compared to Figure 3A, the filter center amplitude in Figure 3B is 0 and steps to 1 along the radial direction. The diffraction efficiency of this hologram in the positive level direction is reduced, which plays an important role in suppressing the side lobe of the traditional spiral phase plate vortex filter. Not only is the low frequency part of the input image is eliminated, but also the diffraction noise generated by the central singularity to the incident light is successfully reduced.
[image: Figure 3]FIGURE 3 | (A) Phase hologram of conventional vortex filters (B) Phase hologram of the vortex filters with Laguerre Gaussian amplitude modulation. (C) Image of the input object. (D) The output image after the spiral phase plate vortex filtering. (E) The output image after the Laguerre Gaussian vortex filtering. Reproduced from [40] with permission from Optica Publishing Group.
The edge enhancement effect of this filter and of the traditional vortex filter are shown in Figures 3C–E. Figure 3A shows the input image with the Chinese character “mountain,” Figure 3D is the edge-enhanced output image of the spiral phase plate vortex filter while Figure 3E is the edge-enhanced output image of the Laguerre Gaussian vortex filter. Comparing the two edge-enhanced output images, one can find that both of the filters can achieve edge enhancement, but Figure 3D has strong background noise and the enhanced edges are rough. While the image edge in Figure 3E is much more sharp, clearly successful in reducing the background noise and improving the contrast of the image.
However, in practice, when some local edge information needs to be highlighted, the anisotropic edge enhancement technique becomes urgently needed. To meet this need, fractional vortex filtering was implemented using fractional spiral phase plates by [44]. When the number of topological charges is fractional, the radial symmetry of the optical field is broken, resulting in a controllable edge dislocation. Thus the extent and direction of its edge enhancement can be changed by controlling the magnitude and initial phase of the fractional order. Moreover, by simulating the point spread function of the fractional vortex filtering, the direction of the anisotropic edge enhancement can be seen directly, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Experimental results for fractional vortex filtering [44]. The values of the parameter [image: image] are (A) [image: image]. (B) [image: image]. (C) [image: image]. (D) [image: image]. The upper-left corners of the figures show the various stages of the spiral phase plate, while the upper-right corners show the cross-section view of the output patterns cross section along the direction of the arrow. Reproduced from [44] with permission from Optica Publishing Group
The transmittance function of the fractional vortex filter can be written as:
[image: image]
In Figure 4, the left edge is enhanced when maintaining the initial phase p < 1, and when 1 < p < 2, the right edge is enhanced, but in most cases, the shadow effects emerge and the images are relief. By comparing the experimental results, it can be found that high contrast edge enhancement can be obtained when 0.5 < p < 1. In the same year, they further demonstrated that even by using incoherent LED light illumination of biological samples, fractional vortex filtering can still make the phase object present a relief effect [45]. Furthermore, fractional spiral wave bands were used to achieve anisotropic edge enhancement of phase-type objects under femto-second laser illumination by [46].
In 2015, Wang et al studied the gradually formed edge enhancement of pure phase objects by introducing fractional vortex phase plates [47]. In the experiment, two spatial light modulators are adopted, one for preparing pure phase objects while the other for loading a dynamic vortex filter with a fractional topological charge Q. As shown in Figures 5A–L, a complete reversal of the edge and background brightness is observed by gradually varying the value of the fraction Q. From the perspective of the orbital angular momentum eigenstates, the fractional vortex can be expressed as follows:
[image: image]
[image: Figure 5]FIGURE 5 | (A–L): Simulation and experimental results when topological charge values are (A, G): Q =0, (B, H): Q =0.2, (C, I): Q =0.4, (D, J): Q =0.6, (E, K): Q =0.8, (F, L): Q =1. (M–P): Orbital angular momentum spectra for spiral phase plate filters: (M) Q =0.2, (N) Q =0.4, (O) Q =0.6, (P) Q =0.8. Reproduced from [47] licensed CC-BY-4.0.
The equation above shows that the fractional vortices can represent a linear superposition of a limited number of different integer orders of vortices, where Al represents the weight occupied by the topological charge of different integers. As shown in Figures 5M–P, based on the orbital angular momentum spectrum of the fractional spiral phase plate, the output image of the fractional vortex filtering can be seen as a coherent superposition of all possible images independently generated by integer order vortex filtering. This method is further extended to the field of partial coherent light by combining the partially coherent light source with vortex half-wave retarder, making it possible to produce gradual imaging system [48].
In addition to the fractional vortex being able to arbitrarily control the direction and amplitude of edge enhancement, another off-axis vortex filtering method was also proposed by [44]. The common point of both methods is breaking the symmetry of the traditional vortex filtering technique, the former via controllable edge dislocation and the latter via radial displacement. The transmitted function of the off-axis vortex filter is:
[image: image]
where θ represents the direction of radial displacement and ρ0 indicates the distance of the displacement.
As shown in Figure 6, the anisotropic edge enhancement effect in each direction can be obtained by setting different angle parameters θ and the displacement parameters ρ0, respectively, among which it is noteworthy that the angle in the direction where the vortex is located needs to lag behind the displacement direction π/2. Similarly, in 2013, Sharma et al. successfully introduced a controllable shift into the traditional vortex filter by introducing anisotropic function [49]. In addition, edges of images under femtosecond laser illumination are also enhanced using off-axis spiral bands proposed by [46].
[image: Figure 6]FIGURE 6 | Experimental results for the off-axis vortex filtering [44]. The values of the parameter [image: image] are (A) [image: image]. (B) [image: image]. (C) [image: image]. (D) [image: image]. The upper-left corners of the figures show the various stages of the spiral phase plate, while the upper-right corners show the cross-section view of the output patterns cross section along the direction of the arrow. Reproduced from [44] with permission from Optica Publishing Group.
However, the two anisotropic edge enhancement methods above break the symmetry of the traditional vortex filtering, and the output image will inevitably produce the shadow effect, and a part of the low-frequency information will reappear on the output image. Furthermore, the superposition filter proposed by Sharma et al. avoids this situation, achieving edge enhancement in different directions without breaking symmetry by combining positive and negative vortex filtering, [50]. This feature makes it have a broad application prospect in fingerprint recognition, with a better contrast than in the one-dimensional Hilbert transformation.
Further, this technology has been widely expanded and applied. For example, spiral phase filtering technology is combined with Fourier single-pixel phase imaging to extend optical edge detection to the single-pixel level [51]. In addition, this technology is combined with the metasurface to enable not only dynamic switching between edge-enhancd imaging and bright-field imaging [12, 13] but also differential high-contrast imaging across the whole visible spectrum [52]. At the same time, recent studies have also been conducted to achieve three-dimensional spiral imaging with high resolution and low background noise based on this method [53].
4 IMAGE EDGE ENHANCEMENT BASED ON VECTOR VORTEX FILTERING
Compared with the amplitude and phase modulation of the scalar vortex, the vector vortex adds a new modulation degree of freedom–polarization, which has a broader application prospect in information transmission [54–59], focal field regulation [60–67] and particle capture [68–71]. Similarly, on the image edge enhancement, achieving the anisotropic edge enhancement effect requires breaking the symmetry of the vortex filter, which will cause the shadow effect and thus affect the image quality. Compared to scalar vortex, vector vortex is more convenient to achieve isotropic and anisotropic conversion, and most importantly, part of the shadow can be eliminated through the polarizer. Vector light beams can be generated by orthogonal base vector superposition [72–77] or geometric phase devices [78–81]. In the edge enhancement, geometric devices such as Q-plate [82] and S wave plate [35] are usually used. Similar to the scalar vortex, the vector vortex with a topological charge of unit can realize the radial Hilbert transformation. Therefore, the geometric phase device can be filtered on the frequency spectrum plane of the 4f system. In 2013, Han et al. analyzed the point spread function as a spatial filter of the typical 4f optical image processing system, and found that the point diffusion function was vectorial. It is further shown that this optical system can be used for radially symmetric Hilbert transformation to achieve edge enhancement of images [83]. This indicates that the vector vortex can achieve isotropic and anisotropic edge enhancement in co-and off-axis, respectively.
In 2017, Sharma et al. adopted the S-wave plate as a filter in the object spectrum plane to achieve the effect of edge enhancement [35]. The S-wave plate is a polarization-sensitive element that can turn the linear polarized light into radial or angular polarized light, from which the isotropic edge enhancement can be realized. Furthermore, if it is combined with the polarizer in front of the charge-coupled device, the polarization state perpendicular to the direction of the polarizer can be eliminated, and thus the directional edge enhancement effect is obtained. In the same year, similar experimental results are also obtained with the help of Q-plate proposed by Ram et al [36]. In 2018, the negative Poincare Hoppford index filter was further proposed, which realized the negative index filtering effect for the first time, and obtained the anisotropic edge enhancement effect by making the vector vortex filter off-center [84].
When the incident light is linearly polarized, which can be written as [image: image], the output light field is vector-selective, enabling isotropic edge enhancement. The Jones matrix of the S-wave plate can be expressed as:
[image: image]
The S-wave plate as a filter provides the vector radial Hilbert transformation for the input light field, so the corresponding vector point spread function can be expressed as:
[image: image]
Where λ is the wavelength of the incident light, f is the focal length of the lens, A is the constant factor, R is the radius of the S-wave plate, and J1 is the first order Bessel function of the first class. The [image: image] term fully shows that the point spread function is vector selective, that is, the spatially heterogeneous polarization distribution. As shown in Figure 7, an edge enhancement in any polarization direction is obtained by inserting and rotating the polarizer in front of the recording plane, which is currently impossible in scalar vortices.
[image: Figure 7]FIGURE 7 | Simulation results for the input object shown in (A). The output edge-enhanced images are shown in (B–F). The input state of polarization, direction, and point spread function profiles are shown in each frame. Reproduced from [84] with permission from Optica Publishing Group.
When the incident beam is a circularly polarized light [image: image], the two orthogonal components of the circularly polarized beam have equal magnitude as well as a phase difference of π/2. At this point, the point spread function of the filter optical system can be expressed as:
[image: image]
It shows from the above expression that the point spread function of this system has a scalar field distribution. For the polarization state of the incident light is circular polarization, the S-wave plate shows the scalar of the radial Hilbert transformation, namely, the scalar vortex filter. At this point, the polarizer is not selective for the output light field.
In 2016, Zhang et al. used the S-wave as off-axis filter to achieve anisotropic edge enhancement [85]. Off-axis vector vortex will produce serious shadow effect, but unlike off-axis scalar vortex, due to the existence of polarization selection. If the direction of the axis of the polarizer is orthogonal to the direction of the vector vortex offset, can eliminate most of the internal shadow, and realize the selective direction of high contrast edge enhancement effect. However, when the direction of the offset and the direction of the optical axis of the polarizer are consistent, the shadow effect will seriously affect the effect of the output image, and even the enhanced edge will become difficult to identify.
Similarly, the vector radial Hilbert transform can be completed when the linearly polarized light radiates the Q-plate with the value of Q is 0.5. If the central singularity of the vector vortex is off-axis, the anisotropic edge enhancement effect will thus occur, and the corresponding vector point diffusion function can be expressed as:
[image: image]
where [image: image] is essentially a combination between the vector beam and linear polarized light, While the breaking of vector vortex symmetry is the main cause of non-edge shading. From the expression above, the non-edge shadow is a linear polarization field, whose direction is [image: image] relative to the x-axis. Thus, the shading of the edge can be removed by using a polarizer with the polarization direction of [image: image]. Therefore, although edge enhancement can be performed very effectively with devices like silicon charge-coupled devices in the visible light field, due to the low detection efficiency and large dark current of existing infrared detection technologies, the application of the edge enhancement in direct infrared imaging is limited. Therefore, the introduction of nonlinear edge enhancement, that is, the conversion of infrared light into the visible light region solves this problem.
In addition to the methods above, several methods are also proposed to achieve anisotropic edge enhancement with shadow-effect-free and low background noise, such as Bessel-like composite vortex filter [86], specially designed superposed spiral phase plate filter [87]. Interestingly, in addition to the direction of enhancement, a recent study has used the higher-order spiral Fresnel incoherent correlation holography system to achieve the edge enhancement with tunable width and discovered double edge enhancement for the first time [88].
5 IMAGE EDGE ENHANCEMENT IN NONLINEAR FIELDS
In the field of nonlinear optics, the traditional infrared image detector is low efficiency, low resolution and the corresponding equipment is generally complex and expensive. Usually, the infrared image information is converted to the visible light band, and then the visible light detector with high efficiency, high resolution, simple equipment and low price is used for image acquisition. In 2018, Qiu et al. multiplied the frequency spectrum of the measured objects and a beam of OAM light based on the frequency doubling effect of nonlinear crystals in Fourier plane [29]. Thus, the traditional SPC technique was successfully extended to the field of nonlinear optics, which experimentally realizes the visualization of phase object edge enhancement under invisible light irradiation, as shown in Figures 8A, B. The expression for the output light field can be written as:
[image: image]
[image: Figure 8]FIGURE 8 | Spiral phase contrast up-conversion imaging based on second-order nonlinear processes. (A) Schematic diagram of the nonlinear spiral phase contrast imaging [29]; (B) experimental results of nonlinear edge enhancement of phase and intensity objects; (C) experimental results of nonlinear edge enhancement of intensity objects [95]; (D) different field of view changes of edge enhanced images by adjusting crystal temperature for changing phase mismatch [95]; (E) Large field of view upconverted images using a broadband illuminated SLM with binary 0-π phase objects [90]. (A,B) Reproduced from [29] with permission from Optica Publishing Group. (C,D) Reproduced from [95] with permission from American Physical Society. (E) Reproduced from [95] with permission from American Physical Society.
where with the constant coefficient trivially ignored, one can see from Eq. 13 that the invisible illumination has been apparently converted into a visible light signal. Later, in 2019, Liu et al. similarly combined quasi-phase matching with spiral phase filtering techniques [89]. Using a similar experimental setup, Liu et al. successfully extracted and converted the edge information of an infrared image with a wavelength of 1,559.5 nm into a visible 632.5 nm presentation with the help of a specific nonlinear crystal together with a near-infrared vortex beam of 1064 nm. This approach was further generalized, and in 2020, Junaid et al. achieved “video frame rate” (10 Hz in their demo) edge-enhanced imaging of a dynamic object [90], as shown in Figure 8E. In 2019, Liu et al. combined the previous quasi-phase matching regulation of the angle technology of spot field [91] and the nonlinear frequency change technology of structured light field [92–94] to realize the final image conversion to 525 nm edge detection under 1550 nm irradiation together with the vortex pump beam under 792 nm [95]. At the same time, by precisely regulating the crystal temperature, that is, changing the nonlinear phase matching condition, the maximum 2.1 times of the imaging field regulation range was achieved, as shown in Figure 8D. Compared with other nonlinear image field of view regulation, the regulation mode, such as the use of wide spectrum light source [96], double wavelength illumination [97], crystal temperature gradient [98], accurate rotation angle of the crystal [99], has the advantages of more simple and convenient operation and low requirements for light source. Consequently, with the help of these researches, this scheme was extended to the up-conversion edge enhancement.
Further in 2020, we further combined the nonlinear edge enhancement technology with the vector vortex filtering, realizing the direction-selective edge enhancement for the first time in the nonlinear field, as shown in Figure 9 [100]. In this case, the filtered image is expressed as follows:
[image: image]
[image: Figure 9]FIGURE 9 | Experimental results of directional selective nonlinear edge enhancement of phase objects. Reproduced from [100] with permission from Optica Publishing Group.
From Eq. 13, one can see not only that the characteristics of the wavelength transformation of nonlinear vortex filtering, but also the output light field is vectorial, so the selectivity of the output light field edge can be realized by adjusting the polarization state of the input light field. This technology demonstrates the parallel image processing method of edge enhancement and field of view enhancement, which also has the advantages of low cost over conventional infrared detectors.
At the same time, the introduction of nonlinear crystals, in addition to promoting edge enhancement to the field of harmony frequency, in 2022, Zeng et al. combined it with optical parametric amplification [101]. They successfully realized the 1064 nm spiral phase-contrast idler imaging of biological tissues (frog egg cells and onion epidermis) with a spatial resolution at several microns level and a superior imaging contrast to both the traditional bright- or dark-field imaging under a weak illumination as shown in Figure 10A. Then, the edge augmentation technology is further promoted in the field of quantum imaging. In 2016, for the first time, edge enhancement is combined with ghost imaging, using position and orbital angular momentum (OAM) correlations between the signal and idler photons generated in the down-conversion process to obtain ghost images of a phase object. By using a non-local OAM phase filter, the image exhibits isotropic edge enhancement [102]. This imaging technique is the first to demonstrate a full-field phase contrast imaging system with non-local edge enhancement and allows phase objects to be imaged using fewer photons than standard phase contrast imaging techniques, which is shown in Figure 10B. Furthermore, in 2020, Liu et al. introduced and experimentally demonstrated a real-time (0.5 Hz) quantum edge-enhanced imaging method that combines helical phase contrast technology and predicted single-photon imaging [103]. Compared to direct ghost imaging, thry claim to achieve higher brightness and compact fiber optic delay instead of free space delay as shown in Figure 10C.
[image: Figure 10]FIGURE 10 | Application of edge enhancement in nonlinear areas. (A) Edge enhancement and parametric magnification are combined to achieve edge characterization on biological dark-field imaging [101]. (B) The results of edge enhancement under the ghost imaging framework [102]. (C) The results for the original image, the edge enhanced image captured by the ICCD in sequence [103]. (A) Reproduced from [101] with permission from Optica Publishing Group. (B) Reproduced from [102] licensed CC-BY-3.0. (C) Reproduced from [103] with permission from Optica Publishing Group. 
In addition, metasurfaces still play an important role. Instead of focusing on the wavelength conversion, polarized entangled photon pairs are used as the light source, which are combined with high-efficiency metasurfaces to achieve switchable optical edge enhancement [104]. It is also confirmed that entangled photon illumination has a higher signal-to-noise ratio than direct single-photon illumination under low-light field illumination. In the same year, researchers also achieved non-local edge enhancement using incoherent thermal light, that is, the object and the spiral phase filter were placed non-locally in two separated light beams, achieving edge-enhanced ghost imaging through second-order intensity correlation measurement [105].
Therefore, this technology has important potential applications in the fields of biological imaging [106], microscopy with light-sensitive specimens [107], and pattern recognition and infrared remote sensing [108]. Achieving strong photon-photon interactions with more efficient protocols may even provide meaningful techniques for infrared SPC imaging at a minority photon level. It is believed that this technique can also be easily extended to other nonlinear optical processes, for example, sum frequency generation, difference frequency generation [95], and four-wave mixing to meet different needs.
6 CONCLUSION
With the development of image edge enhancement, the traditional vortex filter can not meet the needs, so numbers of new vortex filters have been applied in the edge enhancement technology in recent years. The scalar vortex achieves edge enhancement mainly through the modulation of amplitude and phase, while by introducing the polarization degree of freedom, the vector vortex can not only produce similar experimental results such as the scalar vortex, but also realize the directional edge enhancement effect combined with the polarizer because the polarization vector is selective. In addition, this technique is extended to the nonlinear field, realizing the wavelength transformation of the optical field and solving the shortcomings of infrared detectors. By adopting a more effective scheme to enable strong photon-photon interaction, the edge enhancement could provide a meaningful technique for infrared spatial filtering at the few-photon level, even the single photon level [109]. Moreover, this easy-to-implement filtering technique might also be integrated into the microscope to provide additional functions and can be readily extended to some barely mentioned nonlinear optical processes, such as four-wave mixing and so on, to meet different demands.
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