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    With rapid progress in both theory and practical applications, Artificial Intelligence (AI) is transforming every aspect of life and leading the world to a sustainable future. AI technology is fundamentally and radically affecting agriculture in a positive manner to convert it to be smart – improved efficiency, reduced environmental pollutions, and enhanced productivity.




    With such rapid progress in AI transforming the agriculture era, it is appropriate timing to publish a relevant book to update the progress to an academic and industrial domain, which inspires the generation of this book titled Nondestructive Evaluation of Agro-products by Intelligent Sensing Techniques. This book focuses on intelligent sensing techniques in the nondestructive evaluation of agro-products and describes existing and innovative techniques that could be or have been applied to agro-products’ quality and safety evaluation, processing, harvest, traceability, etc.




    The book includes 11 individual chapters, with each chapter focusing on a specific topic. Chapter 1 introduces representative techniques and methods for nondestructive evaluation, Chapters 2, 3, 5, 6 and 7 present quality evaluation of agro-products (e.g., fruits, vegetables and meat) based on intelligent sensing technologies, including machine vision, near-infrared spectroscopy, hyperspectral/multispectral imaging, bio-sensing, multi-technology fusion detection, etc. Chapter 8 describes intelligent sensing technologies for the processing of agro-products, and Chapters 4 and 9 mainly introduce the grading system and traceability of agricultural products, followed by Chapter 10 on the agricultural products harvest platforms. In addition, Chapter 11 on using unmanned aerial vehicles for crop information extraction expands the topic to field crops, which reflects the future trend.




    As a professional book in the subject area, Nondestructive Evaluation of Agro-products by Intelligent Sensing Techniques. is written by the most active peers in this field from a number of countries, which significantly highlights the international nature of the work. Through the introduction of methods, systems and applications, this book enables readers to systematically understand the intelligent sensing technologies of nondestructive evaluation of agro-products. This book can also be used as a reference for researchers and managers in the field of nondestructive evaluation of agro-products and food.
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      Abstract




      Property, quality and safety assessment of agro-products are increasingly gaining attention due to the potential human health concern as well as social sustainable development. Emerging techniques and methods have particular advantages in nondestructive evaluation of agro-products due to their simplicity and faster response time, and reliable results, compared with the conventional visual inspection and destructive methods. This chapter briefly elaborates the principles and system components of some representative techniques, in particular, near infrared spectroscopy, infrared spectroscopy, fluorescence spectroscopy, Raman spectroscopy, laser induced breakdown spectroscopy, traditional machine vision, hyperspectral and multispectral imaging, magnetic resonance imaging, X-ray imaging, thermal imaging, light backscattering imaging, electrical nose and acoustics. The recent applications and technical challenges for these representative techniques are also presented.
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      1. INTRODUCTION




      Agro-products, like fruits, vegetables, and meat, are a major category of food products in the human diet. They contain essential nutrients, such as carbohydrates, fats, proteins, vitamins, and minerals. Property, quality and safety evaluation of agro-products, which directly relates to human health and the sustainable development of a country, has received increasing emphasis from government and has attracted great social concern and global attention. A considerable amount of effort has been made in developing techniques and methods to inspect and evaluate the property, quality and safety of agro-products. Conventionalevaluation methods are commonly conducted through instrumental




      analytical measurements, which can be stationary or hand-held but mostly off-line subjective and destructive in nature [1]. Therefore, there is an increasing demand for nondestructive evaluation of agro-products, because of the importance of determining the optimum time for harvest, monitoring the changes of chemical compositions and structured properties for postharvest, and grading quality and safety of individual pieces of agro-products at the packinghouse.




      In recent decades, different nondestructive techniques based on different principles, procedures, and/or instruments, such as vision, spectroscopy, spectral imaging, acoustics, biosensing, and electrical nose/tongue, have been investigated and/or developed for the evaluation of agro-products, including chemical composition, physical structure, mechanical property, and food hazard. Unlike conventional methods, these emerging techniques and methods acquire data without contact with samples, thus providing nondestructive measurements. Generally, nondestructive testing is the evaluation performed on any agro-product, for example, an apple, without changing or altering the sample in any way, in order to determine the absence or presence of conditions that may have an effect on certain characteristics (e.g., quality attributes) [2].




      This chapter reviews the representative techniques and methods for nondestructive evaluation of agro-products, including near infrared spectroscopy, infrared spectroscopy, fluorescence spectroscopy, Raman spectroscopy, laser induced breakdown spectroscopy, traditional machine vision, hyperspectral and multispectral imaging, magnetic resonance imaging, X-ray imaging, thermal imaging, light backscattering imaging, electrical nose, acoustics, and other potential techniques. It provides an overview of basic principles, typical system components, and/or popular applications of these nondestructive techniques for evaluating the property, quality and safety of agro-products. A short discussion on the technical challenges and future outlook for these representative nondestructive techniques is also given.


    




    

      



      2. EMERGING NONDESTRUCTIVE TECHNIQUES




      

        



        2.1. Near Infrared Spectroscopy




        Near infrared (NIR) spectroscopy is a common and useful nondestructive technique for agricultural product evaluation, which has the advantages of rapid and no sample pretreatment. It has been used for the quality detection of agricultural products such as soluble solid contents in fruit [3], starch in wheat [4], fatty acid in milk [5] and so on. The basic principle of NIR spectroscopy is that when a beam of NIR light illuminates a certain agricultural product, the irradiated agricultural product will selectively absorb light of certain frequencies, thereby generating an NIR absorption spectrum. And the NIR spectrum mainly contains the information of overtone and combination absorption of hydrogen groups (C-H, O-H, N-H), which is related to the quality parameters of agricultural products. Therefore, by establishing the mathematical relationship between the spectral information and the quality of agricultural products, we can detect the quality of agricultural products rapidly and nondestructively. The wavelength range of NIR is 780-2500 nm, which can be divided into short wave NIR (780-1100 nm) and long wave NIR (1100-2500 nm). Sometimes, the visible band is used together with near infrared, and it is called visible/near infrared (Vis/NIR) spectroscopy. Generally, the NIR technique has two modes: reflectance (Fig. 1a) and transmittance (Fig. 1b). Liquid samples adopt the transmittance mode; for solid samples, the reflectance mode is usually used in the long wave near infrared region, while the transmittance mode can also be chosen in the short wave near infrared region due to its strong penetration ability.
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Fig. (1))


        Two detection modes of Vis/NIR for Nanfeng mandarin fruit: (a) reflectance; (b) transmittance.



        At present, various spectrometers are available and used for NIR spectroscopy. According to different spectroscopic principles, NIR spectrometers can be mainly divided into four types, filter type, dispersion type, Fourier transform and acousto-optic tunable filter. A detector is an important part of the NIR spectrometer, whose function is to transform the optical signal into an electrical signal. In addition, the wavelength range of the NIR spectrometer is also determined by the photosensitive element material used in the detector. The materials of photosensitive elements mainly include Si, Ge, PbS, InSb, InGaAs, etc. Halogen tungsten lamps are generally used in NIR spectroscopy as light source, and sometimes light emitting diode (LED) is also used.




        Due to the broad absorption bands of the overtone and combination of hydrogen groups, there is a serious band overlap phenomenon in the NIR spectra. Therefore, it is necessary to use chemometrics to process and analyze NIR spectral data, including spectral preprocessing, variable selection, and qualitative/quantitative modeling. The commonly used qualitative modeling methods are discriminant analysis, K-nearest neighbors (KNN), soft independent modelling of class analogy (SIMCA) and cluster analysis, while the quantitative modeling methods mainly include multiple linear regression (MLR), principal component regression (PCR), partial least square (PLS), artificial neural network (ANN) and support vector machine (SVM).


      




      

        



        2.2. Infrared Spectroscopy




        Generally, infrared (IR) spectroscopy refers to the mid infrared spectroscopy, and its range is 2500-25000 nm. The principle of IR spectroscopy is similar to that of NIR spectroscopy, but it contains different spectral information. The spectra of IR mainly contain the fundamental vibration information of molecules. According to the source of absorption peak, the IR spectra can be divided into four wide regions [6]: X-H stretching region (2500-4000 nm), triple-bond region (4000-5000 nm), double-bond region (5000-6667 nm), and fingerprint region (6667-16667 nm). The X-H stretching region covers the fundamental vibrations of hydrogen groups (C-H, O-H, N-H), the triple-bond region mainly contains vibrations of C≡C and C≡N bonds, while the double-bond region includes the vibrations of C=C, C=O and C=N. The spectra of the three regions are useful for functional group identification. The fingerprint region contains the abundant fundamental vibrations of key chemical bonds, and is valuable for identifying different molecules. As the fundamental vibration of organic and inorganic substances mostly appears in the IR region, more research and application are conducted on IR spectroscopy.




        In IR spectroscopy, there are three main sampling methods named as transmission, transflection and attenuated total reflection (ATR) for spectral acquisition (Fig. 2). Compared with transmission and transflection methods, ATR has advantages of little or no sample preparations and sample thickness independent, and is used much more in IR spectroscopy by researchers. The spectrometers used in the IR spectroscopy are mainly dispersion type and Fourier transform. Due to the advantages of fast scanning speed and high spectrum quality, Fourier transform spectrometer is used mostly in IR spectroscopy. The core component of the Fourier transform spectrometer is a double beam interferometer.
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Fig. (2))


        Three main sampling methods for MIR spectral acquisition: (a) transmission; (b) transflection; (c) attenuated total reflection [6].



        Compared with NIR spectra, the IR spectra have distinctive narrow bands without overlap. So comparative law can be used for substance identification and simple methods such as direct calculation method, internal standard method and working curve method can be used for determination in traditional spectral analysis. With the development of IR spectroscopy, chemometrics such as linear discriminant analysis (LDA), ANN and SVM are used for qualitative and quantitative analysis.


      




      

        



        2.3. Fluorescence Spectroscopy




        Fluorescence spectroscopy is a highly sensitive, rapid and noninvasive method for detecting fluorescence properties of agricultural products. The basic principle of fluorescence generation is that when the fluorescent substance is irradiated with excitation light, the excited molecules absorb energy and then transitions to the electronically excited state. The molecules at electronically excited state are unstable, and will return to the first excited state by releasing part of the energy through a non-radiative transition. Then, emit a longer wavelength of light called fluorescence and return to the ground state. The fluorescence spectrum has two types of characteristic spectra, called the excitation spectrum and emission spectrum. An excitation spectrum is obtained by measuring the fluorescence intensity of a certain wavelength under the excitation light of different wavelengths, while an emission spectrum is acquired by measuring the fluorescence intensity at different wavelengths under the excitation of a certain fixed wavelength. Fluorescence spectroscopy can provide many physical parameters, such as fluorescence intensity, quantum yield, fluorescence lifetime and fluorescence polarization. These parameters reflect the various characteristics of the molecules, and we can get more information about the detected molecules through these parameters.




        Fluorescence spectroscopy has several different techniques, such as conventional fluorescence (CF) spectroscopy, three-dimensional fluorescence (TDF) spectroscopy, synchronous fluorescence (SF) spectroscopy and laser-induced fluorescence (LIF) spectroscopy. The CF spectroscopy mainly obtains the excitation spectrum or emission spectrum of substances. While the TDF spectroscopy can be used to get excitation-emission-matrix spectra that are characterized by three-dimensional coordinates of excitation wavelength, emission wavelength and fluorescence intensity. The spectra of TDF are generally expressed in two ways, three-dimensional projection and the contour map. Several methods, such as rank annihilation factor analysis (RAFA), parallel factor analysis (PARAFAC) and alternating trilinear decomposition (ATLD) are used to analyze three-dimensional data. The FS spectroscopy scans the excitation and emission wavelengths simultaneously, and a constant interval between the excitation and emission wavelengths is maintained during the scanning process. And LIF spectroscopy uses laser irradiation to generate fluorescence. The laser has the advantages of high energy, good monochromaticity, and no stray light. Therefore, LIF spectroscopy can obtain lower detection limit and higher sensitivity. Also, the LIF spectroscopy is the best choice for in-situ on-line detection of agricultural product quality above these fluorescence spectroscopy techniques. The common schematic of LIF is shown in Fig. (3).
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Fig. (3))


        Schematic of laser induced fluorescence spectroscopy [7].

      




      

        



        2.4. Raman Spectroscopy




        Raman spectroscopy is a fast and nondestructive analysis method for the quality evaluation of agricultural products. Its principle is based on the Raman scattering effect which is produced by inelastic scattering of light onto matter. In the inelastic scattering process, the molecules in the ground state absorb the incident light hv0 and are excited to an intermediate virtual state, then return to an excited state, and emit light with a frequency of v0-Vv, this is called Stokes Raman scattering; while the molecules in the excited state move to the intermediate virtual state after absorbing the incident light hv0, then return to the ground state, and emit light with a frequency of v0+Vv, this is called anti-Stokes Raman scattering. Because the intensity of Stokes Raman scattering is much greater than that of anti-Stokes Raman scattering, and Stokes Raman scattering is usually used for Raman spectroscopy analysis. In Raman scattering, the frequency difference Vv between the outgoing light and the incident light is called Raman shift, which is related to the vibrational or rotational energy level of the molecule, but not to the frequency of the incident light. There are differences in the vibrational and rotational energy levels of substance molecules, and this will lead to different Raman shifts, so each substance has its own characteristic Raman spectrum.




        The peaks of the Raman spectrum are clear and sharp, basically not affected by moisture, and are suitable for analyzing the molecular structure of substances. However, the signal of the conventional Raman spectrum is weak, and the intensity of its scattered light is about 10-6~10-9 of the incident light intensity, which is easily covered up by the fluorescent signal, and this greatly limits the application and development of Raman spectroscopy. With the development of technology, new Raman spectroscopy techniques such as surface-enhanced Raman spectroscopy (SERS), resonance Raman spectroscopy (RRS), confocal Raman micro-spectroscopy (CRM), spatially offset Raman spectroscopy (SORS) are constantly emerging. The SERS technique is to adsorb the tested molecules on some specially treated metal surfaces with nanostructures for Raman signal detection, which can enhance the Raman signal of the molecules by about 6 orders of magnitude, and this technique can be used for detecting trace substances [8, 9]. The RRS technique uses the excitation light with appropriate frequency to make it close to or coincide with an electron absorption peak of the molecule to be measured. Due to the coupling of electronic transition and molecular vibration, the intensity of one or several characteristics Raman bands of the molecule increases abruptly, about 104 to 106 times of the ordinary Raman spectrum. This technique usually uses a tunable laser in order to select an excitation light with a suitable frequency. The CMR technique is a combination of confocal optical microscopy and Raman spectroscopy. The laser is focused into a tiny spot by the microscope and illuminates the sample, and only the Raman signal in the range of the light spot will be returned to the spectrometer through the microscope. This technique can effectively suppress stray light and reduce fluorescence interference; it can also accurately scan the sample micro area to obtain the spectrum and image information of the sample. The SORS technique is to shift the focal point of the incident laser and the spectrum collection point by a certain distance on the surface space of the sample to be measured, which can obtain the deep-level information of the sample, and it can be used for the detection of the sample with multi-layer opaque or opaque packaging [10].


      




      

        



        2.5. Laser Induced Breakdown Spectroscopy




        Laser induced breakdown spectroscopy (LIBS) is an elemental analysis technique based on atomic emission spectroscopy, which has the advantages of rapid, in-situ, near-destructive and simultaneous detection of multiple elements. It is mainly used for the detection of various heavy metal elements in agricultural products. The basic principle of LIBS is that a high-intensity laser pulse is focused on the sample surface, causing a small amount of sample to burn and instantaneously vaporize to generate a large number of high-temperature plasmas. Then the high temperature plasma will transition from the excited state to the ground state during the process of cooling, and emit the plasma spectrum with sample element information. According to the frequency and intensity of the spectrum, the sample elements can be analyzed qualitatively and quantitatively.




        There are two types of LIBS techniques: single pulse laser induced breakdown spectroscopy (SP-LIBS) and double pulse laser induced breakdown spectroscopy (DP-LIBS). The SP-LIBS uses a laser pulse to illuminate the sample. Its typical detection device is shown in Fig. (4), which is mainly composed of laser, spectrometer, delay generator, and optical path system. While the DP-LIBS uses two laser pulses to sequentially illuminate the sample at a certain time interval, which can excite the plasma spectrum better, and obtain a stronger spectral signal. There are two types of structures in DP-LIBS: collinear structure and orthogonal structure. The collinear structure refers to that two parallel laser pulses are focused and incident perpendicularly to the same position on the sample surface at a certain time interval. While orthogonal structure refers to that two laser pulses are orthogonal to each other, one is parallel to the sample surface and the other is perpendicular to the sample surface. There are two working modes for orthogonal structure, namely pre-ablation and reheating. In the pre-ablation mode, a laser pulse parallel to the sample surface is first used to break down the air near the sample surface, then another laser pulse is adopted to ablate the sample surface. In reheating mode, a laser pulse perpendicular to the sample surface is first used to ablate the sample surface to generate plasma, then another laser pulse is adopted to reheat the generated plasma.




        The LIBS spectrum has sharp peaks which are related to elements, so the element types can be identified according to the positions of the peaks. For quantitative detection, the calibration curve method can be used to analyze based on the intensity of a characteristic spectral line of the element. In order to make more effective use of multiple characteristic spectral lines or other relevant spectral lines of elements, multiple linear regression and partial least square regression methods are also used for quantitative analysis.




        
[image: ]


Fig. (4))


        A typical laser-induced breakdown spectroscopy setup [11].

      




      

        



        2.6. Traditional Machine Vision




        Traditional machine vision (TMV), also termed as traditional computer vision, is one of the leading optical imaging-based techniques in the nondestructive sensing and inspecting field. The origin of TMV dates back to the 1960s but it had not been exploited in the food and agricultural industry until the 1990s. Owing to the capabilities of high flexibility, accuracy, repeatability and efficiency, the TMV technique has been applied to evaluate the property and quality of agro-products, such as color, texture, shape and size, as well as obvious surface defects of a sample. There are several reasons why TMV has gained popularity in the science and industry during the past three decades. First, it is able to obtain reliable and reproducible data, and thus replacing human vision and perception of images. TMV is also capable of creating accurate descriptive data, which decreases human intervention and speeds up the process. Furthermore, the acquired data proved objective, consistent, effective, nondestructive, un-disturbing and robust, which are suitable for further analysis [12]. However, TMV is restricted to applications in the identification of external quality factors like color, size and surface structure, and it is not able to provide information about the chemical composition and internal quality characteristics (e.g., soluble solid contents, pH, etc.) of agro-products.




        Generally, a traditional machine vision system consists of the following five basic components: a light source, a camera, an image capture board (frame grabber or digitizer), and computer hardware and software [13]. The light source, which functions like a human eye, is a prerequisite for the success of the imaging analysis by reducing noise, shadow, reflection and enhancing image contrast. The energy distribution of the light source must have a uniform and controlled intensity. The camera, which is used for capturing images, is the key component of the TMV system. The solid-state charged-coupled device (CCD) and complementary metal oxide semiconductor (CMOS) image sensors are two different means used in the cameras for generating the images digitally. The image capture board, or frame grabber, is a vision processor that captures singular still frames from an analog video signal or a digital video stream in the current procedure, and then displayed, stored in raw or compressed digital form. The computer hardware and software is used for imaging processing and analysis, thus determining the quality and resolution of captured images and affecting the entire performance and efficiency of the TMV system. Fig. (5) shows the configuration of a typical machine vision system.
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Fig. (5))


        Schematic of a typical machine vision system. *Just for hyperspectral and multispectral imaging systems [14].



        There are many researchers on using TMV for evaluating the agro-products in the past years, including apple, citrus, mango, pear, banana, strawberry, peach, tomato, eggplant, pepper, potato, sweet potato, cheese, beef, carp, salmon, pork, chicken, etc. The TMV system is a powerful tool for the inspection of color, texture, size, shape, and some relatively obvious defects, but has less effectivity in detecting defects that are not clearly visible. Furthermore, to realize the defect detection more rapidly and accurately on-line, there are still many challenges to be overcome, such as the uneven distribution of lightness on curvature surface, whole surface inspection, long time consuming of acquisition and processing for the image, and different defects discrimination [15].


      




      

        



        2.7. Hyperspectral and Multispectral Imaging




        Hyperspectral imaging (HSI), as a spectroscopic imaging analytical tool, integrates conventional imaging and spectroscopy to attain a set of monochromatic images at almost continuous hundreds of thousands of wavelengths. Compared to the traditional machine vision, HSI involves both spatial and spectral information, thus providing the potential for identifying the chemical composition and internal quality characteristics of the sample [16]. The images obtained in the HSI, commonly called hypercubes, are three-dimensional data cubes, which have two spatial dimensions, the same as the TMV, along with spectral information, the same as spectroscopic techniques, for every pixel of the spatial image, as shown in Fig. (6). Generally, point scanning, line scanning and area scanning are three commonly used methods to acquire the hypercubes. HSI can be carried out in reflectance, transmittance, or fluorescence modes and scattering, which are selected depending upon specific requirements in practical applications. Like the TMV system, a light source, a camera, an image capture board, and computer hardware and software are basic and essential components for an HSI system, and a wavelength dispersion device (spectrograph) and a transportation stage are additional components (Fig. 5). Thanks to the extensive information contained in the hyperspectral image, the HSI technique has found applications in diverse fields and exhibited promising results in several research, such as quality inspection of citrus fruits, damage detection in mushrooms, faecal contamination analysis in apples, quality monitoring in stored avocados, analysis of moisture distribution in salmon fish fillet, determination of foreign substances on fresh-cut lettuce, melamine detection in powdery milk, and classification of milk powders [1, 17]. However, the extensive information also brings some drawbacks to the HSI technique, such as long time consuming of image acquisition, as well as the complexity of image processing and analyzing. In consequence, it is always used to acquire images with high spatial and spectral resolutions for some fundamental researches, such as selecting the most efficient wavelengths to develop a multispectral imaging system for real-time quality inspection of agro-products.
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Fig. (6))


        Hypercube showing the relationship between spectral and spatial dimensions [18].



        Multispectral imaging (MSI) is different from hyperspectral imaging in the number of the monochromatic images in the spectral domain. In general, MSI is a form of imaging that involves capturing two or more different waveband monochromatic images in the spectrum by employing filters or instruments. As mentioned above, the hypercube acquired by the HSI system is huge, and consumes too much time in further data processing. Therefore, there is an urgent desire to develop the MSI system with the most efficient wavelengths selected based on HSI for improving the efficiency and fulfilling the real-time inspection task. The biggest advantage of the MSI is that the wavelengths of the monochromatic images captured can be chosen freely, while the disadvantage is that the MSI system is always built by ourselves according to the specific imaging task. The constructed MSI system usually needs to be repeatedly checked, calibrated and debugged by the analyst.


      




      

        



        2.8. Magnetic Resonance Imaging




        Nuclear magnetic resonance (NMR), often referred to as magnetic resonance imaging (MRI), is a unique technique which measures the magnetic properties of spins that can then be related to the physical and chemical properties of a sample. In principle, NMR is a physical process in which the nucleus, whose magnetic moment is not zero, resonantly absorbs radiation of a certain frequency under external magnetic field. The detected NMR signals released as electromagnetic radiation can then be sent to the computer and be converted into the image through data processing. The converted image can be rotated and manipulated to be better able to detect tiny changes of structures within the object. MRI makes use of the fact that food and agricultural product tissues contain lots of water getting aligned in a large magnetic field, and thus working on the principle of resonant magnetic energy absorption by nuclei placed in an alternating magnetic field. MRI shows the image of the object structure, making its physical and chemical information visible.




        Generally, an MRI system consists of the following basic components: a magnet and power-supply equipment, a set of gradient magnetic field coil, a controller and power-driven equipment, a radio-frequency system, and a computer system [18]. The magnet and power-supply equipment is used to produce a wide range of uniform, stable and constant magnetic fields. A computer system with a large storage capacity is used for data collection and processing. Some auxiliary equipment are also needed to support the functions of the MRI system. Compared with the conventional imaging techniques, MRI is advantageous in several aspects, such as clear image contrast, in particular between fat and connective tissues, and 3D analysis of samples.




        Due to the fact that images are converted from electromagnetic signals that represent internal information of the samples, MRI possesses great merits in the determination of chemical compositions. Moreover, agro-products contain plenty of water, which provides great potential for quality assessment by using the MRI technique. Therefore, MRI has been used for diverse agro-products, such as fruits, vegetables, meat products, and cereals, with the majority concerning the water content [18]. Furthermore, MRI has been used to identify physical structure changes like ageing, infection, microbial detects, and chemical changes. The applications include but are not limited to the identification of decay of postharvest blueberries, evaluation of quality characteristics of Braeburn apples, assessment of maturity states of tomato, monitoring of ripening in persimmon, citrus and oil palm, and monitoring of freezing process [19]. The diverse variety of MRI measurable properties, such as proton density, chemical shifts, relaxation time and diffusion constant, and the spatial distribution of 2D and 3D images, enable the researchers to design a wide variety of assays that can be applied to assess different types of defects, stress and physiological states of agro-products [20].


      




      

        



        2.9. X-ray Imaging




        X-ray, also called roentgen ray, is one kind of electromagnetic radiation and is an influential tool for nondestructive quality and safety assessment. After being successfully used in medical diagnostics and other industrial implementations, researchers are recently using this technique in the fields of food and agriculture. X-rays have low wavelength range of 0.01-10 nm and high photon energy of 0.1-120 keV, which leads to strong penetrability through numerous materials. X-rays can be divided into soft X-rays and hard X-rays, according to the photon energy and corresponding penetration ability. The photon energy of soft X-rays is up to about 10 keV, while that of hard X-rays is 10-120 keV. Only the soft X-ray imaging (XRI) technique is frequently used in the inspection of agro-products, since the hard XRI pollute the sample.




        The principle of the soft XRI technique for inspection is based on the density of the object and the contaminant, as shown in Fig. (7) [18]. Usually, when an X-ray penetrates into an object, the photon energy will be reduced due to the absorption phenomenon. Photons in an X-ray beam, when passing through the object, are either transmitted, scattering, or absorbed. The exited X-ray from the object surface is captured by a sensor, and then the energy signal is converted into an image of the interior of the object. Foreign matter appears as a darker shade of grey that helps to identify foreign contaminants. A typical soft XRI system mainly consists of an X-ray source tube, a line-scanning sensor, conveying belt, stepping motor, image-acquisition card and a computer. In contrast to MRI, the soft XRI is relatively cheaper in the instrument and simpler in accessibility and material restrictions, which expands its application range. Compared with other imaging techniques (e.g., TMV, HSI and MSI), the soft XRI technique is superior in the detection of external contamination and internal tissue distribution of the sample.




        As a novel nondestructive method, XRI has witnessed a large number of applications on agro-products. It has been employed for the detection of internal water-core damage in apples, internal defects in sweet onion, fungal infection in wheat, and fish bones in fish fillets. Moreover, the technique was used for apple classification based on the surface bruise, monitoring physiological constituents in peaches, determining the changes in the internal composition of meat products, evaluating frozen products, and monitoring eye formation in cheese [2, 17]. However, XRI cannot detect all kinds of foreign objects, in particular those whose density is similar to that of water, such as hair, paper, and plastics.
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Fig. (7))


        Principle of soft X-ray imaging [18].

      




      

        



        2.10. Thermal Imaging




        Thermal imaging (TI) is a non-invasive and non-contact technique, which is based on the fact that all materials emit infrared radiation in the electromagnetic spectrum ranging from 0.75 to 100 μm. The regions can be divided into near (0.75-2.5 μm), short wave (1.4-3 μm), mid (3-8 μm), long wave (>8 μm), and extreme (15-100 μm) infrared regions [21]. TI records thermal distribution by measuring infrared radiation discharged by a body surface to produce a pseudo image of the temperature distribution of the surface. According to the black body radiation law, all objects above the absolute zero temperature (0 K) emit infrared radiation, among which the short-wave to long wave (1.4-15 μm) can be detected by TI systems. Thermography, which measures a large number of point temperatures of the target surface, is a powerful tool for visualizing and analyzing target with thermal gradients. TI technique is able to detect the bodies whose surface temperature is distinguishable from others.




        A typical TI system contains a thermal camera, an optical unit (e.g., focusing lens, collimating lenses, and filters), detector array (e.g., micro-bolometers), and a signal processing and image processing unit (Fig. 8). Thermal images can be captured either by the passive or active imaging modality. The passive system requires no external energy for imaging to the object (i.e., the temperature of the features of interest are naturally higher or lower than the background), while the active system usually uses thermal energy to produce a thermal contrast between the features of interest and the background. There is no need for a light source in the TI system, but the integrated system for active thermography measurements contain a heating or cooling unit, like the halogen lamp, to provide a thermal differential. In the TI cameras, the infrared energy emitted from an object is converted into an electrical signal through infrared detectors and displayed as a monochrome or color thermal image.
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Fig. (8))


        Schematic of a thermal imaging system [19].



        Originally developed for military applications and for surveillance in night vision, TI has attracted increasing attention and witnessed numerous applications in various fields, such as medicine, materials science and fire safety, with technological advances in computer analytical tools. Owing to the capabilities of portability, real-time imaging, and non-contact temperature-measurement, the TI technique is also increasingly used for various agro-products, including tomato, Japanese pear, Japanese persimmon, apple, Satsuma mandarin, natsudaidai fruit, palm fruit, mango, guava, citrus, walnut, grain, cauliflower plant, and chicken meat [18, 19]. The applications include but are not limited to maturity assessment of tomato, Japanese pear, Japanese persimmon, palm fruit, and mango, evaluation of artificial wound of apple, Satsuma mandarin, and natsudaidai fruit, bruise detection of tomato and apple, doneness monitoring of chicken meat, process monitoring of walnut, and detection of the citrus drying process and grain-quality. However, the performance of the TI system is highly affected by environmental condition. Expensive components, like TI camera, hinder the application range to some extends. Moreover, the quality and reliability of the TI system depend largely on the sensitivity and detection speed of the major components, and the spatial resolution of image and intensity resolution. Therefore, thermal cameras with the advantages of easy handling, accurate temperature measuring strategy and lower prices are expected in the future, which could improve the performance of the TI system, make the TI system user friendly and promote the usage of thermal cameras.


      




      

        



        2.11. Light Backscattering Imaging




        Light scattering is a phenomenon about the change of light traveling direction in a medium. It takes place when light travels in an optically inhomogeneous medium, or when light travels between two optically homogeneous media with different refractive indexes, or when photons encounter scattering particles in the medium. Most agro-products are heterogeneous in structure and composition, and the cellular structures act as scatterers. Light would thus go through multiple scattering events before it exits from the tissue or is being absorbed.




        Light backscattering imaging (LBI) technique adopts the principle of capturing the scattered light of photons projected into the agro-products [22]. Light-tissue interaction process carries important information of the structural and chemical characteristics of the object, like an apple, which makes it as a unique feature. Based on the light source and imaging unit used, light backscattering imaging technique can be divided into several categories, which include laser light backscattering imaging (LLBI), hyperspectral backscattering imaging (HBI), and multispectral backscattering imaging (MBI). HBI and MBI belong to HSI and MSI, respectively, which were introduced in Section 1.2.7. LLBI utilized a laser as the light source, which is the main difference from HBI and MBI. However, the demarcation line between the LBI and spectral imaging techniques is not always clear, as many spectral imaging techniques often capture the scattered signal from the sample, such as spatial-frequency domain imaging (SFDI), Raman scattering, and biospeckle technique. SFDI, also called structured-illumination reflectance imaging, captures diffusely backscattered images from an object subjected to the illumination of sinusoidal pattern with different spatial frequencies (Fig. 9). Diffuse reflectance can then be demodulated by using proper algorithms, such as conventional three-phase demodulation, spiral phase transform and Gram-Schmidt orthonormalization. Forward and inverse algorithms are often used to deal with the demodulated reflectance for the purposes of optical property estimation, light transfer modeling, and quality assessment (e.g., bruise and defect detection) in agro-products.




        As a category of recent rapid imaging technology, LBI has proven its capability in nondestructive quality evaluation of diverse agro-products, such as apple, banana, citrus, mushroom and tomato, papaya, plum, pear, vegetable-based creams, watermelon, peach, and cucumber. The applications include detection of early decay in peaches, chilling injury in cucumbers and bananas, and fresh bruise in apples and pears, and evaluation of ripeness and/or firmness of pears, tomatoes, kiwifruits, apples, and plums [1, 24-27]. These are just a few examples of research works done concerning the application of this technology. However, the optical property estimation, which can be realized by using the light backscattering imaging techniques (e.g., SFDI), is prone to errors due to the complicated mathematical model and parameter estimation algorithm. Applications of the estimated absorption and scattering coefficients, which are related with the food property and quality, are thus always hindered or limited. Future research is expected to focus on the algorithm simplification for optical property estimation, as well as accuracy and efficiency improvement.
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Fig. (9))


        Schematic of a typical spatial-frequency domain imaging system [23].

      




      

        



        2.12. Electrical Nose Technique




        Electronic nose is an intelligent sensory instrument that imitates the human olfactory system, and can perform qualitative or quantitative detection of gas or volatile components through odor fingerprint information. Due to the advantages of rapid detection, high sensitivity, no sample pretreatment, simple operation and low cost, the electronic nose technique has become one of the main means for nondestructive detection of agricultural product quality, such as damage in fruit [28], freshness in meat [29] and disease in vegetables [30]. Electronic nose is usually composed of three parts: gas sensor array, signal processing system and pattern recognition system. The gas sensor array is composed of different gas sensors, which can generate different responses to odors and convert the response into a group of measurable physical signals. The signal processing system is used to filter, exchange and extract the physical signal from the gas sensor, the most important of which is the signal feature extraction. At present, the commonly used feature extraction methods are a relative method, difference method, logarithm method and normalization method. The pattern recognition system uses a certain algorithm to process the extracted characteristic signals of odor, and gives the qualitative or quantitative analysis results of the odor. The main pattern recognition methods include principal component analysis (PCA), DA, cluster analysis, and ANN.




        The gas sensor is the core component of the electronic nose, which is crucial to the overall performance of the electronic nose detection system. The common gas sensors mainly include metal oxide sensors (MOS), conductive polymer (CP) sensors, quartz crystal microbalance (QCM), surface acoustic wave (SAW), and fiber optic sensors. The principle of MOS is to adsorb the measured gas on the surface of the sensor and change the conductivity of the sensor, thereby generating different signal values. Due to the advantages of simple preparation, cheap price, high sensitivity and wide application range, it has become the most extensive sensor used in the electronic nose system. But it has several shortcomings such as poor selectivity to odor and gas, high working temperature, and “poisoning” reaction to sulfide in the mixture. The common metal oxide sensors are SnQ2, ZnQ, WO3, Fe2O3, Co3O4, etc. The conductive polymer sensors are generally composed of active materials such as thiophene, indole, and furan. Its biggest advantage is that it can work at a normal temperature, does not need heating, and has a small size, which can be used for portable equipment; however, it has the disadvantages of the time-consuming manufacturing process, drift phenomenon and susceptibility to humidity.


      




      

        



        2.13. Acoustics Techniques




        Acoustics deals with the generation and reception of mechanical waves and propagation. When an acoustic wave reaches an object, the reflected or transmitted acoustic wave depends on the acoustic characteristics of the object, which can provide information on the interaction between acoustic wave and the object. Acoustic vibration, as one of the acoustics techniques, is a common and efficient way for nondestructive quality inspection of agro-products by capturing, processing and analyzing the vibration response under some kind of excitations. The acoustic vibration waves include reflection, scattering, transmission, and absorption when they interact with the agro-products, which depend on the acoustic vibration characteristics of agro-products. The acoustic vibration characteristics are related to mechanical and structural properties of agro-products, such as modulus of elasticity, Poisson’s ratio, density, mass, and shape.




        In the acoustic vibration method, a test sample is assumed to be a simple elastic body, which is composed of two masses connected with a spring, as shown in Fig. (10). The natural frequency (f) of the system can be calculated by Eq. (1).
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        where m is the sample mass, and k is the spring constant of the system. The equation can be converted into:
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        It can be observed that f2m is proportional to k, which is related to the elastic properties of the tested sample. Therefore, f2m can be used as an index for elasticity or texture evaluation.
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Fig. (10))


        Mass-spring model for an elastic body of mass m [31].



        The general process of the acoustic vibration method for quality evaluation of agro-products consists of the excitation module, signal acquisition module, and signal processing module, as shown in Fig. (11). The tested sample was excited by an excitation signal from the excitation module, and the response signal was collected using a signal acquisition module and analyzed in a signal processing module. Impact method (e.g., hammer, stick, and pendulum) and forced method (e.g., vibrator, speaker, and piezoelectric vibration generator) are two excitation methods in the excitation module, while contact (e.g., acceleration pickup and piezoelectric sensor) and noncontact sensors (e.g., microphone, and laser Doppler vibrometer) are used for vibration measurement in the signal acquisition module.
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Fig. (11))


        The general process of acoustic vibration method for quality evaluation of agro-products [32].



        Due to the advantages of high repeatability and sensitivity, the acoustic vibration technique was widely used for texture evaluation, ripeness classification and optimum eating ripeness determination, and defect detection of agro-products, including apple, pear, kiwifruit, watermelon, melon, tomato, peach, pitaya, dates, avocado, grape, persimmon, guava, preserved egg, potato, and meat [32-35]. Since the contact measurement in the acoustic vibration can prevent the free vibration and damage the surface of agro-products, and is also not suitable for on-line detection, future research may be conducted to increase detection accuracy and speed, as well as reduce cost in the noncontact measurements.


      




      

        



        2.14. Other Techniques




        Other techniques including odor imaging, ultrasound imaging, and bio-sensing were also used for property, quality and safety evaluation of agro-products. Odor imaging (OI) is based on the color change induced by the reaction between volatile material and an array of chemically-responsive dyes upon ligand binding. A low-cost, sensitive colorimetric sensor array is the key component in the OI technique. During the past years, the OI technique has been used for evaluating tea quality and classifying tea variety, discriminating different brands of bottled water, analyzing alcohol, and assessing meat freshness [18]. However, only odorous food samples are suitable for this inspection tool, because the OI technique deals with signal according to the aroma of materials. Some problems related with this newly developing technology, such as the selection of responsive dyes for colorimetric sensor array, are also needed to be solved. Ultrasound imaging is easy to use, cheap in the instrument, and without complicated post-imaging processing procedures in food and agricultural product quality assessment, but is dependent on the amount of energy reflected through materials. It should be noted that many techniques mentioned above contain both spectral and imaging information of the samples, such as Raman spectroscopy/imaging, fluorescence spectroscopy/imaging, hyperspectral/multispectral imaging, and spatial-frequency domain imaging, which can always be categorized as spectral imaging techniques.


      


    




    

      



      3. FUTURE PERSPECTIVES




      Over the past years, we have seen significant research efforts in the development and application of nondestructive techniques and methods for characterizing food and agricultural products. While these emerging techniques have become valuable tools for inspecting property, quality and safety of agro-products, there still exist considerable issues and challenges in using these techniques. First, agro-product property, quality and safety contain various aspects involving external factors (e.g., size, shape, color, etc.) and internal factors (e.g., chemical, physical, microbial, etc.). Most of emerging techniques cannot simultaneously solve all aspects. Thus, cost-effective solutions to challenging problems of the future will make use of the integration of multiple representative techniques. For example, the HSI technique can be integrated with an electronic nose or electronic tongue to evaluate food quality and safety broadly, and machine/deep learning can be combined with TMV to enhance evaluation ability and capability. Second, budget constrain is the major barrier to applications of some emerging techniques in agro-products, in particular for techniques traditionally used in medical diagnostics such as MRI and XRI. Even an image-processing system is still unviable in many potential applications because the cost is unacceptable. Thus, simpler instrumentation with lower cost and higher efficiency should be developed in order to satisfy the requirements of the agro-product industry. Furthermore, performance (e.g., accuracy, sensitivity, real-time capability, robustness, etc.) is rather critical for the evaluation of agro-products. More researches should be conducted to improve the evaluation performance of the representative techniques, especially for recently developed techniques such as fluorescence spectroscopy, Raman spectroscopy, spatial-frequency domain imaging, and laser biospeckle. Finally, most of the nondestructive techniques, integrated with the remarkable trends of computer science, have the potential use for on-line grading and sorting of agro-products in future days. Automation will continue to increase by being applied to more applications that are not currently automated. Further integration is possible between automated processing units, which is a transition from automation of a single processing unit to a more coherent, potentially more flexible automation of the entire processing chain.


    




    

      



      CONCLUSION




      This chapter summarized the representative nondestructive techniques (i.e., NIR spectroscopy, IR spectroscopy, fluorescence spectroscopy, Raman spectroscopy, LIBS, TMV, HSI, MSI, MRI, XRI, TI, LBI, electrical nose and acoustics) that have been employed for the evaluation of agro-products. The basic principles, typical system components, and/or popular applications, by using the nondestructive techniques, were reviewed. The techniques have the ability to replace conventional techniques like visual inspection and other destructive methods, with higher accuracy and efficiency to a greater extent. Various qualitative evaluations like assessing maturity, ripeness, firmness, defects, and physiochemical properties of agro-products, and quantitative modeling of quality attributes can be analyzed more efficiently. The need to change from the conventional way for evaluation to advanced nondestructive techniques is a must for this time that the quality and safety criteria of all agro-products are highly important than the cost. Given the potential applications discussed, increased adoption of these representative techniques by the food and agricultural engineers for improved efficiency is likely. Furthermore, the integration of multiple nondestructive techniques could broaden the applicability and improve the evaluation performance. Grading and sorting agro-products in real-time based on the inspected properties or quality attributes by using the nondestructive techniques are worth researching sustainably in the future.
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