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Abstract
Remote sensing, which allows us to track the health and condition of the vegetation, is one component of precision agriculture.  A lot of study has been done on remote sensing and agriculture, assessing its uses; reviews compile this research and look at various scientific approaches.  Using imagery obtained by remote sensing platforms like satellites, aircraft, and unmanned aerial vehicles, this project attempts to compile the current vegetation indices utilized in viticulture. Spectroscopy, multispectral and hyper spectral imaging, thermography, electrical resistivity, laser imaging detection and ranging, computer vision, and chlorophyll fluorescence are among the sensing technologies that we describe in this paper. We also discuss the platforms on which these technologies are typically mounted or embedded for either proximal or remote monitoring. One of the main goals of employing these technologies is to gather and provide data and information to winemakers and grape farmers so they may use it to make better decisions and manage their vineyards and property.  Topics covered include crop forecasting, yield and fruit composition, vineyard sampling, targeted management, vegetative growth, canopy architecture, nutrient and water status, pests and diseases, soil and topography, and the present and future use of these technologies in vineyards.  These technologies' underlying principles are also explained.  The technologies have a lot of potential for farmers, but field-scale acceptance and use will require user-friendly devices and software as well as reasonable prices.
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Introduction
In order to support management, many agricultural businesses are evaluating what innovations may be incorporated into their operations as technology advances [1].  This is especially pertinent to the wine business, since farmers around the globe are confronted with disruptive problems brought on by climate change, unpredictable weather patterns, shortened seasons, heat, drought, labor shortages, and increased production costs [2,3].  Consequently, the requirement to regularly monitor grapevine performance and biophysical traits in order to evaluate vineyard management approaches is growing. Nowadays, a variety of technologies are available that enable grape farmers and winemakers to access and utilize comprehensive data and information about their vineyards as a foundation for correctly making decisions pertaining to maintaining productivity as well as being financially and environmentally sustainable.  This toolkit consists of GPS, GIS, geostatistics, AI, DSS, and proximal and remote sensing technologies.  When discussing the intelligent development and application of such technologies in viticulture, the terms "precision viticulture" and "digital viticulture" are frequently used [1,4,5,6,7,8, 57].  Adoption of Precision Viticulture or Digital Viticulture necessitates a three-step cycle process: i) gathering data from the vineyard; ii) extracting information from the collected data; and iii) creating and executing a focused management plan based on the critical analysis beforehand.
Viticulture can advance significantly with the use of sensors, Geographic Information Systems (GISs), and artificial intelligence in this line of work. Numerous applications of remote sensing in agricultural production include mapping the areas for fertilization and selective spraying, weed and insect identification, soil moisture measurements, determining the amount of chlorophyll in plants, evaluating plant health and water status, and more [2].  Winegrowers and winemakers can make well-informed decisions to maximize vineyard performance using precision viticulture, which combines contemporary technologies with classic grape production methods [3]. The use of new technology in precision viticulture and the widespread use of contemporary sensors have led to a notable rise in data generation per acre in recent years.  Winegrowers now have a plethora of information because to this [5].  Data collection methods used in viticulture can be divided into three categories: satellite images, data obtained from aerial platforms (usually unmanned aerial vehicles), and data obtained from terrestrial platforms.  In precision viticulture, the latter two categories are more important in evaluating different factors because vines usually span relatively small regions [6]. It is important to remember, though, that satellite photography is still useful in this field [7].  It can be used in management at several levels, including plot, row, or individual plant levels, depending on the spatial resolution of the images.  When it is impractical to differentiate individual plants or rows, satellite pictures are usually used for vineyard-level management due to their poorer spatial resolution [8, 9, 10].
With the help of these spatially-enabled digital technologies, grape growers can map variations in vine attributes like canopy size i.e. [13], water i.e. [14,15], and nutrient status [16], yield [73, 17,18], grape composition [19], and disease infection [20,21] at high spatial resolution and with a great deal of flexibility in information acquisition timing.  The ability to map the spatial variability in soil, topography, and vine characteristics across vineyards also enables grape growers and wine producers to harvest fruit parcels selectively based on various yield and/or fruit quality criteria and product requirements, as well as to apply inputs like fertilizers, sprays, and irrigation water more efficiently through targeted applications [6,15,19, 11, 12].
Applications of digital technologies in viticulture
 Topography and soil characteristics, vegetative growth, canopy architecture, nutrient and water status, pests and diseases, crop forecasting, yield and fruit composition, vineyard sampling, targeted management, and selective harvesting are all discussed in relation to the present and future use of sensing technologies in vineyards.
Topography and soil characteristics
 In a vineyard, variations in soil and terrain are probably going to have a big effect on grape performance [22, 23, 24].  Understanding the reason of vineyard variability, which is typically caused by differences in soil qualities and elevation, can help enhance the quality of grapes and wines.  To obtain geo-referenced soil data while on the go, proximal soil sensors can be placed on mobile platforms and moved across the field.  When combined with real-time kinematic GPS, the resulting high resolution maps offer valuable information about the spatial variability of elevation and soil qualities at scales that are important for both new vineyard design and vineyard redevelopment [25,26,27,28,29]. Along with topographical data, precise limits defining changes in soil properties help with irrigation and drainage system design, infrastructure and instrument placement, and matching grape varietals to ideal soil types.  A recent study [30] estimated the variability of vineyard soil and vine vigor by combining data from EMI sensors and MSI.  According to the authors, this method can be used to direct routine management and replanting, among other viticultural techniques.
 The detection of soil nutrients, pH, and organic matter is where ER sensors' usefulness is limited.  Electrochemical and optical sensors, however, might be able to identify trends in chemical soil fertility indicators [31, 32, 48].  There has been investigation into the performance and application of mobile NIR spectrometry for automated in situ soil mapping [33]. It has been suggested that gamma-ray spectrometers be used to identify changes in soil texture and the presence of specific minerals [34].  This offers helpful data for identifying changes in soil qualities over time and space.
Canopy architecture, nutritional status, and vegetative growth
 Spectral indices like PCD and NDVI, which are calculated from MSI obtained either from space (satellites) [26, 35], the air (light aircraft, drones) [36,37,38], or at ground level [39,15], have been used extensively in the last few decades to assess the health and growth of the vine canopy in commercial vineyards. In commercial vineyards, leaf nitrogen can be put on movable sensing platforms or manually measured using portable sensors based on fluorescence to determine nutritional status [16]. In order to enhance vineyard spraying, LiDAR mounted on tractors [81, 22, 13] and ultrasonic sensors [40] have been used to measure leaf area and canopy volume in orchards in real-time. LiDAR is a potent technique for quickly and non-destructively evaluating canopy size and LAI in viticulture [41,42].  Using RGB data captured by a UAV platform, a novel method for calculating canopy biomass and identifying missing plants has recently been demonstrated [36].  The degree of canopy decrease brought on by symptoms resembling Eutypa dieback has been assessed using UAV-based point cloud analysis [43].  In vineyards, pruning weight—a measure of grapevine vigor—has been evaluated and mapped in real time using LiDAR [44] and CV technologies [32, 33, 16].
 These days, machine vision technology can be used to assess canopy architecture, including canopy porosity and fruit and leaf exposure.  RGB photography has been used to manually evaluate some of these canopy traits in the field [45, 58] and while on the fly [46, 47].
Diseases and pests
 The occurrence and severity of pests and illnesses is now assessed in the vineyard via visual inspection.  Time-consuming and frequently subjective, this task can lead to large expenses and an underestimation or overestimation of risk.  When compared to traditional methods, non-invasive technologies including CV, thermography, spectroscopy, Chl fluorescence, MSI, and HSI offer several benefits and can be used to diagnose diseases in grapevines [49, 50,21,89].  It has been demonstrated that using these modern technologies to diagnose pests and illnesses in vineyards can be objective, quick, affordable, and trustworthy [20,86,87,88].
Status of vine water
 In light of the current climate change scenario, which is causing temperatures to rise and water supplies to decrease, vineyard water status assessment and irrigation management are becoming more and more crucial [59,60].
 For assessing the water status of vineyards, one of the most effective non-invasive tools is thermal imaging.  Grape growers may be able to better manage water, increase productivity, and enhance fruit quality by using this technology to help them identify when and where irrigation water is needed.  Thermography has been used to manually assess the water condition of vines [68,69,70,71,72,73], as well as to remotely schedule irrigation using UAVs [74,75] and other airborne platforms [76,77].  In order to map the water status of vines in commercial vineyards while on the go, thermographic equipment has recently been installed on a ground-based vehicle [14,15,82,83,84,85].
Yield components and crop forecasts
 In contemporary viticulture, yield estimation is essential [90].  It has been demonstrated that yield within a single vine block might vary by up to ten times [91].  By weighing the berries as they pass through load cells attached to motorized harvesters as they move along rows, yield may be conveniently tracked while on the go during harvest [8,90].  Yield and positioning data are recorded on a display monitor, which the operator can watch and control to show yield readings and other grape load characteristics.  It is thus possible to create gross margin maps using yield data and information about the expenses associated with producing grapes or wine [92,93]. In order to detect and address areas within vineyards that are not functioning economically, such maps are currently underutilized.
 Accurately measuring yield and fruit composition in situ is particularly challenging, out of all the viticultural characteristics that sensing devices are meant to monitor.  Recently, CV systems have been utilized both indoors and in vineyards to evaluate grape production and its constituent parts.  Cluster compactness [64] and cluster and berry characteristics such berry size [51,61,52], cluster weight [62, 63], and number of berries per cluster [65,66,67] are examples.  It is now possible to use CV to quantify the quantity of flowers per inflorescence [53, 54, 55].  Utilizing 2-D and 3-D proximal remote sensing approaches, vineyard yield estimation has also been investigated [56].
Fruit quality characteristics and composition
 Grape quality evaluation can also benefit from the information that remote sensing technology can offer.  To assess the productivity and quality attributes of table grapes, vegetation indices obtained from proximal and remote (satellite) sensors were employed [12].  When compared to satellite-based monitoring, proximal sensing demonstrated greater accuracy in terms of table grape yield and quality attributes.  [38] recently examined the relationships between image-quantified spectral indices obtained from high-spatial resolution HSI and thermal imagery captured by a UAV and grape quality metrics, such as scent components.  The terpenoids that give wine its scent were discovered to have statistically significant associations with image-retrieved pigments.
Technologies for non-invasive sensing
 The concepts behind the operation of the various sensing technologies are covered in this section.  Technologies related to proximal (i.e., near the ground) and distant (i.e., far from the ground) sensing that gather data about on-ground objects like plants and soil are an important category.  The majority of these are based on how electromagnetic radiation interacts with plant tissue or organs.  After reaching the object of interest, radiation from the sun or any internal light source returns to a receiving or recording device, where it is picked up by passive or active sensors, respectively [41].
Spectroscopy
 Spectrometers can measure spectral reflectance.  The spectral frequencies of VIS (400–750 nm) and NIR (750–2500 nm) are both particularly noteworthy because of their extensive use in agricultural production systems.  Many organic compounds experience electronic transitions in the VIS region, which can alter characteristics like color.  As a result, pigments in grapevine leaves and fruit are frequently evaluated using this spectral range.  Soil properties can also be evaluated using methods based on spectroscopy [33].
Hyperspectral imaging
 HSI is also an effective method for assessing crops and food [19,49].  Spectral resolution is the primary characteristic that sets HSI apart from MSI.  The spectra of every pixel in the object are produced by HSI, which works with shorter wavelengths throughout a continuous spectral range.  A limited wavelength range of the electromagnetic spectrum is represented by each of the "images" that HSI sensors gather [50,78,79].  The main benefit of HSI over MSI is that the operator doesn't need to know beforehand about the item because the full spectrum is captured at every spatial location. Cost and complexity are the primary drawbacks of HSI in comparison to MSI; however, as technology advances quickly, this obstacle should be lessened by the creation of larger data storage devices, quicker processors, and more sensitive detectors.  The full potential of this technology has not yet been realized because HSI is a relatively young approach.  To analyze and extract information from hyperspectral images, new methods like deep learning are being tested [51].
Conclusion
Green fruit counts, soil characteristics, biotic and abiotic stress damage, crop yield estimation, and crop biomass detection are just a few of the areas where remote sensing and GIS are quickly demonstrating their potential for use.  For the identification, categorization, mapping, monitoring, and planning of natural resources as well as for disaster mitigation and management, these technologies provide reliable sources of information.  They have a bright future in precision horticulture, export, market planning, and site-specific management.  GIS and remote sensing have shown themselves to be effective tools for environmental monitoring in a number of cases [80,81].
All agricultural production systems must have more efficient use of resources in order to handle present and future difficulties related to waste and the environment, climate change, labor shortages, and rising production prices.  Numerous digital non-invasive technologies that are either being developed or are already in use in the grape and wine sector are thoroughly reviewed in this study.  Their use to enhance the cultivation, management, and harvesting of wine grapes to create high-quality wines in a sustainable economic and environmental manner is described in case studies in the relevant literature.
One of the main results to date is that we now have a better grasp of the spatial and temporal dynamics of within-vineyard variability, as well as the underlying reasons of this variation, thanks to the application of several proximal and remote sensing techniques.  This knowledge is helping grape growers and wine producers apply inputs more efficiently through targeted applications and harvest fruit parcels selectively based on various yield and/or fruit quality criteria and product requirements, as demonstrated by case studies in the literature.  Both of these results have socioeconomic advantages due to lower input costs and better final products and efficiencies. One of the main goals of digital viticulture is to provide real-time, precise data, maps, and pictures to winemakers and grape farmers so they may manage their vineyards responsibly and effectively.  Coordination and management at the vineyard and/or winery level are necessary for the quick and accurate analysis and interpretation of data, which is essential for its rapid adoption even though there are already many digital apps accessible.
While smart sensing technologies at all scales hold great promise for growers, their regular use and adoption will be contingent upon "user-friendly" devices and software (such as smartphones and tablets) and the low costs of field-scale decision-support system implementation.  At the vineyard level, growers can overcome obstacles with the aid of automation, data analytics, artificial intelligence, and the Internet of Things.  Data ownership and security are one issue that must be resolved soon to guarantee the quick adoption of such technologies, especially when data is obtained from other parties.
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