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Abstract

:

The agricultural industry is getting more data-centric and requires precise, more advanced data and technologies than before, despite being familiar with agricultural processes. The agriculture industry is being advanced by various information and advanced communication technologies, such as the Internet of Things (IoT). The rapid emergence of these advanced technologies has restructured almost all other industries, as well as advanced agriculture, which has shifted the industry from a statistical approach to a quantitative one. This radical change has shaken existing farming techniques and produced the latest prospects in a series of challenges. This comprehensive review article enlightens the potential of the IoT in the advancement of agriculture and the challenges faced when combining these advanced technologies with conventional agricultural systems. A brief analysis of these advanced technologies with sensors is presented in advanced agricultural applications. Numerous sensors that can be implemented for specific agricultural practices require best management practices (e.g., land preparation, irrigation systems, insect, and disease management). This review includes the integration of all suitable techniques, from sowing to harvesting, packaging, transportation, and advanced technologies available for farmers throughout the cropping system. Besides, this review article highlights the utilization of other tools such as unmanned aerial vehicles (UAVs) for crop monitoring and other beneficiary measures, such as optimizing crop yields. In addition, advanced programs based on the IoT are also discussed. Finally, based on our comprehensive review, we identified advanced prospects regarding the IoT, which are essential tools for sustainable agriculture.
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1. Introduction


In order to increase agricultural production with limited resources, major technological advancements have been implemented throughout much of human history. However, a growing population along with climate change always poses a threat between food supply and demand. The world’s population is estimated to reach 9 billion by 2050, which is about a twenty-five percent increase over the current population [1]. However, population growth will be larger, mostly in emerging countries such as Mexico, India, China, and others [2]. Additionally, the urbanization trend is expected to accelerate in developing countries by 2050. Currently, 49% of the world’s population lives in urban areas, which is expected to increase to 70% by 2050 [3]. Besides, since the living standard is expected to increase in the future, it will further increase food demand, particularly in emerging nations. Due to the continuous increase in the global population, we should be more cautious regarding nutritional values and food quality. To meet future food demands, food production should be doubled by 2050 [4,5]. In particular, grain crops and meat production should be increased from 2.1 billion tons to 3 billion tons, and 200 million tons to 470 million tons, respectively, to meet the world food demand by 2050 [6,7].



Indeed, crops such as rubber, cotton, and chewing gum play a crucial role in various countries’ economies. In addition, crop-based bioenergy markets have recently begun to grow. Even ten years ago, 110 million tons of coarse grains (about 10% of world production) were used for ethanol production alone [7,8]. Food security is also threatened by the increased use of food crops for biofuel production, bioenergy, and other industrial uses. These biofuel/bioenergy demands have put further pressure on already scarce agricultural resources. Unfortunately, due to different constraints (e.g., temperature, terrain, and soil and water qualities), only a limited part of the Earth’s surface is appropriate for agricultural use. Moreover, the existing farming land is further narrowed because of economic and political factors, including population growth, climate, and land-use patterns, while the rapid urbanization process is continuously putting pressure on the availability of arable land. Thus, since arable land is decreasing, these factors would be major threats to crop production. Additionally, crop production is already reduced due to a lack of arable land over the last few decades [8]. For example, in 1991, arable land for the crop production was 19.5 million square miles, which was 39.47% of the total agricultural land area, but that area was decreased to 18.6 million square miles in 2013, which is about 37.73% of the total agricultural land area of the world and is expected to decrease in the future [9]. Consequently, a larger gap between the demand and supply of food is observed, which becomes apparent and shocking over time.



Further, the quality and quantity of crops rely on climate, topography, and soil characteristics. Major features such as available nutrients, soil types, soil health, insect resistance, and quality and quantity of irrigation determine its adaptability and the quality of certain crops. In most cases, crop characteristics and yields may vary within the same farm plot. Therefore, site-specific analysis or the precision farming technique is required to obtain optimal yields. Besides increasing crop production, growers and farmers need to practice multiple cropping, mixed cropping, year-round cropping, or intensive cropping. To meet these needs, growers and farmers require the latest/advanced technologies and services-based techniques to produce more foods with limited land and resources. Farmers/growers must monitor their croplands at a near to real-time scale to apply necessary measures to enhance crop production. For this reason, there is a need for smart agriculture.



Currently, farmers and growers have to spend 70% of their time monitoring and understanding the status of the crops rather than performing actual farm work [10]. Hence, precise and advanced technologies are required to advance the agricultural sector. Additionally, for sustainable agriculture, the effects of climatic and environmental conditions should be minimal. The Internet of Things (IoT) gives producers better results because of “on-site monitoring” capabilities, allowing them to monitor farms remotely. Wireless sensors help to continuously monitor crops with greater accuracy, and most importantly, they can identify issues at the early growth stages of crops/plants. The latest technologies and tools enhance agricultural operations during the crop growth stages, such as crop harvesting, the transportation of cropping materials, and storage conditions [10]. During these developmental stages of crops, advanced technology, such as the IoT, plays a significant role, making the process efficient for the growers. Currently, several tools, including harvesters, robot weeders, unmanned aerial vehicles (UAVs), and other automatic machines, are beneficial to the growers for crop monitoring. For this purpose, several sensors are installed in the field. These sensors rapidly provide information regarding soil health and crop health, and associated factors. The IoT is a part of the latest agricultural technology, which helps collect data from the field.



Many institutions and industries are now developing new technologies, such as the IoT, for effective farm management. These technologies help obtain the best results and improvements in their fields and minimize associated inefficiencies [5,11,12,13,14]. The latest technology is very affordable to the farmers, although little information related to the IoT is available for them. Despite this, for sustainable agriculture, the IoT is considered an emerging technology and better adaptable by farmers to obtain better crop productions. These new technologies, such as the IoT, provide many improvements in necessary infrastructures, such as the use of cellular devices by internet technology and the scope of various services, including information related to the cloud-based sensors, automation of different farming operations, and making effective decisions. The agriculture sector, which is the leading economic industry, and the backbone of the country, will be revolutionized by the IoT [5,15]. Figure 1 presents information related to the primary drivers, which require this advanced technology. Moreover, it demonstrates the significant challenges associated with this technology and its implementation in advanced agriculture, such as a fragmented market, poor connectivity and coverage, investment, lack of new appropriate technology, lack of skilled manpower, and others.



For the improvement of the agriculture sector, scientists, researchers, and engineers are developing many new technologies and methods to monitor crops and related field data. Several manufacturing agencies are approaching to provide various devices/tools such as robots, IoT sensors, and UAVs to collect real-time data at much higher resolutions. For this purpose, federal and non-federal agencies are working together to enhance the IoT applications to sustain food safety and security [16,17,18,19].



There are ample efforts to emphasize the IoT’s role in the farming sector [20,21]. Most of the previously published data either did not deliver enough insights or only focused on various IoT-based architectures, prototypes, improved techniques, and how to use the IoT for monitoring applications and associated environment and crop data management [20,22,23]. For example, Villa-Henriksen et al. [24] reviewed past studies for IoT applications in arable farming. They focused on IoT architecture represented by device, network, and application layer. Similarly, Navarro et al. [25] conducted a systematic review of IoT solutions for smart farming and focused on the concept, number of publications, and IoT applications in agriculture. Talavera et al. [26] focused on distributions of IoT-related research work globally, as well as applications of the IoT in communications, energy management, monitoring, and logistics.



This review article analyzed the trends in advanced technology-based agricultural studies, focusing on IoT and UAV applications. Further, it explored many essential issues that should be harnessed to take advantage of the IoT and other latest technologies to transform them into the agricultural industry. The most important contribution of this review is to provide accurate insights into:




	
World prospects for agriculture advancement;



	
Technology-based limitations faced by the agricultural industry, and the role of major equipment and technologies, such as the IoT, and UAVs, to address these limitations and other issues, such as resource shortages and their precise uses, food quality, environmental pollutions, climate change, and urbanization;



	
Highlighting the latest developments in the IoT and other technologies that support advanced agriculture;



	
Strategies and policies to consider when implementing the IoT and other technologies in advanced agriculture;



	
Key issues in food safety with recommendations to address those issues;



	
Future prospects and recommendations of these advanced technologies.








This review article outlines vital information that can support agricultural engineers and researchers, to implement advanced technologies, such as the IoT, UAVs, and others to attain advanced agricultural needs. The remainder part of this review article is organized as follows. The second section discusses methods used in this study. The third section gives an in-depth summary of key applications used in advancing agriculture, such as monitoring soil, irrigation, crop disease, fertilizer application, crop harvesting, and its management. The fourth section provides insights into the role of the IoT in advanced agricultural practices such as greenhouse agriculture, hydroponics, vertical farming, phenotyping. The fifth section highlights the various technologies and equipment used in the agricultural industries to implement the IoT, such as smartphones, wireless sensors, advanced machines, cloud computing. The sixth section embraces the uses of UAVs in advanced agriculture that cannot be achieved even with other latest technologies, which includes soil, water, and vegetation analysis (e.g., planting, irrigation, health assessment of crops, spraying pesticides/herbicides, plant species detection/identification, plant counting and gap detection, crop monitoring). The seventh section discusses food safety and transportation and gives information related to compliance, Laird’s Sentrius, Tempreporter, and Critical Control Points Smart Label Radio Configuration Four (CCPSLRC4). This section further explores another critical area where hunger needs to be addressed, and hunger has not received enough attention from researchers. The eighth section identifies current challenges and future prospects in the agricultural industries by highlighting potential research challenges, which includes the IoT, wireless sensors, communications, UAVs and other robots, machine learning and analysis, energy consumption, renewable energy, microgrid and smart grid, hydroponics and vertical farming (VF). Finally, Section 9 concludes this review paper.




2. Methods


In the past decades, several studies have been conducted to address critical issues in agriculture to improve agricultural production for food security. With recent advancements in technologies and the potentials to enhance agricultural production using advanced technologies, several researchers put tremendous effort into advancing agriculture. Advanced technologies, such as IoT sensors, wireless sensors, and UAVs, have received exponentially increasing attention from the scientific communities. However, it is always challenging for stakeholders and users to select and implement appropriate technology to improve crop production. Recently, a few studies reviewed the IoT-based articles focusing on implementation, application, challenges, potential, and future prospective of the IoT in smart farming and agro-industry [24,25,26]. However, they mainly focused on IoT-based studies. We reviewed most of the important advanced technology-based studies, which are essential for agriculture advancements either alone or in combinations.



Our strategy was to review advanced technology-based articles. We selected the articles focusing on smart agriculture, precision agriculture, drones/UAVs, wireless communication technologies, the IoT, and smartphone technologies applications in agriculture. We also included articles focusing on monitoring several agricultural components using IoT sensors and wireless devices, such as monitoring soil moisture, vegetation health, plant diseases, crop yield, climatic parameters, and few others. We included most of the technology-based studies conducted in the last two decades that are helpful for agricultural advancements.




3. Major Agriculture Applications and Services


All the traditional approaches have been changed and overlapped by advanced technologies, such as the IoT and UAVs. Currently, the implementation of various wireless sensors and IoT sensors leads to the gateway of many innovations for crop improvement. Several traditional crop issues, including disease management, effective irrigation, cultural practices, and drought responses, are currently addressed by these new emerging technologies. Figure 2 depicts the primary applications, wireless sensors, and services hierarchy for advanced agricultural applications. The advanced technologies used to monitor major applications to improve crop productions are discussed below.



3.1. Soil Monitoring


Soil plays a critical role in plant growth. It is necessary to monitor the soil at the field scale. By obtaining the soil’s health information, a grower can make fruitful decisions at different plant developmental stages. The main objective of soil analysis is to measure the content of nutrients present in the soil, which ultimately leads to many treatments to fulfill the level of nutrients. Remarkably, the soil test is suggested annually in the spring season; however, it can be changed according to the local environmental conditions and conducted in the winter or autumn season [27]. Several soil factors, such as soil types and soil moisture, are recommended to analyze and quantify fertilizers and irrigation requirements. These primary factors also help provide information regarding the other vital factors, including physical, chemical, biological ones. The soil map helps to identify areas with good soil health and texture for the suitability of seeds, sowing time, and even sowing depth because some plants have deep roots and others have shallow root depths.



Many researchers have recently developed tools, technologies, and devices to monitor soil health. These new tools are the major resources for farmers and growers, which can be used to monitor soil features such as water holding capacity, moisture, chemical, and physical properties. These tools also help monitor soil health, such as salinity, pH, soil organic carbon (SOC), electrical conductivity (EC), nitrogen, potassium, and phosphorus, which help estimate required fertilizers. One of the latest tools introduced by Agro Cares is the Scanner and Lab-in-box, which is known as a laboratory, having complete information by services through which it gives soil status information [28]. This is the modified tool used by many farmers without any laboratory for sample analysis. This tool can analyze about 100 soil samples daily.



One of the major issues for estimating crop water requirements is continuously monitoring soil moisture. To monitor soil moisture, in situ soil moisture sensors, remote sensors, and tools can be efficient strategies for many farms to obtain information about the soil’s moisture. There are many satellites in operation to measure soil moisture data at a global scale. These remote sensing products are: (i) the Advanced Microwave Scanning Radiometer Earth Observing System (AMSR-E) (2002–September 2011); (ii) the Soil Moisture Ocean Salinity system (SMOS, 2010–present); (iii) AMSR2 (2012–present); and (iv) the Soil Moisture Active Passive system (SMAP, 2015–present) [29]. For example, Soil Moisture and Ocean Salinity (SMOS) was launched in 2009 and started to monitor soil moisture from May 2010 globally. In addition, in situ wireless soil moisture sensors can also monitor soil moisture at the farm scale.



New tools, including the vision-based and wireless sensors, are used to determine crop factors, such as soil depth, for efficient seeding processes. Several robotic tools are developed for smart farming and improve crop production, such as FarmBot and Agribots, just to name a couple. In agriculture practices, such as sowing seeds, weeding, fertilizing, and irrigating, such tools would help improve crop production if it is implemented at a large scale. Agribots is a type of robot; the agriculture field’s location is determined by pairing digital computers with the vehicle vision system. This type of robot works on any agricultural land in which the global positioning system (GPS) helps develop location maps. Sensors that are mounted with light-emitting diodes (LEDs) help provide information regarding the flow rate of seed. Many remote sensors are used for this purpose [30]. These LEDs are the source of receiving radiations that have visible and infrared light waves. Seed movement is monitored through many elements, including light band, voltage output, and receiving element. Measurement of the flow rate of seed is conducted through signals correlated by transferring seeds. Overall, advanced technologies and tools help analyze soils, which further help monitor crop growth and production.




3.2. Irrigation


On the Earth, oceans hold 97% of all water, but it is saline. The other three percent of water is fresh, among which 2% to 3% of the water is in the form of glaciers [31,32]. Out of three percent, half percent of freshwater is present as surface water, and the remaining freshwater is groundwater. People have to rely on the half percent of freshwater to sustain their lives. This half percent of freshwater includes water storage in lakes, rivers, and other reservoirs. Agriculture uses almost 75% of freshwater [33,34]. In many countries, such as Brazil, the demand for crops has increased to 75% [35]. Among several constraints, the lack of proper monitoring tools to estimate crop water requirement is the actual cause of the ad hoc application of irrigation water. For example, the US uses about 80% of freshwater for irrigation purposes [5]. In the United Nations Convention to Combat Desertification (UNCCD) held in 2013, it was found that about 168 countries of the world have a shortage of water for irrigation. Research has showed that there would be a huge water shortage for irrigation throughout the world by 2030 [36].



Due to the increase in irrigation water requirements, freshwater will only be available to those countries that have adopted the best water resources management practice. For this purpose, to reduce the water shortage, awareness programs should be promoted to adopt effective irrigation practices. Many new irrigation techniques, including sprinkler and drip irrigation methods, are used to reduce the losses and water shortage. Traditional approaches, including furrow and flood irrigation, cause the waste of water. Moreover, traditional irrigation approaches (e.g., flooding) reduce many soil nutrients through water losses, which impact crop yield. Robust technologies and tools are needed, which include smart irrigation techniques. The smart irrigation techniques help estimate crop water requirements based on soil types, antecedent soil moisture, and climatic conditions. In this situation, many new tools such as the IoT play a significant role in measuring air and soil humidity, which ultimately leads to the improvement of crops.



Crop improvement and its quality can be enhanced by the effective management of soil and water. The use of the IoT, such as for irrigation management based on the crop water stress index (CWSI), is expected to improve crop efficiency significantly [30]. For this reason, the calculation of the CWSI requires one to obtain a crop canopy at different times and temperatures. A CWSI is a wireless sensor-based monitoring system that includes several crop parameter measurement systems that help estimate moisture status, which is used to estimate irrigation water requirements [11].




3.3. Crop Disease and Its Management


Famine in Ireland occurred due to Phytophthora infestans, causing the late blight of potato, which caused many crop losses. Due to this famine, about one million people in Ireland died [37]. In the USA, the southern corn leaf blight caused by Cochliobolus heterostrophus brought famine and crop losses of nearly one billion USD. Later, this crop disease was spread to Canada [38]. The Food and Agriculture Organization (FAO) estimated 20% to 40% annual crop loss per year due to crop diseases [39]. Several agricultural management strategies were applied to recover these losses, such as the use of pesticides and fungicides. These approaches are practiced in advanced agriculture since the last century. It is estimated that approximately 500,000 tons of pesticides are used each year in the US alone. In contrast, in other countries of the world, about two million tons of pesticides are applied for disease management [40]. Although these pesticides are used for plant disease management to increase crop production, there are many other harmful aspects to animals and humans’ health. It also disturbs the world’s ecology and eventually causes severe environmental pollution to the entire ecosystem [5,41].



Many of the advanced technologies, such as the IoT, play a significant role in reducing the usage of these chemicals, which are hazardous to human health. Many crop disease monitoring programs such as crop modeling, the prediction of pests, and weather forecasts are monitored by these advanced and emerging technologies in agriculture. These technologies are considered effective approaches for plant/crop disease management [42,43].



Although treatment, perception, and assessment are important in disease forecasting, monitoring, and management, advanced technologies (e.g., the IoT, wireless sensors, and UAVs) are beneficial for disease identification and pest management. For example, remote sensing technology can be used to capture large areas of agricultural cropland economically. The remote sensors can be used to analyze crop processing, including disease and pests, plant health, and the environment [43,44]. This remote sensing tool is low cost and has many advantages, such as a low cost for automatic activation and supporting recovery. For example, recently, the yields of many crops have been severely threatened by the poor pollination process [45].




3.4. Fertilizer


Plant growth, development, and reproduction mainly depend on the necessary nutrients received from fertilizers or organic amendments. For the development of flower, fruit, and root, three significant nutrients are needed: for leaf growth, nitrogen is necessary; for root development, phosphorus and the expansion of stem and water passage in pant potassium is required [36]. Plant health can be affected by the imbalance application of these fertilizers to the plant. On the other hand, the excessive application of these nutrients and fertilizers to the plant not only affects plant health and causes economic losses but also affects the environment, including qualities of soil, water, and air. For example, only half of the total nitrogen is utilized for crop development, and another half of nitrogen is released into the environment. The imbalanced application of undesired nutrients to the crops causes a negative impact on the environment and climate. It also increases the nutrient level in the soil [46]. New technology such as the IoT is beneficial for the exact estimation of the rate of fertilizers in smart agriculture. These approaches also reduce the negative effect on environmental conditions.



New technology is used to estimate the spatial–temporal application of nutrients for the fulfillment of fertilization, which is relatively less laborious and has maximum efficiency [47]. Generally, the normalized vegetation index (NDVI) is used to monitor vegetation health, which ultimately helps to predict the application of nutrients in the soil. The efficacy of nutrient application can be enhanced by such efficient methods, which ultimately reduces the other effect on the environment. Many recent enabling technologies such as geographic information systems (GIS) [48], variable rate technology [49], and global positioning systems (GPS) [50,51] are used to estimate nutrients in the field [52,53,54]. For the betterment of crops, it was observed that fertilizers are the best source for improving crop productions, and they can be triggered by only the use of new tools and technology known as the IoT [55].




3.5. Crop Harvesting Monitoring and Forecasting


Moisture level, the flow of grain mass, crop yield, and quantity or number of grains per crop are monitored and diagnosed by the yield monitoring system. To analyze the crop’s overall performance, it is necessary to check the level of the moisture and crop yield. Crop monitoring during the growing period is one of the essential processes. The measurement of crop yield is not only critical at the time of harvest, but it is also important to measure crop yield before the harvesting and during the crop’s developmental processes. Various aspects are required for monitoring crop yield, including a high level of pollination, particularly when the environment is changing; there is a need for the prediction of seeds [56,57,58].



Crop forecasting is a technique that predicts yields before harvest occurs. Such forecasts help farmers make near-term plans and decisions. Moreover, the accurate harvesting time can be estimated by the analysis of crop maturity and its quality. The monitoring process can also judge many of the fruit factors such as fruit color, size, quality, and developmental stages. Crop disease management strategies and other developmental stages such as crop yield and its quality can be enhanced by crop prediction. For this, awareness about the appropriate harvesting schedule is necessary for the betterment of crops. Figure 3 indicates a typical snapshot of the farm area network (FAN), which gives real-time portraits of the whole agricultural field to the farmer.



A new technology, such as a developed yield monitor, can be correlated with any machine which is used for harvesting. The yield monitor tool can also be connected with a smartphone application named FarmRTX, which shows accurate harvesting data. It ultimately processes data to the manufacturer’s web-based program [59]. This smartphone application can be used to generate high-defined mapping tools and transfer them with other experts and growers to export to the other farming tools for monitoring crop yield.





4. Advanced Agricultural Approaches


Human beings exist for a relatively short time in history, so the adaption of novel techniques of enhancing food quantity and quality is not advanced. For increasing crop development and yield, farmers have applied many measures, such as pesticides and fertilizers. Although there are other management strategies such as greenhouses, hydroponics, vertical farming, etc., for increasing crop production, these measures are not enough to fill this gap. Growers should apply new devices such as the IoT for agriculture advancement.



4.1. Greenhouse Agriculture


Growing plants in controlled conditions is a relatively new technology and a type of advanced agriculture. This technique became popular in the 19th century when a number of greenhouses were built in Italy, the Netherlands, and France for growing plants, unseasonal vegetables, and fruits. This type of new agriculture technology was enhanced in the 20th century, and countries with climate/weather issues started to apply this technology rapidly [60]. Crops that are grown in a controlled environment require minimum inputs because crops grow under controlled conditions. This controlled environment is developed in the greenhouse. Due to this controlled environment, seasonal and unseasonal crops are grown anywhere and at any time in the world. Several new toolkits such as wireless communication, mobile devices, and other internet devices are used to adopt this technology. Benke and Tomkins [61], who conducted a comprehensive analysis, reported that advanced toolkits could help to adopt greenhouse technology. Various other toolkits, including prototype-based internet, are used to monitor weather parameters, such as temperature, pressure, and humidity.




4.2. Hydroponics


The most advanced method for seasonal and unseasonal crops is to grow in water under controlled conditions without a soil medium. In this approach, nutrients and fertilizers are applied through the irrigation system. When VF and hydroponics are used in combination, every square meter farm can use almost 95% less water and nutrients without using any chemicals [62]. In a hydroponics system, the accuracy of nutrient measurement is critical. Therefore, a highly reliable wireless control system for tomato hydroponics was proposed [63,64]. In this method, monitoring the water content and its accuracy is essential. In a prototype based on wireless sensors, it was proposed to provide the cultivation of crops in hydroponics by the turnkey solution, which gives the measurements and estimations regarding the plant growth in the absence of soil media. Furthermore, there was a new tool, a compact sensor that uses the oscillator circuit. The primary purpose of this device is to monitor the occurrence and concentration of different fertilizers and irrigation levels [65].




4.3. Vertical Farming (VF)


Arable land is decreasing with the increase in the human population, urbanization, pollution, and soil erosion. The VF is the progressive technique of advanced agriculture, which allows one to grow the crops and plants in controlled conditions, and significantly, this efficiently decreases the consumption of many resources. VF is the most suitable agricultural approach in which a small patch of land is required to cultivate crops compared to traditional farming. This conventional farming technique needs several resources, not only for crops [65,66]. Unfortunately, current farming practices, based on industrialized agriculture, are destroying soil health much more than natural reconstruction. Overall, it has been reported that the soil erosion rate is higher (10 to 40 times) than the formation rate of the soil. Recent measures used for farming cause a loss of healthy soil from the agricultural land, which is a major hazard to food production in the upcoming days. Besides, as we assume, about 70% of the freshwater is only utilized for the farming system, which will enhance the pressure on the existing water reservoirs or storage. VF is the solution for many limitations and challenges for land management and a shortage of freshwater.



For this purpose, according to Mirai, a Japanese-based indoor farming tool provides data of about 25,000 square meters of Japanese agricultural farms. Notably, it utilizes the minimum level of irrigation water compared to the production of crops in outdoor conditions and 40% of the energy [67]. The aviation farm is the leader of VF, where the yield of agricultural products in New York increased by 390 times, while water consumption was reduced by 95% [68]. Carbon dioxide is one of the crucial factors in farming as compared to other aspects of agriculture. For the estimation of carbon dioxide, a new toolkit, which is a non-dispersive infrared (NDIR) carbon dioxide wireless sensor that participates in the complete control of VF [69,70] connected to mobile devices and wireless communication technologies. These devices can automatically check the crops at each development phase.




4.4. Phenotyping


The smart methods discussed earlier seem more promising for advancing agriculture, as they have been utilized to grow various crops in a conducive environment. Besides, some advanced technologies are evaluated to control their limitations through advanced sensing and communication technologies, thereby further enhancing crop capabilities. The most efficient method is the phenotyping approach, the advanced genetic engineering technique, and biotechnology, which correlates the genetic sequences of crops for agronomical and physiological aspects, as described in Figure 4. In the last few decades, several modifications have been made in the field of genetic engineering and biotechnology. However, many factors such as grain weight and disease resistance have not been dealt with yet due to a lack of efficient techniques.



Recent advancements have described that phenotypes play an efficient role in determining many quantitative factors such as plant growth, disease resistance, crop yield, and crop quality in advanced genetic engineering and biotechnology [71]. One of these tools is image-based phenotypes and sensors, which monitor how these resolutions cannot accommodate numerous screen stimulants and help them understand the mode of action, thereby participating in their success [72]. Moreover, other tools such as the IoT and CropQuant-based phenotypes techniques are used to analyze many crop-related factors such as crop traits by genetic engineering and biotechnology for advanced agriculture [73]. Moreover, an automated production site-controlled program was established to continue the generation of data by this program. Machine learning modeling and feature analysis algorithms are given to exploit the association among phenotypes, growth environments, and genotypes.





5. Major Equipment and Technologies


In traditional agriculture, most farming measures are applied by heavy machinery, including harvesters, massive robots, and tractors. Several communications and remote sensing techniques are used to operate these machines. In advanced farming, for many crop-related practices such as irrigation, sowing, fertilizer application, and harvesting of crops, these machines and equipment are supported by GIS and GPS technologies, which are very accurate, efficient, and precise. Moreover, other agricultural measures (the site-specific management of crops) cannot replace these advanced techniques. The development of contemporary agriculture needs the efficiency of gathered information and generally has two parts [9]. First, remote sensing programs with multifunctional devices, including UAVs, aircraft, and satellites, are needed. Second, many other devices, such as ground and remote sensors, are required for particular functions at different locations. A GPS device can be used to identify the data collection spot’s location, which can be used for location-specific processing.



Over the past few decades, agriculture has shifted from small and medium-sized agriculture to highly industrialized and commercial agriculture. This shift plays an important role in advancing the agricultural industry like other developed industries because, in agriculture, data, control, and measurement are significant factors in accomplishing equality among production and cost to enhance outputs. For this purpose, the IoT is a fundamental approach for advancement and benefits in agriculture, which are well planned, managed, and automated. According to this information, between 2017 and 2022, the world’s advanced agricultural industry is expected to grow by 19.3% in one year and reach USD 23.14 billion in 2022 [33].



5.1. Smartphone


Although strong cellular communications coverage is lacking, cellular communications are the main communication methods in remote regions. Whenever a contractor is needed to update most agricultural communities, smartphones are a powerful communication technology and the primary method of communication. Recent advances in the smartphone industry have led to a sharp drop in prices, which has made the sector more attractive, especially for small farmers in rural regions. According to the global system assessment for mobile communications, this proportion is almost eight percent [74]. Moreover, features and flexibility, including GPS, microphone cameras, accelerometers, proximity, and gyroscopes, have attracted IT technicians who are creating more attractive smartphone functions to satisfy many demands of farmers [75,76,77,78].



Due to advancements in the research, experts have developed various new tools and approaches strategically to implement smartphone technology in agriculture. Several developing countries, such as Ghana, Kenya, Nigeria, Uganda, Mali, and Zimbabwe, are adopting advanced tools and techniques in agriculture [79,80,81,82]. Moreover, smartphone technology is used in many countries, such as China, Turkey, India, and several African countries, which are listed above. These countries are implementing this advanced technology to increase agriculture production and boost their economies [83,84,85,86]. The use of smartphones in the agricultural sector significantly depends upon numerous aspects. For this purpose, studies were conducted to determine smartphones’ usage for several agriculture measures [87].



Table 1 presents the classification of smartphone-related sensors that have attracted experts to use them for different agricultural purposes. Table 2 includes some significant smartphone applications generated for numerous agricultural approaches, as well as their functions and applications.




5.2. Agricultural Communication


The timely communication and reporting of information are considered to be the central part of advanced agriculture. The strong connection and participation of many factors are needed to retrieve efficient and significant purposes. Telecom operators play an essential role in disseminating communication reliability in agriculture development. Moreover, expanding the advancement of the IoT and widespread knowledge to improve the advanced agricultural industry needs a highly efficient management system. Many factors, including coverage, energy consumption, reliability, and cost, are significant and necessary before selecting a communication method.



5.2.1. Cellular Communication


Depending on the purpose and bandwidth requirements, a cellular communication mode increase from 2G to 5G might be appropriate. Besides, the reliability and even accessibility of cellular networks is a key factor in rural areas. To solve this major problem, information transmission through satellite is another important option. Still, in this case, the price of this communication mode can be very high, which makes it inappropriate for small and medium-sized farms. The choice of communication model also relies on the requirements of the application. For example, some farms require sensors to operate at a low data rate, but they need to work for a long time and require a longer battery life. In this case, the new series of the low-power wide area network (LPWAN) is considered to be an excellent answer for cellular networks. The LPWAN has a longer battery life and has a more massive connection range, and an affordable price (2 to 15 USD) [103]. Currently, crop and pasture management are the two main applications where LPWAN networks are very suitable, and due to their success, they can be used for many other agricultural applications [104]. Generally, wireless sensors used in agricultural applications are divided into three main categories according to the communication information rate and power consumption (Table 3).




5.2.2. Bluetooth


Bluetooth is an essential wireless communication mode that links small-sized devices over short distances. There are many IoT agriculture devices that are Bluetooth enabled, such as Farm note Air gateway and Color sensor work with Bluetooth-enabled sensors. Bluetooth has an ubiquitous nature, due to which it is studied as suitable equipment for multi-tier farming functions [105].




5.2.3. Zigbee


Zigbee is mainly created for a comprehensive range of applications, particularly to replace non-standard equipment. According to application needs, devices based on this etiquette can be one of the three categories: router, coordinator, and end-devices. Besides, Zigbee networks support three different topologies, namely Cluster Tree, Start, and Mesh [106]. Based on these traits and contemplating the needs of agricultural applications, ZigBee can perform a significant role, particularly for the environments of greenhouses that often require short-range transmissions. During different parameter observations, actual-time information from the sensor nodes is transmitted to the terminal server via Zigbee [107,108]. For applications such as fertilizers and irrigation, the ZigBee module can be used for transmission, such as in drip irrigation, to check the soil moisture content.





5.3. Sensor Devices


Among all the devices used in advanced agriculture today, sensor devices are highly critical and perform a crucial role in collecting crop status and other information. Sensor devices can be utilized separately or in the group as needed. Moreover, sensor devices are used for advanced farming because of their robust technology. Next, the discussion is based on the working process and purpose of the main sensor types and their benefits. The major sensor devices used in advanced agriculture are listed in Table 4.




5.4. Advanced Machines Used to Advance Agriculture


As technology advances, most manufacturers provide tractors with automatic drives. This equipment is not advanced because self-driving tractors were already on the market even before semi-autonomous vehicles. One of the major benefits of self-driving tractors is the capacity to prevent re-entering in a similar area or a similar row via decreasing overlaps with less than an inch. Moreover, they can create extremely accurate turns without a driver. The device provides higher accuracy and reduces errors, especially when spraying pesticides or target weeds; these are almost impossible when people control the machine.



Although there are no fully automated tractors/machines in the market today, many scientists, researchers, and manufacturers are working to develop the new equipment. Based on the future needs of high-tech new tractors, it is expected that about 700,000 new tractors outfitted with features such as tractor guidance or automatic steering will be sold by 2028 [5,139]. Further, it is expected that about 40,000 unmanned driving, completely autonomous cars (level 5), and tractors will be sold by 2038 [109].



However, most farmers cannot afford such advanced farming machines, and most tractor service providers and manufacturers operate far below their potentials. Considering these challenges, for example, Hello Tractor has developed a solution to these problems. The company has developed a low-cost monitoring device that can be installed on any tractor, providing powerful software and analysis tools [113,140]. The benefits of this device are twofold: it ensures that most growers can afford the tractor’s total cost while monitoring the condition of the tractor and reports if any problems occur. The software connects tractor owners to farmers who need tractor services, just like Uber’s tractors. Another major example is Case IH’s Magnum series tractors, which use on-board cameras and light detection and ranging (LiDAR) sensors to detect the object that helps avoid collision and control accidents caused by agricultural vehicles [141].




5.5. Cloud Computing


Growers can use cloud facilities to access data from predictive analytics agencies so that they can find the right products based on their exact needs. Cloud computing offers growers a knowledge-based repository that contains valuable information and experience related to farming methods and equipment options available on the market. The scheme can be further extended to include access to consumer databases, supply chains, and billing systems to make it more active.



Obviously, cloud-based services offer ample opportunities but also bring new challenges. First, various sensors are being developed and utilized in smart farming, each with its unique data format and semantics. Second, most decision support systems are application-specific. On the other hand, farmers may need access to various systems for specific applications, such as soil monitoring. Considering these two situations, cloud-based decision support systems not only need to handle the diverse data and their formats, but they should also be able to configure these formats for various applications.




5.6. Harvesting


In the agriculture sector, harvesting is a crucial phase in the crop production process because this final stage determines crop yield and, eventually, the crop’s performance. Regarding manpower, it is expected that the US faces USD 3.1 billion worth of crop losses each year due to manpower shortages [142]. Additionally, according to the United States Department of Agriculture (USDA), 14% of total agricultural costs are spent on wages and labor, and as high as 39% on some labor-intensive farms [143]. Considering the expense and manpower shortage issues at this stage, farm experts hope that the use of agricultural robotics technology will not only reduce manpower shortage but also provide flexible harvesting capabilities when required. Automatic fruit harvesting requires in-depth research on sophisticated sensors that can collect precise and unambiguous information about specific crops and fruits.



For example, strawberries are highly consumed fruits and can be purchased all year round. However, manpower, particularly during the packaging and harvesting stages, is a major factor for the high-level price of this fruit [144]. Because this fruit is mostly cultivated in the greenhouses system, the harvesting robot can reduce the production cost. A robot developed by Agrobot is capable of collecting strawberries along the field’s strawberry plant rows and enhancing packaging through the operator [145]. For example, Agrobot’s SW 6010 is a semi-automatic robot for semi-automatic strawberry picking. Tektu T-100 is a rechargeable electric strawberry harvester that operates multiple channels with a net-zero emission [144].





6. Uses of UAVs in Agriculture Advancement


Currently, the IoT plays an important role in several fields, such as the agriculture industry (e.g., fish and poultry). There is a limited communication network in the agricultural sector, including Wi-Fi and base stations, which decreases the coverage of internet technology. Advanced communication technologies are the worst in developing countries, which are the major hurdles and challenges for the implementation of the IoT in agriculture. Without a reliable communication infrastructure, the information collected using sensor devices is not transferred quickly for analysis in developing countries [146]. Under these circumstances, UAVs can provide an alternate option to gather information for data analysis and processing. Moreover, UAVs equipped with advanced thermal, multispectral, hyperspectral cameras, and wireless sensors can collect data from several hectares of agricultural lands in a short duration. Currently, the agriculture sector can obtain tremendous benefits by deploying UAVs to address several major and long-term issues. We highlight some important areas where UAVs have played a crucial role in assisting growers throughout the crop cycle globally [147].



6.1. Soil and Water Analysis


New technology such as UAVs can provide accurate data to examine soil and soil water before planting crops, which can help determine which crops are best suited for a particular land. In addition, it can provide information about the type of seed and how it can be grown under particular soils and environments [148].




6.2. Planting


Today, millions of acres are not cultivated worldwide due to the lack of appropriate manpower or human inaccessibility. The safety issue of the rough terrain is the major problem for not utilizing these areas for agricultural or forestry purposes. To this end, drone-based sowing methods are being established that can reduce sowing expenses by up to 85% [149]. Not only is it cost-effective, but it even expedites the planting because many newly formed drones can plant about 100,000 trees within one day [150]. These systems shoot pods comprise seed, which are essential nutrients required for plant growth. This technique is very effective for rough terrain; significantly, the success rate is more than 75% [151]. Because of the flexibility and success, the recommended drones can be excellent plantation systems worldwide [152,153].




6.3. Irrigation


The benefit of using UAVs are twofold in irrigation applications. First, equipping drones with various cameras and sensors can support the identification of areas under water stress to quantify irrigation water requirements. Second, they can also be utilized to spray herbicides and pesticides accurately and water on crops, particularly in emergencies, which can save time [154,155,156]. Besides, UAVs can also be utilized to assess crop water stress [157]. Because of advanced UAVs, these can be applied as water-saving tools. UAVs use not only facilitate improving watering efficiency but also identify leaks in irrigation or possible water sinks, such as “JT20L-606” [158] and “AGRASMG-1” [159], which are specially developed UAVs that are currently being utilized to serve this purpose.




6.4. Health Assessment of the Crops


Scanning agriculture crops using infrared and visible (IR) light sensor technology mounted on the UAVs can recognize which farming plants may be infested via fungicide or bacteria. Detecting any such issues in advance helps prevent the disease from spreading to other crops or plant parts [160].




6.5. Spraying Pesticides/Herbicides


UAVs can be utilized to spray insecticides, pesticides, and herbicides on crops. Spraying applications will benefit current practices of spraying pesticides or herbicides across the entire farm that is usually not needed in most cases. If UAVs are used to spray the pesticides or herbicides, they can be directly sprayed on weeds or only concentrate on the disturbed area. It can be poured directly on weeds. Besides, since UAV spraying is highly targeted to the objects/plants or weeds, it can be configured and sprayed as required, reducing overall expenses. For UAVs, handling sudden environmental changes, such as wind direction, is problematic, mainly when spraying applications [160].




6.6. Plant Species Detection/Identification


Recently, UAVs have begun to identify plant species, particularly those that are very few on the planet. UAVs are the best tools for this task, as they can fly in very remote places with limited physical access. According to the National Tropical Botanical Garden (NTBG), Hawaiian calyx Hibiscadelphus woodii was found on a vertical cliff face using a drone, which was believed to have become extinct in 2009 [161,162]. Precision farming desperately requires spatial information on crop density when making decisions during several applications. Quantities and plant numbers not only reflect crop yields, but they can accurately assess outcomes and determine the fate of a crop. Gnädinger and Schmidhalter [163] counted corn plants digitally using drones. Additionally, Jin et al. [164] proposed a technique to use UAVs to evaluate wheat plants’ density at the seedling phase and captured images using a Sony ILCEα5100LRGB camera. Crop monitoring is a daunting task and is inefficient due to the large coverage area. Compared with satellite images used in the past, UAVs provide all farm results by providing real-time monitoring data, so they are further accurate and cost-effective. Microdrones’ + m accessory kit offers aerial imaging capabilities to monitor moisture content, crop nutrients status, and other essential factors [165,166].





7. Food Safety and Transportation


The World Resources Institute’s (WRI) Comprehensive Report on Future Food Demand, released in 2018, highlights the food industry’s need to feed ten billion people before 2050. The statement aims for a five-course menu of solutions to decrease food waste and losses in the future [167]. Furthermore, the assumption is that reducing waste and loss of food by 25% by 2050 can decrease the food gap by 12%, the land gap by 27%, and the difference by which greenhouse gas emissions can be reduced by 15% [167]. For a better understanding, losses of food occurring along the food supply chain (from food production to consumption) at different geographical regions worldwide are depicted in Figure 5. The highest percentage of calories lost and wastage (61%) in food consumption was observed in North America and Oceania, whereas the lowest (5%) was observed in sub-Saharan Africa. In contrast, the lowest percentage of calories lost and wastage (23%) in food production and handling was observed in North America and Oceania, whereas the highest (76%) was observed in sub-Saharan Africa.



In addition to the WRI, the information released by the FAO of the UN is also shocking. It is projected that one-third of all food produced for humans globally wasted each year is worth USD 1 trillion [168,169]. Food waste in the US alone accounts for 1.3% of its gross domestic product [170]. Based on these numbers, it can be assumed that food wastage is critical in food industries, and such loss does not exist in non-food industries [171]. Even though food wastage worth USD 1 trillion has its economic value, more significantly, the impact of these losses on the environment is critical. For example, the water wasted on producing food that has never been consumed is the same as the water that can meet the water demand of all of Africa [167,172,173]. Today, all over the world, only 10% of perishable foods are properly well-preserved [174]. There is a massive opportunity to reduce food losses and better distribute food simply via realizing temperature-regulated transportation systems. Based on these facts, it can be concluded that enhancing food production is not enough to attain food safety. However, many useful actions are needed to obtain a better-skilled way of distributing existing food effectively. As shown in Figure 5, the IoT can monitor and maintain food quality at all stages of the entire supply chain from yield to consumption.



7.1. Compliance


The IoT can support the Hazard Analysis and Critical Control Point (HACCP) compliance, provide food security, and is an excellent monitoring program that continuously accumulates the temperature data in kitchen equipment and coolers. Its integration with the touch module is utilized to monitor the temperature in the cooler and the preparation chamber continuously [175].




7.2. Laird Sentrius


The battery-powered remote integrated sensor system takes full advantage of Bluetooth Low Energy (BLE) and Low Power Wide Area Network (LoRaWAN) connectivity. It is based on Nordic nRF51 silicon, Semtech SX1272, and offers an 868/915 MHz LoRaWAN option and provides high nRF51 performance at precise humidity temperature. The two most important families consist of RG1xx and RS1xx (multi-wireless gateways) to operate collectively to deliver cloud-based services. It is highly significant and needs cheap endpoint radios and other complex base stations to handle the network system compared with low-power wide-area network technology. If Sigfox network transmission is directed from the endpoint to the base station, communication will be better. Although it helps to have bidirectional capabilities, the power from the station to the endpoint is limited because it delivers lower downlink width than the uplink width.




7.3. Tempreporter


The HACCP is utilized to monitor temperature 24/7. Besides, it automatically records measurements. It also automatically fills the values in the report. The Health Product Regulatory Authority (HPRA) recommends HACCP to monitor the temperature. According to a Finistere Ventures report, as of 2018, global investment in AgTech was approximately USD 2 billion. Numerous assets are expected to cross these numbers in 2022. Considering the future needs of the IoT in agricultural applications, the advancement of the IoT is important. Table 5 lists some of the top global organizations with proposed AgTech initiatives, particularly in Internet technology-based agricultural solutions.




7.4. CCP Smart Label (RC4)


The CCP asserts an integrated monitoring solution for the food retail industry and food services [5]. It automates the temperature environment to meet the protection and safety of food regulations for different foods. Besides, the temperature and other information are explained and viewed on the service provider’s cloud platform via smartphones and web applications.





8. Current Challenges and Future Prospects


In 2015, the UN developed strategies that help attain sustainable agricultural development by 2030. However, the latest statistical data issued by the WHO do not look favorable for sustainability. This plan shows that more than 800 million people globally face food shortages, which is one out of every nine people in the world [185]. To address these issues, the overall grain production needs to be increased. Additionally, cash crops need to be increased to meet industrial requirements such as rubber and cotton. Most significantly, the demand for bioenergy, such as ethanol, will also increase by 2030.



This review outlines the main issues that agriculture would face by 2050. This review essentially addresses two main questions. How do the advanced technologies help to: (1) feed about 10 billion people? and (2) increase agricultural production without occupying more agricultural land? Moreover, these issues bring several challenges, such as the reduction in agricultural manpower, the decreasing arable land area, the shortage of water resources, the impact of climate change, etc. As the world shifts towards urbanization, not only is the population of rural areas declining, but it is also rapidly aging. As a result, young farmers are required to step up to take liability. Population imbalances and generational transfers will have a serious impact not only on the rural agricultural manpower but also on-farm management. Besides, while arable land is diminishing, many lands are only appropriate for select crops due to certain geographical and environmental constraints. Besides, climate change has begun to affect almost all crops. These variations are anticipated to intensify many existing long-term ecological difficulties, such as turf, floods, soil degradation, groundwater depletion, and more.



Compared with developed nations, more than 50% of the populations of developing nations are directly or indirectly involved in agriculture. Still, they are far behind developed countries in terms of quantity and quality. The population of developed countries, which is less than 2%, is performing much better. This difference is evident because Australia, the US, and most European countries have adopted improved tools and methods. Over the past fifty years, they have adopted improved instruments and techniques to increase crop production. These differences demonstrate that advanced technology and sophisticated approaches make the farm more productive and ecologically sound.



It is expected that the future of agriculture will develop into a progressive sector when integrated systems appreciate artificial intelligence and big data capabilities. These integrated systems will combine several agricultural types of equipment, tools, and techniques applicable for various agricultural management from sowing to yield forecasting. Advanced machines, such as robots of agriculture, cloud computing, artificial intelligence, and big data, can usher in a different era of super-convergence in the farming sector. Here are crucial tools and techniques that need to be applied for sustainable agriculture in the future.



8.1. Smartphone and the IoT


Information communication technologies such as smartphones and the IoT can change agriculture in developing countries by facilitating access to markets and providing problem-solving information. These technologies can also bridge the rural–urban gap, including the next generation of growers. Most agricultural-related smartphone services in developing countries have provided simple functions due to the limitations of available delivery technologies [79,80,81]. Fast-moving smartphones and the IoT may soon change by giving many opportunities for developing complex services. Today, users can use a wide variety of devices to spread more complex information. Simultaneously, smartphones and the IoT have become increasingly popular and interconnected through expanded smartphone networks, allowing for the collection and processing of large amounts of data to help agricultural farming and the establishment of social networks for information exchange and learning.



This article discusses relevant knowledge and implications, but further study is required to assess how the latest tools and technologies can be practically used to support agriculture in developing nations. For example, what challenges exist and what is needed to eliminate them? The smartphone and IoT technology developers also need to ensure that their services continue to meet a wide range of user needs, rather than concentrating too much on new machinery that may not be available to limited resource underserved growers.




8.2. The IoT and Wireless Sensors (IoTWS)


Installing IoTWS appropriately across farmland can provide growers with the latest knowledge and information and enable them to change accordingly, which helps enhance crop yields. For sustainable agriculture, the IoT can be core and forefront for farming operations. This comprises the efficient use of electricity, water, transportation of crops, alerts for the maintenance and operation of agriculture machinery, and updated market prices. It can simplify and streamline these tasks by identifying crop requirements at each step. It has proven to be advanced and will provide farmers with unprecedented control over land and assets, thereby further changing our perceptions of various agricultural activities to maximize their efficiency and effectiveness. Besides, the upcoming Internet technology can be formed by significant improvements in wireless sensor networks and 5th generation (5G) of smartphone communication technology, providing growers important updates in real-time and anywhere. Based on recent successes, by 2021, it is assessed that there will be more than 75 million internet technology-based devices working in the agriculture sector. Furthermore, the average farm is expected to produce 4.1 million data points regularly by 2050 [186].




8.3. Communication


The actual achievement of the IoT in farming depends mostly on increased connectivity. From a telecommunications perspective, connectivity and more value-added essential services have a vast perspective and can significantly affect the whole chain [187]. Almost all telecommunication operators worldwide provide connectivity facilities, but such public services represent only a small portion of the total advanced agriculture market. Given its worth, especially in remote regions, smartphone operators must offer a range of the latest services to fulfill growers’ needs. Accepting the truth that most people in the community are not highly educated, and, therefore, they do not fully understand new technologies, operators must give end-to-end resolutions, not only connectivity. Therefore, it will enhance the market share of smartphones and telecommunication operators. Peters [119,188] considered 23 experiments mainly in developing countries and concluded that cellular services and smartphone technology had brought a bright future to small farmers capable of increasing yields. It is very important to give crucial connectivity in the agriculture sector.




8.4. Drones and Other Robots


Farmers and growers use UAVs to evaluate crop growth and monitor biodiversity and ecological landscape features [189]. Additionally, considering the rugged farmland, particularly when the farmers have to grow crops on the rugged landscape, UAVs can effectively be used for water spraying and other pesticides. Compared with traditional machinery, with the same propose, robots and drones have confirmed they are worth spraying with haste and accuracy. With the latest improvements in swarm technology and task-based control, multiple sets of robots and drones armed with diverse devices such as 3D cameras can work together to give growers inclusive land management capabilities. In addition to drones, robotics in the agricultural sector have increased productivity and brought higher crop production. Robots, for weeding and spraying, are decreasing the use of pesticides.




8.5. Machine Learning and Artificial Intelligence


Machine learning (ML) and artificial intelligence (AI) are utilized to mine data for trend analysis. For example, in agriculture, ML/AI is applied to explore which genes are very appropriate to produce high-yield crops. This gives farmers worldwide better varieties of seeds that are suitable for the location and climate. On the other hand, ML/AI algorithms have demonstrated which goods are in great demand and which goods are not accessible in the market. Thus, for growers, this gives valuable information for upcoming farming. The latest advances in ML/AI will make it possible for growers to correctly classify their crop products and eliminate fewer advantageous products before they start planting.




8.6. Energy Consumption, Renewable Energy, Microgrid, and Smart Grid


Despite technological advances in agriculture, advanced farming still faces many issues that hinder the extended use of the IoT. One of the notable issues regarding energy/power consumption is that advanced agriculture needs extensive energy. The major problems for a large amount of energy consumption include the long-term deployment of sensors, repeated transmission of sensing information by general packet radio service, and GPS use. Traditionally, growers in rural areas have randomly bought and used renewable energy at high prices, which has largely restricted their use for advanced agriculture. However, to resolve the energy problem, in the long run, an in-depth analysis of the power source (such as remote information communication) can address the problem to some extent. In addition, smart grids and microgrids enable the perfect integration of distributed energy sources (DER), so they have attracted farmers’ adoption. The advent of smart meters has made farmers more confident in investing in DER, particularly because farmers can select full excess electricity to the grid. If a continuous energy source is not available for users in remote areas, alternative rechargeable devices or thermal/electrical/mechanical energy storage systems should be available for them to use. Current advances in energy storage apparatus, heating system, and electricity will further make DER smarter to growers. They will be able to store energy and use the heat created via heating and cooling when required [190,191]. Moreover, requirements of healthy investment and public awareness are two other obstacles to the success of these resolutions.




8.7. Vertical Farming and Hydroponics


In addition to adopting advanced technologies, new agricultural practices are also critical to overcoming geographical and resource constraints. While arable land is decreasing, it is assumed that 3 million people worldwide have shifted to urban areas, putting more stress on existing limited city resources [192]. Contemplating this quick migration, it is projected that before 2030, 60% of the world population will rely on urban areas, and these figures are expected to increase to 68% before 2050 [3,193]. Considering these two issues, food production may be disastrous as soon as current agricultural practices are concerned. VF solves these problems because it can meet the challenges of shortage of water and land management, and at the same time, it seems very appropriate for adoption near urban areas or cities. At least in some parts of the world, VF is depicted as the solution to food shortages and shrinking arable land. Besides, hydroponics can play a very important role, as it greatly reduces the need for space and water. The rapid growth of technologies has promoted water and nutrient efficient farming, such as VF, making it more attractive to farmers. Alongside hydroponics and VF, the latest and improved solutions are needed to boost the arable land without disturbing forests and natural animal habitats. To accomplish this, it is necessary to focus on the desert, because it covers a third of the Earth’s land surface. With Norwegian and Chinese companies/experts working in the deserts of Dubai, Qatar, Jordan, and China, solutions have begun to be developed [194,195,196]. The existence of advanced technologies, such as the IoT, is critical to achieving this target.





9. Conclusions


Due to the continuous increase in the world population, the demand for food increases. Consequently, forests and arable lands are changing into urban landscapes. In the context of shrinking arable land area, highly efficient and advanced technologies need to meet a growing world population’s food demands. At present, people can easily see the development of advanced approaches to enhance crop yield and improve other agriculture measures. Some people with a lack of innovative spirit and technology take agriculture as a profession. Although they have partnerships and collaboration among suppliers, farmers, retailers, and buyers, there is a gap between them for proper communication. To fill this gap, there is an urgent need for innovative and advanced technologies. This review covers multiple aspects of technology used in agriculture and enlightens the key role of advanced technologies, particularly the IoT, to advance agriculture to meet future expectations. Moreover, other advanced technologies, such as UAVs, remote and ground sensors, communication technologies, and cloud computing, are needed for sustainable agriculture. This review provides deeper insights into the latest research findings. Based on all of the above important information, it is concluded that there is a dire need for crop production and improvement. However, implementing these advanced and innovative technologies, such as the IoT, are genuinely indeed not optional. By adopting these advanced technologies, farmers will improve their agricultural resources and practices. The advancement in such advanced technologies will pave the path for sustainable agriculture.
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Figure 1. Key driving factors associated with the technology in advanced agriculture. This list is an effort to compile most of the activities/factors associated with agriculture, which require advanced technology. It is not meant to be a comprehensive list as many more driving factors/activities need advanced technology. 
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Figure 2. Major applications, services, and sensors for advanced agriculture, modified from Talavera et al. [26]. 
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Figure 3. Internet of Things (IoT)-based farm area devices [5,11,12,13,14]. 
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Figure 4. The process of phenotyping. 
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Figure 5. Losses of food occur along the food supply chain [5,167]. 
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Table 1. Uses of smartphone sensors in advanced agriculture. GPS: global positioning system.






Table 1. Uses of smartphone sensors in advanced agriculture. GPS: global positioning system.





	Smartphone Sensors
	Purpose
	Common Agriculture Usages
	References





	Image sensor (Camera)
	Take images of any object
	Leaf area index (LAI), fruit ripeness, harvest readiness, soil erosion, disease detection.
	[87]



	Accelerometer
	Measures acceleration that used to observe the tilting motion and orientation of the object
	Rotation of camera during use, machine activities, or detecting workers.
	[88]



	GPS
	Provides location, measuring the latitude and longitude of devices
	Used for location information, land measurement, and crop mapping
	[89]



	Microphone
	Detects usual or unusual sound and transform into electrical waves
	Maintenance of machine, detection of bugs, and making audio queries.
	[90]



	Gyroscope
	Senses the angular velocity to track the target rotation/turn
	Canopy structure measurement and equipment movement.
	[89]



	Inertial Sensor
	Utilizes accelerometer and gyro to determine the object altitude in relation to the inertial system
	The precise distance of the plant, leaves, and/or any other object is measured from the camera.
	[91]



	Barometer
	Measure air pressure
	Measure air pressure
	[92]
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Table 2. Essential applications of smartphones for various agriculture functions.






Table 2. Essential applications of smartphones for various agriculture functions.





	Mobile Apps
	Application
	Feature/Achievement
	References





	PETAFA
	GIS
	It provides information on the normalized difference vegetation index (NDVI) for different crops at various life cycles. However, it distributes geo-referenced soil analysis through packages.
	[5]



	LandPKS
	Soil Assessment
	Land management has long-term potential, depending on weather, topography, and relatively static soil properties (such as depth, soil texture, and mineralogy). The app aims to increase growers’ understanding of the land potential and climate change adaptation and mitigation activities.
	[93]



	PocketLAI
	Irrigation
	The app estimates the leaf area index (LAI), which is the main factor determining plant water requirements. It uses a moving camera and accelerometer sensor to acquire images at 57.5° under the hood while the user keeps rotating the device along its central axis.
	[94]



	AMACA
	Machinery or Devices
	Equipment costs are a significant part of crop expenditure. The application helps estimate the mechanical and implantation costs in different field operations. Follow the cutter-driven quality function deployment (QFD) approach to meet your expectations with user expectations for application design features.
	[95]



	eFarm
	GIS
	eFarm is crowdsourcing and human perception tool that collects geo-tagged agricultural land information at the parcel level. Ideal for mapping, sensing, and modeling of agricultural land systems research.
	[84]



	Ecofert
	Management of Fertilizers
	Ecofert helps manage the best use of fertilizer files. It calculates the best fertilizer combination based on the required nutritional solution and considers the needs of different crops. In addition, it considers fertilizer costs based on current market prices.
	[96]



	AgriMaps
	Land Management
	The application follows an evidence-based, site-specific approach to make recommendations for cropland management. Compared to other related applications, it provides a platform for spatial data visualization with a wider range of geospatial information.
	[97]



	SWApp
	Irrigation
	The developers of this app specifically targeted arid regions, as irrigation problems are more common in these regions. The application provides a reliable and economical solution for monitoring soil moisture and even considers weather history.
	[98]



	SnapCard
	Sparing applications
	The SnapCard application was developed for the field analysis of spray collectors based on imaging analysis. It uses different cell phone sensors and follows five imaging methods to quantify droplet deposition and size.
	[99]



	Weedsmart
	Weed Management
	This app can increase weed management in the pasture. Based on the answers given to nine questions about pasture farming systems, this application assesses herbicide resistance and the risk of weed seed banks.
	[100]



	Village Tree
	Pest Management
	Village Tree provides smart pest management solutions by collecting plant pest and disease reporters. It uses a crowdsourcing method and sends images along with location knowledge to warn other growers that may be affected.
	[101]



	cFertigULF
	Fertigation
	The tool measures the amount of fertilizer and water required for major crop types based on different crop growth systems and multiple fertilization techniques. Farmers can achieve the precise application of water and other nutrients in greenhouse farming.
	[102]
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Table 3. Data and power specifications of wireless sensors are often used for modern farming.
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	Communication/Data Type
	Possible Applications
	Expected Data Size
	Power Consumption (Active Mode)





	Small-sized data and power consumption
	Air temperature and/or wind speed, soil, leaf thickness/color (chlorophyll), fruit size, flower
	100 s of bytes
	Less than an mA (fraction of mA)



	Medium-sized data medium power consumption
	Multi/hyper spectral camera, Acoustic sensors
	10 s of Mb
	10 s of mA



	Large size data and power consumption
	Video streaming cameras
	10 s of Mb per minute
	50 A
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Table 4. Types of sensor devices.
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	Wireless Sensors
	Employment
	References





	Telematics Sensors
	Telematics sensors are the leading equipment used for communication, an agricultural-based toolkit, which is the most accurate and precise communication tool. This application is mainly used to gather information from remote areas that are not accessible easily, report the information of the machine’s working status, collect information about areas, locations, and assist in locating travel routes. These programs help farming managers automatically store and record information correlated with agriculture.
	[109,110,111]



	Remote Sensing
	Remote sensing tools are used to capture and store geographical information and several environmental and climatic parameters. Moreover, it helps in managing, manipulating, displaying, and analyzing geographical and spatial information. These sensors help assess several factors, such as forecasting, monitoring, yield assessment, crop evaluation, land degradation, and pest management (e.g., using LiDAR, satellite, UAVs). For example, the Argos sensor can be used for processing, disseminating, and collecting global-based data and is compatible with smartphone platforms.
	[112,113,114,115,116]



	Acoustic Sensor
	Acoustic sensors provide other tools for farm management, such as weeding and fruit harvesting. The major advantage of this advanced technology is its low price with quick response capabilities, particularly when considering convenient devices.
	[33,117,118]



	Light Detection and Ranging (LIDAR)
	This technology is utilized in different agricultural applications, including segmentation, land mapping, farm 3D models, determining soil types, yield prediction, soil loss, and monitoring erosion. Moreover, LiDAR is also utilized to monitor dynamic measurements, such as leaf area and fruit.
	[119,120,121,122,123,124]



	Optical Sensor
	These sensors use the phenomenon of light reflection to help measure soil organic matter, soil moisture, and color, the presence of minerals and their composition, clay content, etc. These sensors can be used to evaluate the soil’s ability to reflect light based on different parts of the selector’s magnetic field.
	[125,126]



	Ultrasonic Ranging Sensor
	This type of sensor can be one of the best choices in various agricultural applications because of its low price. It is easy to use, and its sampling rate can easily be adjusted/modified. Frequent uses are tank monitoring, spray distance measurement (for example, boom height and width control for uniform spray reporting, object detection, and collision avoidance), and crop canopy monitoring.
	[127,128,129]



	Optoelectronic Sensor
	Optoelectronic sensors can distinguish plant types; hence, they help to detect weeds, and other plants, particularly in wide-row crops. Optoelectronic sensors are also capable of differentiating between vegetation and soil from their reflection spectra.
	[130]



	Electromagnetic Sensor
	Electromagnetic sensors are used to record conductivity and transient electromagnetic responses, identify electrical responses and adjust variable-rate applications in practical situations. Sensors based on this technology use electrical circuits to measure the ability of soil particles to conduct or accumulate charge, which is mainly accomplished by two methods; contact or non-contact.
	[131]



	Electrochemical Sensor
	This is used to assess soil characteristics to analyze the soil’s nutrient level, for example, pH. Standard chemical soil assessment methods are often time-consuming and expensive and can be simply replaced with these advanced sensors. These sensors are used to measure macro and micronutrients, salinity, and pH in the soil precisely.
	[132,133]



	Mechanical Sensors
	Mechanical sensors evaluate the mechanical resistance (compaction) of the soil to indicate variable compaction. Mechanical sensors enter or pass through the soil and record forces evaluated by strain gauges or load cells.
	[134]



	Airflow Sensor
	These sensors measure the soil’s permeability and moisture content and identify the soil structure to distinguish different soil types. Measurements can be made in a single position or dynamically during movement, for example, in a fixed position or mobile mode.
	[135]



	Mass Flow Sensor
	This sensor is used for yield monitoring because it provides yield information by measuring the amount of grain flow (for example, when passing through a combine harvesting).
	[136,137]



	Eddy Covariance-Based Sensor
	This sensor can be utilized to quantify the exchange of water vapor, carbon dioxide, methane, and other hydrologic and climatic parameters. This eddy covariance technique provides a robust technique to quantify the gas fluxes among soil, vegetation, and atmosphere, which are essential for most agricultural applications in various ecosystems.
	[134,138]



	SWLB Sensor
	Soft water level-based (SWLB) sensors are utilized in advanced agricultural watersheds to monitor hydrological behavior, including flow and water level, inflexible time-step acquisitions.
	[9,136]







Note: This list is an effort to compile most of sensors used in the advanced agriculture. It is not meant to be a comprehensive list as many more sensor devices are used in agriculture.
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Table 5. Key role of some of the technological applications regarding IoT in advanced agriculture.
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	Organization
	Initiatives and Vision
	References





	Google
	In order to provide food heating systems, Google and the MIT Media Lab Open Agriculture Initiative (Open AgTM) proposed a vision for future agriculture and crops. To give advanced cloud-based services in advanced agriculture the program (e.g., Food ComputerTM equipment) and many open-source technologies in closed and climate-controlled environments. They also proposed different initiatives, such as its Climate Recipe Program, which proposed solutions based on the cross-correlation of plant phenotypic responses with biological, environmental, and genetic variables.
	[176]



	Microsoft
	Microsoft has begun to invest in advanced agriculture. The company started a five-year, USD 50 million plan in 2018 named Al for Earth. In this plan, Microsoft targets four key areas for building a suitable future: agriculture, climate, water, and biodiversity. The primary goal of the company is to use its expertise in cloud computing, artificial intelligence (AI), and the internet to solve agricultural problems.
	[177]



	Intel
	Infiswift is an IoT platform based on a high-performance Intel architecture that aims to improve the efficiency of agricultural operations by providing connected services throughout the agricultural ecosystem.
	[5]



	Jasper, Cisco
	Jasper is part of Cisco and provides a cloud-based software platform for agribusiness IoT. The platform is rapidly embracing IT services to realize advanced agriculture using automation, real-time visibility, and remote diagnoses.
	[178]



	Watson, International Business Machines (IBM)
	Watson Decision is an AI-based service that delivers an agricultural platform designed to use advanced equipment and IT to develop the sustainability, harvest, and value of advanced agriculture. In this way, IBM uses its experience, data, and AI services to support growers in making excellent decisions throughout the planting stage.
	[179]



	Hewlett Packard Enterprise (HPE)
	Purdue University has begun to use wireless sensor innovation and the IoT to revolutionize agricultural research; every day, different sensors, cameras, and different types of manual input are used to capture essential data, all of which are processed and evaluated in real-time. In order to effectively monitor food quality, Purdue cooperates with HPE to integrate research, innovation, and technology such as cloud computing and internet technology to transform into the latest practice of digital agriculture.
	[180]



	Dell
	Dell has begun to introduce agricultural robots and machines equipped with advanced machine learning and AI functions. The company has currently joined Aero-farms (vertical agricultural power) to accelerate the provision of the IoT and data science services for advanced agriculture.
	[181]



	Qualcomm
	Qualcomm Ventures (QV) has been one of the leading wireless companies for the past 15 years, and now QV considers AgTech to be one of the main investment areas for future projects. They have recently established global partnerships with Strider (Brazilian Farm Management Platform), Ninjacart (Indian Agricultural Comprehensive Trading Market), and FarmEasy (Chinese Farm Data Platform), especially in Latin America Partnership reveals the status of advanced agriculture.
	[182,183]



	Hello, Tractor
	Hello, Tractor and IBM Research have established a blockchain-based platform AI that pays special attention to African growers. The new technology giant co-founded by IBM will jointly test the product this year. The cloud-based service, dubbed Digital Wallet, aims to support the Hello Tractor business, which is dedicated to providing small-scale farmers with technical equipment and analytical data to create advance agricultural ecosystems.
	[184]



	Farm2050
	According to Farm2050, worldwide food production has to be increased by 70% from the current levels to meet the increased food demand for a population of approximately 10 billion by 2050. This is a major initiative for AgTech in the future, as 25 world-leading organizations such as Google, Microsoft, Bayer, John Deere, and Pepsi cooperate with this organization. Its rudimentary objective is to use new technologies to develop the future of food by supporting AgTech entrepreneurs and start-ups.
	[185]
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