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Abstract  
The aim of this study was to characterize, through patentometrics, the technological dyna-
mics associated with precision agriculture based on international filings, identifying temporal 
trends, protection jurisdictions, leading applicants, and dominant technical areas. An obser-
vational cross-sectional study (2025) was conducted following WIPO guidelines for patent 
landscape reports. Espacenet was queried using a deliberately broad strategy combining IPC/
CPC codes with title or abstract text filters, restricted to PCT applications and the 2005–
2025 window. Data cleaning reduced 39 996 initial records to 1 497 PCT documents and to 
1 367 documents published after 2005, suggesting that much prior art follows national rou-
tes and that the PCT subset concentrates inventions with global market ambition. The time 
series showed acceleration from 2013, and an inflection point in 2017; trend growth was 
supported by a 7.29% CAGR (2014–2024), although forecasting models were sensitive to the 
most recent years due to publication lag. The protection is concentrated in the United States, 
China, and the European route, with fragmented leadership and the coexistence of universi-
ties and firms and with a technological core focused on farm management and decision su-
pport, remote sensing and AI, and in-field execution. It is concluded that the field remains in 
expansion and offers differentiation opportunities through integration, interoperability, and 
operational validation. 
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knowledge management, intellectual 
property, interoperability, Internet of 
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Introduction  
Throughout history, agriculture has been a 

central pillar of human development. Traditional 
agriculture, based on manual practices and the 
domestication of plants and animals, is known 
as Agriculture 1.0. With the Industrial Revolution, 
machinery was incorporated into farming, and with 
the Green Revolution, the use of chemical fertili-
zers, pesticides, and improved seeds increased, 
leading to Agriculture 2.0. In the mid-1990s, the 
first information technologies began to be widely 
introduced through the use of basic sensors and 
satellite monitoring; in addition, significant advan-
ces were made in agricultural biotechnology, gi-
ving rise to Agriculture 3.0 (Herrera & García-Ber-
trand, 2018; Viola & Mendes, 2022).  

At present, the integration of the technolo-
gical sector and data analysis continues, but on a 
much broader scale, with cutting-edge technolo-
gies and advanced systems. This has given rise to 
Agriculture 4.0, or precision agriculture, characte-
rized by the integration of robotics, artificial intelli-
gence, the Internet of Things, and automation with 
the aim of achieving more efficient and sustainable 
production (Santos Valle & Kienzle, 2020). At the 
same time, these advances present unpreceden-
ted challenges for agriculture.  

Agriculture is currently facing a global crisis 
driven by several interrelated factors, including po-
pulation growth, the depletion of natural resources, 
and the effects of climate change. According to the 
Food and Agriculture Organization of the United 
Nations (FAO), the world population is projected to 
reach 9.7 billion people by 2050 and 10.8 billion by 
2080. This demographic growth will place conside-

rable pressure on agricultural production systems 
(FAO, 2018). 

Against this challenging backdrop, pre-
cision agriculture emerges as a transformative 
innovation in agricultural resource management. 
Precision agriculture, or Agriculture 4.0, involves 
comprehensive data analysis and the applica-
tion of advanced technological tools aimed at 
maximizing agricultural productivity, reducing 
environmental impact, and promoting sustaina-
bility (Getahun et al., 2024). Its implementation 
has demonstrated tangible benefits on multiple 
fronts. Precision agriculture not only optimizes 
the efficiency of agricultural systems but also 
addresses critical global challenges such as food 
security, the conservation of natural resources, 
and resilience to climate change. 

By integrating technologies such as sensors, 
drones, and geographic information systems, the 
generated data enable farmers to make informed 
decisions that improve both crop performance 
and ecosystem health. Thus, precision agricul-
ture is positioned as a vital solution for ensuring 
a sustainable and responsible agricultural future 
(Sanyaolu & Sadowski, 2024). Beyond the specific 
technologies it incorporates, what is relevant for 
this study is that the widespread adoption of these 
solutions has generated a growing body of paten-
table inventions, opening the possibility of studying 
the dynamics of the field through patent evidence. 

In this context of accelerated digitaliza-
tion, as sensors, data platforms, and automated 
systems become increasingly widespread, a 
growing volume of technical solutions, business 
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models, and actors are emerging, competing, 
collaborating, or specializing in specific niches. 
This creates a clear methodological need: 
approaches that make it possible to observe the 
evolution of the field through evidence, identi-
fy the directions of innovation, and distinguish 
which developments are closest to becoming 
large-scale productive applications. 

To address this need, various indicators 
are used to assess technological progress and its 
adoption dynamics. Among these, patent analysis 
occupies a prominent place because it captures, 
in a structured manner, technical and legal infor-
mation on inventions, makes it possible to identify 
rights holders, territories where protection is sou-
ght, and temporal trajectories of innovative activity 
(Moscatelli et al., 2024). Furthermore, because 
patenting typically involves costs, time, and a 
deliberate effort to protect a competitive advanta-
ge, patent records can function as early signals of 
expectations for economic exploitation, particularly 
when sustained growth patterns are observed in 
specific subfields or technological families (Mosca-
telli et al., 2024; Trippe, 2015). 

Beyond serving as a measure of inventi-
ve activity, patents make it possible to develop 
strategic insights. On the one hand, they facilitate 
comparisons among countries, regions, or sec-
tors in terms of innovation intensity, technological 
priorities, and development orientation. On the 
other hand, they help map the ecosystem of ac-
tors—including companies, universities, research 
centers, and public agencies—that are driving 
solutions, as well as identify potential collabora-
tion networks or concentrations of capabilities. 
In public policy and institutional planning, such 
evidence can support the definition of technologi-

cal agendas, research and development invest-
ment priorities, and more realistic approaches to 
technology transfer (Trippe, 2015). 

Specifically, a patentometric analysis of 
precision agriculture can contribute to at least four 
analytical objectives. First, it can characterize the 
temporal evolution of the field and its subdomains, 
such as remote monitoring, agronomic diagnos-
tics, variable-rate application, smart irrigation, 
data management, decision-support platforms, 
autonomous machinery, and traceability systems. 
Second, it can compare protection dynamics 
across jurisdictions to infer where value capture is 
being pursued, and which markets are considered 
priorities. Third, it can identify leading actors and 
their institutional nature to understand the orienta-
tion of development, whether closer to research, 
commercialization, or applied deployment. Fourth, 
it can provide insights into the translational di-
mension of innovation, that is, the extent to which 
inventions are connected to operational imple-
mentation, scaling, and use under real production 
conditions (World Intellectual Property Organiza-
tion (WIPO), 2026). 

Based on the above, the present study 
aims to retrieve and refine the patent landscape 
related to precision agriculture and use this cor-
pus to identify technological maturity, geographic 
distribution, leading actors, and technological 
dynamics within the field. In doing so, it seeks 
to provide an empirical foundation that comple-
ments the conceptual discussion on Agriculture 
4.0 and serves as an input for decision-making in 
research, development, and technology transfer 
in the agricultural sector. 
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Methods
To ensure technical rigor, transparency, and 

reproducibility of the results, the methodological 
design (a 2025 cross-sectional observational 
study) of this research is strictly based on the 
international guidelines established by the World 
Intellectual Property Organization (WIPO). 

Specifically, the framework described in the 
manual Guidelines for Preparing Patent Lands-
cape Reports (Trippe, 2015) was adopted. This 
standard proposes a coherent structure that 
encompasses the definition of scope and search 
strategies in specialized databases, data norma-
lization, and the generation of analytical indica-
tors that support informed decision-making. The 
application of this international guideline helps 
mitigate information retrieval bias and ensures that 
the processing of patent families meets the quality 
criteria required in the scientific and professional 
field of industrial intellectual property. 

Scope 

For document retrieval, WIPO Patent Coo-
peration Treaty (PCT) applications were establi-
shed as the inclusive filtering criterion and the cen-
tral axis of the search strategy. The PCT system, 
administered by WIPO, enables applicants to seek 
protection for an invention in multiple countries 
through a single international application. Such an 
application has the same effect as filing national 
applications in member states. The PCT simpli-
fies, centralizes, and increases the cost-efficiency 
of the process, while also facilitating examination 
by national offices and the technical disclosure of 
inventions (WIPO, 2026). 

The selection of patents filed directly throu-
gh this international office is based on three 
methodological considerations. First, WIPO patent 
applications are subject to highly demanding 
technical filing standards. Second, their interna-
tional nature facilitates statistical comparison by 
relying on standardized filing conditions, thereby 
mitigating biases derived from the specific legisla-
tion of national patent offices. Finally, filing through 
international offices suggests an invention with 
significantly greater economic potential and global 
reach compared with purely local applications 
(Trippe, 2015). 

Time frame 

The analysis covers a complete 20-year pe-
riod, from 2005 to 2025. This observation window 
makes it possible to identify the historical evolution 
and emerging trends within the field of study. It is 
important to note that the patent volume analyzed 
at the end of the period (2024–2025) does not 
necessarily reflect the total number of patents 
filed during those years. Due to the institutional 
structure of intellectual property processing, there 
is a standard delay of approximately 18 months 
between the priority filing date and the official 
publication date. 

Therefore, while data up to 2023 provide 
complete coverage of innovation activity, the 
figures corresponding to the final 18 months of the 
study represent only a partial sample composed of 
inventions that have already completed the confi-
dentiality period and have been released into the 
public domain. 
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Data base  

The searches were conducted using Espa-
cenet, the open-access database of the European 
Patent Office. This platform was selected because 
it is considered one of the most robust publicly 
accessible tools with the broadest global covera-
ge (WIPO, 2022). Its data integration capabilities 
provide access to a vast collection of technical 
documents from multiple jurisdictions, ensuring 
that the technology surveillance process is suppor-
ted by the widest possible spectrum of information 
available within the state of the art.  

Search strategy 

A deliberately broad search strategy was 
applied with the objective of capturing, with high 
sensitivity, the largest possible share of the te-
chnological landscape related to precision agri-
culture. The query was structured by combining 
two complementary criteria. First, a set of IPC/
CPC classification codes associated with the 
stages, components, and implications of precision 
agriculture was used (Table 1). These included, 
among others, agricultural activities and crop ma-
nagement, fertilization and phytosanitary control, 
applied biotechnology, sensing and measurement 
technologies, automation and control systems, 
information and communication technologies, and 
indicators related to sustainability. 
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Table 1 
IPC/CPC classification codes used 

Segmentation Code Technological Area

Agriculture A01B Tillage and soil cultivation in agriculture or forestry,
and agricultural machinery accessories.

Agriculture A01C Planting, sowing, and fertilization.

Agriculture A01D Harvesting, mowing, crop collection, and crop handling
during harvest.

Agriculture A01F
Post-harvest processing and handling, for example:
threshing, packaging, storage of agricultural products,
and associated equipment.

Agriculture A01G Horticulture, cultivation of vegetables, flowers, rice,
fruit trees, vineyards, forestry, and irrigation.

Agriculture A01H New plants, plant breeding, plant reproduction, and tissue
culture.

Agriculture A01K
Livestock farming and breeding, poultry farming,
beekeeping, aquaculture, fisheries, new breeds, or animal
management.

Agriculture A01M Physical pest control (non-chemical).

Agriculture A01N Biocides, pest repellents/attractants, plant growth
regulators, pesticides, herbicides, etc.

Agriculture A01P Biocidal and repellent activity.

Fertilizers C05 Fertilizers, their composition, manufacture, and use.

Biotechnology C12N
Microorganisms or enzymes, genetic engineering,
biotechnological compositions, and applied molecular
biology.

Sensors andcontrol G01 Measurement and testing, sensors, and instrumentation.

Sensors andcontrol G05 Automatic control or regulation systems.
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Second, to ensure the thematic relevance of 
the results, a textual filter was incorporated requi-
ring the presence of terms related to agriculture 
and precision-based approaches in the title or 
abstract, using English keywords and truncation 

operators to capture morphological variations. In 
this way, broad coverage was balanced with a 
minimum level of relevance control, reducing the 
inclusion of documents unrelated to the domain of 
precision agriculture. 

Segmentation Code Technological Area

Sensors andcontrol G06 Computing or calculation, data processing, algorithms
(from software to applied AI).

Sensors andcontrol G07 Checking devices and methods, recording, counting,
administrative control, or validation.

ICT G16Y Internet of Things, IoT.

ICT G16Z Information technology for specific application domains,
including agriculture.

Communications H04B
Transmission and electrical communication systems
according to the medium or propagation path; covers
different types of transmission.

Communications H04L Digital information transmission, protocols, data
communications, digital telegraphy, etc.

Sustainability Y02A Technologies for climate change adaptation.

Sustainability Y02D ICT whose purpose is to reduce its own energy consumption.

Sustainability Y02P
Climate change mitigation in production or goods-
processing processes; includes agribusiness, agriculture,
fisheries, and related sectors.
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Table 2 
Keywords used by thematic block 

Data analysis  

For prospective assessment and tech-
nology forecasting, the following forecasting 
methods were applied: (a) CAGR (Compound 
Annual Growth Rate), which calculates the 
constant growth rate of a variable over a given 
period; (b) ARIMA (Autoregressive Integrated 

Moving Average), a statistical model that com-
bines autoregressive, moving average, and 
integration components; and (c) ETS (Error, 
Trend, Seasonality), a forecasting model that 
decomposes a time series into its error, trend, 
and seasonal components (Chatfield, 2001). 

Block Theme Keywords

Technological
Approach

Precision preci?ion; sustainab*; smart; remote*

Application Agriculture agricult*; farm*; crop*; soil*
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Figure 1 illustrates the refinement process. 
In the initial broad search, the combination of clas-
sification codes and keywords yielded 39,996 re-
cords after applying the regional scope filter. When 
restricted to PCT patent applications, the dataset 
was reduced to 1,497 documents, representing 
approximately 3.74% of the initial total. This decli-
ne suggests that a substantial portion of the prior 
art is concentrated in national filing routes, whe-
reas the retained fraction tends to represent inven-
tions with global market potential. Finally, applying 
the temporal filter for documents filed after 2005 
reduced the dataset to 1,367 documents, retaining 
approximately 91.3% of the PCT subset. This 
indicates a relative stability of recent activity within 
the PCT route, consistent with current innovation 
cycles and contemporary regulatory conditions. 

Results and discussion    

Retrieved documents  
Figure 1 shows the refinement process 

based on the previously defined search strategy, 
using successive filters designed to reduce noise, 

narrow the scope, and retain only comparable and 
relevant records for subsequent analysis. 

Figure 1

Results obtained from Espacenet  

Technological evolution 

Technological evolution and forecasting 
analyze the temporal trajectory of the field based 
on patent activity, understood as an observable 
indicator of applied invention, R&D intensity, and 
industrial consolidation. Growth patterns, phase 
transitions, and signals of stabilization or accele-
ration are examined, and trend lines and forecas-
ting models are incorporated to estimate future 
dynamics. This approach provides quantitative 
evidence to support assessments of the technolo-
gical maturity and expansion potential of the field 
(Trippe, 2015).



Revista Científica CEDIA - ISSN:  3151-8435p - 230

Figure 2

Technological evolution and forecasts in precision agriculture 

Figure 2 suggests a field that has evolved 
from an exploratory phase, characterized by iso-
lated solutions, to a stage of accelerated growth 
driven by the convergence of technological 
advances. Year-to-year fluctuations, rather than 
indicating structural instability per se, are gene-
rally associated with investment cycles, shifts in 
technological focus, and, above all, publication 
delays and the maturation of patent families. 
Therefore, recent declines should be interpreted 
with caution before being viewed as evidence of 
technological decline.  

Historically, technological evolution in 
agriculture has occurred gradually. From the 
domestication of plants and animals approxi-
mately 10,000 years ago to nineteenth-century 
mechanization and the Green Revolution of the 
twentieth century, the sector has undergone 
crucial technological leaps, although these have 
been widely spaced over time. Precision agricul-
ture, however, represents a recent exponential 
disruption. The incorporation of digital technolo-
gies, remote sensing, artificial intelligence, and 
automated systems has triggered a new cycle 
of intensive innovation, as evidenced by the 
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substantial increase in patenting activity over 
the past decade (Klerkx et al., 2019). 

The historical trajectory shown in the figu-
re illustrates a transition from a modest baseline 
of patent publications to significant expansion 
beginning in 2013, with a visible inflection point 
in 2017. This upward trend is consistent with 
declining costs and increased adoption of tech-
nologies such as remote sensing, geographic 
information systems, unmanned aerial vehicles, 
and spatial analysis models. This growth is 
associated with their broad range of applications 
in precision agriculture, including soil mapping, 
irrigation, spraying, yield prediction, and real-ti-
me monitoring of climatic variables.  

Recent year-to-year fluctuations generate 
an uncertain outlook between stabilization and 
decline. This trend may be explained by the 
increasingly stringent regulatory requirements 
associated with the development of products ba-
sed on nanoparticles and biological organisms, 
as well as the need for more extensive valida-
tion before commercialization (Kah et al., 2018; 
Krieger, 2015). In addition, the technological 
maturity achieved in this field, with at least 35 
years of development, has enabled commercial 
scalability, facilitating the generation of patenta-
ble innovations (Mulla, 2013). 

From a forecasting perspective, the CAGR 
trend line (7.29% for the period 2014–2024) 
supports continued long-term growth in the field, 
consistent with the expansion of enabling tech-
nologies and with regulatory and public policy 
initiatives promoting agricultural digitalization 
and innovation (World Bank, 2025). The diver-
gence among forecasting models (ETS sugges-
ting stabilization and ARIMA indicating a steeper 

Jurisdictional distribution of 
patent protection 

The geographical distribution of techno-
logical output is analyzed from the perspective 
of intellectual property jurisdictions rather than 
countries themselves (Trippe, 2015). Although this 
study is limited to patent families filed through the 
PCT route, this figure focuses on identifying the 
jurisdictions in which inventions enter the national 
phase, that is, where applicants decide to convert 
an international application into enforceable rights. 
This perspective is essential because the choice 
of jurisdiction determines the legal and strategic 
scope of patent protection. Identifying the jurisdic-
tions where patent applications are concentrated 
provides insight not only into the most dynamic 
markets but also into those in which higher levels 
of competition or future demand are anticipated. 
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Figure 3

Jurisdictional distribution in precision agriculture    

The jurisdictional distribution shows where 
precision agriculture inventions tend to enter the 
national phase after the PCT route, which gene-
rally reflects both R&D capacity and expectations 
regarding market opportunities and commercial 
appropriation. The leadership of the United States 
(US) and China (CN) suggests that the technolo-
gical frontier is being shaped within ecosystems 
characterized by strong industrial dynamism, 

broad adoption of digital technologies, and agribu-
siness value chains capable of industrial-scale de-
ployment. The prominence of the European Patent 
Office (EP) reinforces Europe’s role as a major 
protection jurisdiction, associated with demanding 
markets and regulatory and standardization fra-
meworks that may increase entry barriers and im-
pose interoperability, traceability, and performance 
requirements (European Commission, 2025). 
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In the United States, the retrieved patent 
portfolio suggests that the technological frontier 
of precision agriculture is consolidating around 
three major axes, which are also reflected in the 
most frequent CPC classifications. First, agrono-
mic decision-making based on models and data 
is represented by irrigation support solutions that 
integrate climate, crop, and soil variables to gene-
rate operational recommendations (Mewes, 2018). 
Second, intelligent field delineation and prescrip-
tion are reflected in approaches combining remote 
sensing and artificial intelligence with large-scale 
soil inventories (J. G. White et al., 2023), as well 
as multi-year yield analyses for prescription map-
ping and variable-rate applications (Hunt, 2017). 
Third, there is a clear trajectory toward automation 
and proximal sensing, ranging from robotic remo-
te sensing using multispectral systems for field 
monitoring (Kumar et al., 2019) to modular instru-
mented implements for agricultural operations and 
data acquisition (Antle et al., 2024).  

In China, the patent landscape reveals a 
strong concentration on digital infrastructure for 
smart agriculture, emphasizing connectivity, plat-
forms, and control, together with remote sensing 
and algorithms, in line with the combination of 
G06Q50 and computer vision and AI classifica-
tions such as G06V10, G06T7, G06T2207, and 
G06N3. A representative example is the control of 
agricultural machinery through terminal devices, 
satellite positioning, and messaging architectures 
that integrate data with ministerial interfaces or 
farm management platforms (Pan et al., 2021). 
The portfolio also includes management methods 
that integrate agronomic variables with meteorolo-
gical information and, notably, economic variables 
such as market prices to support decisions such 
as harvest timing (Du, 2018). In addition, solu-
tions focused on sensor networks and robust field 
communications are observed, including LoRa 

gateway architectures for remote monitoring and 
operational control (Cai et al., 2024).  

The presence of patent families entering 
the European Patent Office suggests a protec-
tion strategy targeting high-value and highly 
regulated markets. Overall, the dominant classi-
fications in this jurisdiction reflect a technologi-
cal field driven by the convergence of agricultu-
ral management and decision-support software; 
sensing, analytics, and diagnostics; mechaniza-
tion and field operations; and climate adaptation 
and sustainability (Y02A40, A01B79, G06Q50, 
A01C21, G06Q10, G01N33, A01C7). This com-
bination is consistent with the European priority 
of digitalizing the agri-food sector and scaling 
efficient agricultural practices (FAO, 2018). 

For example, decision-support approa-
ches and agronomic zone management based 
on remote sensing and artificial intelligence are 
observed (J. White et al., 2023), together with 
field operation and control components such 
as guidance controllers for precision agriculture 
(Mortimer et al., 2018) and the use of mobile 
devices as operational interfaces for farmers 
(Ramachandran & Villela, 2022). 

A second group comprises jurisdictions 
such as Australia (AU), Canada (CA), Japan 
(JP), and South Korea (KR), which typica-
lly function as technologically sophisticated, 
high-value markets where patent protection 
is associated with advanced mechanization, 
agricultural robotics, and data management 
solutions. The presence of Brazil (BR), together 
with Argentina (AR) and Mexico (MX), suggests 
an interest in capturing value in Latin America, 
particularly in large-scale agriculture and ex-
port-oriented value chains, although at a lower 
intensity than the leading jurisdictions. Ecuador 
does not appear among the principal jurisdic-
tions in the dataset, indicating that national-pha-
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se entry into the country is a low priority within 
these patent families.  

When expansion into Latin American 
jurisdictions, particularly Brazil and Mexico, is 
examined, the pattern appears to be more se-
lective and oriented toward specific agricultural 
markets, with a strong emphasis on local adap-
tation, costs, and the protection of solutions that 
can be directly deployed in the field. Mexico pro-
vides examples of protected production systems 
focused on protected agriculture and soil and 
plant management (Eguiluz & Villegas, 2015). 
It also includes technologies for the release of 
biological pest control products using dispen-
sers mounted on manned or unmanned vehicles 
(De Oliveira Machado & Rodwell, 2022). Brazil 
is associated with solutions directly applicable to 
field operations and sustainability, such as peri-
meter barrier methods for insect control in crops 
(Carvalho & Joelcio, 2020). This portfolio aligns 
with the CPC distribution emphasizing A01B79 
and A01C21, related to agricultural operations 
and planting, together with G06Q50 for mana-
gement and decision support, and Y02A40 for 
climate resilience. 

Regarding innovation in agricultural tech-
nologies in Latin America, the Inter-American 
Development Bank’s innovation laboratory (IDB 
Lab) identified more than 450 active agtech star-
tups in 2020, all established within the previous 
five years. Of these, 51% were located in Bra-
zil, 23% in Argentina, and 18% in the Andean 
subregion (Viton et al., 2020). Among the main 
areas driving the digitalization of Latin Ameri-
ca’s agricultural sector are specialized software, 
digital sensors, drones, robots, autonomous ve-
hicles, territorial mapping systems, GPS, cloud 
technologies, the Internet of Things, big data, 
biotechnology, precision agriculture, and related 
technologies (Galvez & Galvez, 2024). 

Leading patent applicants 

Patent applicants may be either natural 
persons or legal entities that hold the legal and 
commercial rights associated with patent appli-
cations. Distinguishing the nature of applicants, 
whether companies, universities, or government 
institutions, provides insight into innovation 
dynamics, knowledge protection strategies, and 
the interests driving technological development. 
Furthermore, this analysis is closely related 
to the geographical distribution of intellectual 
output, as applicants tend to concentrate their 
filings in strategic jurisdictions that reflect market 
priorities and international protection strategies. 
Accordingly, the analysis of leading patent appli-
cants provides essential information for mapping 
the competitive landscape, identifying potential 
collaborators, and anticipating technology trans-
fer trends (Trippe, 2015). 
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Figure 4

Main applicants in precision agriculture 

Figure 4 presents the ranking of the top 20 
applicants within the analyzed PCT corpus, orde-
red by the number of published patents. Jiangsu 
University leads the list with 19 documents (1.18% 
of the total), followed by a group of four industrial 
actors with 13 patents each (0.81%): Climate 
Corp, Climate LLC, Kubota KK, and Ping An Tech 
Shenzhen. These are followed by a relatively 
continuous descending distribution among the 
remaining applicants. Overall, no applicant ex-
ceeds a 1.2% share, and the difference between 
the first and the twentieth-ranked applicant is 
only 12 patents, revealing a ranking with no clear 

dominance. Leadership is distributed among Asian 
universities, European agrochemical conglomera-
tes, Japanese and U.S. machinery manufacturers, 
and agricultural software and data companies, 
configuring a multi-actor landscape characteristic 
of technological fields in an expansion phase. 

The applicant ranking reveals a mixed group 
of actors composed of universities and technology, 
chemical, and machinery corporations. The fact 
that the leading individual applicants each ac-
count for approximately 1% of the total suggests a 
competitive and relatively fragmented ecosystem, 
with multiple parallel lines of development and no 
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clear dominance capable of independently limiting 
market access.  

On the academic front, Zhejiang University 
is associated with methodological developments 
in remote sensing and analytics for critical agrono-
mic variables, such as soil salinity, phenology, and 
yield estimation, strengthening the monitoring and 
prediction layer for site-specific decision-making 
(Lin et al., 2023; Z. Shi et al., 2023, 2024). Jiang-
su University reflects an agenda more closely 
focused on instrumentation and automation under 
operational conditions, including mobile platforms 
and detection devices for greenhouses, as well as 
solutions related to irrigation, measurement, and 
implement control, bringing these developments 
closer to transferable prototypes (Li et al., 2019; 
J. Shi et al., 2023; Zhang et al., 2020; Zuo et al., 
2019). 

Within the industrial sector, a sample of 
the analyzed portfolio suggests a complete value 
chain. Kubota KK focuses on mechanized ope-
rations and control, particularly where precision 
depends on teleoperation and navigation systems, 
which are critical for implementing recommenda-
tions in the field with repeatability (Fujii, 2024; Mat-
suzaki, 2024). Climate LLC is positioned in digital 
agriculture, combining remote sensing, modeling, 
and recommendation generation for crop mana-
gement, yield, and soil properties, providing a key 
layer for converting data into prescriptions (Baurer 
et al., 2024; Casas et al., 2022; Cisek et al., 2025; 
Xu & Xu, 2021).  

BASF Agro Trademarks GmbH reinfor-
ces the optimization of application practices and 
agronomic decision-making through methods and 
devices aimed at improving efficiency and the 
controlled application of inputs (Hoss et al., 2024; 
Janssen et al., 2022; Kiepe et al., 2024; Peters et 
al., 2023, 2025). Finally, Ping An Tech Shenzhen 
Co. Ltd. illustrates the entry of data-driven actors 
into agricultural assessment and management 
based on agroclimatic and remote sensing infor-

mation, thereby expanding the ecosystem toward 
digital services (Gao et al., 2022). 

This academia–industry combination is 
consistent with the acceleration phase observed 
in the temporal evolution, where sustained growth 
in activity indicates the consolidation of solutions 
and market expansion. The fragmented leaders-
hip, together with recent growth, suggests room 
for technological differentiation through integration, 
interoperability, and field validation rather than 
through a single isolated invention.

Main technological areas 

The Cooperative Patent Classification 
(CPC) and International Patent Classification (IPC) 
systems are hierarchical classification systems 
that organize patents according to their technical 
content at the section, class, subclass, and group 
levels. The key difference is that the IPC serves 
as the international baseline standard, facilitating 
broad comparability across patent offices and 
studies, whereas the CPC is a more granular ex-
tension used primarily by the European and U.S. 
patent offices, which typically captures technolo-
gical nuances and specific applications in greater 
detail (WIPO, 2022). 

Both classification systems are analyzed to 
obtain a more robust interpretation by combining 
the broad coverage and comparability of IPC 
codes with the greater technical granularity and 
specificity of CPC codes. Together, the distribution 
of classification codes makes it possible to identify 
the technological areas concentrating the greatest 
activity within the landscape, identify intersections 
among agriculture, sensing, data, and automa-
tion, and recognize the fronts where development 
shows the greatest dynamism and, consequently, 
the highest competitive pressure (Trippe, 2015). 
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Figure 5

Main technological areas in precision agriculture    

Based on the leading IPC/CPC codes, the 
field of precision agriculture is organized around 
a technological architecture with a digital core 
(management and decision-making), supported 
by an intensive sensing and analytics layer and 
complemented by mechanization and agronomic 
interventions. In addition, a cross-cutting layer of 

sustainability and climate adaptation spans multi-
ple areas of development. This architecture can be 
summarized into four trends. 

First, a core centered on agricultural ma-
nagement and decision support. The greatest 
emphasis is placed on platform-type solutions for 
agricultural management and operations, ranging 
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from planning, resource allocation, and monitoring 
to actionable recommendations. This is reflected 
in codes related to administrative applications in 
agriculture (G06Q50/02) and forecasting or opti-
mization for management purposes (G06Q10/04). 
From a competitive perspective, this core su-
ggests that the “competitive space” is shifting 
toward software, decision models, and data 
orchestration rather than isolated devices.  

Second, an enabling core based on sensing, 
remote sensing, and AI-driven analytics. This area 
brings together computer vision applied to vegeta-
tion and agricultural scenes (G06V20/188), image 
analysis schemes associated with vegetation 
(G06T2207/30188), and soil or agricultural sample 
analytics (G01N33/24), reinforced by machine 
learning methods (G06N20/00) and neural networ-
ks (G06N3/08). This cluster indicates that much 
of the differentiation occurs in how biophysical va-
riables are captured, interpreted, and transformed 
into robust predictions at the field scale.  

Third, field execution and crop mana-
gement. This category includes technologies 
for precision agriculture and its implements 
(A01B79/005), controlled application of inputs, 
particularly fertilization with controlled application 
and dosing (A01C21/005 and A01C21/007), and 
spraying equipment (A01M7/0089). It also encom-
passes solutions for controlled environments or 
greenhouses (A01G9/24). This trend translates 
analytics into action and typically represents the 
segment of the state of the art closest to practical 
implementation when a project involves direct 
physical intervention in crop production.  

A fourth cross-cutting trend encompasses 
sustainability and climate adaptation considera-
tions. Codes Y02A40/10 and Y02A40/25 refer to 
climate change adaptation in agriculture and water 
management, indicating that water-use efficiency, 
resilience, and environmental risk mitigation have 
become design criteria integrated into both the 
digital core and the input application layer. 
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Conclusions   
The successive refinement of search 

results confirms that a broad search strategy 
based on IPC/CPC codes and text filters can 
capture the field with high sensitivity and that 
restricting the search to PCT applications se-
lects a comparatively small fraction of the initial 
universe. The reduction from 39,996 records 
to 1,497 PCT documents, and subsequently to 
1,367 documents published after 2005, sug-
gests that a significant portion of the state of 
the art circulates through national filing routes, 
whereas the PCT subset concentrates inven-
tions with global market aspirations and provi-
des greater methodological comparability within 
the defined scope. 

The observed temporal evolution des-
cribes a transition from an exploratory phase 
to a stage of acceleration, with marked growth 
beginning in 2013 and a visible inflection point in 
2017. Although recent year-to-year fluctuations 
are observed, they should be interpreted in light 
of the approximately 18-month lag between 
priority filing and publication; therefore, declines 
near the end of the study period should not be 
interpreted as evidence of decline. The com-
pound annual growth rate (CAGR) of 7.29% 
for the 2014–2024 period supports an overall 
upward trend, while the divergence among 
forecasting models, indicating either stabilization 
or decline depending on the method, suggests 
sensitivity to the most recent years and is con-
sistent with a scenario of technological maturity 
and increased competition. 

In practical terms, the patent landscape 
shows that the competitive space is shifting 
toward a digital core focused on management 
and decision support, reinforced by sensing, 
remote sensing, and artificial intelligence-based 
analytics, and integrated with field execution 
through mechanization and agronomic inter-
vention. The concentration of protection in the 
United States, China, and the European route 
indicates that value capture is being contested 
in ecosystems with strong industrial and digital 
capabilities and that standardization, interopera-
bility, traceability, and performance frameworks 
may raise barriers to entry in demanding mar-
kets. The fragmented leadership, together with 
the coexistence of universities and companies, 
suggests that inventions are increasingly as-
sociated with integration, interoperability, and 
validation under operational conditions rather 
than with a single isolated invention. 

Based on the observed patterns and the 
study limitations, future research should expand 
coverage to include national filing routes to 
estimate differences between global and local 
innovation and update the analysis once publi-
cation of the final 18 months of the study period 
has been completed. It would also be advisable 
to complement the patentometric analysis with 
approaches that capture innovation not reflec-
ted in patents, such as scientific publications 
or market information, while maintaining clarity 
regarding the scope of each source of evidence.
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