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Abstract: Vertical farming is a new agricultural system which aims to utilize the limited access to
land, especially in big cities. Vertical agriculture is the answer to meet the challenges posed by land
and water shortages, including urban agriculture with limited access to land and water. This research
study uses the Preferred Reporting for Systematic Review and Meta-analysis (PRISMA) item as
one of the literary approaches. PRISMA is one way to check the validity of articles for a literature
review or a systematic review resulting from this paper. One of the aims of this study is to review
a survey of scientific literature related to vertical farming published in the last six years. Artificial
intelligence with machine learning, deep learning, and the Internet of Things (IoT) in supporting
precision agriculture has been optimally utilized, especially in its application to vertical farming. The
results of this study provide information regarding all of the challenges and technological trends in
the area of vertical agriculture, as well as exploring future opportunities.
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1. Introduction

The world population is increasing at an accelerating rate. According to a UN report,
the world population is expected to reach around 8.5 billion by 2030 [1] and is even pre-
dicted to reach 9.7 billion by 2050 [2,3]. The challenges posed by reliable food demands
will be influenced by various factors, including climate change, water scarcity, and limited
land due to increasing urbanization [3]. Research on agriculture has become an important
focus [4]. The smart farming model is an essential step towards sustainable agriculture [5],
which applies intelligent technological innovations in agriculture by leveraging modern
technologies, such as the Internet of Things platforms, fog/edge computing, cloud comput-
ing, and storage, all from the most advanced information and communication technologies
(ICT) [6]. Vertical agriculture is the answer to the challenge of land and water shortages,
including urban farming, which has limited access to land and water [7]. One of the
goals of this research is to provide information about agricultural land use by applying
the development of vertical farming models [8-10], and intelligent system technology in
vertical crop production based on IoT [11-13], as well as processing data collected with the
role of machine learning algorithms from various scenarios, such as intelligent irrigation in
vertical land technology, predicting yields, monitoring growth, monitoring diseases, and
proposing framework models on vertically integrated farmland effectively. They are all
conducted to change the paradigm of the traditional agricultural industry into a modern
agriculture format from the perspective of precision and smart agriculture [2,14].

Machine learning focuses on developing computational artificial intelligence methods
that can access various types of data (text, numbers, images, video, and audio), and is
supported by data communication technology capabilities with data streaming speed
(velocity) using the data for self-learning [15].
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The study also presents a framework that maps the activities defined in smart farming,
the data sets or features used in the data modeling, and the machine learning algorithms
used to analyze the features for each activity defined in the described stages of the chain
and the farm sequences. Vertical farming offers many opportunities to combine advances
in genetics with advances in environmental modification and to produce a guaranteed
quality and quantity of crops regardless of the weather, soil conditions, or impacts of
climate change [10]. This enables the opportunity of producing functional or specialized
food from staple foods through environmental control and manipulation [16]. Vertical
farming has various advantages over horizontal rice field farming, observed from the
perspectives of environmental, social, and economic stability. New high-tech cultivation
methods, including hydroponics, aeroponics, and aquaponics, largely challenge the need
for soil-based agriculture for a wide variety of crops [17] and also present a viable option
for growing crops in urban environments where the geographic footprint is limited and the
demand for on-time product delivery always increases [8]. A research approach was taken
to obtain the technology used to achieve this goal, at a low cost, by utilizing the Internet
of Things (IoT) [18,19] and artificial intelligence [20] on machine learning techniques [15]
to help transform big data into knowledge [21]. The IoT approach requires a set of sensor
devices, including temperature, light, soil moisture, nutrition, and several other supporting
sensors, which are monitored continuously and obtain data through the data transmission
path where sensor data can be communicated wirelessly using microcontrollers and wireless
modules to build intelligent and precise agricultural processes using IoT [22].

The main objective of this research is to introduce a model of vertical crop farming
as an era of precision and intelligent agriculture as an embodiment of intelligent agricul-
ture. Artificial intelligence methods are described that combine the processing of big data
collected by IoT systems, the use of machine/deep learning in different vertical irrigation
scenarios, as well as for yield predictions, monitoring growth and disease, and assessing
sample quality. Vertical farming (VF) opens up a new era of intelligent agricultural engi-
neering that has the potential to meet future food requirements. Looking at the current
agricultural trends, VF can utilize all agricultural IoT devices in multiple dimensions.
Applying agricultural technologies such as Al (artificial intelligence), machine learning,
productivity, and quality factors will increase the efficiency of VF [23].

In Figure 1. The design of the proposed VF model represents a new era of intelligent
agricultural engineering. The application of the Intelligent Internet of Things concept by
combining artificial intelligence and machine learning algorithms, productivity, and quality
factors will improve VE.

Intelligent system agriculture refers to data-driven agriculture, which can adaptively
keep up with future developments by utilizing new technologies for the improvement of
agricultural knowledge systems from the availability of larger amounts of data [24]. With
the advancement of data management, smart agriculture is growing exponentially, and
generating relevant data has become a key element in modern agriculture to assist users in
decision-making [25]. The concept of data-centric agriculture has been promoted in several
formats, such as Agriculture 4.0, Digital Farming, and Smart Farming, and was born from
telematics and data management combined with the concept of precision agriculture to
improve agricultural operational accuracy [26]. IoT in the context of agriculture refers
to the use of sensors and other devices to transform every element and action involved
in agriculture into data [27]. IoT is a model for developments in Agriculture 4.0 [28]
and becomes one of the reasons why agriculture can produce a large amount of valuable
information. The agricultural sector is expected to be heavily influenced by technological
developments and innovations in IoT [6,29]. The big data concept applied to agricultural
applications at the Consortium of International Agricultural Research Centers (CGIAR)
uses big data [30].
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Figure 1. A conceptual architecture of smart vertical farming.

Data-based management in agriculture uses spatial- and time-based data measured
from plants’ soil or other parameters, data from sensors, and the decision stage involv-
ing pre-processing activities and an artificial intelligence algorithm approach to get the
appropriate data and helps in making and creating the right decisions [25].

2. Research Methodology

The approach uses a systematic literature review (SLR), i.e., a method of managing
information sources from related research according to predetermined topics [31]. In
this study, SLR was conducted to determine the feasibility and study of smart farming
technology in vertical farming. The research searched using the term: “smart agriculture”
is then inserted with the term: “vertical agriculture” which will appear in the title, abstract,
and keywords of articles with approaches to “artificial intelligence”, “machine learning”,
“deep learning”, “IoT” and intelligent algorithms applied to agricultural systems. This
paper uses selected reporting items for systematic review and meta-analysis (PRISMA) as
one of the SLR approaches. PRISMA is a way to check the validity of articles for literature
review or systematic review [31]. PRISMA, in this study, evaluates a systematic review or
meta-analysis composed of a checklist of items as a systematic review or meta-analysis.
Steps for preparing a checklist item for a systematic review and meta-analysis:

1. Title: confirm and identify as systematic review and meta-analysis.

2. Abstracts are structured; namely, there is a background, methods, results, and conclusions.

3. In the Introduction section, discover the urgency of the systematic review or meta-
analysis and the purpose of the systematic review or meta-analysis.

4. The method of conducting a literature search process is searching for sources of
literature portals, describing inclusion and exclusion criteria from articles or research,
representing the number of articles obtained during the initial search, and then the
reasons for exclusion, so how many manuscripts can be accepted.

5. Results describe with a diagram the selection process of the article.

6.  Discussion section on the relevance and plausibility of the findings. The limitations
they face start from the study selection process to the limitations in the process.

7. Conclusions from findings from systematic reviews and/or meta-analyses are brief,
concise, and clear.

PRISMA explanation flow can be seen in Figure 2.
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Four-step evaluation of literature search process (PRISMA)
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Record excluded
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“vertical farm” =
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Figure 2. Literature review with four stages of PRISMA evaluation.

2.1. Literature Review

The survey was conducted by looking at the global scope of innovations related to
vertical smart agriculture using machine learning with the evaluation carried out in four
stages including identification, screening, feasibility, and inclusion [32]. Literature review
in perspective was completed by identifying, evaluating, and interpreting the scope and
results of related and relevant research, which is shown in Table 1.

Table 1. Systematic observation of the literature review.

1. What types of digital technology are used for vertical farming and smart farming?
Research question 2. How are technological fievelopments and intel}iggr}t algorithm models app'lied in t}'le context of
the tools, the technologies used, the level of reliability, and the type of farming applied?
3. What are the key opportunities and barriers to implementing vertical farming for smart farming?
1.  Journal articles, original papers, review papers, conference papers
2. Periodic publication: 2016-2022.
3. Potential answers to research questions.
Selection literature 4. IS\(I:opu(s2 )indexed articles by listing title, affiliation, year, source, abstract, and quartiles (Q1-Q4 and
on—Q).
5. The focus of the literature is on the development of vertical land models with intelligent systems
in the concept of smart farming based on artificial intelligence /machine learning algorithms.
6.  Publications are written in English.

Literature source

Scopus, IEEE Xplore, Multidisciplinary Digital Publishing Institute (MDPI), Science Direct.

Search keyword

((“Farming OR Agriculture”) AND (“Vertical agriculture” OR “Vertical Farming” OR “Intelligent

Farming” OR “Smart Agriculture” OR “Precision Agriculture” OR “Smart Farming” OR “Greenhouse ”

OR “Internet of Things” OR “IoT” OR “Cloud Computing” OR “Edge Computing” OR “Wireless

Sensor Networks ” OR “Acrtificial Intelligence ” OR “Big Data ” OR “Data Analytics ” OR “Data Science

” OR “Cyber-Physical System ” OR “Robotics ” OR “Computer Vision ” OR “Machine Learning ” OR

“Deep Learning ” OR “Data Integration ” OR “Supervised learning ” OR “Unsupervised Learning ” OR
“Decision Support System ” OR “fuzzy”))

Figure 2 explains the criteria that have been mentioned and refer to Table 1 on the
Research question, Selection literature, Literature sources, and Search keywords with four
steps of PRISMA evaluation:
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1.  Identification: The amount of data from searches in the Scopus index database, MDP],
science direct, etc., is 424. The amount of data from other sources (recommendations
from experts/manual searches/reports/news) is 2706, and the amount of data that
appears with the keyword “vertical farm” is 358.

2. Screening: The total number of data identified and then the amount of data after
duplicate data was deleted and indexed by Scopus and deemed irrelevant was 271.
The number of data released after the selection based on the title and abstract was
172. The exclusions of search results based on title and abstract are: “vertical farm

"o v

objects”, “use of artificial intelligence”, “machine learning and deep learning methods
for vertical farms”, “IoT base farming”, “literature studies”, and “published outside
2016-2022".

3. Eligibility: The amount of data in the form of a full-text article and excluded because
it does not meet the criteria based in Table 1.

4. Inclusion: The amount of data synthesized in the systematic qualitative review and

the complete study included in the meta-analysis selected 68 datasets.

2.2. Research Trends in Vertical Agriculture

Based on the distribution of 68 articles from 2016 to 2022, it can be seen in Figure 3, that
32% of the scientific publications occurred in 2021 and 25% in the first six months of 2022.
Figure 4 shows the distribution of scientific articles indexed by reputation at the quartile
level (Scopus). This trend seems to always increase in the application of digitalization of
vertical agriculture by utilizing artificial intelligence [33].

PUBLICATION YEARS

m2016 m2017 2018 2019 w2020 w2021 w2022

Figure 3. Distribution of literature from 2016 to 2022.

A literature review focusing on vertical farming with Al has been carried out from
several existing papers. In relating the novelty of this study to other surveys, a comparison
of surveys similar to those available is carried out in Table 2. Most public surveys present
urban farming technologies, vertical farming, IoT, automation, and Al reviews. However,
this study concentrates on quantitative research related to vertical farming models with AL
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Figure 4. Distribution of articles by 2016 to 2022 quartiles.

Table 2. Comparison with Other Surveys in the Literature.

Article by Quartil

EQl mEQ2 mQ3 Q4 m-

Reference Research Content Our Paper
The study reviews various new and
disruptive technologies introduced in . . .
. : . In this paper, various emerging and
urban farming: the internet of things, disruptive technologies for urban
automation, artificial intelligence, . p . &
robotics, blockchain, digital twins agriculture are reviewed and assessed.
[34] ! D oL Based on the literature from 2015 to

renewable energy, genetic modification, .

additive manufacturing. and 2021, IoT, automation, and Al do not

nanotechnologv. Each ;g, hnologv i cover the survey of vertical farming

. D 08Y: Bach IeCNo 08y 15 models.

discussed in terms of its application,

advantages, and disadvantages

Th1§ paper presents an overview of the What distinguishes it has not been

various practices and aspects that can . . .

. reviewed in more detail from the

[35] be or are currently being automated, ) .

using robotics. ToT. and Artificial survey on the vertical farming model

5 N . using Al and IoT.

Intelligence (AI) more productively.

This study aims to monitor and control

vertical farming by scheduling The results of this study are not a
[36] agricultural activities by solving review related to vertical agricultural

Job-shop scheduling problems. A survey technology in the development

genetic Algorithm was developed to of Al and IoT.

monitor farm locations remotely.

This survey discusses a comprehensive

overview of the USVF concept using

various techniques to increase Have not focused on the relevant
[37] productivity and the type, topology, technology, have not discussed some of

technology, control system, social
acceptance, and novelty benefits of
the paper.

the Al algorithms that have been used
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Table 2. Cont.

Reference Research Content Our Paper
Urban smart vertical farming (USVF)
uses various techniques to increase
productivity and its types, topologies,
technologies, control systems, social Focus on IoT Architecture and LoRa
23] acceptance, and benefits. This study communication. We have not discussed

focuses on multiple issues, challenges,
and recommendations in systems

some of the Al algorithms that have
been used in vertical farming.

development, vertical farm
management, and modern technology
approaches

In Table 2, many studies have been conducted on using Al, machine learning, deep
learning, and IoT in vertical farming. However, none of these studies focus on using smart
vertical farming for food crops such as paddy, corn, and wheat. Study research on vertical
agricultural land using artificial intelligence, machine learning, and deep learning on staple
crops such as rice, wheat, or corn is one of the new opportunities for food crop agriculture
research on vertical land that can be controlled and monitored at any time. Potential
research gaps in vertical farming with artificial intelligence are:

1.  The challenges of indoor rice production compared to indoor vegetable production.
2. More complex growth involves vegetative, reproductive, and ripening phases.

3. More precise and complex water, nutrition, and lighting management.

4. More extended production period from planting to harvest.

The novelty of this study is to address a new opportunity to study the development of
intelligent and precise indoor production for rice crops using vertical farming. This is the
novelty of this research.

Based on the distribution of 68 articles from 2016 to 2022 shown in Figure 3, 32% of
scientific publications in the last six years will be published in 2021. Figure 4 shows the
distribution of scientific articles indexed by reputation at the quartile level (Scopus), with
details Q1 16% (11), Q2 10% (7), Q3 16% (11), Q4 9% (6), and No Q 49% (33). The trend of
the number of research and publications is constantly increasing in the implementation
of digitalization of vertical agriculture by utilizing artificial intelligence [33]. In detail, the
publications mentioned in the agricultural object types are shown in Figure 5.

. Research Term

62
60
50
40 3
30
19
20 15
) I I . . I :
l I ° B
0 : - ! - .
Q N\ @ < Q < 3 &
\v\ &8 \\\03‘ ;K =~ o" ] @ & 7;\\0 e«\“ bb NI é\o © & Y a,@(' &
& @ @D & .b N &L b\’ N & & @
&§ N & & o $ S D < < & &
L LN K% L P LK ¥ & o
& & & o 2 NN EIRS S
3 & 9 @ PR
N oo &° & X
& & S >

Figure 5. Numbers of articles in the research sample that mention specific research terms.
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Figure 5 shows the number of objects in the agricultural sector based on a literature
study that applies smart farming. The type of agricultural object refers to the approach
taken such as using soil or soilless media, developing smart farming concepts, precision,
automation, and disease detection. Based on the occurrence frequencies of specific terms
is that the vertical farm object in the selected article is the most dominant discussion.
Furthermore, from the distribution of the 68 selected articles, in Figures 6-8, the trend of
publications indexed in the reputable database that the vertical agriculture theme from
2016 to 2022 is always increasing.

70
. Article by quartil - Scopus
50 HQl mQ2 mQ3 mQ4 m-
40
30
. i |
- E BN
0 l = B R i _ LI | o = I
smar preci artifi .
. smar . . . disea .
agric ) verti| t | . sion |auto |prod cial yield . food
t lintell ._lindusclima|~ . A R pa . se . wate| . livest
ultur I, cal |agric agric| mati uctiolintell rice predi crop soil secur
farmi igen ry e . y dete " . r ock
farm ultur ultur, on | n ligenc . __ction ity
ng ction
e e e

- 23 18 8 |32 2 2 3 4 8 13 4 0 0 4 3 /19 8 11 0 4

Q4 2 3 4 5 0 2 1 1 2 1 1 0 0 0 0 1 1 1 0 0
mQ3 8 5 4 8 2 0 2 1 3 4 4 0 0 2 0 5 2 4 0 0
mQ2 2 3 4 7 0 0 2 0 0 4 4 0 0 0 0 2 1 1 0 1
mQl 8 4 4 10 3 0 1 0 0 6 2 1 0 0 1 5 3 2 0 2

Figure 6. Distribution of objects in the vertical farm of 68 selected articles by quartiles (Scopus).

TREND RESEARCH OBIJECT YEARS
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60
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20 l
- 1B =in =R

0
smar smar preci artifi disca
agric|” |, verti| t . . sion|auto | prod| cial yield . food
t intell . lindu clim |~ . A e pas . se . wate .. lives
ultur . cal |agric| agric/ mati uctio intell rice predi crop soil secur,
farm igen stry | ate . detec|” . r tock "
e . farm ultur ultur, on | n |igen . “lction ity
ing tion
e e ce
m2022 8 6 7 |17 0 1 4 0 4 95 1 0 1 1 9 314 03
m2021 19 12 9 |20 3 1 23,2 13,710 02 1 103 4 0|2
m2020 8 | 7 6 11| 2 1 1 0 212 1 o/0 2 0,7 6|4 0 0
2019 6 | 6 1 9|2 1 1 2 33 1 0O, 0 02 4|3 5 0|2
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Figure 7. Distribution of trends in vertical farming of 68 articles selected by year.
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Figure 8. Distribution of artificial intelligence trends in vertical farming of 68 articles selected by year.

2.3. Al Research Trends in Vertical Farming

Artificial intelligence (Al) involves the development of theories and computer systems
capable of performing tasks that require human intelligence, such as sensory perception
and decision making [38] which are combined with Cloud Computing, IoT, and big data.
Al, especially in machine learning (ML) and deep learning (DL) aspects, is considered one
of the main drivers behind the digitalization of smart agriculture. This technology has
the potential to increase crop production and improve real-time monitoring, harvesting,
processing, and marketing [39]. Several intelligent farming systems were developed that
use ML and DL algorithms to define various parameters such as smart irrigation, lighting,
weed detection, yield prediction, or disease identification. The type of vertical farming
proposed to be a smart farm has been reviewed in several kinds of literature as well as
reviews conducted with a focus on artificial intelligence [2,4]. One of the findings of this
review is that machine learning and deep learning algorithms are proven to be better in
providing high-accuracy quality results compared to other algorithms in terms of accuracy
when applied to various agricultural problems, such as disease detection and identification,
fruit or crop classification, and fruit counting among other domains [40]. Figure 9 shows
the trend of the artificial intelligence approach based on a literature study.

Figure 9 describes the research trend of the vertical farming model structure taken
from 68 related articles, under research studies on types and structures of vertical farming
development with soil use, hydroponics, energy use, and indoor lighting systems. Study
analysis shows that most of the research focuses on open farming systems and large areas
of land, compared to research on vertical farming systems. This is due to the high costs
associated with developing intelligent technologies and systems which typically also in-
volve hardware installation. The centralized network subscriptions and software packages
are required to facilitate data processing, management of IoT devices and equipment, and
knowledge exchange, which in turn increases operational costs.

Based on the literature study described in Table 3, it was found that Al and ML tech-
niques are still rarely explored in indoor vertical farming systems, whether they are using
soil media or without, especially for hydroponics, aquaponics, and aeroponics [32]. There
are only a few publications listed in the table related to intelligent system models with
ML techniques. Unlike the case with artificial intelligence in agricultural applications that
are not vertical land models, many explorations with machine learning in agriculture are
classified into three categories, i.e., supervised learning, unsupervised learning, and rein-
forcement learning [34]. ML techniques and algorithms that have been widely implemented
in the agricultural sector are for prediction of crop yields, disease and weed detections,
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weather prediction (rainfall), estimation of soil properties (type, moisture content, pH,
temperature, etc.), water management, determination of the optimal amount of fertilizer, as
well as livestock production and management [15].

TREND RESEARCH TYPE 10T BASE FARMING YEARS

2016 m2017 ®m20183 =2019 w=2020 w2021 2022

2022
2021 1
2020 6
2019 5
2018 1
2017 0
2016 0

sensor

monitoring internet led

Figure 9. Distribution of IoT trends in vertical farms from 68 selected articles by year.

Table 3. Studies in the use of Al for the development of intelligent vertical agriculture.

application

Model o .
ML/Algorithms Approach Application Crops/Area Observed Features Article
Presenting an efficient
Genetic Algorithm methoq based on the . Control and increase
genetic algorithm Indoor vertical . .
and Job-Shop . fruits food production and [36]
. developed to solve the farming ; .
Scheduling . predict harvest time
proposed scheduling
problem
A three-dimensional
numerical model for
RNG k is implemented optimizing airflow and
RNG k-epsilon to consider the impact of Indoor vertical heat transfer in a vertical
air pressure and barriers . Vegetable plant farm space system [41]
model . . farming A
in the computing taking into account
domain carbon dioxide
consumption, and
oxygen production.
Fuzzy logic handles Number of crops type,
certainty and fuzzy .
. production volume,
evaluation based on the .
. . attractiveness,
distance from the mean Hydroponics Planting system sustainability, flexibilit
Fuzzy Logic solution (EDAS) method  system in vertical g Syst ¥ Y [42]
N . without soil workforce requirement,
assists in the system farming
. stock-out cost,
evaluation

decision-making
process.

transportation cost, and
investment cost
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Table 3. Cont.
Model Approach Application Crops/Area Observed Features Article
ML/Algorithms PP PP P
Fuzzy Logic, .
WEDBA (Weighted Venture capital
. ; attractiveness, effective
Euclidean Distance .
Based The WEDA and manufacturing process,
. . MACBETH methods . workforce requirement,
Approximation) were used to rank three Smart system in Planting system security, space
and MACBETH . hydroponic N8 Syst U, sp [43]
. smart farming . . without soil requirement, R&D
(Measuring L vertical farming i .
- alternatives in urban capabilities, expansion
Attractiveness by a o
C . areas opportunities,
ategorical Based .
] investment, and
Evaluation :
. maintenance cost
Technique)
Present four
mathematical models for
Integer Linear planning the growth of
Program crops in a vertical . . .
(ILP)-Crop Growth  farming system, which Vertical Leaf Machine s‘chedu.hng and [44]
. farm vegetables configuration
Planning Problem are
(CGPP) strengthened using
variable fixing and valid
inequalities.
Mixed-Integer Three ap})roaches using Vertical farming
. polynomial, pseudo, and elevator energy . . . .
Linear . . T Vertical agriculture Driving energy in
. hybrid variables minimization . [45]
Programming 1 ial end bl energy source vertical farms
(MIP) (polynomial en problem
pseudo) (VFEEMP)
Viola-Jones Detection of spot disease
. .ComputerA algorithm and Ha.ar—hke Detect spot disease  Telemetry vertical in tomatoes is designed
vision—Machine feature extraction in tomatoes farmin using [46]
learning method for the & 377 images of infected
machine learning tomatoes
Multi-criteria
Multi-criteria decision-making
decision-making (MCDM) framework to
(MCDM) and assess the VF systems. A Vertical farming . Evaluate the urban
. Comparative study .
Pythagorean fuzzy novel Pythagorean fuzzy feasibility of aericultural farming framework to [47]
set (PFS) set (PFS) with Choquet evaluation & choose the right strategy
vertical land
Pythagorean Fuzzy Integral model framework and change the strategy
Choquet Integral integrated is
(PFCIp) recommended for VF
technology evaluation
The fuzzy logic control
will be based on the Development and
state of charge (SoC) of design of power Power generation
Fuzzv Logic each node. A wireless generation and and distribution New renewable energy 48]
y Log sensor network (WSN) distribution for vertical in vertical farming
will provide two-way optimized for farming
communication between vertical farming.
nodes and coordinators.
Three categories of Al The study discusses how
Support Vector models commonly . L
. S . . Al is adopted in soil
Machine (SVM), used in soil Multiphonics
.. . . management and MVF
Decision Tree (DT), management and Vertical Farming Leaf vegetable . . [49]
. . for tasks including
and Neural agricultural production (MVF) system classification. detection
Network (NN) to enable smart farming ’ ’

to be introduced

and forecasting
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Table 3. Cont.

Model e .
ML/Algorithms Approach Application Crops/Area Observed Features Article
Regression tvpe The growth of the plants
& yp is checked every 24 h
feed-forward deep
Feed Forward . and based on the
learning Greenhouse Tomatoes [50]
Neural Network growth, the necessary
a neural network has s .
been utilized conditions are provided
for the target growth
Automatic method for Methods for
extracting phenotype vision-based plant
features, based on CV, phenotyping in
3D modeling and deep indoor vertical farm
Machine learning. From the Vertical farms with under artificial lighting.
learning-computer extracted features, artificial lighting Vegetables This method combines [51]
vision height, weight, and leaf (VFAL) 3D plant modeling and
area were deep segmentation of
predicted and validated higher leaves, for 25-30
with ground truths days, associated with

obtained manually

growth

2.4. IoT Research Trends in Vertical Farming

IoT refers to interconnected computing devices, sensors, actuation equipment, and
machines connected to the internet, each with a unique identity and ability to perform
remote sensing and monitoring [52]. IoT reference model architecture has six layers, i.e.,
physical devices and controllers, connectivity /network, edge/fog computing, data accumu-
lation, data abstraction, and application layer (user interface) [4]. The development of IoT
applications in vertical farms requires the support of hardware and software infrastructure
as well as communication media to ensure the interconnection of various heterogeneous
components [53]. This support is one of the vertical efforts of agriculture in Industrial Tech-
nology 4.0, namely the cyber-physical system (CPS) which refers to a distributed system
that combines physical devices with communication networks automatically. CPS bene-
fits from various existing technologies, namely intelligent agents, IoT, cloud computing,
computer vision, big data, ML, and DL [54].

A wireless sensor network (WSN) is considered a type of technology used in IoT
systems. It can be defined as a group of spatially distributed sensors for monitoring the
physical conditions of the environment, temporarily storing the collected data, and trans-
mitting the collected information at a central location [6,55]. The results of the study that IoT
is applied significantly in agriculture, due to its broad purpose and function in monitoring,
tracking, tracing, agricultural intelligent machines, and precision agriculture [52], which is
one of the main research objectives in the smart farming approach. However, there are still
few studies that conduct some research on vertical agricultural land by considering data
reliability, interoperability, and IoT smart systems in the development of the intelligent
vertical farming system. This can be seen in Figure 10; the trend of IoT-based agricultural
research that focuses on the research of IoT applications, monitoring (water, temperature,
humidity, pH), and lighting systems.

The results of the studies from previous research on IoT applications on vertical farms
in Table 4 have been developed for the management of various services on vertical farms.
Most systems are still classified as prototype and conceptual. Considerable research has
been reported on greenhouses, but none was found that is relevant to vertical farming.
The application of IoT in vertical farming has attracted significant research because its
application has potential in various fields, such as the application of the CPS model to
vertical farming applications, and is a challenge because it requires the right hardware and
software [56].
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Figure 10. Trend-type structure distribution in vertical farms from 68 articles selected by year.

Table 4. IoT applications in vertical farming.

Area Application Approach Method Reference
Hydroponics, Tomato plant Developele using Arduino, Raspberry Deep Neural Networks 157]
growth Pi3, and Tensor Flow.
NB-IoT sensor network (deployed in
Urban farming balconies of two multistory Fuzzy logic [58]
building structures)
DSSto Onl.me database.capture.d by I O.T Decision support systems (DSS) based
. . technologies and robotic machines, it is - . -
Urban farming decision support S - . on modeling and simulation have
¢ K promising to achieve a high level of been developed farmi [59]
ramewor L . een developed to assess farming
automation in the field of
. systems
urban agriculture
Use of artificial
intelligence (AI) with a
Plant Factory Artificial Light database, Internet of Things Al-based smart PFAL [60]
(PFAL) management system (IoT), light-emitting diodes management system
(LEDs), and phenotyping
unit
Greenhouse environmental monitoring,
Plan Factor develop complex mathematical models Controlled [61]
y to minimize energy input or use solar environment agriculture (CEA)
or wind energy
The important element for such
Smart indoor farming—secure solutions is a cloud, IoT, and AgroRobot and Indoor Farming [62]
and self-adapting robotics-based smart farming Support as a Service (IFSaaS)
framework.
Determination of nutrients needed for ~ Clustering quantity using the K-means
- plant growth, such as nitrogen (N), method and a prediction approach
Real-Time Greenhouse phosphorus (P), and potassium (K)in ~ using the Self-Organizing Map (SOM) [63]

Environmental Conditions

soil or water, is the key to vertical or
closed crop cultivation with IoT

method to enhance the device capacity
and real-time analytics
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Table 4. Cont.

Area

Application Approach Method Reference

CPS/IoT Ecosystem: Indoor
Vertical Farming System

Smart agricultural systems using
CPS/I0T infrastructure and
offering Infrastructure-as-a-Service [53]
(IaaS) and Experiment-as-a-Service
(EaaS) for smart farming

A prototype is a service-oriented
platform distributed over three scopes
of operation: cloud, fog,
sensor/actuator

Design science research paradigm,

. . . aiming at the joint creation of A digital twin reference model for
Digital Twins for Vertical hvsical oital 1. ¢ 1
Farming physical and digital layers o IoT-enabled [64]
IoT-enabled structures for vertical structures of vertical farming
farming
The design

Automatic vertical hydroponic

and implementation of automated . . .
peme ono omate Automatic robotic system design and

farming vertical hydro farming techniques with development [65]
IoT platforms, and their analytics will
be conducted using big data analytics
The web-based
application can be used to analyze and
IoT-Enabled in Smart Vertical Application of IoT-Enabled Smart monitor the light, temperature, [22]
Farming Agriculture in Vertical Farming humidity, and
soil moisture of the vertical farming
stacks
Review adoption of vertical Automating sustainablg vertical
gardens (VG) and/or vertical gardening systems by usmg the ToT Literature review [66]
farms (VF) concept in smarF c.1t1es toward
smart living
Build a Automatic
Indoor Vertical Farming system to monitor the soil moisture and  a system, which consists of the Internet [67]
control water content of Things [IoT]

3. Results and Discussion

Based on the review, the proposed framework maps primarily onto three entities
consisting of a vertical land smart model, Al/machine learning, and IoT. The literature
sources were obtained from 2016 to 2022 and an article processing approach was carried
out using PRISMA based on the search keywords in Table 1, which obtained 68 limited
articles indexed by Scopus in quartile 1 as many as 11, quartile 2 as many as seven, quartile
3 as many as 11, quartile 4 as many as six and no quartile 33 articles. The distribution
of reputation-indexed scientific articles at the quartile level (Scopus), with details are
as follows: Q1 16%, Q2 16%, Q3 10%, Q4 95 and No Q 49%. The trend of the number
of research and publications continues to increase in the application of digitalization of
vertical agriculture by utilizing artificial intelligence. A review from the year that the trend
is always increasing, it can be seen in 2021 by 32%, which is described in Figures 3 and 4. A
total of 91% of the selected articles discuss vertical agriculture as shown in Figures 5 and 6.
The distribution of the use of artificial intelligence has been widely conducted and found;
this is seen in 47% of usage on machine learning, 22% on robotic automation, and 13% with
deep learning approaches. The IoT approach can be seen from the discussion of the sensor,
monitoring, and LED applications which is shown in Figure 9, with a 28% soil research
object model, 18% hydroponics, and 22% lighting and irrigation.

Vertical agriculture has great potential to meet the future food demand by strength-
ening the digital farming system to support precision in agriculture with technology and
artificial intelligence. The prospects of vertical farming in smart agriculture involve the use
of explainable artificial intelligence to monitor crop growth, forecast crop nutrition, evaluate
plant health, and control pests and diseases. The described Al removes the traditional
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paradigm concept of machine learning and allows for an understanding of the reasons
behind certain decisions [68].

IoT integration in vertical farming is focused on optimization and automation tech-
nologies that seamlessly integrate knowledge, products, and services to achieve high
productivity, quality, and profit. Not much research has been conducted and put forward
regarding the incubation of the IoT concept in the vertical agriculture sector. The main
findings of several studies are presented in Table 4.

Various technological problems and architectural problems have been addressed
through the development of an IoT-based vertical farming smart system, but most of these
systems are either in the conceptual stage or in prototype form at this time. Its main focus
lies in farm management, irrigation control, crop growth, crop health monitoring, and
disease detection. Some of these studies have also explained the implementation of IoT
in modern agricultural systems such as vertical farming (soilless farming—aquaponics,
hydroponics, and aeroponics) and greenhouse farming (soil-based). In addition, most
research focuses on addressing specific problems.

Artificial intelligence approaches and digital technologies in vertical farming make
agricultural processes more environmentally friendly, and climate-resistant, significantly
reducing crop failure and field growth, and also reducing the usage of nitrogen fertilizers,
pesticides, and herbicides [35]. Based on the findings summarized in the previous section,
machine learning algorithms and IoT smart technologies can be used to increase the overall
efficiency of a vertical agricultural production system. However, in the review, the types
of algorithms discussed in Table 3 have not been mentioned much in vertical farming; in
this case, models on machine learning or deep learning. The analysis shows that several
studies have focused on vertical farming.

The research findings also show that most of the use cases are still in the prototype
stage. This is due to the complex design and management of indoor farming, especially
soilless agriculture where the parameters and factors (pH, air temperature, humidity, etc.)
to be controlled vary [69] considerably. By looking at Tables 3 and 4 in Section 3, it can
be seen that some of the uses of artificial intelligence algorithms from machine learning
and deep learning as well as technologies such as big data and analytics, wireless sensor
networks, cyber-physical systems, and digital twins in the field of vertical farming have
not been significantly explored. In addition, the costs required to develop smart models for
vertical farming are still expensive, which include deployment, operation, and maintenance
costs [70].

The reliability of the sensor devices, as well as the appropriate software applications
are very important. This is because IoT devices need to collect and transfer data based
on decisions made using multiple software packages. Unreliable sensing, processing, and
transmission can lead to erroneous monitoring data reports, long delays, and even data
loss, thus ultimately impacting agricultural system performance [71]. Standardization is
needed to take full advantage of digital technology for smart vertical farming applications,
particularly in device standardization. With standardization, device, application, and
system interoperability problems can also be solved. The results of previous research on
vertical farming applications have been developed to manage various vertical farming
services. Most of the study systems are still classified as prototype and conceptual. Then,
a lot of research was conducted on greenhouses, and no investigation was found that
is relevant to the farming system that has been applied. There are still new research
opportunities to investigate and study indoor food crop production using smart and
precision vertical farming.

4. Conclusions

The results of this study contribute to research that will be carried out around vertical
agriculture to support Agriculture 4.0. Vertical farming with Al, ML, and DL approaches
has been carried out in several previous studies. The main limitation of this review is that
it uses only the prioritized online repositories for literature searches (Scopus, IEEE, and
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Science Direct). Second, additional keywords and synonyms can result in more research.
SLR implementation with PRISMA received 68 articles from 2016 to 2022 discussing the
problems and recommendations for vertical farming presented in this study. The pattern
in the vertical agriculture sector is continually increasing. The results can be selected in
2021 by 32%, as depicted in Figures 3 and 4. A total of 91% of articles were chosen to
discuss vertical agriculture, as shown in Figures 5 and 6. The distribution of the use of
artificial intelligence has been completed and discovered. This is seen in 47% of usage
on machine learning, 22% on robotic automation, and 13% on deep learning approaches.
The IoT approach can be seen from the discussion of the sensor, monitoring, and LED
applications shown in Figure 9, with a 28% soil research object model, 18% hydroponics,
and 22% lighting and irrigation. The research questions posed are regarding the types of
digital technologies used in vertical farming of innovative farming relationships, the level
of development and intelligent models adopted, and the challenges and barriers to gaining
opportunities from implementing intelligent vertical farming systems. The added value of
vertical agriculture has various advantages compared to horizontal rice fields, as seen from
the three pillars of sustainability; namely environmental, social, and economic, in the effort
of world food security. The results of studies from previous research on IoT applications in
vertical farms have been developed to manage various services on vertical farms. Most
of the systems are still classified as prototypes and mainly carried out conceptually for
greenhouses. No relevant research on basic crop farming systems such as rice, soybean, or
wheat has been implemented. With the results shown from the number of articles reviewed,
the use of artificial intelligence algorithms from machine learning and deep learning as well
as technologies such as big data and analytics, wireless sensor networks, cyber-physical
systems, and digital twins have not been significant and explored in vertical farming. This
is because the costs required to develop an intelligent vertical farming model are still
expensive, including implementation, operational, and maintenance costs. This research
reveals that there are new research opportunities to investigate and study indoor food crop
production using smart and precision vertical farming.
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