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ABSTRACT

Technologically empowering farmers/smallholders notably accelerates the knowledge
transfer to monitor plantations in developing countries. Advanced, cost-effective technolo-
gies can rapidly increase the effectiveness of using expenses, labor, and time. There is no
limit to using digital cameras for non-destructive measurements, such as nutrient moni-
toring, pests and diseases, yield monitoring, and other information related to individual
plant conditions in the plantation area. This paper elaborates the fundamental concepts
and best practices for future research on how to use image information from a single digital
camera in decision support systems as a solution to monitoring plantations such as coffee,
cocoa, and tree crops. This paper reviews the recent and potential research on plantation
monitoring using a digital camera and other suitable integrated sensors. Moreover, we pro-
pose a protocol for use as a possible solution for smallholders to cope with the limitation in
network/internet access infrastructure. Following this protocol, an integrated system for
monitoring the farm activities of smallholders can be established.
© 2019 China Agricultural University. Production and hosting by Elsevier B.V. on behalf of
KeAi. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nowadays, optical sensors, such as hyperspectral and
consumer-grade cameras, are being rapidly developed to
obtain optimum image quality. Hyperspectral cameras offer
a large number of image datasets, which can be further
divided into useful narrower wavelengths; however, the price
is not affordable for smallholders. As an alternative,
consumer-grade cameras have emerged as a solution to pro-
vide adequate information on monitoring farm activities. A
digital camera captures detailed information, which offers
potential uses related to biophysical properties, such as mon-
itoring nutrients, phenology, pests, and diseases; yield; and
other activities in plantation areas. Many studies [1-5] have
focused on the band properties for assessing plant health
through vegetation indices (VIs) instead of incorporating
visual or other types of sensor information.

Unmanned aerial vehicles (UAVs) have commonly been
used for agricultural monitoring recently, and their use has
been on the rise. Padua et al. [6] indicated the pros and cons
of the existing remote sensing technologies and the use of
UAVs, as well as terrestrial surveying instruments, which
are highly accurate. Although UAVs are used for multipurpose
agricultural monitoring, their maintenance cost is low, espe-
cially for smallholders with smaller plantation areas, planta-
tions with dense shade trees, and a hilly plantation terrain [7].
For farmers/smallholders who still require UAVs for agricul-
tural monitoring, a previous study [8] demonstrated the use
of low-cost UAVs integrated with a wireless sensor network
system.

In general, the use of ground-based remote sensing is
more appropriate for these plantation conditions and more
suitable for smallholders. In plantations with very dense
shade trees, it may be difficult to collect information related
to biophysical properties through aerial remote sensing. Spec-
tral information received by sensors varies to a large extent.
Color band properties obtained from red, green, and blue
(RGB) data may not adequately assess the biophysical proper-
ties of interesting vegetation objects. Combining RGB and
near-infrared (NIR) bands with high spatial and temporal res-
olutions of cameras can provide continuous monitoring of
plant canopy phenology during the growing season [9].

Besides the sensors, processing images and sensor infor-
mation need information technology (IT) knowledge to
develop a farm management system. Farmers’ economic
and behavioral aspects also need to be taken into account
before recommending an appropriate solution for complex
real-world agricultural production [10]. Also, information pro-
vided in the header of each image, such as time of capture
and coordinate, can be used for plantation monitoring and
developing a decision support system (DSS). Moreover, optical

sensors, like consumer-grade cameras, are useful for measur-
ing the height of plants and the diameter of trees, which are
related to factors such as carbon footprint, yield estimation,
and canopy cover. Besides the sensors, the process of convert-
ing images into information to develop a DSS is the most
important step.

In several developing countries, most farmers/smallhold-
ers do not know how to use the Internet for farm manage-
ment and lack the scientific knowledge to ensure the
sustainability of their farm. Furthermore, the network con-
nection is not sufficiently stable to implement the internet-
based DSS monitoring, for example, when uploading images
for non-destructive plant analysis. In Indonesia, most farm-
ers/smallholders located in rural areas apply traditional farm-
ing methods. With these limitations, the socio-technology
gap may still exist in the future until the required infrastruc-
ture is improved.

This paper makes the following contributions: (1) provides
scientific information that can be potentially used/embedded
in RGB information for specific purposes on a time-series
basis; (2) offers a potential solution for farmers/smallholders
regarding the use of a sensor (digital camera), a protocol for
processing images, and a DSS; (3) critically reviews recent
papers related to plant monitoring using a camera; and (4)
investigates the potential of monitoring and decision-making.

2. Image properties and additional useful
information

To date, consumer-grade digital cameras comprise of three
major RGB bands and the full spectrum can range from 200
to 1,200 nm. The RGB ratio in each spectrum/corresponding
wavelength and color is also different. A particular wave-
length can be obtained using specific external or internal fil-
ters. Unlike a spectrometer, satellites, and multispectral
cameras, only broadband VIs can be achieved using
consumer-grade cameras. Nevertheless, most previous stud-
ies have claimed that the information obtained using
consumer-grade cameras is comparable to that obtained from
scientific equipment and other alternative devices, such as
spectrometer and hyperspectral cameras.

Common VIs are obtained by combining one or more avail-
able bands. Some studies [11-13] have used more than one
camera to capture visible and NIR bands. Broadband VIs can
also be used to assess several agricultural parameters, such
as chlorophyll, nitrogen, biomass, pest and disease recogni-
tion, and yield. Broadband VIs are proposed in some studies
[7,14-17], which are recommended to be used at the appropri-
ate times and weather conditions.

Several studies [7,18,19] have shown that incorporating
additional information with RGB values can improve the
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accuracy of measurement compared to using RGB values only,
while assessing the greenness of vegetation. Using additional
information (Table 1) from the images acquired, self-
calibration is obtained without any further calibration pro-
cess. The use of a single band may be useful for vegetation
monitoring, as in the study conducted by Sakamoto et al.
[20]. They also incorporated additional image information,
such as F-Stop, exposure time, and ISO as exposure value
components.

Also, F-stop information in the image header is useful for
object recognition (i.e., estimating plant height, fruit size, and
other information related to physical properties). Mrovlje and
Vran [30] showed that F-stops are highly correlated with the
distance between the camera and the object, and it can be
potentially used as a parameter of measurement. A change
in the focal length at a constant imaging distance yields a dif-
ferent image scale and viewing angle [25]. Some studies
[31,32] used a linear discriminant analysis classifier for object
recognition. The combination of these parameters needs to be
tested in the context of close-range digital photogrammetry
to obtain complex information on the object (i.e., yield size
and the sum of yield kernel).

The other information is the “date taken,” which does not
seem to be crucial but is important in terms of time series,
historical data, and the recognition of the captured time infor-
mation. During image processing, the “date taken” is given
more emphasis than the processing time. It cannot be
affected by the processing time because image processing
can be conducted at any time after performing
measurements.

Besides additional information recorded in the image
header, several sensors, such as the degree of freedom
(DOF), irradiance, and positioning sensors, can be integrated
with the image header information. Such information can

be recorded separately, but the key parameter to integrate
all this information needs to be decided (i.e., the “date taken”
information of all sensors). Commercially available sensors
are already built into the UAVs and are useful for defining
the orientation and positioning of the calibration. Recent
studies have shown that one or more sensors are used for
agricultural monitoring via ground-based/terrestrial remote
sensing. Luhmann [25] showed high accuracy of a single cam-
era concerning a local reference body that appeared in the
same image (using a DOF sensor as a reference) in estimating
object size properties.

Regarding uncertain natural light, irradiance sensors are
required to calibrate the camera values. The main challenges
of using a consumer-grade camera are unfavorable weather
conditions and different capturing times, due to which the
measurement values may highly deviate despite being cap-
tured on the same day under different conditions. Some
devices such as Parrot Sequoia® and Sentera® are also
embedded with an irradiance sensor wherein the camera val-
ues can be corrected. These devices are not affordable for the
farmers/smallholders in developing countries. Sakamoto
et al. [33] proposed the method of calibrating the digital num-
ber value of a camera with incoming light intensity using the
irradiance sensor. For applying a low-cost system, an addi-
tional sensor, such as an irradiance sensor, may not be
required.

3. System framework

This framework focuses on on-the-go plantation monitoring
and skips the use of an unstable and weak internet network
in rural areas. The system framework is a critical tool in
acquiring information from the sensors (and from supporting
government agencies) and disseminating to the farmers/

Table 1 - Image properties in JPEG format.

No. Parameter Purpose Reference
Image properties (optical sensor/camera)
1 RGB information 1. Assessing color of object information [7,14,21]
2. Indices
3. Object recognition/signature
2 Date taken 1. Identifying data and time of the captured This study
object
2. Time-series information
3 Dimensions (width & height) Recognizing the sum pixel of object/ This study
background in the images
4 Camera model Recognizing from which camera the object is This study
taken
5 F-Stop 1. Plant/fruit size, plant height, and diameter [22-26]
2. Determining exposure value [20]
6 Exposure time Determining exposure value [20]
7 ISO speed Determining exposure value [20]
Additional & optional information (obtained from another sensor) could be embedded with image information
8 Degree of freedom (DOF) Recognizing the camera motion [27]
9 Irradiance sensors Adjusting the color information obtained from [28]
the main camera
10 Positioning sensors Assessing the location of the captured object [28]
11 Other camera information (zenith position) 1. Assessing light intensity using EV as the ref- [29]
erence for the main camera
2. Gap fraction
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Fig. 1 - Several methods for assessing information using proposed sensors: (a) terrestrial; (b) direct-leaf; (c) above-canopy

(pole); and (d) above-canopy (UAV).

smallholders efficiently with an aim to support their decision-
making. The components and framework required are
reviewed in this section.

A camera is the primary sensor for capturing valuable
information on plant/plantation conditions over a period
(e.g., minute by minute, or hour by hour). Besides cameras,
additional information obtained from sensors, such as elon-
gation sensors [34], DOF sensors [27], irradiance sensors [35],
and positioning sensors [8], can be integrated with a con-

troller board, such as Arduino, like an embedded system
[36]. Also, a custom shutter button for cameras can be inte-
grated with Arduino along with other sensors to obtain infor-
mation simultaneously and store it in particular data storage
facilities, such as a secure digital (SD) card or a wireless net-
work (wherever applicable).

Several single-plant capturing methods were offered in
recent studies, namely direct-leaf measurements with
[7,13,37] or without artificial light [38,39], above-canopy

Table 2 — Pros and cons of existing plantation measurement methods using optical sensors.

Measurement Pros Cons Remarks
Methods
Direct-leaf e Highest resolution e More focus on leaf e Ground-based RS
e Feasibility of capturing several greenness e A camera is required
images per plant e Daytime application e The video format is

e Possible application at any time
using an artificial light source
(day and night application)
e Easy recognition of leaf underside
with IR band
Above-canopy e Very high resolution
(pole) o Feasibility of capturing whole plant
canopy
e Feasibility of estimating plant
height using an image and scale-
pole reference

using sunlight as the used for machine vision

light source

e Ground-based RS

e A camera is required

e DOF and irradiance can
be implemented

e The video format is
used for machine vision

e Daytime application
o Measurement interfer-
ence due to background

Above-canopy
(UAV) .

Terrestrial .

e Very high resolution

Fine flexibility Useful for planta-
tion mapping and plantation
boundary recognition

Multipurpose measurements
involving plant height, tree diame-
ter, leave angle, and width of the
canopy

Measurement of gap fraction
Identifying shade tree condition
(using Azimuth camera position)
useful for 3D object reconstruction

Accuracy depends on
the density of shade
trees condition

High cost of equipment
and maintenance

A short period of power
consumption

The background can
affect the measurement
Daytime application
Need for the standard
measurement position

e Aerial RS
e A camera is required
e Position, DOF, and irra-

diance sensors can be
implemented

The video format is
used for machine vision

e Ground-based RS
e A camera is required
e DOF and irradiance sen-

sors may be required
The video format is
used for machine vision
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measurements from a pole, and measurements with UAVs
(Fig. 1). Each method has its advantages and disadvantages,
which are presented in Table 2.

In Indonesia, poor internet connectivity prevails in remote
areas. Therefore, image processing and analysis cannot be
conducted in a cloud application. Fig. 2 shows two DSS mod-
els that adopt various technologies and are applicable in var-
ious network infrastructure conditions. Technologies such as
web services, mobile ad-hoc network (MANET) and routing
[40,41], quick response (QR) [42], machine vision (MV) [43],
augmented reality (AR) [44], artificial intelligence (AI) [45],
web/mobile GIS [46], and remote sensing (RS) [47] can be used
simultaneously or in a series called hybrid application sys-
tems. Hybrid application systems are needed to accommo-
date the analysis of collected data, which can be done using
a desktop application on the farmer’s side and implementing
the government policy through internet application. Fig. 2a
shows a DSS model for farmers/smallholders where the net-
work infrastructure is available (even with a poor connection)
in the plantation. Fig. 2b shows the potential use of MANET
technology that links information exchange between farmers
and the government/experts when the network infrastructure
is not available in the plantation. In general, information
exchange can be performed using any web service. According
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to Nugroho et al. [48], a control mechanism incorporated with
web services is suitable for low and unstable internet connec-
tions, especially in rural areas. Using these services, the gov-
ernment agencies play an important role in updating the
information on the farmer’s side using a calibration model,
such as a DSS, and in simultaneously collecting data from
the farmers related to what the farmers update in their desk-
top/mobile applications.

Smallholders, agricultural extension officers, and the gov-
ernment have leading roles as DSS enablers. Smallholders are
responsible for surveying and retrieving images of plant-
condition data according to the recommended schedule, as
well as processing data with applications provided by the
agencies in the form of desktop or mobile applications.
Besides, farmers can obtain recommendations in the form
of web/mobile maps, AR, or other DSSs based on data
obtained from survey fields and other information provided
by the agencies/experts.

The agencies/experts play a role in developing both desk-
top and mobile applications (such as MANET, QR, MV, AR,
Al, web/mobile GIS, and RS). Also, they update the models,
weather information, and any related information on the
farmers’ application, which aims to support decision-
making and provide recommendations.
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Fig. 2 - Model of a decision support system for farmers/smallholders: (a) network infrastructure is available; (b) network

infrastructure is not available.


http://repository.unej.ac.id/
http://repository.unej.ac.id/

114 INFORMATION PROCESSING IN AGRICULTURE / (2020) I09-1I1I9

Agricultural extension officers are assigned to mediate
farmers and the government, supported by MANET-based
applications in carrying out this role. MANET-based applica-
tions can be used to solve the problem of lack of network
infrastructure. By utilizing the MANET-based application,
agricultural extension officers who visit farmers or the gov-
ernment can synchronize the data obtained from the survey
automatically.

4. Utilization of positioning sensors in a
plantation

The use of ground-based GPS tracking may face difficulties for
plantation mapping, due to varying vegetation densities in
agroforestry areas. The uses of aerial vehicles for boundary
mapping are recommended to overcome these difficulties.
Although farm boundary and plantation mapping are
required, these are the most crucial steps, and therefore,
should be conducted first (i.e., in the land clearing process)
before conducting other farm activities. An assisted GPS (A-
GPS)-enabled mobile phone can be used to position sensors
in the plantation, but these sensors are proven to be less
accurate than commercial autonomous GPS (i.e., Garmin).
According to Zandbergen [49] and Zandbergen and Barbeau
[50], the median error of A-GPS is ~8m. This error may
increase due to the density of shade trees and the availability
of cellular services. However, this problem can be solved by
several options: first, the public agencies provide aerial map-
ping and draw the plantation boundaries. Second, the govern-
ment or an expert provides the mobile application that has
editable recorded positioning data obtained from the field sur-
vey for field boundary correction.

With this boundary identification, the coordinate of each
plant in the plantation area can be identified to determine
the uniformity of distance between primary plants and the
total number of secondary plants (i.e., shade trees). The coor-
dinate of each plant will be used for future plant management
related to the plant position. This technique can be an alter-
native method for smaller plantations with or without shade
trees where acquiring information from an aerial vehicle may
be difficult. Obtaining such information is even more difficult
in the case of plantation areas with intercropping as the cor-

COCOA PLANTS

responding plant may be hidden by other plant canopies.
Fig. 3 shows different plantation conditions with different
planting patterns and conditions of shade trees.

The abovementioned issue is not evident in mapping the
plantation area of cereal crops, such as wheat, paddy, and
corn, because UAVs can sufficiently generate the plantation
map of these crops for providing the crop information as
the plantation is mostly situated in open fields with no shade
trees. In the plantation area, however, the use of UAVs may
help only in mapping. Nonetheless, it faces difficulties in
matching the exact position coordinates while performing
ground-based checks to recognize and identify a particular
plant, due to different canopy widths, plant heights, and den-
sities of shade tree day-by-day.

5. Implementation of the framework

Sustainability of agricultural and forestry commodities can be
obtained by establishing cooperation and collaboration
between farmers/smallholders and the government. Through
this system, the public agencies contribute directly and carry
out actions to support farmers. The inputs from farmers/
smallholders are required to support the interaction between
the government and farmers. However, mobile applications
are useful for transferring information from governments
and/or farmers’ desktop applications based on the survey
data related to particular farm activities.

The QR generator and reader applications are required in
plant identification and its recorded data history. The outputs
of these field surveys are maps and recommendation related
to each field activity. Unlike cereal crops, the maps of peren-
nial crops are relatively homogenous, especially in terms of
plant coordinates/pattern. Therefore, positioning sensors
are not required in every farm activity. The use of QR technol-
ogy is promising in offering high accuracy and consistency in
recording and minimizing human error in plantation man-
agement [51]. Different nutrient needs, yield, pests and dis-
ease occurrence, and other plant health indicators in each
plant are the main reasons for improving plantation manage-
ment systems.

The main key to plantation management is identifying the
plantation area. By figuring out the boundary of the planta-

Fig. 3 - Various plantation conditions (coffee, cocoa, and rubber trees).
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tion area, farmers/smallholders can recognize the total num-
ber of primary plants, nutrients, shade trees, and secondary
plants that need to be planted and applied to obtain the max-
imum yield. Many farmers/smallholders in rural areas do not
know the exact plantation area that they cultivate. Therefore,
the total yield of smallholders is not optimum, compared to
the availability of their plantation area [52]. The protocol of
plantation mapping using a QR code as a plant identifier is
presented in Fig. 4.

The major inputs from the farmers are the information
extracted from the images of the field survey. To support
the protocol presented in Table 3, a detailed process to ana-
lyze the images for particular agricultural monitoring pur-
poses should be conducted in farmers’ desktop applications.
Some detailed processes of particular agricultural monitoring,
such as counting yield kernels in coffee branches and count-
ing mango fruit, were discussed by Zandbergen [49] and
Zandbergen and Barbeau [50], respectively. The protocol of
image processing for handling the images obtained from the
field survey is shown in Table 3.

Qian et al. [42] and Tarjan et al. [53] optimized the use of
QR technology for continuously tracing the agro-food chain
between different process chains. The results showed that
the continuous traceability between different process chains
can be implemented using extended breadth, deepened
depth, and improved precision. Therefore, QR can be utilized
for on-farm application [54]. The QR system can be used to
easily recognize the captured images of a QR code and link
them to a particular position of an individual plant in the

Acrial / UAV Smartphone

= <&
;.-:'.’\
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. ® 6
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plantation. The QR code is also used continuously for plant
identification and recorded during the measurement and as
time series to primarily recognize individual plant health.
However, the plantation condition, including the illumina-
tion, varies to a large extent. Thus, according to Liu et al.
[55], using the QR code is also feasible across various illumi-
nations. A printed QR code of a particular size used for label-
ing trees or plants can also be used as a reference for an
alternative method for recognizing the bole diameter, plant
height, and plant measurement identity (Fig. 5). The QR tech-
nology can be adopted in precision agriculture for tracing and
monitoring each plant’s health in the plantation without wor-
rying about ways in which the plant information can be
recorded over a period of time.

Web/mobile GIS is a potential technology that can be
implemented to these integrated systems. This technology
is mostly applied to support efficient, accurate, and rapid
decision-making in agricultural monitoring [46,56,57]. With
this application at the end level for implementing DSSs, farm-
ers/smallholders can easily recognize the historical data of
each plant and determine the activities that need to be con-
ducted next, by scanning the QR code of the plant using their
mobile devices.

6. Challenges and prospects

The challenge is how to integrate various methods proposed
by some studies [43,47,59-61] for plantation monitoring using
a consumer-grade camera and corresponding sensors as a
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Fig. 4 - Protocol of plantation mapping using a QR code as plant identifier: (1) mapping the area to be used for plantation is
considered once, except extensive or narrowed plantation areas; (2) the map generated by a UAV/mobile-based tracking or a
Google map can be used for digitation (output as *.shp); (3) system application for processing all inputs from field surveys,
including the plantation boundary for other plantation management purposes; (4) one of the outputs is the QR code, which
corresponds to plant position, number, and any information related to plant properties; (5) GPS is used for ground-based
checks in the labeling process; and (6) the results are labeled plants for future management.
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Table 3 - Learning-based protocol to process image information.

Process protocol

Remark

Input:

e Upload/copy pictures from SD card of the
camera to a particular folder in the com-
puter (PC)

e Upload/copy the reference data related to
additional information of the sensors (if
applicable)

Step 1. Scan all images in a particular folder to
extract the header of image information and
recognize the QR code to identify each plant
information

Step 2. Extract RGB information of selected
images corresponding to each QR

Step 3. Embed the image information and
additional information from the sensors
properly in the database

Step 4. Process the recorded data according to
the available information

Step 5. Generate map and DSS

Pattern of capturing the object should be in sequence. The object can
be a single leaf for direct-leaf measurement or the canopy cover of
each plant for above-canopy measurement. For example, the
sequence order in capturing three different leaves per plant in terms
of assessing leaf greenness:

. Capture the QR of the 1st plant — imagel.jpg

. Capture the 1st leaf of the 1st plant — image2.jpg

. Capture the 2nd leaf of the 1st plant —» image3.jpg

. Capture the 3rd leaf of the 1st plant — image4.jpg

. Capture the QR of the 2nd plant — image5.jpg

. Capture the 1st leaf of the 2nd plant — image6.jpg

. Capture the 2nd leaf of the 2nd plant — image7.jpg

. Capture the 3rd leaf of the 2nd plant — image8.jpgMachine learn-
ing is required for the QR identification of each image and other
analytical purposes

Output:

. Date and time taken

. Plant position information

. Other image-header information

. (i.e., imagel.jpg and image5.jpg are recognized as QR codes con-
taining plant information)

1. In addition to scanning the printed QR code, nowadays QR code

information can be easily extracted from the captured file/image.
2. All images related to the recorded plant are sequenced after cap-
turing the QR code file until the upcoming QR files are located.
“File name” of image and “date taken” can be used as references to
recognize additional information of the sensors

cONOUTHAd WN -

D wWN -

1. Calibration models with particular information (i.e., climate data)
provided by the government are required

2. Internet connection is required. Information is received through
web services

This information is required by the government for monitoring and

observationThe DSS can be an augmented reality (AR) or virtual

reality (VR), which is used for monitoring and field observation [44].

Previous field measurement information can be displayed with this

technology when making observations.

]

2 Fruit

:/V Properties

Fig. 5 - QR code as a plant label reference to estimate (a) coffee fruit properties; (b) cocoa fruit properties; (c) plant height

identification.

complex and integrated sensing system. Support from the
government in providing and implementing technologies is

required. The challenges and prospects of some agricultural
monitoring in plantations are explained below.


http://repository.unej.ac.id/
http://repository.unej.ac.id/

INFORMATION PROCESSING IN AGRICULTURE / (2020) I09-1I1I9 117

6.1. Nutrient monitoring

Previous studies [18,62,63] have explored the nitrogen content
at the plant level by analyzing the greenness information of
plant leaves. Although the sum of nitrogen uptake is com-
monly linear with the uptake of other nutrients, information
related to the need of other nutrients, such as phosphorus (P)
and potassium (K), is limited. A deeper exploration and a
combination of some parameters may be useful for estimat-
ing other nutrient needs. According to the Indonesian Coffee
and Cocoa Research Institute [64], besides nitrogen (N), other
macronutrients such as P and K are highly correlated with
tree diameter, plant height, and branch length.

6.2.  Pest and disease monitoring

Another prospect lies in exploring the potential use of optical
sensors to assess the information related to pest and disease
monitoring [65]. Several types of pests and diseases were
identified successfully using consumer-grade cameras, which
can help to identify hundreds of pests and diseases present in
a particular plant. Pests can be monitored easily by identify-
ing the pest carriers such as worms and insects. Conversely,
diseases can be recognized by identifying the presence of
symptoms in plants.

6.3.  Yield monitoring

Ramos et al. [24] developed a close-range machine vision sys-
tem to count and identify harvestable and non-harvestable
fruits in coffee plants. Although this system provides accept-
able results, more detailed exploration of such methods is
required by incorporating additional parameters. For future
research, incorporating image property components, such
as F-stops and other information from sensors like DOF, can
increase the measurement distance.

Plant height and diameter are usually considered for iden-
tifying yield. Studies conducted by Jiang et al. [66] and Him-
merle and Hofle [67] can be adopted to estimate plant
height in the plantation area. These parameters are used to
estimate the quality and quantity of wood in industries and
latex/rubber production. Most farmers/smallholders perform
measurements manually and record measurement data
improperly. A specialized tool of a specific brand, such as For-
estry Pro by Nikon®, is still expensive for smallholders in
developing countries. The use of cameras may be feasible in
providing low-cost devices for smallholders.

7. Concluding remarks

In this paper, a critical review on using image information for
plantation monitoring in terms of a DSS has been conducted.
This study aimed at delving further into research on planta-
tion monitoring and the implementation of technologies to
enable effortless plantation activities by smallholders. A dig-
ital camera potentially offers information regarding planta-
tion management. These sets of information include
nutrient management, pest and disease management, yield
monitoring, and other activities in the plantation. The review

highlights the future research potential related to the use of
image information for plantation management, especially in
areas with high-density trees, agroforestry, and narrow plan-
tation areas. This paper draws the following conclusions and
recommendations:

1. The public agencies and experts could play active roles in
improving the basic infrastructure, especially in process-
ing the images/video information to support the
decision-making of smallholders.

2. Possible issues worth further research include handling
image/video information through MANET, QR, MV, AR, A,
web/mobile GIS, RS, data processing, and scheduling by
both farmers and the experts, and cloud computing. To
implement big data in the field of agriculture [58], espe-
cially in developing countries, there is no need to wait
for the even spread of network and sensor infrastructure.
One of the recommended solutions is to use image infor-
mation obtained from consumer-grade cameras, including
both mobile cameras and regular cameras. If a remote area
has no infrastructure, the data could be taken periodically
by agricultural extension officers utilizing applications
based on MANET [40,41]. The data can be analyzed in the
cloud server based on the proposed system framework,
and then, the analyzed data are sent back to the farmers
by the officials using MANET-based
applications.

extension

Acknowledgments

This article is part of the 2018 IsDB Project of Jember Univer-
sity (Batch 2). The authors would like to thank the Indonesia
Coffee and Cocoa Research Institute (ICCRI) — Indonesia, and
Laboratory of Precision Agriculture and Geo-informatics
University of Jember-Indonesia.

Conflict of interest

The authors declare that there is no conflict of interest.

REFERENCES

[1] Golhani K, Balasundram SK, Vadamalai G, Pradhan B. A
review of neural networks in plant disease detection using
hyperspectral data. Inf Process Agric 2018;5(3):354-71.

[2] Maryantika N, Lin C. Exploring changes of land use and
mangrove distribution in the economic area of Sidoarjo
District, East Java using multi-temporal Landsat images. Inf
Process Agric 2017;4(4):321-32.

[3] Zhang Y, Chen D, Wang S, Tian L. A promising trend for field
information collection: An air-ground multi-sensor
monitoring system. Inf Process Agric 2018;5(2):224-33.

[4] Sehgal VK, Chakraborty D, Sahoo RN. Inversion of radiative
transfer model for retrieval of wheat biophysical parameters
from broadband reflectance measurements. Inf Process Agric
2016;3(2):107-18.

[5] Putra BTW, Soni P, Morimoto E, Pujiyanto P. Estimating
biophysical properties of coffee (Coffea canephora) plants


http://refhub.elsevier.com/S2214-3173(18)30331-7/h0005
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0005
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0005
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0010
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0010
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0010
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0010
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0015
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0015
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0015
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0020
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0020
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0020
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0020
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0025
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0025
http://repository.unej.ac.id/
http://repository.unej.ac.id/

118 INFORMATION PROCESSING IN AGRICULTURE / (2020) I09-1I1I9

with above-canopy field measurements using CropSpec®. Int
Agrophys 2018;32(2):183-91.

[6] Padua L, Vanko J, Hruska J, Addo T, Sousa JJ, Peres E, et al. UAS,
sensors, and data processing in agroforestry: a review
towards practical applications. Int ] Remote Sens
2017,38:1-43.

[7] Widjaja Putra BT, Soni P. Enhanced broadband greenness in
assessing Chlorophyll a and b, Carotenoid, and Nitrogen in
Robusta coffee plantations using a digital camera. Precis
Agric 2018;19(2):238-56.

[8] Polo J, Hornero G, Duijneveld C, Garcia A, Casas O. Design of a
low-cost wireless sensor network with UAV mobile node for
agricultural applications. Comput Electron Agric
2015;119:19-32.

[9] Yang H, Yang X, Heskel M, Sun S, Tang J. Seasonal variations
of leaf and canopy properties tracked by ground-based NDVI
imagery in a temperate forest. Sci Rep 2017;7:1267.

[10] Reinmuth E, Dabbert S. Toward more efficient model
development for farming systems research — An integrative
review. Comput Electron Agric 2017;138:29-38.

[11] Chung S, Breshears LE, Yoon J-Y. Smartphone near infrared
monitoring of plant stress. Comput Electron Agric
2018;154:93-8.

[12] Deng L, Mao Z, Li X, Hu Z, Duan F, Yan Y. UAV-based
multispectral remote sensing for precision agriculture: A
comparison between different cameras. ISPRS ] Photogramm
Remote Sens 2018;146:124-36.

[13] Widjaja Putra BT, Soni P. Evaluating NIR-Red and NIR-Red
edge external filters with digital cameras for assessing
vegetation indices under different illumination. Infrared
Phys Technol 2017;81:148-56.

[14] Lee K-J, Lee B-W. Estimation of rice growth and nitrogen
nutrition status using color digital camera image analysis.
Eur J Agron 2013;48:57-65.

[15] Li Y, Chen D, Walker CN, Angus JF. Estimating the nitrogen
status of crops using a digital camera. F Crop Res 2010;118
(3):221-7.

[16] Padilla FM, Teresa Pefia-Fleitas M, Gallardo M, Thompson RB.
Evaluation of optical sensor measurements of canopy
reflectance and of leaf flavonols and chlorophyll contents to
assess crop nitrogen status of muskmelon. Eur J Agron
2014;58:39-52.

[17] Tong A, He Y. Estimating and mapping chlorophyll content
for a heterogeneous grassland: Comparing prediction power
of a suite of vegetation indices across scales between years.
ISPRS ] Photogramm Remote Sens 2017;126:146-67.

[18] Zheng H, Cheng T, Li D, Zhou X, Yao X, Tian Y, et al.
Evaluation of RGB, color-infrared and multispectral images
acquired from unmanned aerial systems for the estimation
of nitrogen accumulation in rice. Remote Sens 2018;10(6):824.

[19] Chen R, Chu T, Landivar JA, Yang C, Maeda MM. Monitoring
cotton (Gossypium hirsutum L.) germination using ultrahigh-
resolution UAS images. Precis Agric 2017;19(1):1-17.

[20] Sakamoto T, Gitelson AA, Nguy-Robertson AL, Arkebauer TJ,
Wardlow BD, Suyker AE, et al. An alternative method using
digital cameras for continuous monitoring of crop status.
Agric For Meteorol 2012;154-155:113-26.

[21] Lu B, He Y. Species classification using Unmanned Aerial
Vehicle (UAV)-acquired high spatial resolution imagery in a
heterogeneous grassland. ISPRS ] Photogramm Remote Sens
2017;128:73-85.

[22] Clark N, Wynne R, Schmoldt D, Winn M. An assessment of
the utility of a non-metric digital camera for measuring
standing trees. Comput Electron Agric 2000;28(2):151-69.

[23] Zhang D, Zhang L, Ye Q, Ruan H. Robust learning-based
prediction for timber-volume of living trees. Comput Electron
Agric 2017;136:97-110.

[24] Ramos PJ, Prieto FA, Montoya EC, Oliveros CE. Automatic fruit
count on coffee branches using computer vision. Comput
Electron Agric 2017;137:9-22.

[25] Luhmann T. Precision potential of photogrammetric 6DOF
pose estimation with a single camera. ISPRS J Photogramm
Remote Sens 2009;64(3):275-84.

[26] Luhmann T, Fraser C, Maas H-G. Sensor modelling and
camera calibration for close-range photogrammetry. ISPRS ]
Photogramm Remote Sens 2016;115:37-46.

[27] WangY, Yuan F, Jiang H, Hu Y. Novel camera calibration based
on cooperative target in attitude measurement. Opt - Int ]
Light Electron Opt 2016;127(22):10457-66.

[28] Tian ], WangL, Li X, Gong H, Shi C, ZhongR, et al. Comparison
of UAV and WorldView-2 imagery for mapping leaf area index
of mangrove forest. Int J] Appl Earth Obs Geoinf 2017;61:22-31.

[29] Hwang Y, Ryu Y, Kimm H, Jiang C, Lang M, Macfarlane C, et al.
Correction for light scattering combined with sub-pixel
classification improves estimation of gap fraction from
digital cover photography. Agric For Meteorol 2016;222:32-44.

[30] Mrovlje J, Vran D. Distance measuring based on stereoscopic
pictures. In: 9th Int PhD Work Syst Control Young Gener
Viewp. 2008;2:1-6.

[31] He Z-L, Xiong J-T, Lin R, Zou X, Tang L-Y, Yang Z-G, et al. A
method of green litchi recognition in natural environment
based on improved LDA classifier. Comput Electron Agric.
2017;140:159-67.

[32] Hagar AAM, Alshewimy MAM, Saidahmed MTF. A new object
recognition framework based on PCA, LDA, and K-NN. In:
2016 11th Int. Conf. Comput. Eng. Syst., IEEE; 2016. p. 141-6.

[33] Sakamoto T, Shibayama M, Takada E, Inoue A, Morita K,
Takahashi W, et al. Detecting seasonal changes in crop
community structure using day and night digital images.
Photogramm Eng Remote Sens 2010;76:713-26.

[34] Zhen ], Tripler E, Peng X, Lazarovitch N. A wireless device for
continuous frond elongation measurement. Comput Electron
Agric 2017;140:1-7.

[35] Fuentes M, Vivar M, Burgos JM, Aguilera J, Vacas JA. Design of
an accurate, low-cost autonomous data logger for PV system
monitoring using ArduinoTM that complies with IEC
standards. Sol Energy Mater Sol Cells 2014;130:529-43.

[36] Pan T, Zhu Y. Designing Embedded Systems with Arduino.
Singapore: Springer Singapore; 2018. p. 45-100.

[37] Vesali F, Omid M, Mobli H, Kaleita A. Feasibility of using
smart phones to estimate chlorophyll content in corn plants.
Photosynthetica 2016;55(4):1-8.

[38] Vesali F, Omid M, Kaleita A, Mobli H. Development of an
android app to estimate chlorophyll content of corn leaves
based on contact imaging. Comput Electron Agric
2015;116:211-20.

[39] Rigon JPG, Capuani S, Fernandes DM, Guimardes TM. A novel
method for the estimation of soybean chlorophyll content
using a smartphone and image analysis. Photosynthetica
2016;54(4):559-66.

[40] Al-Dhief FT, Sabri N, Fouad S, Latiff NMA, Albader MAA. A
review of forest fire surveillance technologies: Mobile ad-hoc
network routing protocols perspective.. ] King Saud Univ -
Comput Inf Sci 2017.

[41] Nadimi ES, Jgrgensen RN, Blanes-Vidal V, Christensen S.
Monitoring and classifying animal behavior using ZigBee-
based mobile ad hoc wireless sensor networks and artificial
neural networks. Comput Electron Agric 2012;82:44-54.

[42] Qian], Du X, Zhang B, Fan B, Yang X. Optimization of QR code
readability in movement state using response surface
methodology for implementing continuous chain
traceability. Comput Electron Agric 2017;139:56-64.

[43] Qureshi WS, Payne A, Walsh KB, Linker R, Cohen O, Dailey
MN. Machine vision for counting fruit on mango tree
canopies. Precis Agric 2017;18(2):224-44.


http://refhub.elsevier.com/S2214-3173(18)30331-7/h0025
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0025
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0030
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0030
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0030
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0030
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0035
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0035
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0035
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0035
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0040
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0040
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0040
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0040
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0045
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0045
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0045
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0050
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0050
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0050
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0055
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0055
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0055
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0060
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0060
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0060
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0060
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0065
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0065
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0065
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0065
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0070
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0070
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0070
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0075
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0075
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0075
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0080
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0080
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0080
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0080
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0080
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0085
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0085
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0085
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0085
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0090
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0090
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0090
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0090
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0095
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0095
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0095
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0100
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0100
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0100
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0100
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0105
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0105
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0105
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0105
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0110
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0110
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0110
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0115
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0115
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0115
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0120
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0120
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0120
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0125
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0125
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0125
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0130
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0130
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0130
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0135
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0135
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0135
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0140
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0140
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0140
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0145
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0145
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0145
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0145
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0155
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0155
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0155
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0155
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0165
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0165
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0165
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0165
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0170
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0170
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0170
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0175
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0175
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0175
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0175
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0185
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0185
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0185
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0190
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0190
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0190
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0190
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0195
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0195
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0195
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0195
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0200
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0200
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0200
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0200
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0205
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0205
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0205
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0205
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0210
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0210
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0210
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0210
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0215
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0215
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0215
http://repository.unej.ac.id/
http://repository.unej.ac.id/

INFORMATION PROCESSING IN AGRICULTURE 7 (2020) I09-119 119

[44] Huuskonen J, Oksanen T. Soil sampling with drones and
augmented reality in precision agriculture. Comput Electron
Agric 2018;154:25-35.

[45] Patricio DI, Rieder R. Computer vision and artificial
intelligence in precision agriculture for grain crops: A
systematic review. Comput Electron Agric 2018;153:69-81.

[46] Yao X, Zhu D, Yun W, Peng F, Li L. A WebGIS-based decision
support system for locust prevention and control in China.
Comput Electron Agric 2017;140:148-58.

[47] Sakamoto T, Shibayama M, Kimura A, Takada E. Assessment
of digital camera-derived vegetation indices in quantitative
monitoring of seasonal rice growth. ISPRS ] Photogramm
Remote Sens 2011;66(6):872-82.

[48] Nugroho AP, Okayasu T, Hoshi T, Inoue E, Hirai Y, Mitsuoka
M, et al. Development of a remote environmental
monitoring and control framework for tropical horticulture
and verification of its validity under unstable network
connection in rural area. Comput Electron Agric
2016;124:325-39.

[49] Zandbergen PA, Barbeau SJ. Positional accuracy of assisted
GPS data from high-sensitivity GPS-enabled mobile phones. ]
Navig 2011;66(3):381-99.

[50] Zandbergen PA. Accuracy of iPhone locations: A comparison
of assisted GPS, WiFi and cellular positioning. Trans GIS
2009;13(1):5-25.

[51] Qian ], Yang X, Wu X, Xing B, Wu B, Li M. Farm and
environment information bidirectional acquisition system
with individual tree identification using smartphones for
orchard precision management. Comput Electron Agric
2015;116:101-8.

[52] Directorate General of Estate Crops. Tree crops estate
statistics of Indonesia 2013-2015 Coffee. Jakarta: Ministry of
Agriculture; 2014 [in Indonesian].

[53] Tarjan L, Senk I, Tegeltija S, Stankovski S, Ostojic G. A
readability analysis for QR code application in a traceability
system. Comput Electron Agric 2014;109:1-11.

[54] van der Heijden G, Song Y, Horgan G, Polder G, Dieleman A,
Bink M, et al. SPICY: towards automated phenotyping of large
pepper plants in the greenhouse. Funct Plant Biol 2012;39
(11):870.

[55] Yue Liu, Ju Yang, Mingjun Liu. Recognition of QR code with
mobile phones. 2008 Chinese Control Decis. Conf., IEEE; 2008.
p. 203-6.

[56] Shi X, Yang G, Yu D, Xu S, Warner ED, Petersen GW, et al. A
WebGIS system for relating genetic soil classification of
China to soil taxonomy. Comput Geosci 2010;36(6):768-75.

[57] Mathiyalagan V, Grunwald S, Reddy KR, Bloom SA. A WebGIS
and geodatabase for Florida’s wetlands. Comput Electron
Agric 2005;47(1):69-75.

[58] Wolfert S, Ge L, Verdouw C, Bogaardt M-]. Big data in smart
farming - A review. Agric Syst 2017;153:69-80.

[59] Rabatel G, Gorretta N, Labbé S. Getting simultaneous red and
near-infrared band data from a single digital camera for plant
monitoring applications: Theoretical and practical study.
Biosyst Eng 2014;117:2-14.

[60] Zerger A, Gobbett D, Crossman C, Valencia P, Wark T, Davies
M, et al. Temporal monitoring of groundcover change using
digital cameras. Int ] Appl Earth Obs Geoinf 2012;19:266-75.

[61] Nijland W, de Jong R, de Jong SM, Wulder MA, Bater CW,
Coops NC. Monitoring plant condition and phenology using
infrared sensitive consumer grade digital cameras. Agric For
Meteorol 2014;184:98-106.

[62] Wang Y, Wang D, Zhang G, WangJ. Estimating nitrogen status
of rice using the image segmentation of G-R thresholding
method. F Crop Res 2013;149:33-9.

[63] Samseemoung G, Soni P, Sirikul C. Monitoring and precision
spraying for orchid plantation with wireless WebCAMs.
Agriculture 2017;7(10):89.

[64] Indonesian Coffee and Cocoa Research Institute. Field school
of integrated pest management - field guide 2: coffee
commodity. Indonesia: Indonesian Coffee and Cocoa
Research Institute; 1999. p. 171-2 [in Indonesian].

[65] Al-Turjman F. The road towards plant phenotyping via WSNs:
An overview. Comput Electron Agric 2018.

[66] Jiang Y, Li C, Paterson AH. High throughput phenotyping of
cotton plant height using depth images under field
conditions. Comput Electron Agric 2016;130:57-68.

[67] Hammerle M, Hofle B. Mobile low-cost 3D camera maize crop
height measurements under field conditions. Precis Agric
2017;19(4):630-47.


http://refhub.elsevier.com/S2214-3173(18)30331-7/h0220
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0220
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0220
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0225
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0225
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0225
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0230
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0230
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0230
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0235
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0235
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0235
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0235
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0240
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0240
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0240
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0240
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0240
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0240
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0245
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0245
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0245
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0250
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0250
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0250
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0255
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0255
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0255
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0255
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0255
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0265
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0265
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0265
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0270
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0270
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0270
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0270
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0280
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0280
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0280
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0285
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0285
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0285
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0290
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0290
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0295
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0295
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0295
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0295
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0300
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0300
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0300
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0305
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0305
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0305
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0305
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0310
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0310
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0310
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0315
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0315
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0315
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0325
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0325
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0330
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0330
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0330
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0335
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0335
http://refhub.elsevier.com/S2214-3173(18)30331-7/h0335
http://repository.unej.ac.id/
http://repository.unej.ac.id/

	Using information from images for plantation monitoring: A review of solutions for smallholders
	1 Introduction
	2 Image properties and additional useful information
	3 System framework
	4 Utilization of positioning sensors in a plantation
	5 Implementation of the framework
	6 Challenges and prospects
	6.1 Nutrient monitoring
	6.2 Pest and disease monitoring
	6.3 Yield monitoring

	7 Concluding remarks
	ack12
	Acknowledgments
	Conflict of interest
	References


