
G
m

G
a

b

a

A
R
R
A
A

K
D
F
G
M
W

1

d
o
t
o
n
e
c
o
i
w
n
w
N
o
p
i
t

(

h
1

NJAS - Wageningen Journal of Life Sciences 70–71 (2014) 61–70

Contents lists available at ScienceDirect

NJAS -  Wageningen  Journal  of  Life  Sciences

jo ur nal homepage: www.elsev ier .co m/locate /n jas

reenhouse  microclimatic  environment  controlled  by  a  mobile
easuring  station

oran  Martinović a,∗,  Janos  Simonb

Faculty of Electrical Engineering, J.J. Strossmayer University of Osijek
Subotica Tech, Department of Informatics

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 16 January 2012
eceived in revised form 16 February 2014
ccepted 8 May 2014
vailable online 7 June 2014

eywords:
istant monitoring
AHP

a  b  s  t  r  a  c  t

This  paper  investigates  a  greenhouse  microclimatic  environment  controlled  by a mobile  measuring
station  with  the aim of improving  performance  by using  wireless  sensor  networks  (WSN)  technology.  The
algorithms  for  the  mobile  measuring  station  that  perform  navigation  tasks  are  called  Bug  algorithms.  The
existing  potential  field  method  based  algorithms  are  improved  with  an  RSSI signal  propagation  model
and  implemented  on a two-wheel  driven  robot developing  system  and  their  performances  are  measured
and  analyzed.  The  implementation  part  is done  on  Boe-Bot  equipped  with  SunSPOT  enabling  the wireless
control  ability.  The  control  surface  is generally  made  with  LabVIEW  and a  relational  database.  Control
strategy  selection  system  is supported  by  Fuzzy  Analytic  Hierarchy  Process  (FAHP).  Navigation  of the
reenhouse
obile robot
ireless sensor network

mobile  measuring  robot  can  be  done  manually,  relying  on  the visual  data  from  the  robot’s  camera,  or  it
can  be switched  to  automatic  mode  where  the  developed  algorithm  does  the navigation  job.  Mobile  robot
navigation  is  based  on  the  potential  field  method  considering  a wide  range  of energy-aware  parameters.

therla
© 2014  Royal  Ne

. Introduction

The aim of this paper is optimization of energy consumption
uring operation of greenhouses. The proposed system has the
ption of gathering and monitoring climate parameters related
o the microclimatic environment of plants, both inside and
utside of the microclimatic environment using wireless sensor
etworks. The area of research within the controlled microclimate
nvironment is an autonomous mobile measuring station that
ollects climate data within the environment. For the movement
f the robot during measurements in a dynamic environment, an
mproved method of navigating the mobile monitoring stations

as developed based on the potential field method. Mobile robot
avigation is based on the potential field method in combination
ith the received signal strength of the WSN  (Wireless Sensor
etworks) used as markers to guide the robot. The combination
f localization using signal strength of WSN  nodes and methods of

otential fields leads to the possibility of application of this method

n an unknown dynamic environment. From the starting point,
he mobile robot should find a path to the target in a dynamic
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reserved.

environment, avoiding any obstacles. One of the contributions of
research is to improve the performance of mobile robot navigation
in an unknown environment. In the interest of optimal energy
consumption during operation of greenhouses, a new model of an
expert system for managing microclimate multi-criteria decision
making based on the application of fuzzy rules is proposed. Six
control strategies were developed for managing greenhouse
climate and depending on the measured climatic conditions, the
choice of an optimal control strategy shall be made by the energy
consumption parameter. After a short introduction, Chapter II gives
an overview of other researchers’ solutions and experimental data.
Chapter III describes the environment realized for the purpose of
testing the current project. Chapter IV gives an overview of the
proposed control strategy selection system based on the Fuzzy
Analytic Hierarchy Process (FAHP). Chapter V shows an evaluation
of the expert system used in control strategy selection. Chapter VI
presents experimental results and analysis of collected data. Chap-
ter VII shows a discussion about the mobile automated greenhouse
control system. We  concluded Chapter VIII with an overview of the
production cycles of the implemented greenhouse environment.
2. Related work

The navigation method could manage the robust mechanism
guiding the robot along the near-shortest path in static or dynamic

vier B.V. All rights reserved.
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nvironments, and no fully informed map  is needed. There are
ew groups doing research work in a greenhouse control system,
.g. [1], [2] and [3]. They use various devices for air temperature,
elative humidity and soil temperature measurements with a wire-
ess sensor network. They have also developed a web-based plant

onitoring application. A greenhouse grower can read measure-
ents over the Internet, and an alarm will be sent to the owner’s
obile phone by SMS  or GPRS if some measurement variable

hanges rapidly. In the test environment, six nodes are deployed
nto two rows 12.5 m apart from each other. One mesh node works
s a repeater and improves the throughput of communication. A
ridge node gathers data from other sensor nodes, which transmit
emperature and relative humidity measurements in one-minute
ntervals. Our implementation differs from other developments
n the use of a mobile measuring agent, which provides flexibil-
ty and robustness for the system. Autonomous robots may  be
perated by different navigation schemes. The best results were
iven by a modified implementation of the potential field method.
obot control architecture provides rules, guiding principles and
onstraints for organizing a robot control system, programs and
ontrol algorithms so it can be autonomous and achieve goals [4].
he requirements featuring a WSN  are expected to satisfy in effec-
ive agricultural monitoring concern both system level issues like
nattended operation, maximum network life time, adaptability or
ven self-reconfigurability of functionalities and protocols and the
nal user needs e.g. communication reliability and robustness, user

riendly, versatile and powerful graphical user interfaces. Serodio
5] developed and tested a similar distributed data acquisition and
ontrol system for managing a set of greenhouses. Several commu-
ication techniques were used for data communications. At a lower
upervision level, inside each greenhouse, a WLAN network with a
adio frequency of 433.92 MHz  was used to link a sensor network
o a local controller. A controller area network (CAN) was pro-
ided to link an actuator network to the local controller. Through
nother RF link (458 MHz), several local controllers were connected
o the central computer (PC). High-level data communication was
rovided through Ethernet to connect the central PC to a remote
etwork. Feng [6] implemented a wireless data acquisition network
o collect outdoor and indoor climate data for greenhouses. Sev-
ral solar-powered data acquisition stations were installed indoor
nd outdoor to measure and monitor climate data. RF links were

stablished among multiple (up to 32) SPWASs and a base station,
hich was used to control the SPWASs and to store the data. Liu

nd Ying [7] reported a greenhouse monitoring and control sys-
em using Bluetooth technology. The system collected environment

Fig. 1. Crops in the
rnal of Life Sciences 70–71 (2014) 61–70

data from a sensor network in a greenhouse and transmitted the
data to the central control system. Mizunuma [8] deployed a WLAN
in a farm field and greenhouse to monitor plant growth and imple-
mented remote control for the production system. They believed
that this type of the remote control strategy could greatly improve
productivity and reduce labor requirements.

3. Working environment, technology and methods

The applications for WSNs are many and varied. They are used in
commercial and industrial applications to monitor data that would
be difficult or expensive to monitor by using wired sensors. They
could be deployed in wilderness areas, where they would remain
for many years (monitoring some environmental variable) with-
out the need to recharge/replace their power supplies. They could
form a perimeter about the property and monitor the progression
of intruders (passing information from one node to the next). There
are many uses of WSNs. Typical applications of WSNs include mon-
itoring, tracking, and controlling. Some of the specific applications
are habitat monitoring, object tracking, nuclear reactor controlling,
fire detection, traffic monitoring, etc. In a typical application, a WSN
is scattered in a region where it is meant to collect data through its
sensor node. The WSN-based controller has allowed a considerable
decrease in the number of changes in the control action and made
a study of the compromise between quantity of transmission and
control performance possible. Fig. 1 shows our greenhouse test-
ing environment. The greenhouse protects plants from extreme
weather conditions. However, if the period of daylight prevents
the photosynthetic activity, the plants do not grow [9]. Horticul-
tural lighting allows the grower to extend the growing season. It
enables a year-round production of plants or makes it possible for
the grower to start sowing in early spring and continue season until
the first frost [10]. Plants need about 10-12 hours of light to improve
growth.

Motion control of mobile robots is a very important research
field today, because mobile robots are a very interesting subject in
both scientific research and practical applications. In this paper, the
object of remote control is the Boe-Bot vehicle. The vehicle has two
driving wheels and the angular velocities of the two wheels are
controlled independently. When the vehicle moves towards the
target and the sensors detect an obstacle, an avoiding strategy is

necessary, as in [11], [6] and [12]. The host system is connected
to the mobile robot with the SunSPOT module. A remote control
program has been supported by graphical user interface shown in
Fig. 2. As to the greenhouse climate control problem, the system has

 greenhouse.
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Fig. 2. The develope

rovided promising results [13]. This application monitors internal
nd external parameters of the greenhouse, gives an overview of
he actuator’s current state, and has a video surveillance option.
ll the collected data from the mobile measuring station and from

he external meteorology station is stored in database. Navigation
f the mobile measuring robot can be done manually, relying on
he visual data from the robot’s camera, or can be switched to
utomatic mode where the developed algorithm does the naviga-
ion job. Deployment of wireless sensors and sensor networks in
he greenhouse environment is mostly at the development stage.
he aforementioned applications can be classified into five main
ategories:

Environmental monitoring,
Precision agriculture,
Machine and process control,
Building and facility automation, and
Traceability systems.

The implemented wireless sensor network was developed by
un Microsystems Inc. to provide environmental monitoring in
elds. A remote application server can relay data from the sen-
or network to local users via a WLAN and to remote users via a
ellular network and the Internet. We  have developed a wireless
rototype system to acquire, store, display and transmit real-time
nvironmental data between the greenhouse and remote location.
n the control system, a mobile measuring agent navigates between
he crops and collects data. Nodes communicate with each other or
ith a greenhouse server through a WSN. The server collects all the

nformation received from the motes and stores them in a database.
ests demonstrated a great potential to improve efficiency and pre-
ision for greenhouse control and data collection. During the past
ew years, potential field methods (PFM) for obstacle avoidance
ave gained increased popularity among researchers in the field
f robots and mobile robots, as shown in [14], [15] and [16]. The
dea of imaginary forces acting on a robot has been suggested by
17]. In these approaches, obstacles exert repulsive forces onto the
obot, while the target applies an attractive force to the robot. The
um of all forces, the resultant force, determines the subsequent
irection and the speed of travel. According to [18] and [19], one of

he reasons for the popularity of this method is its simplicity and
fficiency.

The measured values of the greenhouse climate variables are
rst converted from analog to digital ones and then transmitted
trol center window.

to the control system. Because of the high moisture in the green-
house, the control system is normally located outside. The optimal
greenhouse air temperature depends on the intended level of the
photosynthetic activity. Each plant species has its own  optimal val-
ues of air temperature and active radiation of light, which enable
the maximum photosynthetic activity. Soil temperature also plays
an important role. Conduction heat transfers directly to the soil
structure and through convection between the plant roots and
water flow around them [20]. The main concern in humidity and
temperature control is to provide the best conductivity to active
movement of water and nutrients through the plant. Humidity con-
trol is also an important tool to prevent the spread of plant diseases
in greenhouses. Fig. 3 shows a data fusion structure in greenhouse
environment with implemented sensors and actuators responsible
for climate conditioning.

The range sensors assist only for wall following and wall
detecting purposes. For a greenhouse environment, the mobile
measuring agent is equipped with Agricultural Sensor and Gas Sen-
sor boards, and they can be used together to measure and control
air humidity, CO2 level and air temperature. Using a PAR (Photo-
synthetically Active Radiation), the sensor checks the conditions
for photosynthesis [21]. Fig. 4 shows the complete control system
of the greenhouse, similarly to [22]. The actuator part, like heaters,
foggers, coolers of the system, is controlled by a LabVIEW applica-
tion. All necessary actuators are used to create a relatively constant
environmental condition inside the greenhouse. If the temperature
rises, the control system enables cooling fans and foggers until we
get an acceptable temperature. If the temperature falls below nor-
mal, oil heaters activate. The mobile measuring agent does not need
to monitor values continuously and it can spend long periods in
a power saving mode. In our case, the measuring tour across the
greenhouse is made once per hour. The collected data is transmitted
to a relational database for further statistical analysis. Using sensor
data automatically adjusts the control system to match local condi-
tions in the greenhouse. Avoiding over-watering also helps prevent
certain crop diseases including rot, fungi and bacteria, which thrive
in wet  conditions.

4. Fuzzy AHP approach to choose a control strategy
As with most issues related to decision making, selection of
the control strategy becomes complicated in a real environment.
There is a high probability that the human factor is wrong in mak-
ing decisions or predictions for quantitative problems. In many
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Fig. 3. Data fusion structure

ases, it tends to express the current state of the system with
erbal expressions. A fuzzy linguistic model allows mapping of a
erbal expression to a numeric value. A multi-criteria decision-
aking method based on fuzzy relations is used for quantitative

etermination of the importance of each criterion with some
egree of inaccuracy. In this case, the FAHP (Fuzzy Analytic Hier-
rchy Process) multi-criteria analysis is proposed as a tool for the
mplementation of a multi-criteria scheme. AHP is a method for
ecision-making, which is suitable for solving complex unstruc-
ured and multi-attribute problems developed by T.L. Saaty [23].
he most creative part in making decisions that greatly affect the
utcome of the decision is problem modeling. Identification of the
ierarchy of decisions is a key factor in the application of the AHP
ethod. AHP is the basis for the formalization of complex problems

sing the hierarchical structure of the application by comparing
airs of attributes. This method is widely applied in industrial appli-
ations and other areas. Conventional AHP is not able to reflect the
uman thinking style. For this reason, FAHP is developed to solve
he hierarchical fuzzy problems. In the FAHP method, all calcula-
ions are performed with fuzzy numbers, as proposed in [24]. In
his part, the FAHP method is considered for the selection of con-
rol strategies in managing microclimate conditions applying the

ulti-criteria decision making process. For the purpose of defining
 fuzzy set, let X be the defined area, Ã a fuzzy subset of X such that
t applies to all x ∈ X . Let there be a number �Ã(x ∈ [0,  1]) assigned
o represent the membership of x to Ã  and let �Ã(x) be called the

embership function of Ã.  A fuzzy number Ã is a normal and convex
uzzy subset of X. According to [25], a convex set implies (1):

∀x1 ∈ X, x2 ∈ X, ∀  ̨ ∈ [0,  1]

�Ã(ax1 + (1 − a)x2≥ min  �Ã(x1), �Ã(x2))
(1)

A triangular fuzzy number Ã can be defined by a triplet (a, b, c).
he membership function can be defined as in [25]:

⎧⎪⎪⎪
x − a

b − a
, a ≤ x ≤ b,
Ã(x) =
⎨
⎪⎪⎪⎩

c − x

c − b
, b ≤ x ≤ c,

0 ·

(2)
e greenhouse environment.

Well known addition, multiplication, subtraction and division
of triangular fuzzy numbers are described in [25] and two  of these
operations used in this paper can be expressed as follows:

Addition of fuzzy numbers ⊕:

(a1, b1, c1) ⊕ (a2, b2, c2) = (a1 + a2, b1 + b2, c1 + c2) (3)

Multiplication of fuzzy numbers ⊗:

(a1, b1, c1) ⊗ (a2, b2, c2) = (a1 × a2, b1 × b2, c1 × c2) (4)

The FAHP method is a systematic approach to the choice of
alternatives and justification of the problem using the concepts
of fuzzy sets and analysis of hierarchical structures. The decision
maker can specify the settings in the form of the natural language
or a numeric value on the importance of each attribute. The sys-
tem combines these settings with existing data using the FAHP
method. In the FAHP method, pairwise comparisons in the matrix
are fuzzy numbers and fuzzy arithmetic operators. The procedure
calculates the sequence of weight vectors that will be used for the
selection of the main attributes. In some cases, the decision maker
can determine the importance in a standard form with pairwise
comparisons defined by T.L. Saaty [23] in the form of nine points
on the scale of importance between the two  elements. Triangular
fuzzy numbers were introduced in the conventional AHP in order to
improve the level of judgment of decision makers. The central value
of the fuzzy number is the corresponding actual value. Expanding
the number is an estimate of the actual number. If the decision
maker is unable to specify their preferences according to numeri-
cal values, it is also possible to specify the setting in the form of
natural language expressions of the importance of each perfor-
mance attributes. The decision maker also uses the fuzzy method
for the construction of the lookup table and the appropriate value
of fuzzy numbers similar as in [24]. In the FAHP method, using
fuzzy arithmetic and aggregation operators, the procedure calcu-
lates the sequence of weight vectors that are used to determine
the importance of each attribute. There are many variations FAHP
methods and improvements proposed by several researchers. In
the next few steps, the method analysis will be given and then the

method will be applied to the problem of selecting the optimal
control strategy.

Step 1: In the first step, the FAHP method develops the hierarchi-
cal structure of the problem similar to [23]. After that, the decision
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aker must determine relative weighting factors for each crite-
ion. With the AHP method, weighting factors are determined by
airwise comparison of each criterion. To determine the relative
eight, the decision maker is asked to make pair-wise compari-

on by using a scale from 1̃ − 9̃. Data from pairwise comparison is
rganized in the form of triangular fuzzy numbers.

Step 2: If the decision maker cannot use preferences forms of
riangular fuzzy numbers, there is a possibility of using linguistic
erms by applying the lookup table from which the corresponding
alues can be readily extracted for fuzzy numbers.

Step 3: After setting up the hierarchy and pairwise comparison
f the criteria and alternatives, it is necessary to calculate the global
alue of priority of alternatives as presented in [23].

In order to determine the optimal strategy for managing micro-
limate conditions, a hierarchical model is devised, as shown in

ig. 4. In this case, the FAHP method is used for determining the
ptimal control strategy based on the measured data.

The first level is the goal itself. In this case, the goal is to deter-
ine the optimal control strategy. The goal is divided into the
ion of the control strategy.

following three main criteria: A - mobile measuring station, B
- outdoor weather station, and C - indoor stationary measuring
point. The third level includes system parameters. Improved algo-
rithmic steps of the proposed approach from [25] are shown in
Fig. 5.

Category one – The mobile measuring station: General terms
and conditions inside the microclimate environment are measured
by using a mobile measuring station equipped with the neces-
sary sensors. Data collected from the environment are forwarded
to the central database with the exact location and time of mea-
surement. Influencing factors are divided into six sub-criteria: A1
- CO2 gas concentration, A2 – Air humidity, A3 - Air temperature,
A4 - Atmospheric pressure, A5 - Solar radiation, A6 - Position of the
measurement.

Category two  – Outdoor weather station: To control microcli-

mate conditions, it is necessary to monitor external climate factors
as well. Data collected from the outside weather stations are also
placed in the database. Taking into account external factors, the
second criterion is divided into six sub-criteria: B1 - Humidity, B2
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 Air temperature, B3 - The amount of rainfall, B4 - Solar radiation,
5 - Wind Speed, B6 - Wind direction.

Category three – Indoor stationary measuring point: The indoor
tationary measuring point is introduced for the purpose of improv-
ng control performance. Besides standard internal factors such as
emperature, relative humidity, lighting conditions, etc., we  mea-
ure the soil temperature and soil moisture. The third criterion is
ivided into five sub-criteria: C1 - Soil moisture, C2 - Soil temper-
ture, C3 - Air temperature, C4 - Air humidity, C5 - Solar radiation.

Finally, the fourth and final level contains alternatives. Six

ontrol strategies were developed: STR1 – Day High Performance,
TR2 – Day Normal, STR3 – Day Economic, STR4 –
ight High Performance, STR5 – Night Normal, STR6 –
ight Economic.
ps of the FAHP approach.

The selection of the optimal control strategy is based upon input
factors. Procedures of FAHP calculations are given in the following
way, similar as in [23]:

Procedure 1 – In order to determine the optimal control strat-
egy, a hierarchical structure is created as shown in Fig. 4. Taking
into consideration the requirements of the goal, the decision maker
plays a key role in the evaluation, evaluating the results of pair-
wise comparison of the first level of the hierarchy. By applying
triangular fuzzy numbers, using pairwise comparison, the fuzzy
judgment matrix is constructed as Ã(i,j), where a−˛

ij
= 1̃, 3̃, 5̃, 7̃, 9̃
or 1̃−3, 3̃−1, 5̃−1, 7̃−1, 9̃−1 if i is not equal to j, similar to [23]. Mem-
bership functions are performed by using an  ̨ cut. The  ̨ cut plays
the role of unifying reliability properties of experts and decision
makers during the judgment process. This will give a set of values
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Table 1
Definition of fuzzy members.

Fuzzy language Fuzzy values Meaning

VB (1,1,2) Very Bad
VP (1,2,3) Very Poor
P  (2,3,4) Poor
F  (3,4,5) Fair
G  (4,5,6) Good
VG  (5,6,7) Very Good
I  (6,7,7) Ideal

Table 2
Values of the first hierarchy level.

A B C

A 1 2 5
B  1/2 1 3
C  1/5 1/3 1

Table 3
The evaluation matrix of the A criteria.

A1 A2 A3 A4 A5 A6

A1 1 1/3 2 1/3 1/5 1
A2  3 1 2 2 1/2 5
A3  1/2 1/2 1 1/2 1/3 1
A4  3 1/2 2 1 1/2 3
A5  5 2 3 2 1 5
A6  1 1/5 1 1/3 1/5 1

Table 4
The evaluation matrix of the B criteria.

B1 B2 B3 B4 B5 B6

B1 1 3 1 1/4 1/3 2
B2  1/3 1 1 1/3 1/2 1
B3  1 1 1 1/2 1 2
B4  4 3 2 1 3 3
B5  3 2 1 1/3 1 1
Fig. 6. Construction of the fuzzy judgment matrix.

n the interval of fuzzy numbers. The lower limit and upper limit
f fuzzy numbers with respect to the  ̨ cut are defined by equation
escribed in [23]. ãij = [aij, bij, cij] is one of the elements of Ã with

 closed interval whose mid  value is bij. Then bij is just one of the
ntegers from one to nine, which are used in the method of AHP in
26] and [27].

According to [25], when ı is selected to be less than 1/2, bij is
elected as the consecutive two-level scale midpoint, and d is the
rossover point of two  triangles (Fig. 6). If �(d) is zero, there is no
mpact on the entire distinct cognitive-fuzzy conversion. If ı has

 value greater than one, the level of fuzziness increases, but the
egree of confidence decreases. It is proposed to select a value for

 between 1/2 and 1, as shown in Fig. 6.
After pairwise comparison of all elements, matrix Ã is converted

nto fuzzy triangular numbers, and the geometric mean method is
pplied to calculate the priorities of these triangular fuzzy numbers
23], as in (5) and (6).

˜
i =

(∏
ãij

)1/n

i = 1, . . .,  n (5)

Value of ãij can be defined as ãir1j, ãir2j, ãir3j:

kir1 =
(∏

air1,j

)1/n

kir2 =
(∏

air2,j

)1/n

kir3 =
(∏

air3,j

)1/n

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

j = 1, . . .,  n (6)

According to [23], for each of the alternatives or criteria, weights
an be computed as follows in (7):

qir1 = kir1∑n
i=1kir3

qir2 = kir2∑n
i=1kir2

qir3 = kir3∑n
i=1kir1

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

i = 1, . . .,  n (7)

Fig. 7 shows usual and known conversion procedure of a linguis-
ic variable into fuzzy numbers, as described in [25].

After that, the weight of criteria i can be written as q̃i =
qi,r1, qi,r2, qi,r3). The given weights are in the form of triangular

uzzy numbers. The defuzzification process [13] is done according
o (8):

i = q̃i

3
(8)

Fig. 7. Membership functions of linguistic values for criteria rating.
B6  1/2 1 1/2 1/3 1 1

Procedure 2 – If the decision maker is unable to determine the
importance or the priority of criteria, it is possible to use linguis-
tic variables to estimate the importance of criteria with respect
to the goal, and linguistic variables to estimate the importance of
alternatives with respect to each criterion [13]. As described in [25],
the linguistic variable can be easily converted into fuzzy numbers
according to standard procedure by using Fig. 7 and Table 1.

Procedure 3 – The degree of importance of each objective can be
incorporated into the formulation by applying fuzzy priorities and
evaluating alternatives. A weighted priority of each alternative can
be obtained by multiplying the evaluation matrix by vector weights
and by summing of all attributes. Tables 2–5 show the evaluation
matrix relevant to individual criteria in greenhouse environment.
To determine the relative weight, the decision maker is asked to
make pairwise comparison by using a scale from 1̃ − 9̃ similar to
Table 5
The evaluation matrix of the C criteria.

C1 C2 C3 C4 C5

C1 1 5 7 2 3
C2  1/5 1 1 1/3 1/3
C3  1/7 1 1 1/5 1/5
C4  1/2 3 5 1 1
C5  1/3 3 5 1 1
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Table  6
Linguistic evaluations of alternatives according to criteria.

Alternatives Criteria

A1/B1/C1 A2/B2/C2 A3/B3/C3 A4/B4/C4 A5/B5/C5 A6/B6
STR1  G/G/F F/G/G VG/F/G G/F/VG G/VG/VG G/VP
STR2  VG/F/G F/G/G F/G/I VP/G/G F/G/G VG/F
STR3  VP/VG/F VG/F/F VG/VP/G G/G/F VG/VG/F VG/G
STR4  F/G/G F/G/VG VP/VG/F VG/VG/VP G/VG/F G/F
STR5  VG/G/VG I/F/G G/F/G G/F/VG G/G/F VP/F
STR6  VP/G/VG F/F/F VG/G/G I/VP/VP VG/VG/G VG/G

Table 7
Comparison of two  weighted methods with different � values.

� = 0.6 � = 0.7 � = 0.8 � = 0.9

FAHP Yager FAHP Yager FAHP Yager FAHP Yager

Rank Score Rank Score Rank Score Rank Score Rank Score Rank Score Rank Score Rank Score

STR3 6.24 STR3 0.99 STR3 6.62 STR3 0.98 STR3 7.07 STR3 0.98 STR3 7.61 STR3 0.98
STR5  6.08 STR6 0.98 STR5 6.44 STR6 0.96 STR5 6.86 STR6 0.96 STR5 7.38 STR6 0.96
STR4  5.95 STR5 0.95 STR4 6.31 STR5 0.95 STR4 6.74 STR5 0.95 STR4 7.24 STR5 0.95
STR6  5.91 STR4 0.95 STR6 6.25 STR4 0.95 STR6 6.67 STR4 0.95 STR6 7. 6 STR4 0.95
STR1  5.78 STR1 0.93 STR1 6. 32 STR1 0.94 STR1 6.55 STR1 0.95 STR1 7.04 STR1 0.95
STR2  5.35 STR2 0.89 STR2 5.66 STR2 0.89 STR2 6.04 STR2 0.89 STR2 6.50 STR2 0.89
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Fig. 8. Meas

23]. Data from pairwise comparison is organized in the form of
riangular fuzzy numbers.

 (aj, qi) =
∑

q̃j ⊗ ãj (9)

One of the six alternative control strategies is chosen as the
ptimal strategy for the given conditions. Table 6 shows linguis-
ic evaluations linked to specific criteria. After obtaining triangular
uzzy numbers, their priority (geometric mean method) is calcu-
ated by using (5) and (6).

For each criterion or alternative, the weighting factor is calcu-
ated by using (6). After defuzzification of fuzzy weights, the new
alue of weighting factors can be obtained by using (8).

. Evaluation of the expert system

In order to show the applicability of the proposed expert sys-
em, the proposed method is compared with Yager’s method under
arious � cuts. The values of � cut are 0.6, 0.7, 0.8 and 0.9 for the
valuation of six alternatives in FAHP and Yager’s method and the

esults are shown in Table 7.

Both methods are implemented in the MATLAB programming
nvironment to provide experimental values. Comparing models
ith both methods under various � cut levels can be considered as
emperature.

a decision support model since it guides decision makers to select
the best alternative. In the case of the analysis in Table 7, we can
establish that under given conditions STR3 Day Economic is offered
as the best choice for all � sections in FAHP and Yager’s approach.
Both methods are insensitive to the values of � because the eval-
uation results do not change in the case of various � sections. This
fact proves reliability and consistency of both methods. In the case
of ranking all available alternatives, there are certain differences
in two  methods. The advantage of the FAHP approach is that it is
more natural and the input parameters for the application of the
fuzzy linguistic variable are defined more precisely, and therefore
the decision of an expert system itself is more reliable.

6. Experimental results and analysis

Experimental measurements are done inside the greenhouse.
The basic surface of the microclimate environment is almost 16 m2,
the model is built for experimental purposes in the backyard
of Subotica-Tech. 25 containers are located inside the controlled

microclimatic environment, and in each of them there is one plant.
The possibility of implementing a fuzzy controller used as a substi-
tute for the conventional control system in terms of maintaining the
desired temperature in the microclimatic environment that is 21 ◦C
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Table 8
The average total weight and the number of fruit harvested.

Tested plants Average
weight of
fruit (with
automation)

Average
weight of
fruit (without
automation)

Average
number of
fruit per
plant (with
automation)

Average
number of
fruit per
plant
(without
automation)

Tomato 215 g 185 g 18 11
Fig. 9. Simulated map.

ntails precise control. Fig. 8 shows the graph of measured external
emperature, internal temperature and from the temperature sen-
or on the mobile measuring agent in a period 0-24 h. We  are able
o manage internal conditions inside the greenhouse at a relatively
onstant value, which is realized by using good and robust control
echniques.

This research considers the information-aware operation of the
odes and of the network as a whole. This involves consideration
f the ‘information’ contained in each packet by quantifying the
sefulness of data to the control system [28]. The mobile robot has
ne WSN  node onboard and it communicates with other nodes in
he WSN  network. This means that we have a WSN  grid with a
nown node position and a mobile node on the robot. The mobile
ode is localizable by using the RSSI parameter of the three closest
odes. For the localization of mobile measurement stations a min-

mum of three WSN  nodes is required that are in the range of the
easuring station. Since the positions of fixed nodes are known,

imply by measuring the RSSI signal from the three nearest node,
e can determine the exact position of the measuring station. In

11], detailed navigation algorithm for mobile measuring station is
resented. Fig. 9 shows a simulation map  for the path length com-
arison test. Fig. 10 depicts an evaluation of the path length for
very implemented navigation algorithm.

Every fixed node has a temperature and humidity sensor, while
he mobile robot is equipped with temperature, humidity, light,

olar radiation, CO2 concentration and pressure sensors similar to
29]. Fixed sensor nodes are placed on every 100 meters and the

obile measuring station improves measurements with the ability
o measure environmental parameters between the fixed nodes. By

Fig. 10. Path 
Capsicum 140 g 120 g 17 12
Cucumber 80 g 60 g 15 12

using this concept we can build a temperature, humidity or even
light map  of the object in a good resolution and we can determine
if any malfunction appears (like plastic film damage or bio-light
malfunction, etc.).

As we can see in Fig. 10, the developed RSSI PotField navigation
algorithm finishes the navigation task with the shortest path length.

7. Discussion

Using an automated greenhouse control system it is possible to
expand the production cycle of the crops inside the greenhouse,
but we  must take into consideration the energy usage factor. If we
spend too much energy to create ideal conditions for the crops,
the production costs will drastically rise. This is the reason why  it
is not suggested to grow plants in the period from December 15 to
February 15. Excellent light, moderate heating costs and good prices
annually demonstrate this is the best time for greenhouse tomato
production. Tomato plants grow best when the night temperature
is maintained at 16 - 18 ◦C. Temperatures below 16 ◦C will prevent
normal pollination and fruit development. For example, tomatoes
are a warm season vegetable crop and they grow best under con-
ditions of high light and warm temperatures. Low light in a fall or
winter greenhouse, when there is less than 15% of summer light
levels, greatly reduces fruit yield when heating costs are highest.
For this reason, it is difficult to recommend that a greenhouse oper-
ator should grow and harvest fruit from December 15 to February
15. Based on a few years of experience, tomato production is most
successful in the spring.
In warm or hot outdoor conditions, tomato greenhouses must
be ventilated to keep temperatures below 35 ◦C. High temperatures
not only affect the leaves and fruit, but increased soil tempera-
tures also reduce root growth. Table 8 gives a comparison of the

length.
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0 G. Martinović, J. Simon / NJAS - Wagening

verage total weight and the number of fruit harvested with the
eveloped control system based on the WSN  and mobile measur-

ng station and with a classical one-point measuring control system.
uccess in greenhouse plants depends completely on fruit yield.
ields of 20–25% gain per plant are very good for annual costs. One
f the main goals of the project is to develop a stabilized univer-
al greenhouse control system capable of fast adaptive control in
arious conditions. The research area inside the greenhouse is the
avigation of a wirelessly controlled mobile measuring station.

. Conclusion

In this work, we analyze the need for the development of models
or environmental management due to the fact that the stationary

easuring points can be replaced by an autonomous mobile mea-
uring station. These assumptions imply the need for addressing
utonomous navigation of the mobile measuring station in an
nknown dynamic environment, as well as wirelessly collected cli-
atic parameters by using sensor networks. In addition, there is a

eed for developing an expert system based on fuzzy multiple crite-
ia decision making and an optimal management strategy of choice
or the greenhouse as well as the development of methods for data
usion in real time. The proposed model for environmental manage-

ent using mobile monitoring stations compared to conventional
ystems has the ability to control microclimate conditions by zones,
he possibility of generating a temperature map of the object,
he object damage detection based on the temperature map. This
hange in management microclimates led to certain changes, which
re reflected in an increasing number of control strategies, which
s one of the most important elements in the developed model.
esults of the analysis of the behavioral control system indicated
he need for special attention to address the very stage of decision-

aking that brings a stable microclimate with minimal energy
xpended. Based on defined subjects, research includes the basic
ypothesis, which is reflected in the possibilities of using a mobile
easuring station instead of stationary measurement points. The

ontrol system has been successfully implemented; however, there
re still possibilities for further improvements mentioned in Chap-
er VI. In order to carry out verification of the proposed model for
nvironmental management by an autonomous mobile measur-
ng station, comparative results of experimental measurements of
arious climate parameters are given. The analysis of the results
ndicates accuracy and robustness of the model.
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