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Abstract. This section presents the recent and near-future uses of information tech-
nology (IT) for greenhouse cultivation. After some introduction on the basic physical 
mechanisms that govern greenhouse cultivation systems, two different approaches to 
greenhouse management and control are analyzed, the horizontal aspect and the ver-
tical aspect. Then, low-level control, medium-level control and management, and 
high-level management is discussed. An additional section categorizes and presents 
some of the latest tools and complete products for greenhouse control and integrated 
management. 
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5.8.1 Introduction 
Advances in information technology (IT) during the last decades have been applied 

to greenhouse cultivation, meeting the need for uniform year-round plant production. 
Plant cultivation in a controlled environment, such as that of greenhouses, is a very 
complicated process with numerous parameters that can directly or indirectly affect 
productivity. For these parameters to be controlled, all physical phenomena of the 
greenhouse environment have to be analyzed to calculate energy and mass balances. 
Feedback control relies only on real-time measurements, but for optimal control and 
better management, complete models of the physical [1,2] and biological [3-7] sys-
tems are sought. Physical systems are well-defined and have long been elaborated 
while biological systems are more complex and uncertain. Efforts in biophysical mod-
eling have only recently reached a practical utilization stage [8] and have a long way 
to go to become a mature coupling of bioscience and technology.  

However, the societal requirements for environmental respect and the consumer 
demands for quality, under global pricing competition, adds new dimensions and con-
straints in optimal management of a viable business. The driving force of integrated 
production management provides both the reason and the means for advances in this 
field. Bio-models (models concerning insects, disease, production, etc.) and IT imple-
mentations will need to reach new levels of achievement to become reliable and to be 
considered as necessary inputs to the production process. Cultivation technologies 
(hydroponics, robotic harvesters, plant factories, etc.) become mature and less costly 
as they gain widespread acceptance and this drives the needs for a knowledge-rich IT 
as we move from the information age to a knowledge-driven society. Efforts have started 
based on modern communication technologies to provide the missing bridge from the 
expert teams or knowledge bases to the low-level controllers  of the production side [10]. 

The understanding of transport mechanisms leads to the estimation of energy and 
mass balances of the greenhouse system, where three main transport mechanisms can 
be distinguished: 

• conduction, which takes place through the construction and the cover and in a 
large degree through the soil (heat only); 

• convection, which takes place between the greenhouse air and the internal sur-
faces, like heating pipes, cover, plants, soil surface, etc., and between the outside 
air and the outer surfaces of the greenhouse as well as the inside depending on 
infiltration or ventilation (heat and mass); and 

• radiation, which includes the transport of energy between the surfaces of all 
components inside the greenhouse by electromagnetic waves (light and heat). 

Several components determine the energy inflow and outflow. For the greenhouse 
cover and structural part, energy inflow and outflow are composed of solar radiation, 
radiation exchange with the sky and the interior of the greenhouse, exchange by con-
vection between the structural parts and the inside and outside air, and finally latent 
heat produced by condensation of water vapor inside the greenhouse. In the green-
house air, energy is exchanged by convection with the structural parts and cover, the  
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Figure 1. A schematic representation of physical processes of energy exchange  

in greenhouse crop production systems. 

heating system, the soil and the plants, and of course with the outside air during venti-
lation. The soil exchanges energy by the absorption of solar radiation, radiation ex-
change with the greenhouse cover and its structural parts and the plants, convective 
exchange with the greenhouse air, and conductive exchange with the underlying soil 
layers. Finally, the plants absorb solar radiation; they exchange radiation with the 
cover and the structural parts of the greenhouse, the soil and the heating system; and 
they exchange energy by convection with the inside air and latent heat via evapotran-
spiration. The processes of thermal energy exchange among the greenhouse, the sur-
roundings, and the greenhouse components are illustrated in Figure 1.  

The thermal status of all greenhouse compartments is represented by the following 
differential equations: 
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where Tc, Ti, Tp and 
osT  are temperatures of the cover, inner air, plant canopy and soil-

surface, respectively. Zx and Cx are the average height and thermal capacity of the 
compartment x. Hx-y and LEx-y are the sensible heat and latent heat exchanges between 
compartment x and y. Because of the sign convention, Hy-x = –Hx-y and LEy-x = –LEx-y. 
Qheater is the thermal energy input from heating, and Qground is the ground heat flux 
density between the top soil and subsequent soil layers. ax and τx are the absorption 
coefficient and transmittance coefficient of compartment x to the short wave radiation. 
ac and aq represent the absorption coefficient of glass to the direct and diffuse radia-
tion respectively. For the soil compartment, only top soil temperature is described in 
Equation 1d. The soil heat flux density at the surface (Qground) is: 
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which is determined by soil heat conductivity and temperature gradient at the top layer 
of soil.  

The thermal status of other soil layers needs to be treated separately. Soil tempera-
tures at various depths can be simulated with the following differential equation: 
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where  j represents the jth sub-layer of soil  
Ts = soil temperature  
Cs= volumetric specific heat 
ks = thermal conductivity  
Zs = thickness of soil layer 

The main measurable variables in a greenhouse environment are, for the aerial en-
vironment, temperature, relative humidity, light intensity, and carbon dioxide. For the 
root microenvironment they are pH, electrical conductivity (EC), soil temperature and 
moisture, salinity, and nutrient concentrations. The goal of greenhouse cultivation is 
the achievement of specific set-points for all these parameters, according to the appro-
priate desired values of the cultivated plants. This is carried out through some control 
and management operations in the greenhouse environment. These operations include, 
for the aerial environment, heating systems, ventilation and cooling systems, shading 
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screens, supplemental lighting systems, and techniques for CO2 enrichment. For the 
root microenvironment, according to the type of the cultivation system (soil cultiva-
tion or hydroponics), heaters, pH and EC control systems, and more general hydropon-
ics management systems. Recently, more advanced decision-support systems that take 
the salinity tolerance of the cultivated plants into account have been developed [9].  

All these systems and operations are bounded in complicated ways, thus the accu-
rate control of the greenhouse environment is a challenging task that requires sophisti-
cated methodologies. This is the so-called vertical aspect of greenhouse control and 
management (Figure 2), which makes the required control methodologies very de-
manding. The other major aspect of greenhouse control and management is the hori-
zontal aspect (Figure 3), which refers to the different time scales of the involved proc-
esses in a greenhouse cultivation system [10,11].  

Greenhouse cultivation systems consist of two quite different parts: the physical 
part and the biological part. The physical part is formed by the environmental parame-
ters both inside and outside of the greenhouse, while the biological part is basically the 
cultivated plants, as well as any biochemical reactions taking place between the crop 
and the environment (such as soil or substrates, insects, diseases). The physical part 
has many effects on the biological part and at the same time the biological system has 
numerous influences on the enclosing environment. Generally, the physical systems of 
plant production respond quickly, while the biological systems respond relatively 
slowly [12]. This makes the control and management of the greenhouse environment 
even more difficult and complex. 
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Figure 2. Vertical aspect of the greenhouse management and control problem. 
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Figure 3. Multi-time-scale management and control of the greenhouse environment (horizontal aspect). 

5.8.2 Low-Level Control Loops 
The basis of greenhouse environment control consists of methods that use several 

aspects of IT to form low-level control loops [13-17]. They can be classified as classi-
cal control techniques or intelligent methodologies for real-time control. 

Classical Control 
In classical control, the systems to be controlled are considered as input-output sys-

tems. Inputs are usually control inputs and disturbances, while outputs are usually the 
variables to be controlled. In the greenhouse environment, control inputs can be the 
heating amount, the ventilation rate (window opening, speed of fans), the amount of 
supplemental lighting, the position of the shading screen, and the CO2 enrichment rate. 
The outside temperature and humidity, the wind speed and direction, the solar radia-
tion, and the outside CO2 concentration are considered as disturbances. The outputs 
are the inside temperature, relative humidity, CO2 concentration, and light intensity at 
plant level, i.e. the controlled variables. 

The conventional control technique most widely used in greenhouse cultivation 
systems is feedback control. The controller is often of the simple ON/OFF type or the 
proportional-integral-derivative (PID) type. A PID controller has the ability to handle 
set-point changes, to compensate step-load disturbances, and to face wide model un-
certainty [18]. To improve the management and control of a greenhouse process, an 
adaptive PID control strategy (Figure 4) may be applied to compute the optimal con-
trol signals used for a defined cost-performance function. Simpler versions of the PID 
controller have also been used in greenhouse environment control [13,19-21], which 
 



 Chapter 5 Precision Agriculture 

 

300 

PID
Controller

Greenhouse
Model

Reference
Model

Adaptation
Law

+ +
+

-

+
+

reference disturbance disturbance

+
-

e

em

Estimated
parameter
values

 
Figure 4. Structure of the adaptive PID controller. 

has served greenhouse facilities for many years (at the start of feedback implementa-
tions) as switches (thermostats, hygrostats, pressostats). Because most greenhouse 
equipment is the binary-switch type, the application of such dynamic control method-
ologies is further complicated. In order for this type of equipment to be included in the 
dynamic control scheme, each of the dynamic equations for each possible state and 
control of the switching rate must be linearized, similar to pulse-width modulation 
[22]. A variation of the PID controller, the pseudo-derivative feedback algorithm 
(PDF) [23], has also been used successfully in temperature and humidity control of 
greenhouses [12,24]. Another control methodology, which originated by research in 
greenhouse environment control, is the proportional-integral-plus (PIP) controller 
[16], which has shown several advantages over the conventional PID or PI control, 
including robustness to pure-time transport delays, power and flexibility due to its 
state variable feedback, and a structure that avoids common control problems such as 
integral wind-up [25,26]. An improvement of the PID controller, the Smith predictor 
[27], compensates dead times that lower closed-loop stability margins and its perform-
ance. It has been used in greenhouse environment control with positive results [3]. 
Finally, an approach that leads to better temperature distribution and minimizes heat 
losses is that based on the nested control loop configuration and the load divider con-
cept [28], which divides the input needs to the corresponding actuators, achieving bet-
ter performance of the control system. 

Intelligent Real-Time Control 
Over the last few years, IT has been playing a growing role in the development and 

materialization of greenhouse cultivation control systems. In particular, methodologies 
of IT in the area of artificial intelligence (AI) have been widely used to develop highly 
sophisticated intelligent systems for real-time control and management of greenhouse 
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facilities, where conventional mathematical control approaches do not easily apply 
[29]. Artificial neural networks (NNs) have been the most-used tool in intelligent con-
trol of both greenhouse environment and hydroponics. Their main advantage is that 
they do not require explicit evaluation of transfer coefficients or any model formula-
tion. They are based on inherent learning capabilities of training data from the process 
to be modeled. Initially NNs were used in modeling the aerial environment of green-
houses, generally using as inputs the outside environmental parameters (temperature, 
humidity, solar radiation, wind velocity, etc.), the control variables, and the state vari-
ables, i.e., the conditions of the cultivated plants [30-32]. Simpler models that do not 
take into account the conditions of the plants have also been applied successfully in 
temperature modeling [33,34]. It should be noted here that NNs are usually bad ex-
trapolators, meaning that they do not perform satisfactorily in conditions considerably 
different than those of the training data. In hydroponics systems, NNs have been used 
to model with great accuracy the pH and the electrical conductivity of the nutrient 
solution in deep-trough cultivation systems [35], as well as the photosynthetic rate of 
the cultivated plants [36]. Furthermore, NNs have been successfully used in control 
applications of the greenhouse environment [37]. Very recently, their combination 
with genetic algorithms (GAs) in hydroponics modeling has been proven even more 
successful than conventional neural network modeling [38]. 

GAs are another AI technique that has been applied to greenhouse cultivation man-
agement and control. Their ability to find optimal solutions in large and complex 
search spaces, together with their innovative design capabilities inspired by the simu-
lation of natural evolution, make them very powerful tools for design and optimization 
in several engineering applications. They have been used as an optimization tool for 
controller tuning of the greenhouse environment [39], as training methodologies of 
neural network agricultural models [40], as optimizers that determine optimal set-point 
values [41-43], and as optimizers of other soft computing-based controllers like fuzzy 
controllers [44]. Another technique similar to GAs, the photosynthetic algorithm [45], 
is a biologically inspired optimization algorithm that simulates the optimization proc-
esses involved in photosynthesis by plants. It was successfully applied to the training 
of neural network agricultural models [40]. 

Fuzzy logic is a quite commonly used intelligent technique in advanced control and 
management of greenhouse cultivation systems. The complex processes and interac-
tions of the greenhouse environment make the kind of soft control that fuzzy logic 
incorporates very powerful and successful in accurate control and management of 
greenhouse systems, either as fuzzy logic on its own [46,47], or in combination with 
GAs and NNs [41,44]. It has been used to provide superior scaling among different 
production system sizes and loads in ventilation control [48] and in staged heating and 
ventilating systems in greenhouses [49]. It has also been used to provide management 
decisions in intelligent real-time control of greenhouse environment and hydroponics 
[3,50]. 
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5.8.3 Medium-Level Control and Management 
The control schemes described so far can be used as the basic elements of medium-

level control methodologies which form sophisticated systems for greenhouse man-
agement with two main focus areas: longer than instantaneous time-horizon control 
management and conflicting-resolving control management. 

Medium Time-Scale Processes 
As mentioned above, there are several different time scales in the processes in-

volved in greenhouse cultivation. The first step in the development of sophisticated 
control schemes for medium-level control methodologies that deal with medium time-
scale processes, with an aim for energy saving, involves the method of averaging some 
of the parameters of interest (e.g., temperature or light). This is possible because bio-
logical properties of plants indicate that they comprise integrating capacities, which 
means that short-term fluctuations of temperature or light intensity do not affect 
plants’ growth as long as an average value of each parameter is maintained over a cer-
tain period [51-54]. Energy saving is achieved because, for example in the case of 
temperature integration, the developed technique requires a desired average tempera-
ture during some specific time period and not specific temperature set-points for spe-
cific moments. In this way, a methodology can be developed that adapts the low-level 
temperature set-point according to the outside temperature conditions, so that mini-
mum heat losses are achieved, keeping in mind of course that some specific average 
temperature has to be achieved by the end of the integration period [55]. If a good 
algorithm can be found, considerable energy savings can be achieved. 

Some early investigation on the development of such integrating control strategies, 
with a focus on temperature integration, was performed by de Koning, who developed 
an algorithm based temperature averaging for 24-hour periods [56], and later for peri-
ods of several days [57]. In [58] an algorithm is presented that compensates for peri-
ods of temperature deviations in a greenhouse by slowly modifying the heating set-
point. The authors report good results in compensating for deviations either above or 
below blueprint temperatures. Timmons and Gates [59] developed a time-integrated 
approach to relative humidity control, and extended it to heat stress conditions for 
livestock [60] and optimal time-integrated variable set-points [61]. Marsh and Albright 
[62,63] presented a strategy for minimizing heating costs using an algorithm for calcu-
lating the economically optimum temperatures for greenhouse lettuce production. An 
alternative method based on formal optimization methods to achieve optimal set-
points for greenhouse lettuce production was proposed in [64]. Recently, several more 
advanced control strategies that exploit the temperature integrating capability of plants 
to achieve considerable energy savings have been developed, using the technological 
developments of IT [65-68]. In the case of light integration, Albright et al. [69] devel-
oped a rule-based algorithm to maintain the accumulated light intensity to a consistent 
daily integral, while Ferentinos et al. [70] optimized that control policy in relation to 
the CO2 concentration of the greenhouse environment, according to the rules devel-
oped in [54]. 
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The integration control policy for some environmental parameter can influence and 
make problematic some other control parameters. For example, in the case of tempera-
ture integration, relative humidity can often fluctuate and reach dangerously high val-
ues [71]. In long-term control strategies, short-term dynamics of the plants should be 
taken into consideration [72]. Thus, integrated control of the greenhouse environment 
requires the development of greenhouse management systems with capabilities of con-
flict-resolving schemes [73]. 

Additional information that can refine and improve the control strategies applied in 
a greenhouse cultivation system can be provided by forecasts, which lead to predictive 
control schemes. Weather forecasts have been used to optimize control of temperature 
integrating strategies, with considerable energy savings [74], while, in other cases, 
neural network models have been used to simulate greenhouse behavior in response to 
anticipated meteorological conditions, so that the predictive control strategy material-
izes [75]. 

Hydroponics is the other part of a greenhouse cultivation system that includes me-
dium time-scale processes and needs to be controlled and managed, together with the 
aerial environment. Irrigation scheduling and nutrient supply in hydroponic systems 
are crucial and require precise control to optimize quality and quantity of crop produc-
tion and to minimize cost and pollution due to effluents. A design for a water supply 
controller using system identification was proposed in [76], but the proposed control-
ler performs well only when a feedforward element is added in the control loop, in 
order to estimate water uptake as a function of global radiation. On the other hand, 
progress has been achieved in model prediction of crop irrigation needs. Usually, a 
transpiration model [77] that predicts plant transpiration based on ambient conditions 
of temperature, solar radiation, CO2 concentration, and vapor saturation deficit is used, 
while hybrid approaches using simplified transpiration models to predict the necessary 
water supply have also been proposed [78]. 

Multi-Process Coupled Systems and Conflicts 
Although biological systems consist of complex, inexactly defined, interacting 

processes, they have been until now treated with optimal control strategies that are 
applied separately to each process and not to the entire system as a whole [79,80]. The 
treatment of individual processes of a complex system, especially when those proc-
esses often conflict with each other (as in the case of greenhouse climate and hydro-
ponics control), does not necessarily lead to the optimal solution of the entire system. 
The definition of set-points and constraints for the control of such systems is difficult 
and problematic. In addition, each process can contribute in a different and maybe 
changing degree to the final output of the system. Thus, conventional control method-
ologies encounter some major difficulties in situations where control variables are 
coupled; for example, temperature and humidity, which are highly coupled through 
nonlinear thermodynamic laws. In these cases, the control actuators are usually subject 
to changing characteristics, as the gain is largely perturbed by cross-product terms 
with disturbances. Another example of this kind of problem is addressed in hydropon-
ics systems, where, when acid is added to the solution in order to reduce the pH value, 
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then electrical conductivity is strongly affected. The same holds true during electrical 
conductivity control, in which case some fertilizers affect the pH value. 

Recently, these kinds of control problems have been addressed for the case of tem-
perature and humidity coupling [81] and the case of simultaneous temperature and 
CO2 concentration control [82]. In [81], conflicts due to temperature-humidity cou-
pling are faced through an approach that consists of a powerful combination of lin-
earizing and non-interacting feedback/feed-forward controllers, outer-loop conven-
tional dynamic controllers (e.g., PID or PDF controllers) as well as a pre-compensator 
and command generator module, which computes set-point trade-offs based on psy-
chrometric properties and actuator limits and costs to provide optimized set-points that 
will allow the feedback/feed-forward controller to operate without hunting or chatter-
ing. 

In a more general context, in cases of process coupling and conflicts each process 
can have its own local dynamic control system, optimally tuned to the local goal, 
which is defined in a general environment, taking into account the final output of the 
entire system. This context leads to the development of multi-agent systems that can 
lead to the resolution of conflicting control decisions in complicated situations during 
plant growth [83]. 

5.8.4 High-Level Management 
Recent demands of product quality and production performance have made ad-

vanced crop management techniques and intelligent control systems absolutely neces-
sary for the operation of modern greenhouse cultivation facilities. Traditionally, in-
formation systems have consisted of databases, application programs, and user inter-
faces. This practice is changing because the new demand is for open integrated archi-
tectures with a more global scope through cooperative action [84]. Knowledge-based 
information systems, database management systems, and intelligent control are in-
creasingly being integrated into IT. Databases offer information sharing while new 
computational intelligence techniques allow data mining, multi-agent systems, plan-
ning, scheduling, and negotiation. Greenhouse cultivation management systems are 
becoming increasingly sophisticated and are using many of the advanced methods and 
tools of industrial automation, modern control theory, and IT. Computer and commu-
nications technologies are closely linked to these developments. All these make feasi-
ble the development of integrated management systems incorporating a high degree of 
intelligence and flexibility in the manipulation of long-term effects in the involved 
processes in the greenhouse cultivation system. 

Long-Term Effects and Crop Lifetime Horizons 
Several models have been developed to predict growth rate as a function of envi-

ronmental parameters, with a final goal to optimize environmental control by provid-
ing optimal set-point strategies for each environmental parameter, taking into account 
mainly the long-term effects on the crop [85,3]. 

Physiological models together with actual real-time monitoring of the physiological 
status of the plants can lead to real-time control strategies. In practice, the measure-
ment and identification of plant responses and the optimal control of the environment 
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based on plant responses are necessary. This leads to the speaking plant approach 
(SPA) [86 and Section 5.3 above]. This approach can benefit from a large number of 
plant-oriented measurements. Over the years, SPA has been integrated with modern 
techniques from the field of artificial intelligence, with an aim towards integrated in-
telligent control. Knowledge-based systems play an important role towards this effort 
[87,88]. 

Important issues in all these highly computerized and automated systems is the 
quality of information provided by the sensors and the quality of decisions passed to 
the actuators. IT can provide the capability of developing intelligent control systems 
capable of self-examination. The combined information from different sensors can 
lead to quality classification of isolated information derived from specific sensors or 
actuators [89]. In this way, several fault-detection and diagnosis methodologies have 
been developed in greenhouse cultivation systems [90-93]. 

IGM: Integrated Greenhouse Management 
Current major consumer concerns are direct exposure to traces of pesticides and 

other chemicals in food, and the indirect consequences to the environment, from the 
use of synthetic chemicals in the agricultural production process. Current research on 
consumer and environmental protection issues, and also on grower protection, has led 
to two basic solutions: biological products and integrated management. The grower 
has to comply with certain quality features in order to obtain certification for his prod-
ucts from specialized certification organizations. The actions that would lead to such 
compliance are the subject of continuous research and development of methods rele-
vant to using natural and/or biological (not synthetic chemical) methods of plant pro-
tection, by the development of integrated pest management (IPM) techniques [94], and  
minimizing water and fertilizer use. 

This integrated management of greenhouses has to be supervised and managed by 
an integrated management system, which is a specially designed program that leads to 
the development of certified products and provides the following: 

• correct agricultural practices, 
• employees’ safety and hygiene, 
• safety of products, 
• traceability, and 
• environment-friendly actions. 
The main goal of integrated management of greenhouses is profitable production in 

an economically viable and environmentally conscious agricultural facility, which 
incorporates beneficial natural processes into modern cultivation practices. The bene-
fits from the application of the system are: 

• performance assurance for the entire cultivation and grower’s income, 
• decrease of environmental impacts of agricultural actions, and 
• protection of the environment and agricultural products with fewer amounts of 

synthetic chemical compounds. 
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5.8.5 ICT Tools and Complete Products 
The level of the technology from various aspects are: 
• System architectures—Stand-alone controllers, PC-based, networked PC-based, 

and SCADA systems. 
• Languages and tools— 

1. DOS-based; some systems still exist in 2004 due to reliability of this operat-
ing system and the wide availability of the PC platform. 

2. LabView or Matlab research setups, coupled to I/O command/control cards. 
3. Visual OOPS and Windows complete applications, usually used for the pres-

entation and configuration functions of the controller part. Proprietary con-
trollers are programmed in assembly, PLC types in ladder or similar, and ad-
vanced high-functionality systems in C. 

4. Decision support systems are developed using various programming plat-
forms and technologies that reach higher levels of decision making (e.g., 
agents technologies for conflict management and optimization) and used as 
add-on systems to guide other lower-level but reliable systems, using specific 
DDE structures for data exchange. 

• Communications—Wired with optical or magnetic isolation or RF at the system 
interconnection level from the sensor up to the controller and onward to the PC 
server. Internet connectivity has become a common feature for remote monitor-
ing and control. Mobile connectivity is becoming an embedded technology to 
provide regular and alarm reporting to the “pocket of the user.” 

• Greenhouse (GH) controllers—Hardware aspects, autonomy aspects, advanced 
processing aspects, customizability and configurability issues, fixed-
customizable-open IT systems for greenhouses. 

5.8.6 Future IT Technologies for Greenhouse Production Management 
The level we have reached in real field applications is advanced owing to efforts by 

researchers and companies involved in agricultural automation. These advances are 
becoming the mainstream technology; the cost is becoming lower and we see green-
house automation including advanced features such as wireless sensors and actuators, 
distributed microcontrollers, main controllers supporting web cameras, remote super-
visory systems with Internet connection, and, finally, remote support and troubleshoot-
ing networks. Knowledge networks are under development; these will remotely moni-
tor the operation, assist the system or the grower in making critical decisions in risky 
situations (e.g., infections, nutrition problems in complex hydroponic recirculating 
systems), or to change the environment for a crop with unusual requirements. Special 
greenhouse units have been developed to become food-producing factories (e.g., leafy 
vegetables produced continuously in sealed chambers), fully equipped with tight envi-
ronment control equipment and management systems with embedded knowledge. 
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