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Abstract. Fuzzy control systems are widely used to carry out control actions where
variables with a certain degree of ambiguity are involved. Such control actions are
modelled based on fuzzy rules that are expressed in a language analogous to that
used by humans to conceive their reality. In this sense, fuzzy controllers can be ap-
plied in emerging technologies such as the Internet of Things (IoT) aimed at con-
trolling the real world through a set of objects interconnected to the Internet. This
article presents a fuzzy controller of Mamdani-type developed in Matlab. This con-
troller is integrated into a smart home– created by the OpenHAB tool– using REST-
ful services. The results of the evaluation reveal that the integration of the fuzzy
controller with smart home can provide an accurate control of comfort specifically
in this case. In addition, a better organization of the control rules was also possible
using the proposed fuzzy controller especially when large systems are developed.

Keywords. fuzzy controller, Mamdani, internet of things, smart home, OpenHAB

1. Introduction

Fuzzy logic is an alternative to the classic logic that proposes the modelling of systems
where variables are handled with a certain level of imprecision (i.e., temperature, air pol-
lution and tank filling level). These kind of variables can take ambiguous values such as:
very-low, low, medium, high, very-high [1]; empty, low, medium, full, critical [2], among
others. Handling this type of variables could not be supported by a precise mathematical
model to establish control actions [3]. However, the application of fuzzy logic based on
fuzzy sets and rules for the creation of systems enables the execution of control actions
using ambiguous variables more accurately.

A fuzzy logic based control system consists of three elements: a fuzzifier, an infer-
ence engine and a defuzzifier [4]. The fuzzifier allows the variables to be modelled by
means of fuzzy sets. The elements of each involved fuzzy set have an associated mem-
bership degree and they use a certain membership function according to the nature of
the problem (e.g., triangular, trapezoidal, Gaussian). After the fuzzification of input and
output variables of the control system, the control rules are determined. These rules of
type IF-THEN are used by the inference engine to perform fuzzy inference obtaining the
value of the output variable(s). Finally, the output variable(s) are defuzzified to become
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real values from which control actions are performed on the system. To carry out this
process, defuzzification methods such as centroid, bisector, min and max are used [5].

Recently, fuzzy control systems have been integrated into emerging paradigms such
as the Internet of Things (IoT). In IoT ecosystems, the real world is controlled and
tracked by monitoring the data provided by objects or things that are interconnected to the
Internet [6]. However, it is also required to carry out control actions on the environment
where humans daily live in order to satisfy their needs. In this sense, fuzzy controllers
have been introduced into the IoT to control scenarios where imprecise data have to be
sensed. Some of these systems are oriented for controlling automatic irrigation systems
[7], lighting in smart homes [8], optimization the conditions of cultivation in greenhouses
[9], controlling of pollution indoor [10], among others. These systems comply with the
specifications of the most widespread fuzzy models, Mamdani or Takagi-Sugeno [11].

Since fuzzy controllers have been integrated into the IoT to control objects and com-
munications, it is necessary to work on fuzzy controllers compatible with connected dig-
ital homes (smart homes) —scenarios where flexible and accurate control is required to
satisfy the user needs. This has been one of the main motivations for this study whose
objective is to integrate a Matlab fuzzy controller into a smart home built with a standard
home gateway such as OpenHab [12]. Based on this integration via Restful web services,
an evaluation of the controller was proposed, determining the accuracy to control smart
home objects as well as the flexibility to create the control strategy; that is, defining how
the set of rules was organized from which the IoT ecosystem is driven.

This paper is organized as follows. Section 2 describes how fuzzy controllers have
been applied on connected digital homes based on the IoT. Section 3 describes the archi-
tecture of system as well as the process followed to integrate the fuzzy controller with
the IoT. The results of the evaluation of the fuzzy controller are discussed in the section
4. Finally, conclusions and future work are outlined in section 5.

2. Literature Review

The main proposed fuzzy controllers for controlling household based on IoT scenarios
showed that fuzzy controllers were developed in order to manage certain aspects related
to comfort indoor, that is, lighting, thermal, and security. To do that, heterogeneous sen-
sors of different providers (i.e., temperature, humidity, pH sensors) were installed at both
indoor and outdoor of smart homes. Fuzzy controllers managed the data acquired by
these sensors as main data input to perform the fuzzyfication, fuzzy inference and de-
fuzzyfication tasks. Next, a description on the six recovered proposals after performing
the scientific search are described in deep.

In most cases, the Mamdani-type fuzzy controller was used as the primary fuzzy
control model [11]. In the management of thermal comfort, a first study, proposed in
[13], presented a solution capable of optimizing the indoor thermal comfort condition
according to seasonality (summer condition). The system developed by the researchers
included IoT objects such as temperature, wind speed, fan, humidity sensors. From these
devices it was possible to capture the contextual information on a smart home. Such
information allowed the authors, using a linear regression model, to predict the Predictive
Mean Vote (PMV) Index – a model that stands among the most disseminated models
for evaluating indoor thermal comfort. Fuzzy controller used this index to compute the
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control signal by applying the predefined control rules. The model was developed in Java
with the jFuzzyLogic library. The system was tested with an HVAC in a real building
located in Jeju, Korea in 2017.

In the same line of thermal comfort, additional studies were proposed. In [14], a
fuzzy system for controlling indoor temperature via a Mamdani model using the type-
2 fuzzy logic was proposed. The developed system, programmed in IT2F environment,
was oriented to manage the most appropriate indoor temperature with respect to out-
door ambient temperature, maintaining at the same time a comfortable climate for users.
Among the modelled fuzzy variables, there were used the following: outdoor tempera-
ture and humidity. Managing the temperature of a specific room considering the outdoor
conditions, a model was enabled to control the indoor temperature not only on humidity
and temperature but also on the number of people in the room. This model is ideal for
smart cities because is callable of saving energy and money.

In order to achieve the goals of saving energy and money, in [15] was proposed a
similar controller capable to save around 40% of energy. Although authors in this study
managed the same variables for the controller, they worked with different hardware and
software technologies. For instances, researchers used the ThinkSpeak as an open IoT
platform for interconnecting objects, Arduino UNO and Raspberry Pi as microcontrollers
for connecting sensors, and jFuzzyLogic for modelling the fuzzy system.

Likewise, Mamdani type fuzzy controllers have also been applied to light comfort
control in addition to temperature management for smart homes. Accordingly, a first
study, proposed in [16], developed a fuzzy luminance control system loaded in an ESP
8266 microcontroller programmed in C language. They defined two input variables (er-
ror and error change between luminance set value and measured value) and one output
variable (PWM duty cycle increment value). From these variables the system could ef-
fectively maintain a stable luminance level in an office environment as a part of a smart
home. Thus, the system contributes positively to power saving efficiency.

Similarly to [16] but oriented to external systems such as intelligent cities, in [17],
a Mamdani fuzzy system was proposed for controlling the intensity of street lights. This
system developed in Matlab could adjust the streetlights intensity level based on the tem-
poral and environmental conditions, that is, clear sky, cloudy, foggy and traffic density.
Although the proposed system was adapted to the conditions of Islamabad in Pakistan, it
could be adapted for operating according the same conditions to other cities of the world.

Finally, it was also highlighted two proposals focused on aspects related to security
management applicable to IoT. A first study, proposed in [18], presented a framework
called Fuzzy approach to the Trust Based Access Control (FTBAC) that can be used to
calculate fuzzy trust values for any number of devices which makes it more suitable for
scalable loT. To do it, the fuzzy controller employed three variables that describe devices,
that is, values of experience, knowledge and recommendation. This is a general frame-
work that could be applied in devices of smart homes, but it has not been experimented.

Complementary, in [19], a trust aware access control system using fuzzy logic is
described to ensure that only trusted users/devices access the data of sensor devices such
as successful forward ratio, energy consumption rate and data integrity. From these data,
the fuzzy controller was able to assist in the decision making of access control as well as
calculate the context dependent trustworthiness of each device based on their previous
behaviour. Therefore, this is a good alternative in smart homes because security and
privacy are yet concerns in IoT.
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3. Proposal

3.1. Scenario of IoT

The objective of the IoT scenario was controlling the room lighting level of a smart home.
In this sense, the illumination indoor of the three rooms (bathroom, master room, liv-
ing room) must be automatically controlled according the activity done in the room and
the contextual conditions where the smart home is located. In order to develop this IoT
ecosystem (Figure 1) it was used the OpenHAB platform [12] as smart home gateway.
This platform provides a vendor and technology agnostic open-source automation soft-
ware for integrating heterogeneous IoT devices available in a smart home. Thus, Open-
HAB was selected because it serves as an integration way for all home automation needs
and lets systems talk to each other across any vendor or protocol.

Figure 1. Scenario of IoT developed using OpenHAB.

The main IoT objects that were part of the described scenario, shown in Figure 1,
included the following IoT objects: four light bulbs, two motion sensors and two illumi-
nation sensors. There were other objects as part of the scenarios but they were not used
for lighting comfort. Files that implements the sitemap, items and rules of the studied
scenario in OpenHAB are accessible in the project repository.

Each IoT object had associated a state and some data obtained from the linked sen-
sor or actuator. For accessing to the status of the sensors, a Matlab Restful web service
linked to the IoT sensor or actuator was invoked using the request-response model of
the Hypertext Transfer Protocol Secure (HTTPS). A GET method was applied to obtain
the status and data from sensors as data input of fuzzy controller. On the other hand,
a PUT method was called to update the status of actuators, once the values are com-
puted through the fuzzy controller. Both methods were accessed using uniform resource
identifier (URIs) and a HTTPS client.

3.2. Fuzzy Controller Architecture

For the development of the proposed fuzzy controller in this study, the specifications of
the general fuzzy controller model described in [4,9] were followed. This means that the
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Figure 2. General architecture of the proposed fuzzy controller.

designed controller integrated the four basic components such as: a fuzzifier, a knowl-
edge base, an inference engine and a defuzzifier. These ones are shown in Figure 2.

The schema of a fuzzy controller shown in Figure 2 defines a generic fuzzy con-
troller that gets a set of inputs represented by fuzzy sets through the fuzzifier from the
sensors of IoT ecosystem. From these variables, the rules were defined and based on
them, the value of an output variable was inferred. This output variable was converted to
a real value through the defuzzifier to determine the control actions to be applied to actu-
ators. After defining the scheme of the fuzzy controllers to be developed, we determined
the fuzzy logic library available for programming the fuzzy system in Matlab R2018b,
that is, selecting the methods of the toolbox for fuzzy inference system (FIS).

3.3. Design of the Fuzzy Controller

To meet the control goals of the system (providing lighting comfort) one fuzzy controller
was designed. This controller called OpenHABFuzzyLigthingCom f ort was oriented to
control the lighting in the smart home illustrated in Figure 2, that is, in the bathroom and
living room in our case. The motion and illumination sensors were used as input data
to model the control actions. The fuzzy sets of the variables illumination and motion,
fuzzified from both triangular and trapezoidal functions, are illustrated in Table 3.

After the fuzzyfication of the input and output variables of the proposed Mamdani
controller, the fuzzy rules of the fuzzy controller were then formulated. For the controller
OpenHABFuzzyLightingCom f ort 12 rules were defined. The antecedents (IF) and the
consequent of the rules (THEN) are detailed in Table 1. It is important to emphasize that
in both cases the AND operator was used to join more than two antecedents of the rules.

Finally, the centroid method was selected for the defuzzyfication of the output vari-
able, because it is one of the most used to perform fuzzy control providing a more accu-
rate value in relation to the other existing ones.
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Figure 3. Fuzzy input and output variables for lighting control.

Table 1. Fuzzy rules for lighting control in the studied scenario.

Rule Illumination (i1) Motion (i2) Lights (o1)
1 none no detection none
2 very low no detection none
3 low no detection none
4 medium no detection none
5 high no detection none
6 very high no detection none
7 none detection very high
8 very low detection high
9 low detection medium
10 medium detection low
11 high detection none
12 very high detection none

3.4. Development of the Fuzzy Controller

The controllers designed were developed using the library for fuzzy systems provided
by Matlab R2018b. In general, the process for creating the fuzzy controller for handling
lighting comfort (OpenHABLightingCom f ort) consisted in the creation of a fuzzy con-
trol, fuzzyfication of the two input variables such as motion and illumination, fuzzyfica-
tion of the output variable and finally, the definition of the rules that drive the controller
as well as the setting of these rules to the previously fuzzy control created.

Once the fuzzy controller was created, it was executed continuously applying a con-
trol cycle on the studied modelled smart home. Listing 1 describes the implementation of
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1 % READING DATA FROM THE ECOSYSTEM OF IOT
2 ep = ” h t t p s : / / home . myopenhab . o rg / r e s t / i t e m s ”
3 c y c l e =0;
4 whi le ( MatFuzzyIoTGetData ( ep , ” LivingRoom ONOFF ” , ” s t a t e ”)==”ON” )
5 c y c l e = c y c l e +1;
6 di sp ( ’ c o n t r o l c y c l e ’ + c y c l e )
7 % CONTROL OF ILLUMITATION ON THE LIVINGROOM
8 L R I l l u m i n a t i o n =MatFuzzyIoTGetData ( ep , ” L R I l l u m i n a t i o n ” , ” s t a t e ” )
9 LR Motion=MatFuzzyIoTGetData ( ep , ” Bathroom Motion ” , ” s t a t e ” )

10 i f ( LR Motion ==”ON” )
11 LR Motion = 0 . 9 ;
12 e l s e
13 LR Motion = 0 . 2 8 ;
14 end
15 L R I l l u m i n a t i o n = s t r 2 d o u b l e ( L R I l l u m i n a t i o n )
16 % COMPUTATION OF THE ANWER BASED ON THE FUZZY CONTROLLER
17 a= e v a l f i s ( f i s , [ LR Motion L R I l l u m i n a t i o n ] ) ;
18 % APPLYING CONTROL ACTIONS OVER THE IOT ECOSYSTEM
19 MatFuzzyChangeIoTData ( ep , ” LR Light1 ” , ” s t a t e ” , a )
20 MatFuzzyChangeIoTData ( ep , ” LR Light2 ” , ” s t a t e ” , a )
21 pause ( 1 0 0 )
22 end

Listing 1. Continuous cycle for controlling thermal comfort over the studied scenario of IoT.

illumination control for the living room called OpenHABLightingCom f ortRun. In line
4, the endpoint of deployed RESTful service is defined for reading input data from the
IoT ecosystem such as illumination and motion (lines 10-17). Then, those data were used
to compute the output variable using the fuzzy controller OpenHABLightingCom f ort,
that is lightbulb intensity (line 19). Finally, the obtained value was used to change the
state of the lightbulb of the IoT ecosystem (lines 21-23). In a similar way, the lighting
was controlled on the bathroom. This script was executed while the operation switch
installed on the smart home is in state “ON”.

4. Results and Discussion

4.1. Evaluation of the Accuracy of Output

An evaluation of the system was carried out to validate its effectiveness in the control
actions applied to the ecosystem of IoT under study. The results for all cases were co-
herent with the designed fuzzy controller. This implies the level of illumination in the
studied scenario was as expected. Some particular examples changing data in the GUI of
the IoT ecosystem, such as motion (M) and illumination (I) for controlling the lightbulb
intensity (L) are described as follows:

The discourse universe of illumination and lightbulb intensity had a range from 0
to 100. For lightbulb intensity, we connected 4000 kelvin Hue light bulbs with 806 lu-
mens while for illumination a Xiaomi smart light sensor was selected with a variability
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Table 2. Results of the evaluation of the proposed fuzzy controller on the IoT ecosystem.

Illumination (i1) Motion (i2) Lights (o1)
0 0.28 0
0 0.8 92.5
12 0.8 74.8
38 0.8 60
55 0.8 13.6
71 0.8 0
94 0.8 0

from 0 to 83000lux. The motion was detected by using a Hue motion sensor. Based on
these ranges handled by the fuzzy controller, the values calculated by the defuzzyfication
method allowed the application of automatic control processes adapted to reality and to
the needs required in the rooms under study. However, the applied control is static be-
cause only a specific user pattern was considered. Therefore, it is recommended to in-
clude within the controller other variables related to user needs, that is, modes of use,
user preferences, among others. This will enable the system adaptation to many more
cases and to different user needs.

It is known that regarding fuzzy controllers, many works published in the literature
have used Matlab’s fuzzy logic library to develop controllers similar to the one proposed
in this work. Its wide use has been one of the motivations for using this tool. The results
obtained in this study allowed to determine the effectiveness of the controller in the
IoT developed using OpenHAB. The level of intensity of the lightbulb managed from
OpenHAB was carried out consistently and accurately according to the rules defined.

4.2. Evaluation of Response Time

An evaluation of the response time of the system was also carried out to execute the con-
trol cycle to manage light and thermal comfort in the studied IoT ecosystem. This evalua-
tion was made on a Lenovo branded personal computer with a 2.50 GHz i7 processor and
16 GB of RAM. The computer is installed with the 64-bit Windows 8.1 operating system
and the Java 1.8 virtual machine. Furthermore, the ecosystem of IoT, implemented with
OpenHAB 2.0 ran on an HP personal computer with 1.6 GHz i5 processor and 8 GB
of RAM. This ecosystem can be accessed via Internet because the cloud connector of
OpenHAB was used.

In Figure 4, it can be observed that the response time required to run the light control
system, which controlled the lightbulbs located in the bathroom and the living room, was
14.188 s. This result was obtained after calculating the mean after running the control
loop OpenHABLigthingCom f ortRun for 10 iterations. The dispersion of the response
times has a standard deviation of 0.902 s. All values were accessed over the cloud of
OpenHAB using the HTTPS protocol over the Internet. The connection speed was 50
Mbps.

In summary, the developed system was executed efficiently. For a scenario such as
an smart home that does not need hard real time, the times obtained are acceptable. How-
ever, such time may change when the system is running in an environment where IoT
devices must be accessed on an intranet instead of the Internet. It is recommended that
only those specific IoT objects that should be accessed from anywhere outside the au-
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Figure 4. Time required for executing cycle of continuous control of lighting comfort.

tomated scenario may use the OpenHAB cloud connector in order to gain access to it.
The remaining objects can be consumed by fuzzy controller via the intranet. These rec-
ommendations will considerably increase the overall efficiency of the developed system
and can be applied to time-constrained tasks if needed.

5. Conclusions and Future Work

IoT ecosystems require intelligent mechanisms to carry out communications and con-
trol actions of the interconnected actuators and sensors as accurately as possible. To de-
velop these mechanisms, Artificial Intelligence plays an important role. Techniques such
as fuzzy control systems have helped designing and creating intelligent systems. In this
sense, fuzzy logic is relevant because it allows dealing with variables that have some
ambiguity. In the case of smart homes, the use of environmental conditions (i.e., tem-
perature, humidity, lighting) supports some needs regarding the management of thermal,
lighting and safety comfort to make its users feel more comfortable.

The use of IoT platforms, with services support, for the management of resources
and communications between devices, contributes significantly to the integration of
fuzzy controllers with IoT networks. Its use not only helps to capture data from the en-
vironment required by the controllers to carry out changes on actuators, but also allows
the use of cloud computing to run the inference implemented by fuzzy controllers. This
allows fuzzy controllers to be used in resource-constrained environments. As the results
show, the application of fuzzy control does not require sophisticated resources. Further-
more, the possibility of applying control in undefined environments is not synonymous
of decreasing in the effectiveness of control, which is generally done with simple rules.

As future work, we propose the development of an add-on oriented to the develop-
ment of fuzzy controllers compatible with IoT in a way that abstracts the complexity of
smart home systems when they are integrated in IoT networks as well as it facilitates the
creation of additional smart scenarios such as hospitals, industry, city, smart university,
among others. It also proposes the use of fuzzy variables to model not only conditions di-
rectly related to intelligent systems (i.e., temperature), but also user preferences (modes
of use, preferences). This would facilitate the management of preferences in areas where
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there are multiple users, an aspect that is generally complex to model in order to satisfy
more than single users.
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