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Abstract Modern intelligent buildings should be

designed to provide comfort and optimal quality of life for

occupants. Therefore, smart home devices that allow for

the control of actual indoor ambience, which is critical to

minimizing dissatisfaction, and simultaneously reduce the

energy consumption must be modeled. In this paper, we

propose an original model of the contribution of objects,

where each object contributes to a type of ambience,

namely, thermal, visual, acoustic and air quality. In other

words, a given indoor ambience is defined by the contri-

bution of objects. The discrete event system specification

(DEVS) is a formalism for describing simulation models in

a modular way. The modular nature of the DEVS formal-

ism is exploited in this study by forming submodels of

smart objects that allow domain experts to develop simu-

lation techniques independently and later combine their

work for reducing energy consumption and improving

comfort. We have incorporated fuzzy reasoning methods in

the DEVS formalism to account for the human perception

error in an indoor environment, allowing for improved

indoor environmental quality management in buildings.

Keywords Intelligent building � DEVS � Multisensory

comfort � Energy savings � Modeling � Smart devices

1 Introduction

Home and building automation is a growing field of

research aimed at coordinating subsystems and devices in a

building to provide automatic control of the conditions of

indoor environments. Additionally, as noted in (Aid et al.

2013; Mostefaoui et al. 2014), automation in a smart

environment can be viewed as a cycle of perceiving the

state of the environment, reasoning about the state together

with task goals and outcomes of possible actions, and

acting upon the environment to change the state. The

perception of the environment is closely related to the state

of the devices, including radiators, fans, windows, blinds,

and lights.

To maintain a comfortable indoor environment and even

reduce energy consumption in buildings, it is important to

model smart home objects. Such modeling allows for an

accurate perception of the indoor environment and conse-

quently provides the proper actions to achieve specified

goals. Once the objects are modeled and fully checked, a

control system can be developed.

The fuzzy set theory introduced by Zadeh (1965) offers

a set of tools to formalize the process of human reasoning.

This is an effective way to account for the imprecision in

knowledge. For this reason, we have integrated fuzzy logic

into the DEVS formalism in such a way that a crisp input

value can be converted into a fuzzy set at any time. In other

words, the model defines the actual indoor ambiences in a

linguistic form.

Smart home technology uses many of the same devices.

In this work, we are interested in modeling the objects that

are used to both optimize comfort and reduce energy

consumption. As a case study, we have modeled the KNX

devices of the DOMUS smart home (Multicom 2015).

Thereafter, we can simulate a set of devices on any new
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site. The technical architecture of DOMUS is based on the

KNX bus system, a worldwide ISO standard (ISO/IEC

14543) for home and building control. KNX is actually the

most widely used network in Europe (Bovet and Hennebert

2013).

When modeling from a management perspective, the

dynamic behavior of an intelligent building might be char-

acterized by discrete events and states. Examples of discrete

states are current visual information, window states and

humidity level. Examples of discrete events are interactions

with devices. In this context, this work introduces a novel

modeling approach for the smart objects based on the DEVS

formalism (Zeigler et al. 2000), which is one of the most

powerful methodologies for discrete event systems.

DEVS provides a formal foundation to the modeling and

simulation (M&S) that has proven to be successful in dif-

ferent complex systems (Wainer 2014). Some of the

advantages of the DEVS formalism are that it allows the

hierarchical description of systems, that there are efficient

algorithms for their simulation and that different existing

techniques (e.g., bond graphs, cellular automata, partial

differential equations, and queuing models) have been

successfully transformed into DEVS models (Inostrosa-

Psijas et al. 2014; Mittal et al. 2009).

This paper focuses on the DEVS modeling of ambient

objects in intelligent buildings. The remainder of this paper

is organized as follows: In Sect. 2, we describe related

work to this research. The Sect. 3 provides an overview of

the basic concepts of DEVS and the theory of fuzzy logic.

In Sect. 4, we present the DOMUS smart home. In Sect. 5,

we describe our model of the contribution of the smart

objects. The Sect. 6 provides simulation results. The last

section concludes our work.

2 Related work

Domotic systems, also known as home automation sys-

tems, are currently emerging as feasible and ready to

exploit solutions to support more intelligent features inside

future and current homes.

Research in modeling, simulation and verification of

Intelligent Environments is rather new (Bonino and Corno

2008). While context modeling originally attracted more

attention, nowadays increased focus on home and device

modeling has lead to several interesting approaches, mainly

based on ontologies and web services (Preuveneers et al.

2004; Kofod-Petersen and Aamodt 2006; Bonino and

Corno 2012). Only in the last years, modeling efforts

started to focus on formal and dynamic models with the

goal of supporting simulation and formal verification

(Conte et al. 2007; Conte and Scaradozzi 2007; Bonino and

Corno 2010).

On the other hand, building performance simulation

(BPS) based design, despite its potential for significant

improvements in energy use and indoor environment, has

often been undermined by predictions that do not fully

represent actual performance (Hopfe 2009; Cole and

Brown 2009). A brief historical overview BPS tools is

given in (Clarke 2001).

DEVS formalizes the description of simulation models

in such a way as to provide benefits in the areas of col-

laboration and software development, which together,

provide scalability (Gunay et al. 2013). It is also shown that

it is possible to perform formal verifications of a model

using DEVS formal representation (Freigassner et al.

2000), thus decreasing testing and implementation time.

DEVS has been used recently in the area of intelligent

buildings. Wang et al. (2013) present a building evacuation

simulation to illustrate how modelers can take advantage of

web-based computing infrastructure specifically developed

for arbitrary DEVS models. Gunay et al. (2014) argues that

stochastic models predicting occupant actions are best

formulated with variable time steps, as supported by

DEVS.

On the other hand, in Maatoug and Belalem (2014)

authors have modeled and simulated only one device of a

smart building, namely, the radiator, to reduce energy

consumption. However, the building energy management

system (BEMS) depends on a complex interaction of

multiple variables, including thermal, indoor air quality,

noise and illumination level. The authors have used the

classic discrete event system specification (DEVS) for-

malism, which allows the modeling and analysis of com-

plex systems with discrete event with a known structure

(accurate, complete) and behavior, to model and simulate

this type of system, which is based on inaccurate or

incomplete information. This approach is not feasible.

However, additional contributions are still needed, to

capture the dynamic behavior of an intelligent building,

since most of available approaches limit the application of

M&S techniques to the early design or to specific homo-

geneous subsystems.

3 Background

In this section we introduce the DEVS formalism and some

essential concepts, terminology, and arithmetic of fuzzy

sets and fuzzy logic.

3.1 The DEVS formalism

DEVS (Zeigler et al. 2000) is a modeling and simulation

formalism that provides means for modeling discrete event

systems as hierarchical and modular components. This
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formalismwas introduced as an abstract universal formalism

independent of the implementation. DEVS exhibits concepts

of systems theory and modeling and supports capturing

system behavior from the physical and behavioral perspec-

tives (Wainer and Mosterman 2010). It defines a means of

specifying systems whose states change upon the reception

of an input event or the expiration of a time delay.

The DEVS formalism is based on the definition of two

types of models: atomic models and coupled models. The

atomic models are the basic components; they describe the

basic behavior of the system. Coupled models are defined

by a set of subatomic models and/or coupled models to

represent the internal structure of the system through

coupling between models.

In the following, the different aspects of the DEVS

formalism are explained in more detail.

Formally, an atomic model AM is specified by a 7-uplet:

AM = (X, Y, S, dext, dint, k, ta),
where:

X: is the set of external events (inputs);

Y: is the set of output events;

S: is the set of states;

dext: Q 9 X ? S is the external transition function

caused by the occurrence of external events, where:

Q = {(s,e)|s [S,0 B e B ta(s)}, total states and e describes

the elapsed time since the system made a transition to the

current state s;

dint: S ? S is the internal transition function caused by

the occurrence of internal events;

k: S ? Y is the output function (function executed

before an internal transition);

ta: time-advance, the function of lifetime of state, rep-

resents the maximum time during which the model remains

in a state if no external event occurs.

In this paper, we use the same graphical notation as

Zeigler’s (2000), shown in Fig. 1, where a state is repre-

sented by a circle; this circle contains the name of the state,

the operations on variables and the state lifespan (ta).

Figure 1a represents an external transition. An input event

is specified using ‘?’. For instance input event in?m means

that a message ‘m’ is input at the input port ‘‘in’’. Figure 1b

denotes an internal transition. An output event is specified

using ‘!’. A dotted line represents an internal state transi-

tion specified by the internal transition function. A con-

tinuous line represents a state transition specified by the

external transition function.

A coupled model couples hierarchical models by linking

events, external inputs, and output events. The formalism is

defined as follows (Fig. 2):

CM =\X, Y, D, {Md/d[ D}, EIC, EOC, IC[
where:

X: set of possible inputs of the coupled model.

Y: set of possible outputs of the coupled model.

D: set of names associated to the model components.

Md: set of the coupled model components, these com-

ponents are either atomic or coupled DEVS model.

EIC: set of external input coupling.

EOC: set of external output coupling.

IC: set of internal couplings.

3.2 Fuzzy logic

Fuzzy systems theory is based on uncertainty and impreci-

sion. Uncertainty is natural to humans, and people typically

make decisions based on indiscrete observations (Terano

et al. 1992). A linguistic variable is a variable whose values

are words or sentences expressed in a natural or artificial

language. Linguistic variables are used in fuzzy systems as a

method for performing calculations. The values of linguistic

variables can be presented using membership functions

(MFs). A MF is a curve that defines how each point in the

input space is mapped to a membership value (or degree of

membership) between 0 and 1. Many different types of MF

curves are available for these applications, such as triangular,

trapezoidal, and Gaussian distribution curves.

4 Description of the DOMUS smart home

The DOMUS smart home was designed and set up by the

Multicom team (2015) of the Laboratory of Informatics of

Grenoble, France. This smart home is dedicated to the

observation and measurement of users’ interactions with

the ambient intelligence of the environment. Figure 3

shows the details of the apartment. It is a 40 m2 suite

apartment that includes a kitchen, a bathroom, a bedroom

containing a bed, a TV and window shutters, a shower, an

office that contains a desk, computer and stereo, a hallway,

two fixed cameras in each room and two fixed cameras in

the kitchen. The entire apartment is controlled by a home

automation system that allows for interactions with tangi-

ble objects and the collection of activity traces.

Si 
i=1 

Sj 
i=i+1 

0 

in ?m 

(a)

Si 
i=1 

Sj 
i=i+1 

0 

out !m 

(b)

Fig. 1 Graphical notation:

a external transition, and

b internal transition
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5 DEVS model of the contribution of the ambient
objects

The simulation model is built following the guidelines

proposed by (Verbraeck and Valentin 2008). The coupled

DEVS model of the contribution of objects, as shown in

Fig. 4, is composed of four main submodels, with each one

gathering a set of objects (atomic models) corresponding to

a sensory type (visual, thermal, acoustic, and air quality).

In other words, each submodel delimits a type of ambience.

The DEVS coupled model provides two types of infor-

mation for each sensory type: the current state of the

objects and the level of the environmental parameters. The

process starts with fuzzification. At any one time, the

system uses an input variable’s MFs to convert a crisp

input value to a fuzzy set in which each MF receives a

degree of membership. The system is activated only when

there is an input event.

In the following, the MFs describe the membership of

the objects in the fuzzy set, not to be confused with the

indoor comfort criteria.

5.1 The ‘visual contribution’ model

Lighting contributes the highest amount of electricity usage

in a building. Lighting typically comprises 20–50 % of a

building’s electricity consumption (Muhamad et al. 2010).

Lighting and shading systems must provide luminous

conditions that are suitable to the building occupants and

reduce energy use. Thus, the objects that contribute to the

visual ambience must be modeled.

Four atomic DEVS models are linked to the ‘visual

contribution’ model, namely, ‘dimmed lamp’, ‘non-dim-

med lamp’, ‘brightness sensor’ and ‘blind’. Their respec-

tive behaviors are described in below.

5.1.1 The ‘dimmable lamp’ model

The intensity of light emitted from the dimmable lamp can be

adjusted. The dimming is typically defined by a percentage.

Figure 5 represents the DEVS atomic model of ‘dimmable

lamp’.Thismodel canbechanged to the stateofon,off, off-tray,

wait, increase and decrease. In the other words, the model must

be in only one of these various states at any one point of time.

According to the KNX standard (Association K 2010), the

set of external input events variables is {DC,DV,CO},where:

DC: Dimming Control, increase or decrease the bright-

ness. DC = {0, 1}, the external event DC = ‘0’ indicates

decrease the brightness; the external event DC = ‘1’

indicates increase the brightness.

DV: Dimming Value; Absolute value of dimming.

DV 2 ½0; 100�
CO: Command ON/OFF. CO = ‘0’ indicates ‘Off’;

CO = ‘1’ indicates ‘On’)

Thus, the lights can be dimmed evenly from 0 to 100 %

or from 100 to 0 %.

(a) Formal description of the ‘dimmable lamp’ model in

DEVS

Dimmable_Lamp = (X, Y, S, dext, dint, k, ta)
where:

Input event variables, X = {CO, DV, DC}, a set of real

values.

Y = {Off, Low, Medium, Bright, Full}

State variables: S = {(phase, Val, ta)},

where:

Phase = {On, Off-try, Off, Wait, Increase, Decrease}

Val2 [0, 100] is a variable that represents the current

lighting level.

dext (Off, CO?‘1’) = (On, Val = 1, 0),

dext (On, CO?‘0’) = (Off-try, Val = 0, 0),

dext (Wait, DC?‘1’) = (Increase, Val = Val ? DV, 0),

Input Output Output Input 

IC 

CM 

atomic 
model 
(a1) 

atomic 
model 
(a2) 

Input1 

EIC 
EOC 

Output1  

Coupled model of a1 and a2 
Fig. 2 Description of a coupled

DEVS

Fig. 3 The DOMUS smart home (Aid et al. 2013)
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dext (Wait, DC?‘0’) = (Decrease, Val = Val-DV, 0),

dext (Wait, CO?‘0’) = (Off-try, Val = 0, 0);

dint (On) = (Wait), dint (Decrease) = Wait, dint (Off-

try) = Off, dint (Increase) = Wait;

k(On) = l(Val), k(Increase) = l(Val), k(Decrease) =
l(Val), k(Off-try) = l(Val);

The output function, k = l(Val), where l is the MF

associated with this atomic model shown in Fig. 9a.

Thermal 
Contribution 

Model 

Acoustic 
Contribution 

Model 

Air Quality 
Contribution 

Model 

Blind

Radiator

Non Dimmed lamp

Door

Brightness sensor 

Humidity sensor

Dimmed Lamp 

Noise sensor

Temperature sensor 

CO2 sensor

Ambient thermostat

Fan 

Visual 
Contribution 

Model 

Window 

Fig. 4 Coupled DEVS model

of the contribution of ambient

objects

Dim_Light level 

Off 
Val=0 

∞

DC 
DV
CO 

Increase 
Val=Val+DV 

0 
Decrease 

Val=Val-DV 
0

DC ?’1’ 

DC ? ‘0’ 

On 
Val=1 

0 

CO ?’1’ 

Wait  
Val 
∞

Off-try 
Val=0 

0 

CO ?’0’ 

CO ?’0’ 

Fig. 5 DEVS atomic model of

‘dimmable lamp’
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ta(Off) = ?, ta(On) = 0, ta(Off-try) = 0, ta(Wait) = ?,

ta(Increase) = 0, ta(Decrease) = 0.

(b) Informal description of the ‘dimmable lamp’

behavior

The initial state ‘Off’ is passive (i.e., its lifetime is ?).

A transition occurs at the external event, CO?‘1’, corre-

sponding to the command ON. The arrival state ‘On’ of this

transition is transitory (i.e., its lifetime is 0): its role con-

sists of updating the value of the variable ‘Val’ to 1 (as the

allowed minimum light value is 1 % (Association K 2010).

The following internal transition reaches a new passive

state, called ‘Wait’, which protects the value of the variable

‘Val’. In this state, the model is waiting to receive an

external signal. During a new signal, DC?‘1’, we reach the

transitory state ‘Increase’: its role consists of increasing the

brightness (i.e., changes the value of the variable Val to

Val ? DV, where DV is the dimming value). The following

internal transition makes it possible to return to the ‘Wait’

state. When the event DC?‘0’ arises, a new transitory state

is reached, ‘Decrease’, its role consists of decreasing the

value of brightness (i.e., changes the value of the variable

Val to Val-DV). The following internal transition makes it

possible to return to the ‘Wait’ state. From that state, we

reach the ‘Off-try’ state during the external

eventCO?‘0’(corresponding to the command Off).The fol-

lowing internal transition enables the model to return to its

initial state. If, for example, the external event CO?‘0’

occurs during the state ‘On’, we reach the transitory state

‘Off-try’ and the following internal transition brings us into

the initial state.

The output function generates an external output,

‘Dim_Light level’, just before an internal transition takes

place (i.e., the variable ‘Val’ is converted into a linguistic

variable with the MF shown in Fig. 9a).

5.1.2 ‘Non-dimmable lamp’ model

The lamp can only be switched On or Off. Figure 6 pre-

sents the DEVS atomic model of a simple lamp with four

states: OFF, On-try, ON, and Off-try.

(a) Formal description of the ‘non-dimmable lamp’

model in DEVS

Non-Dimmed Lamp = (X, Y, S, dext, dint, k, ta)

where:

X = {0,1}

Y = {On, Off}, represents the output values and not the

phase.

State variables: S = {(phase, ta)},

where:

Phase = {ON, On-try, Off-try, OFF}

dext(OFF, In?‘1’) = (On-try, 0), The external event

in?‘1’ switch the lighting on;

dext(ON, In?‘0’) = (Off-try, 0), The external even-

tin?‘0’switch the lighting off;

dint (On-try) = (ON), dint (Off-try) = (Off);

k(On-try) = On, k(Off-try) = Off,

ta(On) = ?, ta(Off) = ?, ta(On-try) = 0, ta(Off-

try) = 0.

5.1.3 ‘Brightness sensor’ model

The most suitable variable for controlling visual comfort is

the illuminance level, which is measured in lux (Saade et al.

2008; Serghides et al. 2015). Lux levels represent a measure

of the light luminous intensity as perceived by the human eye

(Li et al. 2015). The brightness sensor measures the intensity

of illumination and transfers the value to the system.

The ‘brightness sensor’ atomic model is shown in

Fig. 7, where the input sensory data (the current light

intensity) are converted into a linguistic variable with the

appropriate MF (see Fig. 9b). It is assumed that the range

of luminous comfort varies according to the building and

the activities in it. In office environments, for example, a

lux range of 300–500 is considered adequate (European

Committee for Standardization 2002; Li et al. 2015).

(a) Formal description of the ‘brightness sensor’ model

in DEVS

Brightness sensor = (X, Y, S, dext, dint, k, ta)
where:

The input set, X, a set of real values.

The output set Y = {Low, Medium, High} because the

output of this atomic model is a fuzzy value.

The variable ‘illumination intensity’ represents the value

provided by the sensor.

S is a sequence of fuzzified input values: S = {si |

si = dext(q,si-1,X)}.

dext(q,s,X) = l(X), where l is the MF associated with

this fuzzifier, as shown in Fig. 9b.

‘info lamp’ ‘‘in’’ in? ‘0’

in? ‘1’  

OFF 
∞

ON  
∞

Off-try 
0

On-try 
0

Fig. 6 DEVS atomic model of a ‘non-dimmed lamp’

‘illumination intensity’
Fuzzified 

values

‘in’ 

Fig. 7 DEVS atomic model of the ‘brightness sensor’ model
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dint(s) and k(s) are the identity functions, and ta = ?.

5.1.4 The ‘blind’ model

Blind systems are used widely in buildings to provide

visual and thermal comfort and reduce energy (Kim and

Park 2009). Figure 8 presents the DEVS atomic model of

the blind. This model can be changed to the state of ‘Fully

closed’, ‘Opening’, ‘Closing’ and ‘Halt’. Once the blind is

opened or even closed, the system must go back to ‘Halt’

until the arrival of an external input. In other words, the

system is activated only when it receives a new input event.

According to the KNX standard (Association K 2010),

there are two inputs for the blind: ‘mud’ and ‘step’. The

variable Mud (Move up/down) takes two values, ‘0’ or ‘1’;

the value ‘0’ means move up, and the value ‘1’ means

move down.

(a) Formal description of the ‘blind’ model in DEVS:

Blind_Position = (X, Y, S, dext, dint, k, ta)
where:

Input event variables X = {Mud, Step},

where

Mud = {0,1}—this port gives the order to move: The

external event Mud?‘1’ indicates move down; the external

event Mud?‘0’ indicates move up. ‘step’ is an absolute

value of moving, it is an integer fixed value2 [0, 100].

State variables: S = {(phase, p, ta)},

where:

Phase = {Fully closed, Halt, Opening, Closing, Fully

opened}

‘p’ is a variable that represents the current blind posi-

tion, ranging from 0 to 100 %, whereby 0 % is fully closed

and 100 % is fully open, p2 [0, 100].

Y = {Closed, Slightly open, Medium, Open wide, Fully

open}.

The output function k = l(p), where l is the MF

associated with this atomic model, as shown in Fig. 9c.

dext (Fully closed, Mud?‘0’) = (Opening, p = p ? step,

0),

dext (Halt, Mud=‘1’) = (Closing, p = p - step, 0), dext
(Halt, Mud?‘0’) = (Opening, p = p ? step, 0),

dext (Fully opened, Mud=‘1’) = (Closing, p = p - step,

0);

dint (Opening) = Halt, dint (Closing) = Halt if p[ 0,

dint (Closing) = Fully closed if p B 0,

dint (Opening) = Fully opened if p C 100,

k(Opening) = l(p), k(Closing) = l(p); ta(Open-

ing) = 0, ta(Closing) = 0, ta(Halt) = ?, ta(Fully

closed) = ?.

ta(Fully opened) = ?.

(b) Informal description of the ‘blind’ behavior

Let us assume that we are in the initial state ‘fully closed’

with p = 0. A transition occurs at the external event Mud?

‘0’, corresponding tomove up the blindwith value ofmoving

‘step’. The arrival state ‘Opening’ of this transition is tran-

sitory (i.e., its lifetime is 0): its role consists only in updating

the value of blind position (in fact, the variable ‘p’, which

was equal to 0, changes its value to p ? step).The following

internal transition makes it possible to go into a loop until

p = 100. If p = 100, we reach a new passive state, called

‘Fully opened’. From that state, we reach the ‘Closing’ state

during the external event Mud? ‘1’.

The state ‘Halt’ is passive (i.e., its lifetime is?). Its role

consists of saving the value of blind position. The arrival

state ‘closing’ is also transitory, and its role consists of

decreasing the value of blind position (i.e., changes the

value of the variable p to p - step).The following internal

transition makes it possible to go into a loop until p = 0, if

‘p’ = 0 the internal transition enables the model to return

to its initial state ‘Fully closed’.

‘Blind position’ ‘‘Mud’’ 

Halt 
P 
∞

Mud ? ‘0’ 

Mud ? ‘1’ 
Closing 
p=p-step 

0 

Fully Closed 
p=0 
∞

if  p =0 

Mud ? ‘0’ 

‘‘Step’’ 

Opening 
p=p+step 

0 

Fully opened    
p= 100 

∞

if  p =100 

Mud ? ‘1’ 

Fig. 8 DEVS atomic model of

‘Blind’
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             (c)  Blind position (%) 
        0            25           50           75          100 

Slightly 
open

Fully 
Open 

Open wide

0

1
Closed Medium

(f) Humidity (%) 

High 

 0              40          50          60           100

Low Middle 
1

0

(i) Indoor Temperature (°c) 

L6 

       16          18          20          22         24         26           28      

L1 L4 L5 L7L2 L3 

0

1

0

1

(b)  Illumination intensity(Lux)

High 

       200     300       400         500       600 

Low Medium 

(a) Dim_Light level  

Medium 

0 

1
Full 

       0        25          50         75       100 %     

Off Low Bright 

(g) Noise Level (db) 

0 

1 
High 

                   30                         48        

Low Medium 

(h) CO2 concentration (ppm) 

0

1
High

0                600                       800    

Low Medium

      (d) Heating level (%) 

        0         25        50        75      100  

OFF

0

1
High Full Medium Low 

         0         25        50        75      100  

OFF 

0 

1 
High FullMedium Low 

(e)   Fan speed (%) 

Fig. 9 MF associated with the Atomic DEVS models of ambient objects
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The output function generates an external output, ‘Blind

position’, just before an internal transition takes place (i.e.,

the current position ‘p’ is converted into linguistic variable

with the MF shown in Fig. 9c).

5.1.5 Formal description of the ‘visual contribution’

model in DEVS

As noted above, the ‘visual contribution’ submodel

delimits the visual ambience. Consequently, the model

inputs are received from the four atomic DEVS models,

namely, ‘dimmable lamp’, ‘non-dimmable lamp’, ‘bright-

ness sensor’ and ‘blind’, as shown in Fig. 4.

Visual Contribution model = (X, Y, S, dext, dint, k, ta),
where:

X = {‘Dim_Light level’, ‘info lamp’, ‘illumination

intensity’, ‘Blind position’}.

Y = {‘Dim_Light level’, ‘info lamp’, ‘illumination

intensity’, ‘Blind position’}.

State variables: S = {(phase, ta)},

where:

Phase = {Active, Inactive}

Inactive: passive state, waiting for an external event.

The system stays in this phase until an event occurs.

Active: Transitory state, the stay in this phase is so short

that no external events can intervene.

dext(Inactive, X) = Active, dint(Active) = Inactive,

k(Active) is the identity function, ta(Inactive) = ?,

ta(Active) = 0.

5.2 The ‘thermal contribution’ model

Seven objects contribute to the thermal model; therefore,

seven atomic models will be linked to the ‘thermal con-

tribution’ model, namely, ‘ambient thermostat’, ‘radiator’,

‘blind’, ‘humidity sensor’, ‘temperature sensor’, ‘fan’ and

‘window’, as shown in Fig. 4. Their respective behaviors

are described in the following paragraphs.

The ‘thermal contribution’ atomic model is highly

similar to the ‘visual contribution’ model described in Sect.

5.1.5, except for the inputs and outputs.

5.2.1 The ‘ambient thermostat’ model

The heating system has an ambient thermostat that lets the

home automation system select the desired temperatures.

The ambient thermostat can be controlled externally (via

the KNX) or locally (party button). The thermostat sends a

control value to the actuator. This actuator controls a

heating unit that changes the room temperature. The con-

trol value indicates the heating capacity that should be

supplied to the system. Thus, in our work, the heating value

ranges from 0 to 100 %.

Figure 10 presents the DEVS atomic model of the

‘ambient thermostat’. The input, the setpoint temperature

(called ‘set_temp’), can have values in the interval [mini-

mum temperature system, high temperature system]. To

express the setpoint temperature as a percentage of the

heating, we use the equation:Heating = (X-Min)*100/

(Max–Min), where: Min = Minimum temperature system;

Max = High temperature system; X = Setpoint

temperature.

5.2.2 Formal description in DEVS

Ambient_thermostat = (X, Y, S, dext, dint, k, ta) where:
The input set, X, a set of real values.

We used two variables ‘Min’ and ‘Max’.

The output set Y = {Off, Low, Medium, High, Full}

because the output of this atomic model is a fuzzy value.

S is a sequence of fuzzified input values: S = {si |

si = dext(q,si-1,X)}.

dext(q,s,X) = l((X-Min)*100/(Max–Min)), where l is

the MF associated with this fuzzifier shown in Fig. 9d.

dint(s) and k(s) are the identity functions, and ta

(s) = ?.

5.2.3 The ‘fan’ model

Ventilation is the process of changing or replacing air

within a room to either control the temperature or remove

odors and moisture. In our study, air is exchanged with

mechanical ventilation using a fan. Figure 11 represents

the DEVS atomic model of the ‘fan’. This model can be

changed to the states On, Increase, Decrease, Wait and Off.

There are two inputs values, 0 and 1. The value 1 increases

the speed, and the value 0 reduces the speed. Functioning

of the fan is expressed as percentage of operational output

(e.g., 0 % = off, 100 % = peak output). The fan speed can

be varied from zero to the maximum speed.

(a) Formal description of the ‘fan’ model in DEVS:

Fan = (X, Y, S, dext, dint, k, ta), where:
The input set, X = {0,1}.

Y = {Off, Low, Medium, High, Full}

State variables: S = {(phase, ‘speed’, ‘Max speed’, ta)},

where:

‘Heating level’ 

Fuzzified 
values 

‘Set_temp’ 

Fig. 10 DEVS atomic model of the ‘ambient thermostat’
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Phase = {Off, On, Increase, Decrease, Wait}

‘Max speed’ is the maximum fan speed value.

‘speed’ is the current speed of the fan.

dext (Off, in?‘1’) = (On, speed = 1,0), dext (Wait,

in?‘1’) = (Increase, speed = speed ? 1,0), dext (Wait,

in?‘0’) = (Decrease, speed = speed - 1,0); dint (In-

crease) = Wait, dint (Decrease) = Wait, dint (On) = Wait,

if speed = 0 then dint (Wait) = Off;

k(On) = l(speed *100/Max speed), where l is the MF

associated with this atomic model shown in Fig. 9e,

k(Increase) = l(speed *100/Max speed), k(Decrease)
= l(speed *100/Max speed); ta(Off) = ?, ta(On) = 0,

ta(Wait) = ?, ta(Increase) = 0, ta(Decrease) = 0.

(b) Informal description of the ‘fan’ behavior

The initial state ‘Off’ is passive, with speed = 0. A

state transition is activated by the signal in? ‘1’, repre-

senting an increase of speed: this transition brings us

into a new transitory state, ‘On’, which is characterized

by the value of speed incremented by 1. The following

internal transition reaches a new passive state, called

‘Wait’, which protects the value of speed. In fact, the

model is waiting to receive an external signal. During a

new signal, in?‘1’, we reach the transitory state ‘In-

crease’: its role consists of increasing the value of speed

by 1. The following internal transition makes it possible

to return to the state ‘Wait’. When the event in?‘0’

arises, we reach the transitory state ‘Decrease’: its role

consists of decreasing the value of speed by 1. Addi-

tionally, the following internal transition makes it pos-

sible to return to the state ‘Wait’. If speed = 0, then the

internal transition enables the model to return to its

initial state.

The output function generates an external output, ‘fan

speed’, just before an internal transition takes place (i.e.,

the value of ‘speed’ is converted into a linguistic variable

with the MF shown in Fig. 9e).

5.2.4 The ‘window’ model

The window system is highly similar to the ‘non-dimmed

lamp’ described in Sect. 5.1.2. The input value ‘1’ indicates

‘Open’, and the input value ‘0’ indicates ‘Closed’.

5.2.5 The ‘radiator’ model

Radiators are the most widely used type of heating system.

The water is heated to a specific temperature in a central

boiler. The heated water is conveyed to the radiators via a

system of pipelines; the radiators convey heat into the room

as a result of air convection. The radiator is controlled via

KNX valve drives (Association K 2010). The DEVS

atomic model of the ‘radiator’ is similar to that of the ‘non-

dimmed lamp’ described in Sect. 5.1.2.

5.2.6 Thermal sensor models

There are two sensors related to the thermal contribution

model: ‘humidity sensor’ and ‘temperature sensor’. Each

model is similar to the ‘brightness sensor’ model described

in Sect. 5.1.3, except for the MFs.

(a) Temperature sensor

Instead of measuring the convective heat on the wall, as

is typically conducted by temperature sensors, the KNX

sensor measures the temperature in the reflection area, for

example, at desk height; therefore, the sensor measures the

exact temperature perceived in that area. To define the

‘indoor temperature’ variable, as shown in Fig. 9i, seven

intervals were used based on (Hoyt et al. 2015), where the

Fan speed ‘‘in’’ 

Increase 
speed=speed+1 

0 

Wait 
Speed 

∞
in? ‘1’ 

 if speed=0 

Decrease 
speed=speed-1 

0 

Off 
Speed=0 

∞

On 
Speed=1 

0 

in ? ‘1’ 

in ? ‘0’ 

Fig. 11 DEVS atomic model of

the ‘fan’
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heating and cooling setpoints were varied parametrically in

seven ASHRAE climate zones and in six distinct medium-

sized office buildings.

(b) Humidity sensor

The MF associated with the atomic model ‘humidity

sensor’ is shown in Fig. 9f. An indoor humidity of

40–60 % is recommended (ISO 2005).

5.3 The ‘acoustic contribution’ model

The ‘acoustic contribution’ atomic model is highly similar

to the ‘visual contribution’ model described in Sect. 5.1.5,

except for the inputs and outputs.

Three objects contribute to the ‘acoustic contribution’

model; therefore, three atomic models will be linked to the

‘acoustic contribution’ atomic model, namely, ‘window’,

‘door’ and ‘noise sensor’, as shown in Fig. 4. The ‘door’

behavior is similar to the ‘window’ behavior described in

the Sect. 5.2. In the following, we describe the ‘noise

sensor’ behavior.

5.3.1 The ‘noise sensor’ model

The noise level is measured in decibels (dB). The recom-

mended noise level for indoor residences is between 35 and

48 dB (ISO 2004). The ‘noise sensor’ atomic model is

similar to the ‘brightness sensor’ model described in Sect.

5.1.3, except for the MFs, as shown in Fig. 9g.

5.4 The ‘air quality contribution’ model

Four atomic models are linked to the ‘air quality contri-

bution’ model, namely, ‘window’, ‘door’, ‘fan’ and ‘CO2

sensor’, as shown in Fig. 4. The ‘air quality contribution’

atomic model is highly similar to the ‘visual contribution’

model described in subsection 5.1.5, except for the inputs

and outputs. Next, we describe the behavior of the ‘CO2

sensor’ model.

5.4.1 The ‘CO2 sensor’ model

The CO2 concentration measured in ppm (parts per

million) is one of the most representative controlled

variables used to measure the indoor air quality (Guar-

racino et al. 2003), as it reflects the presence of users as

well as various sources of pollutants in the building.

Typical CO2 concentrations vary between 600 and

800 ppm (Kolokotsa et al. 2001). The atomic model of

‘CO2 sensor’ is similar to the ‘brightness sensor’ model

described in Sect. 5.1.3, except for the MFs, as shown in

Fig. 9h.

5.5 The coupled DEVS model of the contribution

of ambient objects

In this study, we carried out the overall simulation as a

single DEVS coupled model to model the contribution of

ambient objects. As described above, each atomic model of

object is linked to the appropriate main submodel, as

shown in Fig. 4. The coupled model defines the indoor

ambiences (visual, thermal, air quality, and acoustic)

through the outputs of the four main submodels: ‘visual

contribution model’, ‘thermal contribution model’, ‘air

quality contribution model’ and ‘acoustic contribution

model’, respectively.

6 Simulation results

In DEVS framework, an experimental frame is used to

perform validation tests. If behaviors of both the model and

its system counterpart are within acceptable tolerance, the

model is valid (Zeigler et al. 2000).

(a) Representation of the proposed model using the

modeling tool JDEVS

Simulation tools have become essential. They allow us

to study and understand complex actions that may be

impossible to study in situ. There are currently several

modeling and simulation environments based on the DEVS

formalism allowing for the representation of different

atomic or coupled DEVS models. We used the JDEVS

environment (Filippi and Bisgambiglia 2004), which

implements the DEVS theory in Java. JDEVS provides a

different approach than the existing tools. In terms of

flexibility and genericity of use, it can provide the high-

level approach of a general formalism. In terms of features,

abstraction, components and interfaces, JDEVS provides

the advantages of a domain-specific modeling environ-

ment. Figure 12 shows the proposed model of the contri-

bution of objects modeled on the environment JDEVS.

(b) Real world data

Our simulation is based on the Multicom Domus Dataset

(Gallissot et al. 2011). In fact, Multicom has developed an

environment to capture traces of activity of a subject

undergoing predefined scenarios or not, within DOMUS, the

home’s intelligent platform. The events forming the traces

notify any change of condition or value of sensors (motion

detectors, light, temperature, power consumption …) and

various actuators (lighting, ordered taken, shutter…).

(c) Case of study

The simulation model was run for the following events

(Table 1):
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At time zero, the model ‘dimmable lamp’ was in the state

‘Wait’, during a new signal DC?‘1’, at time 1, the model

changes the state to the transitory state ‘Increase’ calculating

the value of brightness Val = 1 ? 10. It output function

generates an external output, ‘Dim_Light level’ = l(11)
correspond to the Fuzzified value ‘Low’ (see Fig. 9a).

When an input event Mud? ‘0’, at time 1, is applied to the

‘blind’ model whose initial state, at time zero, was ‘fully

closed’, the model changes the state to the transitory state

‘Opening’ calculating the new value of blind position p = 0

? 20 (assuming that the step = 20 %), it output function

generates an external output ‘Blind position’ = l(20) cor-
respond to the Fuzzified value ‘slightly open’ (see Fig. 9c).

The atomic ‘Brightness sensor’ receives the external

message ‘400’ in the input port ‘in’ (in?400), the output

function generates an external output, ‘Illumination inten-

sity’ = l(400) correspond to the fuzzified value ‘Medium’

(see Fig. 9b).

At time 1, the atomic ‘Temperature sensor’ model

receives the external message ‘22’ in the input port ‘in’

(in?22),The output function generates an external output,

‘Indoor Temperature’ = l(22) correspond to the fuzzified

value ‘L4’ (see Fig. 9i).

When an input event ‘‘76’’ is applied to the ‘Humidity

sensor’ model, at time 1, The output function generates an

external output, ‘Humidity’ = l(76) correspond to the

fuzzified value ‘High’ (see Fig. 9f).

At time 1, the atomic ‘CO2 sensor’ receives the external

message ‘‘646’’ in the input port ‘in’ (in?’646’), the output

function generates an external output, ‘CO2 concentra-

tion’ = l(646) correspond to the fuzzified value ‘Medium’

(see Fig. 9h).

The ‘Thermal Contribution’ Model receives the

‘Blind position’ = ‘slightly open’ from the blind atomic

model, the ‘Indoor Temperature’ = ‘L4’ from the

atomic ‘Temperature sensor’ model, ‘Humid-

ity’ = ‘High’ from to the ‘Humidity sensor’ model and

‘CO2 concentration’ = ‘Medium’ from the atomic ‘CO2

sensor’ model. The model changes the state to the

transitory state ‘Active’ and it output function generates

an external output ‘Blind position’ = ‘slightly open’,

‘Indoor Temperature’ = ‘L4’, ‘Humidity’ = ‘High’,

‘CO2 concentration’ = ‘Medium’.

The ‘visual contribution’ submodel receives the

‘Dim_Light level’ = Low from the atomic model ‘dim-

mable lamp’, the ‘Blind position’ = ‘slightly open’ from

the blind atomic model and the ‘Illumination inten-

sity’ = ‘Medium’ from the atomic ‘Brightness sensor’

model. The model changes the state to the transitory state

‘Active’ and it output function generates an external output

Fig. 12 Representation of the

model under JDEVS

Table 1 Simulation data
Date Dimmed light Blind position Luminosity Temperature Humidity CO2

March 24, 2011

9:01:25

(time 0)

1 0 300 22 77 647

March 24, 2011

9:03:30

(time 1)

10 20 400 22 76 646
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‘Dim_Light level’ = Low,‘Blind position’ = Slightly open

and ‘Illumination intensity’ = Medium’.

The results obtained by simulation of the model with

some input events show the interest in using fuzzy logic in

the study of such a system. The simulation shows that the

model is able to acquire knowledge about the environment

closed to human reasoning. In discrete event systems,

inputs can occur at any time, and the simulation shows

clearly the different indoor ambiences following the

occurrence of events. Additionally, the modularity of the

DEVS formalism allows us to obtain an adequate model for

each particular room.

7 Conclusion

In this paper, we presented a novel model of indoor

ambience. The model defines every aspect of the indoor

ambience, namely, thermal, visual, acoustic and air quality.

To define actual indoor ambiences, KNX devices were

developed independently as atomic models. These sub-

models were then linked to form the coupled DEVS model

of contribution of objects. We showed how it is possible to

incorporate fuzzy reasoning methods in the DEVS for-

malism to account for the human perception error in an

indoor environment, allowing for improved indoor envi-

ronmental quality management in buildings.

Our model helps the designers and researchers under-

stand how indoor environment parameters relate to each

other and to comprehend how variations in the model input

affect the output. The information given by the simulation

allows a proactive control to be established to improve

comfort and save energy.
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