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Abstract. 
Prediction of Indoor Thermal Comfort Level (TCL) is a complex phenomenon to understand. Accordingly, TCL is very difficult to present mathematically since the real process has the involvement of human beings. For analytical purposes, it can be considered that the human is a “black box” which receives inputs as environmental conditions and individual variables, whereas output is the subjective perception of TCL. Indoor comfort condition of a building depends upon exterior climate and thermo-physical properties of the materials used in building. The outside climatological parameters can be combined as a single parameter known as Sol Air Temperature (SAT). Likewise, thermal properties of the materials used in building, in-door and out-door surface heat transfer coefficients are combined in a single factor, known as Overall Thermal Transmittance (OTT). In this paper, a fuzzy logic approach is used to predict an appropriate TCL considering the SAT and OTT as input parameters. The complexities of the human cognitive process and the imprecision of linguistic expressions are taken into consideration. A detailed exposition of the application combining linguistic approach to the optimization under multiple thermal conditions’ criteria is presented in this study.
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1. Introduction
Energy efficiency in building an engaging theme nowadays as it contributes simultaneously to the reduction of conventional fuels consumption, energy cost cut for building owners and decrease in global warming gas released in the environment. In either case, energy efficiency must never compromise indoor TCL for building users [4].  TCL is defined as the state of human mind that expresses satisfaction with the surrounding environment (ANSI/ASHRAE Standard 55) [1]. The important goal of HVAC (heating, ventilation, and air conditioning) for design engineers is to maintain the standard of thermal comfort for occupants in the buildings or other enclosures. There are several factors which affect the TCL by heat conduction, convection, radiation, and evaporative heat loss. These parameters provide some information about the optimum conditions and what can be done locally to improve comfort levels in relatively warm or cool indoor areas. Thermal comfort is maintained when the heat generated by human metabolism is allowed to dissipate, thus maintaining thermal equilibrium with the surroundings. It has been long recognized that the sensation of feeling hot or cold is not just dependent on air temperature alone.
Generally human concerns about indoor thermal comfort occur in areas that are poorly ventilated and/or inadequately shaded from sunlight. Individual thermal comfort can also be affected by physical exertion, crowded working areas and some medical conditions. 

Thermal comfort is a subjective judgment, and even in optimal conditions some individuals may experience discomfort. Therefore, maintaining a climate to the level of TCL is important for the health and comfort of human.
TCL is very difficult to present mathematically since the real process has the involvement of human awareness. It can be considered that the human is a “black box” which receives environmental conditions and personal variables as input, whereas output is the subjective perception of TCL. Figure 1 shows the Black Box process of human perception [2].
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Figure 1. Black Box Process of Human Process
Comfort is a fuzzy concept, different for different people. A design of fuzzy system for living space thermal-comfort regulation has been discussed by Dounis A.I. et al [3]. Design and evaluation for buildings’ occupants’ thermal-visual comfort and indoor air quality satisfaction have been studied by Kolokotsa D et al [4]. The advanced fuzzy logic controllers like fuzzy PID, fuzzy PD and adaptive fuzzy PD control is used while designing the thermal-visual comfort and indoor air quality satisfaction. Recently Singh et al. [5] has designed a fuzzy controller for cabin to control the cabin temperature and introduced a concept of fuzzy controller system to control thermal comfort of vehicle passengers. 
A new systematic approach to process control is described with special emphasis on the human factor, by using the measurement metric, which is a constituent part of the feedback loop by Zoran L. Baus et al [6]. For the conventional thermal comfort maintenance process control, a correction is provided in accordance with personal experience, while retaining reference values within margins permissible by the applicable standard. The fuzzy sequence control is studied incorporating the personal feeling of comfort. A comfort monitoring system and hazard detection unit using fuzzy logic is described by Tennakoon et al [7]. The idea behind the Comfort Monitoring System is to assist the user to get an idea how different factors such as room temperature, humidity, airflow and clothing affect human comfort. In this paper, a fuzzy logic approach is used to predict an appropriate TCL considering the SAT and OTT as Input parameters. A detailed exposition of the application combining linguistic approach to the optimization under multiple thermal condition criteria is presented in this study.
2 Fuzzy Logic Modelling
Fuzzy modeling involves following three steps 
I. Fuzzification 

II. Fuzzy Rule Inference 

III. Defuzzification

2.1 Fuzzification
The fuzzification comprises the process of transforming crisp values into grades of membership for linguistic terms of fuzzy sets. The Membership Function (MF) is used to associate a grade to each linguistic term. The terminology of linguistic variable was introduced by Zadeh [8] as an approach to capture natural experience commonly used by human black box.
2.2 Fuzzy rule inference
Fuzzy rule inference method is used to define some sets of fuzzy logic operators along with production rules. The most common rule is called IF-THEN Rule, which can be used to formulate the conditional statements that comprise fuzzy logic. 

2.3 Defuzzification 

In Defuzzification, Fuzzy sets act as the input in the process and output is the single number. The aggregate of fuzzy set encompasses a range of output values and so must be defuzzified in order to get the single output value from the set. A Conceptual Fuzzy Logic Modeling Approach has been depicted in Figure 2.
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Figure 2. Conceptual Fuzzy Logic Modeling 
3. Fuzzy inference engine (FIE)

Fuzzy logic [9], [10] is an extension of conventional Boolean logic and extends it to deal with new aspects such as partial truth and uncertainty. Fuzzy inference is the process of formulating the mapping from a given input set to an output using fuzzy logic. The basic elements of fuzzy logic are linguistic variables, fuzzy sets, and fuzzy rules [11]. In everyday life, human beings always deal with linguistic variable to reflect their perception on certain phenomena; e.g. to reflect their perception about the thermal comfort level of room they answer in the terms like ‘Poor’, ‘Good’, ‘Excellent’, etc. A Fuzzy set is used to interpret that linguistic value to make things discrete and it is assumed that each opinion or each perception is rated by a number in a set of ‘A’. The fuzzy set “A” may be defined within a finite interval called universe of discourse Z as follows:
A = {(x, fA (x)), fA (x): Z → [0,1]}
Z is the complete input range allowed for a given fuzzy linguistic variable. All fuzzy sets related to a given variable make up the term set, the set of labels within the linguistic variable described, or, more properly, granulated.
The degree to which crisp value belongs to a given fuzzy set is denoted by a function which is known as Membership Function (MF). MF is a curve that defines how each point in the input space is mapped to a degree of membership between 0 and 1.  Different types of MF curves such as triangular, trapezoidal, Gaussian distribution curve etc are used. It is essential to choose a proper MF function for appropriate prediction of TCL.  
A concept of approximation reasoning was introduced by Zadeh in 1975. This concept provides a powerful framework for reasoning in the face of imprecise and uncertain information. The implementation of the fuzzy IF-THEN rule is the basis of this theory, which is a mathematical interpretation of the linguistic IF-THEN rule. A linguistic IF-THEN rule is a linguistic sentence that is written in simple form such as:
If “X” is A and “Y” is B then “Z” is C
Here X, Y, Z, are variables, and A, B, and C are the corresponding linguistic values. The rules identify the names of the variables X, Y, and Z with the universes in which the fuzzy values A, B, and C live. There are two types of fuzzy inference models:
1. 
MAMDANI [12],

2. 
TSK OR SUGENO [13].
Interpreting an IF-THEN rule involves two distinct parts: first evaluating the antecedent and then applying results to the consequent (known as implication). In the case of two-valued or binary logic, if-then rules do not present much difficulty. If the premise is true, then the conclusion is true, whereas with fuzzy approach, if the antecedent is true to some degree of membership, then the consequent is also true to some degree.

Mamdani-type [12] inference expects the output membership functions to be fuzzy sets. After the aggregation process, there is a fuzzy set for each output variable that needs defuzzification. It is possible, and in many cases much more efficient, to use a single spike as the output’s membership function rather than a distributed fuzzy set. This is sometimes known as a singleton output membership function, and it can be thought of as a pre-defuzzified fuzzy set. It enhances the efficiency of the defuzzification process because it greatly simplifies the computation required by the more general Mamdani method, which finds the centroid of a two-dimensional function. Rather than integrating across the two-dimensional function to find the centroid, Sugeno-type systems use weighted sum of a few data points. In general, Sugeno-type systems can be used to model any inference system in which the output membership functions are either linear or constant. 
4. Proposed model
As shown in Fig. 3, the two major factors SAT and OTT are considered for the prediction of TCL. The two input variable SAT and OTT which are considered to have profound effect on TCL prediction are used to facilitate the optimal Temperature Difference which then will be considered as the level of Thermal Comfort.
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Figure 3. Inference system Block Diagram
In the present study membership function for SAT and OTT are taken to show the level of thermal comfort and the output of the inference engine may be used to control the thermal temperature inside a place.
4.1 Sol-Air temperature (SAT) 
SAT is the temperature under conditions of no direct solar radiation and no air motion, which would cause the same heat transfer into a house as that caused by the interplay of all existing atmospheric conditions. It can be computed by the following expression,
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Where, 

α

 - Absorptivity

ToA  
- Outside air temperature 

ho
- Outside film heat transfer   coefficient

         I

- Solar radiation, and EIL represents long wave solar radiation.
4.2 Overall Thermal Transmittance (OTT) 
OTT (also known as the U factor) is the rate of heat flow per unit square area of unit thickness, when temperature difference of 10C is maintained between the surroundings separated by the slab. It includes thermal properties of the materials used in building, in-door and out-door surface heat transfer. In numerical terms, the U-factor is the reciprocal value of the total resistance (1/ΣR). The U-factor is only an indication of the conduction rate of heat transfer; it is a quantitative measurement of how well heat conducts through a roof or wall for a given temperature difference.
U = (hi-1  + (∑ ( L/K)I ) + ho-1)-1       ---      ---     ----         (2)

Where, hi and ho are inside and outside film heat transfer coefficient respectively.

L and K are thickness and thermal conductivity of the material of different layers.

4.3 Membership functions
For the fA(x) as the Membership Function (MF), a large class of functions can be taken viz. triangular, trapezoidal, Gaussian and bell functions. However we have selected triangular for its ease of use in fuzzy dedicated hardware. MFs considered for for SAT and OTT are “Very Low”, “Low”, “Medium”, “High” and “Very High” represented by 5 Triangular curves for this model illustrated in Fig. 4 and 5 and TCL is Taken as 5 curves of Gaussian MF “Cold”, “Slightly Cold”, “Comfort”  “Slightly Hot”, and “Hot” are  shown in figure 6. We define the levels of SAT and OTT in terms of temperature and U- value respectively for their levels as given below in table 1.
Table 1.  Levels of SAT and OTT in terms of temperature and U- value respectively

	Level
	Sol Air Temperature (oC)
	Overall Thermal Transmittance(W/m2K)

	Very Low
	≤ 20
	≤ 0.5

	Low
	20- 30
	0.5- 1.75

	Medium
	30- 40
	1.75- 3.0

	High
	40- 50
	3.0- 3.75

	Very High
	≥50
	≥ 3.75
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Figure 4. Membership Function of SAT
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Figure 5. Membership Function of OTT
[image: image6.png]< m
S i td 2
BB Membership Function Editor: fuzzy problem . =
File Edit View
FIS Variables Membership functon lts it ports: 181 =
- m cfa sighty, o Comfort Signty ot Hpt e = v
1 :
sar ToL
! o
ot
2
0
5 10 15 2 2 3 3 & 4 50

output variable TCL"

Name TeL Name NewBitmap  MyDAP  Free Video

Type output Type e L
s [

R e

DspayRange (e Hob cose XAMBP My Video  RealPlayer

\MATLAB®  SPEEDbit  VLC media.

R200951  VideoDo...  player

2 =t 2\

= T B B &=
Cicicliciyy \Word Do...

oy 1021AM
* = opepo2 ||





Figure 6. Membership Function of TCL

When multiple input combinations are to get executed, the basic concept of switching and time slices comes into picture. 
In our proposed algorithm as shown under, a newly SAT (oC) and OTT (W/m2k) value, will be added to the input queue. This queue consists of the remaining input values from last cycle that has not yet been executed.
Loop
For each state of the temperature, do the following
1. For each value of comfort condition, feed its sol air temperature (SAT)  and overall thermal transmittance (OTT) into the inference engine. Consider the output of inference module as thermal comfort level.

2. Store the values of thermal comfort level in an array (TCL). 

3. Execute the corresponding (TCL)value of highest magnitude until a scheduling event occurs. 

4. Update the system states.

End Loop
5. Results and discussion
The number of rules in fuzzy inference engine has a direct effect on its time complexity therefore having fewer rules may result in better system performance. Fuzzy rules try to combine these parameters as they are connected in real worlds. Some of these rules are mentioned here.
· If SAT is very High and OTT is very high then TCL is Hot

· If SAT is very High and OTT is very Low then TCL is Comfort

· If SAT is Medium and OTT is very Low then TCL is Comfort

· If SAT is Medium and OTT is  High then TCL is Slightly Hot

Once all the variables of OTT and SAT get executed by the FIE, a decision surface can generate showing the value of the output variable TCL. The decisions surface is the dynamic combination of SAT and OTT affecting TCL. Figure 7 present a three-dimensional curve representing the mapping from SAT and OTT as inputs (axis X and Y) and TCL as an output (axis Z). The temperature, induced inside any of the place due to heat produced caused by the thermal properties of the materials used in building, human metabolism, indoor and outdoor surface heat transfer coefficients. In varying conditions of SAT and OTT parameters, the maximum value of thermal comfort likely to be changes accordingly that depends on the inference engine mechanism. 
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Figure 7: Decision Surface
According to the fuzzy inference rule, TCL is an output of the corresponding values of SAT and OTT and shown in Figure 8 and fig. 9 showing the strong relationship between the SAT, OTT and TCL. The nature of curves is show when SAT or OTT are increasing the TCL is also increasing and shows that the comfort level is not suitable. 
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6. Fut
7. Future scope of work
In this paper we have developed a fuzzy logic approach to predict an appropriate TCL considering the SAT and OTT as Input parameters. The model will be validated in future through developing the fuzzy simulator for real environment. 
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Figure 9: Relation between OTT and TCL








Figure 8: Relation between SAT and TCL











