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ABSTRACT
Selection of engineering systems is a challenging task that usually involves a large number of criteria. In the case of Heating, Ventilation and Air Conditioning (HVAC) systems, many feasible options could be proposed; however, selection of the best system is not a simple process, as it requires objectivity and a solid rationale. This paper presents a mathematical approach that utilizes the multi-attribute utility (MAUT) theory and analytical hierarchy process (AHP) for selection of the most suitable HVAC system that satisfies specific project’s requirements. It guides to the best alternative using a quantitative approach that eliminates subjectivity and improves the confidence in the decision made. 
INTRODUCTION
Design of HVAC systems might be one of the most challenging tasks. This could be attributed to the need to satisfy many requirements, such as calculated heating and cooling loads, codes and architectural constrains. The challenge gets even bigger when owners’ satisfaction is also considered. To properly select a suitable HVAC system that satisfies designers and owners requirements, a number of criteria should be considered. These criteria could be generally classified into two categories: 1) gating (i.e. performance and capacity requirements) and 2) comparative [4]. While the gating criteria help the designer in making go/no-go decisions, they usually yield many alternatives that should be evaluated based on their comparative criteria to determine the most suitable one. Although a number of comparative criteria have been listed in the literature, it was documented that the initial and operating costs, reliability (i.e. how failures are likely to occur and how quickly systems can be fixed), flexibility (i.e. how easily the system can be adapted to meet new demands that may be imposed by a change in building‘s layout and/or service) and maintainability (i.e. how easily and convenient the system is maintained) are the most practical ones to be considered [4]. 

Evaluation of HVAC systems based on their comparative criteria is considered a challenging task. This is due to the numerous alternatives that are usually available, large number of decision attributes and their possible subjective nature (e.g. reliability, flexibility and maintainability) and the need for objectivity and good rationale in performing this process. To ease the decision making process and to help the designers to assess various options of technically feasible HVAC systems, the use of a decision support tool is suggested. Many decision support tools have been documented in the literature, among which are the multi-attribute utility theory (MAUT) and analytical hierarchy process (AHP) [1] [3] [5]. It should be noted that detailed description of these two techniques can be found in [6] [7] [8]. 

Although each of these tools has been utilized in solving many engineering problems, such as quantifying the schedule and cost overrun in utility projects, selection of information technology (IT) tools in the construction industry and planning of highway projects, they have been criticized for two major reasons: 1) the complexity of the weight calculations in MAUT, and 2) the high AHP requirement of pair-wise comparison in cases involving more than 5 alternatives [2] [5].  In an effort to benefit from these two well established decision support techniques and to overcome their individual limitations, their combined used is suggested. While the use of MAUT will facilitate processing of more alternatives, the use of AHP will ease the weight calculation process.  More detailed discussion on the advantages and disadvantages of MAUT and AHP and how to benefit from the strengths associated with each can be found in [8].
This paper presents an integrated approach that facilitates the selection process of HVAC systems, considering their comparative criteria suggested by [4] (i.e. initial cost, operating cost, reliability, flexibility and maintainability). The approach utilizes the MAUT and AHP for performing its task. The paper presents a step-by-step numerical example to demonstrate their combined use in the proposed application. The presented approach is expected to assist designers in comparing different HVAC system alternatives that satisfy a set of gating criteria. It is expected to ease the decision making process and expedite its performance in dynamic design environments. It should be noted that although the presented selection approach was applied to a set of comparative criteria that targets HVAC systems, its application could be easily expanded to include other sets of criteria that may suit many other mechanical and electrical systems.
USING MAUT AND AHP IN SELECTION OF HVAC SYSTEMS
MAUT and AHP are among the most commonly used decision support tools in engineering, and detailed description of their principles can be found in [6] and [7]. So far, many applications have been presented in the literature that highlight the strength associated with each of these well established and powerful decision support techniques [1] [2] [3]. To demonstrate an integrated approach that benefits from their combined strengths in selection of a HVAC system for an office building, a hypothetical example is presented. In this example, a set of 8 technically feasible alternatives will be considered.  All alternatives will be compared based on all comparative criteria suggested in [4] (i.e. initial cost, operating cost, reliability, flexibility and maintainability). Details of these 10 systems are shown in Table 1. To implement this combined approach, three-step procedure will be followed. These steps are: 1) calculation of utility functions using MAUT approach; 2) determination of relative importance factors, calculation of weights and CR using AHP approach; 3) evaluation of the overall utility values for all alternatives using MAUT approach.
  

	Alternative
	Decision Attributes

	
	Initial cost ($)
	Operating Cost/year ($)
	Reliability
	Flexibility
	Maintainability

	1
	910,000
	120,000
	7
	5
	3

	2
	1,012,000
	146,000
	8
	4
	3

	3
	781,000
	86,000
	6
	4
	2

	4
	1,120,000
	68,000
	8
	5
	4

	5
	1,498,000
	101,000
	9
	3
	5

	6
	823,000
	121,000
	6
	6
	3

	7
	1,791,212
	188,000
	8
	8
	7

	8
	2,318,121
	219,000
	9
	8
	7


First Step: Calculation of Utility Functions 

To demonstrate how the utility functions are calculated and drawn for all decision attributes, the initial cost will be used as an example. To reflect on the decision maker’s highest and lowest satisfaction levels, considering the variation of the initial cost shown in Table 1, hypothetical values of $750,000 and $2,500,000 will be associated with utility values of 1.0 and 0.0 in this example, respectively. To elicit more input from the decision maker, he/she is requested to associate additional utility values with some more randomly selected intermediate costs.  If the randomly selected costs are $1,000,000, $1,500,000 and $2,300,000, then he/she might suggest utility values of 0.8, 0.5 and 0.2, respectively. It should be noted these utility values are expected to be different form one decision maker to another, depending on his/her satisfaction level. Using regression analysis, the information will then be processed to generate the utility function that measures the decision maker’s level of satisfaction with respect to the cost of HVAC system (Figure 1). As shown in Figure 1, the generated cost utility function is U = 8E-14x2 – 8E-07x + 1.537 and its R2 value is 0.99. Similar procedure is followed to generate other utility functions for all remaining attributes. Table 2 lists the utility functions for all attributes and their associated R2 values. 

	Decision attribute
	Utility function
	R2

	Initial cost
	U = 8E-14X2 – 8E-07X + 1.537
	0.99

	Operating cost
	U = -6E-06X + 1.446
	0.98

	Reliability
	U = 0.1129X – 0.1272
	0.99

	Flexibility
	U = 0.0091X2 + 0.015 X – 0.0264
	0.99

	Maintainability
	U = -.0018X2 + 0.1357X – 0.1553
	0.97
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Second Step: Determination of Relative Importance Factors, calculation of weights and CR

To determine the relative importance of all decision criteria, a pair-wise comparison is performed. In this comparison, each two criteria are considered at a time, and their relative importance is measured on a scale of 1-9. For example, if the decision maker believes that the operating cost is three times as important as the initial cost, then a factor of three is fed into the relative importance matrix as shown in Figure 2. Once the relative importance matrix is fully populated, the sum of all columns is calculated (Figure 2). The records in each column are then divided by their sums, and the records of all rows are added up (Figure 3). The sum of each row in Figure 3 is then divided by the total number of decision attributes (i.e. 5 in this example) to yield 0.09, 0.21, 0.21, 0.38 and 0.11 as weights of initial cost, operating cost, reliability, flexibility and maintainability, respectively. 
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To ensure consistent assignment of relative importance factors revealed by the decision maker and shown in Figure 2, the CR is calculated (CR = ((max – N) / (N-1) / random consistency, where N is the number of attributes and the random consistency number ranges from 0.58 to 1.49) [7]. To calculate CR, Figure 4 is constructed. In this Figure, the results of the pair-wise comparison and weights of all decision attributes are shown. The records of each column shown in Figure 4 are multiplied by their associated weights, and the sum of each row is calculated (Figure 5). These sums are then divided by the weights of all decision attributes (Figure 6). The average of the results (i.e. 5.31) is what is refereed to as (max. The total number of parameters “N” (i.e. 5) is then subtracted from (max, divided by (N-1) and further divided by 1.12 (i.e. the random consistency number for five attributes [7]) to yield a CR of 0.07. It should be noted that since the CR is less than 10%, it indicates a good consistency. It should be noted that if CR exceeds 10%, then all relative importance factors shown in Figure 2 should be revised. 
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Third Step: Calculation of the Overall Utility Values

To select the best alternative that suits the criteria of the decision maker, the overall utility value is calculated as shown in Table 3. It should be noted that Uparameter were calculated using values and equations presented in Tables 1 and 2, respectively. As shown in Table 3, alternative number 8 is associated with the highest overall utility value (i.e. 0.62) and should be selected. 

	Alternative
	Ucost *.09
	Uoper.*0.21
	UReli*0.21
	UFlex.*0.38
	UMain.*0.11
	Total

	1
	0.08
	0.15
	0.14
	0.11
	0.03
	0.51

	2
	0.08
	0.12
	0.16
	0.07
	0.03
	0.46

	3
	0.08
	0.19
	0.12
	0.07
	0.01
	0.47

	4
	0.07
	0.20
	0.16
	0.11
	0.04
	0.58

	5
	0.05
	0.17
	0.18
	0.04
	0.06
	0.50

	6
	0.08
	0.15
	0.12
	0.15
	0.03
	0.53

	7
	0.03
	0.07
	0.16
	0.26
	0.08
	0.60

	8
	0.01
	0.03
	0.18
	0.32
	0.08
	0.62


SOFTWARE IMPLEMENTATION
To further ease the application of the proposed approach and to facilitate its implementation, a software system was developed in Visual Basic for Application environment. The developed software calculates the utility functions and weights of all decision attributes, evaluates the consistency ratio (CR) and calculates the overall utility value for each alternative. It should be noted that detailed description of the developed software is not within the scope of this paper and can be found in [8]. 

The developed system calculates the utility functions and weights by eliciting the user’s preference and performing pair-wise comparisons, respectively. To elicit the user’s preference, the software gets into an interactive dialogue with the user to identify the highest, lowest and three more intermediate values associated with each attribute. These inputs are then used to draw the utility functions and calculate their R2 values. To calculate the weights of attributes, the user is to populate a relative importance matrix using the pair-wise comparison methodology. These factors are then further processed to calculate the weights and CR. The calculated weights, along with the actual magnitudes associated with each attribute, are then used to calculate the overall utility value for each alternative.  
CONCLUSION
The combined use of MAUT and AHP was presented as a tool for the selection of the best HVAC system from a pool of technically feasible alternatives. It eliminates subjectivity and irrational from the selection process. It also provides a quantitative tool that associates a score with each alternative that highlights the degree of preference of the decision maker. It is expected to ease the decision making process and expedite its performance in the dynamic design environment. It further assists the designers in selecting the right system that satisfies various owners’ requirements. A step-by-step example was presented to demonstrate the use and application of the proposed selection approach. 
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Figure 2: Relative Importance Matrix 


















































































































































































































































































































































































































































































































































FIGURE 6: Calculation of (max





FIGURE 5: Adding up Entries





FIGURE 4: Relative Importance and Weights





FIGURE 3: Normalized Matrix





FIGURE 2: Relative Importance Matrix





TABLE 3: Overall Utility Values








TABLE 2: Utility Functions





FIGURE 1: Initial Cost Utility Curve





TABLE 1: Details of Proposed Alternatives
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