&
l.]ﬁll International Journal of Facility Management

Vol.2, No.1 - May 2011

Research Methodology for Building Automation Performance Index

Shariar Makarechi, Ph.D.
yar@spsu.edu
Assistant Professor, Construction Management, Southern Polytechnic State University, Marietta, GA 30060-2896
&
Roozbeh Kangari, Ph.D.

roozbeh.kangari@coa.gatech.edu
Professor, Building Construction, Georgia Institute of Technology, Atlanta, GA 30332-0680

ABSTRACT: Automation is intended to improve overall building performance. Building Automation
Systems (BAS) are attractive to facility managers and popular due to their promise of increased operational
effectiveness. BAS can be optimized, and a well-designed and well-implemented BAS is expected to
increase a building’s overall appeal and value as a result of improvement to its performance. In order to
improve the level of automation in buildings, a measurement tool in the form of a performance index is
needed. The goal of this paper is to describe a research methodology for quantifying a typical building’s
level of automation-performance for developing an Automation Performance Index (API). A framework and
roadmap with ten tasks to accomplish the research goals are described. The research methodology describes
an integrated approach for using the results of literature search and input from expert survey in the field of
building automation. It presents a framework for identifying and classifying the key parameters.
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INTRODUCTION

The goal of this paper is to describe a research methodology and its associated challenges for developing a
building Automation Performance Index (API) model.

Buildings like their occupants need to stay efficient and healthy. They need to be examined and tested to
ensure all of their vital signs are within acceptable healthy ranges. Just as a physician usually orders lab tests
to evaluate a patient’s condition before prescribing remedies for improvements, a facility manager who cares
for a building needs to assess its vital systems and the level of their performances, and then take effective
steps for improvements. One of the greatest parts of the building anatomy is its brain which centrally
controls the functions of its systems. Facility managers can benefit from tools that measure performance of
building’s central automation systems which are the monitoring, controls and command systems otherwise
known as Building Automation System (BAS).

Improvement to the performance of a building may be accomplished by reducing the energy consumption of
its environmental comfort systems. Any attempt at making such improvements in performance should pay
close attention to its automatic controls and monitoring systems otherwise known as BAS. A customized
BAS properly implemented is expected to improve both building comfort levels and its overall performance
which translates into energy efficiency. There are many options for customization of building automation.
The next step was a set of questions that a reader may have, but not yet discussed. For example, how does
one measure the performance of each customized BAS in order to compare and select the optimum
measures?



Current energy codes and industry standards of environmental system operational practices, such as those
provided by ASHRAE 90.1 (ASHRAE 2001), Energy-Star (Energy-Star 2005) and Leadership in Energy
and Environmental Design (US Green Building Council 2002) are designed to provide generic prescriptions
that may be tailored into proper dosage of steps for improvement of each project’s energy performance
profile. A practical prescription may be in the form of maximum energy use budgets (DOE/EIA 2005).

In case of this research, pre-determined healthy ranges of such environmental systems’ performances will
form a target performance range after systems are improved. System improvements are initiated in order to
reach the target performance range. After implementation of the system improvements, their performances
are measured and compared with the target range and corrections are made as required, to reach and stay on
the target range. These sets of targets for building systems are sometimes prescribed by building codes as
minimum acceptable performance standards.

Although building codes may set the minimum acceptable performance standards, such performances are
usually not the best performances that should be expected. In fact any minimum performance requirements
prescribed by a client or a code body automatically becomes the maximum level of performance that the
contractors would aim for achieving. As a result, what was intended to be a minimum acceptable practice
becomes the highest-possible performance. In final assessment, many buildings may fulfill the prescribed
code requirements without delivering the possible optimal performances. This could be addressed by a
performance-based in lieu of prescribed-based approach to building construction. The advantages of
performance-based approach have been addressed by Kashiwagi (Kashiwagi 2005). He provides case
studies and examples that clearly show how specified minimum standards in a competitive bidding
environment automatically set those (minimum) levels as the maximum goals for the construction delivery
systems. A performance-based approach, on the other hand, will remain focused on satisfying the client’s
best interests without limiting the level of effort required to achieve it. Kashiwagi demonstrates that
improvement of building performance requires creativity and determination to sometimes push against all
apparent constraints. He explains that, to promote creativity, one should avoid limits naturally imposed by
prescribing the details of the process. Once developed, a tool like API can be used to measure BAS
performance against set goals without dictating the details of how BAS should be configured. Questions
such as how much automation is the right level for a given facility, may be answered with the help of this
tool.

PROS AND CONS OF BUILDING AUTOMATION

The installed cost of a commercial grade Building Automation System in 1980 was approximately $500 per
direct digital control (DDC) point. In 2010, this cost is less than $20 per DDC point and it has been
predicted that the point will be dropping to insignificant levels (Sinclair 2005). On the other hand, the total
cost of operation and maintenance of building systems, including the direct and indirect costs of building
systems’ environmental impacts, is increasing, and so is the desire to reduce these costs.

The study showed that regulating agencies and construction code authorities are increasingly enforcing
stricter energy efficiencies and environmental policies. These drivers, coupled with the availability of low-
cost controls and communication systems and access to real-time information via the Internet, all together
have created a very fertile ground for building industries to move towards an integrated and global approach
for operational optimization. This simply means there are both incentives and rewards for growing use of
BAS, not to mention the demand of the tenants and the clients for the added features BAS can offer.

The variety of ever-increasing facility management features and options available through the evolving BAS
technologies facilitate building administration and provide opportunities for more efficient and flexible
operations. This prompts the owners and developers to implement increasing levels of automation in modern
building construction. Continental Automated Buildings Association (CABA 2002) has documented many
successful cases and provided educational and informational seminars (Zimmer 2005) and many research
papers have been published in this area for designers, contractors and facility managers. The evolution of
BAS is shown in Figure 1.
2



Standard Information Presentation Models f

Wireless Technology|

Convergence of BAS and IT

Internet/Interanet
BACnet/Lon Revolution

Direct Digital

Personal Computers

Mini Computers

Electronic

Electric

Pneumatic

Figure 1. Evolution of Building Automation and Control Systems (Zimmer 2005)

Features, flexibility and added efficiency offered by more technologically advanced BAS are complemented
with the economical rewards for this industry, both for the consumers and service providers. This serves as
additional motivation for implementing more sophisticated automation in building construction. It is
predicted that the BAS business will grow steadily into the $30 billion range by 2009 (ARC 2005).
Therefore is important to research the relationship between the performance of increased BAS and the level
of its use, and whether such growth in building automation has predictable improved performance levels.
Also, the result of such research can help in deciding on the limits of BAS use.

POTENTIAL GROWTH

Depending on one’s perspective, a building’s performance may be measured by its operating cost, energy
use, or its net income. BAS may be designed to govern building systems according to a calendar-based and
time-related sequence of operation. In commercial buildings, the BAS is either formed separately as an
overriding controller, or by integration of several independent operating systems. The governed systems in
this study include: heating, ventilation, air conditioning, lighting, security, life-safety, plumbing, irrigation,
fenestration, circulation, communication, transportation and janitorial systems. This list is not exhaustive
and can be expanded depending on the building type and its services. For example, nurse call systems in
healthcare buildings, room entertainment systems in hospitality buildings, hazardous waste containment
systems in industrial buildings, and surveillance systems in institutional buildings can be added to the list.

Studies have shown significant improvements to government buildings’ performance levels through proper
applications of building automation (GSA 2005). Some government studies, such as the National Institute
of Standards and Technology’s report on the high cost of inadequate interoperability (Michael P. Gallaher
2004), promote more integration of building systems and increased levels of building automation.



However, research (Zhi-Gang Wei 1998) also indicates too much automation may actually be detrimental to
a system’s performance: “In fact, too much automation results in poor operator performance caused by too-
low workload, loss of skill, and loss of awareness of the system status. This raises a series of questions: How
much automation should be used? What affects human use of automation? How does an increase in level of
automation affect system performance and operational safety? Many such questions assume the existence of
some quantitative measures for the degree of automation. To our knowledge, no such measure has been
developed” (Zhi-Gang Wei 1998).

Experimental studies of general automation with a simple lab-based set-up to define and test a proposed
linear model has been performed (Zhi-Gang Wei 1998) to predict the optimum “Degree of Automation”
(DofA) from human performance aspects. The researchers acknowledge that further studies for more
complex systems, such as buildings environmental control systems, are required. The DofA research
concluded that some manual intervention by human operators should be kept in the loop for improved
results of an automated system which is the role of facility mangers for building automation systems.

Building energy standards, such as ASHRAE 90.1 (ASHRAE 2001), guidelines, such as Energy Star
(Energy-Star 2005), or programs, such as LEED certification (US Green Building Council 2002), were
found out to be helpful in promoting efficient and sustainable design and practices in construction. Building
codes and standards predominantly use prescriptive approaches. To verify the effectiveness of any
prescriptive tools on a building, a measure of its performance was ultimately needed.

Many projects built to meet codes have failed to provide the intended performance. If a performance-based
approach in lieu of a prescriptive approach is followed, innovation and ingenuity is encouraged (Kashiwagi
2005). This can be illustrated by the simple example of the process of purchasing a car. If the automobile is
being considered for someone else, a description of the needs and requirements of the user will lead to a
purchase that minimizes the cost yet delivers the quantitative and qualitative aspects of the intended user.
However, if the car is being purchased for one’s own use, a more long-term view of the cost benefit and
performance quality will be assessed, and higher cost and more risk of toying with the latest technology may
be justified. This research contributes to BAS performance improvement by providing a scale to index the
level of automation labeled Automation Performance Index (API).

Outside of detailed numerical simulations, practical scientific methods for evaluating building automation
systems’ performance are very scarce (Makarechi 2005). When simulation modeling tools, such as Energy
Plus (Crawley, Winkelmann et al. 2002), Power DOE (Hirsch 1998) or eQuest (DOE 2005) are utilized to
assess a building’s energy or operating cost performance, BAS is simply treated as a set of options chosen
from a list. The research found that these tools are not designed to evaluate the performance effects of the
degree of automation prescribed. Automation is assumed to be at its optimum level whenever that option is
selected to be available. Another misconception is in the parallel between the building’s intelligence verses
its performance. A presentation sponsored by the Continental Automated Buildings Association (CABA)
notes: “Intelligent Building is a building which has the inherent ability, through the design of its
infrastructure and systems, to respond to the changing needs of its tenants/occupants and building
owner/investor group quickly, safely and cost effectively” (Katz 2005).

According to this definition, any improvement in building automation would be an improvement to its
intelligence. Is it possible that after a certain point, an increase in the amount of automation (intelligence)
may not necessarily offer any improvement to its performance? In 2005, CABA initiated development of a
web-based utility to measure the building’s level of intelligence, coined as the Building Intelligence
Quotient (BIQ) (CABA 2005). The idea is to promote more building intelligence. Once BIQ is developed,
tested and validated, it may become a complementary tool to APIl. However, the focus of API is
performance level and not the intelligence level of a building.



PROBLEM STATEMENT

The world is facing an energy crisis and buildings are major energy consumers. Implementation of Building
Automation Systems are expected to facilitate more effective and efficient building operations. Effective in
terms of providing more comfortable and productive environments, and efficient in energy use and cost of
building operations as shown in Figure 2. The question is how much building automation is needed and how
to measure it. Macwan, Wei et al. (Zhi-Gang Wei 1998) have stated that too much automation results in
poor operator performance, and Michelle Addington, professor of the Architecture Program at Harvard
University’s Graduate School of Design, has likewise expressed concern that “the technology is coming in
before we have the sophistication to know how best to deploy it” (Bowen 2005). On the other hand,
implementation of technology and networking in some commercial projects have been shown to reduce the
cost of building cooling system operation down to 50% level of the conventional optimized systems, as
reported in I-Homes and Buildings magazine (Hartman 2006).
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\ Low Energy Efficient Buildings

\ Low Energy Efficient Commercial Grade Buildings

\ Commercial Building Design and Operation Issues

Efficient Design of Building Automation Systems

\Need to Quantify Building Automation System Performance
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Figure 2. The Big Picture: Automation Performance Index
within the Context of the Built Environment

BAS can take many forms. It can be as simple as a time-clock that operates a device, or as complex as
integration and coordination of the scheduling, operation, monitoring and metering of all building systems
and technologies. Table 1 demonstrates a few of the possibilities for BAS. In this table, some of the aspects
or alternatives that may be considered for ‘Building’, ‘Automation’ and ‘System’ are provided for the
purpose of demonstrating the numerous combination possibilities that may be considered.

It was found that proper configuration of BAS can simplify the facility manager’s job, in addition to taking
advantage of the operational efficiencies associated with and expected from integration of different building
systems that traditionally have been controlled separately. Facility managers, owners and tenants see the
value in implementing technology that will increase performance and reduce costs. Commercial facility
owners, in particular, are motivated to incorporate additional levels of BAS in order to increase the appeal of
their buildings in the minds of the potential tenants.



Table 1. Examples of BAS Combination Possibilities (Selecting one parameter

from each column will result in many combinations)

Building Automation System
General Individual HVAC
Specific Integral/Open Lighting
Type Networked Security
Location Closed Life Safety
Single Web-Based Plumbing
Multiple Local Irrigation
Existing Remote Fenestration
New Digital/Electronic Circulation
Conceptual Pneumatic Communications
Renovated Electric Compactors
Use Commercial Transportation
In/Out Side Industrial Vacuum

OBJECTIVE AND SCOPE OF RESEARCH

The objective of the research was to develop an Automation Performance Index (API) model for evaluating
the extent of a building’s automation-performance. The hypothesis was that a building’s level of
automation-performance is quantifiable.

The scope of the research was limited to commercial grade building automation systems. These systems are
manufactured with tolerance and operating limits suitable for projects such as office, retail, academic,
courthouse, and light-institutional buildings. Industrial grade controls usually require higher levels of
accuracy, tolerance and performance (Franklin, Powell et al. 1990) and were not within the scope of this
research.

ASSUMPTIONS

Every model has limitations. These limitations were described under the assumptions of the model.
Assumptions allows a realistic view of the developed model. It also allows improvement of the model in
future by relaxing some of the assumptions.

In this research, it was assumed that international building codes (International Code Council., Building
Officials and Code Administrators International. et al. 2003) and other international-level facility design
guidelines and standards, such as those published by the US Air Force, Army, Navy, design guides found
listed in Whole Building Design Guide (NIBS 2006), GSA publication PQ100.1 (GSA 2005), as well as
engineering guidelines of professional organizations such as (ASHRAE 2006), and (Netherlands
Standardization Institute 1998) are valid references and research studies for defining the boundaries of the
APl model.



In order to allow a focus on BAS performance aspects, rather than design issues, and to simplify the
quantification of the complex parameters, such as “user needs” and to provide a clear definition of
terminologies used for model evaluation the following assumptions were recommended:

e Minimum level of satisfaction is assumed to be API = 1.

e All building equipment and controls are properly sized, commissioned and calibrated, and all devices
and components are properly selected for their applications. Furthermore, all building systems and
associated devices are assumed to meet the needs and limitations of the application for which they are
used.

e Growth in user needs will prompt proportional expansion of building automation system, which means
an increase in the number of control points.

e Building automation and building controls are treated synonymously.

e Terminology used by American engineering professionals and reference manuals such as (ASHRAE
2006) is valid and commonly accepted.

RESEARCH METHODOLOGY

Figure 3 shows the research methodology which has already been used successfully in similar work
(Makarechi 2006). The proposed framework served not only as the research methodology, but an effective
way of communication with the stakeholders (e.g., Facility managers). The research methodology map
shown in this figure consists of a set of tasks blocks (shown by task numbers from 1 to 10), and a number of
solid blocks representing “Decision Criteria” for each stage of this research (shown by letter ‘a’ to ‘i’). It is
important to notice that one of the contributions of the research was the description of these Decision
Criteria which for simplicity called Criteria. At each of these solid blocks, the research has developed a set
of Criteria (or standards and policies) for the selection or identification of variables and model development.
These Criteria could be considered as filters or justifications for a decision are:

(a) Decision Criteria for Literature Research.

(b) Decision Criteria for Forming a Panel of Experts.

(c) Decision Criteria for Identifying Relevant Parameters from Literature Research.
(d) Decision Criteria for Identifying Relevant Parameters from the Expert Panel.
(e) Decision Criteria for ldentifying the Most Significant Parameters.

(f) Decision Criteria for Identifying a Suitable Approach for the Model.

(g) Decision Criteria for Applying the Governing Building Codes.

(h) Decision Criteria for Defining the APl Model.

(i) Decision Criteria for Testing and Validation Method.

In order to discuss the methodology, let’s be mindful of the fact that building automation can provide
controls for a variety of environmental, mechanical, and security systems, because each of these systems can
separately or together form a BAS (Table 1). The approach for developing the API depicted in Figure 3 has
purposefully stayed generic and does not get involved with any of the specific systems that may be
controlled. In addition to the above listed Decision Criteria, ten tasks which are illustrated and referenced by
numbers in Figure 3 show the research work task in the methodology. These tasks are fundamental steps in
the API model development:

Task #1: Establishing decision criteria for each step.

Task #2: Conducting comprehensive literature research.

Task #3: Forming the expert panel.

Task #4: Designing the questionnaire for the panel.

Task #5: Receiving the required approvals for research using human subject input.

Task #6: Identifying, Organizing, Classifying and the major building automation parameters.
Task #7: Selecting the significant parameters.

Task #8: Identifying suitable approach for APl modeling.
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e Task #9: Developing the API model.
e Task #10: Testing and validating the model.

The following section briefly describes these decision criteria and research tasks.

Establishing Decision Criteria

The first step in the development of the model involved establishing Decision Criteria as shown in Figure 3.

Problem Description

(Task 1)

Criteria fa): Literature

o Y R - —— ) o " Bvenarfe
Criteria (b): Forming a Panel of Experts Research

1
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Expert Panel Survey Input & Literature Search
Data from FM Practice

e
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Parameters from the Expert Panel Parameters from Literature Research
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Significant Parameters

-
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Applying the
Governing
Criteria (f): Identifving a Suitable Building Codes

Approach for the Model

18

Building
[ Identify a Suitable Approach for APl Modeling Code

Input

Criteria (h): Defining the API Model

.l Develop the APl Model ]

Criteria (i): Testing and Validation Method

18
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Test and Validate the Developed APl Model

h 4

Figure 3. Research Methodology
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The following provides a guideline for establishing each decision criteria for APl model development.

Literature Research: A comprehensive literature search for Building Automation Performance, Automation
Performance Evaluation, and other combinations were conducted. A matrix tabulating the results of these
articles was developed. The matrix identified and classified the parameters (critical variables) that were
cited with the highest frequency. Major categories for the parameters were established based on the literature
search and expert knowledge as described in the following sections.

Forming a Panel of Experts: Seminars and conference proceedings related to building controls, HVAC
industry, building performance and engineering societies were identified, selected and attended to select
industry experts and professionals to solicit participation in the research. Those with extensive working
experience, practical and theoretical knowledge of different aspects of building operation and its automation
performance but did not have published work in this area were selected for the survey in this research based
on the following two major guidelines: 1) Recent professional experience in one of the aspects of building
systems operations and performance, and 2) Willingness to participate and provide expert knowledge to this
research.

Identifying Relevant Parameters from Literature Research: This criteria was based on collecting a
comprehensive list of relevant parameters which were frequently cited in the scholarly publications. Then,
these parameters were classified into groups with similar characteristics, and key parameters influencing the
performance of building automation systems were identified by tabulation for the matching citations.

Identifying Relevant Parameters from the Expert Panel: Based on the above two guidelines, a list of
potential candidates for identifying relevant parameters influencing the performance of Building Automation
Systems were identified. The expert panel members were asked to provide their knowledge based on their
own experience at the field. Each panel member individually and without access to other members was
asked to provide recommendations based on their professional practice regarding the most significant
parameters that influence performance of BAS.

The initial list of the parameters obtained from the panel members, were tabulated and similar items were
combined into the same categories identified in the literature search. Based on how frequent each parameter
category was cited, the most significant ones were identified.

Identifying the Most Significant Parameters: Comparing the two lists of parameters and aspects with high
frequency of citation, a final list of the key parameters with the highest number of recommendations and
citing were produced.

Identifying a Suitable Approach for the Model: Various modeling techniques referenced in scholarly
publications in similar areas were investigated and tabulated. The criteria for model selection was based on:
type of data needed (numerical vs linguistic, probabilistic vs deterministic, and dynamic vs static), size of
data from expert panel, ease of use, relationship or correlation among the model parameters, level of
accuracy, versatility and practicality. An extensive investigation of various modeling techniques conducted
by the authors titled: “Dynamic Decision Support Systems” (Makarechi 2004) were used, in which
appropriate decision support models are identified based on the stage of a project, whether in the early
planning or design, development, construction, operation and even in latter stages of re-commissioning. The
general conclusion was that in earlier stages of a project when actual data is scarce, heuristic methods and, in
the latter stages, numerical methods should be utilized.

Applying Building Codes and Guidelines: Governing building codes were utilized to define the model’s
boundaries. This research has used the criteria established by large organizations, such as General Services
Administration (GSA), Emory Healthcare Facilities, Georgia Tech Facility Design Criteria (Yellow Book),
as its criteria for model development. The criteria in these codes and guidelines are applied as boundary
conditions to determine the model’s constants.



Defining the Automation Performance Index: The criteria used for indexing is based on the assumption that
API is a positive index defined between 1 and 5. API equal to 1 indicates a satisfactory automation
performance, API values less than one are considered lower than satisfactory performance, and API values
higher than one are considered improved performances. Technical completeness is in terms of the
representation of entities and attributes, relationships, unique identifiers, sub-types and super-types, and
constraints between relationships were considered in this research.

Testing and Validation of API: The testing criteria shall be based on the validation of model by those
buildings which are not included in original set used for model development. Therefore, additional
information about existing buildings with known automation performance will be obtained to validate and
test if the model’s prediction would match with the actual experience of the facility mangers.

Establishing Research Tasks

This research work was divided into ten major tasks, allowing extensive investigation of each research part,
and integration of them to accomplish the goal of this research. These research Tasks should not be confused
from Decision Criteria described in the previous section. Although, some of the titles are similar, however, a
research task is defined as a research work for a specific part of the whole research study such as conducting
Literature Search, when criteria is defined as a set of standards and policies for selection of parameters and
modeling techniques. It acts as a filter that justifies a decision such as Criteria for Literature Search. The
major tasks were:

Conducting Comprehensive Literature Research: The research extensively utilized engineering and building
automation journals and Internet resources, as well as a comprehensive literature search of related subjects.
This task should exhaust search of referee journals, trade publications, conference proceedings, and any
other related publications. Additionally, seminars such as those organized by the International Council of
Research and Innovation in Building and Construction (CIB 2005), Building Futures Council (BFC 2005),
and High Performance Buildings 2006 (ACG 2006), and review of these and other conference proceedings,
were conducted. Literature research, as well as information obtained from experts in building automation,
formed the basis for identifying key parameters relevant to BAS performance. As described by Chung
(Chung 2004), “Domain Experts” are considered invaluable sources in practical research. Since they provide
experience-based information from actual field-specific practice, their advice requires little qualification or
validation. The most-significant parameters were identified using the input from the practicing facility
managers through a number of communications and meetings using a Delphi method of reaching consensus
(Linstone and Turoff 2002). This effort, combined with information obtained through literature research,
was used to screen the most-significant parameters for defining the APl model. The model was further
refined by application of the industry standards and guidelines (NIBS 2006) before testing and validation.

Forming the Expert Panel: To establish a basic understanding for the state of the industry and also to meet
experts in the subject, information from following relevant seminars were used: Converging Building
Systems Technologies (BuilConn 2004), Performance Based Procurement (Kashiwagi 2005), Building
Futures Council (BFC 2005), International Council of Research and Innovation in Building and
Construction (CIB 2005), W92 Construction Procurement Systems Symposium, and High Performance
Buildings (ACG 2006). From the above seminars, and also from the list of building automation professional
contacts, qualified experts in assisting with the research were identified. The preliminary research was done
in two stages. Stage one was completed as an independent study titled: “A Step towards Development of
Building Automation System Performance Indicators” (Makarechi 2005), in which a smaller group of 13
experts provided input. Stage two was completed as a part of the PhD thesis, in which a larger number of
resources and experts were consulted to identify and rank the significant parameters for developing a few
models for API.
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Designing the Questionnaire for the Panel: A questionnaire was designed and developed to capture the
expert knowledge from expert panel’s input. The questions were designed to be relevant to this research,
short and precise without leading the experts in any direction. A total of three questions were sent by e-mail.
A sample of the questioner is shown in Figure 4. The first question was intended to get an overall view for
the current trends in the BAS industry. The response to this question did not affect the process of forming
the AP1 model, but helped in validating it. Questions 2 and 3 were the key questions for the model.

Receiving the Required Approval for Research Using Human Subjects: Human-based research requires
special review and approval from the Institutional Review Board (IRB 2005). The protocol of this research
was submitted and approved (IRB H05151), and the required training to obtain research certification was
completed.

Organizing, Classifying and Identifying the Major Building Automation Parameters: Information from
literature and online research, and feedback from the expert panel was tabulated and organized separately
into similar categories for the parameters cited, and the most significant parameters were chosen. Parameters
cited most often were given more priority in the selection process.

Selecting the Significant Parameters: Parameters were selected based on the frequencies of their citations in
literature search and expert opinions from survey. Some of the parameters were not directly scalable. In
order to define scalable parameters for the model, logical correlations between the parameters that identified
by this research and other quantifiable parameters were established.

Identifying Suitable Approach for APl Modeling: Heuristic and numerical models shall be considered for
scaling significant parameters. Numerical analysis using value engineering techniques (Sadri 2004), (GSA
2004), Utility Theory (Bell, Raiffa et al. 1988), and Fuzzy Logic (Zadeh 1994) modeling techniques have
been utilized in this type of research.

Developing the APl Model: API is defined as an index representing the expected performance levels of
BAS. This index, in general form, is the weighted average of the normalized significant automation
performance parameters. Models chosen for APl were further refined by building design guidelines (NIBS
2006), such as GSA P-100 (GSA 2005). A quantitative model to evaluate the performance of BAS helped to
assess the existing state of system in comparison with its desirable mode. Any inferior deviations were then
addressed. Structuring a decision-support system to routinely monitor and reduce deviations from set
objectives which improved the system performance (Makarechi 2004).

Testing and Validating the Models: Verification shall be done to ensure that the model is dfined correctly,
the algorithms have been implemented properly, and the model does not contain errors or oversights. No
computational model will ever be fully verified, guaranteeing error-free implementation. A high degree of
statistical certainty is all that can be realized for any model as more cases are tested. A set of sensitivity
analysis shall be conducted for observing the range of APl and validation of its estimates and trends
predicted by the numerical model.

SUMMARY

The research methodology presented in this paper demonstrates how a model for quantifying a building’s
performance index can be developed using the significant parameters identified by this approach. The
accuracy of the API predictions can be established using data available but not used in developing the model
and set aside for the validation of the model. APl model developed by this methodology will provide useful
feedback to professionals during the design and construction process for improved decisions towards
optimization of building automation performance and to facility managers when they need to compare
performance of alternative building automation systems.

The research demonstrates that improvement requires monitoring and measurement, which is made possible
by having a model, such as API. As the construction industry moves towards more intelligent buildings with
11



integrated automation systems, further discussion regarding the significant parameters for improving the
building automation performance tailored for specific clients are encouraged by this research. The benefits
of enhanced building intelligence, versus the challenges of a sophisticated system operation can be captured
in further modeling efforts and analysis of API.
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