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ABSTRACT 

Building design includes design (namely selection and configuration) of HVAC (Heating, 

Ventilation, Air, and Conditioning) systems. Conventionally, building design goes first, 

followed by design of a HVAC system, which fits to the building designed and even 

constructed. This process of building construction not only likely leads to re-design and 

re-construction of a building, thus incurring extra cost and increased lead time, but also 

makes it impossible to simultaneously design a building and design a HVAC, thus losing 

the potentially improved design of a building along with its HVAC system otherwise. 

Therefore, the idea of integration of both design activities could be promising.   

To facilitate a computer system to enable the integration, the first step is to develop data 

models for the building along with its HVAC system. It is noted that data in this thesis 

include both information and knowledge; particularly, information carries the semantics 

of what and where and when it is, and knowledge carries the semantics of why and how 

to do it. Data models help not only to understand the semantics of a work domain 

(building along with its HVAC system) but also build a bridge between the human 

designers and computer.   

There are three specific objectives with this thesis study: (1) analyzing the work domain 

(building along with its HVAC system), including its integrated or concurrent design 

process; (2) developing an information model (i.e., data model for the information of 

building and HVAC in the context of building); (3) developing a knowledge model for 

design of HVAC systems to a building under design. It is noted that in this thesis design of 

HVAC is meant for selection and configuration of HVAC systems to a building under design. 
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A tool called FCBPSS (F: function, C: context, B: behavior, P: principle, SS: state-structure) 

architecture of information and knowledge of a system was employed for the research 

defined in Objective 1 due to its promise of a comprehensive analysis of a work domain. 

For Objective (2), the E-R (Entity-Relationship) modeling approach was employed due to 

its simplicity and adequate capacity of expressing semantics of a work domain as opposed 

to various relational modeling approaches. For Objective (3), OWL (ontology web 

language) and SWRL (semantics web rule language) were employed due to their 

generality and wide popularity. As such, the ontology of buildings along with HVAC 

systems was built, the information model and knowledge model for buildings along with 

HVAC systems were built.   

The three objectives were achieved with three models, namely in short (i) the work 

domain model, (ii) the information model, and (iii) the knowledge model for a residential 

building along with its HVAC system. The implementation of a computer program system 

based on the three models and enables to support integrated design of a building and its 

HVAC system was also discussed. A case study was discussed to illustrate the effectiveness 

of the models as well as the computer program system.  

In summary, this thesis has demonstrated the feasibility of a computer-based integrated 

and intelligent design process for a building along with its HVAC system. It seems that 

nobody in the literature of building design has ever attempted the idea behind this thesis 

and a comprehensive work domain analysis along with data (information and knowledge) 

modeling. It is worthy of attention that all the models developed are open and extendable, 

and because of this feature, completeness of the work makes sense. 
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Chapter 1 Introduction 

1.1 Background 

Heating, ventilation, and air-conditioning (HVAC) systems are required in modern 

buildings to maintain the desired indoor thermal comfort and healthy air quality. In the 

recent decades, the evolving computer-aided design (CAD) technique has increasingly 

played a role in facilitating building and HVAC design much the same to other subject with 

the high-performance ability of computer.  

Nonetheless, today’s building industry has the ever-increasing demand for more 

efficiency to adapt an intensely competitive business environment, which drives 

researchers and industries software companies to continuously seek new design 

technologies to design building more functionally, comfortably, safely and sustainably. 

Functionally refers to services a building can provide, e.g., the residential building which 

provides a shelter to students. Comfortably refers to comfort a resident feels bodily. Safely 

refers to the risk to threat human health. Sustainably refers to the long-term risk to threat 

human health.   

According to (Jaegerman, n.d.; Sterner, 2017; Feng, Chen, & Huang, 2010; Tomiyama, 

1991; Anumba, 1996), the integrated, interactive and intelligent CAD is recommended 

which can have significant advantages on advancing work efficiency and reducing cost 

(Zhang, 1994). Currently, building information modeling (BIM) is a way toward an 

integrated process (Remmen et al., 2015) to support decision-making process and is 

becoming wide acceptance to building industry (Azhar, 2011). Though BIM for building 
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design tool such as Revit Architecture has received success to some large project 

(Zolotoya, Vatin, Tuchkevich, & Rechinisky, 2015), further integration of BIM with HVAC 

information modeling is highly expected, as such an integration is a key to the integrated 

design of a building and HVAC in the building (Coorey, 2020; Revit Reviews, n.d.). 

On one hand, most current HVAC design processes are in a sequential design process (SDP) 

(Gagnon, Gosselin, & Decker, 2019), which resulted from two reasons. First reason is that 

most of the CAD systems for HVAC systems are not integrated with CAD systems for 

buildings. Second is that most engineers still perform the multi-task HVAC design by using 

several independent software tools (such as load calculation, equipment selections). SDP 

will result in the less synergistic design process between HVAC design and building design. 

However, the integrated CAD of buildings and HVACs is not well developed in literature, 

especially in the commercial software community. More details about SDP and integrated 

design process (IDP) refer to (ASHRAE Handbook-HVAC Applications, Chapter 58).  

On the other hand, the overall intelligence of these CAD systems is weak, which means 

that the key work is still done by human (Tomiyama, 2007). Most of the existing tools 

perform calculations, simulations, and quantitative analyses, which is usually not pivotal 

at the concept design stage of a building. On contrary, a quick estimation of HVAC system 

selection is required at the early stage of the design of a beginning, and this is usually 

done manually with a paper-based information system. The knowledge about how to 

choose a HVAC system at the early state of building systems design is not available in the 

CAD software for buildings. 



 
3 

 

1.2 Motivation and challenges 

Addressing the above-mentioned deficiencies in the field of CAD software for buildings 

design is the motivation of this thesis. To overcome the first deficiency leads to the 

primary motivation of this thesis, i.e., enhancing the integrated computer-aided design 

(I-CAD) for HVACs and buildings. The I-CAD of buildings and HVACs is expected to reduce 

the possibility of redesign or reconstruction, and thus to reduce the cost of buildings in 

addition to the optimal design (Afalber, 2017). In the meanwhile, it addresses the 

communication issue between the HVAC and building designers. To overcome the second 

deficiency leads to the secondary motivation of this thesis, i.e., increasing the level of 

intelligence of CAD systems for buildings and HVACs. Overall, the expected outcome of 

this thesis is an Integrated and Intelligent CAD (II-CAD) system for buildings and HVACs.  

To develop an II-CAD system, the key is to data modeling (Zhang, 1994), which covers both 

information modeling and knowledge modeling. In literature, for buildings design, there 

is the so-called Building Information Modeling (BIM). However, BIM does not capture 

“deep” information or fundamental information, so not enabling integration of various 

aspects of design. It is well elaborated that the level of intelligence of a CAD system can 

be improved by modeling the so-called structure information and modeling the basic 

concept that spans a building. Consequently, the current BIM and CAD system based on 

BIM could not well support the so-called concept design (Zhang et al., 2016) according to 

the author’s practical experience, while the concept design is responsible for 80% of the 

total cost of a product, including a building product, see (Zhang et al., 1994, Zhang and 

Van Dijk, 1994; Zhang et al., 1997). There are some software systems for design of HVACs, 

but they do not seem to support the concept design especially in the context of a 
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particular building and they support the so-called embodiment design and detail design 

according to the author’s practical experience. In summary, the research aimed at 

overcoming the two deficiencies as mentioned above is worthwhile (a more 

comprehensive justification based on the literature analysis will be provided in Chapter 

2). 

1.3 Research questions or problems 

There are two research questions:  

Question 1: How to use the computer and information technology to develop a CAD for 

supporting integrated design of buildings and HAVCs? 

It is noted that HVAC is part of the building system and here design of HVAC in the context 

of buildings is to select an HVAC system which best fits to a particular building under 

design. The answer to this question should be able to develop an integrated CAD system 

for buildings along with HVACs.  

Question 2: How to use the computer and information technology to develop a CAD for 

supporting the selection of an HVAC system which best fits to a building under design? 

It is noted that selection of an HVAC system in this thesis may also lead to modification 

of the existing design of a building. It is in that sense that design of a building and design 

of a HVAC are integrated. Indeed, the traditional design and construction of buildings 

along with HVACs may cause re-construction, which increases the cost of construction as 

well as the construction lead time. The answer to this question, together with the answer 
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to the first question, should be able to develop an integrated and intelligent CAD system 

for buildings along with HVACs.  

1.4 The objectives along with the scope 

This thesis research was structured to develop answers to the foregoing mentioned 

questions. The overall objective of this thesis was to develop a comprehensive data model 

for capturing information and knowledge, which supports the development of the 

integrated and intelligent CAD system (II-CAD) for buildings along with HVACs.   

Objective 1: Analyzing the work domain, i.e., building along with HVAC, to capture all 

important semantics of buildings along with HVACs.  

As pointed out before, the contemporary BIM as well as CAD software for buildings has 

not foot on the work domain, buildings along with HVACs in in this case. As such, their 

level of intelligence as well as integration is limited. By the way, this view on buildings 

design is in line with the view in artificial intelligent (AI) in general, that is, deep learning 

and deep knowledge acquisition gives a new avenue to enrich AI (Zhang et al., 2018). The 

general knowledge architecture of system called FCBPSS will be used as a tool for the 

research of this objective (Zhang, Lin, and Niraj, 2005). In short, FCBPSS defines all 

information regarding a system into the six categories of knowledge, namely Function, 

Context, Behavior, Principle, State, and Structure along with their relationship, and so by 

using FCBPSS one can classify all information of a domain of systems into the six 

categories. Details of FCBPSS will be discussed in Chapter 2. In this thesis, only residential 

type of building was considered, and further the outcome of the research with this 
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objective is a framework of information rather than every detail. This clarification of the 

scope or focus here is applicable to other parts of this thesis. 

Objective 2: Developing a new information model for buildings along with HVAC so that 

it can support integrated CAD of buildings along with HVAC. 

It is to be noted that emphasis here is on integrated CAD, and this means that two pieces 

of information, say A is for building and B is for HVAC, along with their relationship must 

be represented in a data model so that the computer can bring A and B together. Another 

point of clarification regarding the scope of the research with this objective is that the 

structure along with state of HVAC will be represented in the information model, as this 

thesis was not intended to design an HVAC rather than select it to a particular building. 

Further, only the structure that has impacts to the building will be included in the 

information model. Finally, the novelty of this model is as opposed to the contemporary 

BIM in the building industry. 

Objective 3: Developing a knowledge model for selecting a suitable HVAC for a building 

under design and for modifying the building design so that the building and HVAC as a 

whole to be optimal in terms of cost and time.  

It is noted that the research with this objective will not cover design of a building but will 

concern selection of an HVAC and some modification of the existing building design so 

that the selected HVAC can be a fit to the building. The quality of an HVAC to a particular 

building is not a concern or assumed to be satisfactory, so the optimization refers to 

reduction of cost and time. Nevertheless, the term optimal is only loosely used, meaning 

that a computational model for design optimization is out of the scope of the thesis.   
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1.5 The general methodology to conduct this research 

The general methodology for this research is a descriptive approach in that the existing 

knowledge is analyzed and classified into a data model such that the computer can 

understand. This is however the first step for any desire to make the computer work for 

humans, CAD in this case. The validation of the theoretical development, information 

model and knowledge model in this case, is via examples and illustrations.  

1.6 Organization of the thesis 

Chapter 2 presents the background and literature reviews, which is a preparation of the 

knowledge for understanding the pertinent concept and justification of the proposed 

research objectives defined above. Chapter 3 provides a framework of concepts of 

buildings along with HVACs, which is the basis for both information modeling (Objective 

2) and knowledge modeling (Objective 3) (Zhang, 1994). Chapter 4 presents the 

development of the information model for buildings, which is to achieve Objective 2. 

Chapter 5 presents the development of the knowledge model for selecting an HVAC 

system for a building, which is to achieve Objective 3. Chapter 6 outlines the 

implementation perspective of the two models as described in Chapter 4 and Chapter 5, 

respectively. This Chapter also includes a case study to further explore the benefits of the 

II-CAD system for buildings along with HVACs. Chapter 7 presents the conclusions along 

with suggestion of some important future work.   
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 Preliminaries and Literature Review 

2.1 Introduction 

This chapter serves to provide some preliminary knowledge (Section 2.2) to facilitate 

understanding of subsequent discussions in the chapters that follow and give further 

justification (Section 2.3) for the need and importance of the proposed research, defined 

by the objectives in Chapter 1. Section 2.4 concludes this chapter. 

2.2 Concept 

2.2.1 Data, information, and knowledge 

According to definitions (ANSI/IEEE, 1983), data is a representation of facts, concepts, or 

instructions in a formalized manner suitable for communication, interpretation, or 

processing by human or automatic means. This definition echoes well with the definition 

of data by Zhang (1994), where data is considered as vehicle to carry both information 

and knowledge. In Zhang (1994), information was defined as encoding facts, e.g., the 

earth revolves the sun, and knowledge was defined as causal relation between two facts, 

e.g., gravitational force causes an apple in a free space fall, and how to do things. It is 

noted that ‘how to do things’ is an alternative description of ‘instruction’ in (ANSI/IEEE, 

1983). Zhang’s definition (Zhang, 1994) is more general than that of (ANSI/IEEE, 1983). 
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2.2.2 Data model and data modeling 

A model is a representation of the real-world entity, which has two views: system view 

and element view (System and system design, n.d.). An element view means that the 

entity is not going to be decomposed into smaller elements, and a system view means 

that the entity is going to be decomposed into smaller elements (System and system 

design, n.d.). To a particular entity, both system and element views can change, which 

follows the data relativity principle (Zhang, 1994; Zhang, 2013).   

A data model is a language to construct semantics of symbols, and it has a set of 

vocabularies, a set of constructs, and a set of rules on the constructs (Wang et al., 2014; 

Ter Bekke, 1992). For instance, in Entity-relationship (E-R) data model (Chen, 2002), there 

are three core concepts, namely (1) Entity, (2) Attribute, and (3) Relationship. These 

concepts can be described diagrammatically, e.g., using rectangle to represent Entity, 

using ellipse to represent Attribute, using diamond-ship to represent Relationship (more 

discussions will be presented in Chapter 4. A popular data model is relational data model 

(Codd, 1990), because the model is easy for both the human and computer to handle. By 

the way, the best language for the computer to understand is bits, and then ASCII codes. 

A high-level or semantic data model is the entity-relationship (E-R) data model (Chen, 

1976). It is noted that here the high or low refers to how close to the human’s natural 

language (high) or the computer’s natural language (low).  

An information model is a representation of the information of a target object or system 

in the real-world system, e.g., a building as a target object, by using a particular data 

model, e.g., relational data model (Codd, 1990), object oriented data model (Data 

modeling, 2020). A knowledge model is a representation of the knowledge of a thing in 
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terms of why thing is as such and how to change the thing using a particular data model. 

It is noted that a common confusion may lie in understanding the concept of data model; 

a data model is not just a language for representing information but also a language for 

representing knowledge. However, it makes sense to say that some data models may be 

better for representing information while others may be better for representing 

knowledge. For instance, a data model called Ontology Web Language (OWL) along with 

Semantic Web Rule Language (SWRL) (SWRL: A Semantic Web Rule Language Combining 

OWL and RuleML, 2004) is more suitable to representing knowledge. In (Wang et al., 

2014), a high-level data model is used to represent the casual relationship among various 

facts, which is a general type of knowledge (see the above discussion on the concept of 

knowledge). 

It is noted that this thesis is not about developing any data model, and it is about using 

an existing data model for developing the information and knowledge model for buildings 

along with HVAC (B-H system for short hereafter). An information model or knowledge 

model is always related to a particular application in the real world, e.g., B-H systems. 

Sometimes, thesis may call it application data model.  

Data modeling is the process of creating an application data model for the data to be 

stored in a database for an information system by applying certain formal techniques 

(Data Modeling, 2020). Information modeling is the process of creating an information 

model, and knowledge modeling is the process of creating a knowledge model.  

2.2.3 Structured data, semi-structured data, and unstructured data 
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Just as discussed above, a data model is in essence a language of the computer. One can 

view different data models as different computer languages, some of which may be 

closer to the computer natural language (bits, ASCII code). In information science and 

technology, if a data model is close to the computer natural language, the data model is 

viewed as more structural. In other words, a more structural is thus less natural to the 

human. As such, structured data refer to the data that is represented by the data models 

that are less natural to the human natural language, e.g., relational data model (Codd, 

1990), data model based on data abstraction techniques (Wang et al., 2014). Further, 

along with the emergence of the relational data model, a special processing language 

called SQL (sequential query language) is developed. Therefore, in literature, the 

structured data is also connected with SQL. That is, SQL data and structured data are used 

interchangeably. As opposed to structured data, unstructured data refer to the data that 

is represented by the human natural language, including text and picture, and is digitized 

into a collection of symbols by the digitization tools (e.g., word processor, image 

processor). Between the structured data and unstructured data is the semi-structured 

data. Semi-structured data are thus represented by a hybrid language, a language that 

contains both computer language constructs and human language constructs. A typical 

example of such a language is Extensible Markup Language (XML) and Hypertext Markup 

Language (HTML).  

An important tool behind the design of data models is data abstraction, which is a 

technique to find the relationship among data. One basic data abstraction technique is 

that data are related by type, class, and instance. To understand type, class, and instance, 

one can take advantage of a basic mathematical concept, namely variable; in particular, 

a variable (x) has a domain (D) which defines the features all values (ai) of the variable 
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should possess. For instance, to a variable ‘length’ of a beam, its domain is all real 

numbers denoted by R, and as such, ‘L=3.5’ gets the meaning precisely, i.e., ‘the length 

of the beam is 3.5’. In data abstraction, type corresponds to domain, class to variable, 

and instance to value.  

It is noted that in literature, a slightly narrow discussion of the concept of structured data 

and semi-structured data is available. Considering more understanding of these concepts, 

the discussion in literature is presented below. According to (Vishwakarma, 2020), 

“Structured data is a data whose elements are addressable for effective 

analysis. It has been organized into a formatted repository that is typically a 

database. It concerns all data which can be stored in database SQL in table 

with rows and columns. They have relational key and can easily mapped into 

pre-designed fields. Today, those data are most processed in development and 

simplest way to manage information. Example: Relational data.” 

“Semi-structured data is information that does not reside in a rational 

database but that have some organizational properties that make it easier to 

analyze. With some process, you can store them in the relation database (it 

could be very hard for some kind of semi-structured data), but Semi-

structured exist to ease space. Example: XML data.” 

2.2.3 Domain model and FCBPSS 

Wang et al. (2016) stated the significance of domain model and the prospective of the 
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FCBPSS framework in the information 1  system. In that literature, it is remarked that 

“there are two major roles for a domain model: a common language for different humans 

to communicate with each other about a domain (service in general and enterprise 

information systems in particular) and a tool to allow the computer system to understand 

the semantics of a domain. As such, a domain model will facilitate both distributed 

human-centered decision-making and computer-assisted decision-making”. 

The FCBPSS framework is a methodology as well as tool to develop a conceptual model 

or domain model of a dynamic system, and it was first proposed by Lin and Zhang based 

on the Function-Behavior-State (FBS) framework (Zhang, Lin, and Niraj 2005). In FCBPSS, 

F stands for function, C stands for context, B stands for behavior, P stands for principle, S 

stands for structure, the last S stands for state. For example, take HVAC as a system, under 

the context of building, its function is to provide desired indoor thermal comfort; its 

structure is HVAC components and their connections; its state such as temperature 

degree 10 Celsius or 20 Celsius; its behavior such as the changes of temperature degree 

from 10 Celsius to 20 Celsius; its principle such as the knowledge of how to make the 

temperature degree up to 20 Celsius from 10 Celsius.    

FCBPSS can also be seen as a general knowledge architecture of systems or products. 

According to Wang et al. (2016), the FCBPSS is useful for the development of various 

applications. FCBPSS analysis can serve to get the semantics of the target system or that 

is to get understanding of the target system. FCBPSS provides abstract and high-level 

 

1  In this thesis, sometimes, information covers knowledge, and information and data are used 

interchangeably 



 
14 

 

views of the systems. More details about FCBPSS refer to Chapter 3. In this thesis, FCBPSS 

was employed to develop work to achieve Objective 1.  

2.3 State of arts of II-CAD of buildings along with HVACs 

2.3.1 Overview 

There are a wide range of software systems available, including expert systems, case-

based reasoning systems, and neural networks for designing buildings along with HVACs 

(Darlington, 2013). The key and foundation to automation in systems development is 

systematically to capture and structure various objects that are produced and consumed 

in a design process, according to Zhang (1994).  

Ellis (2000) discussed the trends of development of design tools for buildings and HVACs. 

He classified the existing HVAC and building design tools or software systems into the 

following groups: building thermal and energy analysis to calculate the heating and 

cooling loads; system design and sizing ex. duct and piping design; CAD for drawings; 

building regulation and code analysis; administrative tools. He believed that integrated 

building design systems (IBDS) will become the next generation of building design tools, 

and the integrated system design approach can have significant economic saving and 

more energy efficient and environmentally friendly. He mentioned the capability of 

making decisions by expert systems or knowledge-based systems (KBS). He explained that 

IBDS and KBS are still in the initial stage for practical use. However, to date, no integrated 

design system is available in the field of buildings manufacturing. 
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Trcka and Hensen (2010) presented a review of available tools for HVAC system design 

and analysis. Three more categories of tools have been introduced: tools for system 

optimization, tools for control analysis and control optimization, and simulation tools for 

real-time performance optimization. Further, the paper summarized current approaches 

used for modeling (i) HVAC components, (ii) HVAC control and (iii) HVAC systems in 

general. These modeling approaches are only descriptions of classification, not related to 

data model to develop the application. 

Khemlani et al. (1998) presented a building representation composed of Object database 

ODBs and Project database PDB. The ODB stores information about building elements 

which are applicable to all buildings, and PDB holds the assembly information to an 

individual building. In their solution, building is composed of space and structure. They 

define that an “intelligent” building representation must be informationally complete and 

semantically rich. While their limit to building architecture structure only, the thoughts of 

separation of ODB and PDB is similar to the idea of this thesis, namely the information 

modeling in Chapter 4 and knowledge modeling in Chapter 5. However, how to do data 

modeling, especially deep data modeling, was not mentioned in their work.  

KBS on domain application is one of AI research tendency. In the early 1990s, the most 

widely used Knowledge-based system (KBS) is the expert system technology. Fazio, 

Zmeureanu, and Kowalski (1989) briefly presented a prototype expert system to HVAC 

design, called Select-HVAC, specifically to selection and configuration of HVAC equipment. 

It employed schema structure to represent knowledge. The knowledge representation is 

separated into three parts. They are structural domain expertise (semantic network), 

procedural knowledge (demons), and control knowledge (Lisp functions, Lisp is a 
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programming language).  

Robin et al. (1993) presented a project called SETIS which is intended to integrate 

calculations and reasoning (Figure 2.1). The architecture is composed of operating system 

(algorithmic part, expert part, and database) and decision-making system (supervisor). 

There is a missed description of how the data is modelled into database and knowledge 

base which are critique for the development of software system. 

The latest intelligent technique in HVAC application is about HVAC operation process 

control. For instance, Javed et al. (2016) proposed the neural network-based 

decentralized smart controller for HVAC; Liang and Du (2008) proposed the design of 

intelligent comfort control system; Wei and Li (2011) intend to design the energy saving 

system by intelligent techniques; Lee, Jeon, Kang, & Park proposed to design and 

implementation of the intelligent HVAC systems based on the loT (internet of things) and 

Big data Platform.   

Yao et al. (2004) did a study for the development of intelligent air-conditioning and 

refrigeration designing software. It has eight modules and focus on the calculation of all 

aspects of air-conditioning, and as such, it does not meet the requirement of II-CAD of 
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buildings along with HVACs. 

Based on the above discussion, the integrated building design with HVAC is generally 

agreed as the future trend. Most of the works in literature have little focus on data 

modelling and its role to achieve II-CAD of buildings along with HVACs. Further, they did 

not identify the difference between information and knowledge, in constructing an II-CAD 

system. Many of them take information as knowledge or knowledge as information, 

which use different representation approaches. These literatures even did not separate 

the data and code, ex. Lisp for AI research. The semantics of HVACs are not clearly 

understood, which is inherently limitation to the implementation of II-CAD systems for 

buildings along with HVACs. They either have database constructed only or knowledge 

base only. In these literatures, there is no clear definition about what knowledge is and 

how it is classified and represented.  

Integrated building design systems (IBDS) will accomplish most of aims by integrating 

software tools into a design environment which makes the building design task easier and 

Figure 2.1 Architecture of SETIS, image from Robin et al. (1993) 
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allows building design professionals (e.g., HVAC engineer, architect etc.) to communicate 

freely about a design from the earliest stages of a project. 

Nowadays, neural network has become a trend in artificial intelligence. Although neural 

network has got some achievement in energy management and control system (such as 

Zhou, 2005). There is limit progress or less efficiency on the HVAC design because of the 

limited available data. The most important deficiency with this work is that they only 

contribute to the design of buildings with HVACs from a partially perspective rather than 

a complete system of buildings with HVACs. Therefore, there is a long distance of the 

existing literature to the implementation of II-CAD of buildings with HVACs. 

2.3.2 Limitations of some software for ICAD for HVAC in building 

Most of the current commercial HVAC design software and research HVAC design 

software has some limitation or shortcoming as stated in Chapter 1. According to the 

most top 10 HVAC design software (Smith, 2020), some of them focus on calculation, 

some focus on duct layout and 3D drawing, some of them limited on quoting the price. 

TRNSYS with TRNBuild which is the most popular HVAC design and simulation software in 

research organization focus on calculation and simulation, which resulted in the 

shortcoming of integration with other building design software such as Revit, and less 

intelligent such as no smart HVAC equipment selection components. There is less support 

for the concept design stage which is significant for reducing the cost as discussed above. 

2.4 Conclusion 

This Chapter presented the preliminary knowledge to facilitate the discussions in 
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subsequent chapters of the thesis. The Chapter focused on discussing the literature and 

software systems available relevant to the work of the thesis, namely towards the 

development of an II-CAD system for buildings along with HVACs or more precisely the 

development of an architecture of II-CAD systems to give a direction for the complete 

implementation. It can be concluded from the discussion in this Chapter that (1) the 

current design software for building as well as HVACs cannot support an effective 

integrated design of buildings and HVAC; in particular, human designers are still burdened 

by manual updating the information and searching information, and (2) they have less 

support to the concept design or configuration design.  

Learned from CAD of machines and robots (Zhang, 1994), the principles of solutions to 

reach an effective II-CAD of buildings along with HVACs are, simply, (1) to “go deep”, (2) 

to “go along with data modeling” and (3) “to go along with deep CAD”. Principle (1) leads 

to ontology data modeling or capturing the basic concept of a system for data modeling, 

which is Objective 1 defined for this thesis. Principle (2) advocates the methodology for 

developing II-CAD systems by comprehensive data modeling, which can actually lead to 

Principle (1). Indeed, Objective 2 and Objective 3 defined for this thesis are derived from 

Principle (2). Finally, Principle (3) says that a CAD system should include both the object 

model and design model, and the information flow between the two models must be 

computer automated.   
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 Work Domain Modeling for Building and HVAC 

3.1 Introduction 

The previous two chapters explained the importance of data modeling to development 

of II-CAD systems for buildings and HVACS. To develop the data model of objects or 

systems (e.g., buildings), the semantics of the target system need to be captured or that 

is to get understanding of the target; here the system is the building along with HVAC. 

The semantics captured and represented is also called domain model (Wang et al., 2013). 

In this thesis, a tool called FCBPSS (see section 2.2 for details) was employed to develop 

the domain model for buildings along with HVACs.  

3.2 The FCBPSS Model of building and HVAC systems 

A HVAC system resides into the building system. Building design and HVAC design are 

inter-dependent. There are constraints between HVAC design and building design. Both 

function and constraint requirements for HVAC design come from the building. So, taking 

it together design of the building and HVAC systems (B-H system for short) or integration 

of both design activities will further improve the practice of buildings. It is noted that the 

focus of this thesis is on how to select an HVAC system to meet the requirement of the 

building rather than design of any HVAC component. The FCBPSS model of B-H systems is 

seen in Figure 3.1. While this figure looks apparent, some remarks are presented in 
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subsequent sections.  

 

Figure 3.1 FCBPSS model of Building and HVAC System 

3.2.1 Structures and States of B-H Systems 

As discussed before, in FCBPSS, structure refers to entities and their relationship in the 

system. Building and HVAC are the two main entities in a B-H system. They affect each 

other and determine the other’s parameter.  

Note that the entity ‘Building’ and the entity ‘HVAC’ can have their own sub-systems, 
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respectively2. Each entity can have its own structure. Under the context of HVAC design, 

a building is composed of rooms (more properly space or zone). Each space is enclosed 

by outer shell elements, such as wall, window, door, floor, ceiling, and so on. For HVAC 

systems, the structure refers to the components (equipment, duct, pipe) and their 

connections. 

Entity has a set of properties, and these properties are expressed by states or state 

variables in the FCBPSS framework. Under the context of HVAC and building design, the 

properties of the Building are those that can affect the HVAC design. For example, there 

are four types of properties that are important, and these are dimension, identity, 

mechanical (HVAC design related), and economics. The identity may include type, URL, 

description, manufacture, and so on. The dimension property may include width, weight, 

height, length, and so on. The economics property may include design cost, product cost, 

installation cost, lifecycle cost, and so on. The mechanical property may include R-value, 

people density, ventilation rate, heating load, cooling load, indoor conditions, and so on. 

It is noted that some entities may only have part of the properties. For example, the 

building may have building type (such as house, apartment, school, office, factory, etc.) 

as identity, and the space may have space type identity, such as computer lab, kitchen, 

bedroom, and so on. 

 

2 In this thesis, the entity ‘Building Model’ and the entity ‘Building’ are interchangeable. The entity ‘HVAC 

Model’ and the entity ‘HVAC’ are synonymous. 
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3.2.1 Behaviors of B-H systems 

Behaviour refers to changes of states of objects or systems. In the model here, behaviour 

refers to changes of properties of a building or HVAC. There is casual relationship between 

the behaviour of the building and the behaviour of the HVAC, which means that changes 

of the state of a building (or HVAC) will cause changes of the state of the HVAV (or 

Building). For example, the change (Behaviour) of heating load or building type of the 

building will affect the change (Behaviour) of the selection of HVAC system types (State) 

of HVAC. The change of room temperature is a behaviour of the building, which will affect 

behaviours of HVAC. 

3.2.2 Principles of B-H systems 

Principle refers to the knowledge that governs the behavior of a structure (Zhang and 

Wang, 2016). There is a casual relationship between the states (properties) of building 

and states (properties) of HVAC, that is, changes of the state of the building will cause 

changes of the state of the HVAC. The knowledge of governing this relationship is called 

the principle. In HVAC design, the principle is denoted as a piece of design knowledge of 

the HVAC structure to satisfy the design requirement. It may include equations, thumb of 

rules, criteria, standards, regulations rules, equipment constrains and so on. For instance, 

the heating load calculation should follow the heat transfer laws, and the layout and size 

of air distribution should flow the rules of air flow laws.      

3.2.3 Functions and Contexts of B-H systems 

As discussed before, the function is defined as a purpose in the mind of human users and 
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can be realized by the system (structure) owing to certain behaviors existing in the 

structure (Zhang and Wang, 2016). The context is the environment where the system 

operates or works or makes sense (Zhang and Wang, 2016). In the B-H System model, the 

function is to integrate the design of building and HVAC system. In different sub-level 

contexts, the function is different, such as the function of HVAC system is to provide a 

specific thermal requirement under the context of specific building in a specific location 

with specific weather. For sub-systems of HVAC system, the function is realized by the 

structure of sub-systems. For example, heating is realized by heating system, and cooling 

is realized by cooling system. It is noted that there is some overlap of the structure, such 

as the same duct system could pay the role for heating in the winter context and play the 

role for cooling in the summer context. 

3.3 From FCBPSS to Data Model 

The data representation of the B-H system is a necessary step to have an integrated and 

intelligent computer support – an observation which can be drawn from the discussion 

of the previous chapters (1, 2). For intelligent CAD, computer needs to be able to retrieve 

and understand the information of the FCBPSS model of the B-H System. Thus, 

representation and data modeling of each aspect of FCBPSS is essential.  

Modeling of the structure along with state is about representing entities along with 

properties and their relationships among them in the B-H system, which is called 

information modelling and will be presented in Chapter 4. Modeling of the principle is 

about representing knowledge which governs the behavior (causal relationship among 

states of a structure), which is called knowledge modeling and will be presented in 

Chapter 5; in the B-H system, knowledge is referred to as mapping rules from a given 
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building to select a HVAC system or from a given HVAC system to modification a building 

design. Function and context can be presented as the properties of entities, which can be 

used for inference. 

It is similar to the above process for an integrated system that the reverse process from 

‘HVAC’ to ‘Building’ can be achieved, as shown in Figure 3.2. Details about the reverse 

model are not intended in this thesis. 

 

Figure 3.2 Integrated Design Process of the B-H System 

3.4 Conclusion 

In this chapter, the B-H System was analyzed by FCBPSS. The analysis is useful to 

understand the building and HVAC design process, which is a basis for data modeling of 

buildings along with HVACs. As mentioned before, data modeling has two aspects: 

information modeling and knowledge modeling. In the subsequent chapters, Chapter 4 

presents an information model for buildings with HVACs, and Chapter 5 presents a 

knowledge model for the selection of HVACs given a building. 
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 Information Modeling for the B-H SYSTEM 

4.1 Introduction 

This chapter will present a data model for the structure of the B-H systems along with 

states under the building context, which is proposed as information modeling for the B-H 

Systems in this thesis. The information model can be used to build the instance repository 

of Entities. In the meanwhile, the information model that represents the system’s 

structure is the foundation that supports a system’s function realization. About the details 

of data and information, refer to Chapter 2. In Section 4.2, an implementation tool for 

information modeling will be introduced, and it is called Entity-Relationship (E-R) model. 

In Section 4.3, the relationship model between HVAC system and building will be 

demonstrated. Section 4.4 will present the information model for the B-H Systems. 

Section 4.5 gives the illustration and application scenario of the developed information 

model. A conclusion is given in Section 4.6. 

4.2 E-R Model Introduction 

The E-R or (Entity Relational Model) is a high-level conceptual data model diagram, and 

commonly used for design of the relational database. According to Patel and Patel (2012), 

the E-R modeling produces a data model of the specific area of interests, using two basic 

concepts: entities and the relationships between the entities.  

An E-R model is represented by an E-R diagram, which uses three basic graphical symbols 

to conceptualize the data: entity, relationship, and attribute (see Fig. 4.1) (ER Diagram: 
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Entity Relationship Diagram Model | DBMS Example, n.d.).   

An entity is defined to be a person, place, thing, or event of interest to the business or 

the organization. An entity represents a class of objects, which are things in the real world 

that can be observed and classified by their properties and characteristics. 

A relationship is represented with lines drawn between entities. It depicts the structural 

interaction and association among the entities in a model. It is designated grammatically 

by a verb, such as ‘owns’, ‘belongs’, and ‘has’. The relationship between two entities can 

be defined in terms of cardinality.  

Attributes describe the characteristics of the properties of the entities.  

 

Figure 4.1 Entity-Relationship Model Symbols 

image from  https://www.guru99.com/er-diagram-tutorial-dbms.html 
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Figure 4.2 shows a E-R diagram example (Bouchrika, 2014).  

 

Figure 4.2 E-R diagram Example 

Image download from https://www.learndb.com/databases/how-to-convert-er-

diagram-to-relational-database in Nov 2020 

4.3 Analyzing the Relationship between HIM and BIM 

HVAC system design highly relies on the building information. There are mutual 

constraints between the buildings and HVACs. For example, in Figure 4.3, the location 

determines the weather condition for HVAC design, and space will affect the heating and 
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cooling load requirement, etc. 

 

Figure 4.3 Constrains between BIM and HIM 

Figure 4.4 shows the basic relationship model between the building information model 

(BIM) and the HVAC information model (HIM). The building has the properties about 

‘HVAC data’ (HVAC dt in the figure) which could be composited by weather data, indoor 

conditions, and load. The ‘HVAC data’ will be used as the primary data to determine the 

mechanical parameters of a HVAC system. It is noted that the values of load properties 

could be calculated based on other properties (parameters) of the building by the load 

calculation program. The ‘Building’ consists of rooms or zones, and each zone has its 

particular properties. The properties of the ‘Zone’ could include HVAC data, identity data, 

and so on. About identity data, including room type such as kitchen, lab, and so on, each 

of which will require different design parameters for HVAC design. A room is physically 

enclosed by building elements such as walls, windows, doors, floors, and ceilings. These 

boundary components of a building will decide the space dimension and heating transfer 

factors. The HVAC system equipment is attached to these spaces, so the HVAC system and 

the building are structure-related and functional related. Overall, the classes and sub-

classes of the building have the required properties for HVAC design; simultaneously, the 

classes and sub-classes of HVAC also have the properties needed for building design.   
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Figure 4.4 HIM-BIM E-R Model 

It is noted that the above analysis is for further facilitating the modeling of the B-H 

Systems in 4.4.  

4.4 Information Model for B-H Systems 

Developing the information model needs to define the elementary classes (or entities) 

with properties and their relationships, further structurally stored into the database on 

later stages.  

First, we define the classes and the relationships between these classes and then define 

these classes' properties.  
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In this paper, our research question is how to determine the HVAC system configurations 

when given a specific building with the function or parameter requirement. To solve the 

problem, the HVAC design process needs to be decomposed. A general HVAC design 

procedure is composed of load calculation, HVAC system type selection, and Equipment 

selection. Following Figure 4.5 presents an architecture of the B-H systems process model 

for designing HVAC. In the figure, we get five core classes: HVAC Loads, Building Model, 

HVAC System Types, HVAC Equipment, HVAC Model.3  

 

Figure 4.5 Architecture of the B-H Systems Process Model 

The relationship between HVAC Loads and Building Model is that the properties of HVAC 

Loads are calculated based on the thermal equations, where the parameters are from the 

properties of Building Model. Then, the calculated load parameters can be taken as part 

of the properties of Building Model. The instance of HVAC Model is a configuration of 

instances of HVAC System Types and HVAC Equipment. The casual relationship between 

 

3 In this thesis, the class “Building Model” and the class “Building” are interchangeable. The class “HVAC 

Model” and the class “HVAC” are synonymous. 
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Building Model and HVAC System Types is captured as ‘requiresType’, which represents 

the logic process of the HVAC system type selection. The casual relationship between 

Building Model and HVAC Equipment is captured as ‘requiresEquipment’, which 

represents the logic process of the HVAC equipment selection. The knowledge of 

determining the ‘requiresType’ and ‘requiresEquipment’ consists of a set of rules that will 

be modeled in Chapter 5.   

Next step, their properties, and sub-classes of the above classes (or entities) are analyzed. 

For the entity HVAC Loads (see Figure 4.6), it can have the properties including total 

heating load, total cooling load, sensible cooling load, latent cooling load, ventilation rate, 

and so on. 

For the class Building Model, see Figure 4.7, the properties of it are mainly used to 

calculate the HVAC load and reason the required HVAC equipment and HVAC system type. 

It is noted that design conditions or requirement is modeled into the properties of 

Building Model. The properties for load calculation include space area, space height, 

insulation grade, sun exposure, properties of windows, occupants, and heating gain of 

device, and so on. The properties for selecting of HVAC system type and equipment 

mainly depend on the owner’s concern and building constraints. The owner’s concern 

includes building type, cost, noise, available utility source, and so on. Properties for 

building constraints include load (heating load, cooling load), temperature, humidity, 

efficiency, location, spatial requirement, and so on. It is noted that the classes associated 

with Building Model can be extended including sub-classes, for example, Room or Zone, 

Wall, Window, and so on with relationship ‘has-a’, ‘has-some’. The details of these 

extended classes will not be discussed in this thesis, but they follow the same 
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methodology to conduct. 

 

Figure 4.6 Example of HVAC Load Class 
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Figure 4.7 Example of Building Model class 

The class HVAC System Types can have sub-classes Central HVAC system and Local HVAC 

System (or call it Decentralized HVAC System). Central HVAC System can further have sub-

classes All-Air Systems, Air-Water Systems, All-Water Systems, Water-source Heat Pumps, 

and Heating and Cooling Panels. Local HVAC Systems may have sub-classes Local Heating 

Systems, Local Cooling Systems, Local Ventilation Systems, Local Air-conditioning Systems, 

and Split Systems, and so on.  

For the class HVAC Equipment, the main sub-classes are equipment, including boilers, 

chillers, cooling towers, furnaces, and so on. HVAC equipment properties include but are 

not limited to identity data, topography data, and functional data. For example, 
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topography data includes physical dimension and connection data to other devices. The 

functional data includes mechanical data, electricity data, and so on. The identity data 

could contain manufacture, model, description, cost, and so on.   

For the class HVAC Model, it configures the output of HVAC equipment selection and 

HVAC system type selection. The configuration is the design solution for HVAC design in 

this thesis. 

4.5 Illustration and Application 

In the application process, a class can be instantiated as a schema (or table) that contains 

the instances of this class. The relationship among the classes is mapped to the 

relationship among schemas. This process is to build a relational database. With the 

above information models of the B-H systems developed and discussed, all the classes for 

HVAC and building design can be developed and then be instantiated as connected 

schemas. The information repository (database of all kinds of building and HVAC 

components) will be available for query (search). Finally, an HVAC system configuration 

can be formed by picking all HVAC system components from the database. Figure 4.8 

shows the HVAC system's general basics and a simple Entity occurrence (instances) 

diagram. Figure 4.9 shows how a specific furnace and pumps can compose a heating 

system. The following can illustrate a general application scenario of these information 

models. 
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Figure 4.8 Basics of HVAC System 

Image downloaded from https://www.pharmaguideline.com/2017/05/basics-of-hvac-
system.html in Nov 2020. 

 

Figure 4.9 example of Entity occurrence diagram for heating system 
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Figure 4.10 Information Model for Furnace 

Suppose that a partial information model is created, such as a class ‘Furnace’; see Figure 

4.10. In the E-R model diagram, the class ‘Furnace’ has four categories of properties: 

identity data, dimensions, economic data, and mechanical data. The mechanical data 

could contain the operational data of a furnace. It is noted that the real Furnace model 

could have much more information than this, such as connection information to other 

devices. Then assume that the model is instantiated, see Figure 4.11 (the example data is 

generated randomly by following some test rules, and some properties are omitted for 

the limited space to display in the document). Now, suppose the designer needs 

information about a specific furnace within a range of some parameters, such as AFUE 

(Annual Fuel Utilization Efficiency) between 80% to 95%. Figure 4.12 shows an example; 

using the standard query language can satisfy the request through search through the 
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schema instances. When all the components are confirmed, a design solution of the 

building system or HVAC system is constituted. 

 

 

Figure 4.11 Furnace Instances Example 
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Figure 4.12 Structured Query Language (SQL) examples 

4.6 Conclusion 

This chapter presents the core concepts of the B-H systems and relationships among them, 

and then discussed the properties and their purpose of these concepts. With the B-H 

systems’ information model developed, designers can instantiate the class and sub-class 

of building and HVAC systems to instances stored into central relational databases. These 

instances are usually independent of the specific project, and some of them can be 

massively produced by manufacture following some data exchange standard. When all 

kinds of HVAC equipment and building components are accessible by any software 

application or module, then the foundation of the integration environment for CAD of the 

B-H systems is available. Further, the information model could be analyzed to develop the 

knowledge model, and these instances can be fundamental elements of knowledge 

inference, which will be discussed in the next chapter. 
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 Knowledge Modeling for the B-H SYSTEM 

5.1 Introduction 

With all the HVAC components and building information captured and stored in the 

database, the next step for II-CAD is to capture and represent the mapping or reasoning 

rules between the instances of building and HVAC elements, proposed as knowledge 

modeling for the B-H Systems in this thesis. These rules are the knowledge for computer 

understanding and deciding to get the HVAC system design solution given building 

parameters and requirements. It is important to note that the HVAC system design 

solution here refers to getting the optimal configuration of HVAC components by selecting 

them among the available components in the database. The knowledge of selecting an 

HVAC system with equipment is based on various and complex building conditions, and 

representing the knowledge is a challenging work. This chapter will discuss the knowledge 

modeling process and show some examples. Section 5.2 will introduce implementation 

tools for knowledge modeling. Section 5.3 will present the knowledge model 

development for the B-H Systems. Section 5.4 gives the illustration and application 

scenario of the developed knowledge model. A conclusion is given in Section 5.5. 

5.2 SWRL and OWL introduction 

Contemporary ontologies (exchangeable to information model in this thesis) share many 

structural similarities, regardless of the language in which they are expressed. Most 

ontologies describe individuals (instances), classes (concepts), attributes, and relations. 

The classes and instances (relational data) developed in Chapter 4 is convertible to 
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Ontology Web Language (OWL). The implementation of conversion or mapping will be 

discussed in Chapter 6, and details could be studied by the articles (Fahad, 2008; O’Connor, 

Shankar, Nyulas, Tu, and Das, 2009).  

As mentioned above, a language to represent the rules is required for knowledge 

modeling. Semantic Web Rule Language (SWRL) is a rule language with high-level abstract 

syntax based on (OWL): all rules are expressed in terms of OWL concepts (classes, 

properties, individuals, literals, etc.) (Horrocks, 2004). SWRL can be used for rule-driven 

applications with its unique benefits (MacLarty, Langevine, Bossche, & Ross, 2009). 

SQWRL (Semantic Query-enhanced Web Rule Language; pronounced squirrel) is built on 

the SWRL (O'Connor, 2009). SQWRL extends SWRL to support querying of OWL ontologies. 

Rules: Statements in the form of an if-then (antecedent-consequent) 

sentence that describe the logical inferences that can be drawn from an 

assertion in a particular format. 

Following is examples of SWRL： 
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Figure 5.1 Examples of SWRL and SQWRL 

For comprehensive and more straightforward understanding of SWRL and OWL 

implementation, a similar example could be found such as using SWRL and OWL to build 

the knowledge base and inference the resulting reconfigurable machine tools (Ming, 

Wang, Hao, & Yan, 2020).    

5.3 Modeling of the rules knowledge of the B-H systems 

The logic process of Building Model to HVAC Model can be divided into two sub-process: 

a) how to determine the HVAC System Type given a specific building, and b) how to select 

a set of HAVC equipment given a particular building. The former denotes the ‘Building 

Model-HVAC System Types’ mapping rules; the latter implies the ‘Building Model-HVAC 

Equipment’ mapping rules. These rules are highly relying on the HVAC designer’s 

expertise. To formally represent these rules, SWRL are implemented in this paper. The 

following gives further details and examples of the two mappings. 
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5.3.1 Representation of the rules for ‘Building Model-HVAC System Types’ mapping 

The ‘Building Model-HVAC System Types’ Mapping is a rule-based process that relies on 

the HVAC designer’s expertise. When given a specific building with specific features or 

parameters modeled as an instance’s values followed guideline in Chapter 4, the rules can 

determine the HVAC system. For example, given a building with the following features: 

• When the building type is residential-apartment and located in Saskatoon, the 

HVAC designer can determine an all-water system required for heating system. 

• When the building type is single-house and located in Saskatoon, the HVAC 

designer can select an all-air system necessary for heating system. 

In this thesis, the above rules can be formally represented as SWRL rules, namely: 

(1) Building Model(?b) ^ buildingType(?b, residential apartment) ^ hasLocation(?b, 

Saskatoon) → requiresHeatingType(?b, All-Water System) 

(2) Building Model(?b) ^ buildingType(?b, single house) ^ hasLocation(?b, Saskatoon) 

→ requiresHeatingType(?b, All-Air System) 

It is important to highlight that to determine the HVAC system type; two conditions need 

to be considered. First, how many, and what properties are required. The children class 

requires more properties than the parent class because the children class inherits parent 

class properties. Second, there are different values for each property. The SWRL rules that 

map building to HVAC system types are created as first-order logic, as shown in expression 



 
44 

 

(1) and expression (2). 

𝑏𝑏𝑖𝑖1 ∧ 𝑏𝑏𝑖𝑖2 …∧ 𝑏𝑏𝑖𝑖𝑘𝑘 …∧ 𝑏𝑏𝑖𝑖𝑛𝑛 → 𝑇𝑇𝑖𝑖                       (1) 

𝑏𝑏𝑖𝑖1 ∧ 𝑏𝑏𝑖𝑖2 …∧ 𝑏𝑏𝑖𝑖𝑘𝑘 …∧ 𝑏𝑏𝑖𝑖𝑛𝑛 …∧ 𝑏𝑏𝑖𝑖𝑡𝑡 → 𝑇𝑇𝑖𝑖𝑖𝑖                       (2) 

In the expression 1, 𝑏𝑏𝑖𝑖𝑘𝑘 denotes that the kth predict on a particular property of building 

𝑖𝑖 holds true; 𝑇𝑇𝑖𝑖 is the resulting HVAC system type when all the n predicts of building 𝑖𝑖 

hold true. In the expression 2, 𝑏𝑏𝑖𝑖𝑛𝑛 …∧ 𝑏𝑏𝑖𝑖𝑡𝑡  denotes that predict on extra properties of 

building 𝑖𝑖  holds true; 𝑇𝑇𝑖𝑖𝑖𝑖  is the resulting child of 𝑇𝑇𝑖𝑖  when all the 𝑡𝑡  predicts of 

building 𝑖𝑖 hold true. 

5.3.2 Representation of the rules for ‘Building Model-HVAC Equipment’ mapping 

Comparable to the determination process of HVAC system types, the ‘Building Model-

HVAC Equipment’ mapping rules can also be encoded as SWRL rules, which again using 

first-order logic as shown in the expression (3), (4).  

 𝑏𝑏𝑖𝑖1 ∧ 𝑏𝑏𝑖𝑖2 …∧ 𝑏𝑏𝑖𝑖𝑘𝑘 …∧ 𝑏𝑏𝑖𝑖𝑛𝑛 → 𝐸𝐸𝑖𝑖                       (1) 

𝑏𝑏𝑖𝑖1 ∧ 𝑏𝑏𝑖𝑖2 …∧ 𝑏𝑏𝑖𝑖𝑘𝑘 …∧ 𝑏𝑏𝑖𝑖𝑛𝑛 …∧ 𝑏𝑏𝑖𝑖𝑡𝑡 → 𝐸𝐸𝑖𝑖𝑖𝑖                       (2) 

In the above expression, 𝐸𝐸𝑖𝑖 is the resulting HVAC equipment; 𝐸𝐸𝑖𝑖𝑖𝑖 is the resulting child 

of 𝐸𝐸𝑖𝑖. An example of determining a Furnace by given a building with features is as follows: 
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• When the building type is single-house and located in Saskatoon, the HVAC 

designer can determine the satisfied furnace with the conditions that its 

heating capacity should bigger than the building’s heating capacity and the local 

supplier (Saskatoon) should be considered first. List all the furnaces that satisfy 

conditions with descending order price; then the designer can choose the best 

priced one. 

The above rules can be encoded as SWRL rules as follows:            

(1) Building Model(?b) ^ buildingType(?b, single-house) ^ hasLocation(?b, 

Saskatoon) ^ heatingcapacity(?b, ?bh) ^ Furnace(?f) ^ heatingcapacity(?f, ?fh) ^ 

supplierlocation(?f, Saskatoon) ^ swrl:greaterThan(?fh, ?bh) → 

requiresFurnace(?b, ?f)^ hasPrice(?f, ?p) → sqwrl:select(?f, ?p)^ 

sqwrl:orderBy(?p) 

It should be noted that the above example is just a simple example, and the real situation 

may have many more conditions to hold. But the SWRL for expressing rules can be flexibly 

applied in more complex conditions. 

5.4 Illustration and application 

This chapter aims to construct the mapping rules between the building system and the 

HVAC system (Figure 5.2). There is an available tool to provide graphical user interface 

(GUI) to present the above ontology and knowledge model, which is “Protégé”. Figure 5.3 

is an example of Protégé GUI; it has a Classes tab, Properties tab, Individuals (instances) 

tab, SWRL tab, and so on. Protégé can work with OWL and SWRL seamlessly. Figure 5.4 
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shows an example of defining SWRL rules in Protégé. The researchers have developed 

SWRLAPI, which provides APIs that support the building of tools that work with SWRL 

rules. Protégé supports plugins that can perform inference (reasoning) according to the 

information and knowledge repository, such as Figure 5.5. Protégé can generate java code 

and provide API for other application usages (Building Applications with Protégé: An 

Overview, 2006). 

 

Figure 5.2 The goal of knowledge modeling 
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Figure 5.3 Example of Protégé graphic user interface, image download from 
https://www.file-extensions.org/protege-file-extensions in Nov 2020 
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Figure 5.4 Example of the Protégé SWRL Rules Tab, image download from 
https://www.researchgate.net/publication in Nov 2020 
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Figure 5.5 Example of Protégé Reasoning Tools, image download from 
https://protegewiki.stanford.edu/wiki/Using_Reasoners in Nov, 2020 

Following the guidance in Section 5.4, different values of a property for the class ‘Building 

Model’ could result in distinct HVAC design solutions. To make the rules repository 

appliable, firstly categorizing these values, then collecting enough matching rules. Finally, 

the rules repository for the mapping rules between ‘Building Model’ and ‘HVAC 

Equipment’ and rules between ‘Building Model’ and ‘HVAC System Types’ can be available 

for inference. A general application scenario of these rules’ repository (knowledge base) 

as follows. 

Suppose that Building Model ontologies, HVAC Model ontologies, and mapping rules 

repository in Protégé have been constructed according to the data model developed in 

Chapter 4 and Chapter 5. Now assume that a building with some features or functional 

requirements is given to infer the required HVAC equipment and HVAC system type. Also, 
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the mechanical properties such as loads are available by performing the calculating 

engine or applications. 

• Step one: feature instance population, that is setting the features and functional 

requirements as properties values of a new instance of ‘Building Model Ontology’. 

Figure 5.6 shows an example of the population process from building features to 

property values of the ‘Building Model’. 

• Step two: performing inference. When most of the necessary properties’ values 

got set, perform the reasoner engine such as DROOLS, searching the rules 

repository to get all HVAC equipment to proceed with the inference process.  

• Step three: if there are multi-results, this step is needed, narrowing down the 

results according to more properties’ values or functional requirements by SQWRL. 

 

Figure 5.6 Example of Building Features as Property Values 
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5.5 Conclusion 

In this chapter, firstly, a knowledge modeling language, SWRL, was introduced. SWRL and 

OWL together can represent the reasoning rules between building and HVAC. Guidance 

of knowledge modeling of the B-H Systems was presented, which intends to enhance the 

intellectual level of the CAD for HVAC design by dividing the HVAC design process (here 

HVAC design mainly refers to selecting HVAC components) to make a configuration 

according to most of the HVAC design consultant practice to two sub-process: HVAC 

equipment selection and HVAC system type selection. In each process, a general 

expression representing the mapping rules is provided to generate the knowledge model 

instances stored in the knowledge base or knowledge repository. The implementation will 

be presented in Chapter 6. 
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 Implementation PERSPECTIVE and Application 

6.1 Introduction 

The purpose of this chapter is twofold. First, this chapter provides a discussion on the 

feasibility of the implementation of a IICAD software system upon the data models 

(information model and knowledge model) as developed in this thesis. This is presented 

in Section 6.2. Second, this chapter demonstrates the effectiveness of the information 

model and knowledge model in supporting the IICAD software for integrated building and 

HVAC design. This is presented in Section 6.3. Section 6.4 is a conclusion. 

6.2 Implementation architecture of the II-CAD system 

 

Figure 6.1 Implementation Architecture of the II-CAD System 
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There are two ways to implement the integration solution for the II-CAD system. One way 

is to develop an integrated environment with a central database and knowledge base. By 

the way, this idea was proven to be successful in CAD of machines see (Zhang and 

Luttervelt, 1993; Zhang et al., 1995). All other application modules can interact with them 

through ODBC (Open Database Connectivity Interface) or an object-relational layer, as 

shown in Figure 6-1. Another way is a more realistic way that is to integrate the already 

available software systems in the commercial community by API (application 

programming interface), which should follow some data exchange standards.  

Figure 6-1 is an architecture of the integrated and intelligent environment of B-H CAD 

system, IICAD for short. The architecture integrated both individual tools and data. The 

left-side tools represent the building design tools, and the right-side tools represent the 

HVAC design tools. All these tools can communicate by connecting them to the same 

database logically 4 . The knowledge base or repository will store the rules for the 

intelligent support of the CAD system. The Knowledge Base Editor and Database Editor 

can instantiate the information model as well as knowledge model and edit the stored 

data, and these editors could be APIs supported by a program. 

For the feasibility of application development, the key is to integrate and apply the 

mapping tools between the relational database, OWL ontologies, and SWRL rules. There 

are available tools to serve for these purposes. Researchers have developed some open-

source tools supporting the transformation, such as mapping: relational data to OWL, 

XML to OWL ontologies (O’Connor, Shankar, Nyulas, Tu, and Das, 2008). To integrate OWL 

 

4 Physically, the tools can be distributed in different places. 
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ontologies data and SWRL rules with other applications, XML format can be used for data 

storage and transport. Through XML Mapper, other software can interact with the 

information repository and knowledge repository in Protégé.   

For the feasibility of the information models developed in this thesis, the E-R diagram is 

convertible to the relational data model (ER Model to Relational Model, n.d.), and 

subsequently it is constructed in a relational DBMS (database management system), and 

data can be accessed by the most common DBMS such as MySQL, PostgreSQL, Microsoft 

Access, SQL Server, FileMaker, Oracle, and so on. Then the data about the building 

elements and HVAC elements can be operated through SQL.  

The knowledge model has two parts: OWL ontologies and SWRL rules. According to 

O’Connor et al. (2008), the DataMaster tool in Protégé can support mapping data stored 

in relational databases to concepts described in OWL. Then SWRL rules can be performed 

for reasoning based on OWL. Figure 6.2 shows an example of the process of developing a 

web-based application by using OWL and SWRL in the work of (O’Connor et al., 2008). 

Likewise, the II-CAD development can also have similar processes and components as 

ones in the implementation of II-CAD for the information model along with its repository. 

The front-end allows users to enter building information or import information from other 

applications. Then, the XML Mapper and SWRL tool can encode the information from XML 

format to OWL ontology format. The data in database (HIVDB, human immunodeficiency 

virus database, in that example) can be mapped to OWL ontology through the DataMaster 

tool. Then, the core inference process can be executed in Protégé or other supported 

programs. Finally, the result can feedback to the front-end again through SWRL and XML 

Mapper tools.  
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Figure 6.2 Example of Developing a Web-based Application for HIV (human 
immunodeficiency virus) Treatment by Using OWL and SWRL, image from O’Connor et al. 
(2018) 

6.3 Case study: information-based and knowledge-based HVAC design process 

It is to be emphasized that the scope of this thesis is to develop data models for 

information and knowledge such that an II-CAD software can be built to support a 

computer-based integrated building and HVAC design process. The validity of the data 

models is tested if any needed information and needed design knowledge can be readily 

stored, retrieved, updated in the information repository and knowledge repository based 

on the data models as developed. In this section, a case study is described to give some 

validation to the data models as developed. 

A case study is as follows: given a building with the following requirements (constraints 
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and functions) of (1) residential apartment, (2) four floors height with 25 units, each of 

which has general 2 bed 2 bathrooms, (3) location (Saskatoon), and (4) development costs. 

The integrated design process may partially be run in the following (notice: at this point 

of time, the data retrieval, update, storage operations are manually performed on the 

information repository and knowledge repository, respectively, as the software system 

built upon the data models as developed is not available, and its development is out of 

the scope of this thesis).  

Step 1: Building design. Look into the class ‘Building Model’ in the building information 

model. An instance called “building1” can be created with the class ‘Building Model’ (see 

Fig. 4.7). In the meantime, the detailed design of the building to meet the specific 

requirements stored in the instance ‘building1’ will be performed with the CAD software, 

e.g., Autodesk Revit, or otherwise performed by a human designer. During this process, 

the components of the building, such as walls, floors, and furniture are also designed, and 

their features are stored by the instances such as ‘wall’, ‘floor’ and so on in the building 

information model (see Fig. 4.4).  

Remark 1: Only characteristic features of the components are represented and stored in 

the building information repository, while the detailed shape information is stored in an 

object repository available with each CAD software system, which may be in some graphic 

format.  

Remark 2: The data stored in the building information repository is also called structured 

data while the data stored in the object repository of a particular CAD software is likely 

unstructured (see previous discussions on the concept of structured data and 

unstructured data as well). The communication between the structured data and 
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unstructured data is out of the scope of this thesis. 

Step 2: HVAC section and design. The loads for a HVAC system needs to be calculated 

before a HVAC system can be selected and adjusted, which will be done by a HVAC analysis 

software such as TRNBuild or by a HVAC designer manually, and the result of the 

calculation, i.e., “HVAC load”, will be stored in the HVAC information repository, 

particularly with a class called ‘HVAC Load’ in the HVAC information repository (see Fig. 

4.6) and with a particular instance called ‘HVAC-Loads1’ The instance of ‘HVAC-Loads1’ 

may include: ‘total heating load’, ‘total cooling load’, and ‘ventilation rate’.  

Remark 3: The building analysis software is widely available, and its development is out 

of the scope of this thesis, though. Usually, each HVAC analysis software has its own data 

model or format to store the information, and the communication of the information 

repository of the HVAC analysis software and the HVAC information model developed in 

this thesis is out of the scope of this thesis. 

Remark 4: One sense of integration to the computer is that a particular HVAC load should 

correspond to a particular building or building component. This is achieved by the 

information model as developed, in particular with a class called ‘Building Model’, in 

which one can see a particular building and a particular HVAC load are connected. This 

then enables the computer software, which is built upon the information model, to go 

from the particular building, ‘building1’ here to extract necessary information 

(characteristic feature from the building information model and detailed shape 

information from a particular information repository of a CAD software) to the HVAC load 

analysis software, which comes up with the result of the HVAC load, and eventually stores 

the load information to the class ‘Building Model’. It is also possible that if the design of 
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the building is changed, the HVAC load will automatically be changed, because the route 

from the particular building to the HVAC load is known explicitly to the computer.  

Remark 5: In essence, the integration makes sense for the computer automation of 

information transfer; otherwise, the integration makes sense to a human-in-loop system, 

i.e., a part of the path of information flow resides in the human designers’ brain. The 

human-in-the loop system is not efficient and prone to error, because humans can easily 

make an error. Therefore, this thesis pursued the computer-integrated design or 

automatic integrated design of the building and HVAC.   

Step 3: Selection of HVAC systems. It is noted that the selection process may also involve 

some adjustment of a selected HVAC system to fit a particular building or a building under 

design, as illustrated in Step 1 to Step 2 before. The selection process is a reasoning 

process from the particular building along with its HVAC load to determine a particular 

HVAC system from HVAC systems available. To the information model and knowledge 

model, as developed in Chapter 4 and Chapter 5, respectively, this means that the 

computer software system will retrieve the instance ‘building1’ from the class ‘Building 

Model’ and the information ‘HVAC-loads1’ from the property of the instance ‘building1’ 

from the class ‘Building Model’. The reasoning process will be based on the knowledge 

instance in the knowledge model (in Chapter 5). For instance, suppose that there is a 

knowledge instance as follows: 

(1) Building Model(?b) ^ buildingType(?b, residential apartment) ^ hasLocation(?b, 

Saskatoon) → requiresHeatingType(?b, All-Water System) 

(2) Building Model(?b) ^ buildingType(?b, single-house) ^ hasLocation(?b, 
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Saskatoon) ^ heatingcapacity(?b, ?bh) ^ Furnace(?f) ^ heatingcapacity(?f, ?fh) ^ 

supplierlocation(?f, Saskatoon) ^ swrl:greaterThan(?fh, ?bh) → 

requiresFurnace(?b, ?f)^ hasPrice(?f, ?p) → sqwrl:select(?f, ?p)^ sqwrl:orderBy(?p) 

Then, use the information extracted from the instance ‘building1’ and its properties to 

search the knowledge repository, and may match the aforementioned knowledge 

instance, and then from the attribute in the resulting HVAC system instances (such as the 

above All-Water System and a list of matched furnaces), one can find a particular HVAC 

system. As regards to details of this HVAC system, one can search the class ‘HVAC System 

Types’ and ‘HVAC Equipment’ in the HVAC information repository. After that, the 

particular building and the particular HVAC system will be stored in the building 

information model, particularly in the class ‘Building-HVAC’, and as such the design of a 

building along with its HVAC system is completed.  

Remark 6: There is a possibility that there is no suitable HVAC system available to a 

particular building design, i.e., there is no match to any existing HVAC system in the HVAC 

system information repository from the information in the instance ‘building1’ and the 

property ‘HVAC-loads1’. In this situation, the building design needs to be revised until a 

HVAC system is found. The revision process can be computer-performed, in other words, 

automatically performed by a computer design software, because all the relevant 

information and knowledge is in the information repository and knowledge repository. 

That thus makes sense to integration.    

Remark 7: In the above, the computer software systems mentioned, i.e., II-CAD, are not 

available and their development of them is out of the scope of this thesis. However, the 

promise of the study presented in this thesis is to provide a foundation for the 
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development of these software systems, as they must be built upon the information 

model and knowledge model as developed in this thesis.  

Remark 8: It is also noted that both information model and knowledge model are 

extendable due to the following mechanisms behind the building of these two models. 

To the information model, the type-instance strategy is followed and consequently, the 

information storage follows the class-instance structure, which allows instantiation of the 

class by as many instances as possible, limited only by the computer storage capacity. 

Likewise, a class can be extended by more attributes to it in the definition of the class 

through a generalization and specialization data abstraction mechanism (Wang et al., 

2014). 

6.4 Conclusion 

This chapter discussed two issues: (1) the feasibility of implementation of the information 

and knowledge models for the integrated design of buildings along with HVAC systems 

and (2) the effectiveness of the information and knowledge models. Two conclusions can 

be drawn. First, the implementation of the II-CAD software system along with the two 

data models (i.e., information model and knowledge model) is highly feasible with the 

existing tools available in the public domain. Second, the information model and 

knowledge model can store information needed to conduct integrated design of buildings 

along with HVAC systems, and they are also extendable. 
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 Concluding Remarks and future work 

7.1 Introduction 

In this last chapter, several conclusions already drawn in the preceding chapters and some 

new ones are brought together with some remarks (Section 7.2). Future work is also 

identified and discussed (Section 7.3). 

7.2 Concluding remarks 

This thesis is aimed at advancing the technology of computer aided design for HVAC for 

buildings at the integrated and intelligent level. To achieve this aim, the key step is to 

represent all the relevant information and knowledge of the work domain (building and 

HVAC) as data, which leads to the definition of the three objectives as defined in Chapter, 

namely in short: (1) analyzing the work domain (building along with HVAC, abbreviation 

as B-H system), (2) information modeling for the B-H system, and (3) knowledge modeling 

for the B-H system. These objectives have been achieved and were presented in Chapters 

3, 4, 5, respectively. A discussion of the feasibility of implementing the developed models 

was given in Chapter 6, which serves as an indirect way to validate the models. A case 

study was also given in Chapter 6, which serves as a direct way to validate the models. In 

the following, a more detailed information about the activities is given. 

7.2.1 Domain model and FCBPSS of the B-H systems 

The FCBPSS analysis of HVAC and building design is significant. First, the developed 
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domain model provides conceptual and high-level views of the B-H systems, which can 

help get semantics of the B-H systems. The views include the systems thinking, i.e., how 

the constituent parts of the B-H systems are inter-related, and the views facilitate 

developing the integrated CAD of buildings along with HVACs. Second, the developed 

domain model provides transitions or flows to convert the B-H systems semantics into a 

data model. Third, the developed domain model defines and categorizes the concepts of 

the HVAC system and building system into six (function, context, behavior, principle, state, 

structure).     

7.2.2 Integrated and intelligent computer-aided design (II-CAD) of HVAC and building 

In comparison with a non-integrated system, an integrated one is more complex. It 

requires higher architectural skills to create an integrated system. First, the relationship 

between buildings and HVAC, and the relationship between building design and HVAC 

design is captured in Chapter 3, 4, 5, respectively. Since the individual design tools or 

modules can synchronously work on the same database or knowledge base, the proposed 

B-H systems structure can make the HVAC design and building design integrated so as to 

achieve a further optimal design of buildings along with HVAC systems. A comprehensive 

data model along with database or data repository for applications provides a framework 

for the integration of individual design processes and tools. The integrated design for 

buildings along with HVAC systems is an optimal design that has many benefits, including 

eliminated Random Acts of Design (RAD), minimized the risk, innovation from a 

development perspective, cost-shift investment, and so on (Afalber, 2017). The intelligent 

level is supported by the rules’ repository (knowledge base) which is the deep knowledge 

from expert experience and other design rules, as seen in Section 7.2.4.  
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7.2.3 Information Model of the B-H system 

The information model for buildings along with HVAC systems in this thesis aims to 

support integrated CAD of buildings along with HVAC systems. It represents the structure 

and status in the FCBPSS knowledge architecture of the B-H systems, which is significant 

because the structure along with states realize the behavior and function. The 

information model captures the building elements and HVAC components as classes and 

their properties, which can be instantiated as connected schemas and instances and 

finally stored in the database. These objects in the database can be reused and shared by 

CAD systems. At this level it supports the integrated design from different design modules 

available in the building industry. These objects can further support inference as part of 

the knowledge base. Furthermore, the information model developed in this thesis can 

also capture the information for an entire design and construction process and a building 

life cycle, including the requirement (both functions and constraints).  

7.2.4 Knowledge Model of the B-H system 

Knowledge representation along with its reasoning engine has long been the critical field 

of artificial intelligence (AI). In this thesis, Objective 3 (developing a knowledge model for 

selecting a suitable HVAC for a building) aims to enhance the intelligent level of the CAD. 

In computer science, making the selection is a decision-making behavior that requires the 

computer to understand deep knowledge. So, modeling the principal knowledge in this 

thesis can increase the level of intelligence of CAD systems for HVAC. The SWRL can 

express the rules by connecting all the concept and parameters between the building and 

HVAC, which means it can express the casual relationship between building design and 

HVAC design. The HVAC design process is divided into three sub-processes in this thesis, 



 
64 

 

HVAC loads calculation, determination of HVAC system types, and selection of HVAC 

equipment and component (or configuration design). The SWRL logic expression is given 

for the latter two processes.  

7.2.5 The perspective of II-CAD software system with the B-H system 

Section 6.2 presented how the developed information model and knowledge model for 

the B-H systems can be implemented with the existing tools available in the public domain. 

In fact, the discussion also sketched an architecture of an II-CAD system for the intelligent 

and integrated design of buildings along with HVAC systems upon the two data models as 

developed in this thesis.   

7.3 Future Work 

Several future studies upon this thesis are proposed in the following. First, the 

architecture of the II-CAD for design of buildings along with HVAC systems should be 

further refined, and this work is with reference to the discussion in Section 6.2 and 

Section 7.2.3. Second, the development of the prototype of II-CAD software system 

warrants to more clearly demonstrate the effectiveness of the idea of computer-based 

integrated design of buildings along with HVAC systems. It is noted that regarding the idea 

of integration there are three types: (i) human-based integrated design, (ii) computer-

based integrated design, and (iii) human-computer collaboration-based integrated design. 

This thesis is focused on (ii). Third, studies on the type (iii) warrant, including identification 

of areas that the computer is unable to do, and human’s response to the interface 

between the human and computer.  
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