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ABSTRACT

Energy usage in commercial and residential buildings accounts for nearly 40% of

the total energy consumption in the US. Therefore, even small improvements in energy

efficiency will provide a tremendous opportunity to reduce total energy consumption

on a national scale. Advanced control systems based energy management of renewable

and alternative energy can support improved energy efficiencies of modern buildings.

The Smart Grid effort is expected to hasten the deployments of renewable energy

resources in the US grid to wean off the use of fossil fuels for electricity generation

and is aimed at increasing the reliability and security of the electricity grid. This

initiative is also expected to impact the end users by providing them an avenue for

active participation in demand response. This thesis proposes an advanced energy

modeling and control based on Multi-Agent-Systems capable to support the Smart

Grid characteristics as defined above and also to contribute for the technology of

Cyber-Physical-Systems control for smart buildings.

A holistic approach considering many different systems in a commercial or residen-

tial building is required in order to incorporate decision making to achieve maximum

energy efficiency. Multi-agent systems inherently support decentralized hierarchical

control. Therefore, a multi-agent-system (MAS) based control mechanism is proposed

in this work for energy management performance improvement control.

MAS based systems have been successfully applied in the control of non-linear

dynamic, large scale distributed computing resources, where speed, reliability and

scalability of such systems makes them very complex to be managed with standard

control techniques.

In this thesis, mathematical models for thermal and electrical systems for a general

area of a commercial building are presented. Methodologies for development of ad-
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hoc MAS are developed and discussed in detail. Additionally, a MAS based control

system for temperature control of is developed and the performance analyzed.
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CHAPTER 1

INTRODUCTION

With today’s growing technological advances, it is logical to integrate such ad-

vances into our immediate world. The integration of computer-based technology

with the physical world is known as Cyber Physical Systems (CPS). The National

Science Foundation (NSF) defines cyber physical systems as those systems that are

built from and depend upon the synergy of computational and physical components.

The current market proliferation of low-cost, increased-capability sensors along with

low-cost computational power and availability of wireless/wired networks have really

pushed the usefulness and promise of CPS to new heights [1].

A building is a cohesive network of interacting physical systems that can ben-

efit massively from the use of cyber technology in the control and management of

these systems. Specifically, when viewed as an energy system with energy inputs

and outputs, along with internal energy flows inside, a modern building presents

an example of a deeply coupled system where energy usage, comfort and work are

interrelated [2]. Implementing a CPS based modeling and control in a building re-

quires understanding computing abstractions and concurrency. In this thesis, a multi

agent based control system is developed for the control and energy management of a

building. The approach presented in this thesis aims to overcome the problem of the

lack of concurrency in computation present today, while reducing energy usage and

maintaining user comfort.

1.1 Objectives

The objective of this thesis is to develop a mathematical model for the thermal

system of a building, incorporating other systems present(electrical, sensing) within

it, as well as to develop an intelligent control system for energy management that can
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function multiple tasks concurrently. Concurrency in the control system is desired

because the physical systems of the building operate concurrently, and it only makes

sense that the control system does too. This objective is realized by using a Multi

Agent System (MAS) based computing architecture. MAS as the name suggests, are

a collection of agents that have the ability to perform different computational tasks

at the same time to achieve a system wide goal. Also, this thesis will analyze the

energy efficiency benefits of using such a decentralized control scheme on a building.

1.2 Motivation

Control systems currently applied in buildings today for user comfort management

and energy management do not address all the different systems and factors present in

the building. Modern buildings do have energy management systems that do account

for factors such as occupancy of building, and the actions of the occupants, they

lack intelligent decision making processes to take full advantage of this information.

Additionally, older buildings that have outdated controls cannot even take advantage

of the new available computing resources, as well as new emerging technologies such

as the smart-grid and renewable energy resources.

Intelligent energy management in commercial buildings in the US has potential to

provide a large opportunity to reduce total energy consumption as well as to reduce

pollution. Commercial buildings account for 38% of total primary energy usage in

the United States and more than 53% of the total electricity usage [3]. Advanced

modeling and control, associated with the flexibility of the smart-grid technology

allow the integration of renewable energy, energy storage facilities, and customer

participation in order to improve the overall efficiency [4].

Development of multi-agent based architectures has increased since the latter half

of the 1980s [5]. A MAS approach is used in large, complex problems, with global

goals and operating on local knowledge and possessing limited abilities [5]. MAS

based controllers have been showing a lot of potential in systems requiring non-linear
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dynamic, large scale distributed computing resources [6] where speed, reliability and

scalability of such distributed systems makes them ideal to be used to control a com-

plex system such as a building. Other applications of MAS can be found in air traffic

control [7], manufacturing, and robotics. One of the most important factors for a suc-

cessful implementation of a MAS is availability of reliable, fast, secure communication.

With increasing penetration of the internet based and other networked services, it is

safe to assume that electronic communication will be available in buildings, especially

of the commercial nature.

Additionally, the use and adaptation of MAS for control in power systems engi-

neering has been explored [8, 9] and promising results have been observed, specifically

in the area of micro-grid control [10]. With this increasing interest in using MAS for

Smart Grid technology, using it for building control seems very feasible to maximize

energy efficiency.

1.3 Scope

The scope of this thesis includes developing a simplified combined mathematical

model of a commercial building for both thermal and electrical systems, and incor-

porating a MAS based energy management system to realise a CPS. Focus will be

given to the application of a MAS based energy management system to the building

model.

1.4 Background

A thorough literature review was performed for the preparation of this thesis. The

literature review is organized into four main categories: 1) Cyber Physical Systems,

2) Energy usage in buildings, 3) Building Modeling, and 4) Multi Agent Systems.
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1.4.1 Cyber Physical Systems

Cyber-physical systems are the synthesis of modern computation with existing

physical processes, where embedded, networked computers monitor and control as

well as affect the physical processes and vice versa[11]. Scholars that have been

looking at the tight integration of computing with physical systems since the early

2000’s have iterated that with proper design and implementation, the impact of CPS

can be greater than that of the IT and internet revolution [1, 11, 12].

1.4.1.1 Applications of CPS

The use of microcontrollers and microprocessers in the control physical systems

is not a new concept, they are known as embedded systems and have been in use

since the 1960s [13]. These devices have historically been built for a single task,

and generally do not have the ability to adapt to different circumstances. But the

availability of inexpensive wide area networks with the ability to keep multiple devices

connected with fast information flow between them introduces a lot of opportunities

for enhancing these embedded systems for a state of the art CPS.

As is the focus of this thesis, there is a great potential for improving energy

efficiency with the integration of CPS in a modern building. Even though energy

efficiency is the focus, it should be noted that other factors in a building can also

benefit a great deal from embedded technology such as security. There are many

other areas where CPS can have a very big impact such as in transportation, where

embedded intelligence can provide great benefits in terms of general safety on the

roadways and efficiency. By embedding intelligence in vehicles, the possibility of a

completely automated highway has been explored in [14]. The area of communications

can benefit drastically if bandwidth requirements and availability can be negotiated

by connected devices. Similarly, control of critical infrastructure such as the electric

grid and the gas and water supply have a lot to gain from CPS.
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1.4.1.2 Problems faced in CPS

There are two major problems related to implementing CPS in the areas afore-

mentioned. Initially, the control of concurrent physical processes by non-concurrent

computational models/methods. Previous embedded control systems did not require

computer processes to run simultaneously as the systems and control algorithms were

not complex. But, as systems become further complex, along with their control

systems, simultaneous execution of code is required. In simpler control systems, if

efficiency and speed were required, specialized processors such as Digital Signal Pro-

cessors (DSPs) could be used, or the algorithm itself would be stripped of any extra,

non-essential features that it might have contained [11]. But, with the increasing

complexity requirements of today’s systems, sacrificing functionality for speed is not

desired. The problem is caused by current software paradigms rather than hardware

limitations. Processors available in the market today consist of multiple cores, and

are completely capable of running processes simultaneously. But today’s mainstream

software and software development platforms are focused on the age old sequential

programming paradigm, which cannot take advantage of the multiple cores available

in the hardware [15].

The second issue is related to the lack of concurrent computation,i.e. lack of

accurate and predictable timing and thus proper real-time implementations. There

is a misconception that real-time applications are fast applications does not help

in their development [11]. Complex systems, such as the ones discussed before not

only depend on the logical results of the computation, but also on the time at which

these results are obtained. Current real-time applications are developed after rigorous

testing, which is performed to find out exactly how long the application takes to run

on a particular piece of hardware [16]. This translates into the application not being

able to change or retro-fit in any way, essentially taking away the ability to adapt.

CPS are most effective when they can learn and adapt to the environment that they
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are applied in, and the current inability to predict timing performance for adaptive

CPS is a set back.

1.4.2 Buildings

Buildings are very complex structures composed of multiple interconnected sys-

tems and layers of abstraction. Large buildings consist of a vast network of sensors,

along with a large thermal and electrical system. When considering large buildings,

the occupancy and behaviors of the occupant cannot be ignored - this can be clas-

sified as the human network [17]. Figure 1.1 illustrates the different, interconnected

networks present in a building. The outer ring denotes external factors; they af-

fect the performance of the building, but are not contained within it. An advanced

Figure 1.1: A building as a collection of interacting networks

energy management control system should integrate and fuse data based on ther-

mal behavior, users occupancy, electric load, light, and some predictions based on

scheduling of rooms and halls. In addition, modern buildings need to include on-site

distributed generation technologies, demand response management as well as energy

storage technologies.
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1.4.2.1 Energy Usage

Energy can be classified into three main industrial and commercial categories:

i) Primary Energy, ii)Secondary Energy, and iii)Tertiary Energy. Primary energy

is naturally occurring energy such as coal, oil, and natural gas. Secondary energy

is transformed energy such as electricity and refined petroleum products. Tertiary

energy is a further transformation from secondary energy; warmth, motion, and me-

chanical power are some examples of tertiary energy [3]. Tertiary energy is the most

common form of energy that is utilized in buildings, and is the focus of this thesis.

Data supports that 38% of total primary energy available in the Organization

for Economic Co-operation and Development (OECD) countries is used in buildings

(commercial and residential combined) [3], as well as accounting for 53% of the total

electricity use. Figure 1.2(a) illustrates the distribution of energy usage in the world

and energy supplied to US buildings. As one can see, the major contributors for

energy in buildings are fossil fuel based sources (petroleum, coal, natural gas), which

contribute to environmental pollution; buildings emit 38% of CO2, 49% of SO2, and

25% of NOx [18]. Figure 1.2(b) illustrates the breakdown of the energy usage in a

commercial building in the US. Most of the energy is attributed to low efficiency space

heating devices. The use of these devices continues because of the comparatively low

price of natural gas in the US in the last few years [19].

1.4.2.2 Energy Management Systems

Building energy management systems aim at the maintainance of user comfort by

controlling the different aspects of a building such as the Heating, Ventilation and

Air Conditioning (HVAC), lighting, and other electrical loads, while trying to keep

an acceptable level of efficiency in energy conversion [22].
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(a) Energy usage in the world and the United States [20].

(b) Energy usage in US commercial buildings [21]

Figure 1.2: World and US Energy Consumption Breakdown
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1.4.2.3 Mathematical Modeling

In order to develop and analyze a control system, a model has to be created for the

system that the control system has to act upon. A model can be an actual physical

model or it can be a mathematical one. Mathematical models are better to manipulate

compared to physical ones, and can be designed to closely mimic the actual system. In

this thesis, the thermal behavior of a section of a building is modeled mathematically

and used in computer simulations to perform analysis related to energy efficiency.

A mathematical description of thermal behavior of building systems are complex

as they involve modeling of different interconnected subsystems, each containing non-

linearities, long-time constants, and uncertainties [23]. Additionally, when developing

a model for a building, external factors also have to be accounted for, mainly the

weather plus utility interaction when a smart grid is available for the building to

connect to.

The most common mathematical model in use today is the lumped capacitance

model that was developed in 1982 by Lorenz and Masy [24] and further enhanced by

Levermore in 1992 [25] and Tindale in 1993 [23]. The dynamic model for thermal

building performance analysis presented in [23] is a cumulative work [24, 25], and has

been widely used in the field of building simulation. This is the model that is used

in this thesis and a detailed description is presented in Chapter 2.

There are different software tools available for building system modeling such

as EnergyPlus, SPARK, and BLAST. These tools have incorporated many of the

dynamic thermal models mentioned before, but since this thesis is concerned with

developing a control system and not just a building model, using proprietary mod-

eling software has been discarded as they do not offer flexibility in designing control

systems, particularly with an advanced paradigm such as a MAS based control.
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1.4.3 Multi Agent Systems

MAS theory is a relatively new programming paradigm evolved from the artificial

intelligence (AI) theories introduced in the 1970s. In the field of AI, agents are

are physical or virtual entities that intelligently interact in an environment by both

perceiving and affecting the environment[26]. MAS extend this idea by introducing

communication capabilities in the agents.

A formal definition of agents describes an agent as an autonomous entity in an

embedded environment that either solves problems by itself, or cooperates with other

agents to find a solution. It has control over its internal state as well as its outputs

and can run without external intervention[5]. Massive amounts of data can be ex-

changed between agents due to the availability of fast communication channels. This

allows the agents to complete global tasks that are not usually possible by the actions

of a single agent alone. Agents have the ability to learn from past actions, or through

communication with other agents. Agents have the ability to work with each other

and interact with humans to monitor events and perform tasks[17]. Development of

a multi-agent system is a methodological process. First, a problem has to be divided

into sub-problems that can be solved by the individual, representative agents. Solu-

tions to these sub-problems are then combined to change the current global state of

the system through agent-to-agent coordination[27]. MAS are a distributed comput-

ing paradigm, i.e. instead of using a central computer to process inputs and make

decisions, multiple, less powerful computing resources, dedicated to individual agents,

achieve a complex goal.Agents can be designed to take global goal seeking actions as

well as reactive actions. In large systems, emergency scenarios may arise where an

agent needs to take a reactive action immediately without seeking information from

other agents.
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1.4.3.1 Application of MAS

MAS have stood out as a solution of choice when designing Complex Systems1 [28]

because of the ability to divide the problem formulation into parts, and solve them

individually ultimately leading to the solution of the larger problem.

MAS have been implemented in different ways, with the majority of implementa-

tions conforming to the formal definitions. However, there are two recent implemen-

tations that have been seen in literature lately, and are gaining some popularity. First

developing a MAS using the behavior of honey bees as their basis [29, 30]. In this

implementation, the communication behavior of the agents are different than normal:

the agents do not directly communicate with each other, but communicate through

the environment they are present in. They learn about the actions of other agents

by analyzing the environment. This allows agents to be added or removed from the

environment without changing the system design. Another implementation of MAS

is achieved by mimicking the human immune system, and creating an artificial im-

mune system (AIS). In this implementation, the different parts of an immune system

(antibody, antigen, paratope, epitope) are defined as agents and the interaction be-

tween these different parts of the immune system is the basis for the communication

between the agents [31, 32]. The human immune system has properties of paratopes

and epitopes combining to form new antibodies, essentially creating memory in the

system. The AIS also has this functionality and is the major advantage of this im-

plementation. The ability to learn (machine learning) is inherent in the design of the

MAS.

Applications of MAS have been seen in a variety of fields, ranging from air traffic

control [7] to applications in smart grid technology [8–10] and other power engineering

technologies such as hybrid energy systems (HES) [33].. MAS have also been used to

1Complex Systems are characterized by large number of entities in interaction, exhibiting emer-
gent behaviour.
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develop BEMS as presented in [26], but it has a larger focus on the the development

of the agents, and coordinating the behavior of the occupants.

1.4.3.2 MAS for Building Energy Management

As mentioned in previous sections, building structures are complex systems, which

can benefit highly if MAS are used in the development of Building Energy Manage-

ment Systems(BEMS). Maintaining energy efficiency and comfort are the major re-

quirements for a building BEMS, while keeping into account external factors such as

weather forecasts and electricity costs. Agents need to receive information from the

sensors to detect changes in the environment (the building in this case) and modify

to the environment through effectors (administering changes in the thermal and/or

electrical system). As no major changes in the sensing or the thermal/electric system

need to be made, agents can easily incorporate into legacy systems in building and

can be validated for further advanced performance requirements [34].

1.5 Contributions of Thesis

The contributions of this thesis include:

1. Development of an adjustable building thermal model that considers all the

major physical systems as well as external factors (weather conditions).

2. Development of an ad-hoc MAS design methodology derived from existing

methodologies, but more specific for building energy management systems. This

methodology facilitates design and specifications of agents at any user needs,

without having to redesign the complete system, making the proposed system

a friendly reusable design methodology for multi-agent-systems.

3. This thesis provides detailed descriptions and definitions of agents for diverse

behaviors through the developed MAS design methodology . This thesis also

discusses and shows how to implement the designed MAS in dynamic simulation
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and interfacing with specific software for multi-agent-systems, integrating all the

simulation environment inside Matlab, Simulink and JADE.

4. This research shows how to compare energy efficiencies of the MAS based con-

trol system with traditional control and provides some benchmarks for future

improvements.

While performing the tasks listed above, some of the work has been peer reviewed

and published. The development of the agents and their performance is the main

focus in [35]. The implementation of the complete MAS based BEMS and the energy

efficiency comparisons with non-MAS based BEMS is the main focus in [36]. Also,

a collaborative paper is currently being worked on with fellow researchers in the

Universitè de Technologie de Belfort-Montbèliard concerning the development of MAS

for building energy management using an artificial immune system model for system

design.

1.6 Organization of Thesis

This thesis is focused on the development of a MAS based energy management

system for a building structure that can improve efficiency and comfort for the occu-

pants.

In Chapter 2, the physical properties of an office building system are defined, and

a general solution for mathematical modeling of the building is discussed. In order to

extend the model to any size or configuration of any building, a GUI based program

is developed to provide state space matrices for different building configurations.

Chapter 3 discusses the design of a complete multi agent system. Being such a

new paradigm in computer science and engineering, there is no proven methodology

of design yet. Therefore, Chapter 3 focuses on developing an ad-hoc MAS design

methodology based on existing methods.
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In Chapter 4, the physical building model is implemented in Simulink and multiple

tests are run for validation. Following the physical model development, the multi

agent system is developed using the methodology proposed in Chapter 3. The details

of implementation of a MAS in software, and the control of the model developed in

Chapter 2 are further discussed in this chapter.

Chapter 5 presents some case studies with different types of MAS control system

implementation. The case studies range from simple reactive control, to more complex

such as machine learning enabled concepts. The performance of the building model

as well as the control system are analyzed and compared with each other.
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CHAPTER 2

SYSTEM DEVELOPMENT: MATHEMATICAL BUILDING MODEL

For the application of a MAS based control to a physical buildling, there is a need

to develop a physical model of a building. A mathematical model of a physical will

help in testing and simulation of the system as well as any control strategies that

might be applied to it. This chapter focuses on developing a mathematical model

for the thermal aspect of a building structure. A state-space matrix representation

of the thermal system of a building is developed, which can easily accomodate any

size, structure buildling, and is easily implemented in a computer aided simulation

enviornment.

2.1 Physical Building

To order to develop a mathematical model of a building structure, we need to

define the physical attributes of a building. This includes defining the location of

the building, the size, orientation as well as the material used in the construction of

the building. For this work, the location of the building is to be Golden, Colorado.

This choice was made because Colorado School of Mines is located here, but more

importantly, thanks to the National Renewable Energy Laboratory(NREL) being

located in Golden, there is abundant hour-by-hour weather data available [37]. .

The building itself is chosen to be a medium sized office building with about 50

employees. The United States government recommended standard for office space is

200ft2 of usable space per person, which also translates to 230ft2 of rent able space

per person [38]. Abiding by this standard, the size of the building is calculated to

be (50)*(230)= 11,500ft2. The building is defined as being three stories, so there is

approximately 3800ft2 of rent able space per floor. The height of each floor is defined

to be 10ft, which surpasses the minimum height of 7.6ft set by the International Code
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Council(ICC) in [39]. This translates into a total volume of (30)*(3800)=115,000ft3

of air inside the office building.

2.2 Mathematical Model

The mathematical representation of the thermal characteristics of a building pro-

posed by Lorenz and Masy in [24] and then amended by others in [25] and [40] is

used frequently among modelers and the same is used in this thesis. This model is

based on the assumption that a building consists of an outer shell containing internal

elements. The outer shell is in thermal contact with the outer world. The equation

governing the heat balance at the system boundary is give in Equation 2.1.

(2.1)φh(t) + φs(t) = φt(t) + φc(t)

In Equation 2.1, φh is the heat supplied by the plant (HVAC) as well as any other

sources of energy present within the building; φs is the heat gained by solar radiation

that enters into the building through the windows directly, or through diffusion; φt is

the total heat loss in the building through external contact and thermal resistances

of materials inside the building; φc is the capacity of the elements in the building to

retain heat. Using the heat balance equation above, and thinking of elements causing

Figure 2.1: Analogous Electric Circuit for Lumped Capacitance Thermal Model

loss due to their thermal resistances as resistors, and the thermal retention capacity

of the materials as capacitors, a lumped capacitance model can be developed and the

system can be thought of in terms of an electric circuit. Figure 2.1 is an example of
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how a a thermal model can be viewed as an electric circuit. The lumped capacitance

model of the thermal system of the building can now be represented by a set of

differential equations, each for the different parts of the building.

dTf
dt

=
Af
Cf

[
pQs

Af
+ Uf (Tai − Tf )

]
(2.2)

dTc
dt

=
Ac
Cc

[Uc(Tai − Tc)] (2.3)

dTip
dt

=
Aip
Cip

[
(1− p)Qs

Aip
+ Uip(Tai − Tip)

]
(2.4)

dTw
dt

=
Aw
Cw

[Uwi(Tai − Tw) + Uwo(Tao − Tw)] (2.5)

dTai
dt

=
1

Ca
Qp +Qe + (AgUg + Uv)(Tao − Tai)

+ AwUwi(Tw − Tai)AfUf (Tf − Tai)
+ AcUc(Tc − Tai) + AipUip(Tip − Tai) (2.6)

Table 2.1: Description of variables and indices used in 2.2 through 2.6

Indices Description
f floor
c celing
ip internal walls/partitions
w external wall
ai internal air
ao external air
g glazing
s solar
p plant (source)
e internal heat gain
Variables Description
T Temperature (◦F)
A surface area (ft2)
C thermal capacitance (BTU/◦F)
p fraction of solar radiation entering floor
Q heat(source depends on the index)
U thermal transmittance (W/ft2.◦F)

17



Equations 2.2 to 2.6 represent the thermal characteristics of the floor, ceiling,

internal walls, external walls, and the air inside of a building respectively. The de-

scription of the variables and subscripts used are presented in Table 2.1.

Earlier, an analogy between an electrical circuit and thermal behavior was drawn,

and terms such as thermal resistance and thermal capacitance were used. To un-

derstand thermal resistance better, it has to be understood that just as electrical

resistance is associated with the conduction of electricity, thermal resistance is asso-

ciated with the conduction of heat. If we go by the general definition of resistance

being the ratio of a driving potential to the corresponding transfer rate, and with

the help of the heat flow rate equation (Equation 2.7), the thermal resistance for

conduction can be defined as in Equation 2.8.

(2.7)q =
kA

L
(T1 − T2)

(2.8)Rt =
Ts,1 − Ts,2

qx
=

L

kA

Similarly for electrical resistance for conduction, using Ohm’s law, we have 2.9.

(2.9)Re =
Es,1 − Es,2

I
=

L

σA

The analogy between Equation 2.8 and Equation 2.9 is obvious. This derivation

of thermal resistance was for a structure such as a wall in a building, but a thermal

resistance can also be present because of heat transfer due to convection at a surface.

If we define q using Newton’s law of cooling (Equation 2.10),

(2.10)q = hA(Ts − Tinf)

we arrive at the expression in 2.11, for the thermal resistance due to convection.

(2.11)Rt,conv =
Ts − Tinf

q
=

1

hA

A graphical representation of thermal resistance as compared to electrical resis-

tance is presented in Figure 2.2. Since the conduction and convection resistances are
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in series in a thermal circuit, the total thermal resistance can be represented as in

Equation 2.12.

Figure 2.2: Temperature distribution and equivalent thermal circuit for heat transfer
through a plane wall

(2.12)Rtot =
1

h1A
+

L

kA
+

1

h2A

Having drawn an analogy between thermal resistance and electrical resistance,

another analogy between the thermal and electrical systems which makes the model

easier to understand is thermal potential. The thermal potential, which can be viewed

as temperature of a point, is fixed in steady state heat transfer, while it varies in time

in transient heat transfer or heat storage.

Another term that was used to build the analogous circuit shown in Figure 2.1, was

thermal capacitance. During transient heat transfer, the temperature of the materials

changes with time. Thermal capacitance, which can be viewed as heat capacity, is
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the capacity of the thermal component in question to retain or store heat. The units

for heat capacity are J/◦F . If the thermal component (wall, floor, ceiling) is made of

homogeneous material, the thermal mass is the product of the mass of the material

and its specific heat capacity. If the thermal component is heterogeneous (which is

normally the case), the sum of the specific heat capacities are used for simplicity.

In the context of building design, thermal mass provides ”inertia” against tem-

perature fluctuations. If the outdoor temperature fluctuates considerably throughout

the day, placing a large thermal mass in the insulated portion of the building will aid

in preventing similar fluctuations indoors. It should be noted that this is different

than a material’s insulative value, which reduces the thermal conductivity, in this

case of a building.

To create a computational model for the system for simulation purposes, a state

space representation is desired. Equations 2.2 to 2.6 can be stacked using the state

space notation in Equation 2.13, where ẋ is a vector of the derivatives of temperatures,

A and B are the matrices of coefficients, x is a vector of states and u is the input

vector.

(2.13)ẋ = Ax+Bu

This results in the complete state space representation presented in equation 2.14.


Ṫw
Ṫf
Ṫc
Ṫip
Ṫai

 =



−Aw

Cw
[Uiw + Uow ] 0 0 0 AwUiw

Cw

0
−AfUf

Cf
0 0

−AfUf

Cf

0 0 −AcUc

Cc
0 −AcUc

Cc

0 0 0
−AipUip

Cip

−AipUip

Cip

−AwUw

Ca

−AfUf

Ca

−AcUc

Ca

−AipUip

Ca
(· · ·)

×

Tw
Tf
Tc
Tip
Tai

 · · ·

+


0 0 0 AwUow

Cw

0 0 p
Cf

0

0 0 0 0

0 0 (1−p)
Cip

0
1
Ca

1
Ca

0 AgUg+Uv

Ca

×

Qp

Qe

Qs

Tao

 (2.14)
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This state-space representation of the system can be used to develop a compu-

tational model for simulation in the MATLAB/Simulink environment, which is dis-

cussed in more detail in Chapter 3.

When developing a mathematical model for a physical system such as a building,

scalability has to be taken into account: buildings can be of different shapes and sizes

and additionally made from different materials that have different thermal properties.

The model presented here has the capability of doing exactly that. The major parts

of the building that affect the thermal performance of the building have been included

in Equations 2.5 and 2.6. Since the model is based on the idea of lumped capacitance

and every element represented as a series combination of resistors and capacitors,

if need arises to add another element to the model, it can be easily done. Also, in

terms of size scalability, every representation of a physical element of the building is

dependent on area (A), so the model can be sized according to the physical dimensions

of the building. As can be seen in Equation 2.14, the matrix A is only populated

in the main diagonal as well as the last row and column. This trend was seen to

continue when another element, with different properties was added to the model;

the matrix would grow in the direction of the main diagonal. Having recognized this

pattern, a MATLAB script was written which would take inputs from the user as to

how many elements are to be considered for modeling and generate matrices A and

B accordingly. Since the symbolic representation of the matrix is not of great use

during analysis, coupled with the lack of symbolic math abilities of MATLAB, the

script would also require inputs of all the variables/constants described in Table 2.1, to

generate numerical matrices. This graphical user interface (GUI) developed for easy

input to the script, and easy viewing of the output matrices can be seen in Figure 2.3.

The building chosen for modeling in this thesis as described in Section 2.1 is quite

large (11,800ft2). There are a lot of possible layouts of this building, and calculating

the different areas and keeping track of all the different materials used will be a tedious
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Figure 2.3: GUI for development of state-space matrices
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task. Due to the generality of the modeling solution presented before, a smaller area

of the building can be considered and simulated. The floor plan of the considered

area is presented in Figure 2.4. The configuration presented consists of three rooms,

of which one is a kitchen. Room 1 is modeled as a typical reception/outer office area

consisting of office equipment such as printers, a photocopy machine, and computers.

Room 2 is a typical single person office consisting of furniture and a single computer.

The kitchen area contains a refrigerator, microwave and a coffee maker. Table 2.2

summarizes the contents of each individual room.

Figure 2.4: Floorplan of the section of building to be modeled

The building chosen for modeling in this thesis as described in Section 2.1 is quite

large (11,800ft2). There are a lot of possible layouts of this building, and calculating

the different areas and keeping track of all the different materials used will be a tedious

task. Due to the generality of the modeling solution presented before, a smaller area

of the building can be considered and simulated. The floor plan of the considered area

is presented in Figure 2.4. In the figure, the dark black lines of the structure represent

external walls and the gray lines are representative of the internal walls/partitions of

the office. As an exercise to reiterate the claim made earlier about the adaptability of

the modeling solution, it is assumed that the two external walls are made of different

materials, hence changing the thermal behavior of the building. It is also assumed

that the materials used for the internal partitions, ceiling, and floor are consistent
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throughout the area considered. The different external walls translate to the addition

of a differential equation in the lumped capacitance model of the building; the walls

will be referred to with w1 and w2 indices. The additional equation is identical to

Equation 2.5, with the index w replaced with w2.

(2.15)
dTw2
dt

=
Aw2
Cw2

[Uw2i(Tai − Tw2) + Uw2o(Tao − Tw2)]

Using Equation 2.13, and adding 2.15, we reach the following state space equa-

tion:



˙Tw1
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Ṫf
Ṫc
Ṫip
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Cf

0
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0
1
Ca

1
Ca
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×


Qp
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
(2.16)

As mentioned before, only the main diagonal and the last row and column are

populated in the A matrix. The next step in the design process is to define the

characteristics of the given area and calculate the constants.

The configuration presented consists of three rooms, of which one is a kitchen.

Room 1 is modeled as a typical reception/outer office area consisting of office equip-

ment such as printers, a photocopy machine, and computers. Room 2 is a typical

single person office consisting of furniture and a single computer. The kitchen area

contains a refrigerator, microwave and a coffee maker. Table 2.2 summarizes the con-

tents of each individual room. The thermal properties of the furniture are ignored in
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Table 2.3: Efficiency values for different electric loads

Type of Load Load Efficiency

Lighting 1400W2 90%

Computers 320W 85%

Office Equipment (active) 900W 85%

Office Equipment (standby) 20W 85%

Refrigerator 50W 70%

Microwave 1000W 65%

Coffee Maker 1000W 65%

this model, as their effect would be very insignificant. If required, equations for the

furniture can be developed without a lot of effort. The electronic equipment listed

in Table 2.2 are used in the model as they generate heat, and affect the thermal per-

formance of the building. Efficiency figures for the different electrical components are

used to calculate the amount of heat generated. Efficiency data collected for typical

Energy Star certified devices from [26, 41–43] is presented in Table 2.3.

Table 2.2: Summary of the contents of each room.

Room Contents
Room 1 Furniture

2 Computers
1 Printer
1 Photocopier

Room 2 Furniture
1 Computer
1 Printer

Kitchen Furniture
1 Refrigerator
1 Microwave Oven
1 Coffee Maker
1 Electric Kettle
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Table 2.4: Thermal Resistance and Capacitance values

Building Parameter Area(ft2) U(W/ft2.◦F) Ui Uo C(BTU/◦F)

External Wall 1 (w1) 700 - 0.056 2.60 1346.8

External Wall 1 (w2) 200 - 0.056 2.60 1128.6

Floor (f) 1400 0.14 - - 3300

Ceiling (c) 1400 0.08 - - 2700

Internal Walls (ip) 1450 0.06 - - 1200

To complete the model for the building area, data for the materials used in the

construction was required. It was assumed that the building’s exterior walls were con-

crete walls with a single layer of insulation inside, and the internal walls were metal

frame partitions, that did not include insulation material. The American Society

of Heating, Refrigerating and Air-Conditioning Engineers(ASHRAE) handbook [44]

contains detailed tables, as well as calculation methods for obtaining the values for

thermal transmittance (U), and the thermal capacitance (C). Details of the calcu-

lation of U values are presented in Appendix A. A summary of the values that were

calculated, and to be used in the model are presented in Table 2.4 along with the

values for the areas of different components. The areas are calculated based on the

dimensions presented in Figure 2.4. Using these values, and the aforementioned

MATLAB GUI/script( Figure 2.3), the A and B matrices were calculated.

(2.17)A =


−1.38 0 0 0 0 0.03

0 −0.47 0 0 0 0.01
0 0 −0.06 0 0 0.06
0 0 0 −0.042 0 0.04
0 0 0 0 −0.07 0.07

0.73 0.21 3.66 2.07 1.61 −8.25



(2.18)B =



0 0 0 1.3514
0 0 0 0.4607
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0.0008 0

0.0185 0.0185 0 0


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So, the state space equation in Equation 2.19 looks like Equation 2.16.



˙Tw1
˙Tw2
Ṫf
Ṫc
Ṫip
Ṫai


=


−1.38 0 0 0 0 0.03

0 −0.47 0 0 0 0.01
0 0 −0.06 0 0 0.06
0 0 0 −0.042 0 0.04
0 0 0 0 −0.07 0.07

0.73 0.21 3.66 2.07 1.61 −8.25

 · · ·

×


Tw1
Tw2
Tf
Tc
Tip
Tai

+



0 0 0 1.3514
0 0 0 0.4607
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0.0008 0

0.0185 0.0185 0 0


×


Qp

Qe

Qs

Tao

 (2.19)

As mentioned before, there are four inputs to the system: Qp,Qe, Qs, and Tao,

which are respectively the plant capacity, internal heat gains, solar glazing, and the

outside air temperature. Using guidelines provided in [45], the plant capacity(Qp) for

heating was selected to be 30,000 BTU/hr. For the internal heat gains(Qe), only the

heat gains from the electric equipment listed inr̃eftab:electrical˙loads were used. For

the sake of simplicity, and lack of available data, Qs is neglected. The temperature

data, Tao is hourly data collected for Golden, CO by NREL [37]. For simulation, the

data from the month of January and November was used.

With all the mathematical modeling of a building supporting a transient computer

simulation as presented in this Chapter, it is possible to design a MAS based control

system.
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CHAPTER 3

SYSTEM DEVELOPMENT: MAS DESIGN METHODOLOGY

In this chapter, the methodology for the design of multi agent systems will be

discussed. Multi agent systems are a fairly new technology of computer program-

ming, system modeling, and control, but a formal procedure for system design is still

not available. It is very difficult to have a unique methodology and some ad-hoc

guidelines are proposed in this chapter, followed by a conceptual description of a

design approach that is applicable for a building management system. Multi agent

systems have provided a new perspective at distributed systems, and the develop-

ment of more robust intelligent applications [46]. However, the traditional methods

of software design, from planning to implementation, are not encompassing for the

MAS paradigm. The main reason is that object-oriented- programming (OOP), is

the closest paradigm in terms of functionality, but it still does not completely capture

the potential and flexibility of MAS. On the other hand, the similarity between those

two platforms allows for the design of MAS to use OOP design methodology as a

base. This chapter discusses some of the MAS design methodologies that use OOP

design methodologies as a first approach towards a procedure of formal design.

3.1 MAS Modeling Methodologies

With the increasing use of MAS in different fields, and several applications, new

MAS design methodologies have been developed, either as an evolution of an exist-

ing one or sometimes as a new concept. Some of the common current methodolo-

gies present are the GAIA methodology [47], Belief-Desire-Intention (BDI) methodol-

ogy [48] and Responsibility Driven Design (RDD) [49]. The following sections present

an overview of each methodology along with their salient features.
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3.1.1 GAIA Methodology

The Gaia methodology is an attempt to define a complete and general methodol-

ogy that it is specifically tailored to the analysis and design of MAS. Gaia is a general

methodology that supports both levels of the individual agent structure and the agent

society in the MAS development process. In this methodology, MAS are viewed as a

system composed of a number of autonomous interactive agents that live in an orga-

nized society in which each agent plays one or more specific roles [47]. Gaia defines

the structure of a MAS in terms of a role model, based on the roles that agents have

to play within the MAS and the interacting protocols between such different roles.

Roles are defined with the following attributes: (i) responsibilities, (ii) permissions,

(iii) activities and (iv) protocols.

Responsibilities are a key attribute related to a role that determines the function-

ality of an agent. Responsibilities are of two types:

• Liveness properties the role has to add something good to the system, and safety

properties the role must prevent and disallow that something bad happens to

the system. Liveness describes the tasks that an agent must fulfill given certain

environmental conditions and safety ensures that an acceptable state of affairs

is maintained during the execution cycle. In order to realize responsibilities, a

role has a set of permissions.

• Permissions represent what the role is allowed to do and in particular, which

information resources it is allowed to access. The activities are tasks that an

agent performs without interacting with other agents. Finally, protocols are

the specific patterns of interaction: what type of messages are sent? What

frequency they are sent at, and how fast? [50].
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3.1.2 Belief-Desire-Intention(BDI) Methodology

The BDI methodology for designing MAS is based on the belief-desire-intention

model of human practical reasoning developed by Michael Bratman [51]. This is a

model of human psychology used for explaining future-directed intentions. It has been

used in computer science to model and develop algorithms in artificial intelligence.

In Object Oriented Programming (OOP) design, one can divide a system in three

different models that are simultaneously developed to achieve a complete description

of the system by three instances: (i) the object model, (ii) the dynamic model, and (iii)

the functional model. The object model captures information about objects within

the system such as their data structure, relationships and the operations that they

perform. The dynamic model describes the states, transitions, events, actions and

the interactions of the different objects, whereas the functional model describes the

flow of data during system activity. The BDI methodology of MAS design is loosely

based on this architecture, with the agents of the MAS being analogous to objects.

While designing MAS using this methodology, two viewpoints are taken in agent

development: an external viewpoint, and an internal viewpoint. The external view-

point deals with decomposing the system into agents, characterized by their purpose,

responsibilities, the services they provide, and the interaction requirements between

them. To streamline this process, the external viewpoint is further broken up into two

parts: the agent model, and the interaction model [52]. The agent model describes

the existence of agents in the system: how many instances of the same agent are

present, when they are initiated, terminated. The interaction model deals with the

responsibilities of the agent, the services, and the relationships between the agents.

With the overall system of agents designed using the external viewpoint, the internal

viewpoint deals with functionality of the individual agents and their decision making

processes. This internal viewpoint is divided into three parts according to the BDI

model. In the internal viewpoint, we have the Belief model, Goal model, and Plan
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model. The belief model describes the information about the environment the agent

is in and its internal state. It also has information about the actions it may perform.

The goal model as the name suggests describes the goals of the agent, as well as the

events to which it can respond to. The plan model describes the plans that an agent

may possibly employ to achieve its goals or respond to events it perceives [52].

3.1.3 Responsibility Driven Design (RDD) Methodology

The responsibility driven design (RDD) methodology is also based on the princi-

ples of object, dynamic, and functional models of OOP system design. The design

procedure in RDD is divided into three different parts, analogous to OOP system

design, but with the following realizations:

1. Agents can be more complex than objects.

2. Agents can be autonomous; they can act on their own behalf by following their

goals, and can choose what events to react to.

3. Communication in a MAS is not only based on simple messages, but are more

detailed and there are different message types and dialogues. There are also

conversations between agents with respect to specific contexts.

With these differences between agents and objects as above, the RDD methodology

proposes three models to design the complete MAS system:

1. The Agent Model contains the complete description of the agent, including the

behavior of the agent in different situations, both reactive and proactive. This

model is analogous to the internal viewpoint of the BDI methodology described

in the section above.

2. The Organization Model contains information about the relationships between

the agents. These can be relationships between similar agents that have inher-

ited properties between them or between two completely different agents. The
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relationships are not to be confused with actual communication between the

agents.

3. The Cooperation Model contains information about the interaction, cooperation

among agents. This is comparable to the dynamic model of OOP.

A clear advantage of using one design methodology over another for MAS design

has not been discovered; all the methodologies are valid, but it seems they were all

proposed with a specific MAS in mind, and were later generalized to become a design

process for all MAS. Even though the methodologies mentioned above are different

from each other in certain respects, there are common themes between them:

1. The complete system has to be analyzed, and the environment has to be de-

signed for the deployment of agents.

2. Agents have to be defined according to the requirements of the system, and

the information available from the environment, along with the relationships

between the agents.

3. After agents and their relationships have been defined, designed, the appropriate

communication requirements, ranging from infrastructure to protocol have to

be chosen and designed.

With such common themes between the different design methodologies, the fol-

lowing section describes the design process used in developing the MAS for building

energy management, in this thesis.

3.2 Model

For the design of the MAS model, a three level design technique was used. In order

to keep the naming schemes used in the different methodologies mentioned before,

the steps are in this thesis referred to (i) the environment model, (ii) the agent model,
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and the (iii) communication model. Those different models, and their development,

along with examples pertaining to building energy management system will now be

discussed.

3.2.1 Environment Model

The development of the environment model is a part of the analysis phase of

MAS development. The main focus of this model is centered around the following

specifications:

• What are the goals of the system ?

• What are the overall inputs/outputs of the system ?

• What will the system offer to the agents ?

• Can goals be divided to sub-goals ?

• What are the tasks required to fulfill goals ?

In developing the model used in this thesis, the overall system has to be looked

at, and before setting out to design a MAS, the governing overall question, of ’what

are the requirements?’ has to be answered. Once it is known what the MAS has to

achieve, the system can be analyzed further to decide which inputs will be important

and what are the system outputs. For example, in order to design a MAS for the

energy management system of a building, the goals of the system will be

• to increase energy efficiency,

• reduce energy related costs,

• and maintain comfort for the users of the building.

For such a system, some examples of inputs would be weather information, real-

time energy pricing information. Outputs of such a system would be the control of the
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different physical systems of a building such as the HVAC, and lights. The building

energy management system will be able to offer various sensor information such as

temperature, humidity, and occupancy, to the agents as well as controllable physical

devices. The goals mentioned before are larger goals of the entire system, which can

be divided into smaller goals to tackle the problems in a more organized fashion. For

example, the goal of reducing energy cost will have sub-goals such as find if utility

pricing has changed. Further decomposing goals, arrives at tasks; an example of a task

is turn off unused lights. There are differences between tasks and sub-goals: tasks are

concerned with actions, where sub-goals are concerned with decision- making, which

can be aided by tasks.

3.2.2 Agent Model

After defining the environment model design, goals, sub-goals, and certain tasks

along with the overall inputs/outputs of the system as previously discussed, it is

important to define how the agent deals with information available to it from the

system, this is defined by agent model.

The agents are chosen to complete the tasks as described in the environment

model, while working together with other agents to achieve sub-goals and as a con-

sequence achieve the overall goals. The inputs and the outputs of the system are

handled by individual agents. For example, the input of energy pricing is modeled

as a pricing agent, whose sole task is to provide the pricing information to the sys-

tem/other agents whenever required. The structure of the individual agents consist

of three different parts: inputs, behavior, outputs.

3.2.2.1 Inputs

The inputs of the agent are composed of the information and data received to

perform tasks. The inputs to the agents can be from other agents, or from the external

environment. For example, the pricing agent described earlier, receives input from
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the external environment: the utility company. Another agent, the electric agent,

deals with the control of the physical electric system of the building. The electric

agent receives input from other agents, and one of them is the pricing agent. While

designing individual agents, the input part of the structure should be designed by

answering the following questions:

1. What inputs are required for agent to complete it’s task ?

2. Where do those input come from ?

• The environment ?

• Other agents ?

3.2.2.2 Behavior

The next step in this design procedure is to develop the decision- making process.

The behavior of the agent, i.e. how the inputs to the agent will be processed in order

to perform actions and provide output must be defined. Agent behavior ranges from

performing actions as simple decisions dependent on the input, to further advanced

decisions that require interaction with multiple inputs in conjunction with a complex

algorithm. Simple behaviors can be governed by IF-THEN logic rules, i.e. performing

actions when inputs are received from the environment (rule base). The agents gener-

ally provide fast responses to the system [53]. Sensors of the system are also modeled

as agents, and have simple behaviors. The agent that provides outside temperature

data has outside temperature as its input from different sensors, or from databases

on the Internet, and its behavior is to average those different input values. Advanced

behaviors require more complicated decision making techniques compared to simple

logic rules.

In the methodology adopted in this work, advanced behaviors are modeled similar

to the approach of the belief model (BDI methodology). An agent can be envisioned
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as being in a certain state at any given time, and has the ability to move between

these states depending on changes in the environment, or any other input it might

receive. Depending on how many states are available, which is dependent on what the

agent can perceive in the environment, and what state it is currently in, coupled with

the input information, the agent will have different preferences of moving between

states.

In MAS theory, a common simplifying assumption is that an agent’s prefer-

ences are captured by a utility function [6]. It is analogous to the von Neumann-

Morgenstern utility function discussed in game theory [54]. Such utility function

assigns a index to how much a particular agent likes a particular state. If S is a set of

all the states in the environment the agent is in, and the utility function of an agent

i is given by:

(3.1)ui : S → R

When the agent has to change states from a state s to a state s′, it calculates the

expected utility of moving to this new state by taking a certain action a. This ex-

pected utility is calculated by first defining the probability of the agent reaching state

s′ from state s using the action a: P (s, a, s′). This probability has to be defined/cal-

culated/learned because in real world situations, change of state might not happen

exactly as planned. In an environment where S is a set of all states, the expected

utility of an agent’s move is given in Equation 3.2.

(3.2)E[ui, s, a] =
∑
s′∈S

P (s, a, s′)ui(s
′)

A decision making process that involves uncertainty can be optimized by using

Markov Decision Processes (MDP) [26]. In the case of an agent, one can assume the

choice of the new state to depend on the agent’s current state and the agent’s action.

At each state, choice of action and consequently the probability of transitioning to

the next state are stochastically controlled. A reward function is also incorporated
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into the system. This function rewards the agent when the most optimal state is

reached.

It is necessary to define a policy for every agent; the agent has to always be

aware of the maximum available utility and reward. This awareness and search of

the maximum expected utility of an agent can be viewed as its search for an optimal

policy, and can be denoted mathematically as in Equation 3.3.

(3.3)π∗i (s) = arg
∑
a∈A

E [ui, s, a]

The optimal policy presented in Equation 3.3 is missing one key aspect: rewards,

both positive and negative. A reward system, containing a maximum reward of one,

and a discounted reward awarded to the agent (between 0 and 1) for every state

change solves problems such as the agent moving unnecessarily between states to

obtain maximum rewards. With a discounted reward system, the agent will not move

between states unnecessarily because it will decrease its maximum expected utility in

Equation 3.3. This can be represented mathematically (Equation 3.4), and defined

as the real utility that an agent receives for being in state s.

(3.4)u(s) = r(s) + γmax
∑
s′

P (s, a, s′)u(s′)

Here, r(s) is the reward the agent receives for getting to state s, and γ is the discount

factor for movement between states.P is the probability of movement between states

as described earlier in Equation 3.2. Equation 3.4 is also known as the Bellman

Equation [6]. It represents a MDP definition, as the agent’s utility depends not only

on its immediate rewards but also on its future discounted rewards. To solve for u(s),

we use the idea of value iteration, and arrive at the Bellman update equation:

(3.5)ut+1(s)← r(s) + γmax
∑
s′

P (s, a, s′)ut(s′)

The solution to Equation 3.5 will give us the policies of the agent, including the

optimal policy. Using a value iteration algorithm, the optimal policy for the thermal

agent is calculated in the next section.
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For the energy management system designed in this thesis, a thermal agent is

needed for handling the HVAC. The thermal agent has been designed with 4 states

and 3 possible actions as outlined in Table 3.1.

Table 3.1: States and Actions for Thermal Agent

State Description
1 Ideal Temperature
2 Too Cold
3 Too Hot
4 Intermediate
Actions Description
1 Decrease furnace strength
2 Increase furnace strength
3 Do Nothing

Next, the transition functions (probability) for the movement between states for

the agent were defined. A non-deterministic model is used as is the case in the real

world. A certain action in a certain state might not always cause the agent to go to a

particular state, even though it is very likely to. For instance, the transition function

for movement to state 4 from state 1 by taking action 1, which translates to the

probability of going to the state of intermediate from the state of ideal when furnace

strength is decreased, is 0.7. A 0.3 probability is assigned to the possibility of the

agent going directly to a state of too cold. Table 3.2 lists some of the other transition

functions defined for the thermal agent, and Figure 3.1 presents all the probabilities

assigned.

Before the value iteration algorithm was applied to calculate the policy of the

agent, a stopping point was defined. The evolution between the states will stop

depending on the maximum change δ allowed in utility values of the states. The

relationship between δ and the discount factor γ is given in 3.6, where ε is the error

tolerance.

(3.6)maxδ =
ε(1− γ)

γ
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Table 3.2: Some transition probabilities for thermal agent

s a s’ T(s,a,s’)
1 1 2 0.3
1 1 4 0.7
1 2 3 0.3
1 2 4 0.7
1 3 1 1

Figure 3.1: Transition probabilities for thermal agent

40



The initial values for u(s) were set to zero, a maximum allowed error of 5% was

specified along with a discount factor of 0.5(the agent is penalized 50% of it’s reward

every time it moves between states). This gives us a maximum δ of 0.05 (from

Equation 3.6). The results of the value iteration algorithm is presented in Table 3.3.

Table 3.3: Utility values through each iteration

u(s)
Iteration 1 2 3 4

0 0 0 0 0
1 1 0 0 0
2 1.5 0.1 0.1 0.25
3 1.75 0.22 0.22 0.4
4 1.875 0.2990 0.2990 0.4925
5 1.9375 0.3458 0.3458 0.5435
6 1.9688 0.3716 0.3716 0.5708

The algorithm stops after six iterations because the change in utility values of

state 1 between iteration 5 and 6 is 1.9688 − 1.9375 = 0.0313, which is below the

maximum δ of 0.05. This is shown graphically in Figure 3.2.

Another scenario was considered where the discount factor was prescribed to 0.7

(agent is penalized only 30% per move between states), which changes the maximum

allowed δ to 0.0214. The same value iteration algorithm was applied, and the results

are presented in Figure 3.3.

As can be seen, the utility function converges (goes below the maximum allowed

delta) after 12 iterations. According to our definition of the problem before, this was

expected. As there is less penalty for moving between the states, the agent is going

to try to maximize utility but considering more moves than in the first case, where

the penalty for movement was higher.

With the final utility values obtained, the policy of the agent can be calculated

using Equation 3.3. The policy of the thermal agent is presented in Table 3.4.
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Figure 3.2: Change in δ through iterations (ε=5%, γ=0.5)

Figure 3.3: Change in δ through iterations (ε=5%, γ=0.7)
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Table 3.4: Thermal Agent Policy

State Preferred Action
1 3
2 2
3 1
4 1

The results translates to the agent doing nothing (Action 3) while in ideal tem-

perature state (State 1), and would increase temperature (Action 2) when in State

2. This decision that has been reached via the iterative solution, is exactly what an

ad-hoc solution would suggest. This validates the value iteration algorithm used for

solving the bellman update equation, and in turn calculating the policy of an agent.

The value iteration algorithm has been used to solve the Bellman update equation

and hence calculate the policy of an agent. As seen in Figure 3.2 and Figure 3.3, the

agent performs as expected, and an optimal policy is chosen. However, the optimal

policy that is reached is dependent on the different states of the agent and the actions

possible for it to take. It does not depend on actions or states of other agents that

are present in a multi agent system. To incorporate the effect of other agents in the

system, and to calculate an optimal policy based on that, a few different techniques

can be used.

The most simplest technique would be to incorporate the effect of the agents

into the transition values (T ). In a simple case where there are few agents, with a

relatively low number of states and actions, this is feasible. However, as the agents get

complex and increase in number, the calculation of transition functions incorporating

the effect of all the agents present in the environment becomes extremely difficult, if

not impossible. Also, it was defined earlier that agents are intelligent, and have the

ability to learn. With this definition, it becomes even more difficult to calculate the

agent policy using the above mentioned value iteration algorithm as the policies will
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have to be changed because of what has been learned by the agent over time, or also

because of just different inputs it has started receiving. Machine learning algorithms

can overcome this problem, and help in building multi-agent systems where each of

the agents learn how to do a specific action.

Machine learning algorithms for multi agent systems are defined as the algorithms

that increase the ability of an agent to match a set of inputs to the corresponding

outputs [55]. If we assume there is an input/output pair {a,b} out of a set of such

pairs E, where a ∈A, and b∈B, where A is the set of inputs and B is the set of outputs,

the learning function must map A→B for every input/output pair {a,b}.

For any problem, multiple learning algorithms will correctly map every element

in set A to B, but some algorithms will be more efficient than others. Given the same

set of input/output pairs, two learning algorithms can learn to perfectly classify them

but will have learned different mapping functions. This effect is called the induction

bias or a learning algorithm [6]. This induction bias is what causes some algorithms

to perform better than others in certain sets. But, also as defined by Wolpert and

Macready in [56] in the no free lunch theorem [56], there is no one learning algorithm

that will out perform others all the time.

In a MAS, there is no fixed set of input/output pairs {a,b} as discussed earlier;

because the agents are always in different states, and taking different actions, the

input/output pairs keep on changing. As seen in earlier sections, an agent in a multi-

agent application might not know the reward that it will receive for the different

actions, and a random action must be taken to explore the world, to find the best

payoff and find the preferred action.

The Q learning algorithm developed by Watkins and Dayan [57] is a popular learn-

ing algorithm for use in an agent based system. It is used to find the optimal policy

of a agent, similar to the value iteration algorithm. The concept of the algorithms are

very similar except for the major difference in learning. The value iteration algorithm
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has no learning abilities, but Q learning introduces two new concepts: the learning

rate, and the exploration rate. The learning rate is a measure of how much emphasis

is put on new rewards, compared to the learned values, whereas the exploration rate

is required to make sure the agent considers other actions, and the rewards associ-

ated, without converging to a solution too quickly. These values are both normalized

to be in between 0 and 1. The problem associated with the Q learning algorithm is

the same as what was found with the value iteration algorithm: only one agent is

considered at a time. In the Q learning algorithm, only one agent can learn at a time,

and collective learning is not possible.

A way to incorporate actions and states of multiple agents is to reach an equi-

librium point different than that desired by the Q learning and the value iteration

algorithms. A Nash Equilibrium can be defined for a MAS. In game theory, Nash

equilibrium is a solution concept of a game involving two or more players, in which

each player is assumed to know the equilibrium strategies of the other players, and

no player has anything to gain by changing only his own strategy unilaterally [54]. In

the case of a MAS, the Nash equilibrium point is the set of policies for a set of agents,

such that no one particular agent, acting alone, will gain anything by changing its

policy from the equilibrium point. It has been shown in [54] that a Nash equilibrium

point always exists. An algorithm that can achieve a Nash equilibrium is presented

in Appendix C.

3.2.2.3 Output

With the inputs and the behavior of the agents that makes decisions based on

the inputs designed, the next step is to analyze the outputs of the agent. After the

decision is made from the behavior section of the agent, what are the outputs and

how are they to be presented in the system. The output of the agent deals with the

answers to the following questions:
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1. What are the outputs of the agent ?

2. How is the output seen by the system ?

• Direct action on the physical system ?

• Information provided to another agent(s)?

For example, the output of a comfort agent in a building, which decides what is

the current level of user comfort in the building, has an output of comfort level. There

is no direct action onto the physical system, but instead, the information about the

current comfort level is provided as input to other agents that might require it in the

system. On the other hand, a thermal agent that controls the building furnace will

modulate the physical furnace strength output i.e. the amount of Btu/hour required

by the furnace.

3.2.3 Communication Model

With the agent model completed in the design methodology, the next step is to

look at both the environment and the agent models, and the relationships present in

them, agent-agent relationships and agent-environment relationships. The communi-

cation model of the design methodology is concerned with the flow of data between

the agents and the environment to maintain these relationships. Both the inputs and

the outputs of the agent model have to be re-visited to decide on which data is to

be transmitted. In communication, care needs to be taken to maximize the com-

munication with the least bandwidth. This leads to making decisions answering the

following questions:

1. What will be the frequency of communication between agents/environment ?

2. What communication speed is required for agent functionality ?

3. What type of data needs to be communicated ?
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The communication model is more concerned with the implementation of the

MAS, and the answers to the questions above will help in selecting the communication

protocol, technology and the content of the messages that are passed between the

different agents and the environment.

As a conclusion for this chapter, the flowchart in Figure 3.4 presents the MAS

design methodology used in the thesis. As discussed before, the analysis phase begins

with the environment model, where the system is studied, and specifications are

set. The analysis phase continues on to the Agent model, where goals and sub-goals

are studied further, and broken down into tasks. These recognition of these tasks

eases the transistion to the design phase of the MAS design methodology. Here,

the individual agents are defined: inputs, behaviors, and outputs. The behavior

of the agent is crucial in agent development, and different algorithms, techniques

are studied and selected according to the behavior of the agent. The final part

of MAS development is the communication model, where according to the inputs,

behaviors, and outputs of the agent, the communication requirements are studied,

and appropriate communication protocols are selected for use in the MAS.
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Figure 3.4: Flow Chart Outlining the MAS Design Methodology Used in Thesis
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CHAPTER 4

IMPLEMENTATION: THERMAL MODEL AND MAS

In this chapter, a building model has been developed and using a MATLAB and

Simulink based environment in order to allow full-fledged co-simulation with a multi-

agent based control. The MAS methodology outlined in Chapter 3 will be used to

design and implement a MAS based temperature control of a proposed commercial

building.

4.1 Building Model

The mathematical model for the thermal performance of a section of a commercial

office building was developed Section 2.2. An equivalent thermal circuit, analogous

to an electric circuit was developed, and so were the corresponding differential equa-

tions. Using traditional mathematical techniques, the differential equations have been

stacked using State Space notation, and the following matrices were obtained (Equa-

tions 4.1 and 4.2).

(4.1)A =


−1.38 0 0 0 0 0.03

0 −0.47 0 0 0 0.01
0 0 −0.06 0 0 0.06
0 0 0 −0.042 0 0.04
0 0 0 0 −0.07 0.07

0.73 0.21 3.66 2.07 1.61 −8.25



(4.2)B =



0 0 0 1.3514
0 0 0 0.4607
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0.0008 0

0.0185 0.0185 0 0


For a complete state space solution, we also require two more matrices: C and D.

Matrix C is the output matrix, and for the purpose of this thesis, we are only con-

cerned with the temperature of the air inside the room (Tai), as opposed to the other

49



states that were defined in Section 2.2. Since only the last state of all the states is

required, C can be defined as:

(4.3)C =
[
0 0 0 0 0 1

]
The matrix D is a feed-forward matrix, and since in our system we do not have direct

feed-through or feed-forward, the D matrix is a zero matrix.

(4.4)D =
[
0 0 0 0

]
4.1.1 Open Loop Test

With the State Space matrices defined, the State Space Model block of Simulink

was used to create a prescribed model of the building. The model has four inputs as

discussed in the previous chapter:

1. heat from solar glazing,

2. heat gained internally in the building,

3. outside temperature,

4. and the building heating system.

The output of the system (from the definition of the C matrix) is the inside air

temperature. To test the operation of the mode shown in Figure 4.1, a very simple

open-loop system was designed in Simulink for simulation.

For this test, the external temperature is kept at a constant 65◦F, and the heat gain

from solar glazing and the internal heat gains are neglected. The furnace capacity, as

discussed in Chapter 2 is selected to be 30,000 BTU/hr. The output of the system is

plotted, and presented in Figure 4.2 (the temperature of the air inside the building

Tai).

From the figure, one can see the indoor temperature rises to 70◦F in less than half

an hour. Given that the outdoor temperature was set to a 65◦F , and all the internal

temperatures were initialized to 32◦F, this is verified as a reasonable result.
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Figure 4.1: Simulink Model for Open Loop Test

Figure 4.2: Results of an open loop simulation.
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4.1.1.1 Initial Conditions

The performance of the building thermal system in simulation is directly related

to the initial conditions. There are no specific initial conditions of a building and thus

the initialization value of 32◦F was adopted in this study. The effect on performance

due to different initial conditions have also been investigated. In Figure 4.3, it can

Figure 4.3: Open loop performance with different initial conditions

be clearly seen that the rise time is affected by the different initial conditions. This

is a very intuitive result: if the building is already warm, it will rise to a set higher

temperature faster than if it were at a very cold initially. However, it should be

noted that the envelop of the curves in both Figure 4.2 and Figure 4.3 remain the

same. Moreover, it is very unlikely that once a building has been built and is in

operation, that the initial condition will have to be dealt with many times. Thus,

the change in performance in the open loop simulation is noted, but is neglected, as

it is a condition not likely to occur in real-life situations. In addition, because the
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development of the control for this thesis is more concerned about the energy usage

in a building in the longer run compared to the first couple of hours of operation. As

a result, the performance of the building model looks promising.

4.1.2 PI Control

Before implementing a MAS based control scheme for the building area developed

earlier, a simple PI based control was applied to the building model and the perfor-

mance was analyzed. The set point for temperature was set at 72◦F for the working

hours (between 8 AM and 5 PM) and otherwise at 65◦F. The furnace and the sensors

were modeled as time delays in the system as there will always be a lag in sensing as

well as in furnace operation. The simulink model is shown in Figure 4.4. For the sake

Figure 4.4: PI based temperature control

of simplicity, the heat gain from solar glazing and the internal temperature gains are

neglected. But, unlike the open loop test in Section 4.1.1, the outside temperature

was not set to a constant value. Hourly temperature values for the month of January,

collected by NREL [37] was used as the input temperature. The simulation was run

for the entire month of January, and results can be seen in Figure 4.5.

Looking at just Figure 4.5(a), it is tempting to invalidate the performance of

the system, because it seems the range of the internal temperature to be large. But,
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(a) Internal Air Temperature (Tai) change under PI Control, for January (744 hours)

(b) Internal Air Temperature (Tai) change under PI Control, between hour 30 and 45

Figure 4.5: Internal Air Temperature change under PI Control
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since Figure 4.5(a) is the result for the entire month, and there are different set points

for different times of the day, a closer look has to be taken, as in Figure 4.5(b). It

is noticeable here that the temperature range is not that high, and control is quite

good. Hour 30 corresponds to 6 AM as it is assumed that hour 0 is midnight. So from

6 AM to 7 AM, the temperature is to be kept around 65◦F and after that to increase

to 72◦F, until the end of the day, corresponding to hour 41, and then decrease to 65◦F

again till the start of the next work day.

4.1.3 Energy Use

It is important to calculate the energy use (in BTU). In the PI control scheme

in Figure 4.4, the output of the PID controller block of SIMULINK is the furnace

control, i.e the level of the furnace strength. If this furnace strength is integrated

over a time period, the total energy usage in that particular time period is obtained

(furnace strength is in BTU/hr, so the integral gives the BTU or energy). The

furnace signal for hours 30 and 45 is shown in Figure 4.6(a), along with the external

temperatures during that period in Figure 4.6(b). It can be observed that the furnace

strength decreases as the external temperature is increasing, which is consistent with

the physical conditions. The chosen time period here was a during a very cold period

in Golden, CO, as the input data suggests. The temperature does not go above 30◦F

for a number of days, and so drastic changes in furnace control are not seen. But in

terms of the operation of the model, it is as expected. The furnace strength does not

cross the maximum value of 30,000 BTU, that was specified in 2. The integral of this

signal, for the entire month (744 hours) yields an energy usage of 5.44e6 BTU for the

entire month.

4.1.3.1 Comparisons

To validate the above calculated monthly energy consumption of 5.44e6 BTU, a

building of similar dimensions and material characteristics was designed in an energy
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(a) Furnace Signal for hours 30 to 45

(b) External Weather for hours 30 to 45

Figure 4.6: Furnace Signal and External Weather for hours 30 to 45
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simulation tool developed by the Lawrence Berkeley National Laboratory (LBNL) and

the United States Department of Energy (USDOE). This software, the QUick Energy

Simulation Tool (eQUEST), allows users to design and perform detailed analysis of

today’s state-of-the-art building design technologies using today’s most sophisticated

building energy use simulation techniques [58]. The interface is very intuitive where

one can see The 3D model of the designed building, and the different energy usage

information obtained is presented in appendix D. For direct comparison with the

energy usage data calculated earlier, Figure 4.7 is very useful. The eQUEST software

was provided with the same weather information, and similar usage patterns as before.

The energy used for only space heating is 6.94e6 BTU, which is higher than the

Figure 4.7: Energy usage of building designed in eQUEST

values obtained from simulation. This discrepancy is not because the PI control

used in this thesis is a more efficient control system, but because of the inability to

replicate exact building parameters used in the modeling methodology in eQUEST.

Materials having exactly the same characteristics as used in the model developed in

Chapter 2 were not available in eQUEST. But, something that showed to be useful

was to observe that the order or magnitude is the same in both cases,validating the

model developed in Chapter 2.
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4.2 MAS Design

With the building model constructed and implemented, the next step is to develop

the MAS to control the temperature in the area modeled. In order to have a complete

MAS design, a methodology has to be followed. For this work, the methodology

for MAS design was developed in Chapter 3. Following the flow chart, presented

in Figure 3.4, we follow the following steps to design a MAS for temperature control

in the building area.

4.2.1 Environment Model

As described in Chapter 3, the development of the environment model of the MAS

focuses on answers to the following questions:

• What are the goals of the system ?

• What are the overall inputs/outputs of the system ?

• What will the system offer to the agents ?

• Can goals be divided to sub-goals ?

• What are the tasks required to fulfill goals ?

For the environment model of the MAS we are developing to control the tem-

perature of the building, the goal of the system is to maintain the temperature of

the area of the building in concern at a comfortable level for the users. Inputs are

essential to keep the temperature at a comfortable level; the inputs to our system are:

weather information (external temperature), human occupancy information, current

temperature (internal temperature), sources of heat. The main output of the system

is the control of the furnace of the building. The various sensor data available is the

overall system’s offering to the agents.
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The overall goal can be divided into some sub-goals. For example, a sub-goal can

be: how much heat is produced from office equipment?. Similarly an example of a

task is to control the furnace of the building.

With this general idea of a thermal system environment of a building present, the

next, and most important, step is to develop the agent model.

4.2.2 Agent Model

After identifying goals, sub-goals, tasks and the inputs/outputs of the system,

the different agents can be developed. The main goal of the system of maintaining

thermal comfort has three major sub-goals:

1. Control the thermal system of the building, making informed decisions using

the inputs available.

2. Calculate the extra heat in the system from electrical appliances

3. Know what the current comfort level is.

With these three main sub-goals in mind, three major agents were chosen: the

thermal agent, the electric agent, and the comfort agent.

The electric agent, is responsible for providing data to the other agents, specifi-

cally the thermal agent, about the amount of heat produced by the electric devices

and appliances in the building area. The inputs to this agent are device usage char-

acteristics throughout the day, as all the devices are not in use all day, as well as

the efficiency data of the different appliances, which is required to calculate the heat

produced (the assumption of energy is wasted solely as heat is made). In this case,

the efficiency data presented in Table 2.3 is used as input, along with typical occu-

pancy behavior from the eQUEST simulation software. The behavior of the electric

agent is very straight forward, and is an algebraic behavior, where the inputs are used

mathematically to calculate the output. The output of the electric agent is a single

BTU/hr value that is provided to the thermal agent.
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The thermal agent, is concerned with the thermal performance of the building.

In this example, the thermal agent, instead of being interconnected with an actual

physical system, is connected with the mathematical model for the thermal system

developed before. There are many inputs to this agent: weather and occupancy

information, current comfort level, and other heat sources except the furnace. The

information about other heat sources are available from the electric agent as discussed

before. The other inputs are available from the sensors in the building, which are

modeled as agents as well, and will be discussed shortly.

The behavior for the thermal agent is more complicated than the electric agent,

as the agent has to decide what comfort level is selected, assessing the different inputs

to make a decision on which actions to take. The Markov Decision Process that is

described in Section 3.2.2.2 is used for the decision making in the thermal agent. The

procedure for developing the MDP is the same as described before, and the policy

is calculated. Instead of using arbitrary values for the transition values as in the

example before, the transition values are calculated using the open loop response of

the thermal model presented in Figure 4.2.

The output of the system is a change-in-the-internal-temperature, as well as the

control command to the furnace. The change in the internal temperature will act as

an input to the internal temperature sensing agent, and the control of the furnace

will be a direct action to a physical system of the building.

The comfort agent is responsible for keeping track of the current comfort level

in the building. The input to this agent is the current average temperature, and

defined comfort levels. The temperature input is received through sensors, and the

defined comfort levels are preset to 72◦F for active building hours, and 65◦F otherwise.

The behavior of this agent is a simple IF-THEN rule base statement, where the

temperature is compared with the comfort level temperature, and the comfort level

is decided. The output of the agent is the current comfort level, which will act as the
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input to the thermal agent.

The temperature sensor (both external and internal) are also modeled as agents,

but they have very simple models, as the inputs is the data that they obtain, which is

passed to the behavior section of the agent. The behavior depends on the number of a

type of sensor present; if there are multiple external temperature sensors present, the

average is taken, and provided as output, otherwise a direct output=input relationship

is maintained by the behavior section of the agent.

4.2.3 Communication Model

The communication model is, as described in Chapter 3, is dependent on the

answers to the following questions:

1. What will be the frequency of communication between agents/environment ?

2. What communication speed is required for agent functionality ?

3. What type of data needs to be communicated ?

For this example, the frequency of communication has to be high between the

sensor agents and the comfort agent, as maintaining the thermal comfort is the main

goal of the MAS and the sensors are the way to find out what the comfort level is

currently. The frequency of communication between the electric and heating agent

can be flexible, as it heat produced by electric appliances does not change very fast,

and follows a pattern. The speed is of concern when this MAS has to be implemented

in a actual physical environment, but now, since it is simulation, the speed of commu-

nication is not an issue. Most of data to be communicated is numerical or text data.

As this example is relatively simple, complex data structures for communication do

not need to be created.

This section concludes the design of the MAS for maintaining thermal comfort in

a building. Next, a discussion on the actual software implementation of the MAS is

discussed.
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4.3 MAS Implementation in Software

There are several MAS development platforms available, such as NetLogo [59],

which has been developed by researchers at Northwestern University. It is a very

useful MAS simulation environment, using the Logo programming language, which

does not allow it to use many new libraries available in other programming languages

such as C, C++, Java, and Python. Logo, is, however, an easy language to learn and

makes NetLogo an ideal MAS implementation platform for quick simulation studies.

The Java Agent DEveleopment Framework (JADE) is another such MAS development

platform, which as the name suggests, is based on the Java programming language.

Java is a widely used programming language for different purposes. There is a lot

of support, as well as a diverse pre-written libraries, are readily available. Java

has built-in, robust multi-threading libraries available to use, and JADE takes full

advantage of this feature. Also, for the previously mentioned problem of lack of socket

programming in MATLAB, this is not present in Java, and consequently not available

in JADE as well. Therefore, the author of this thesis decided to choose JADE as the

MAS implementation platform mainly because of their programming and software

robustness.

By choosing a different platform than MATLAB for the development of the control

system, the problem of interconnecting the building model (developed in Simulink)

and the MAS control arises. To overcome this problem, the possibility of developing

the building model completely in Java was explored, but due to the rigorous program-

ming required, compared to the relatively easy implementation in Simulink, the idea

has been dropped (but maybe it could be explored by a computer science focused

research). Using the previously mentioned MEX files and the Python interface, the

development of a middleware to connect the JADE models to the Simulink models

was also explored, but because of the extensive low level programming knowledge

required, and the very difficult task of keeping track of simulation time between the
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two platforms, this idea has been also left.

It has been found through literature review that a middleware, similar to the one

described in the previous paragraph, has been developed by Charles Robinson at the

University of York [60]. This middleware, has been named as MACSimJx. It performs

exactly what is required for the control implementation required in this thesis. It pro-

vides two-way communication between the Simulink model and the control system,

while perfectly keeping track of simulation time. When running a simulation, time is

very important, as it dictates the sequence of events, and is vital in calculating pro-

cess timings and other timing data. When a software simulation invloves two different

platforms, like we have in this work, the same simulation time has to be maintained

between all the platforms. It it extremely important for the building simulation in

SIMULINK and the control system in JADE share the same time, otherwise the con-

nection between the two platforms will be useless. All the JADE functionalities are

available throughout the system, as well the Simulink capabilities. Figure 4.8 graphi-

cally shows the interaction between Simulink and the JADE agents. The MACSimJx

Figure 4.8: The Interconnection of Simulink and JADE using MACSim

middleware uses the Multi-Agent Control for Simulink (MACSim) engine, which is

a medium through which a program for implementing agent designs developed in

C/C++ or Java might pass data to and from Simulink. It uses a client/server ar-

chitecture: the MACSim client runs within Simulink (as a S-Function block) and the

server runs as a standalone software, which has open socket connections for multi-
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threaded MAS implementation software such as JADE. MACSimJx is specifically de-

signed to make the connection to JADE easier. The Agent Task Force in Figure 4.8 is

another name for the collection of agents and their interactions. A screen shot of the

initialization of MACSimJx, along with Matlab and JADE is shown in Figure 4.9.

Figure 4.9: A screen shot of the initialization of MACSimJx

4.3.1 Agent Implementation in JADE

With the agents designed and ready, JADE is used for implementation. JADE

has a system of agent implementation that is very easy to understand and learn. The

programming language used is JAVA, and most of the common agent functionalities

and behaviors are provided as in built library functions.

4.3.1.1 Behaviors

JADE makes the development of agents easier by separating the two most impor-

tant aspects of an intelligent agent: the agent behavior class, and agent communica-

tion class. As the name suggests, the behavior class of an agent in JADE is concerned

with the actions of the agent. The behavior class is further divided into three main

categories:

• One-shot behaviors (jade.core.behaviours.OneShotBehaviour)
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• Cyclic behaviors (jade.core.behaviours.CyclicBehaviour)

• Generic behaviors (jade.core.behaviours.SequentialBehaviour)

The names of the different categories are self explanatory. Using these different

behavior categories, the algorithms mentioned in 4.2.2 can be implemented. The

Markov decision process algorithms such as the value iteration algorithm is imple-

mented using the generic behavior class present in JADE. One-shot behaviors are

generally used for emergency situations, where a single action needs to be taken once

when a certain input is received or when the environment the agent is in changes.

4.3.1.2 Communication

JADE implements a asynchronous message passing communication paradigm. In

this paradigm, every agent has a quasi mailbox, which is also known as the agent

message queue [61]. In this queue the JADE run time posts messages that are sent

by the other agents. Whenever a message is posted in the queue, the receiving agent

is notified. The timing to read and use the message can be dictated in the design of

the agent. Since a protocol has to be used to keep messages standard across agents,

and avoid miscommunication, JADE employs the famous Agent Communication Lan-

guage (ACL). Syntax for the ACL language is very intuitive and documentation easily

available, making implementation very easy. In the simulation for this work, the mes-

sages being passed by agents are not very complex, and generally consist of plain text.

For these purposesl ACL is appropriate, as it accomodate these messages, and the

functionality is in-built in JADE, making it rather easy to implement.

With the mathematical and computational modeling and implementation of the

different models conducted as discussed in this chapter, the implementation of MAS

using Matlab/Simulink and MACSim has been outlined in this chapter. In the next

chapter, the control implementation of the proposed MAS is combined with the de-

veloped thermal model of the building and several case studies will support their

65



performance improvement.
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CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, results for the implementation of temperature control for a com-

mercial building, as supported by model developed in Chapter 2 and using the MAS

control strategy developed in Chapters 3 and 4 is presented and discussed. Various

scenarios for building control are evaluated, and the performance in terms of energy

usage in the building area plus the computational performance of the control system

are discussed. The first couple of scenarios deals with simple control strategies using

MAS architecture, and analysis is done to compare it with the traditional control

methods presented in Chapter 4 in order to corroborate the proposed design method-

ology in Chapters 3 and 4. The performance of different MAS strategies are com-

pared and, eventually, an advanced event scheduling MAS strategy is implemented,

involving multiple thermal zones of the building, showing how the energy usage can

be improved with some knowledge of occupancy and some degree of user interface

capability provided by the event scheduling MAS control.

5.1 Case 1: Simple Reactive MAS Control

In order to test the MAS based control, the PI control presented in Section 4.1.2

is replaced with a MACSimJX client block (represented by a s-function) in Simulink.

The complete Simulink model is shown in Figure 5.1. The Simulink model although

Figure 5.1: Complete Simulink Model using MAS Control from MACSimJX
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looks very simple, has all the sophisticated control algorithms and decision making

is embedded into the MACSim S-Function. The state space model of the building

requires 4 inputs (weather information, heat gain from solar glazing, heat gains from

internal sources, heat from furnace), and the output of the MACSim block has 4

corresponding output variables. The MACSim block seen in Figure above contains

the functions to run the MACSim server, and connect with JADE; it is actually the

complete MAS with all the agents, and their behaviors.

For this scenario, a simple bang-bang control for the furnace was used. The

weather data was the same as used before in Section 4.1.2. As mentioned in Sec-

tion 4.2.2, the electric agent’s behavior was programmed to by cyclic with a typical

electric demand for a typical office setup. The electric agent’s output is connected

directly to the state space block’s Qe input. For this simple case, the fuzzy logic

based comfort agent was not used, specific temperatures of 72◦F and 65◦F were used

as described in Section 4.1.2. The results obtained for temperature control for this

scenario is presented in Figure 5.2(a) and Figure 5.2(b).

Comparing the results in Figure 5.2 to Figure 4.5, the overall response of the

system variables(time, Tai) are seen to be similar, but with a lot of noise present in

the MAS based output. This noise is present because of the on/off based furnace

control, and rigid set points for the temperature in the comfort agent. This noise

results in comparatively fast fluctuations in the indoor air temperature, which may

not be desirable in terms of comfort. Even though the average of the temperature

over time will result in the desired temperature, the constant fluctuation will make

the building users very uncomfortable.

5.1.1 Energy Usage

To calculate the energy usage, the concept of integrating the furnace signal in-

troduced in section 4.1.3 is used. Performing the integral for the furnace signal for

the entire month of January, gives 5.128 × 106 BTU. This value is very close to the
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(a) Internal Air Temperature (Tai) change under simple MAS control, for January
(744 hours)

(b) Internal Air Temperature (Tai) change under simple MAS control, between hour 30 and 45

Figure 5.2: Internal Air Temperature change under simple MAS control
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value calculated using the PI control. Even though this total energy usage value is

lower than that calculated under PI control, it is only due to the nature of the on/off

control used, and is not an advantage introduced by a MAS. The furnace signal for

hours 30 to 45 is presented in Figure 5.3. A value of 1 corresponds to the furnace

being on and 0 to it being completely off. While integrating, the ON value was taken

to be 30000 as that is the full strength of the furnace (30,000 BTU/hr).

Figure 5.3: Furnace signal between hour 30 and 45

5.1.2 Communication

JADE has a pre-installed agent named as Agent Sniffer, which allows for the

sniffing, or viewing of the communication between the agents as the agents operate.

The sniffer agent has been activated for some cycles to observe the communication

between the three agents in the simulation. A screenshot of the sniffer agent is

presented in Figure 5.4 The df agent that is seen in the figure is directory facilitator

and it acts as a yellow pages for the enviornment, having all the communication

information available, and also acts as the agent that supplies environment values

(in this case the sensor information from the building model). Hence, we can see

the comfort agent requesting information the df agent, which in this case would be

temperature information or Tai from the model. The red lines indicate when an agent
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Figure 5.4: The sniffer agent detailing agent communication for case 1

takes an action, so the red loop for the thermal agent represents the thermal agent

controlling the furnace.

Just as expected, the comfort agent first requests temperature information, and

when it is informed about it, and it calculates that the comfort level has changed, it

informs the thermal agent, which at that time requests information from both the df

and the electric agent for weather, and electric demand data. once that is received,

it takes appropriate action on the furnace, either turning it on or off.

5.2 Case 2: Fuzzy logic based comfort agent

A fuzzy logic based agent has been implemented in order to prevent fluctuations

in the internal temperature of the building. The behavior of the comfort agent had

to be changed in order to incorporate a range and minimize the rapid fluctuations

(chattering) in the furnace signal control. The design methodology presented in

Chapter 3 has been followed, but no changes in the environment were made; the only

modification was in the behavior section of the comfort agent. The inputs and the

outputs of the comfort agent were to remain the same as before.

71



So, to define the new comfort levels, fuzzy logic membership functions were

used. Figure 5.5 details the membership function for the output. As discussed in

Chapter 3 and 4 four regions are defined for the temperature level, and consequently

the comfort level: too cold (TC), ideal(ID), too hot(TH), and intermediate. Two

membership functions were used for the intermediate state (INC, INW). The entire

Figure 5.5: Output Membership Functions for Fuzzy Logic Behavior of Comfort Agent

fuzzy logic subsystem in the comfort agent, including the implementation of the mam-

dani type fuzzy inference system was done using the jFuzzyLogic open-source library

available for Java [62]. The jFuzzyLogic library is very easy to use for someone who

is familiar with the Fuzzy Logic Toolbox in MATLAB. The developers of this toolbox

were inspired by the MATLAB toolbox, and have tried to make every functionality

from the toolbox available for the Java environment. For implementing the mamdani

type inference system, a set of rules to map the input membership functions to the

output membership functions were defined. There is a detailed and complete fuzzy

model, plus the set of rules in the CD-ROM accompanying this thesis.The following

results were obtained, with the modified fuzzy based behavior of the comfort agent

( Figure 5.6).

The fluctuations have decreased when compared to the previous results, and has

increased the temperature tolerance of the building. This is because there is a proper
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(a) Internal Air Temperature (Tai) change for January (744 hours)

(b) Internal Air Temperature (Tai) between hour 30 and 45

Figure 5.6: Internal Air Temperature change under MAS control with fuzzy based
control agent
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range owing to the membership functions, rather than the set points of 72◦F and

65◦F as before, as allowed by the fuzzy membership. The increase in tolerance can be

seen in Figure 5.7. In addition, observing the furnace signal(in Figure 5.8), shows less

Figure 5.7: Internal Air Temperature with and without fuzzy based behavior

fluctuations in the actual furnace signal, which in turn results in better performance

and improved reliability (since there are less cycles of turning on and off).

Figure 5.8: Furnace signal when fuzzy based comfort agent is used
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5.2.1 Energy Usage

As explained previously, the energy usage can be calculated by integrating the

furnace signal over time. For the fuzzy logic enabled MAS control system, the total

energy usage for the month of January was calculated to be 4.981×106BTU. This value

can be compared to the energy usage value in the previous case as the only change in

the current case was the implementation of the fuzzy logic system. Since the furnace

is not switching constantly like previously, the energy usage is lower by (2.87%). This

decrease in energy usage is possible because of the advanced performance attributed

to fuzzy logic behavior in the comfort agent.

5.2.2 Communication

The sniffer agent in Jade makes it easy to visualize agent communication. The

sniffer agent for this case is presented in Figure 5.9. Although there is more commu-

Figure 5.9: The sniffer agent detailing agent communication for case 2

nication between the df and comfort agent about temperature, only two actions on

the thermal agent are seen. This corresponds with the graphs observed earlier on the

switching of the furnace and the temperature control. Due to the fuzzy membership

functions, change in the comfort level is not so frequent as it was in Case 1, showing
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some improved performance of the system operation.

5.3 Case 3: Revising MAS with new agent

In order to demonstrate that the proposed design methodology for MAS described

in Chapter 3 can be used in redesigning an existing MAS without complete system

overhaul, a new goal is added to the system: scheduling meetings for building users

while minimizing energy usage. In this case, the following assumptions are made:

that there are 2 meeting rooms available, in two separate parts of the building, with

different thermal characteristics. This requires that the thermal system of the new

meeting room in a different part of the building be modeled. Figure 5.10 shows the

floor plan of the other part of the building considered in this case. In this section of

Figure 5.10: Floorplan of a different section of the building
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the buildling, there are mainly cubicles, as well as a conference room. There is no

kitchen as the previous area, and office equipment is limited to personal workstations

of the building users in that area. The occupancy information of this area is also

provided. The matrix developer script discussed in 2 is used to find the A and B

matrices (Equations 5.1 and 5.2).

Figure 5.11: Matrix Developer to Calculate A and B

(5.1)A =


0.7888 0 0 0 0.0166

0 −0.0679 0 0 0.0679
0 0 −0.0474 0 0.0474
0 0 0 −0.1018 0.1018

0.4147 4.1475 2.3700 2.2619 −9.1941



(5.2)B =


0 0 0 1.3514
0 0 0 0.07722
0 0 0 0
0 0 0 0
0 0 0.0008 0

0.0185 0.0185 0 0


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With the physical system designed, we follow the MAS design methodology to

complete the design.

5.3.1 Environment Model

A new goal has been added to the system: Schedule meetings for building users

while minimizing energy usage. The physical system has also changed, as there is a

new section of the building; which increases the amount of inputs available. Even

though the characteristics of the inputs are the same, there are a set available, the

same inputs of sensor data of the new building area are also available. Since there are

two different areas, and the new goal has to deal with both of them, a new sub-goal is

defined: compare energy usage between two zones. This can be further divided into

a task: calculate energy usage in zone. With new goals, sub-goals, and tasks defined,

the agent model can be developed.

5.3.2 Agent Model

The addition of a new building area to the model requires new agents to be

created. Before considering the new goals and tasks, just adding the new building

area to the physical model will require an additional instances of the same agents

developed before. So, there will be a comfort, thermal, electric agent for this new

zone, that are separate from the ones created before, but are functionally identical.

This reiterates a common property of a MAS that there is a possibility of a lot of

instances of similar agents, just like objects from classes in a OOP paradigm.

The next step is to address the new goals and the related tasks of the system along

with the new inputs to the system such energy usage information of both zones. The

major agent that needs to be added to address the new goal is meeting agent .The

meeting agent will be responsible for the scheduling of the meeting according to the

energy usage. The inputs to the agent will be a meeting time and energy usage at said

time in both zones. The meeting time is a user input; the building user who wants to
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Table 5.1: Zone selection according to meeting times

Time Zone

9:00 AM Zone 2

11:00 AM Zone 1

1:00 PM Zone 1/Zone 2

3:00 PM Zone 2

schedule a meeting will provide this information. The energy usage information is a

result of calculations from other agents, namely the thermal agents of the respective

zones. The output of this agent is information back to the user who provided the

input. The output is either ’Zone 1’ or ’Zone 2’, depending on the decision according

to the behavior.

5.3.3 Communication Model

The communication model remains mostly the same, with just some added com-

munication between the new agents. No change in the frequency or speed of the

communication is required.

With this setup for the building zones, and the design for the new agent, the

following results were observed:

The meetings at 9AM and 3PM were assigned to Zone 2 and one at 11AM to

Zone 1, but the meeting at 1PM was never fixed at either zone, every trial would

produce a either Zone 1 or 2, it was not consistent. Further analysis showed that

while scheduling at 1PM, the agent stayed in the no concensus state and because of

the probability assigned from there for no action, it would move to either Zone 1 or

Zone 2 arbitrarily. Without further information, there was definite incentive for the

agent to move to a particular state.

The reason that it required more informatoin was because at around 1PM, the

energy use for maintining comfort at either location is calculated to be very close to

each other, and since no more information that could be provided would break this
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tie, this problem of choosing the two zones arbitrarily was found.

At 11AM, total energy consumed was 4.2× 105 BTU in the two zones combined

with the meeting happening in Zone 1. Forcing the meeting to be in Zone 2, instead

of 1, and calculating the total energy consumption resulted in 4.168×105 BTU, which

could have been the result if the MAS was not used and the meeting zone selected

randomly. This results in an energy savings of 0.8%.

5.4 Network Performance

One of the advantages of using a MAS is the ability to have distributed computing

resources. This feature requires the use of networks to connect all the computing

resources. For the experimentation performed in this thesis, in all the presented

cases, two simple network scenarios were conducted:

1. Connect the agents to a large, campus-wide, network at Colorado School of

Mines,

2. and connect the agents to a small, local network with only the agent communi-

cation as traffic on the network.

The lag in information between sending/receiving has been the main observation

in this section. In a large network environment, the time for information relay was

0.15ms (average) , with some worst case scenarios the lag reached up to 6ms. For

a vast majority of the time, the lag time stayed around the 0.15ms mark, but there

were some events with very poor performance. In a smaller, local network, the time

was very consistent and averaged 0.10ms. For a continuously network performance of

observation test for 2 hours period there was no faults and no spikes of large . With

these results in mind, it is possible to confirm that the proposed MAS control can

be implemented in any building network (on its own subnet), and it seems that is

feasible that the MAS can run on the same network, with the internet or any other

data network.
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CHAPTER 6

CONCLUSIONS

As computer aided technologies have been supporting a rapid growth in most

of the applications in the world, it seems very plausible to further integrate such

technologies in physical systems. The work in this thesis identified the problems

that are present in performing such integration, and developed as well as analyzed

one possible solution using Multi Agent Systems to overcome challenges presented by

modern smart buildings.

The work conducted in this thesis was split into two major parts: 1) to develop a

mathematical model for a building, allowing control methodologies to be applied and

interactively simulated, and 2) to design and implement a multi-agent based control

system in order to improve the computational performance of energy management

control of buildings.

6.1 Thesis Contributions

The literature review of Chapter 1 gave a complete overview of the state of art for

Cyber-Physical Systems, some of their applications as well as the problems associated

with their use in real world situations. Background information of building systems,

and the ideas involved in their mathematical representation were also provided. Even-

tually, an introduction to a relatively new computational paradigm for modeling and

control i.e. Multi-Agent Systems, has been provided, and the use of such a system

for use in buildings has been discussed, in order to support the contributions for this

thesis.

In Chapter 2, the physical properties of an office building system were defined, and

a general solution for mathematical modeling of the building was discussed. Using a

general solution, a section of the building was selected and represented in state-space

81



form using a lumped parameters model. In order to extend the model to any size or

configuration of any building, a GUI based program was developed to provide state

space matrices for different building configurations.

Chapter 3 dealt with designing a complete multi agent system. Being such a new

paradigm in computer science and engineering, there is no proven methodology of

design yet. Therefore, one of the contributions in this thesis is to analyze how MAS

can be designed based on to object oriented programming. A review of the most

prominent existing design methodologies was presented, followed by the discussion of

an ad-hoc methodology that might be best for the current research. This showed to

be very useful and the flexibility of this methodology was discussed in detail, using

examples of a complete building energy management system.

In Chapter 4, the physical building model was implemented in Simulink and was

successfully validated, by running an open loop test, as well as a closed loop PI

control. The performance of the thermal system of the building, mainly temperature

control and total energy usage, was analyzed and compared with available energy

simulation tools. Following the physical model development, the multi agent system

was developed using the methodology proposed in Chapter 3. Detailed discussions

of each step in the design process were provided. Implementation details, including

choice of software, classes used in the programming of the agents, and overall system

configuration parameters were discussed.

Chapter 5 presented some case studies with different types of MAS control sys-

tem implementation. The case studies ranged from simple reactive control, to more

complex such as machine learning enabled concepts. The performance of the building

model as well as the control system were analyzed and compared with each other,

and also with other forms of control, and the flexibility of redesign procedure, as

outlined in Chapter 3 was applied in order to incorporate a fuzzy behavior in the

comfort agent, showing improved performance and supporting the proposed design
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procedure.

6.1.1 Conclusions

Based on findings supported by the previous chapters, it can be accepted that

a MAS based solution for a Cyber Physical application definitely holds great po-

tentials and promises. While it might not be applicable for every CPS case, it is

definitely applicable for a smart building, and makes an improved decision making

process possible. Using MAS allows the use of advanced computational methods such

as artificial intelligence (involving fuzzy logic systems, and machine learning) and dis-

tributed computing. The case studies presented in this work were not emphasized

in showing that a MAS is more energy efficient than any other control/computing

paradigm. But it has supported that an overall paradigm shift of distributed control

can be implemented. It is expected that when a complete building energy manage-

ment system is implemented using MAS, it can also be a more energy efficient solution

than standard control, particularly in long term range, and this full-fledged design

can be subject of further research work.

6.2 Future Work

There are various avenues for future work that are available from this thesis. Some

of them are listed below:

1. A more extensive model of a building can be developed incorporating zonal

heating, and much deeper integration of the electrical system of the building.

The model also needs a more robust model of the furnace of the building,

compared to the time delay approach used in this work. Cooling of the building

should also be considered as that is a large user of energy. The thermal agent

can be expanded to include other thermal systems that might be present in a

building such as a boiler or a chiller.
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2. The electrical agent, which only acts as a demand curve supplying agent cur-

rently, can be expanded for an energy dispatch agent, which can communicate

with the heating system. This would also require models of renewable energy

sources present in the building to be modeled.

3. With further development of the agents, newer algorithms for learning, bargain-

ing and negotiation can be explored for multi agent interaction.

One of the main aspects of a cyber-enabled physical system is to implement the

cyber aspect to control or enhance the physical aspect. In this thesis, no real interac-

tion between the cyber and physical systems were presented (no real world, hardware

implementation was done). There is a lot of potential future work in the real world

implementation of MAS for CPS. With computational power becoming faster and

less expensive plus, robust communication infrastructure easily available, the future

of cyber enabled physical systems looks very promising.
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APPENDIX A - THERMAL RESISTANCE AND CAPACITANCE

CALCULATIONS

A.1 Thermal Resistance

Thermal resistances of common materials are provided in the ASHRAE hand-

book [44], but mathematical calculations need to be done to calculate values for

different thermal characteristics such as thermal resistance and capacitance. Calcu-

lation of thermal resistance for a wall consisting of different materials is presented

next.

The wall shown in Figure A.1 is a typical external wall of a commercial building,

made with insulated concrete blocks. The various parts of the wall are labeled in

the figure. Since there are different materials with different thermal properties used

in the wall construction, thermal property tables will not have all the values for the

entire wall. For this calculation, some assumptions are made, which can be changed

according to requirements, as they only are to do with the dimensions of the wall.

Assumptions:

• web thickness of block = 25mm

• face shell thickness = 30mm

• block dimensions194mm× 194mm× 395mm

The equation for calculating overall thermal resistance is:

(A.1)RT (av) = Ri +Rf +

(
aw
Rw

+ fracacRc

)−1
+Ro

where RT (av) = overall thermal resistance

Ri = thermal resistance of inside still air

Ro = thermal resistance of outside air
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Figure A.1: Insulated Concrete Block for External Wall Construction

Rf = thermal resistance of face shells

Rc = thermal resistance of cores between face shells

Rw = thermal resistance of webs between face shells

aw = fraction of total area represented by webs of blocks

ac = fraction of total area represented by cores of blocks

All the thermal resistances mentioned above can be found in Table 4 in Section

25.5 of [44] . With those values, the calculation becomes simply the following for

thermal resistance, and its reciprocal (the U-factor).

(A.2)RT (av) = 0.12 + 0.045 +
(0.091× 2.60)

(0.81× 0.91) + (0.19× 2.60)
+ 0.03 = 0.612Kṁ2/W

(A.3)Uav =
1

0.612
= 1.63W/(Kṁ2)
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APPENDIX B - AGENT DETAILS

B.1 Thermal agent MDP Parameters

Table B.1: Transition probabilities for thermal agent

s a s’ T(s,a,s’)
1 1 2 0.3
1 1 4 0.7
1 2 3 0.3
1 2 4 0.7
1 3 1 1
2 2 3 0.1
2 2 4 0.4
2 2 2 0.3
2 2 1 0.2
2 3 1 0.15
2 3 2 0.7
2 3 4 0.2
2 3 3 0.05
3 1 2 0.1
3 1 4 0.5
3 1 3 0.3
3 1 1 0.1
3 3 1 0.1
3 3 4 0.2
3 3 3 0.7
4 1 1 0.5
4 1 2 0.5
4 2 1 0.5
4 2 3 0.5
4 3 1 0.1
4 3 2 0.4
4 3 3 0.1
4 3 4 0.4
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APPENDIX C - LEARNING ALGORITHMS

C.1 Q Learning

The Q learning algorithm developed by Watkins and Dayanc̃iteWatkins1992 is

a popular learning algorithm for use in an agent based system. It is used to find

the optimal policy of a agent, similar to the value iteration algorithm. The concept

of the algorithms are very similar except for the major difference in learning. The

value iteration algorithm has no learning abilities, but Q learning introduces two new

concepts: the learning rate, and the exploration rate. The learning rate is a measure

of how much emphasis is put on new rewards, compared to the learned values, whereas

the exploration rate is required to make sure the agent considers other actions, and

the rewards associated, without converging to a solution too quickly. These values

are both normalized to be in between 0 and 1. The problem associated with the Q

learning algorithm is the same as what was found with the value iteration algorithm:

only one agent is considered at a time. In the Q learning algorithm, only one agent

can learn at a time, and collective learning is not possible.

1: Q-Learning

2: ∀s∀aQ(s, a)← 0;λ← 1; ε← 1

3: s←current state

4:

5: if RAND() < ε then

6: a← randomaction

7: else

8: a← arg maxaQ(s, a)

9: end if

10: Take action a
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11: Receive reward r

12: s′ ← current state Q(s, a)← λ(r + γmaxa′Q(s′, a′)) + (1− λ)Q(s, a) λ← .99λ

13: ε← .98ε

14: goto 2

C.2 NASH-Q Learning

The NASH-Q Learning algorithm is presented below:

1: t← 0

2: s← current state ∀s∈S∀j←1,···,n∀aj∈Aj
Qt
j(s, a1, · · · , an)← 0

3: Choose action ati

4: s← s′

5: Observe rt1, · · · , rtn; at1, · · · , atn; s′

6: for j ← 1, · · · , n do

7: Qt+1
j (s, a1, · · · , an)← (1− λt)Qt

j(s, a1, · · · , an) + λt(rtj + γNashQt
j(s
′))

8: end for

9: t← t+ 1

10: goto 4

In the above algorithm, NashQt
j(s
′) = Qt

j(s
′, π1(s

′) · · · πn(s′)) and π1(s
′) · · · πn(s′)

are the Nash equilibrium points calculated from the Q values from the Q algo-

rithm mentioned earlier. The Nash equilibrium point for agents is a set of policies

π1(s
′) · · · πn(s′) such that for all s ∈ S and i = 1, · · · , n,

∀πi ∈
∏

i Vi(s, π1, · · · , πn) ≥ vi(s, π1, · · · , πi, · · · , πn)

where vi(s, π1, · · · , πi, · · · , πn) is the total rewards a particular agent can expect to

receive.
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APPENDIX D - EQUEST PARAMETERS

Figure D.1: Construction Details
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Figure D.2: Details of Layers of Construction Material
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Figure D.3: Thermal Properties of Materials
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