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ABSTRACT 

 

The Regina household energy consumption model is designed to estimate residential 

energy consumption for the city of Regina using agent-based technology.  The impact of 

social and economic factors on the levels of energy consumption has been taken into 

account.  It is built on Complexity & Organized Behaviour Within Environmental 

Bounds (COBWEB) technology, which is a platform design for multi-agent simulation.  

COBWEB was developed to study agent adaptation to environmental variability and 

change. 

 

The Regina household energy consumption model uses COBWEB’s agent technology to 

represent the households and people within the households of the city of Regina in 2003.  

Each household agent and each human agent in the household behaves based on its own 

strategy.  The model explores the behaviours of agents, which represent demographic 

change and household energy consumption adapted to a complex environment. 

 

The annual residential energy consumption of 8.869 PJ was found to be within 3% of the 

SHEU 2003 estimate and within 5% of the REUM estimate for the city of Regina, an 

acceptable level of agreement.  The Regina household energy consumption model, which 

integrates agent-based technology, is proposed as a new approach to estimate the energy 

consumption of the city of Regina. 
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CHAPTER 1 

INTRODUCTION 
 

Residential energy consumption in Canada has increased continuously, and it is the third 

largest end-use energy consumer in Canada.  As energy consumption is increasing, 

greenhouse gas emissions and other environmental problems are increasing.  Since it 

influences infrastructure requirements, pollutant emissions, air quality, and in a future 

with Green House Gas (GHG) emission targets, the ability of the municipality to 

contribute to federal GHG commitments, the policymakers and city planners in municipal 

governments have an increasing concern in developing a new tool for modeling energy 

use.  The energy consumption of the residential sector is highly affected by various 

factors such as climate, physical dwelling characteristics, appliance and system 

characteristics, ownership, and occupant behaviour.  It is also difficult to explain without 

considering demographic factors such household size, fertility, mortality, migration 

affects on dwelling types, and land use densities.  Types of dwellings, such as single-

detached, attached, and apartments, and the density of dwelling types are critical for 

future residential energy consumption, which in turn will affect future infrastructure 

requirements and operation and maintenance costs. 

 

Most energy use models or demographic tools have been developed at the national level; 

however, tools to model the community or city level have yet to be developed.  The 

majority of urban centres or small communities lack the tools to produce demographic 

scenarios and rely on projections by the provincial government.  Topics of these 
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projections at the provincial scale mainly include issues such as capacity for sewage or 

water, traffic, schools, and other land uses.  It is difficult to find projections that consider 

external factors, such as climate change, that might affect energy use.  In order to tie 

these projections to energy use and to advance policies for clean air, reducing greenhouse 

gas emissions, and energy conservation and land-use intensification, a new tool is 

necessary: one that can provide different scenarios of how energy consumption will 

respond to various types of change.  Improving energy efficiency is one of the most 

effective ways to reduce energy consumption in the residential sector and associated 

pollutant emissions. 

 
Estimating land-use density and population growth is important in small communities or 

cities.  It is important not only for energy conservation but also for several planning 

issues such as the development of standards for energy consumption in building codes, 

assessing capacity requirements for new sub-stations, and implementing district heating 

technology.  To deal with these issues effectively, spatially explicit models that represent 

specific households on a community or city level are necessary.  It is possible to use 

several computers, but this requires technology to facilitate the communication of 

information between computers, each of which might be simulating one specific 

community.  However, with current advances in software, this is an ideal solution for 

environments where individual computing power is relatively low but several computers 

could be harnessed, each running a separate community within the city. 

 

Our research proposes an agent-based approach to model the household energy 

consumption of the city of Regina.  A Regina household model was developed on the 
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Complexity and Organized Behaviour Within Environmental Bounds (COBWEB) 

platform.  It is one of the specific projects of COBWEB 3.0 to simulate future household 

energy consumption for the city of Regina.  It is parameterized by the socio-economic 

data of the city of Regina. 

 

The model is built on the basis of the entire city of Regina.  The data on household 

energy consumption was obtained from the 2003 Survey of Household Energy Use 

(SHEU) and household’s economic-demographic information was obtained from 

Statistics Canada. 

 

1.1 Objectives 

 

The primary purpose of modeling in our study was to develop an energy consumption 

modeling tool that assists policymakers and other organizations in small cities or 

communities.  There are three notable goals in the design of a Regina household energy 

consumption model.  Firstly, it is designed to forecast residential demographics by 

providing future house density, house type, number of people in a household, number of 

males and females in a household, and future population changes.  Secondly, it provides a 

residential forecast of energy consumption for the city of Regina by estimating the total 

yearly residential consumption.  Lastly, the model provides a flexible energy 

consumption tool that reflects changes in population and other socio-economic factors. 
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Energy consumption per household is influenced by various factors such as number of 

occupants in the household, type of household, annual household income, season, and 

climate change.  To estimate future residential energy consumption, parameters in the 

Regina household energy consumption model account for the change in population and 

household density.  Using both the demographic shift and climate change, it will predict 

future energy demands. 

 

1.2 Solution 

 

Ecological or socio-economic systems, such as residential energy models, are complex 

systems.  Like complex systems in general, residential energy systems are collections of 

components that interact with each other and/or with their environments.  The interaction 

between various components determines the complex dynamics of the systems.  They 

exhibited non-linear behaviours such as sudden changes, self-organization, and 

uncertainty.  Modeling complex systems has been a challenge in many fields.  It is 

difficult to model and predict how systems will adapt to change or how systems will 

behave non-linearly.  It can be accomplished using an agent-based technology, which is 

also known as emergent computation (Forrest, 1991; Olson and Sequeira, 1995).  This 

technology tends to perform well in simulating non-linear system dynamics, which are 

often observed in complex systems.  It is also good at studying and simulating adaptation.  

The agent based technology used in our model is based on simulating the behaviour of 

individual agents in their respective environments, and the overall behaviour of the 
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system emerges from the interactions of agents.  Each agent contains its own behaviour 

strategies, including interaction among each other, with itself, and with the environment.  

 

To evaluate residential energy use, a model has been constructed that allows calculations 

for taking into account the impact of social and economic factors on the level of energy 

demand.  These factors include demographics and available dwellings.  Demographic 

changes are one of the most important factors, with respect to social and economic 

consequences, that determine the level of future energy use. 

 

The Regina household energy consumption model applies agent-based programming to 

represent households and the people in the households.  The combination of both types of 

agents will represent the demographic assumptions for the city of Regina.  The model 

simulates the behaviour of agents as well as energy use based on the rules within the 

household.  The current simulation is run on one computer representing the residential 

model within the city of Regina.  The model is initiated with current Regina 

demographics such as population and the density of households.  Agents and their 

behaviours in this model are heterogeneous.  A household is characterized by population 

demographics such as family size, marital status, etc.  The housing in this study consists 

of four major types of dwellings: single-detached, double/row house, apartments, and 

mobile homes.  Double/row houses include attached houses, double, row or terrace 

houses, and duplex units.  Human agents are characterized by age, income, sex, family 

type, or other socio-economic factors.  As the model is run, it will model the building of 
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houses as the need arises as well as the creation, migration, or diminishment of people.  

Thus, the city can grow, diminish, or remain stable over time. 

 

1.3 Organization 

 

The organization of this thesis is as follows: Chapter 2 is a review on the theoretical 

background and works related to this study.  Chapter 3 describes the agent-based 

architecture of the household energy consumption system for the city of Regina in detail 

including its architecture, procedure, and implementation.  Chapter 4 presents details and 

analysis of our experimental results and contains a discussion of the proposed 

architecture and experimental results in terms of the objectives of the thesis.  Chapter 5 

presents conclusions and recommendations for future work. 
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CHAPTER 2 

LITERATURE REVIEW 

 

In this chapter, the current literature on the various modeling approaches taken for 

residential energy demand, the influence factors of residential energy consumption, 

complex systems, emergent computing, the agent-based model, and COBWEB are 

reviewed.  The review includes the various approaches to modeling residential energy 

consumption and exploring the factors influencing residential energy consumption.  The 

review is also an examination of the various components of the agent-based Regina 

household energy consumption model.  The Regina household model includes the 

following components: 

 

1) complex systems  

2) emergent computation 

3) the agent-based model  

4) COBWEB 

 

2.1 Residential Energy Demand Modeling Approaches 

 

Energy modeling has received great attention from engineers and scientists concerned 

with problems of energy production and consumption.  Various approaches have been 

proposed to model residential energy demand, from simple to complex models (Mayer 
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and Benjamini, 1977/78; Ugursal and Fung, 1996).  Several studies reviewed the 

modeling of energy consumption in the residential sector (Al-Ghandoor, 2009; Swan and 

Ugursal, 2009).  Swan and Ugursal (2009) explained that residential energy consumption 

models can be used for various reasons: 1) the measurement of regional or national 

energy supply requirements, 2) the index for the change in energy consumption of a 

particular dwelling due to an upgrade or additional technology, 3) the guidance for policy 

decisions regarding old or new dwellings, and 4) quantifying the consumption and 

predicting the impact or savings due to retrofits and new materials and technology; 

decisions can be made to support energy supply, retrofitting and new technology, new 

building codes, or even demolition and re-construction, etc.  They categorized modeling 

into two approaches: 1) a top-down approach and 2) a bottom-up approach.  The top-

down technology for residential energy consumption is a model that can calculate energy 

consumption of the entire housing sector.  These models determine the energy 

consumption in terms of long-term changes and are grouped as econometric and 

technological models.  Factors used in top-down models are commonly long-term 

changes such as climate changes, changes in housing density, employment rates, prices of 

energy and appliances, appliance ownership, and so on.  In this article, econometric 

models are explained as models that account for energy consumption as they relate to 

economic variables such as income or the price of energy or appliances.  Technological 

models are models that calculate energy consumption based on the characteristics of a 

residential sector such as appliance ownership trends.  On the other hand, a bottom-up 

model is defined as a model that is capable of calculating the energy consumption of 

individuals or groups of houses and extrapolating to regional or national levels.  The 
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methods of bottom-up models are included in statistical methods and engineering 

methods.  Statistical methods can categorize based on regression, conditional demand 

analysis, and neural networks and are established using historical information.  

Regression methods are used to define the correlation between energy consumption and 

particular end uses. 

 

Engineering methods include approaches that include population distribution, archetypes, 

and samples.  These methods establish the energy consumption required on power ratings, 

the use of equipment, and system and/or thermodynamic relationships.  Variables 

commonly used in bottom-up methods are house properties, indoor temperatures, 

equipment use, etc. 

 

Various top-down approaches have been developed by researchers.  O’Neal and Hirst 

(1980) developed the residential energy consumption simulation model that consisted of 

three sub-models: 1) demographics, 2) economics, and 3) technological sub-models.  The 

demographics sub-model estimated the number of houses using statistical data from 

census and housing changes such as constructions/demolitions.  The economics sub-

model relied on estimated consumption changes from predicted behaviour changes and 

efficiency upgrades made to the technology component.  Technology sub-models 

evaluated the correlation between energy use and purchase cost for equipment and 

structures.  The model uses both outputs from these three sub-models and appropriate 

initial variables and other policy variables to estimate energy on an annual basis.  The 

model simulated annual residential energy consumption for different type of fuels, end 
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use, and dwelling types.  It has been applied to forecasting energy change and studying 

the effects of new energy conserving approaches and policies in terms of energy use and 

economic impacts.  The application of the proposed model was used to evaluate energy 

use and its economic factors on three alternative water heating systems: conventional 

systems, heat pumps, and solar energy systems.  The proposed application results showed 

that the heat pump system performed better than solar energy systems in terms of energy 

use and economic impacts. 

 

The AutoRegressive Distributed Lag (ARDL) approach was applied for modeling Danish 

residential energy consumption from 1960-1996 (Bentzen and Engsted, 2001).  The 

Auto-Regressive (AR) model is a linear regression that predicts an output of a system 

based on previous values.  Three different types of ARDL models were constructed using 

real-world data.  In these ARDL models, annual energy consumption was estimated using 

time series variables.  These variables included the lagged value of energy consumption 

and current and lagged values of a number of explanatory variables such as household 

income, price of energy, and heating degree days.  The authors tested three models using 

a 30 year span of real household income data, prices of energy, and heating degree days 

to estimate short-term and long term energy consumption for Demark.  The results 

indicated that long-term energy consumption was influenced by current year values of 

household income, past year values of energy consumption, and past and current values 

of energy price. 
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In the past several years, there has been a growing interest in using the Genetic 

Algorithms (GAs) approach to estimate the future projections of energy input/output for 

the residential-commercial sector (Canyurt et al., 2005; Ozturk et al., 2004).  GA models 

were used to estimate residential/commercial energy consumption based on Gross 

Domestic Product (GDP), population, imports, exports, house production, cement 

production, and basic house appliances consumption.  GA’s are evolutional computation 

approaches, which evolve a population of candidate solutions to an optimization problem 

by propagating the most fit candidates to the next generation via genetic modifications 

(Holland 1992).  The presented problem was characterized by bit string representation in 

a GA model and these bit strings evolved by using GA operations such as selection, 

crossover, and mutation.  The GA operations were based on the fitness function 

evaluation.  In these studies, three different models were developed and applied to the 

Turkish residential/commercial sector to predict future energy trends.  The models 

selected the best fit members based on the fitness function evaluation and evolved them 

to create the best model.  The results of the developed models were compared with the 

observed data, and the models were shown to be excellent energy estimation tools.  The 

authors indicated that GA models can be developed easily with few variables. 

 

Regression analysis has been used to model energy consumption in various sectors in 

many studies (Ugursal and Fung, 1996; Flores et al., 2004; Al-Ghandoor et al., 2008).  

Regression analysis is a statistical technique that examines relationships between two or 

more variables.  Al-Ghandoor et al. (2008) proposed the fuel and electricity consumption 

models based on multivariate linear regression analysis.  In this study, population, 
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income level, weather conditions, electricity unit price, and fuel unit price were 

considered significant factors that determine the energy demand of the residential sector.  

The researchers used the software package Minitab to estimate the coefficients of two 

multivariate regression models and to test the significance of models using the Analysis 

Of Variance (ANOVA).  The models were proven to adequately simulate residential 

electricity and fuel consumptions with reasonably high values for multiple coefficients of 

determination, R2 and adjusted R2.  Furthermore, the authors used the scenario approach 

and time series analysis to evaluate energy consumption conservation and environmental 

effects by implementing high-efficiency practices such as high efficiency lightings and 

solar water heating systems.  The analysis showed that higher energy savings and 

diminished environmental impact can be achieved by implementing high efficiency 

standards. 

 

Several bottom-up models, all of which use a sample of houses, have been developed to 

evaluate energy consumption: regression (Tonn and White, 1988), Conditional Demand 

Analysis (CDA) (Parti and Parti, 1980), Neural Networks (NN) (Krarti et al., 1998), and 

an engineering method (Farahbakhsh et al., 1998).  Parti and Parti (1980) developed the 

CDA analysis using the regression method based on the energy consumption of 

household appliances.  The authors decomposed the total household energy consumption 

into 16 detailed surveys of appliance groups from 5286 households.  The proposed model 

was developed based on the indication of the number of appliances in the household in 

relation to variables such as the number of occupants, income, energy price elasticity, and 

floor area.  The authors determined the regression model by specifying conditions to limit 
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the use of power consuming appliances.  The multiple coefficient of determination values 

of the final model range from 0.58 to 0.65.  The low R2 values were reasonable since it 

was impossible to incorporate all of the factors affecting energy consumption into the 

model. 

 

Aydinalp-Koksal and Ugursal (2008) used the CDA approach to model the national 

residential end-use energy consumption.  The proposed total energy consumption of a 

household model was composed from three models: the electricity model, natural gas 

model, and oil model.  Each model was developed by combining the number from Unit 

Energy Consumption (UEC) regression equations of the end uses.  The input variables of 

each UEC equation were determined based on the characteristics of the dwellings, 

economic and demographic characteristics of the occupants, climate, etc.  The result 

indicated that each model is capable of forecasting the Appliance, Lighting, and space 

Cooling (ALC) space heating energy consumption with reasonable accuracy. 

 

Artificial Neural Network (ANN) methods have been proposed as efficient tools for 

modeling residential energy consumption in recent years.  The ANN is one of the 

important Artificial Intelligence (AI) technologies employing simple mathematical 

models that function similarly to biological processes of the brain.  An important 

characteristic of an ANN is its ability to learn from the facts or input data and the 

associated output data.   
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Aydinalp et al. (2002) developed an ANN-based ALC energy consumption model for the 

Canadian residential sector.  The input neurons of the proposed model parameterized the 

information on appliances, the information on air conditioners, the weather effects, the 

information on lighting, and other socio-economic information.  The output unit of this 

model is the annual electricity consumption for appliances, lighting, and space cooling.  

The study tested a total of 150 neural networks, in a mix of five learning algorithms and 

thirty network configurations, using the Stuttgart Neural Network Simulator (SNNS) 

V4.2 software.  The network was trained using the Quickprop learning algorithm with 27 

hidden layer units, resulting in the lowest testing set of SSE, RMSE, and CV, with the 

highest R2 value, indicating that this network has the highest prediction performance 

amongst the networks tested, and it was selected as the final NN model.  The developed 

NN model was configured with fifty five input units, one output unit, and three hidden 

layers, each having nine units with the Quickprop learning algorithm.  The model was 

used to predict the ALC electricity consumption of individual houses in the 1993 SHEU 

and the results were extrapolated to the entirety of Canadian households.  Regression 

analysis from the modeled data achieved high prediction performance with a R2 value of 

0.909.  The results of the experiment showed that the average ALC electricity 

consumption in entire Canadian housing stock was approximately 8790 kWh per year.  

They also showed that the ALC energy use of electricity and wood to heat houses was 

lower than that for the use of natural gas or other fuel.  This was due to the fact that most 

natural gas, oil, and propane heated houses possessed either furnace fans or boilers that 

consume high electricity.  The data indicated that the model was capable of predicting 

ALC energy consumption by types of fuel used for space heating. 
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2.2 Influence Factors of Residential Energy Consumption 

 

Residential energy consumption is highly dependent on many factors such as the use of 

space heaters, cooling, domestic hot water heaters, appliances, and lighting.  Aside from 

domestic energy consumption from appliances, environmental factors, such as climate 

change, the characteristics of the dwelling system characteristics, ownership and 

occupant behaviour, have an influence on how energy is consumed (Swan and Ugursal, 

2009). 

 

Climate change is an environmental factor that influences the development of energy 

systems.  There have been many studies that explore the effect of climate change on 

energy consumption (Issac and Vuuren, 2007; Sailor, 2001).  Wilbank et al. (2007) 

conducted studies that focused on the effect of climate changes on heating and cooling 

energy use.  The authors indicated that the climate affects the cost to maintain climate-

controlled human systems.  Higher temperatures increase the energy use to cool the 

household resulting in higher electrical consumption, leading to increased CO2 emissions 

to the environment.  Wilbank et al. (2007) also indicated that climate change also has an 

impact on water and power supplies and societal and physical infrastructures.  Issac and 

Vuuren (2007) assessed the potential development of energy use for future residential 

sectors in terms of heating and cooling related to climate change.  Fung et al. (2006) 

investigated the impact of ambient temperature increases caused by global warming and 

urbanization on energy consumption in Hong Kong.  The study revealed that annual 

electricity consumption increased by 9.2 %, 3.0 %, and 2.4 % in the domestic, 
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commercial, and industrial sectors, respectively, when monthly ambient temperature 

increased by 1°C.  However, monthly gas consumption in the domestic sector decreased 

by 2.4 %.  The authors found that the electricity and natural gas consumption in Hong 

Kong was sensitive to climate change, particularly to ambient temperature.  Sailor and 

Muñoz (1997) examined the relationship between electricity and natural gas consumption 

and climate at the regional level.  The authors developed a multi-regression model using 

historical energy and climate data.  The variables included temperature, relative humidity, 

wind speed, and cooling and heating degree days. 

 

Besides climate influences, energy consumption in a residential sector is influenced by 

social, economic, and demographic conditions.  Several authors studied climate 

influences and economic influences on residential electricity consumption (Lam, 1998; 

Wangpattarapong et al., 2008).  Lam (1998) used regression analyses to study the 

climatic and economic impacts on residential electricity consumption in Hong Kong.  

The analyses used energy and economic data over a twenty-three year time span.  The 

result indicated that residential electricity consumption can be estimated using the 

household income, household size, price of energy, and Cooling Degree Days (CDD).  

Wangpattarapong et al. (2008) created the residential electricity consumption of Bangkok 

Metropolis model to investigate a variety of factors that impact electricity consumption.  

They used multiple regression analysis to correlate the monthly residential electricity 

consumption with CDD, relative humidity, and rainfall for each month for four years.  

Their analysis indicated that residential electricity consumption can be explained by these 

climatic variables.  Using an F-statistic, the result showed that CDD and rainfall have a 
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significant influence on residential electricity consumption, with a confidence level of 

95 %.  Similarly, the authors stated that economic factors, such as the number of houses 

and air-conditioners sold increased electrical consumption. 

 

Residential energy consumption is also dependent on demographics.  Population change 

affects the amount of energy used in the residential sector.  Increases in new home 

construction often translate into population growth, with each household demanding 

higher energy consumption through the increased use of appliances (Al-Ghandoor et al., 

2009).  Mazur (1994) explored how population change has contributed to changing the 

United States energy consumption rate.  The article indicated that population growth 

might play a significant role in the long-term growth of energy consumption.  Yamasaki 

and Tominaga (1997) focused on the relatively high energy consumed by households 

inhabited by the elderly as compared to other households.  Different types of dwellings 

also have an impact on energy consumption in a residential sector (Baker and Rylatt 

2008). 

 

2.3 Complex Systems 

 

Ecological or socio-economic systems, such as residential energy models, are complex 

systems.  Mitchell (1992) and Zhang et al. (2008) defined complex systems as the groups 

or entities that are composed of a large number of simple components.  These 

components or parts are interacting with each other to accomplish their goals.  Lee (2005) 

stated that the dynamic and global outcomes of complex systems arise from both the 
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individual behaviour of simple components within environment and the interactions 

between components.  Complex systems may be defined as open systems that can receive 

information, energy, or other resources from the environment (Prokopenko, 2008).  

Examples of complex systems include machine systems, factories, power plants, and 

economies with their participants, a society composed of many components or human 

activities, modern cultures, human immune systems reacting to antigens, nervous systems, 

or ecosystems.  Other examples of complex system are ground/air transportation systems, 

health care systems, supply chain systems, and military systems (Lee, 2005). 

 

The properties of complex system dynamics can be explained in terms of emergence, 

self-organization, adaptation, evolution, non-linearity, or other phenomena.  Non-linear 

interactions between components of systems cause a system to change its internal 

structure and function.  The system is organized or reorganized over time in terms of 

simulation processes (Marcenac, 1998).  According to Haken (2006), a new emerging 

spatial, temporal, or functional transition of the internal structure of a system without 

interference by the outside is defined as self-organization, with cellular automata as an 

example. 

 

Emergence can be observed in various complex systems.  Emergence is the collective 

behaviour of a system.  It is an unexpected, unpredictable, or predictable phenomenon.  It 

results in a highly non-linear manner from the behaviours of the lower-level components.  

Emergent behaviour may arise as a response to change in environment, in which case we 

can say the system exhibits adaptation.  Zhang (2008) described adaptation as self-
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organization.  When the system is self-organized into emergent patterns over time 

according to the change of the environment at a population level, it can be called 

“evolution.” 

 

Complex systems consist of a large number of components whose interactions cannot be 

neglected.  Such systems cannot be easily designed or studied because of their 

complexity in emergent dynamics and the inherent complicated interactions among 

components.  Tools for modeling or studying complex systems can be divided into two 

types: top-down and bottom-up approaches.  Top-down approaches, such as 

mathematical models, have been successful in describing nature and, specifically, 

dynamic processes of complex systems.  They formulate the general characteristics of a 

complex system at the high level of the system.  Although these approaches have been 

proven to successfully formulate simple complex systems whose behavioural difference 

in components are minimal and can be neglected, they have shown limitations in 

accurately formulating complicated complex system dynamics.  Differential equations are 

examples of top-down approaches for modeling complex systems (Vajravelu, 2001; 

Blokhin, 2002).   

 

Bottom-up approaches include emergent computing, evolution computing, agent-based 

modeling, etc.  Many studies have addressed modeling complex systems using these 

bottom-up approaches (Crutchfield et al., 1995; Olson and Sequeira, 1995; Privosnik, 

2005).  Using these approaches, models were built in the manner of synthesis.  They 

combine together two or more small parts of a complex system and model their 
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behaviours.  These approaches have been proven to be robust, represent an advanced 

paradigm for the construction of complex systems dynamics, and have been implemented 

in a wide range of scientific fields such as ecosystem modeling, environmental modeling, 

etc. 

 

2.4 Emergent Computation 

 

Emergent Computation (EC) models offer a new approach in simulating non-linear 

system dynamics.  EC models have the ability to represent the characteristics of 

complexity along with the interaction among different parts of the system.  Forrest (1991) 

defined emergent computation by introducing components of emergent computation.  It 

was suggested that the lists of components of emergent computation are: 1) a group of 

agents, 2) interaction among each other, and 3) the interpretation of the epiphenomena as 

computations.  Olson and Sequeira (1995) defined an emergent computer system as a 

system that consists of a group of independent agents governed by a set of encoded 

instructions.  The overall behaviours of the system emerge from the interaction among 

these agents and/or between them and their environment.  The authors introduced several 

applications of the emergent computation approach using cellular automata, neural 

networks, genetic algorithms, genetics-based machine learning, and artificial life.  

Artificial Ecosystems (AEs), which is a class of the Artificial Life (ALife) model, was 

also reviewed in the article.  The authors indicated the emergent computational paradigm 

as potential tool for modeling ecological systems and ecosystem management.  The AEs 
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consist of a self-containing environment, which is composed of independent agents or 

machines, to represent some level of organization. 

 

The EC approach can include Cellular Automata (CA), Neural Networks (NNs), Genetic 

Algorithms (GAs), Genetics-Based Machine Learning (GBML), and Artificial Life 

(ALife).  The earliest EC approach is attributed to John von Neumann.  His work was on 

self-reproducing automata (Burks 1970).  The model is composed of a number of finite 

state automata, each with 29 states of the rule-set, in a two dimensional grid.  Changes in 

the model cell are determined by the state of neighbourhood cells.  The author applied 

this method to large-scale mining operations and it was shown to be an effective method. 

 

The CA approach involves the dynamic behaviour of the overall system arising from the 

behaviour of cells arranged in a grid.  The state of each cell is dominated by simple rules.  

There have been studies addressing CA approaches as a modeling tool for complex 

systems (Toffoli and Morgolus, 1987; Keir and Cheng, 2000).  Crutchfield and Mitchell 

(1995) introduced systems ruled by the CA and the GA approaches.  Mitchell et al. (1994) 

developed the one dimensional CA model.  In this one dimensional CA model, simple 

rules governed the state of each cell.  The rules are as follows: if the initial configuration 

contains more 1’s than 0’s, all cells should eventually switch to 1’s.  If the initial 

configuration contains more 0’s than 1’s, all cells should eventually switch to 0’s.  

Although the rules encoded in each cell are extremely simple, the complex higher-level 

system behaviours emerge on a grid based on a set of rules for each individual cell.  

Ronald and Kirley (2006) proposed the agent-based CA model to simulate pedestrian 
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behaviour.  They encapsulated fundamental movement strategies at the micro-level.  

Each agent was a pedestrian and was located on a two-dimensional grid in a CA 

environment.  An agent moves to its destination by selecting an empty neighbouring site.  

Simulation was performed to identify outcomes of the behaviours that are used in the 

simple rule sets and more realistic rule sets.  The study simulated bi-directional agent 

movements with four different behaviours in different environments.  The result of 

simulation showed that the “look ahead” behaviour is the best strategy in a simple 

environment when they considered the travel time and delays.  The authors expected that 

the model would be populated with agents exhibiting heterogeneous behaviours when the 

complexity of model increased. 

 

ANN is a non-linear mapping structure based on the function of the human brain having 

enormous capacity in predictive modeling.  The NN represents emergent computation in 

the sense of learning and pattern-recognition that emerged from a collection of agents 

obeying explicit instructions.  The advantages of NNs are that it is a great solution for 

problems involving incomplete datasets, fuzzy or incomplete information, and for highly 

complex and ill-defined problems (Kalogirou, 2000).  The NN has been proposed as an 

efficient tool for modeling and forecasting in recent years.  It has been applied to solve a 

variety of problems in pattern recognition, prediction, optimization, associative memory, 

and control.  It has also been proven to be a promising approach for water demand 

forecasting (Jain et al., 2001). 
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The GA is the computational model of evolution.  It is an efficient search algorithm based 

on the mechanism of natural selection.  GAs manipulates population in order to develop a 

new population that is a good solution to the target problem or is better adapted to the 

environment.  A randomly initialized population of solutions evolves through the genetic 

operators in generations.  The genetic operators are selection, mutation, and crossover.  

Selection is the choosing of a population of solutions from the current generation’s 

population for later breeding such as crossover and mutation.  Crossover mates two 

populations of solutions to produce a new population, and mutation alters values in bit 

string.  For example, if a population of solutions has the value 0, it is changed into 1 

during mutation.  Holland (1994) established the field of GAs and proposed the Echo, 

which was a representative EC model that used GAs.  The author used the bit string 

representation of agent solutions to an optimization problem, which evolved toward 

better solutions.  Echo is an ecosystem simulation model, which implements the basic 

notions of ecology such as food, mating, trading, and competition.  It was developed to 

study the dynamics of the systems comprised of many interacting adaptive agents, or 

Complex Adaptive Systems (CAS).  In the Echo model, agents live on a diet of letters 

that represent resources.  Agents can look for resources, interact with each other, self-

reproduce when they possess enough resources, and attempt to survive in resource-

limited environments.  Vacher et al. (1998) proposed a multi-agent system based on GAs 

to innovate a better scheduling tool.  The Job-Shop scheduling problems were addressed 

using M levels, representing workshops, and N levels as jobs.  In each generation, agents 

crossover and mutate according to their fitness function to achieve their goals. 
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GBML is based on an evolution-like mechanism for learning a task (Pitangui and 

Zaverucha, 2006; Furuhashi et al., 1994).  A machine interacts with the environment, 

perceives the environmental changes, and behaves according to received messages.  It 

learns by past experience and the feedback mechanism that assesses the system according 

to the quality of actions.  Dorigo and Shnepf (1993) used Classifier System (CS) 

technology and the concept of behaviour-based robotics to simulate intelligent robots that 

are able to learn how to behave in a complex environment using perceived information.  

The CS is the most common method of genetics-based machine learning.  It is an 

adaptive rule-based system that models its environment using appropriate rules.  In CS, 

the system is composed of the performance system, the appointment of credit system, and 

the rule discovery system.  A set of production rules in the performance system is used to 

detect environmental changes and to react to the environment.  The apportionment of the 

credit algorithm classifies the production rules in accordance with the contribution of the 

rules to the goal of the system.  A genetic algorithm is applied to evolve the rules to solve 

a given problem.  The given rule sets and newly created rules are evolved though running 

the simulation.  These processes are accomplished by the appointment of the credit 

system and by the rule discovery system.  Dorigo and Shnepf (1993) created a system 

that is composed of many classifier systems running in parallel.  Each classifier system 

interacts with the environment and learns a simple behaviour.  By using the learned 

knowledge, their robots can control their behaviour and interact with the unstructured 

environment.  Various experiments show that their simulated robots can sense a light and 

dangerous object and behave differently depending on objects in a two-dimensional 
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world.  The robot was able to learn to follow a light and avoid hot dangerous objects 

though the simulation run. 

 

The last approach is the relatively new field of ALife.  It is dedicated to study of life 

through the construction of systems that exhibit life-like behaviour (Langton, 1989).  It is 

based on the observation that life emerges from the organized interaction of independent 

entities.  Other emergent computational approaches are used in ALife research (Olson 

and Sequeira, 1995). 

 

2.5 Agent Based Models 

 

The Agent-Based Model (ABM) is a new computation modeling approach for solving 

real-world problems.  ABM is composed of a large number of autonomous agents that 

make decisions by interacting among themselves and with their underlying environment.  

Agents and their behaviours may be heterogeneous and they behave to achieve their goals.  

Agents also can learn from their environments and adapt their behaviours in response.  

The agents in ABM have been used to represent various entities including biological cells, 

people, organizations, robots, or other objects interacting in some type of environment 

(Sun, 2007).  Agent-based modelling is based on the bottom-up approach.  The bottom-

up approach focuses on the behaviour of the small components in the systems that are 

being modeled and not on the on the overall behaviour of the system.  The overall 

behaviour emerges as a result of the interactions of the individual, simple, rule-based 

agents.  The power of the agent-based system is not derived from the ability of the 
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individual agent, but is derived from their interactions and emerging overall behaviour.  

Agent-based modelling has the ability to simulate non-linear behaviours and 

discontinuous complex systems. 

 

ABM has been referred to as Agent-Based Systems (ABS) and individual-based 

modelling (Macal and North, 2006).  Although ABM has been used extensively in multi-

agent systems and robotics in the Artificial Intelligence (AI) field, the primary focus has 

been simulating human systems (Bonabeau, 2002).  ABM has been mainly applied in 

fields such as ecology, economics, game theory, the social sciences, and resource 

management (Holland and Miller, 1991; Axelrod, 1986; Janssen and Jager, 2000).  It also 

has been proven to be an outstanding modeling technique to model emergent phenomena 

such as traffic jams, stock markets, ant colonies, and immune systems (Palmer et al., 

1994; Drogoul and Ferber, 1994; Mitsumoto et al., 1994). 

 

Parker et al. (2003) examined the agent-based models of Land-Use and Land-Cover 

Change (LUCC).  The authors discussed the studies of agent-based LUCC model in four 

topic fields: 1) natural-resource management, 2) agricultural economics, 3) archaeology, 

and 4) urban simulations.  In natural resource management research, the common-pool 

resources problem, called “Common Property Resources” (CPR) has received much 

attention in the scientific community.  Deadman (1999) proposed and illustrated agent-

based modeling and simulation as a tool for understanding individual actions and group 

performance in a natural resource management model, focusing on common-pool 

dilemmas.  The proposed model was developed onto “Swarm,” which is a multi-agent 
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simulation platform.  In the applied CPR model, the various agents and strategies are 

designed to represent the actions of the individual human participants in an institution 

and the common-pool resource itself.  The author employs induction on the knowledge-

based collection of sets.  Agents compare incoming information with the established set 

of rules and select the best one under current conditions for each iteration.  Results of the 

simulation showed that the generated group level behaviour of adaptive agents performed 

with similar characteristics to groups in actual experiments. 

 

Xu et al. (2008) adopted a multi-agent approach to evaluate the impact of electricity 

saving policies.  The authors proposed the hybrid social simulation platform called 

Residential Electric power Consumption Multi-Agent Systems (RECMAS) to provide the 

policy makers with a potential tool to simulate residential electricity consumption in 

different scenarios.  Agents in the RECMAS model include the consumer agent, power 

supplier agent, and policy maker agent. 

 

Capera et al. (2003) discussed the Complex Adaptive System (CAS) based on the 

Adaptive Multi-Agent Systems (AMAS).  Agents in the AMAS theory were assigned 

criteria that would guide their behaviour such that the agents had the potential to make 

their organization emerge.  The authors described various methodologies for building 

systems when classic computer techniques are unsuitable, leading to the use of self-

organization in the design of systems.  In general, the concept of the AMAS theory is to 

allow the multi-agent to build the system itself rather than having the programmer build 
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the system.  As long as the program provides the desired global behaviour with the multi-

agent ability to adapt in the environment, it will eventually find a solution. 

 

2.6 COBWEB  

 

COBWEB (Complexity and Organized Behaviour Within Environmental Bounds) is an 

agent-based simulation platform.  It is used to explore how systems adapt to a wide 

variety of environments.  An environment that is an abstract representation of the 

complex system is represented as two dimensional grids in COBWEB.  It is composed of 

multiple resources and barriers.  The growth rate of resources is encoded by cellular 

automaton (CA) to represent environment change and variety (Bass et al., 2004; Kier et 

al., 2000).  A group of agents move around a two dimensional grid, consume energy, 

accumulate energy by consuming resources, reproduce, and die within a dynamic 

environment (Suh et al., 2003). 

 

The autonomous agents are encoded in a set of rules contained in an Artificial 

Intelligence (AI) engine.  The AI engine assumes the role of the ’brain’ in the agent.  

Each agent determines its behaviour at every time-step based on the behaviour strategy of 

the AI engine.  The behaviour of the agent is a response to environmental change and 

variety.  COBWEB 3.0 provides a couple of AI engines that utilize AI algorithms such as 

the Genetic Algorithm (GA) and Neural Network (NN).  In COBWEB 3.0, a GA uses a 

bit string of genetic code that represents the behaviour of an individual agent.  The 

genetic code is randomly assigned to each agent at the beginning of a simulation with 
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code changes occurring in the offspring of agents through a genetic operator such as 

mutation and cross-over.  If agents are well adapted to the environment, they will survive 

and produce offspring.  Agents that are not suited to the environmental change will be 

eliminated. 

 

COBWEB 3.0 is a general agent-based simulation platform that is written in Java.  It is 

still in the developmental stages.  It was developed by Environment Canada’s Adaptation 

& Impacts Research Group (AIRG) and student programmers at the University of 

Toronto. 
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CHAPTER 3 

ARCHITECTURE AND SIMULATION DESIGN 

 
The Regina household energy consumption model uses agent technology.  The major 

system modules of the Regina energy consumption model are an extension of COBWEB.  

The following section describes details of the architectural design in the Regina 

household energy consumption model. 

 

3.1 COBWEB 

 

The Regina household energy consumption model was developed by adopting 

COBWEB’s agent-based simulation technology and structure.  COWBWEB’s agent-

based programming originated from Emergent Computing (EC), which was the field of 

distributed artificial intelligence.  It was developed to explore how systems adapt to a 

wide variety of environments.  Environments were represented as two-dimensional grids 

within COBWEB.  It was composed of multiple resources, barriers, and a number of 

individual agents, which interact with each other and their environment.  A growth rate of 

resource was encoded by Cellular Automaton (CA) to represent environmental change 

and variety.  A group of agents move around a two-dimensional grid, consumes energy, 

accumulate energy by consuming resources, reproduce, and die within environmental 

change.  Each agent possesses its own Artificial Intelligence (AI) engine.  The AI engine 

adapts to various environmental changes and determines the behaviours of agents at each 
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time step of simulation.  COBWEB 3.0 provides various AI engines implemented by 

artificial intelligent algorithms such as GA and NN. 

 

COBWEB 3.0 is a general agent-based simulation platform written in Java language.  It 

allows the programmer maximum flexibility and customization allowing the programmer 

to easily customize agents, the agent controller (agent action strategies), environment, 

and environment parameters. 

 

3.1.1 COBWEB Architecture 

 
COBWEB 3.0 consists of several abstract subsystems.  Figure 3.1 illustrates the 

COBWEB 3.0 system, which consists of five major subsystems.  These are: 

 

(1) Graphical User Interface (GUI) 

(2) Simulation Thread 

(3) Simulation Components: Environment, Agents, and Environment Parameters 

(4) Logging 

(5) Loading/Saving simulation State (XML document) 

 

The simulation components, which are Environment, Parameters, and Agent, are added 

into the Simulation Thread.  Each component is simulated at each time-step and can be 

updated by itself at each time-step with viewing through the Graphical User Interface 

(GUI).  Each agent contains an AI engine that possesses behaviour strategies with its 

behaviour determined by an AI engine.  The initiation step of COBWEB 3.0 is the GUI.  
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Figure 3.1. COBWEB 3.0 Architecture: structure diagram of major subsystems. 
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The GUI allows the user to control the simulation from the embedded menus.  It starts 

and stops the Simulation thread, and it displays the behaviours of simulation components 

at each time-step. 

 

At each time-step, the simulation status will be displayed through the view.  The 

information of simulation status is collected and sent to a database.  The database logs the 

information from the simulation within the Regina simulation model.  Using the XML 

document, the simulation status can be loaded and saved to aid the user in designing and 

establishing sophisticated environments.  COBWEB 3.0 also allows users to generate 

many different environments from a given a set of parameters using the simulation 

‘templates’. 

 

At the beginning of the program, COBWEB 3.0 Application/Applet assumes the role of 

GUI in COBWEB 3.0.  COBWEB 3.0 provides several GUIs.  Each GUI was built using 

a Java Abstract Window Toolkit (AWT), Swing, and Standard Widget Toolkit (SWT).  

The provision of various pre-made graphic user interface components allows the 

programmer to easily build a sophisticated application.  The GUI provides the menus and 

communicates with the simulation by providing a menu to execute various actions such 

as creating a new simulation or loading a new state of a simulation from XML files.  It 

also provides menus for managing and running the COBWEB 3.0 simulation, such as 

playing, pausing, and terminating the simulation.  The actions of controlling the pause 

time, simulation speed, running the simulation at each time step, and status modifications 

are also provided in the GUI menu.  The menu also shows the simulation elements such 

as non-deterministic/deterministic growth of food and stone and displays the movements 
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of agents on a two-dimensional grid, which are an adaptation of dynamic change 

environments.  The GUI subsystem provides menus to interact with a simulation by 

calling simulation methods for managing and displaying any changes in the simulation 

state. 

 

Simulation can be referred to as the engine (model) of a simulation and is a Java thread.  

It consists of many simulation elements and manages these simulation components.  Each 

element is self-contained and responsible for keeping its own state, saving itself to files, 

drawing itself to view, and logging its state.  The various types of elements are: 

 

(1) Environments, which contain any number of parameters 

(2) EnvironmentParameters such as food, stone 

(3) Agents, which interact with parameters and each other 

 

The simulation (thread) begins based on a user request from the CobwebApplication 

(GUI/View).  It updates the simulation component status through a series of procedures.  

The program initially updates each agent according to its strategies, and each parameter is 

updated following its own determined rule or probability.  It then notifies 

CobwebApplication (View) to display the status of components, logs the component 

status, and executes scheduled events such as terminating a simulation at a particular time 

at each simulation time-step.  When the program is paused by the user during the 

simulation run, the simulation thread is stopped.  Figure 3.2 illustrates the simulation 

execution mechanism of COBWEB 3.0. 
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Figure 3.2. Simulation (model) execution and application (view). 
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Environment is an abstraction of a complex system.  Environment parameters are 

environmental conditions and factors that affect the outcome of the simulation.  

COBWEB provides a variety of different types of parameters.  Each parameter is held 

using its name as the key in the environment.  The individual parameters can represent 

different types of information, such as an array of integer and Boolean values.  There are 

six different types of environment parameters, including: 

 

1. ArrayParameter  

2. BooleanParameter  

3. IntegerParameter  

4. ConstantParameter  

5. HashParameter 

6. MultiHashParameter  

 

Indices of the ArrayParameter have a one-to-one relationship with locations in the 

environment.  BooleanParameter is an array parameter for Boolean values of 

information.  The IntegerParameter is an array parameter for integer values of 

information.  ConstantParameter represents a constant in all environments.  

HashParameter and MultiHashParameter are parameters that do not require the finding 

of all locations in the environment.  The MultiHashParameter allows the user to hold 

more than one value at any location. 
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Agents are autonomous software objects that interact with the environment or each other 

according to action rules, and they can be used to abstract software, physical, or human 

systems.  In COWEB, an agent determines its own behaviours regarding environment 

change and variety.  These elements are: 

 

(1) Agent - represents autonomous object 

(2) AgentCollection - holds all agents within a complex environment 

(3) AgentInput - represents input changes reflecting environmental status and 

that affect decisions on agent behaviour 

(4) AgentController - the ‘brain’ of the agent; determines the behaviour of the 

agent according the strategies or rules 

(5) ActionQueue - resolves any conflicts before the actions are implemented 

(6) Action - represents agent behaviours 

 

COBWEB 3.0 provides two types of agents.  They are SimpleAgents and ComplexAgents.  

Complex agents are agents that also serve as environments for other agents.  They can 

have their own agents and parameters, such as a genetic code.  For instance, ‘household’ 

is an agent that resides in a city environment but also provides an environment to human 

agents.  COBWEB 3.0 provides various artificial intelligence tools that can determine 

agent behaviours.  The artificial intelligence tools in COBWEB 3.0 utilize Genetic 

Algorithms (GAs) and Neural Networks (NNs).  There are several different AI tools in 

COBWEB 3.0.  They are: 
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(1) BehaviorArrayController - uses a behaviour array that utilizes GA 

(2) ComplexController - determines agent behaviours according to their 

environment status and their genetic code.  It determines the behaviour of an 

agent by an ‘IF and Then’ rule 

(3) MatrixController - determines the agent behaviours as a product of a 

matrix of genetic coefficients with an input vector and a constant vector 

(4) RandomController - determines behaviour of an agent randomly 

(5) BPNNAgentController - determines behaviour of agent using NN. 

 

3.1.2 Application of COBWEB in the Regina Household Energy 
Consumption Model 

 

The Regina household energy consumption model customizes the COBWEB 3.0 

structures and functions to model residential energy use for the city of Regina.  The 

Agents in the Regina household energy consumption model are Households and Humans.  

Humans inhabit a Household and each Household is held within an Environment.  The 

Environment is composed of several EnvironmentParameters: DateParam, AgeParam, 

IncomeParam, HouseTypesParam, Emigration, Immigration, MarriageQueue, and 

PowerPlant.  Households and Humans both contain an AgentsController and a 

HouseController and HumanController, respectively. 

 

3.2 Data 
 

Various types of data were obtained in developing the Regina household energy 

consumption model.  Table 3.1 lists the types of data and the alternative information used 
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Required Statistics Data 
Data 

Availability 

Energy consumption 

per household by type 

of dwellings and 

household size 

1) Energy consumption per household by dwelling 

types and household size for city of Regina 

No 

1) Number of dwellings by type of dwellings and 

household sizes for Canada, 2003 Survey of household 

energy use (SHEU) (Office of Energy Efficiency, 2006 

[17]) 

Yes 

1) Total energy consumption for type of dwellings 

and household size for Canada, 2003 Survey of 

household energy use (SHEU) (Office of Energy 

Efficiency, 2006 [17]) 

Yes 

Age specific mortality 

rate 

1) Age specific mortality rate for city of Regina, 2003 No 

1) Age specific mortality rate for Saskatchewan, 2003 

(Statistics Canada, 2003 [1]) 

Yes 

Age specific fertility 

rate 

1) Age specific fertility rates for city of Regina, 2003 

(Saskatchewan Bureau of Statistics [20]) 

Yes 

Age specific marriage 

rate 

1) Age specific marriage rate for city of Regina, 2003 No 

1) Age specific marriage rate per 1,000 unmarried 

males and 1,000 unmarried females, all marriages for 

Canada, 2003 (Statistics Canada, 2003 [3]) 

Yes 

Age-specific rates for 

leaving the parental 

home 

1) Age-specific rates for leaving the parental home for 

city of Regina, 2003 

No 

1) Cumulative probabilities of first leaving home for 

men and women for Canada, from General Social 

Survey (GSS), 2001 (Statistics Canada, 2001 [25]) 

Yes 

Distribution of male 

parents’ age 

1) Age distribution of male parents for city of Regina, 

2003 

No 
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1) Age distribution of male parents for city of Regina, 

2001 & 2006 Census (Statistics Canada, 2001 and 

2006 [6,7]) 

Yes 

Distribution of age 

differences of couples 

1) Distribution of age differences of couples in family 

in city of Regina, 2003 

No 

1) Distribution of age differences of couples in family 

for Canada, 2001 (Statistics Canada, 2001 [26]) 

Yes 

Distribution of single-

person household’s age 

1) Age distribution for single-person household for 

city of Regina, 2003 

No 

1) Age distribution for single-person household for 

city of Regina, 2001 and 2006 Census (Statistics 

Canada, 2001 and 2006 [6, 7]) 

Yes 

Distribution of total 

income for population 

1) Distribution of total income for population 15 years 

and over for city of Regina, 2003 

No 

1) Distribution of the total income and sex for population 

15 years and over, for the city of Regina, 2001 & 2006 

Census (Statistics Canada, 2001 and 2006 [8, 9]) 

Yes 

Distribution of 

structural type of 

dwelling and tenure 

1) Distribution of structural type of dwelling and tenure 

for occupied private dwellings for city of Regina, 2003 

No 

1) Distribution of structural type of dwelling and tenure 

for occupied private dwelling for city of Regina, 2001 

and 2006 Census (Statistics Canada, 2001 and 2006 

[10, 11]) 

Yes 

Distribution of tenure 

by household income 

group 

1) Distribution of tenure by household income group for 

city of Regina, 2003 

No 

1) Gross rent for private households for Regina CMA, 

2001 & 2006 Census (Statistics Canada, 2001 and 

2006 [12, 13]) 

Yes 
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1) Owner’s major payments for private households for 

Regina CMA, 2001 and 2006 Census (Statistics 

Canada, 2001 and 2006 [14, 15]) 

Yes 

1) Household income groups for rented and owned 

private households for Regina CMA, 2001 and 2006 

Census (Statistics Canada, 2001 and 2006 [12, 13]) 

Yes 

In-, out- and net-

migration 

1) In-, out- and net-migration for city of Regina 2003 No 

1) In-, out- and net-migration for Regina CMS, annual 

number 2003 (Statistics Canada, 2003 [16]) 

Yes 

 

Table 3.1 Data availability for Regina household energy consumption model. 
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for the model.  The energy data used in the simulation model were based on the 2003 

Survey of Household Energy Use (SHEU).  The energy data required for the model was 

the energy consumption per household based on the type of dwellings and household size 

for the city of Regina.  However, the data was not available.  Instead, we used the data on 

the energy consumption per household by the type of dwellings and household size at the 

national level in the Regina household energy consumption model.  The daily energy 

consumption per household was calculated from: 1) the total energy consumption based 

on the type of dwellings and household size, and 2) the number of dwellings by type from 

the 2003 Survey of Household Energy Use (SHEU) (Appendix A). 

 

The simulation model was based on the city of Regina for 2003 data with social and 

economic statistics as inputs.  Information from the 2003 city of Regina demographic 

data was used in the simulation without any modifications, if available.  However, if the 

2003 demographic information was not available, the data was generated by linear 

interpolation based on the 2001 to 2006 census information.  Appendix B lists the types 

of data sources and methods used for the model. 

 

Although our model was developed at a local scale, the city of Regina, we had to use the 

national, provincial, and/or the Census Metropolitan Area data because of the availability 

and accessibility.  In certain situations, such as components of population growth, 

statistics were only available for what is referred to as the Regina Census Metropolitan 

Area (CMA).  The statistics describing the city population were similar to the CMA data 
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because 92% of the CMA population lives in the city of Regina (Sask Trends Monitor, 

2003 [27]). 

 

3.3 General System Structure 
 

The design of the simulation model contains several different components, each having a 

separate and distinct function in the simulation.  There are four major abstract subsystems 

of the Regina household energy consumption simulation model.  These major abstract 

subsystems are: 

 

1. Graphical User Interface (GUI) 

2. Simulation (Thread) 

3. Simulation Element 

4. Logging 

 

3.3.1 Graphical User Interface (GUI) 
 

HouseholdApplication is the Graphic User Interface (GUI) and visual interface for the 

Regina household energy consumption model.  It is implemented using a Java Abstract 

Window Toolkit (AWT) and various COBWEB pre-made graphic user interface 

components, such as Gridview and CobwebMenu.  The pre-made graphic user interface 

component for household is the AWTHousehold, and it is used to implement the graphics 

for the household agent in the model.  However, this study simulated the city of Regina, 

and it is not possible to visualize all households of Regina in one computer.  In future 
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studies, the pre-made GUI components can be used to visualize the simulation status of 

the model. 

 

As a GUI, HouseholdApplication provides the menus that enable the user to control a 

simulation.  It provides menus for loading a new simulation, loading a new simulation 

state from an XML document, running/pausing the Regina simulation model, or saving a 

simulation state into an XML document.  The GUI also provides the controls for setting 

pause time, simulation speed, and running simulation at one time step.  In general, the 

GUI provides the basic functions allowing the user to control the simulation.  Appendix 

C illustrates the GUI interface of the Regina Household Energy Consumption Model. 

 

3.3.2 Simulation (Thread) 
 

CobwebSimulation is the agent-based simulation engine in the Regina household energy 

consumption model.  As a Java thread, it manages simulation events such as running and 

pausing the agent-based simulation mechanism.  Running the simulation starts the agent-

based simulation thread and pausing the simulation stops the simulation thread.  The 

simulation thread manages all the simulation components.  Each simulation component 

updates, logs, and displays its own state at each time step.  At each time step, the 

simulation thread executes all simulation components’ updating, logging, and displaying 

functions.  The simulation elements such as agents and environment parameters update 

their own states following the elements rules or probability functions at each time step.  

Each simulation component state can be viewed through CobwebApplication (View), and 
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they are all logged into a database at each time step.  User-requested scheduled events 

such as termination of a simulation at a particular time are also executable. 

 

3.3.3 Simulation Components 
 

The simulation components in the Regina household energy consumption model are self-

contained and responsible for updating their own states, saving themselves to files, 

drawing themselves to view, and logging their states.  The types of Regina simulation 

components are: 

 

(1) Environment, which contains any number of environment parameters and agents 

(2) Household agents and Human agents, which interact with environment 

parameters and each other 

(3) EnvironmentParameters represent the environment conditions affecting the 

outcome of the simulation 

 

Section 3.4 provides a detailed discussion of the simulation components in the Regina 

household energy consumption model. 

 

3.3.4 Logging 
 

Logging is a function that tracks the information during the simulation and stores it in a 

database.  Every simulation component logs its own simulation status at each time step.  

The logged data in the database can be used to analyze the simulation at a later time.  The 
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Regina household energy consumption model provides a GUI that allows the user to 

select its database engine and file.  It has the ability to use two different types of 

databases, such as Microsoft Access and MySQL.  Database connectivity is available 

through Java DataBase Connectivity (JDBC) technology.  JDBC is an API for Java that 

enables Java programs to access a database. 

 

Based on the objectives and the desired output list, the database structure of the Regina 

household energy consumption model was developed with eight (8) different database 

tables.  Table 3.2 lists the 8 different database tables and their descriptions. 
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Table Description 

YearlyEnergy table It records the house ID, house type, number of occupants in 

the household, the number of males and females, and the 

total yearly energy consumption. 

Births table It records the newborn person’s birth date, the house ID it 

was born into, and the sex of the newborn person. 

Deaths table It records the date the person died, the house ID they lived 

in, their sex, and age at the time of death. 

Immigration table It records the date, the house ID they move in, their sex, 

and current age. 

Emigration table It records the date they moved out, their sex, and current 

age. 

Marriages table It records the date of marriage, the house ID where they 

move in together, their sex, and age. 

SimulationTable table It records the simulation status at each time step.  It records 

the date, number of houses, number of occupied houses, 

number of emigrants, number of immigrants, and number 

of married people. 

TimeStep table It records the time for each time step. 

 

Table 3.2. Simulation result database of the Regina energy consumption model.
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3.4 Details of the Simulation Components 
 

The simulation component of the Regina household energy consumption model includes 

the structure, properties, functions, related sub-elements, and initial status using 

demographic data.  Figure 3.3 illustrates the detailed simulation elements of the Regina 

energy consumption system.  Individual elements of the model are given as: 

 

(1) Environment - contains any number of environment parameters and Household 

agents and Human agents 

(2) Household agents and Human agents - interact with environment parameters and 

each other 

(3) EnvironmentParameters - represent environment conditions that affect the 

outcome of the simulation 

(4) HousingAgentCollection and HumanAgentCollection - stores all Household and 

Human agents 

(5) HouseController and HumanController - determine what kind of action 

Household and Human agents will perform at each time step, respectively 

(6) HouseAction and HumanAction - represents the behaviours of Household and 

Human agents, respectively 

(7) HouseActionQueue and HumanActionQueue - resolve any conflicts of actions 

before their implementation 

(8) HouseInput - represent input changes that affect the decisions of household 

actions 
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Figure 3.3. Simulation components of the Regina household energy consumption 
model. 
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3.4.1 Environment 
 

The Environment component in the Regina household energy consumption model was 

adopted from the COBWEB environment and was customized for the city of Regina.  

COBWEB’s Environment can contain agents, environment parameters, and possibly 

another environment.  The environment in the Regina household energy consumption 

model was composed of two types of agents: one type of agent represented the people in 

Regina and the other type represented houses in Regina.  The environment also contained 

various environment parameters that have the ability to influence an agent’s decisions 

within the environment.  The city of Regina was represented as a two-dimensional 

environment. 

 

3.4.2 Household Agent 
 

Agents in the Regina household energy consumption model adopt the COBWEB agent 

mechanism.  There are two types of agents in the Regina household energy consumption 

model.  These are 

 

(1) Household agent  

(2) Human agent   

 

Household agents are held in the environment and contain the human agents.  Human 

agents do not represent an environment for other agents; however, they contain 
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environment parameters such as age.  Both household agents and human agents represent 

demographic assumptions about Regina. 

 

(1) Household agent – Household agent represents a house or dwelling in Regina.  It has 

its own position in the two-dimensional environment with its own ‘brain.’  The ‘brain’ in 

the household agent is referred to as the HouseController.  It is encoded by ‘IF-THEN’ 

rules.  The HouseController determines how the household will behave at each time step. 

 

All household agents held in the HousingAgentCollection are vectors.  A household agent 

perceives HouseInput that represents input changes affecting the decisions or actions of 

the household.  An action of household, HouseAction, is implemented after resolving any 

conflicts in the HouseActionQueue.  The household agent is characterized by its 

parameters, such as household type, total household income, and monthly rent.  

Household agents provide the environment for the human agents and are integrated 

within the household agents.  The actions of the household agents are either ‘doing 

nothing’ or ‘consuming energy’.  The human agents within household agents also may 

move out into new households because of marriage and economic reason, etc. 

 

(2) Human agent – Human agent represents a person in a neighborhood within Regina.  

The human agent is located within a household agent and is characterized by age, sex, 

pregnancy, spouse, and monthly income, etc.  It has its own controller, HumanController, 

encoded by ‘IF and THEN’ rules.  The HumanController determines what action the 

human agent will perform at each time step.  All human agents are held in the 
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HumanAgentCollection as vectors.  The human agent has the ability to assess the 

environment conditions, such as total household income and monthly rent for household, 

and makes decisions on its actions and outcomes.  The action of the human agent, 

HumanAction, is implemented after resolving any conflicts in the HumanActionQueue.  

The actions of the human agents are that they may ‘do nothing’ or ‘deliver a new child 

human agent’.  Single human agents may move out into a new household or be assigned 

to a marriage matching service. 

 

3.4.3 Environment Parameters 
 

There are nine environment parameters in the Regina household energy consumption 

model.  They represent important variables that represent the most desirable outcomes of 

the Regina household energy consumption model and have the ability to affect the 

outcome of the simulation.  These variables are used by the Human, Household, or 

Environment agents and are given below: 

 
(1) AgeParam 

(2) DateParam 

(3) HouseTypesParam 

(4) Emigration 

(5) Immigration 

(6) IncomeParam 

(7) MarriageQueue 

(8) PowerPlant 
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(9) RentParam 

 

3.4.3.1 AgeParam 
 

The age parameter represents the age of a human agent.  It is extended from an array of 

integer parameters in IntegerParameter and is updated by one simulation time step. Thus, 

human agents will age by one day/time step.  When it reaches 365 days, the human agent 

will be aged by one year. 

 

3.4.3.2 DateParam 
 

The date parameter represents the time step of the simulation in the Regina household 

energy consumption model.  The time step of the Regina household energy consumption 

model represents one day in the calendar.  It is extended from the ConstantParameter.  

The constant parameter represents a parameter that is the same for the entire 

environment, meaning the time step of the simulation is the same through the entire 

environment.  It will be updated by one day, meaning each simulation time step 

represents moving forward by one day.  The initial date of the simulation was set as 

January 1, 2003. 
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3.4.3.3 HouseTypesParam 
 

The HouseTypes parameter represents types of households in the Regina household 

energy consumption model and is extended from the ArrayParameter.  It is a specific 

kind of array parameter, where the values stored in the array are HouseTypes (BitString).  

Currently, there are four types of households represented by the HouseTypes parameter.  

These are apartment, mobile home, double/row house, and detached house.  The 

HouseTypes parameter status will be constant at each time step. 

 

3.4.3.4 Emigration 
 

The emigration parameter keeps all migration agents who move out the City of Regina as 

vectors, and its value is independent of the location in the environment.  It is extended 

from the EnvironmentParameter and implemented as vector.  At each time step, the 

human agent that moves out is added into EmigrationQueue, and the queue is emptied 

(meaning the human agent has move out of the community).  At each time step, the 

numbers of all migration agents who move out the City of Regina are determined by 

Poisson distribution.  The mean of the Poisson distribution is assigned by using the 

average daily number of people who migrate out from Regina in 2003. 

 

3.4.3.5 Immigration 
 

The immigration parameter keeps all migration agents who move into a community as 

vectors, and its value is independent of the location in the environment.  It is extended 
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from the EnvironmentParameter and implemented as a vector.  At each time step, it 

generates a random number of immigrants following the Poisson distribution.  The mean 

of the Poisson distribution is assigned by using the average daily number of people who 

migrated to Regina in 2003.  The people are classified into families or single person 

households by HumanAgentCollection based on the proportion of household types in 

Regina.  The properties of immigrant human agents such as age and sex were based on 

the Regina demographics from Statistics Canada Census (2001 and 2006).  At each time 

step, the households that migrated into the city are added into the immigration queue and 

the queue is emptied when these people have been assigned into new household agents in 

Regina. 

 

3.4.3.6 IncomeParam 
 

The income parameter represents the total household income from all of the human 

agents living inside the household agent.  It is associated with household agents and can 

influence the decisions of human agents living inside.  For instance, human agents can 

decide to move out because they are unable to afford to pay the rent with their total 

household income.  It is extended from the IntegerParameter and is updated by the total 

income level.  If the income of a human agent is updated or a human agent moves out or 

moves into household, the income parameter is also updated. 
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3.4.3.7 MarriageQueue 
 

The marriage queue parameter holds all the human agents that desire to be married as 

vectors.  However, the human agent is still in its household agent and its value is 

independent of the location in the environment.  It is extended from 

EnvironmentParameter and implemented as a vector.  At each time step, the 

MarriageQueue looks over the lists of human agents within itself and searches for 

matches between two human agents in the queue.  If a match is found, the married couple 

is removed from the queue and assigned its own household. 

 

3.4.3.8 PowerPlant 
 

The power plant parameter represents the reserved energy amount per day for the Regina 

household energy consumption model and is extended from the ConstantParameter.  The 

constant parameter is used to represent the parameter that has the same value for the 

entire environment.  The parameter is updated every day with a newly generated daily 

amount of energy for the city.  However, the actual daily amount of energy used in the 

city was not available, so this study did not incorporate the power plant parameter.  In 

future studies, the parameter can be set to reflect the actual amount of energy used by the 

city of Regina. 
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3.4.3.9 RentParam 
 

The rent parameter represents the average monthly rent for a house or a monthly average 

owner’s payment for a house.  It is associated with the household agent and can influence 

the decisions of human agents inside the household.  For instance, human agents can 

decide to move out because they cannot afford to pay the rent.  RentParam is extended 

from the IntegerParameter and will estimate the amount of rent according to probability 

of payments for the house by household income in Regina. 

 

3.5 Dynamic System Behaviour 
 

The behaviours of the agents are driven by the strategies that are adaptive to a wide 

variety of environment conditions using an Artificial Intelligence (AI) engine.  In this 

methodology, the overall system dynamics are the results of interactions of independent 

agents whose behaviour responds to their environment.  The Regina household energy 

consumption model adopts agent-based simulation methodology, and the overall system 

dynamics of the Regina household energy consumption model are the result of 

interactions of independent household and human agents. 

 

A simulation is initialized with various environment parameters and a number of 

household agents with human agents inside the household.  The agents reflect the 

demographic assumptions about Regina in 2003.  Date, Emigration, Immigration, and 

MarriageQueue are initialized values reflecting demographic data at the beginning of the 

simulation and are updated by specific rules at each time step.  The date is implemented 
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with the initial simulation date of January, 1, 2003, and updated by one day at each time 

step.   

 

Emigration begins with an empty vector and is increased with a number of human agents 

that move out of the city during the simulation run.  A number of human agents that 

migrate out of city are determined by the Poisson distribution.  At each time step, all 

migration human agents inside the EmmigrationQueue are removed.  Immigration begins 

with an empty vector and creates a number of human agents that migrate into the 

community at each time step.  The numbers of immigration agents are created based on 

the Poisson distribution.  The MarriageQueue also begins with empty vector and adds 

human agents that ‘decide’ to get married during simulation.  At each time step, it 

searches for matching couples within the MarriageQueue and moves them to their own 

households after each time step.   

 

3.5.1 Dynamic System Behaviour of Household Agent 

 

The Household agent represents a house that houses human agents within Regina.  It 

represents the physical type of house where the conceptual type of household lives.  The 

conceptual type of household is represented by HumanCollection class in the Regina 

household energy consumption model.  A number of household agents are contained 

within the environment based on the data structure of HousingAgentCollection, which 

manages all household agents.  At each time step, the simulation thread calls all 

household agents within the HousingAgentCollection and various environment 



 

59 

parameters to update, log, and display their simulation state.  As a simulation proceeds, 

the environment characters are changed, and household agents adapt to the change in 

environment. 

 

The initial numbers of household agents were determined based on the number of 

occupied homes in Regina in 2003 [10, 11].  The household agent initiates its own 

controller, HouseholdController, and the HumanAgentCollection that holds a number of 

human agents.  The household agent is characterized by its own ID number, location in 

the grid environment, marriage flag, yearly energy consumption, the structural type of 

dwelling, monthly payments for dwellings, status of tenure, and total household income 

level.  Focus is on the dwelling structure, monthly payments, and household income 

contained in the environment parameters.  They are associated with the household agent 

and could affect the decisions of the human agent(s) living inside the household.  As a 

physical state of a house, it can be empty when a family or single household leaves.  The 

household can also be occupied by migration of people into the city or people moving to 

a different location within Regina. 

 

The marriage flag indicates a household that contains a human agent that plans to be 

married and is looking for a match.  The marriage flag is assigned as ‘false’ at the 

beginning of the simulation and changes to ‘true’ when the human agent inside find a 

match in the MarriageQueue.   
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The initial value for the yearly energy consumption is ‘zero’ (0) and increases with daily 

energy consumption at each time step.  The structure type of the dwellings can be 

assigned as an apartment, town house, or single detached house, and the status of tenure 

is initialized as either ‘owned’ or ‘rented’.  The classification in the type of structure was 

determined using the probability of the structure type of dwelling and tenure in Regina in 

2003 (Statistics Canada, 2001 and 2006, [10, 11]).  After people are assigned to the 

household, they can be determined again by the tenure or by household income for 

Regina CMA, 2003(Statistics Canada, 2001 and 2006 [12, 13, 14, 15]).  During all 

simulation steps, these values are constant.  The mechanism for determining the monthly 

payment is accomplished using probability of the monthly payment from dwelling by 

tenure (Statistics Canada, 2001 and 2006 [12, 13, 14, 15]).  Each house type has its own 

normal distribution of house rental fees.  The initial total household income value is the 

sum of the individual monthly income of the human agents living inside the household.  

Individual income is initialized with average monthly income and is dependent on sex 

and age based on the demographic information for the city of Regina in 2003 (Statistics 

Canada, 2001 and 2006 [8, 9]). 

 

Figure 3.4 illustrates the dynamic system behaviours of household agents.  At each time 

step, the simulation thread requests the HousingAgentCollection to update all the 

household agents.  The HousingAgentCollection updates the human migration groups 

before proceeding to update the remaining household agents.  The human migration 

groups are the emigration group, immigration group, and people moving within the 

community.  These groups are contained in Emigration, Immigration, MarriageQueue, 
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Figure 3.4: Dynamic system behavior of household agents. 
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move_queue, family_move_queue, or marry_queue.  The migration agent locates the 

appropriate household agents in the city and is dependent on its household income and 

the cost of dwellings.  If the agent cannot locate the appropriate household agent that is 

affordable, they will build a new household agent.  If there is no land to build a new 

house, then the migration agents move out of the city of Regina.  The human agents who 

are added into temporary queues such as marry_queue, move_queue, and 

family_move_queue in the previous simulation step are also reassigned to the appropriate 

household agents. 

 

Each household agent in HousingAgentCollection is required to update its status.  A 

household agent has its own strategy to behave within the environment.  The 

HouseController, which is the ‘brain’ behind the household agent, determines what the 

household agent does at each time step.  It perceives input representation of HouseInput, 

environment parameters, and human agents and determines what a household does at the 

current time step.  HouseInput, environment parameters, and human agents living inside 

the household influence household actions.  There are four actions that household agents 

can take:  

 

(1) do nothing  

(2)  consume energy  

(3) get married and move out to a temporary queue, marry_queue, where they 

will be reassigned to a new house 
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(4)  move the families to temporary queue, family_move_queue, where they will 

be reassigned to a new house 

 

The household agent uses the collection of behaviour strategies embedded in the 

HouseholdController.  A specified behaviour is activated under the current conditions.  

The household agent behaviour strategies are based on a condition-action structure of the 

form ‘IF-THEN’.  The household agent behaviour strategies are: 

 

1) Do nothing - If a household agent does not contain any human agent, then it does 

nothing in the current time step. 

2) Consume energy - If the household agent contains any number of human agents, 

then it will consume energy.  If there is no human agent inside the household 

agent, then energy will not be consumed by the agents.  However, certain 

household agents will consume more than other household agents, depending on 

house type and household sizes.  Energy consumption per household by the type 

of dwelling and by the household size was used for each household daily usage.  

The daily energy consumption for the household agent was calculated based on 

residential energy consumption data taken from the 2003 Survey of Household 

Energy Use (SHEU) (Office of Energy Efficiency, 2006 [17]).  The survey 

provides information on the number in the household and type of house and the 

estimated energy consumption.  Appendix A details the estimated energy 

consumption.  Table 3.3 shows the estimated daily energy consumption per 
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Table 3.3. Daily energy consumption per household (MJ/household/day) for the 
different types of households. 

 

Daily Energy Consumption (MJ/household/day) 

Household size 

Type of dwelling 

Single detached Double/row house Apartment Mobile home 

Total 377.0 307.7 240.1 251.2 

1 member 310.0 273.8 220.7  

2 members 366.0 298.0 268.0 249.0 

3 members 390.1 285.6 202.5  

4 members or more 412.1 357.8 269.6  
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household by the type of dwelling and the household.  These values were stored 

in the ‘look-up’ table (two-dimensional array) in the model.  For example, if a 

single detached household agent has two human agents, it then can consume 366 

MJ a day.  For mobile homes, the energy consumptions per household by 

household size are undefined with the exception of 2 member households.  

Information on energy consumption from 2 member mobile home households was 

available to the public.  Due to the limited information on the energy consumption 

in mobile homes, it was assumed that mobile home agents consume the same 

amount of energy (251.2 MJ) regardless of the household size. 

 

3) Get married - If a household agent contains a human agent who will be getting 

married, then it removes the newlywed human agent inside the household and 

adds the human agent to a temporary queue, referred to as the marry_queue.  The 

human agents in the marry_queue will be reassigned to a new house at the next 

time step.  A household agent that contains human agent that will be getting 

married is indicated by a marriage flag.  The marriage flag value is assigned a 

value of ‘true’ when the human agent has found a match in MarriageQueue.  In 

the parameter the MarriageQueue, looks through the lists of human agents and 

matches two human agents.  The criteria for matching are that their sex must be 

different and their ages are not greater than twenty years apart.  Once matches are 

found, the variable newlywed in the human agent is set to be ‘true’ and the flag 

on household they are in is also set to be ‘true’. 
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4) Move family to a different location - If a household agent contains a family 

determined to move to a different location, it will remove the family’s human 

agents and add them to a temporary queue of family_move_queue.  The family 

agents in family_move_queue will be reassigned to a new house at the next time 

step. 

 

In the Regina household energy consumption model, out-migrations include either the 

entire household and/or a single person within a household.  Possible reasons for a single 

person in the household to move out could be marriage or establishing their own 

household by leaving the parental home.  These changes in the migration patterns are 

dealt with through the human agent behaviour strategies in Regina household energy 

consumption model.  Entire households who move out from their house are governed by 

the household agent behaviour in the Regina household energy consumption model.  The 

entire migration may include re-location within or out of Regina (Statistics Canada, 2003 

[16]). 

 

The determination of the out-migration values for the Regina household energy 

consumption model was interpreted from statistical analysis.  The total number of daily 

out migrations from Regina was determined from the Poisson distribution and the mean 

out migration value was taken from the demographic information from 2003 (Statistics 

Canada, 2003 [16]).  Based on statistical interpretation, the average number of daily 

migrations, including within and outside the city, was found to be approximately 50 to 60 

persons.  The single person who move out of the parental house and the persons that were 
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married were determined by the probability of those events and were estimated to be 

approximately 10 persons per day.  Therefore, we estimated the number of the entire 

households who move out from their houses as around 40 to 50 persons.  We estimate the 

rate of entire households moving out to be 0.03% of total households at each simulation 

time step.  Appendix A provides the details for the determination of the Poisson 

distribution used in this model. 

 

3.5.2 Dynamic System Behaviour of the Human Agent 
 

Human agents represent the current population of a community.  They interact with 

various EnvironmentParameters within the Environment.  The Household represents the 

environment for the human agents.  The type of house, total income level, and household 

rental fees in Regina were used to characterize the particular household agents.  These are 

environment parameters contained in the environment using the data structure of a 

Hashtable.  A number of human agents are contained within households using the 

HumanAgentCollection data structure.   

 

HumanAgentCollection is extended from the MultiHashParameter, and it manages all 

human agents inside the household.  At each time step, a simulation thread signals all 

human agents within HumanAgentCollection and various environment parameters to 

update, log, and display their simulation states.  As the simulation proceeds, the human 

agents will adapt to any changes in the environment. 
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A number of human agents are created in each household agent.  The household agent 

can be initialized with a single human agent or with a family of human agents.  The 

number of household agents in the Regina household energy consumption model was 

determined by the probability of distribution of single and family households based on 

the city of Regina demographic statistics of 2003.  Human agents are initialized with their 

own controllers called HumanController and are classified by age, position, sex, 

pregnancy, spouse, birthday, newlywed, and income. 

 

The classification of the human agents in the household were categorized into the 

household type, as either a family household that may include couples with/without 

children and lone-parent family households or single person households.  The 

classifications were completed by using the probability of household type in the city of 

Regina (Statistics Canada, 2001 and 2006 [4, 5]).  Depending on the household type, the 

age and sex of human agents were determined by age for the population in private 

households in Regina in 2003 (Statistics Canada, 2001 and 2006 [6, 7]).  The human 

agent will be aged by one day at each time step.  If the human agent was pregnant, the 

pregnancy is classified as ‘true’ and the human agent will become pregnant according to 

the age-specific fertility rate for Saskatchewan in 2003 (Statistics Canada, 2006 [2]).  The 

birthdate indicates the number of days that a human agent has been pregnant.  The initial 

value is zero (0) and will be increased by one day during the female agent pregnancy. 

 

The spouse is initialized with its spousal agent.  If the human is classed as single, the 

spouse is assigned a null value.  The newlywed is a flag for newly married human agents.  
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The initial value is classified as ‘false’ and will revert to the value ‘true’ when the human 

agent finds a match.  The income is initialized with the probability of the total income 

and sex for the population of the city of Regina in 2003 (Statistics Canada, 2001 and 

2006 [8, 9]). 

 

Figure 3.5 illustrates a schematic diagram of the dynamic behaviours of human agents.  

At each time step, the simulation thread requests the HumanAgentCollection to update all 

human agents inside the household.  The human agent has its own strategy of behaviour 

within the household at each time step.  HumanController, the ‘brain’ of the human 

agent, determines what actions the human agent takes at each time step.  The human 

agent behaviour strategies, HumanController, are based on ‘IF-THEN’ rules in the 

Regina household energy consumption model.  These rules are encoded by using actual 

socio-economic statistics for the city of Regina or for Canada.  The HumanController 

consists of functions that determine the human agent behaviour.  By these rules 

(functions), the human agent outcomes will be composed of several scenarios: death, 

getting pregnant, getting married, leaving the parental home and becoming independent, 

and/or doing nothing by keeping its current status.  These functions are based on the 

socio-economic statistics such as the age-specific mortality rate, fertility rate, marriage 

rate, rate for leaving parents’ home, etc. 
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Figure 3.5. Dynamic system behavior of a human agent. 
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The HumanController perceives input change r from HouseInput and environment 

parameters in the household and determines the actions to perform at the current time 

step.  HouseInput is an environment parameter in the household.  The decisions of the 

human actions in the household are affected by the HouseInput parameter and the 

demographic probability.  There are six actions that human agents can take at each time 

step.  Details of each action are given below: 

 

1) die  

2)  give birth 

3)  register to marriage matching service; the matching service is implemented by 

the MarrigeQueue where the agent will find compatible matches  

4)  move out to a temporary queue, the move_queue allows the human agent to be 

reassigned to a new house 

5)  do nothing 

 

3.5.2.1 Actions of the Human Agent 
 

There are five (5) actions that the human agent can take at each simulation time step.  

These actions are determined by the HouseInput parameter and the demographic 

probability for the city of Regina. 
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1) Die 

 
If a human agent has been selected to die by the death rate function in the current time 

step, agents it ‘dies’ and are is removed from the household.  If the function occurs in 

MarriageQueue, it is removed from MarriageQueue as well.  The number of deaths 

during each simulation run is recorded in the database.  The death rate function used in 

the model was determined on the age-specific mortality rate for Saskatchewan in 2003 

(Statistics Canada 2003, [1]).  The death rate function calculates whether the human 

agent will die or not on a current simulation time-step.  It will return ‘true’ if the agent is 

determined to die according to age-specific mortality, otherwise, it returns ‘false’.  Since 

the age-specific mortality rate is the yearly probability, the internal function uses the 

formula to correct for the daily simulation time step and is given as: 

 

� =
����ℎ���� 365⁄

1 − (���������� 365⁄ ) × ����ℎ����
 

 

where deathrate is the death rate for the age and daycounter is the counter for the day.  It 

starts at day one when a human agent is created and increases by one at each time step as 

the simulation runs.  When it reaches 365 days, the day counter resets back to zero, but 

the agent is aged by 1 year.  If age of Human agent is under 1 years old, the deathrate is 

0.0063 (Table 3.4).  The daily mortality rate (�) is calculated from formula at each time 

step.  It started with 1.726E-05 and it increased little bit as time step goes.  At day 365, 

the daily mortality rate for age under 1 year old is 1.737E-05.  The increment is very 

small and can be ignored. 
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Table 3.4 shows the age specific mortality rate per 1,000 persons for Saskatchewan and 

unit mortality rate for 2003 (Statistics Canada, 2003 [1]).  The age-specific death rate is 

the number of deaths in a particular age range per 1,000 population in the given age 

range.  It is a factor representing the possibility that a person in a given age range will die 

before the next year.  It is used as the death function in the Regina household 

consumption model. 

 

2) Give Birth 

 
The criteria for the a human agent to give birth is that the human agent is a female and 

the number of pregnant days is 280 or greater, then after which the human agent will give 

birth and a new child human agent is created in the same household.  If a female agent 

does not give birth and has yet to become pregnant at the current time step, the female 

agent may be determined selected to be pregnant by the birthrate function.  When the 

female agent is pregnant, the number of pregnant days is increased by one day at each 

time step.  The birth rate function calculates whether the female agent will be pregnant or 

not on this simulation time step. 
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Geography, place 

of residence 
 2003 

Saskatchewan, 

place of residence 

Age at time of 

death 
Number of deaths 

Mortality rate per 

1,000 population 

Unit mortality 

rate 

All ages 9007 9.1 0.0091 

Under 1 year 76 6.3 0.0063 

1 to 4 years 15 0.3 0.0003 

5 to 9 years 15 0.2 0.0002 

10 to 14 years 9 0.1 0.0001 

15 to 19 years 71 0.9 0.0009 

20 to 24 years 55 0.8 0.0008 

25 to 29 years 56 0.9 0.0009 

30 to 34 years 69 1.2 0.0012 

35 to 39 years 79 1.2 0.0012 

40 to 44 years 136 1.7 0.0017 

45 to 49 years 191 2.5 0.0025 

50 to 54 years 238 3.8 0.0038 

55 to 59 years 296 5.8 0.0058 

60 to 64 years 399 9.8 0.0098 

65 to 69 years 587 16.1 0.0161 

70 to 74 years 843 24.2 0.0242 

75 to 79 years 1155 38.1 0.0381 

80 to 84 years 1493 63.2 0.0632 

85 to 89 years 1578 107.7 0.1077 

90 years and over 1646 207.7 0.2077 

 

Table 3.4. Age-specific mortality rate per 1,000 persons for Saskatchewan and unit 
mortality rate, 2003 (Statistics Canada, 2003 [1]). 
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The function is modified using the age-specific fertility rates for the city of Regina.  

Based on the age-specific fertility rate for city of Regina in 2003 (Bureau of Statistics 

[20]), the birth rate function calculates whether the human agent will become pregnant or 

not at the current simulation time-step.  It returns a value of ‘true’ if the agent has been 

determined to become pregnant by the age-specific fertility rate; otherwise it returns the 

value ‘false’.  Since the age-specific fertility rate is the yearly probability, it uses the 

following equation to correct for the daily simulation time step: 

 

� =
������������� 365⁄

1 − (���������� 365⁄ ) × �������������
 

 

where the fertility rate is the fertility rate of a certain age range and the daycounter 

represents the counter for each day.  The age-specific fertility rate is defined as the 

number of live births to mothers within a particular age range per 1,000 females in the 

same age range.  Five year age groups were used.  The basic mechanism of the birth rate 

function is the same as the death rate function.  The mothers who can give birth are 

independent of the marital status and include persons that are single, married, widowed, 

divorced, etc., aged 15 to 49 years. 

 

3) Register to marriage matching service 

 
The conditions for a human agent to fall into the matching service are that the human 

agent is over 16 years old and single. The human agent is selected to get married based 

on the marriage rate function.  The human agent is then added to or registered to the 
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MarrigeQueue.  Although the human agent is added to the MarriageQueue, it may still 

live in its same household and have yet to be married.  It just registers its name to 

MarrigaeQueue, which is a matching service.  In the parameter of the MarrigeQueue, the 

human agents are contained in a vector.  At each time step, the MarriageQueue will look 

over the lists of human agents within itself and find matches between two human agents 

in the vector.  The current criterion for marriage is that a pair is composed of a male and a 

female whose difference in age is no greater than 20 years apart.  Once two people have 

been matched, they set their spouses to each other, set the variable newlywed to be ‘true’, 

and set the flag of the household where each lives to be ‘true.’  At the next time step, if a 

household agent is flagged, then the house agent removes that newlywed human agent to 

a temporary queue called the marry_queue, where they will be reassigned to a new house. 

 

The marriage rate function calculates a probability that a human desires to be married.  

The function is modified using the age-specific marriage rate per 1,000 unmarried males 

and 1,000 unmarried females in Canada in 2003 (Statistics Canada, 2003 [3]).  It returns 

‘ true’ if the agent is selected to get married by the age-specific marriage rates; otherwise 

it returns ‘false’.  Since the age-specific marriage rate is the yearly probability, it uses the 

following equation to correct for the daily simulation time step: 

 

� =
������������ 365⁄

1 − (���������� 365⁄ ) × ������������
 

 

The age-specific marriage rate per 1,000 unmarried males and 1,000 unmarried females, 

all marriages for Canada in 2003 are used in the model (Statistics Canada, 2003 [3]).  
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Marriages between males and females aged 75 and over per 1,000 unmarried males and 

females aged 75 to 79.  The unmarried males and females are including the singles, 

widowed, and divorced categories in specific age groups. 

 

4) Youth leaving parental home 

 
The event of young adults leaving their parental homes is one of the major events during 

families’ life cycles.  It affects the size and structure of families and households, as well 

as the demand for and supply of housing and other household goods.  There was a lack of 

information in the Canadian census and other registered demographic databases on age-

specific rates for leaving the parental home.  The age-specific rates for leaving the 

parental home were estimated using the cumulative probabilities of first leaving home for 

men and women from Statistics Canada Life tables generated from the 2001 General 

Social Survey (GSS) (Statistics Canada, 2001 [25]).  The GSS is the study of social 

information in Canada.  The rates of leaving the parental home are defined as the number 

of children who leave the parental home at age range, x , divided by the total population 

at age range x .  The detailed table is shown in Appendix A. 

 

If a single adult human agent does not get married and is selected to move out on its own 

by the ‘leaving parents’ home’ function, the human agent will move out from its current 

household and into a move_queue.  The agent will eventually find a new household to 

live in or will emigrate.  The leaving parents’ home rate function calculates whether the 

human agent will leave its parents’ home at each simulation time step.  The function is 

modified using the rate for leaving parental home by the agent’s age.  It returns a value of 
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‘ true’ if the agent has been selected to emigrate from the parental home to 

‘independence’ by leaving the parental home rate by its age; otherwise it returns a value 

of ‘false’.  Since the age-specific leaving parental home rate is the yearly probability, it 

uses the same equation to correct for the daily simulation time step as the previous 

functions. 

 

5) Do nothing 

 
In this category, the human agent does not take any action in the simulation and does not 

change its current status. 

 

3.5.3 Dynamic System Behaviour of the City 

 

Dynamic system behaviours at the city level create new households during the simulation 

run and either migrate agents in or out of a single and/or family household.  These 

behaviour strategies are: 

 

1) Creating new dwellings during simulation run 

 
Household income plays an important role in determining the level of home ownership.  

The creation of new dwellings is dependent on the household income levels.  Individual 

income is collected for each person 16 years of age and over and combined into the total 

household income.  The income quintile consists of five income rankings, which are 

separated for owner occupied house or renter occupied house.  The tenure distribution at 
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each income quintile is used in determining whether it has created an owned or rented 

house.  Appendix B provides details of the statistical source of this information. 

 

2) Migrate into/out of the city 

 
The two factors that influence the total number of people currently residing in city that 

change with time are natural growth and net migration.  Natural growth consists of the 

number of births and deaths.  Births and deaths arise as a consequence of both age-

specific fertility and mortality rates.  Net migration is normally defined as the difference 

between in-migration and out-migration.  In-migration is the number of persons moving 

into the city, and out-migration is the number of persons leaving the city.  Migration 

includes external migration, inter-provincial migration, and intraprovincial (within the 

province) migration. 

 

The data used in this simulation study are the in-, out- and net-migration estimates for 

Regina CMA in 2003 (Statistics Canada, 2003 [16]).  Approximately 7,572 people move 

into the city from another country province or within the Canada per year.  However, 

approximately 7,216 people leave the city per year.  Thus we assumed that approximately 

7,572/365 (20.7) people per day move into city from another area and approximately 

7,216/365 (19.8) people per day leave the city.  These were the assumed expectations of 

the migration rates into and out of the city.  However, deviations in the migration rates 

exist, resulting in certain periods with more, less, or no change in the migration rates.  

Given only the average rate for the number of migrations per day and assuming that the 

process, or mix of processes, that produce the event flow are essentially random, the 
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Poisson distribution will indicate the likelihood of obtaining 20 people per day, or any 

other number each day.  The simulation uses a Poisson distribution to randomly select the 

number of migrations into/out of Regina each day.  The Poisson distribution is a single 

parameter discrete distribution that represents the probability that N independent events 

will occur during some time interval.  In this simulation, the time interval is one day and 

the single parameter is the mean number of events expected for the day.  The Poisson 

generator generates a random value from the Poisson distribution with the given mean.  

Appendix A provides the details of the Poisson distribution. 

 

At every simulation time step, the number of in-migration is determined by the Poisson 

random number in Immigration and are created and moved into the city.  The 

characteristics of the human agents, such as age, household type, sex, etc., are determined 

prior to moving into the city.  The groups of in-migration persons are assigned to either 

single or family households based on the household type in the city of Regina from 2003 

(Statistics Canada, 2001 and 2006 [4, 5]).  When they move into the city, they are 

assigned into a temporary vector, Immigration, and are looking for suitable shelter.  The 

classification of suitable shelter for these persons is dependent on their household income 

and the cost of the dwellings.  The dwelling affordability for the person is determined 

based on the tenure by household income quintile for Regina in 2003 (Statistics Canada, 

2001 and 2006 [12, 13, 14, 15]).  If there is no suitable place to live in, they are 

eliminated from the simulation.  
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The number of out-migrations in the simulation is determined by the Poisson random 

number generator in HousingAgentCollection.  All the out-migrations, including people 

who emigrate from their parental homes, households moving to a different home, or 

newly married couples moving into a new home together, will decide to migrate inside 

the city or to migrate out of the city at each time step.  These decisions are determined 

based on the percentage calculated by dividing the estimated number of migration 

followed by the Poisson distribution by the total number of out-migrations at each time 

step.  If they are determined to migrate inside the city, they will look for housing in the 

city, and the house assignment will be dependent on the household income.  At each time 

step, the human agents that were determined to migrate out of the city are added into the 

EmigrationQueue and are then moved out of the city.  Currently, they are removed from 

the simulation.  However, we expect that they will be integrated with mobile agent 

technology in the larger community version. 

 

3.6 Evolution of the Regina Household Energy Consumption Model 
 

The Regina household energy consumption model developed by the COBWEB group 

was built on abstraction of neighbourhoods for the city of Regina.  The neighbourhood 

model abstracts the separate communities within the city or type of communities that will 

allow the user to extrapolate to all communities of that type, with different demographics 

and parameter values specific to that area.  In their future, final version, the program will 

be run on several different computers that represent different neighbourhood models, 

using mobile agents to transfer information between machines and coordinate the 

simulation.  The program starts with the current population and density of households of 
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one neighbourhood of Regina and will end with a predicted population by applying birth 

rates, death rates, marriage rates, and immigration/emigration functions.  Their initial 

version of the Regina household energy consumption model is programmed with 

hypothetically representative values or assumption. 

 

Our version of the Regina household energy consumption model is the prototype of the 

Regina household energy consumption model.  It uses information based on the entire 

city of Regina as opposed to a single neighbourhood based on the availability of 

information.  The model is parameterized for the city by using actual Regina 

demographic statistics.  However, it is unable to visualize the status of each household 

agent or the other changes from the individual households.  The model was developed 

based the actual statistics for the city of Regina in 2003.  Energy data was based on the 

2003 Survey of Household Energy Use (SHEU).  The other parameters, such as birth 

rate, death rate, marriage rates, rates for youths leaving parental homes, in-migration/out-

migration numbers, and other demographic statistics, were based on linear interpolation 

of 2003 values using 2001 and 2006 Census. 

 

The functions were modified using the age-specific mortality rates, age-specific fertility 

rates, age-specific marriage rates, and the rates for leaving parental home by age instead 

of hypothetically representative values.  We used a Poisson generator to select the 

number of migrations into/out of the city each day.  The Poisson generator generated 

random values from the Poisson distribution with the given mean of daily migration.  The 

structure type of dwellings and household types were modified to reflect the actual values 
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for the city of Regina.  The mechanism of determining the tenure and types of dwellings 

by income level of household was modified using the household income quintile. 

 

The goal of the Regina household energy consumption model designed by the COBWEB 

group was to develop a model that can calculate the amount of energy consumed per 

household as affected by several factors, including the total number of people living in a 

household, the number of adults and/or children, the type of household (such as 

apartment, townhouse, house), the income level of the family, the time of year, and the 

climate.  In our version of the Regina household energy consumption model, energy 

consumption per household is directly influenced by factors such as number of occupants 

in the household and type of household.  The income level of the family is an indirect 

influence, since type of household is determined by the income level of the family. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

 

We have presented a framework for an agent-based household energy consumption 

system for the city of Regina.  The model was written in Java and based on COBWEB 

3.0.  COBWEB 3.0 is an agent-based simulation platform.  Over twenty-five 

experimental simulations were executed and the results of the experiments have been 

collected and stored in databases and text files.  The Regina household energy 

consumption model estimated the total household energy consumption, population 

change, and other demographics such as natural and migration growth, increases in 

dwellings, and social factors such as marriage numbers.  Users can choose whether they 

collect the results of the experiments in Microsoft Office Access or MySQL at the 

beginning of the simulation.  The status of the initial settings, such as population, number 

of households, etc., was collected in a text file. 

 

4.1 Experimental Setup 

 

An AMD Turion 64 processor with 4 GB of memory utilizing a Windows Vista 64 bit 

operating system was used in these experimental simulations.  By default, a JVM places 

an upper limit on the amount of memory available to the current process in order to 

prevent runaway processes from using system resources and reducing processing speed.  

When the Regina household energy consumption model is loading or running the total 
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number of houses in Regina, for better performance, it requires more memory than has 

been allocated to the JVM by default.  In these experimental simulations, we set the 

minimum heap to 600MB and the maximum heap 600MB maximum java heap size. 

 

For the command line processes, memory can be allocated to the JVM using the -Xms 

and -Xmx options (e.g., to allocate an initial heap of 600MB and an upper bound of 

600MB): 

 

java –Xms600m –Xmx600m -classpath regina.jar 

 

 

4.2 Simulation Results 

 

We examine the time step, population changes, and energy consumption in the simulation 

runs.  From the 25 simulation results, the average and standard deviation of the time step, 

population changes, and energy consumption was measured and recorded in databases 

and text files. 

 

4.2.1 Simulation time step 
 

The time required to complete the simulation time-step was measured and recorded after 

each simulation.  The Regina household energy consumption model requires large 

amount of memory and the performance of the model can be improved by increasing the 
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java heap size.  The experimental simulations were specified by allocating an initial java 

heap size of 600MB with 600MB as the maximum java heap size. 

 

On average, one simulation step requires approximately 41,000 milliseconds based on 

more than 25 experimental simulations.  Figure 4.1 illustrates an experimental simulation 

with an average simulation time-step of 40,741 ms. 

 

4.2.2 Population and demography 
 

In this section, we examined the total population changes in private households in the city 

of Regina.  We compared the experimental results of the total population changes from 

the Regina household energy consumption model to the census data related to the total 

population change.  Various components of population growth, such as in-migration, out-

migration, birth, and death, were examined at each simulation period. 

 

Table 4.1 shows the available population data for Regina from 2001 and 2006.  Figure 

4.2 illustrates the percentage of population growth from the year 2003 to 2004.  The 

population data were obtained from a variety of sources including Statistics Canada and 

the Bureau of Statistics.  The available population data sets are population estimates from 

the Regina CMA 2001 Census (Statistics Canada CMA, 2001 [19]), the city of Regina 

population from the Bureau of Statistics (Bureau of Statistics [20]), and the population 

for Regina from the Statistics Canada Census information (CMHC, 2003 [21]).  The 

Statistics Canada Census data was only available every five years, in 2001 and 2006.  To 

compare with the experimental modeled results, the population values for 2003 and 2004.
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Figure 4.1. Time steps in the Regina household energy consumption model. 
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Source 
Population Average annual 

increase (%) from 
2003 to 2004 2001 2003 2004 2006 

Estimates of population ( Regina CMA, 
2001 Census) [19] 

196,821 197,380 198,057 198,778 0.34% 

Regina City Covered Population, 
(Saskatchewan Bureau of Statistics) [20] 

187,441 184,006 186,766 185,010 1.5% 

Population for Regina City, (Statistics 
Canada Census) [21] 

178,225 178,225 178,225 179,246 0.1% 

Experimental Results of population for 
Regina (Energy Model)  

176,513 177,177 

 
0.38% 

 

Table 4.1. Population estimates of Regina CMA and Regina city [19, 20, 21] and population of Regina household energy 
consumption model.



 

89 

 

 

Figure 4.2. Average annual population growth in Regina. 
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were extrapolated by using the linear interpolation method.  Appendix A details the linear 

interpolation method   

 

For 2004, the Regina CMA population was estimated at 198,057, an increase of 677 

(+0.34%) from 2003 according to the 2001 Statistics Canada Census (Statistics Canada 

CMA, 2001 [19]).  According to the Saskatchewan Bureau of Statistics data, the 

population in Regina rose by 1.5% to 186,766 in 2004 (Bureau of Statistics [20]).  The 

population estimates of the city of Regina, using the linear interpolation, grew by 0.11% 

(Statistics Canada, 2006 [21]) and from the Regina household energy consumption model, 

the population was 177,177, an increase of 663 (0.38%) from 2003 to 2004 (Table 4.1).  

 

The experimental results of a population growth of 0.38% were very close to the Regina 

CMA population growth of 0.34%.  In practical terms, statistics describing the city 

population are rarely different from those describing the CMA population because 92% 

of the CMA population lives within the City of Regina.  Since there was little difference 

between the Regina population and the CMA population, we used the CMA population 

for comparison to our modeled data.  Figure 4.2 illustrates the difference between the 

Regina population growths from the statistical information to the experimental result 

from the Regina household energy consumption model. 

 

The increase or decline in the population was mainly the result of two factors: natural 

growth and the net migration.  Natural growth is the number of births less the numbers of 

deaths.  The net migration refers to the difference between the in-migration and out-
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migration.  In other words, it is the number of persons who moved to Regina less the 

number of persons who moved out of Regina.  These migrations can be further 

subdivided into internal migration and international migration.  The internal migration is 

movement between and within the provinces and international migration is the migration 

between Canada and other countries.  International migration includes the persons that 

moved between countries, immigrants, and non-permanent residents. 

 

Table 4.2 lists the birth, the death, in-migration, and out-migration of Regina in 2003.  

We compared the simulation results to the various statistical data.  The number of births 

and deaths data was obtained from the Saskatchewan Bureau of Statistics, and the 

migration data from Statistics Canada.  The births and deaths data were publicly available 

for the city of Regina; however, migration data for the city was not publicly accessible; 

therefore, we used the Regina CMA migration data. 

 

In the Regina household energy consumption model, births and deaths occurred as a 

consequence of both fertility and mortality rates and the number of persons in the 

relevant age groups.  The input data for the Regina household energy consumption model 

used the age-specific fertility and age-specific mortality rates that were provided by the 

Saskatchewan Bureau of Statistics.  The age specific fertility rates used in the model were 

available at the municipal level from the Bureau of Statistics; however, the age-specific 

mortality rates were not available; thus, the mortality rate at the provincial level was used 

in the model.
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Natural 
Growth 

Regina City 
2003, Bureau 
of Statistics 

[20] 

Experimental Results 
Percent 

Deviations 
from Sask 
Bureau of 

Statistics [%] 

Migration 

 

Regina 
CMA, 
Census 
2003 
[16] 

Experimental Results Percent 
Deviations 

from 
Census [%] Average 

Standard 
Deviation 

Average 
Standard 
Deviation 

Births 2066 1946 50 6% 
In-

migration 
7572 7422 98 2% 

Deaths 1490 1431 31 4% 
Out-

migration 
7216 7201 92 0.2% 

Net 576 515 
  

Net 356 221 
  

 

Table 4.2. Components of population growth between census information and modeled results.
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According to the information obtained from the Saskatchewan Bureau of Statistics, there 

were 2066 births in Regina in 2003 (Saskatchewan Bureau of Statistics [20]).  On the 

other hand, the simulation results on the number of births in Regina for 2003 were on 

average 1946 with a standard deviation of 50.  Similarly, statistics indicated there were 

1490 people deceased in 2003 (Saskatchewan Bureau of Statistics [20]).  Experimental 

results from the simulation runs indicated the number of deaths for the city was, on 

average, 1431 with a standard deviation 31 in 2003 (Table 4.2).  Figure 4.3 illustrates that 

the natural growth (birth and death) estimates and the standard deviation from the Regina 

household energy consumption model were similar to the Saskatchewan Bureau of 

Statistics information. 

 

In the Regina household energy consumption model, in and out migration data from 

Regina was based on the Regina CMA compiled by Statistics Canada (Statistics Canada, 

2003 [16]).  Because municipal level data was not available and the majority of 

population of the Regina CMA lived within the city of Regina, we used the CMA data as 

input.  The Poisson distribution was used to randomly selected numbers of people 

moving into/out of Regina each day.  We compared the experimental results of the 

Regina migration with the Regina CMA migration census information (Table 4.2).  The 

Regina CMA information indicated that migration to Regina in 2003 was 7,572.  The 

experimental results from the energy model showed that the number of in-migration in 

2003 was 7,422 with a standard deviation of 98.  Out-migration from the Regina CMA 

data indicated 7,216 moved out of Regina in 2003.  Experimental results showed that 

7,201 out-migrated from Regina in 2003 with a standard deviation of 92.  From Table 4.2, 
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Figure 4.3. Components of population growth – Natural growth and migration. 
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the migration (in and out) estimates by the Regina household energy consumption model 

were close to the census data published by Statistic Canada (Statistics Canada, 2003 [16]) 

with a 2% deviation between the model and the census data and 0.2% deviation for out-

migration.  Figure 4.3 illustrates the comparison of population components to the 

experimental results. 

 

4.2.3 Household growth 
 

Household growth typically impacts the need for new dwellings and the occupancy of 

vacant units.  As households grow, new dwellings are built based on supply and demand 

with the vacant units being occupied with new families.  Household growth is influenced 

by social and demographic factors.  The social and demographic factors may include 

declining household size and increasing migration into and within the city of Regina.  

Migration within Regina includes children leaving their parent’s homes, marriages, 

divorces, and individual and family mobility within the city.  This often translates into 

increases in housing demands as a result of population growth. 

 

Household growth from the Regina household energy consumption model for the city of 

Regina in 2003 was simulated and compared to the Regina CMA statistics.  The Regina 

CMA information included the number of new homes built in 2003.  The experimental 

results were also compared to the interpolation value of occupied household growth from 

Statistics Canada.  These statistics are for the city proper.  Census data on the number of 

household growth was not available each year, but only in 2001 and 2006; thus, the 

occupied household growth of the city of Regina between 2001 and 2006 was calculated 
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using the interpolation method.  Table 4.3 and Figure 4.4 illustrate the growth of private 

dwellings according to census data and experimental results of the dwelling growth in the 

Regina household energy consumption model. 

 

The interpolated population for Regina was calculated to be 178,225, with 72,952 

occupied private dwellings in 2003.  The population and private dwelling values were 

interpolated from the 2001 and 2006 census.  In 2003, the population of Regina increased 

by 0.1 % and the number of occupied private dwellings increased by 0.84%.  New 

housing from the Regina CMA was 889 in 2003.  New housing represents the number of 

new homes being built in the city.  The experimental result for the increase in private 

dwellings, which includes unoccupied dwellings in Regina, increased to 961 with a 

standard deviation of 80 in 2003.  The population grew by 663 (0.38%).  The 

experimental result from the model matched closely the new housing of 889 based on the 

Regina CMA (Table 4.3).  In general, there were more houses built in Regina in 2003 

with only a 0.1% increase in population.  According to the Statistics Canada census, the 

average number of persons per household has fallen from 2.44 to 2.36 (Statistics Canada, 

2001, 2006 [4. 5]).  The interpolated average number of persons per household was 

calculated to be 2.41 in 2003 and has been in decline from 2001 to 2006.  This means that 

there can be an increase in the demand for housing even with no increase in population 

and household size. 
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Private Dwelling Growth Year (2003) 
Average annual increase 
(%) from 2003 to 2004 

Percent deviation from 
the Census data (%) 

Occupied Private Dwellings 
for Regina (Energy Model) 

Average Standard Deviation 
1.3% 

 930 81 

Total Private Dwellings 
(Occupied and Unoccupied) 
for Regina (Energy Model) 

Average Standard Deviation 
1.3% 

 961 80 

Estimates of dwelling 
growth of Regina 
interpolation values at 2003 
(Statistics Canada, 2001, 
2006 [4, 5]) 

616 0.84% 34% 

Housing starts, by dwelling 
type of Regina CMA 
(CMHC ,2003 [22]) 

889 
 

4.6% 

Average number of persons 
in household, interpolation 
values at 2003 (Statistics 
Canada, 2001, 2006 [4, 5]) 

2.41 
  

Average number of persons 
in household for Regina 
(Energy Model) 2.4 

  

 

Table 4.3. Comparison of private dwelling growth in Regina. 
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Figure 4.4. Comparison of private dwelling growth of Regina to the Regina 
household energy consumption model. 
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Experimental result on the growth of occupied private dwellings in Regina was 930 with 

a standard deviation of 81, and the numbers of occupied private dwellings increased by 

1.3% in 2003 (Table 4.3).  In addition, the experimental result on the growth of total 

private dwellings, including unoccupied private dwellings, in Regina was, on average, 

961 with a standard deviation of 80.  It increased by 1.3% in 2003 and the persons in each 

household were, on average, 2.4 throughout the 25 simulation runs. 

 

The 1.3% increase in the growth of occupied private dwellings is higher than the 

interpolated dwelling growth estimate of 0.84 %.  The difference can be attributed to the 

inaccuracies of the projected dwelling growth calculated by the interpolation method and 

to the input parameters in Regina household energy consumption model.  The Regina 

household energy consumption model only considered specific household growth factors 

such as household size, migration, natural growth, children migration from the parent’s 

home, and marriage.  Other factors such as divorce were not accounted for in the model, 

which may have caused the disparity between the modeled result and the census 

information. 

 

4.2.4 Total Household Energy Consumption 
 

Agent-based technology was used to estimate the total household energy consumption for 

the city of Regina.  Each household agent consumed different rates of energy per day 

depending on the type of house and the number of occupants.  The total energy was 

calculated by accumulating the energy from each household at the end of the year. 
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Energy consumption per household is used as a measure of the energy performance in 

this model.  Many factors can affect the energy consumption per household such as 

household characteristics, climate, energy source, and the geographical region.  The 

household characteristics can be referred to as its type, size, age, and occupant sizes.  

Some households consume more than other households depending on the above factors.  

In this model, energy consumption per household by household type and sizes were based 

on the information from the 2003 Survey of Household Energy Use (SHEU) data (Office 

of Energy Efficiency, 2006 [17]).  The 2003 SHEU data are in Appendix A. 

 

The 2003 SHEU categorized dwelling type into single detached houses, double/row 

houses, apartments, and mobile homes.  Figure 4.5 shows the energy consumption by the 

type of dwellings (GJ per household) from the 2003 SHEU data.  Single detached houses 

consumed the most energy, at 138 gigajoules (GJ) per household.  It is the largest 

dwelling type and often has a larger heating area requiring more energy to heat.  In 

addition, the larger floor space usually translates into additional lighting and electrical 

appliances, which consumes more electrical power.  It also has several outer walls, 

contributing to additional heating losses.  Double/row houses and apartments consumed 

less than single detached houses and mobile homes.  This is because the double/row 

homes share common walls, reducing heat loss to the outside environment.  The mobile 

home is the third energy consumer among the dwelling types.  Apartments and mobile 

homes are of the smallest types of households.  Despite the similar size between 

apartments and mobile homes, mobile homes consumed more energy than apartments  



 

 

 

Figure 4.5. The energy consumption by the dwelling type, 2
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because they have several outer walls that contribute to heating losses to the exterior 

environment. 

 

Energy consumption per household is also influenced by the number of occupants.  

Figure 4.6 illustrates the energy consumption per household by the number of occupants 

based on SHEU 2003.  In general, energy consumption per household increased with the 

number of occupants.  However, energy consumption does not increase linearly with 

more occupants.  For example, a single detached house with 3 occupants consumed 142 

GJ per household per year.  However, a household with 4 or more members in the single 

detached house consumed 150 GJ per year, which is slightly higher than that of a 3 

member household.  The data for mobile homes was not available except for the two 

member household.  The input for energy consumption was determined by the number of 

people in the household and the type of house in the Regina household energy 

consumption model.  The other factors, such as the year of dwelling construction, size of 

dwelling, etc., were not factored into the Regina household energy consumption model.  

These factors can be integrated into the model in future works. 
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Figure 4.6. Energy consumption values by the number of occupants for all house 
types used as the input of the Regina household energy consumption model, 2003 
SHEU [17]. 
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The Regina household energy consumption model provided estimates of energy 

consumption by house type and the number of houses.  Table 4.4 shows the estimates for 

Regina in 2003 for the different dwelling types.  There were 68.1% single detached 

houses and 24.2% apartments, with the remainder at 7.6% for double/row houses and 0.1% 

of mobile homes.  Of the total energy consumption of 8.86PJ, the Regina household 

energy consumption model estimated that 8.24 PJ was consumed by single detached 

houses (6.66PJ) and apartments (1.59PJ), or 93%.  These two types of dwellings 

consumed the majority of energy in Regina.  The remaining types of dwellings were 

double/row houses and mobile homes.  The energy estimates from the model for these 

two types of dwellings were 0.62 PJ for double/row houses and 0.009 PJ for mobile 

homes. 

 

The annual residential energy consumption estimates of the Regina Household Energy 

Consumption Model were compared to both the SHEU 2003 estimates (Office of Energy 

Efficiency, 2006 [17]) and the Canadian Residential End-Use Model (REUM) estimates 

(Office of Energy Efficiency, 2006 [18]).  The SHEU 2003 was conducted by the Office 

of Energy Efficiency (OEE) to gather detailed information on residential energy use in 

Canada.  The survey was also developed to study the factors affecting energy use in 

households.  It covers over 11 million households that in the form of single detached 

houses, double/row houses, duplexes, mobile homes, and apartment buildings with no 

more than four stories.  It did not include the apartment buildings with five or more 

stories. 
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Table 4.4. Number of houses estimates by the house type and annual energy consumption estimates by house in 2003. 

 

House Type 
House Count 2003 Energy Consumption (GJ) 2003 

Average 
Standard 
deviation 

Distribution Average Standard deviation 

Single Detached 50,303 114 68.1% 6,655,700,989 17,438,412 

Double/Row 5,638 65 7.6% 618,883,945 7,152,046 

Apartments 17,869 100 24.2% 1,585,167,713 8,784,482 

Mobile Homes 103 9 0.1% 9,409,937 839,465 

Total 73,913 80 100% 8,869,162,584 14,125,394 
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The REUM was developed by the OEE to provide information on how the aggregate 

residential energy data reported by Statistics Canada was being used.  It allocated the 

energy data to end uses by using the housing stock characteristics and the unit energy 

consumption estimates.  It categorized the end uses based on provincial, four building 

types (single detached, single attached, apartments, and mobile homes), five end uses, 

seven house age categories, and six fuel types. 

 

The SHEU 2003 and the REUM energy consumption estimates were only available at the 

provincial and the national level but not at the municipal scale.  To compare the SHEU 

2003 and REUM estimates to the Regina household energy consumption Model estimates, 

a scaling method was developed to modify both the SHEU 2003 and the REUM estimates 

to be representative of the city of Regina.  Using the population, which affects the 

amount of energy use in the residential sector, the energy consumptions of these models 

for the city of Regina in 2003 were calculated (Al-Ghandoor et al., 2009; Mazur, 1994).  

The population at the provincial level (Saskatchewan) and the national level (Canada) 

and the population of Regina were used to scale the SHEU 2003 and the REUM energy 

consumption estimates.  The scaling representation value for the SHEU 2003 (SRSHEU) 

was obtained using Equation 1:  

 

����� 	 =
"���������#$%&'(

"���������)('(*( 	
										(1) 

 

where "���������#$%&'( is the number of persons in private houses in Regina, and 

"���������)('(*( is the national number of persons in private houses.  Since the SHEU 
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2003 did not include apartments in a building with five or more stories, the national 

number of persons in private houses, excluding the high-rise apartments, was used to 

scale the SHEU 2003 energy consumption estimates for Regina.  The scaling 

representation value for the REUM (SRREUM) is given by Equation 2: 

 

���� + =	
"���������#$%&'(

"���������,-
									(2) 

 

where "���������#$%&'( is the number of persons in private houses in Regina, and 

"���������,- is the number of persons in private houses in Saskatchewan.  Table 4.5 

shows the scaling values. 

 

Using the national energy consumption estimates of the SHEU 2003, the REUM 

provincial energy consumption estimates, and the scaling representation values in Table 

4.5, the energy consumptions of these models for the city of Regina in 2003 were 

calculated.  The energy consumption estimate of the SHEU 2003 (�������,/01) for the 

city of Regina in 2003 was calculated using equation (3): 

 

�������,/01 = 	����� 	 × 2������,/01							(3) 

 

where �����  is the scaling representation value for the SHEU 2003 and 

2������,/01 is the national energy consumption estimates in 2003 of the SHEU 2003.   

 



 

108 

 

Table 4.5. Scaling representations and the household energy consumption estimates of SHEU 2003 and REUM for 
Regina in 2003.

Year (2003) 
SHEU 2003 

(National level) 
REUM 

(Provincial level (SK)) 

Population in private houses 28,169,494 952,323 

Population in private houses in city of 
Regina 

175,746 175,746 

Energy Consumption (GJ) 1,381,387,172 45,812,477 

Population of City of Regina/ 
Population of Model ratio 
(Scaling representation) 

0.00624 0.185 

Scaled household energy consumption 
(GJ) estimated for city of Regina 2003 

8,619,856 8,475,308 
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The energy consumption estimate of the REUM (�������#013	) for the city of Regina in 

2003 was calculated using equation (4): 

 

�������#013 = 	���� +	 × �4�#013								(4) 

 

where ���� + is the scaling representation value for the REUM and �4�#013 is the 

provincial (Saskatchewan) energy consumption estimates in 2003 of the REUM.  The 

energy consumption estimates for Canada from the SHEU 2003 were scaled by 0.00624.  

The energy consumption estimates for Saskatchewan from the REUM were scaled by 

0.185.  Both results are shown in the final row of Table 4.5. 

 

The results of the comparison of the SHEUM 2003, the REUM, and the Regina 

household energy consumption model are shown in Table 4.6.  Figure 4.7 illustrates the 

comparison between the SHEU 2003, REUM, and the Regina household energy 

consumption model estimates.  The total household energy consumption estimate of the 

SHEU 2003 for Regina in was 8,619,856 (GJ) and the total household energy 

consumption estimate of the REUM was 8,475,308 (GJ).  Similarly, the total household 

energy consumption from the Regina household energy consumption model estimated an 

energy consumption of 8,869,163 (GJ) with a standard deviation of 14,125 (GJ).  The 

Regina household energy consumption model estimated 3% more energy consumption 

than the SHEU 2003 for Regina.  In addition, the Regina household energy consumption 

model only estimated 5% more energy consumption than the REUM estimates for Regina.  

Table 4.6 shows the household energy consumption estimate of the Regina household  
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Table 4.6. Annual household energy consumption estimates of three models for Regina in 2003.

 

SHEU 
2003 

REUM 

Regina Household Energy 
Consumption Model -
Experimental Results 

Percent deviation 
from the SHEU 2003 

(%) 

Percent deviation 
from the REUM (%) 

Average 
Standard 
Deviation   

Annual household 
energy consumption 
(GJ) for Regina City 
2003 

8,618,304 8,454,442 8,869,163 14,125 3% 5% 
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Figure 4.7. Annual household energy consumption estimates for Regina in 2003. 
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energy consumption model is similar to the household energy consumption estimates of 

the SHEU 2003 and the REUM. 

 

These differences may be acceptable considering that these models have a few 

differences in modeling approach and a few complications in scaling approach: 

• The Regina household energy consumption model did not account for 

meteorological information, whereas the SHEU 2003 and the REUM incorporated 

the weather data as an energy use influence in constructing estimates. 

• The SHEU 2003 did not account for high-rise apartments for the household 

energy consumption.  The REUM and the Regina household energy consumption 

model did estimate the household energy consumption for all types of houses. 

• The Regina household energy consumption used the energy consumption per 

household data from the national level and not the municipal level. 

 

In the scaling process, the population was only used as the scaling representation to 

estimate the energy consumption for Regina for the SHEU 2003 and the REUM.  Other 

factors, such as house type, that influence the energy use were not considered in the 

scaling process.  Since housing type can affect energy use, the total energy use at the 

regional scale can have an impact on energy consumption as opposed to the municipal 

scale.  Based on the SHEU 2003 [17], 65% of households across Canada in 2003 were 

single detached houses and 18% were apartments.  The remaining types comprised of 15% 

double/row houses and 2% mobile homes.  From Table 4.4, Regina has more single 

detached houses and apartments than double/row houses and mobile homes compared to 
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the national housing stock from the SHEU 2003.  Since the national energy consumption 

estimates of the SHEU 2003 was scaled to the energy consumption estimates of Regina, 

the distribution of housing types was not accounted for in estimating the energy 

consumption of the SHEU 2003 model. 

 

Although there are differences of energy consumption between models, the differences 

are negligible.  The Regina household energy consumption model, using agent-based 

technology, is proposed as a new approach to estimate the energy consumption of the city 

of Regina. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORKS 

 

The Regina household energy consumption model was built using an agent-based 

approach.  It was designed to estimate the residential energy consumption for the city of 

Regina in 2003.  The model provides the estimates of the demographic assumptions for 

the city of Regina in 2003, including house density, housing type, and population changes, 

etc.  It was developed on COBWEB 3.0 (Bass 2005).  COBWEB 3.0 is an agent-based 

simulation platform developed to study how system dynamics adapt to environmental 

change (Bass et al 2004).   

 

5.1 Summary 
 

The Regina household energy consumption model applies the agent-based approach to 

represent households and the people within the households.  The combination of the two 

agent types represents the demographic assumptions about the city of Regina in 2003.  It 

simulates the behaviour of agents and their energy use based on the rules within the 

agents.  The demographics will increase or decrease based on the decisions taken by 

human agents, reflecting probabilities of demographic events and patterns of real data.  

The household energy consumption will change based on the decisions within the 

households, the type of dwelling, and the number of persons in a house. 
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Within a two-dimensional grid, the model was initiated with the given demographics of 

the city of Regina in 2003, such as population and density of households.  The household 

agents were characterized into four different types of dwellings, which reflect the 

distribution of types of dwellings in Regina in 2003.  The initial human agents were 

allocated in the beginning based on the distribution of families in 2003.  At each time 

step (each day), both agents (household and human) behave according to their strategies, 

which are determined by artificial intelligence engines.  The behaviour of human agents 

represents demographic events such as birth, death, living in a house, and migration to a 

new household or outside of the city for several reasons.  The household agent consumes 

energy if there are occupants in a house.  If there are no occupants, the household agent 

does not consume energy.  Depending on the type of house and household size, the 

household agent consumes different amounts of energy.  At each time step, the 

behaviours of agents, which represent demographic change and energy use or adaptations 

to complex environmental changes, are recorded in databases.  The overall system 

dynamics of the Regina household energy consumption model reflects the demographic 

assumptions related to energy use and household density.  As the model is run, new 

houses are built as the need arises and the population changes. 

 

5.2 Conclusion 
 

Through 25 simulation runs, the household energy consumption of the city of Regina in 

2003 was estimated.  Besides estimating the total household energy consumption, other 

demographics such as natural growth and migration growth, dwelling growth, and social 

factors such as the numbers of marriages also were estimated through the model.  The 
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modeled results indicated that the population grew by 0.38%, on average.  This is very 

similar to the Regina CMA population growth of 0.34%.  There were, on average, 1,946 

births with a standard deviation of 50 and, on average, 1,431 deaths with a standard 

deviation of 31 in the Regina household energy consumption model.  The natural growth 

(birth and death) estimates and the standard deviation from the Regina household energy 

consumption model were similar to the Saskatchewan Bureau of Statistics information 

(Bureau of Statistics [20]).  For migration, the interpolated results showed that, on 

average, 7,422 people moved into Regina in 2003 and, on average, 7,201 people moved 

out of Regina in 2003.  The migration (in- and out-) estimates by the Regina household 

energy consumption model were close to the census data published by Statistic Canada 

(Statistics Canada, 2003 [16]) with a 2% deviation between the model and the census 

data for the in-migration and a 0.2% deviation for out-migration. 

 

The growth of occupied private dwellings in the Regina household energy consumption 

model was 930 with a standard deviation of 81, and the number of occupied private 

dwellings increased by 1.3% in 2003.  In addition, the estimate of dwelling growth by the 

Regina household energy consumption model, which included unoccupied dwellings in 

Regina, was on average 961 with a standard deviation of 80 showing a growth of 1.3% in 

2003.  This result is close to the new housing starts numbering 889 reported in the Regina 

CMA.  The 1.3% increase in the growth of occupied private dwelling is higher than the 

interpolated dwelling growth estimate of 0.84 %. 
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The estimate of the household energy consumption of the city of Regina in 2003 from the 

model is 8,869,163 (GJ) with a standard deviation of 14,125 (GJ).  The Regina household 

energy consumption model developed in this work was compared with the SHEU 2003 

and REUM estimates.  A scaling method was used to modify both the SHEU 2003 and 

the REUM estimates to be representative of the city of Regina.  Since the population is 

one of the factors in the amount of energy used in the residential sector, it was used to 

scale the energy consumptions of these models for the city of Regina in 2003.  The 

Regina household energy consumption model estimated 3% more energy consumption 

than SHEU 2003 for the city of Regina.  In addition, the Regina household energy 

consumption model estimated 5% more energy consumption than the REUM estimates 

for the city of Regina. 

 

These differences may be considered negligible between models, considering these 

models have differences in modeling approach and a few complications in the scaling 

approach: 

 

• The differences in modeling approach are whether the models account for:  

o meteorological information 

o all types of houses or not 

• The Regina household energy consumption model used the energy consumption 

per household data at the national level and not the municipal level. 

• In the scaling process, only the population was used to estimate the energy 

consumption for Regina for SHEU 2003 and the REUM. 
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The proposed model was built to assess the overall behaviours of the model’s system and 

the comparative accuracy of the system.  It simulated the demographic changes as well as 

the energy consumption reflecting these demographic changes for the city of Regina in 

2003.  Using the agent-based approach, it abstracted the demographic assumptions and 

housing density for the city of Regina by representing households as agents and persons 

in the households as agents.  An agent-based approach allowed the model to simulate the 

behaviours of agents as well as the energy use.  Changes in the population and energy 

consumption are based on the agents’ decisions.  This provides the flexibility for 

estimating demographic assumptions, reflecting the probabilities of demographic events 

and for estimating energy consumption based on the type of house and household size.  In 

addition, the differences in estimating energy consumption for the city of Regina in 2003 

between our model and other models were at an acceptable level.  Therefore, the Regina 

household energy consumption model, using agent-based technology, is proposed as a 

new approach to estimate energy consumption for the city of Regina. 

 

5.3 Future Works 
 

The proposed model meets the objective of providing a flexible energy consumption tool 

that reflects changes in population and other socio-economic factors.  The comparative 

accuracy of the system proves that the proposed model can be considered accurate in 

estimating the present amount of residential energy consumption for the city of Regina.  

The other objective of providing a solution for predicting future residential energy 

consumption and demographic assumptions was not proved in this study.  However, it is 

possible to estimate past, present, and future residential energy consumption and the 
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demographic assumptions, since the proposed model shows that it works for estimating 

the present energy consumption with the present data.  By adding different scenarios 

concerning the changes in climate, policies, population, and the composition of 

households, the model can predict changes in energy consumption in the future.  It is 

possible to extend the model to solve the problem of the future residential energy 

consumption under climate, policy, and socio-economic changes, as well as future 

demographic assumptions about the city of Regina.  Using the Regina household energy 

consumption model, municipal planners can explore how demographic shifts, climate, 

and other socio-economic changes can influence future residential energy consumption. 

 

Although it is difficult to visualize the complexities of Regina’s energy consumption in 

one model, modifications to the existing model can allow simulations of energy use by 

separating the city into neighbourhoods.  Each neighbourhood model will be run on a 

different computer, and the results of each model will be extrapolated to the entire city of 

Regina.  The TRLabs developments on mobile agents can be integrated into the Regina 

household energy consumption model.  Mobile agent technology will be used to 

represent input changes such as people moving within the city, changing policies, and 

climate changes that affect decisions on energy consumption.  Mobile agents can transfer 

information between different community models, and each neighbourhood model can be 

visualized.  It will display household agents, human agents, and parameter status on a 

two-dimensional grid of the environment.  When simulation elements are updated at each 

time step, it will display the simulation change.  The interface will be improved to control 

the mobile agents and the communication with other neighbourhood models. 
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APPENDIX A : Statistical Information Used for the Regina Household 

Energy Consumption Model 

 
1) Method of Linear Interpolation 

 

Linear interpolation is the process of finding an unknown value that lies between two 

known values.  The assumption is that three plotted values, including an unknown value 

and two known values, lie on a straight line.  With the known two values of coordinates 

(67,�7) and (69,�9), we can interpolate between these points.  For the value ‘year 2003’ 

(6)	in interval 2001 (67) to 2006 (69), the value	� along the straight line is obtained from 

the following equation: 

 

� = �7+(6 − 67) × (�9 − �7) (69 − 67)⁄  

 

The following table shows the household types of the city of Regina in the 2001 Census, 

in the 2006 Census, and in the year 2003 obtained using linear interpolation [4, 5] (Table 

A-1). 
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Household type  2001 2006 

Linear 

interpolation value 

at 2003  2003 (%) 

Total - Household type 71720 74800 72952 100% 

  Family households 47615 48235 47863 66% 

    One family only households 46890 44990 46130 63% 

      Couple family households 38045 37010 37631 52% 

        Without children 16785 17495 17069 23% 

        With children 21260 19515 20562 28% 

      Lone-parent family households 8840 7980 8496 12% 

    Other family households 725 3240 1731 2% 

  Non-family households 24105 26565 25089 34% 

    One person households 20685 22760 21515 29% 

    Two or more person households 3420 3805 3574 5% 

 
Table A-1. Household type in city of Regina, 2001 Census and 2006 Census (20% 
Sample Data) and linear interpolation value at 2003 [4, 5]
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2) Method for estimated age-specific rate for leaving the parental home based on 
2001 GSS (referenced in section 3.5.2) 

 

Age at 
first 

departure 

Cumulative probabilities of first leaving home for men and women 
Generation/Age in 2001 at time of survey/Years of birth cohort 

Generation Y Generation X Wave 2 Boomers Wave 1 Boomers 

15 to 19 20 to 24 25 to 29 30 to 34  35 to 39 40 to 44 45 to 49 50 to 54 
1982 to 
1986 

1977 to 
1981 

1972 to 
1976 

1967 to 
1971 

1962 to 
1966 

1957 to 
1961 

 1952 to 
1956 

1947 to 
1951 

Men Cumulative probabilities 

15 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
16 0.007 0.023 0.019 0.025 0.032 0.026 0.026 0.022 
17 0.027 0.051 0.061 0.065 0.069 0.071 0.075 0.076 
18 0.065 0.101 0.124 0.125 0.166 0.135 0.190 0.139 
19 0.119 0.204 0.264 0.314 0.334 0.290 0.375 0.273 
20  0.284 0.371 0.433 0.441 0.411 0.490 0.380 
21  0.347 0.463 0.530 0.524 0.512 0.586 0.494 
22  0.422 0.530 0.600 0.611 0.589 0.656 0.605 
23  0.489 0.577 0.654 0.692 0.650 0.721 0.701 
24  0.536 0.629 0.705 0.738 0.711 0.781 0.763 
25   0.681 0.752 0.783 0.758 0.828 0.833 
26   0.717 0.788 0.835 0.806 0.865 0.879 
27   0.757 0.821 0.862 0.833 0.880 0.900 
28   0.780 0.857 0.889 0.867 0.895 0.919 
29   0.807 0.869 0.910 0.885 0.906 0.928 
30    0.888 0.917 0.894 0.913 0.932 
31    0.899 0.924 0.905 0.928 0.941 
32    0.907 0.934 0.910 0.932 0.942 
33    0.917 0.942 0.913 0.937 0.942 
34    0.922 0.945 0.919 0.942 0.946 
35     0.948 0.922 0.946 0.948 

Women Cumulative probabilities 
15 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
16 0.016 0.016 0.040 0.031 0.032 0.024 0.034 0.027 
17 0.047 0.058 0.090 0.071 0.069 0.080 0.087 0.079 
18 0.100 0.148 0.191 0.173 0.166 0.181 0.209 0.187 
19 0.168 0.287 0.374 0.380 0.334 0.373 0.409 0.379 
20  0.395 0.488 0.500 0.441 0.520 0.541 0.508 
21  0.489 0.552 0.586 0.524 0.615 0.651 0.652 
22  0.560 0.625 0.665 0.611 0.721 0.743 0.766 



 

129 

23  0.620 0.685 0.730 0.692 0.779 0.808 0.826 
24  0.647 0.735 0.777 0.738 0.821 0.856 0.860 
25   0.783 0.813 0.783 0.849 0.895 0.893 
26   0.824 0.854 0.835 0.884 0.918 0.902 
27   0.861 0.882 0.862 0.898 0.938 0.916 
28   0.883 0.904 0.889 0.907 0.948 0.925 
29   0.895 0.913 0.910 0.922 0.954 0.932 
30    0.923 0.917 0.931 0.957 0.944 
31    0.931 0.924 0.945 0.959 0.953 
32    0.939 0.934 0.952 0.964 0.957 
33    0.945 0.942 0.953 0.967 0.959 
34    0.945 0.945 0.958 0.967 0.963 
35     0.948 0.959 0.968 0.965 

 

Table A-2. Cumulative probabilities of first leaving home for men and women, Statistics 
Canada, Life tables generated from General Social Survey (GSS), 2001 [25] 
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3) Poisson distribution 
 

The Poisson distribution, another discrete distribution, has been widely used to 

characterize the number of events that occur per unit of time.  This distribution can 

describe discrete events that occur in an interval of time or space.  A Poisson random 

variable indicates the number of successes that occur during a given time interval or in a 

specified region in a Poisson experiment.  If x  is a Poisson random variable, the 

probability function is given by: 

 

�(6) = 	
:;�<=

6!
, → 				6 = 0,1,2, … 

 

where 0λ >  is a constant called the parameter of the distribution and is the average 

number of successes occurring in the given time interval or region.  The Poisson 

distribution is applied in stochastic modeling whenever the probabilities of events 

occurring over a period of time are Poisson distributed.
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4) Method of defining the tenure of household by income quintile 
 

To determine whether they are rented or owned dwellings, we use the income quintiles, 

which are often used to divide the households based on their gross income.  The income 

quintile consists of five income rankings from poorest (lowest quintile) to wealthest 

(highest quintile).  Each quintile contains approximately 20% of all households.  The 

following table shows the income quintiles of Regina CMA in 2003 (Table A-3).  It 

consists of five income rankings separated by owner occupied house or renter occupied 

house.  The data are obtained from the statistics of the distributions of household income 

in owner occupied houses and in renter occupied houses in the 2001/2006 Census. 

 

The tenure of household is strongly correlated with household income.  The highest 

income households mostly own their homes rather than rent.  Of houses in the highest 

income quintile, 95% are owned and only 5% are rented.  On the other hand, in the 

lowest quintile, the ratio of owners to renters is nearly 0.3 to 0.7.  The households in the 

lowest income quintile rent rather than own their homes. 
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Household 
income 

All 
households % 

Lowest 
Quintile % 

Second 
Quintile % 

Third 
Quintile % 

Fourth 
Quintile % 

Highest 
Quintile % 

Lower limit $0  $0  $23,275  $41,224  $61,788  $89,999  

Tenure 

Renter Occupied 24185 30% 10694 69% 7018 40% 3879 20% 1804 10% 792 5% 

Owner Occupied 53439 70% 4719 31% 8619 60% 11646 80% 13539 90% 14911 95% 
 

Table A-3. Income quintile and Tenure, Regina CMA, 2003 [12, 13, 14, 15]. 
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5) Method of defining the energy consumption per household by the type of 
dwelling and by the household size 

 

The energy consumption per household was used as the measure of the energy 

performance.  The average household daily energy usage was dependent on the dwelling 

type and household size and was expressed as megajoules per household (MJ/household).  

Data from the 2003 Survey of Household Energy Use (SHEU), Natural Resources 

Canada, were used to calculate the daily energy consumption of the various types of 

households.  The SHEU survey contains information on the number of dwellings by type 

and the household sizes.  Table A-4 lists the total energy consumption by the type of 

dwellings and household sizes from the 2003 SHEU survey. 

 

The daily energy consumption per household (MJ/household/day) for the particular type 

of dwelling with the particular household size was calculated by: 

 

B�����CDE$,FGHI$FGJ*I&K$ =
L������CDE$,FGHI$FGJ*I&K$	

M��N��O�BP������CDE$,FGHI$FGJ*I&K$ × 365	���Q
 

 

where L������CDE$,FGHI$FGJ*I&K$	 is the total energy consumption per year for the 

particular type of dwelling and household size, and 

M��N��O�BP������CDE$,FGHI$FGJ*I&K$ is the number of dwellings for the particular type 

of dwelling and household size (Table A-4). 
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Table A-4. The Number of Dwellings and the Total Energy Consumption (GJ) for Canada by Type of Dwelling and by Household 
Sizes, 2003 Survey of Household Energy Use [17]. 

 Household Size 

Type of dwelling Canada (Total) 1 member 2 members 3 members 
4 members or 

more 

Single 
detached 

Number of Dwellings 7,191,540 1,011,567 2,686,354 1,157,218 2,336,402 

Total Energy Consumption (GJ) 989,469,153 114,452,108 358,830,365 164,782,645 351,404,034 
Energy Consumption Per 

Household Per Day 
(MJ/household/day) 

377.0 310.0 366.0 
390.1 

412.1 

Double/row 
house 

Number of Dwellings 1,721,416 340,048 573,132 323,390 484,845 

Total Energy Consumption (GJ) 193,354,228 33,984,454 62,344,240 33,711,868 63,313,667 
Energy Consumption Per 

Household Per Day 
(MJ/household/day)Per 

Household 

307.7 273.8 298.0 285.6 357.8 

Apartment 

Number of Dwellings 2,061,257 1,046,801 643,458 211,695 159,303 

Total Energy Consumption (GJ) 180,670,210 84,314,441 62,948,487 15,645,467 15,675,189 
Energy Consumption Per 

Household Per Day 
(MJ/household/day) 

240.1 220.7 268.0 202.5 269.6 

Mobile 
home 

Number of Dwellings 195,176 58,026 81,610 U U 

Total Energy Consumption (GJ) 17,893,581 U 7,417,330 U U 

Energy Consumption Per 
Household Per Day 
(MJ/household/day) 

251.2 U 249.0 U U 
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APPENDIX B: List of Statistical Sources and Reports 

 
[1] Statistics Canada, 2003.  Deaths, by age group and sex, Canada, provinces and 
territories, annual (table), CANSIM (database). Table 102-0504. 
 
[2] Statistics Canada, 2003.  Live births, crude birth rate, age-specific and total fertility 
rates, Canada, provinces and territories, annual, CANSIM (database). Table 102-0504. 
 
[3] Statics Canada, 2003.  Age-specific marriage rates per 1,000 unmarried males, all 
marriages, Canada, annual (table), CANSIM (database). Table 101-1007. 
 
[4] Statistics Canada, 2001. Household Type and Household Size for Private Households. 
Catalogue no. 95F0322XCB2001006. 
 
[5] Statistics Canada, 2006. Household Type and Household Size for Private Households. 
Catalogue no. 97-554-XCB2006012. 
 
[6] Statistics Canada, 2001. Household Living Arrangements, Age Groups and Sex for 
Population in Private Households.  Catalogue no. 95F0315XCB2001006. 
 
[7] Statistics Canada, 2006. Household Living Arrangements, Age Groups and Sex.  
Catalogue no. 97-553-X2006019. 
 
[8] Statistics Canada, 2001.  Profile of Income of Individuals, Families and Households, 
Social and Economic Characteristics of Individuals, Families and Households, Housing 
Costs, and Religion.  Catalogue no. 95F0492XCB2001001. 
 
[9] Statistics Canada, 2006.  Profile of Income of Individuals, Families and Households, 
Social and Economic Characteristics of Individuals, Families and Households, Housing 
Costs, and Religion. Catalogue no. 94581XCB2006001. 
 
[10] Statistics Canada, 2001.  Structural Type of Dwelling and Tenure for Occupied 
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APPENDIX C: GUI Interface

 

 
Figure C-1. GUI interface of Regina Household Energy Consumption Model
 

GUI Interface (referenced in section 3.3.1) 

GUI interface of Regina Household Energy Consumption Model
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