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Forecasting Air Passenger Demand between Settlements Worldwide 

Based on Socio-Economical Scenarios 

Ivan Terekhov 

 

Summary 

This thesis presents an air passenger demand (APD) forecasting model which forecasts the 

future APD network between settlements worldwide and its corresponding passenger numbers 

based on socio-economic scenarios. This modeling approach has not yet been considered by 

existing studies. An APD forecast at settlement level is particularly important for rapidly 

developing countries such as China. By not modeling the APD at settlement level, future air 

passenger flows and, therefore, future air traffic volumes could be underestimated, resulting, for 

example, in increased detrimental environmental impacts deriving from CO2 emission levels 

associated with aviation. 

The presented APD forecasting model contains two main parts: forecasting the potential for 

demand between settlement pairs and the expected APD based on new and existing connections. 

For the first part, the topology forecasting model is developed to determine whether the potential 

for demand between a given settlement pair exists or not. For the second part, the passenger 

forecasting model, derived from the potential for the APD existence between settlements, seeks 

to forecast the realized APD between these settlements. 

The APD forecasting model was validated on real data for one, five and ten-year time 

intervals to forecast the APD topology and passenger number from 2002, 2007 and 2011 to 2012 

and includes more than 3,600 settlements worldwide. The modeled results were then compared to 

the actual real data from 2012. Since the APD generation process varies depending on the 

settlement, clustering methods were applied to allocate the settlements to nine groups according 

to their socio-economic indicators, where settlements in each group possess similar patterns. The 

APD model validation shows sufficient accuracy. After analyzing the validation results, it was 
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found that settlement clustering triggered APD topology forecasting model accuracy 

improvements from 68% correct APD connections to 78%. The highest overall model accuracy is 

35% of APD connections which were correctly predicted to within ±20% of passengers. This 

nevertheless covers more than 70% of the actual passenger number in 2012. This accuracy was 

achieved using a one-year time interval from the base year. However, the error propagation 

analysis demonstrated that for the long-term forecast (more than ten years), the expected 

accuracy is higher using a ten-year time frame (0.3 on average for the APD connection forecast 

covering 47% of passengers for the ten-year interval versus an accuracy of 0.04 for the 

connection forecast covering 37% of passengers for the one-year time interval for ten years). 

The validated APD forecasting model was applied to the four GEO-4 socio-economic 

scenarios developed by the UN from 2012 to 2042 using a ten-year time frame. Since the 

scenarios do not provide the average annual airfares between settlements, a simple airfare model 

was developed based on historical data. In order to verify the modeling results, they were 

compared to existing forecasts from Airbus, Boeing and ICAO FESG (International Civil 

Aviation Organization, Forecasting and Economic analysis Support Group) using a coefficient 

for transferring modeled demand passenger kilometers (DPK) to revenue passenger kilometers 

(RPK). The comparison showed that the existing forecasts are more optimistic in terms of future 

RPK growth in contrast to the results obtained from the APD forecasting model based on GEO-4 

socio-economic scenarios. For instance, a comparison of the Boeing forecast and the APD 

forecasting model for the Asian region in 2034 shows 4287.7 and 3157.6 billion RPK 

respectively. 

The next section of the thesis addresses APD evolution in China, which has experienced the 

largest growth rate. According to the model, Chinaôs global APD share for 2042 is estimated to 

be about 36% in comparison to around 15% for 2012. The APD in China grew from 

approximately 377 million in 2012 to an expected 2.97 billion in 2042. The analysis showed that 

some settlements in China, which did not have a high APD in 2012 and main internal journeys 

within China to only a few destinations, will generate a significant APD in 2042 for those 

traveling to various settlements both within China and globally. 
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1. Introduction  

Since the beginning of the 20
th
 century, air transport has been playing an increasingly 

significant role in passenger mobility worldwide. Air transport connects cities, providing 

opportunities to travel to almost anywhere in the world and, therefore, stimulating social and 

economic development (Lakshmanan, 2014) and globalization (Hummels, 2007). Air transport 

has achieved its high demand by offering swift transportation between global origins and 

destinations at a reasonable cost in comparison to other transport modes, especially over long 

distances. However, due to competition with other means of transportation and in order to 

enhance revenue and minimize costs, the air transportation system is constantly on the lookout 

for ways to improve. Developing new and improving existing technologies increases efficiency 

and air travel attractiveness for passengers. Therefore, rapid rates of technological development, 

high levels of air transport competition faced by companies and constantly increasing air travel 

demand have defined the structure of the air transportation system (ATS). This is a large, multi-

disciplinary, complex system with various interactions between stakeholders (such as 

manufactures, operators, airports and air navigation service providers (ANSPs) and its 

environment (see Fig.1.1). The systemôs elements are highly integrated and have strong 

connections with external environments including politics, the economy, the environment, 

technologies, and society. Modifying any element of this interconnected structure may cause 

changes in the whole system. For example, the hub-and-spoke route network system, which was 

first implemented by Delta Air Lines in 1955 (Delta Air lines, 2016), demonstrated its efficiency 

to such an extent that it was optimized and consequently adopted by numerous air companies 

worldwide. The newly implemented system undoubtedly left a positive impression on the key 
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stakeholders and prompted adaptation to the new conditions. One example of the potential 

consequences of political decisions surrounding the ATS is the deregulation in the USA in 1978, 

where significant changes to the entire system were implemented (Morrison and Winston, 1995). 

The understanding of these changes and their relations between the stakeholders is essential to 

explain and assess the complex processes within the ATS as well as for future ATS development 

estimation. 

 

Fig.1.1. A basic representation of the ATS and its external environment (Ghosh et al, 2014) 

The ATS has shown sustainable growth over the last decades. The number of settlements 

with at least one airport in 2012 was over 6,000 and more than 20,000 passenger aircraft were 

operated by airlines worldwide (Flightglobal, 2015). This growth has been stimulated by 

technological improvements; yet, more importantly, its dependence on general socio-economic 

development cannot be underestimated due to a clear correlation with world economic and social 

growth. In just one decade, i.e. from 2002 to 2012, the air passenger demand (APD) worldwide 

within the ATS increased from 1.5 to 3 billion passengers (Sabre Airline Solutions, 2014), while 

the combined world gross domestic product (GDP) and the world population grew at a 

comparatively lower rate, from 50 to 73 trillion US dollars (The World Bank, 2014) and from 

6.28 to 7.1 million inhabitants (UN, 2014-2) in the same period (Fig.1.2). Such growth has 

undoubtedly had an increasingly negative effect on the environment, including impacts on air 
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quality, noise, and global climate. For example, carbon dioxide is a very long lived greenhouse 

gas which affects the climate system hundreds of years after being emitted into the atmosphere. 

Moreover, for current engines, carbon dioxide emission is unavoidable as the gas directly 

corresponds to fuel consumption (Svensson, 2005). Thus, in response, certain international 

organizations have set ambitious goals to reduce these effects. One of the major targets of the 

International Air Transport Association (IATA) to mitigate CO2 emissions from air transport is to 

reduce net aviation CO2 emissions by 50% by 2050, in comparison to levels recorded in 2005. 

Their ñIATA Technology Roadmap Reportò (IATA, 2013) analyses technologies for future 

aircraft that will reduce, neutralize and eventually eliminate the carbon footprint caused through 

aviation transport. The European Commission, together with key European aviation stakeholders, 

has established its vision on the future of air transport in ñFlightpath 2050ò (European 

Commission, 2011). The document focuses on two main challenges: meeting the needs of people 

and the market as well as maintaining global leadership. Among the key objectives are a 75% 

reduction in CO2 emissions per passenger kilometer and a 90% reduction in NOx emissions by 

2050.  

 

Fig.1.2. World GDP, population and APD from 2002 to 2013 

As shown by Lee (Lee et al., 2009), air transport contributes 2-3% of global CO2 emissions 

and 3.5-4.9% of global radiative forcing, if non-CO2 effects are included. Today, the impacts of 

CO2 emissions on the environment are closely being studied (Gössling and Upham, 2009; 

Apffelstaedt et al., 2009; Nolte et al., 2012; Pachauri et al., 2014). However, non-CO2 effects 
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have not been subject to the same level of attention. Accordingly, a more robust scientific 

understanding of the effects of non-CO2 emissions is still needed (Kollmuss and Crimmins, 

2009). The non-CO2 emissions have different impacts on the environment in different regions of 

the world (Grewe and Stenke, 2008; Koch et al., 2011). For example, NOx has been shown to 

induce the short-lived greenhouse gas ozone. The gas produced at the equator has a higher 

radiative forcing than the same amount of emissions in northern regions. This implies that the 

geographical information of a flight route, such as the location of departure and destination 

airports, as well as the flight path, is essential for assessing the impact of non-CO2 emissions on 

the environment. Accordingly, to assess the non-CO2 impact, the number of flights and type of 

aircraft operated on routes must be known so as to quantify the amount of such emissions on a 

global scale. To obtain this information, the number of passengers on these routes must be 

estimated. Finally, to make such estimations, the APD between origin and destination settlements 

has to be determined. Thus, the forecast of the APD between settlements forms an important base 

for assessing the impact of future non-CO2 emissions on the environment. 

A number of integrated aviation-environmental models for assessing different ATS policies 

and their potential future impacts on the environment have been developed. An example of this 

model type could be the Aviation Integrated Modelling (AIM) Project (Dray et al., 2010; Dray et 

al., 2014). These models have various sub-models and inputs, but one of the important elements 

is an air passenger demand forecast model. This sub-model provides the simulated air passenger 

demand as an input to the next sub-models in the integrated environment. Using results from 

demand forecasting models, technology development scenarios and other inputs, integrated 

environmental models simulate air traffic growth and their environmental impacts. For instance, 

AIM predicts settlement-pair demand, but solely for a fixed settlement set defined by the largest 

cities with air passenger flights in the base year. Therefore, it doesn't capture new origins and 

destinations. Other demand sub-models and integrated models do not specifically concentrate on 

a settlement level of aggregation and instead primarily focus on regional level to assess the 

environmental impact. Along with the APD simulation within the aviation environmental 

integrated models, a number of APD models either exist independently or are included in other 

studies (e.g. the ñGeneral Market Forecastò from Airbus (Airbus, 2014)). These studies mainly 

aim to simulate the APD between regions or between particular origins and destinations in order 
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to predict particular figures (e.g. the future world fleet or airport capacities). Models developed 

within these studies after modification could also be used for the global forecast of environmental 

impacts at regional level or on particular routes.   

The APD models play an important role in modeling ATS growth. Most of the existing 

approaches for APD forecasting worldwide on their level of aggregation assume that all elements 

(e.g. regions) are interconnected (i.e. AIMôs main approach).  In other words, all considered 

elements in the demand model are connected to each other and this connectivity does not change 

within the forecast period. This seems reasonable at regional level, but the same can hardly be 

said at settlement aggregation level. In the future, it is likely that there will be a number of 

settlements with significant air traffic connections that have no air traffic connections today. This 

is particularly true for rapidly developing countries such as China. Not including air traffic to 

these growing cities would result in an under-estimation of global growth in air traffic; which, in 

turn, would mean that emission levels associated with aviation would also be underestimated. 

Thus, it is particularly important to have an accurate forecast of APD growth so as to assist in 

developing a more accurate forecast of the environmental impacts (non-CO2, for instance) of the 

growing ATS. On the one hand, accurately forecasting growth is important for setting realistic 

targets, and understanding what needs to be done to meet those targets. Carefully forecasting 

environmental impacts is important for setting targets that are effective at actually reducing these 

impacts, and using effective metrics for these targets. Thus, without reliable predictions of the 

demand for air passenger travel, it is impossible to estimate air traffic flows, aircraft emissions, 

and ultimately the environmental impact of aviation. On the other hand, in order to achieve the 

set environmental targets, the decision or policy maker should develop a strategy containing a 

number of decisions which need to be made in a certain time frame. Thus, by using different 

input socio-economic scenarios of future development, the decision or policy maker is able to 

assess the influence of his future decisions on the entire future APD worldwide and, therefore, 

develop an optimal strategy to achieve the final aim. In addition, such an APD modeling 

approach allows the creation of a dynamic model whose outputs at settlement level could be an 

important basis for further modeling in the ATS: such as routes and hubs modeling, aircraft size 

and their frequencies on routes and, finally, the future environmental impacts.  
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Therefore, at DLR Air Transportation Systems, a special set of models called AIRCAST 

(AIR travel foreCAST) is being developed within a modular environment in order to forecast 

future development of the global ATS at settlement level based on socio-economic scenarios. 

Uniting models through AIRCAST allows a range of possible outcomes for the future ATS to be 

simulated and, for example, for the impact of new technologies on the APD, the size and the 

aircraft number on particular routes, emission amount on particular routes to be assessed. The set 

of models is distributed between four interconnected layers as follows (Fig.1.3):  

1) The origin-destination demand layer ï defines passenger number on settlement pairs  

2) The route layer ï defines which settlement pair will be operated by air carriers  

3) The aircraft movement layer ï defines the aircraft number on routes, their types and 

capacities 

4) The trajectory layer: defines trajectories for aircraft on routes, amount and type of 

emitted emissions on routes 

 

Fig.1.3. AIRCAST four-layer approach 

Layers are connected by back loops which allow models to be calibrated. For instance, the 

origin-destination demand network layer receives socio-economic indicators as input and 

transfers a modeled passenger number on modeled settlement pairs to the next layers as output. 
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Back loops from other layers (red arrows in Fig.1.3) transmit, for example, travel time between 

settlement pairs, aircraft flight frequencies between settlements and aircraft capacities to the 

demand layer. Using this information, models at origin-destination demand network level are 

calibrated by generating updated outputs for the next models. Thus, the modeling process itself is 

iterative and terminates when a selected criterion or criteria are met. 

This thesis describes the APD forecasting model from the first AIRCAST layer in order to 

assess the impact of different socio-economic scenarios on the world APD and its topological 

structure. Since the model chain is under development, the APD forecasting model in this thesis 

disregards the back loops from other AIRCAST layers. Based on socio-economic scenarios, the 

APD forecasting model calculates future passenger numbers between settlements, taking into 

account the possibility of changes in the number of APD connections between settlements within 

the ATS over time. The thesis is organized as follows. Chapter 2 presents a literary review of the 

different APD forecast studies, taking industry and academic forecasts into account. Analyzing 

the current studies, a gap is defined in the area of worldwide settlement level APD modeling as 

well as a lack of APD forecasting based on different socio-economic scenarios at this level. 

Based on the identified gaps, Chapter 3 describes the research objectives for the thesis to develop, 

evaluate and apply the APD forecasting model. The research methodology is expanded on there 

to fulfill the introduced research objectives. Chapter 4 presents the APD forecasting model which 

has been created to fulfill the developed research objectives. The section describes the overall 

model framework, required inputs into the APD forecasting model as well as all the sub-model 

descriptions: clustering settlements by their socio-economic indicators, the topology forecast 

model and the passenger forecast model. Chapter 5 describes the APD forecasting model 

development and validation. Firstly, the model validation framework is shown. This is followed 

by a study to define the appropriate clustering method for the settlements separated into groups. 

Thereafter, the appropriate method for APD connection forecast is defined for the topology 

forecasting model. This is based on the analysis of various link prediction approaches in the 

network science area. The obtained algorithm is validated on real data by forecasting the APD 

network from 2002, 2007 and 2011 all connecting to 2012 and comparing them to the actual 

2012 values. The validated topology forecasting model is then adapted to all cluster pairs by 

defining the boundaries from the historical data, after which time the passenger forecasting model 
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itself is described. The model contains two sub-modes: quantitative analogies for passenger 

forecast on the newly appeared connections in the APD network and the correlation between 

passenger and GDP growth for APD connections remaining in the network. The passenger 

forecast model is validated on real data by forecasting passenger numbers from 2002, 2007 and 

2011 all connecting to 2012 and then comparing them to the actual 2012 values. At the end of the 

chapter, the overall APD forecasting accuracy is calculated and the expected error propagation is 

analyzed.  

Once validated, the APD forecasting model is then applied to four GEO-4 socio-economic 

scenarios from the UN from 2012 to 2042 in Chapter 6. Firstly, in order to forecast the APD, a 

simple airfare model is developed and validated. This model allows the average annual airfare 

between settlements to be modeled based on the distance between them and the average annual 

crude oil price. Then, the description of four GEO-4 scenarios is presented, showing the scenario 

storylines. Using these scenarios, the APD forecasting results are subsequently presented. The 

results are verified in relation to existing forecasts such as Airbus, Boeing and ICAO FESG APD 

forecasts. In order to demonstrate the level of detail of the APD forecasting model, the APD 

forecast for China in 2042 is analyzed for the Sustainability First GEO-4 scenario.  

Chapter 7 offers conclusions for this thesis. The conclusions show that the APD forecasting 

model is a valuable tool for forecasting APD at settlement level which is able to provide relevant 

results for decision makers. Chapter 8 ends the thesis with recommendations for future research. 

These recommendations are mainly given in order to improve the APD forecasting modelôs 

performance by carrying out further study on the assumptions accepted in this study. 
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2. Literature review 

As shown in Chapter 1, the APD forecast is an important basis for planning in the 

constantly changing ATS. This chapter presents different existing APD modeling approaches. 

The aircraft industry and researchers study APD and develop forecast models using various 

techniques and levels of aggregation. Section 2.1 demonstrates current APD modeling 

approaches of the main players in the air transportation industry such as Airbus and Boeing in the 

context of their market forecasts. In Section 2.2, academic studies on APD are presented. A 

summary of this chapter and conclusion is given in Section 2.3. 

 

2.1. Industry forecasts 

In this section, demand models of the aviation industry are considered. Aviation companies 

generally make their own market forecasts to demonstrate their visions on the future development 

of air transportation to potential customers. For example, Airbus positions their Global Market 

Forecast (GMF) as a ñview of the demand for civil passenger and freighter aircraft that will serve 

as a reference for airlines, airports, investors, government and non-government agencies, air 

transport and economic planners world-wideò (Airbus, 2013). The purpose of Boeingôs Current 

Market Outlook is ñto shape [the] Boeing product strategy and guide long-term business planning 

éshare our outlook with the public to inform airlines, suppliers, and the financial community of 

trends we see in the industryò (Boeing, 2015). The aim of these forecasts is to show customers 

that the demand for these companiesô productions in different regions is growing and in helping 
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customers to make the right decisions about which items to acquire (Anker, 2000). Since these 

market forecasts have been made by industry companies, the objectiveness of such calculations 

have to be critically scrutinized in the context of overall air transportation system development. 

In addition, aviation industry companies do not publish details about their forecast procedures 

which makes it difficult  to understand the underlying principles and assumptions of their 

methodologies, models and sub-models. However, approaches to forecast air passenger demand 

are the basis of these market forecasts and will be considered in this section.  

As discussed in Doucet et al., 2014, an origin destination air passenger demand model is an 

important part of the Airbus Global Market Forecast (GMF) (Airbus, 2014) methodology. The 

GMF methodology for forecasting future ATS contains three basic steps: traffic forecast over the 

next 20 years, a network forecast
1
 and a required aircraft number forecast. Air passenger demand 

forecast in the GMF forms part of the second step. For the network forecast, a traffic forecast 

between countries was initially disaggregated to a set of city pairs. Then, flight segments were 

modeled between any two settlements in the set. The obtained flight segments network included 

existing routes as well as future possible routes. Applying a market share model, a percentage of 

air passengers was assigned to each flight segment. Finally, the number of passengers was 

defined as the percentage of passengers on each flight, multiplied by the origin-destination 

demand between settlements. The origin-destination air passenger demand model used a 

modified gravity model to forecast the number of passengers between 279 settlements around the 

world. The modified gravity model took into account a spatial dependence between origin and 

destination. In other words, it considered the impact on air passenger flow between settlements 

by employing characteristics at proximal settlements.  

Other industry forecasts mainly predict Revenue Passenger Kilometers (RPK). These 

forecasts do not present a separate air passenger demand model. The Boeing Current Market 

Outlook 2013-2032 (Boeing, 2013) forecast used an empirical equation where RPK growth 

between regions was equal to the sum of GDP growth and a ñtime-varying functionò (Eq.2.1). 

The function was not directly associated with GDP growth. This component of growth derived 

from the value travelers place on the speed and convenience that only air travel can offer.  

                                                           
1 Here ñnetwork forecastò implies a forecast of routes between cities 
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Ὑὖὑ ὋὈὖ Ὢὸ  (Eq.2.1) 

Where Ὢὸ is a time-varying function that typically centers around 2 percent. 

The Rolls-Royce (2012) Market Outlook developed an RPK forecast between regions and 

did not indicate the forecasting methodology. Market Outlook 2015-2034 from Embraer (2015) 

provided an RPK forecast between world regions. The forecast was based on historical traffic 

data, GDP development, trade, tourism, fuel price, population dynamics, airline competition and 

traffic of other methods of transportation. 

Japan Aircraft Development Corporation (2010) presented their ñWorldwide market 

forecast for commercial air transport 2010-2029ò at region level. Eleven regions were considered 

in the forecast and passenger traffic was analyzed from the past to obtain regression equations for 

each region. These equations were based on the relationships between GDP, airfare and RPK, yet 

the equations were not printed in their publication.  

The United Kingdom Department for Transportôs 2013 UK Aviation Forecasts (UK 

Department for Transport, 2013) included the National Air Passenger Demand Model. This 

model used a combination of a set of time series econometric models of past UK air passenger 

demand including projections of key driving variables and assumptions about how the 

relationship between UK air travel and its key drivers would change in the future. The model 

provided forecasts for domestic destinations within the UK, international regions of origin for 

flights to the UK and international passengers connecting through UK airports. It also accounted 

for airport capacity constraints, redistributing demand to other airports when demand exceeded 

capacity. 

 

2.2. Academic studies 

The topic of the air passenger demand modeling has also received a great deal of attention 

in the academic field. As input for various models, air passenger demand models are developed at 

different levels of aggregation with different scopes and aims.  
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The Aviation Integrated Modelling (AIM) (Dray et al., 2010; Dray et al., 2014) project was 

initiated by the University of Cambridge, UK. The aim of this project was to develop a tool to 

assess different current and future policies in aviation (Reynolds et al., 2007). The AIM project 

contained a set of connected modules that were created to fulfill the policy assessment goals of 

the task. These modules were: Aircraft Technology & Cost Module, Air Transport Demand 

Module, Airport Activity Module, Aircraft Movement Module, Global Climate Module, Local 

Air Quality & Noise Module, and Regional Economic Module. The Air Transport Demand 

Module deals with true origin-destination (OD) air passenger and freight demand. Currently, this 

module contains a simple model at city level which considers realized undirected air passenger 

demand. The model was represented as a gravity model with OD connections between 700 

settlements around the world (Eq.2.2). 

Ὀ ὑὍὍ ὖὖ Ὡ Ὡ Ὡ Ὡ Ὡ ὅ   (Eq.2.2) 

 Where Ὅ represents the average local per capita income of city Ὥ, ὖ  is the greater 

metropolitan area or equivalent population of city Ὥ and ὅ  is the generalized cost to a passenger 

of air travel between settlements including delays, ὃ  and ὄ  are dummy variables indicating 

whether one or both cities in the pair are major tourism or business destinations, Ὓ  and Ὑ  

show whether a road or high-speed rail link exists between Ὥ and Ὦ, ὈὊ  indicates whether the 

route is a domestic one, ὑȟ‌ȟ‎ȟ‏ȟ‐ȟ•ȟ‫ȟ‘ and † are parameters to be estimated. The gravity 

equation was adapted to short-haul, medium-haul and long-haul as well as for different regions. 

The equation was calibrated on current and historical data. 

Suryani et al. (2010) modeled air passenger demand and passenger terminal capacity 

expansion using a system dynamics approach. The casual loop diagram (Fig.2.1) represents the 

relationship between population, GDP growth, level of service impact, airfare impact, runway 

utilization and required passenger space. The study concentrated on single airport level. Their 

model predicted when an airport should expand runway and passenger terminal capacities and 

determined the total airport area needed to meet future demand.  

Alam and Karim (1998) addressed the present condition of the air transportation system in 

Bangladesh. They analyzed the operation and level of service of the system, supply structure and 
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the network configuration. A stepwise multiple linear regression analysis, using multiple time 

series collected over five years, was utilized to calculate total passenger trips per week along 

existing routes. The regression model in their study was established as follows (Eq.2.3). 

Ὕ Ὡ ὖ Ὁ Ὑ ὢ Ὃ   (Eq.2.3) 

Where Ὕ  is the total passenger trips per week between cities Ὥ and Ὦ, ὖ is the total 

population for city Ὦ, Ὁ is the employees number in city Ὦ, Ὑ  is the travel time ratio for traveling 

between cities Ὥ and Ὦ, ὢ is a dummy variable, Ὃ is the GDP per capita, ὥȟὦȟὧȟὨȟὩ and Ὢ are 

elasticity parameters. 

 

Fig.2.1. Causal loop diagram of air passenger demand and passenger terminal capacity expansion (Suryani et 

al., 2010). 

Grosche et al. (2007) presented two gravity models for estimating air passenger volumes 

between city pairs. The estimation was based on socio-economic and geographic factors for the 

fixed number of city pairs. The basic gravity model was presented as follows (Eq.2.4). 

ὠ ὩὖὅὄὋὈὝ   (Eq.2.4) 
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Where ὠ  is the total passenger volume between cities Ὥ and Ὦ, ὖ  are the populations of 

cities Ὥ and Ὦ, ὅ  are the airport catchment areas in cities Ὥ and Ὦ, ὄ  is the average buying power 

index based on an airportôs catchment area in cities Ὥ and Ὦ, Ὃ  is the gross domestic product of 

the country of the airports in cities Ὥ and Ὦ, Ὀ  is the distance between two airports, Ὕ  is the 

travel time between two airports, ‐ȟ“ȟ…ȟ‍ȟ‎ȟ‏ and † are elasticity parameters. 

The extended gravity model (Eq.2.5) took into account multi-airport cities adding variables 

that describe the spatial characteristics to the basic gravity model (Eq.2.4).  

ὠ ὩὖὅὄὋὈὝὔὃὡ   (Eq.2.5) 

Where ὔ  is the number of competing airports in cities Ὥ and Ὦ, ὃ  is the average distance 

to competing airports, ὡ  is the number of competing airports weighted by their distances, ‡ȟ‌ 

and are elasticity parameters. As seen, these two gravity models did not take into account the ‫ 

possibility of new city pairs within the air transport system. The gravity models for air travel 

demand estimation have a long history and studies include various variables such as population, 

income, distance, etc. (Brown and Watkins, 1968; Verleger, 1972; Fotheringham, 1983; 

Rengaraju and Arasan, 1992; Russon and Rilay, 1993; OôKelly et al., 1995; Jorge-Calderon, 

1997; Doganis, 2002; Shen, 2004). However, these studies do not consider the possibilities of 

changes in the connected city number. 

In contrast, air transport has also been analyzed with complex networks. Zanin and Lillo 

(2013) gave an overview of complex network theory application to ATS where they showed that 

for future ATS challenges, the complex network theory would play a more significant role in 

tackling these challenges. The ATS analyses were carried out in accordance with different 

network representations. In some studies, the ATS network is considered as an unweighted 

network (a route network of 2001 with 27,051 connections  was analyzed) in order to obtain 

specific ATS network metrics (Guimera et al., 2005) or to define the most efficient flights for 

airlines in terms of benefits and passenger mobility (Bania et al., 1998; Alderighi et al., 2007). In 

other studies, weighted ATS networks were analyzed assuming the weight is the available seat 

number (Barrat et al., 2004; Wu et al., 2006) or passenger number (Xu and Harriss, 2008), or 

flight number (Lillo et al., 2011) in order. The ATS network evolution is analyzed in a few 
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studies. Han et al. (2007) and Li and Cai (2004) analyzed the main metric changes in Austrian 

Airline Flights and Chinaôs airport network respectively over a seven-day period. In general, the 

majority of studies in the complex networks field focus on the topological properties of the flight 

networks. Such studies do not consider the evolution of these networks over time. 

  

2.3. Conclusion 

The studies mentioned above utilized a range of techniques and various levels of 

aggregation. Industry forecasts and academic studies show various methods to calculate the 

demand at particular airports, on particular routes, at regional or city level with fixed number of 

connections between settlements. The aforementioned forecasts mostly dealt with air passenger 

demand using gravity models. Although gravity models demonstrate a relatively high accuracy 

(Grosche et al, 2007), they have to be calibrated for different types of city pairs (e.g. short-haul, 

medium-haul, long-haul, international, regional, local, etc.). Thus, when dealing with larger 

numbers of city pairs, the complexity of the calibration requirements of these models increases.  

The studies which used complex network theory mainly analyzed current flight networks. 

Yet again, the long-term evolution of these networks was not considered. However, this could be 

a useful starting point for a symbiosis between the air transportation network and complex 

networks in order to forecast the future state of the air transport network which has not received 

the same level of attention. 

It can be concluded that current studies do not provide a method of forecasting the 

evolution of air passenger demand between settlements at global level. They fail to take into 

account the potential for change in the number of airport-connected settlements when forecasting 

demand within an air transport system. 
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3. Research objectives 

The literature review in Chapter 2 showed that there is no appropriate air passenger demand 

model containing settlements worldwide which is able to assess passenger flows at city level, 

while allowing the changes in the number of connections between these settlements to be 

forecasted. Thus, in order to capture these changes at city level, a model based on socio-

economic indicators has to consider representative settlements worldwide (e.g. with at least one 

airport) and simulate the air passenger demand between them. This approach would provide a 

more realistic and detailed understanding of the air passenger demand evolution within the 

forecast period, based on a socio-economic development scenario of the settlements worldwide.  

This chapter is organized as follows: Section 3.1 presents the key research objectives of this 

thesis and Section 3.2 shows the research methodology that was developed to fulfill the key 

research objectives. 

3.1.  Key research objective 

As shown in Chapter 1, the ability to forecast passenger number on settlement pairs and 

capture the changes in passenger settlement pair topology is significant for assessing future air 

transport development. In particular, changes in air passenger demand topology and passenger 

number on origin destination settlements are an important basis for airline companies to 

ultimately decide whether to operate air service on specific settlement pairs or not and, therefore, 

to adapt their route network accordingly. Furthermore, the interface between origin-destination 

passenger demand and route network is essential within AIRCAST so that passenger streams 
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with airline supplies and structures can be connected. Thus, the research objective of this study is 

to develop an APD forecasting model to forecast the evolution of air travel passenger demand 

between settlements worldwide based on a socio-economic scenario, taking into consideration the 

probability of changes in the number of APD connections between settlements within an ATS, 

i.e., the number of settlement pairs that have any demand between them (regardless of flight 

network). In other words, the proposed model has to forecast air passenger demand and changes 

to the settlement pair connection topology of an air passenger demand network, within a forecast 

period as well as adequately respond to disruptive events described in scenarios and model their 

impact on the APD. 

Following this approach for modeling APD on a worldwide scale, the APD forecasting 

model should contain two main parts: forecasting the potential for demand between settlement 

pairs and forecasting realized APD on new and existing connections. The first part of the APD 

forecasting model should determine whether the potential for demand between a given settlement 

pair exists or not. The second part, based on the potential for the APD existence between 

settlements, seeks to forecast the expected APD between these settlements. Since the demand for 

air travel originates in places with high population density and airports are one of the means to 

realize given demand, this thesis only considers the generation of the potential demand between 

settlements. Although the APD between settlements is directed, to limit the scope of the study the 

APD, it is assumed to be undirected. In other words, directed APD is the demand in direction 

from point A to point B in a time period t, but does not include the demand in direction from 

point B to A in the same time period t. The sum of the directed APD on directions A-B and B-A 

in the time period t represents the undirected APD between points A and B. Thus, the undirected 

demand is the total APD between two points regardless of direction. Moreover, the APD on 

settlement pairs varies depending on the time of year, specific events (e.g. a world sport 

competition in a city or a country) or conflicts in particular areas and other cases. However, their 

impact on the APD on settlement pairs is not significant compared to the global number of 

passengers traveling by air. At the same time, it is almost impossible to generate a precise 

forecast of possible conflicts in the future and where they will occur. Thus, to limit the scope of 

the study, this thesis considers the APD between settlements at yearly intervals. In other words, 

the minimum time frame in the APD forecasting model is one year. 



Research Objectives 

19 
 

 A special methodology has been developed in order to fulfill the objective of this study. 

This approach is able to simulate the APD for a various number of socio-economic scenarios on a 

yearly basis. Based on socio-economic indicators from the scenario which develop over time and 

information from the base year as the input, the APD forecasting model simulates the APD 

between settlements worldwide. The modeling approach allows forecasting changes in the 

topology of the worldwide APD between settlements and defining the passenger number on these 

settlement pairs at yearly intervals. 

In order to validate the APD forecasting model, it is checked against historically observed 

data. The APD for a past year (e.g., 2012) is simulated using a known APD network and socio-

economic indicators from an earlier year (e.g., 2002). Simulated results are then compared to the 

actual APD network.  

The validated model is then applied to the four socio-economic scenarios to obtain a 

consistent forecast of the APD between settlements from 2012 to 2042. Then the results of the 

Air Passenger Demand Model of the APD topology and the number of passengers are transferred 

to RPKs based on the historical trend and compared to existing Airbus, Boeing and ICAO FESG 

forecasts. 

  

3.2. Research methodology 

In order to fulfill the key research objective of this study, the research methodology is 

separated to three steps: model development, model validation and model application. 

1. Model development. The APD forecasting model based on a socio-economic 

scenario and a base year simulates consistent changes in the APD network topology and the 

passenger number on these connections on a yearly basis. The methodology of the proposed 

model and detailed descriptions of sub-models are shown in Chapter 4 and Chapter 5. 
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2. Model validation. The model validation2 is conducted by modeling the APD from 

2002, 2007 and 2011 all connecting to 2012 and then compared to the actual 2012. The model is 

validated on almost 4,000 settlements worldwide and the actual socio-economic indicators of 

2012 are used as the socio-economic scenario. The detailed APD forecasting model validation 

procedure and the results are presented in Chapter 5. 

3. Model application. The validated APD forecasting model is applied to four UN 

GEO-4 socio-economic scenarios. The model provides simulation of the APD from 2012 to 2042 

per decade. The model uses 4,251 settlements in 180 countries worldwide. The APD forecasting 

model application, results verification3 at global level as well as the detailed APD analysis on 

settlement level for China are shown in Chapter 6. The final conclusion is discussed in Chapter 7. 

 

 

 

 

 

 

                                                           
2
 In this study validation is considered as ñthe process of determining the degree to which a model is an accurate 

representation of the real world from the perspective of the intended uses of the modelò (Thacker et al, 2004)  

 
3
 In this study verification is considered as ñthe process of determining that a model implementation accurately 

represents the developerôs conceptual description of the model and its solutionò (Thacker et al, 2004) 
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4. APD forecasting methodology 

This Chapter presents the APD forecasting model methodology which simulates the 

realized air travel passenger demand between settlement pairs worldwide based on various socio-

economic scenarios. These scenarios determine whether the APD between settlements changes. 

The APD between a settlement pair could appear or disappear or the number of passengers could 

increase or decrease. The overall configuration of the APD between settlements is able to change 

in response to the socio-economic situation in a particular settlement, country or region. In order 

to capture these changes in the APD, a special framework has been developed. Section 4.1 

provides a general modelling framework which demonstrates how sub-models and their inputs 

are connected to each other. In Section 4.2, all sub-models from the modeling framework are 

described in detail. 

 

4.1. Modeling framework 

The proposed APD forecasting method between settlement pairs worldwide aims to 

forecast the APD topology network and passenger numbers on these APD connections from the 

base year y0 to the last year of a socio-economic scenario yt with a given discrete time interval n. 

In order to implement this approach, the method contains three steps: 1. City clustering in y0 and 

identifying the cluster dynamics from y1 to yt (Terekhov and Gollnick, 2015); 2. Forecasting the 

topology of the APD network from y1 to yt (Terekhov, et al., 2016); 3. Calculating the APD 

demand on existing and new connections from y1 to yt (Terekhov, et al., 2015-1). The first step of 

the method is settlement clustering in the base year y0. It divides settlements according to the 
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similarity of their socio-economic indicators and, based on the socio-economic scenario, defines 

the content of every cluster from y1 to yt, i.e. the cluster dynamics. The second step determines 

whether the demand connection between a given settlement pair in every cluster pair from y1 to yt 

exists. This is done by implementing a weighted similarity-based algorithm. The weight is 

represented by a combination of socio-economic information of settlements in pairs, and the 

distance between them. The third step of the method, based on the existence of the APD 

connections between settlements and cluster pairs, seeks to forecast the APD between these 

settlements from y1 to yt.  

 

Fig.4.1. General approach of forecasting origin-destination air passenger demand between settlements 

worldwide based on socio-economic indicators 

The general representation of the method is depicted in Fig.4.1. The settlement clustering 

process uses the settlementôs socio-economic indicators to separate them into groups in the base 

year y0 and defines a future content of clusters for every year of the socio-economic scenario ï 

the cluster dynamics. The topology forecasting model has the following input information: 

settlement clusters, socio-economic indicators of settlements in the base year and the scenario 

inputs from y1 to yt. The output of the topology forecast model is a modeled configuration of the 

APD network for every discrete slice in the scenario. Using settlement socio-economic indicators 
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from a scenario and the topology forecast model, the passenger forecasting model computes 

passenger numbers from y1 to yt for every settlement pair of the modeled APD network 

configuration. 

 

4.2. Description of sub-models  

This section describes each model shown in Section 4.1. The input variables to the APD 

forecasting model are described in Sub-section 4.2.1. Sub-section 4.2.2 demonstrates the 

clustering approach and the cluster dynamics. The topology forecasting model is shown in Sub-

section 4.2.4. Sub-section 4.2.5 describes the passenger forecasting model.  

4.2.1. Inputs into the APD model 

As shown in existing studies (Belobaba et al., 2009; Dray, 2010; Airbus, 2014; Boeing, 

2013; Dray, 2014), the APD has a clear correlation with economic and social indicators. Thereby, 

in order to estimate future APD between settlements, the development of these indicators has to 

be known. Thus, external scenarios of the future development of socio-economic indicators are 

considered as input for the APD forecasting model. In order to obtain an accurate APD forecast, 

the scenario should contain a consistent set of numerical indicators over time, describing the 

future development path. Moreover, since the modeling approach is considered at settlement 

level, the scenario has to contain variables at settlement level respectively. In other words, the 

scenario could be presented as a database, where a set of variables for each time segment in a 

given time period for a required settlement number are provided. The scenario variables are the 

input for each sub-model of the APD forecasting model: clustering and cluster dynamics 

(described in Sub-section 4.2.2), the topology forecast model (Sub-section 4.2.3) and the 

passenger forecast model (Sub-section 4.2.4).  

In addition, the APD forecasting model should take airfares into account, since they have 

an undoubted impact on the APD (Boeing, 2015): the lower the airfare between settlements, the 

more passengers would travel and vice versa. The average airfare is the input for the topology 

forecasting model (Sub-section 4.2.3) and the passenger forecasting model (Sub-section 4.2.4). 
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4.2.2. Clustering 

This sub-section describes the clustering and cluster dynamics from the APD forecasting 

model. As shown by Zheleva et al (2012), for the topology forecast, node community (groups of 

settlements for the purpose of this study) features improve link prediction performance (Lü and 

Zhou, 2011). In other words, settlement partition into groups increases the accuracy of the APD 

topology forecast, as shown by Terekhov et al. (2016). Furthermore, it is likely that the APD 

generation process varies depending on the settlements. For instance, the APD formation in rich, 

highly developed settlements and poor settlements from rural areas has different mechanisms 

where various reasons and possibilities for travel depend on income levels and the number of 

inhabitants. Therefore, these settlements could be allocated to a number of groups according to 

their socio-economic indicators, where settlements in each group possess similar patterns. Thus, 

clustering defines qualitative and quantitative features of these groups in the base year (the 

starting point of forecasting) and the dynamic of settlements changing groups.  

In addition, the socio-economic indicators of the settlements change over the forecast 

period. These changes affect the probability of membership of a given city to certain clusters. 

This reveals the settlement distribution changes within the clusters over time. Thus, this process 

is called ñcluster dynamicsò (Terekhov and Gollnick., 2015). Cluster dynamics calculates the 

probability that a given element (settlement) will appear within a given cluster at a particular 

point of time. This approach shows how the settlements are allocated to the various clusters for 

any forecast year based on socio-economic settlement indicators. During the forecast period, 

cluster centers remain fixed as for a base year and do not change. In other words, in this study, 

affiliation calculations are made from a base year perspective.  

In contrast to clustering, cluster dynamics is based on discrete time series data from socio-

economic settlement indicators. Cluster dynamics which use the cluster centers from the base 

year define the allocation of the settlements in clusters for every interval of the discrete time 

series data. An abstract clustering and cluster dynamics example is shown in Fig. 4.2. A 

settlement set is given in the base year T. For instance, the settlements which use clustering are 

assigned to four clusters: Cluster A, Cluster B, Cluster C and Cluster D. A socio-economic 

scenario from T to T+2k with time interval k is given with known indicators in time intervals T+k 
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and T+2k. It is assumed that settlements in this scenario do not change their socio-economic 

indicators, except city X. Within the scenario, the cluster centers remain fixed and do not change. 

The allocation of city X is defined for every time interval in the scenario. Based on socio-

economic indicators of city X in time interval T+k, this city changes from Cluster A to Cluster C. 

Since the socio-economic indicators of city X are changed in time interval T+2k, this city is 

assigned to Cluster D. Thus, the definition of city X allocation in time intervals T+k and T+2k is 

the cluster dynamics which is based on the clustering in the base year in time T. 

 

Fig.4.2. Clustering and cluster dynamics 

Clustering is an important part of the APD forecasting model. Clustering results help to 

understand the APD generation within and between different settlement groups. Clustering 

results are utilized in the topology forecasting model and the passenger forecasting model. In the 

topology forecasting model, clustering has a positive significant impact on link prediction 

accuracy in the APD network (Terekhov et al., 2016), defining boundary conditions of 

connections adding and elimination processes for every cluster pair. The clustering algorithm is 

described in detail in Section 5.1. 
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4.2.3. Topology forecasting model 

This sub-section presents a general description of the topology forecasting model. The 

model defines the future APD network based on the topology from the previous time interval and 

socio-economic indicators from a given scenario.  

The socio-economic characteristics of settlements change throughout the duration of the 

scenario. Therefore, based on the scenario, the original APD network topology transforms, as a 

result of new APD connections appearing and disappearing. These topology changes must be 

taken into account when determining the APD between settlements. Furthermore, the number of 

settlements with airports changes throughout the duration of the scenario. A settlement is added 

to or eliminated from the demand network when an airport or airports appears or disappears. 

The APD network could be described as a network where settlements are represented as 

nodes and settlement pairs as connections. Thus, network theory could be applied (Newman, 

2003) and the problem of forecasting the potential APD between settlement pairs turns to a link 

prediction between nodes in a given year of a socio-economic scenario. In addition, the ADP 

network is a weighted network. The weight could be presented as a single indicator (number of 

passengers on a connection, a ticket price on a connection, distances between settlements, etc.) or 

as a combination of indicators. Since the APD has a clear correlation with the socio-economic 

indicators (Belobaba et al., 2009; Dray, 2010; Boeing, 2013; Airbus, 2014; Dray, 2014), the 

weight could be presented as a combination of socio-economic settlement indicators. This 

combination could be interpreted as an óattractive forceô between settlements in pairs and can be 

presented as a gravity model. The general weight representation ύ between settlements x and y is 

shown in Eq. 4.1., where   is the gravity model and ὥ and ὦ are indicators of settlements x and y 

respectively:  

ύ  ὥȟὦȟȣȟὥȟὦ ȟὲ ρȣά    (Eq. 4.1) 

Thus, in this thesis, the topology forecasting model simulates the changes in the APD 

network topology using weights. The APD network is presented as a set of nodes linked by 

weighted connections, where weight is the combination of settlements indicators. The changes in 

topology are based on the socio-economic scenario. Changes in socio-economic indicators lead to 
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the connection weight changes. This means that the attractive force between settlements changes 

accordingly: the higher the socio-economic parameters, the stronger the attractive force and vice 

versa. The changing attractive force leads to the APD topology evolution. The new connections 

could appear in the APD network when the attractive force between settlements is strong enough 

and disappear when the force is quite weak. However, the terms ñstrongò and ñweakò are relative 

and could vary significantly depending on the settlement in terms of their socio-economic 

indicators. Since settlements possess diverse socio-economic characteristics, the APD connection 

process generation is correspondingly different per settlement type. Based on clusters obtained 

from Sub-section 4.2.2, settlements could be assigned to a number of groups according to their 

socio-economic indicators. This helps to distinguish settlement groups from each other and give a 

clear definition of ñstrongò and ñweakò for connection weights between settlements in these 

groups. 

 

Fig.4.3. Topology forecasting model framework. 

The general topology modeling process is sequential: the forecast of year T+k is based on 

year T, the forecast of year T+2k is based on year T+k etc. The topology forecasting modelôs 

basic structure is shown in Fig. 4.3. In the base year T, the actual APD topology and clustering is 

known. The socio-economic scenario is provided from the base year T to the last year in the 

scenario N with time intervals k. The socio-economic indicators from the scenario of year T+k 
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are assigned to the settlements from the APD network of year T. Thus, this network is incomplete 

for the year T+k. Then, the topology forecasting model, based on the network topology and the 

new settlement socio-economic indicators, defines which connections should be added into the 

network and which connections should be eliminated. After this process, the topology for the 

year T+k is obtained. This process is repeated analogically for year T+2k and so on, up to the last 

year of the scenario. Following this procedure, the topology for every time interval is obtained. 

The next step is to define the passenger number on every connection for every given topology. 

The topology forecasting model is described in detail in Section 5.2. 

 

4.2.4. Passenger forecasting model  

The APD forecast between global settlements pairs (Terekhov et al, 2015-1) consists of a 

sequential set of discrete intervals by years at the time scale up to the forecast horizon. When the 

APD network topologies are determined for the forecast period, the air passenger number on 

settlement pairs has to be defined. Since the APD has a clear correlation with socio-economic 

parameters, as mentioned above, the air travel passenger number estimation on settlement pairs is 

conducted based on socio-economic indicators.  

 

Fig.4.4. The passenger forecasting model basic framework 

The passenger forecasting model basic framework is depicted in Fig.4.4. The forecasted 

APD networks contain two connection types: newly-appeared connections and connections 
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which are still fixed from the previous APD network. Since there is a clear correlation of socio-

economic settlement indicators and the passenger number on connections, the passenger number 

for fixed connections is defined by socio-economic indicator growth correlation from settlement 

pairs in year T+k and year T. However, for the newly-added connections, this approach does not 

work due to the absence of these connections in the previous time interval. Thus, the passenger 

number for newly-appearing connections in year T+k which does not exist in base year T is 

defined by assigning the passenger numbers of similar connections in base year T. Since the base 

year is the only one year in the model with the actual data set, the analogy connections for the 

modeled time intervals are considered from the base year. The connection similarity could be 

characterized by socio-economic settlement and spatial closeness of connections in the base year 

and the forecasted year. Thereby, the number of passengers on a given settlement pair in year 

T+k is defined by searching for the closest set of conditions of a settlement pair in the previous 

year T. In other words, the number of passengers is defined using the Quantitative Analogies 

(QA) method for new connections of the year T+1 and set of connections in the previous year T. 

In general, the QA approach requires an expert who has to identify the situation and find out the 

analogies for the newly-appeared connection in the analogies set in the base year data. However, 

this qualitative concept could be presented as a quantitative approach. A simple expert model can 

be developed in order to identify the set of analogies and the analogy for the newly-appeared 

connection in the base year and, thereby, determine the passenger number on this connection. The 

modelôs mathematical interpretation is presented in Eq. 4.2 as a calculation of the shortest 

distance between settlement pairs in a forecast year and settlement pairs in the base year. 

ÍÉÎὨὼȟώ ὢ ὣȟ Ễ ὢ ὣȟ    (Eq.4.2) 

Where Xn represents the condition n of settlement pair x in a given year within the forecast 

period, Yk,n represents condition n of settlement pairs Yk in the base year, and k is the number of 

connections in the base year. An example of QA is depicted in Fig.4.5. Connection X in time 

segment T+1 and five connections Y are shown in the base year. Using Eq.4.2, the distances in 

multidimensional space (in Fig.4.5 two detentions are shown) between connection X and all 

connections Y could be defined. As could be seen, the minimum distance is between connection 

X and Y5. This means that a newly-appeared connection X in time interval T+k which does not 
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exist in year T, is the most similar by the socio-economic indicators to connection Y5 in the base 

year. Thus, the passenger number on connection X is assumed to be equal to the passenger 

number on connection in the base year Y5. 

 

Fig.4.5. An example of the QA approach 

In addition, the passenger generation between settlements is different in different settlement 

groups. Thus, based on clustering described in Sub-section 4.2.2, the settlement affiliations to 

clusters for every time interval are known. Thereby, for every newly-appeared connection in the 

network, cluster pairs based on settlements clusters are also known. In order to define the 

passenger number on a newly appeared connection in time interval T+k in cluster pair C, the 

analogy by socio-economic indicators is searched within connections in the base year in cluster 

C.  

For fixed connections in the APD network, correlation between passenger growth and 

socio-economic indicators growth is used. The number of passengers on this type of connection 

is defined as the number of passengers on a connection in year T plus passenger growth equal to 

the socio-economic indicators growth between years T+k and T. Thereby, the number of 

passengers is calculated for all connections in every APD network within the forecast period. The 

passenger forecasting model is described in detail in Section 5.3. 
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4.3. Conclusion 

This chapter presented the APD forecasting model concept. Based on the socio-economic 

scenarios, the proposed model simulates the future APD network topology and passenger number 

on all APD connections.  

The introduced modeling framework was developed in order to cover the first step of the 

proposed research methodology, Model development (see Section 3.2), and objective which is 

indicated in Section 3.1. The next step in this thesis is to describe the proposed model in detail 

and validate it based on the actual data.  
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5. APD forecasting model development and 

validation 

This Chapter presents detailed descriptions of the APD sub-models and their validation. In 

order to validate the proposed methodology described in Chapter 4, a special validation 

framework has been developed. This framework includes the preparation module and the 

validation module, as demonstrated in Fig. 5.1. 

 

Fig.5.1. The validation framework 

The preparation module aims to collect necessary data sets and generate the required inputs 

for APD model validation. The basis for the validation process is the base year, which, in this 

thesis, is the year where all required information for the validation process is known. The base 

year contains the following information: the APD on settlement pairs worldwide, socio-economic 

settlement indicators, geographical settlement coordinates and average airfares on the settlement 
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pairs. The validation of the topology forecasting model and the passenger forecasting model are 

conducted on the basis of the preparation module. The validation procedure is as follows: socio-

economic indicators and cluster affiliation of the base year are assigned to settlements in year X, 

which was relative to the base year in the past. Thus, the APD network of year X becomes an 

incomplete network of the APD network in the base year. For the model validation, simulated 

APD connections and the passenger number in the base year from year X are compared with the 

actual real data in the base year. For example, four nodes and network topologies are known for 

2012 (the base year) and 2007 (year X), as demonstrated in Fig.5.2B and Fig.5.2A respectively. 

The 2012 node attributes are assigned to the 2007 network nodes (Fig.5.2C). Thus, the network 

topology in Fig.5.2C is an incomplete 2012 topology where two connections are missing: 

B2012C2012 and B2012D2012. New connections are then simulated based on the incomplete network 

and known 2012 node attributes (Fig.5.2D). The modeled 2012 topology from 2007 in Fig.5.2D 

is compared to the actual 2012 topology. Therefore, the accuracy of the method can be obtained. 

In addition, since the accuracy assessed combining two models is based on different approaches, 

the measures for predicting accuracy, such as the mean absolute percentage error (MAPE) or the 

symmetric mean absolute percentage error (SMAPE), which are mainly used for the regression 

models assessment, are not applicable in the case of this study. 

  

A. Network N in 2007 B. Network N in 2012 

  

C. Network N with 2007 topology and node attributes 

from 2012 

D. Forecasted 2012 network N from 2007, where the 

green connections are modeled  

Fig.5.2. The validation approach 
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The basic principle for the method validation is depicted in Fig. 5.3. The APD network 

topology on settlement level in year X is known as well as the topology in the base year. The 

conditions required for the appearance of new settlements (new nodes) in the APD network are 

not clear and difficult  to predict (Lü and Zhou, 2011). Thus, sets of settlements from two 

networks are reviewed. Settlements which are presented in these networks are allocated to the set 

of common settlements. Thereby, there is a constant set of common settlements for both 

networks. These settlements are allocated to a number of groups based on their socio-economic 

indicators in the base year using the clustering. Then, the socio-economic indicators and the 

cluster affiliation are assigned to the year X network.  

 

Fig.5.3. The basic principle for the forecasting method validation 

 



Chapter 5 

36 
 

The network topology model is applied to every defined cluster pair in year X. This 

forecast model simulates the base year APD topology from year X and adds new connections and 

eliminates old connections in year X APD network. The modeled connections from year X to the 

base year from every cluster pair are compared to the actual real connection number in the base 

year. Then, the passenger number in the modeled network on every settlement pair is calculated 

using the passenger forecasting model. The simulated passenger number from year X to the base 

year is compared to the actual passenger number in the base year. Thus, the accuracies of two 

models, and, therefore, the APD forecasting model, are assessed by comparing modeled results 

and actual data. 

The main source for APD data worldwide between settlements (topology) is the Sabre 

Airport Data Intelligence (ADI) database (Sabre Airline Solutions, 2014). The database includes 

annual data on the APD and the average airfares between airports worldwide. The ADI database 

contains booking information from the Global Distribution System (GDS), its primary data 

source, and other external data sources. In addition, the ADI database contains two quality sets: 

preliminary data and final data. The preliminary data starts from year 2002 and the final data 

starts from 2009. Although in the ADI final data mistakes are corrected and it is more accurate, 

the ADI preliminary data cover more years. The detailed analysis of the final and preliminary 

data is described by Ghosh and Terekhov (2015). When the study started, the latest available data 

from the final set were for 2012. Thus, 2012 has been chosen as the base year for this thesis, due 

to data accessibility. The method is validated on real world data for 2012 from 2002, 2007 and 

2011. These years cover intervals of one, five and ten years respectively. This allows the APD 

forecast model to be assessed on a short, middle and long forecast time frame.  

Since the APD forms in populated areas and not in airports as it is shown above, the APD 

data between airports is modified to the APD between settlements associated with these airports. 

In the case that there are a few airports in a settlement, their APD is merged to this settlement. 

Thus, the set of common settlements for the validation process contains more than 3,600 

settlements from more than 190 countries worldwide. In addition, the APD between settlements 

is considered undirected for this study.  
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In order to define weights in the APD network, the socio-economic indicators have to be 

defined. Due to a large number of settlements in the model, a detailed set of economic and social 

indicators for the settlements requires a manual search and in most cases this information is not 

accessible. Thus, as socio-economic indicators, settlement GDP and population are chosen based 

on previous studies (Grosche et al, 2007) and database accessibility. Thus, for the base year, for 

every settlement, the population is obtained using (UN, 2014-1; MaxMind, 2014), GDP data 

collected from (UN, 2014-2; The World Bank, 2014). Settlement GDP is calculated using GPD 

per capita in a country. GDP per capita is defined based on country GDP and country population 

obtained from (UN, 2014-1; The World Bank, 2014). Since some databases adjust their economic 

indicators to 2005 US dollars and in order to have homogeneous economic data, all economic 

indicators in this study are adjusted to 2005 US dollars. Geographical settlement coordinates are 

collected from Our Airports (2014) and OpenFlights (2014). 

This Chapter is organized as follows: Section 5.1 justifies and describes the clustering 

method. Section 5.2 describes and validates the topology forecasting model versus the actual 

2012 APD topology, thus providing the model accuracy. Section 5.3 presents the passenger 

forecasting model and demonstrates the assessed accuracy. Section 5.4 shows the overall APD 

forecasting model accuracy and the propagation error assessment for the short, middle and long 

forecasting terms. Section 5.5 provides conclusions to this chapter. 

 

5.1.  Clustering 

As shown in existing studies (Zheleva et al, 2012; Lü and Zhou, 2011), a partition of 

elements into groups improves link prediction performance and, thereby, increases the accuracy 

of the APD topology forecast between settlements. Furthermore, studies (Belobaba et al., 2009; 

Dray, 2010; Airbus, 2014; Boeing, 2013; Dray, 2014) show that the APD has a clear correlation 

with economic and social indicators. Thus, it is likely that the process of the APD generation is 

different for different settlements. These settlements can therefore be allocated to a number of 

groups by their socio-economic indicators, where settlements in each group possess similar 

patterns. The goal of the clustering is to determine a finite set of groups (clusters) to describe a 
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dataset according to similarities among its elements (Hruschka et al., 2009; Berkhin, 2006). This 

allows appropriate methods to forecast the APD for each cluster pair to be determined and, 

thereby, for the accuracy of the whole APD forecast method to increase.  

5.1.1. Clustering methods 

There are various clustering methods which can be divided into two main groups: 

hierarchical and partitional. Hierarchical clustering (HC) unites clusters based on their proximity 

and forms a hierarchical tree (Xu and Wunsch, 2005). At first, HC assumes every element is a 

cluster. Then, the two nearest clusters are combined and assumed to be a new cluster. This 

procedure continues until there is only one cluster containing all elements (SAS Institute Inc., 

2014). The result is a hierarchical tree of clusters, also known as a dendrogram (Fig.5.4). Thus, 

HC builds a system of nested clusters instead of one partition into disjointed clusters. Using this 

method, clusters could be retrieved by cutting the dendrogram at different levels. However, HC is 

appropriate for small sets of data, up to several thousand elements. The method is very sensitive 

to noise and outliers in data. Furthermore, HC algorithms are not capable of correcting possible 

previous misclassifications. Once an object is assigned to a cluster, it will not be considered again 

(Xu and Wunsch, 2005). Moreover, HC does not work well in overlapping areas (SAS Institute 

Inc., 2014) (in these areas, elements from several clusters share the same space). 

 
Fig.5.4. Hierarchical clustering 

In partition methods, two approaches can be highlighted: exclusive clustering (EC) and 

probabilistic clustering (PC). Both approaches require the number of clusters to be determined in 

advance. In the EC approach, elements only belong to certain clusters and cannot be included in 

others (hard clustering). One of the most commonly used algorithms in the EC approach is the k-

means algorithm, based on a certain number of pre-defined clusters. The main idea of k-means is 
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to define means for every cluster (Fig.5.5). This algorithm selects the randomly chosen number 

of elements in the initial set, equal to the number of pre-defined clusters. These elements are 

assumed to be cluster means. This is an iterative process. The algorithm recalculates cluster 

means until a specified criterion is met. The affiliation to clusters is defined for every element in 

the set by defining the minimum distance between means and elements. The k-means algorithm is 

appropriate for large sets of data, up to hundreds of thousands of elements. However, the 

appropriate number of clusters is unknown and it is necessary to specify a number of clusters 

before starting the algorithm (SAS Institute Inc., 2014). The algorithm is sensitive to the selection 

of the initial partition (Jain et al., 1999). In addition, it does not work well in overlapping areas 

(SAS Institute Inc., 2014). 

 
Fig.5.5. Exclusive clustering 

In the PC approach, each cluster can be present as a parametric distribution. Thus, the 

initial set of elements is modeled by a mixture of these distributions. In contrast to k-means, 

where elements are deterministically assigned to one, and only one, cluster (hard clustering), the 

PC approach assigns elements to clusters with certain probabilities (soft clustering) (Fig.5.6).  

 

Fig.5.6. Probabilistic clustering 
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The most commonly used PC algorithm is a normal mixture or a mixture of Gaussians. The 

normal mixture algorithm is similar to k-means. The normal mixture uses expectation-

maximization (EM) algorithm (Krishnan and McLachlan, 1997), where at the expectation step 

(E-step) expected values of the cluster membership for each element are calculated. Here, 

probabilities for all elements are calculated. Then, maximization step (M-step) recalculates the 

parameters of each Gaussian to maximize the probabilities found on E-step. These steps repeat 

until convergence. The normal mixture algorithm based on the probabilistic approach performs 

well in overlapping areas (SAS Institute Inc., 2014). However, it is sensitive to the selection of 

the initial partition (Xu and Wunsch, 2005). 

 

 

 

 Fig.5.9. Settlement distribution by population and GDP  

 

  

Fig.5.7. Settlement distribution by population Fig.5.8. Settlement distribution by GDP 
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Percent of settlements Quantiles Population Settlement 

100.0% Maximum 14,608,512 Shanghai, China 

75.0% Quartile 206,570 Annaba, Algeria 

50.0% Median 50,675 Mweka, DR Congo 

25.0% Quartile 7,716 Fort Dix, US 

0.0% Minimum 2 Portage Creek, US 

Tab.5.1 Settlement quantiles by population 

Percent of settlements Quantiles GDP 

(billions) 

Settlement 

100.0% Maximum 350 New-York, US 

75.0% Quartile 3 Pekanbaru, Indonesia 

50.0% Median 0.744 Arcata, US 

25.0% Quartile 0.103 Lakselv, Norway 

0.0% Minimum 0.00007 Kadhdhoo, Maldives 

Tab.5.2. Settlement quantiles by GDP (indicated here in constant 2005 US dollars) 

The base year is 2012 which contains 4,435 settlements based on the APD network 

obtained from the ADI database. The next numerical attributes are obtained for every city: GDP 

and population in 2012 and geographical coordinates. Settlement distributions by population and 

GDP are presented in Fig.5.7 and Fig.5.8 respectively. Based on these distributions, settlementsô 

quantiles by population and GDP are presented in Tab.5.1 and Tab.5.2 respectively. Settlements 

possess various socio-economic indicators, but they are not separated well, as can be seen in 

Fig.5.9. Most settlements are concentrated in areas of low GDP and population numbers. Thus, 

settlements in this area have similar GDP and population values. It is hard to understand which 

group they could be assigned to. As the overview above suggests, the PC is more effective in the 

overlapping areas, defining certain probabilities to clusters for every element. Using this 

approach, the cluster, the element is closest to, is seen and the changes in the probability 

proportions for a certain element are tracked. Thus, for clustering settlements in the APD model a 

PC algorithm of normal mixture is used. However, for this type of clustering it is necessary to 

define the appropriate number of clusters. 

5.1.2. Normal mixture clustering application 

The PC of normal mixture is chosen to group settlements into clusters. As mentioned, the 

APD generation process is likely to be different for different settlement clusters. Thus, it is 

important to define the appropriate clusters number as well as the settlement parameters number 

for clustering. Applying a few parameters could lead to high bias and missed opportunities for 
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cluster insight. Such clustering is not flexible enough to describe the sample well. In contrast, 

clustering with too many parameters is not able to fit the observed data well, and is too closely 

tailored to it. Such models may generalize poorly (Dziak et al., 2012). The base year data contain 

settlements GDP and population. Based on these parameters, it is possible to add one more 

parameter ï GDP per capita. As shown in existing studies (Jain et al.,1999; SAS Institute Inc., 

2014; Xu and Wunsch, 2005), a larger number of parameters can help adequately recognize the 

pattern and accurately define cluster means. Therefore, GDP per capita allows normal mixture 

algorithm to describe clusters with higher precision. Thus, due to data restrictions, to define 

settlement group numbers with similar socio-economic indicators, clustering in this thesis is 

made by using city GDP, population and GDP per capita.  

For the normal mixture, the number of clusters has to be set in advance. This is a typical 

issue for the normal mixture clustering approach (Jain et al., 1999; Xu and Wunsch, 2005; 

Berkhin, 2006). It is solved through measurements of standard metrics for different number of 

clusters. In this study two standard metrics are used: the Bayesian information criterion (BIC) 

(Schwarz, 1978) and the Akaike information criterion (AIC) (Akaike, 1974). Both these metrics 

are penalized-likelihood information criteria. BIC and AIC choose the model with a particular 

number of clusters which demonstrates the best penalized log-likelihood. BIC and AIC is a 

variation of a penalty weight ὃ  in the information criterion: 

ὍὅὯ ςὰ ὃὴ       (Eq.5.1) 

Where Ὧ is number of clusters; ὰ is the log-likelihood; ὴ is the number of parameters in the 

model. For AIC ὃ ς, and for BIC ὃ ÌÎ ὲ; ὲ is the sample size. BIC and AIC penalize 

more for models with additional parameters. The penalty of BIC depends on the sample size and 

it is usually more ñheavyò than AIC. The number of clusters ὲ minimizing BIC and AIC is 

considered to be the optimal number of clusters for a given set. BIC and AIC for 4,435 

settlements in the base year 2012 of the APD forecasting model is presented in Fig.5.10. 

Clustering of these settlements is made by their GDP, population and GDP per capita. 
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Fig.5.10. BIC and AIC metric for different cluster numbers for ADP forecast model settlement set  

For clustering, 20 independent estimation process restarts with different starting values are 

used. This process prevents a local solution from being found. The maximum number of 

iterations for the EM algorithmôs convergence stage is 200. The converge criterion is the 

difference in the likelihood at which the EM interactions stops and it is equal to10
-8

. Based on the 

AIC and the BIC in Fig.5.10, separation into 11 clusters demonstrates best results. However, 

some means of these clusters are close to each other and interpreting their significance poses a 

challenge. Thus, three separations of the smallest AIC and BIC into 9, 10 and 11 clusters are 

considered. Cluster means of these separations are depicted in Fig.5.11 based on population and 

GDP per capita. As can be seen, the clustering algorithm detects groups of settlements with the 

largest socio-economic indicators every time. The main changes in separations are in settlement 

groups with populations of less than 1 million. The cluster means for these separations are 

depicted in Fig.5.12, Fig.5.13 and Fig.5.14 based on population and GDP per capita.  

 

Fig.5.11. Cluster means for 9, 10 and 11 clusters by population and GDP per capita 
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For separating into 11 clusters, a few means are similar to each other. These settlement 

groups have relatively small populations with high GDP and GDP per capita. Furthermore, there 

are two proximate settlement groups of small settlements with low GDP and GDP per capita 

(Fig.5.12). The same proximity groups are generated when separating into 10 clusters (Fig.5.13). 

However, the situation is different for the 9 cluster separation (Fig.5.14) as these cluster means 

are easily distinguishable and their meaning is easy to interpret. Thus, separation to 9 clusters is 

chosen despite the fact that it does not demonstrate the best AIC and BIC. 

 
Fig.5.12. Cluster means for 11 clusters with settlements of less than 1 million inhabitants 

 
Fig.5.13. Cluster means for 10 clusters with settlements of less than 1 million inhabitants 

 
Fig.5.14. Cluster means for 9 clusters with settlements of less than 1 million inhabitants 
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All nine cluster centers are well separated. These clusters cover ñsmallò, ñmiddleò and 

ñlargeò sized settlements according to population and ñpoorò, ñmiddleò and ñrichò settlements 

according to wealth. Based on these 9 clusters, the APD network in 2012 can be presented as a 

set of 45 cluster pairs4. For the purpose of the study, short-hand cluster names, derived from 

cluster means (population, GDP and per capita GDP), are adopted (i.e., very small and rich 

settlements, small and poor settlements, etc.).  Tab.5.3 reflects the number of settlements in each 

cluster, cluster means and cluster names. For the PC of normal mixture, a complex formula is 

obtained to find the probabilities of every settlement affiliation to each cluster. Thus, by using 

this formula it is possible to retrieve settlement affiliation probabilities for various clusters for 

ongoing, developing socio-economic indicators, and tracking how settlement clusters change 

within a certain time period from the base year perspective (cluster dynamics). In other words, 

during the forecast period, cluster centers remain fixed, as in the base year. This process reveals 

the settlement distribution changes within the clusters over time.  

Cluster # Population GDP, 

billions 

GPD per 

capita 

Settlement number 

in cluster 

Proportion  Size Wealth 

1 8,520 0.3 37,134 1,453 0.32191 Very small Rich 

2 47,010 0.3 7,729 1,055 0.22774 Small Poor 

3 824,546 27 33,219 108 0.02487 Large Rich 

4 307,440 3 12,066 417 0.09684 Middle Middle 

5 5,394,129 77 19,767 76 0.01748 Megacities  

6 82,790 2 37,010 565 0.13312 Small Rich 

7 1,493,549 11 8,032 238 0.05451 Large Poor 

8 278,644 9 35,547 207 0.04738 Middle Rich 

9 369,340 1 2,744 316 0.07615 Middle Poor 

Tab.5.3. Cluster centers, settlement distribution among clusters and cluster names. GDP and GDP per capita 

indicated here in constant 2005 US dollars 

 

5.1.3. Conclusion 

This sub-chapter demonstrates the qualitative and quantitative features of different 

settlement groups in the base year 2012. It presents methods for grouping settlements into 

clusters according to their socio-economic indicators and the possibility of tracing changes in the 

cluster content within a socio-economic scenario. For settlement grouping, three main clustering 

                                                           
4
 The number of cluster pairs is defined as follows: p = 0.5*n*(n-1) + n, where p is the number of pairs and n is the 

number of clusters. Clusters here are interconnected. Therefore, 9 clusters form 45 cluster pairs. 
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approaches are considered: hierarchical, exclusive and probabilistic. After analyzing the 

advantages and disadvantages of these approaches, probabilistic clustering of normal mixture is 

chosen to separate settlements for the APD forecasting model as it performs better than others in 

overlapping areas. This is essential in the case of the APD forecast model, since many settlements 

have close socio-economic values. Clustering is based on socio-economic settlement indicators 

including settlement GDP and population. Thus, due to the data restrictions for the considered 

settlement number, the three parameters settlement GDP, population and GDP per capita are 

defined to fit the data observed. Using these parameters and special metrics such as AIC and BIC, 

separation into 9 clusters is chosen. Notwithstanding that the separation does not demonstrate the 

best AIC and BIC, cluster means are well distinguished and their meaning is easy to interpret.  

Clustering is an important part of the APD forecasting model and the results are used 

within the whole study i.e. for the topology forecasting model and the passenger forecasting 

model. It is extremely likely that clustering increases the accuracy of the proposed APD model, 

and, specifically, accuracies for link prediction in the topology forecasting model. Moreover, 

clustering results can help to understand the APD generation within and between different groups 

of settlements in further studies.  

 

5.2. Topology forecasting model 

The APD network dynamically evolves over time. This network contains a number of 

settlements (nodes) with links between them. As previously mentioned, in this thesis, the APD 

network is considered as an undirected, weighted network (Terekhov et al, 2015-1) where each 

link is characterized by a parameter or a set of parameters. As shown, the APD has 

interdependences with economic and social indicators (Boeing, 2013; Dray et al, 2010). Thus, the 

weight of a link could be considered as a combination of socio-economic indicators between 

settlements in pairs. During the forecasting period, the socio-economic indicators of settlements 

vary. Therefore, the link weights also change. This variation over time has an impact on the APD 

network and, accordingly, the topology of the network is likely to change. For example, where 

the socio-economic settlement indicators (e.g. GDP, population and oil price) show a rapid 
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increase, it is likely that a number of connected settlements with a significant APD will appear 

where no APD connections previously existed.  

There are three main link prediction method groups (Lü and Zhou, 2011) for forecasting 

connections in the network: similarity-based algorithms, maximum likelihood (ML) and 

probabilistic models (PM). Similarity-based algorithms are divided into local, global and quasi-

local indexes (Lü and Zhou, 2011) and are the mainstream class of algorithms for link prediction. 

ML methods and PM are complex and very time consuming. ML is able to handle networks with 

up to a few thousand nodes in a reasonable time (Lü and Zhou, 2011). Furthermore, ML methods 

do not demonstrate the best accuracy (Lü and Zhou, 2011). PM performs well when a network 

contains different types of nodes and attributes related to them. However, adopting this approach 

is a long-winded and complicated process. Mostly, studies consider link prediction in non-

weighted networks. Studies on link prediction in weighted networks are mainly conducted using 

weighted local similarity indexes (Murata and Moriyasu, 2011; Lü and Zhou, 2011). In addition, 

the APD network is a high-clustered network, as shown by Ghosh and Terekhov (2015). For 

highly-clustered networks, the common neighbor-based indexes demonstrate relatively good 

prediction with low complexity (Lü and Zhou, 2011). Thus, in this study, only weighted local 

similarity indexes are considered.  

The underlying principle of weighted and non-weighted indexes of similarity-based 

algorithms is the same. These algorithms assign a score to each non-existing link in a given 

network. The links are then ranked in descending order according to their score and links with the 

highest score should appear in the network. Here, two significant problems arise as one index in 

the network can perform well where another fails (Lü and Zhou, 2011). Thus, the first problem is 

to define which weighted local similarity index shows the best performance in the APD network. 

The second problem is to define a criterion for adding new connections to the network with the 

highest score from the top of the ranking list. In other words, a boundary condition in the ranking 

list of non-existing links has to be defined: links from the ranking list between the first link and a 

boundary link will be added to the network.  

In addition, as shown by Zheleva et al (2012), the combination of network structure, node 

attributes, and node community features improve link prediction performance. In the APD 
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network, the network structure and node attributes are known. For node communities, settlements 

are distributed into groups according to the proximity of their socio-economic indicators. For 

example, settlements with large GDP and population are assigned to the large-rich group and 

settlements with high population and small GDP are united to the large-poor group. Since 

settlements generally possess different socio-economic indicators in these groups (clusters)
 

(Terekhov et al, 2015-1), the process of link appearance in each APD network cluster pair could 

be different. Thus, a similarity-based algorithm which shows the best performance in one cluster 

is probably different in another cluster. For example, different weighted similarity algorithms 

could perform better between large-rich settlements and small-poor settlements than between 

megacities and middle-rich cities. Furthermore, it is likely that every cluster pair has its own 

boundary. In this section, the performance of similarity-based algorithms for each cluster pair is 

analyzed. The boundary for each cluster pair is defined utilizing the algorithm with the best 

performance.  

5.2.1. Weighted local similarity index identification  

Two standard metrics are used to identify the appropriate index for each cluster pair: the 

area under the receiver operating curve (AUC) (Hanely and McNeil, 1982) and precision 

(Herlocker et al, 2004). In order to identify the most suitable weighted local similarity index, the 

data from the base year 2012 is used. Thus, here these metrics are applied to the 2009 and 2012 

APD topology. For accuracies and boundary identification, a set of forecasts of the APD network 

is made: from 2002 to 2012, from 2007 to 2012 and from 2011 to 2012. 

For 2002, 2007, 2011 and 2012 the APD networks and related data are obtained from the 

various databases mentioned above in Section 5.1. The initial set of 4,435 settlements from the 

base year 2012 obtained from the ADI data base is divided into 9 clusters, as mentioned in 

Section 5.1.  

In the APD network, every cluster is defined as a set of settlements and weighted 

connections. These connections link settlements in one cluster with settlements in other clusters 

and settlements within a cluster. Weights in this thesis are considered as a combination of 

average airfare (Ghosh and Terekhov 2015), distance between settlements and main socio-
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economic indicators such as settlement GDP and population. The weight on the connection 

between settlements x and y is presented as follows: 

ύ Ὣ z Ὣ  z ὴ z ὴ  zὰ  z ὸ ‐z  —  (Eq.5.1) 

Where Ὣȟ are the GDPs of city x and y; ὴȟ are the populations of city x and y; ὰȟ is the 

distance between city x and y; ὸȟ is the average airfare between city x and y; ‌ȟ‍ȟ‎ȟ‏ are 

elasticities of GDP, population distance and average air fare respectively; ‐ is a dummy variable 

and — is a free parameter. For this study, it is assumed that ‌ ρ, ‍ ρ, ‎ ρ, ‏ ρ, 

‐ ρ and — π in order to avoid unnecessary complexity. Thus, Eq.5.1 turns to a variation of 

Newtonôs gravity model (Newton et al., 1833) and the weight could be interpreted as an abstract 

attractive force between settlements. Furthermore, the gravity model has been used in a number 

of studies (Grosche, 2007; Dray, 2014) to predict the APD between city pairs.  

Based on assumptions in Eq.5.1 the weight between settlements x and y could be presented 

as: 

ύ
 z  z  z 

 ᶻ
   (Eq.5.2) 

Within this study, nine indexes of similarity-based algorithms are analyzed. Based Lü and 

Zhouô (2011) study, the weighted common neighbors (WCN), weighted Adamic-Adar index 

(WAA) and weighted resource allocation index (WRA) are applied to the APD network. In 

addition, similarity indexes for unweighted networks such the Salton index (Salton and McGill, 

1983), Sorensen index (Sorensen, 1948), hub depressed index, hub promoted index (Ravasz et 

al., 2002), Leicht-Holme-Newman index (Leicht et al., 2006) and preferential attachment index 

(Barabasi and Albert, 1999) are adapted for weighted networks utilizing Murata and Moriyasuôs 

(2007) proposed simple method integrating link weights into the nine indexes. These similarity 

indexes are presented in Tab.5.4. 

Two standard metrics, the AUC (Hanely and McNeil, 1982; Lü and Zhou 2011) and 

precision (Herlocker et al, 2004; Lü and Zhou, 2011) are used to determine the accuracy of each 

index. Initially, for an undirected weighted network, all existing and non-existing links are 

known. From this set of existing links, a group of links ï the probe set ï is excluded and the 
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remaining existing links are the testing set. The score of each index in the network formed by the 

testing set is calculated for all non-existing links and the probe set.  

The AUC shows the probability that a randomly chosen link from the probe set has a higher 

score than a randomly chosen link from the set of non-existing links. According to Lü and Zhou
 

(2011) the AUC is as follows: 

ὃὟὅ
ȟ z 

  (5.3) 

ὲ shows how many times links from the probe set have a higher score then randomly chosen 

links from the non-existing links set. ὲᴂᴂ denotes how many times links from the probe set have 

the same score as randomly chosen links from the non-existing links set. ὲ is a number of 

independent comparisons.  

Weighted common neighbors (WCN) ί ύὼȟᾀ ύᾀȟώ

 ɴ ᷊  

 
(Eq.5.4) 

Weighted Adamic-Adar (WAA) ί
ύὼȟᾀ ύᾀȟὼ

ÌÏÇ ρ ίᾀ
 ɴ ᷊

 
(Eq.5.5) 

Weighted Recourse Allocation (WRA) ί
ύὼȟᾀ ύᾀȟὼ

ÓÚ
 ɴ ᷊

 
(Eq.5.6) 

Weighted Salton index (WSA) ί
ύὼȟᾀ ύᾀȟὼ

ίὼ ίzώ
 ɴ ᷊

 
(Eq.5.7) 

Weighted Sorensen index (WSO) ί
ς ύὼȟᾀ ύᾀȟὼ 

ÓØ ÓÙ
 ɴ ᷊

 
(Eq.5.8) 

Weighted hub promoted index (WHPI) ί
ύὼȟᾀ ύᾀȟὼ

ÍÉÎÓØȟÓÙ
 ɴ ᷊

 
(Eq.5.9) 

Weighted hub depressed index (WHDP) ί
ύὼȟᾀ ύᾀȟὼ

ÍÁØÓØȟÓÙ
 ɴ ᷊

 
(Eq.5.10) 

Weighted Leicht-Holme-Newman index 

(WLHN) 
ί

ύὼȟᾀ ύᾀȟὼ

ίὼ ίzώ
 ɴ ᷊

 
(Eq.5.11) 

Weighed preferential attachment index (WPA) ί ίὼ ίzώ (Eq.5.12) 

Tab.5.4 Weighted similarity-based algorithm indexes 

 



APD forecasting model development and validation 

51 
 

For the precision metric, the set of probe links and non-existing links is categorized in 

descending order, according to their scores. From this list, the top-L links are selected as the 

predicted ones. Among these links, the Lr links are right (links from the probe set). The precision 

is a ratio of Lr to L. Thus, higher precision means higher prediction accuracy (Lü and Zhou, 

2011). Both metrics are numbers between 0 and 1. The closer the metric is to 1, the better the 

performance of the index in a given network. In the equations in Tab.5.4, w(x,z) indicates the 

connection weight between settlements x and z; s(z) indicates the strength of settlement z. In other 

words, it is a sum of all connection weights of settlement z. 

In this study for AUC and precision calculations, the 2012 and 2009 APD networks are 

used. These data are used for an objective picture of AUC and precision in different years. The 

year 2009 is chosen because the final data in the ADI database starts from 2009 and this year is 

the closest available year to the 2008 financial crisis, which had a negative impact on the APD. 

The year 2012 is chosen because this is the base year in this study. For 2009 and 2012, 3,918 and 

4,435 settlements are obtained respectively. These settlements are allocated to 9 clusters 

according to their socio-economic indicators, applying the clustering approach in Section 5.1. 

Based on settlement clusters, 471,824 and 533,170 real connections in 2009 and 2012 are 

distributed between 45 cluster pairs. Non-existing links are obtained for each cluster pair. For the 

AUC and precision calculation, sets of existing and non-existing links are used. 

 Following existing studies (Lü and Zhou, 2010, 2011) the network is divided into two sets: 

testing and probe in 90% and 10% proportions, respectively. Each AUC and precision value is 

obtained by averaging 10 realizations with independent random separations of random and probe 

sets. The metrics for the whole network and each cluster pair are calculated for different indexes 

in addition to their standard deviations. The results for the whole network and the average of 45 

cluster pairsô metric values are presented in Tab.5.5. The AUC and precision are used to 

determine the accuracy of each index for the whole network and clusters. The index with the best 

metrics values is chosen for the topology forecast in the APD network. The closer the metric is to 

1, the better the performance of the index in a given network. 

The data in Tab.5.5 demonstrates that only the weighted hub promoted index (WHPI) in 

2009 and the WLHN in 2012 have a higher precision value in the whole network than the cluster 
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average (Fig.5.15 and Fig.5.17). However, these values are low compared to other indices. All 

other indexes show higher AUC and precision numbers in clusters than in the whole network. 

This proves the necessity of separating settlements into groups according to their socio-economic 

indicators, so as to improve link forecasting performance. The best AUC number for the whole 

network is WSO for 2009 and 2012 (Fig.5.16 and Fig.5.18) but this figure is lower than the AUC 

for WRA in clusters. The WRA index shows the best AUC and precision results in clusters pairs. 

This is expected, since the WRA gives a higher score to a non-existing connection between two 

nodes if these nodes have many common neighbors with large weights. It is important to note 

that the WRA index has the best AUC and precision performance in each cluster pair. This 

disproves the assumption that cluster pairs in the APD network have different similarity indexes 

demonstrating the best performance.  

Based on the aforementioned analysis, the WRA index is chosen for the topology forecast 

in the APD network. The score for each non-existing link in each cluster pair is calculated using 

the WRA index. Next, it is necessary to validate the method based on historical data. 
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Tab.5.5. AUC and precision values for the whole APD network and average values for cluster pairs 

for 2009 and 2012 

  

                                                           
5
 The equations for the weighted similarity-based algorithm indexes  are presented in Tab.5.4 
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2009 

 

Fig.5.15. Precision metric for nine weighted 

indexes for the 2009 APD network 

 

Fig.5.16. AUC metric for nine weighted indexes 

for the 2009 APD network 

 

2012 

 

Fig.5.17. Precision metric for nine weighted 

indexes for the 2012 APD network 

 

Fig.5.18. AUC metric for nine weighted indexes 

for the 2012 APD network 
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5.2.2. Analysis and verification of the similarity based algorithm using WRA  

The APD topologies of four years, from 2002 to 2012, are used for the validation and 

data for these years from the ADI database (2002, 2007, 2011 and 2012 APD networks) are 

retrieved. Socio-economic data and geographical coordinates for settlements from the same 

databases as 2012 are obtained. The conditions required for the appearance of new settlements 

in the APD network are not clear and difficult to predict (Lü and Zhou, 2011). Thus, for the 

analysis, settlement sets from four networks are reviewed. Settlements which are presented in 

a given year and 2012 are allocated to the set of common settlements. Thereby, there are three 

sets of common settlements for all three networks. In Tab.5.6, topological characteristics of 

three networks with common settlements and connection numbers are presented. 

Year 

No. of common 

settlements in the 2012 

APD network 

No. of connections with 

common settlements 

No. of non-existing connections 

with common settlements 

2002 3,699 426,150 6,413,301 

2010 3,896 500,020 7,087,440 

2011 3,667 521,171 6,200,440 

Tab.5.6. Topological characteristics of three APD networks with original and common settlements 

Three analyses based on modified networks with common settlements to define the APD 

topology forecast accuracies are made. New connections are calculated within the analyses 

using the WRA index and then compared with real data. These APD connections are 

calculated for the following topologies: 2012 from 2002, 2012 from 2007 and 2012 from 

2011.  

For all three analyses, predicted APD topologies are compared with real APD 

topologies. For example, newly calculated APD connections in 2012 from 2002 are compared 

with the real APD topology from 2012. The analysis procedure is as follows: the 2012 socio-

economic indicators and cluster affiliations are assigned to settlements in 2002. Thus, the 2002 

APD network becomes an incomplete network variation of the 2012 APD network. The score 

for all non-existing connections in every 2002 network cluster pair is calculated using the 

WRA index. Connections are sorted in descending order according to their score. The 

calculated data are then compared to the real data. The real newly added connection number 

for every cluster is already known. Thus, from the calculated APD connections in the sorted 
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list, the same amount of connections is added to the modeled APD network. In other words, 

from the real 2002 to 2012 data in cluster A, for example, x new connections are added. This 

means that from the calculated sorted list in cluster A, the same x connection number is added 

from the top, assuming that the real newly added connections have a high score. All of these 

newly calculated connections from every cluster are added to the 2002 APD network, which 

forms an extended 2002 APD network. In addition, some of the connections are removed from 

the network because the socio-economic indicators change and APD between settlements 

disappear. The elimination process follows a similar procedure to the newly connection 

addition process. The score is calculated for every connection in every cluster pair from the 

extended 2002 APD network and then the connections are sorted in descending order as per 

their score in this second list. The real connection number in every cluster in 2012 is known. 

From the second sorted list, the same connection numbers as in the real connection numbers in 

2012 is added to the final network. The remaining connections are eliminated from the APD 

network. Thus, the APD forecasting method has two sequential steps: the connection addition 

process and the connection elimination process. It is possible to define the accuracy of these 

processes. The connection addition accuracy is defined as a ratio between the amount of real 

newly added connections in 2012 and the number of real new connections in the sorted list. 

The connection elimination accuracy is defined as a ratio between the modeled eliminated 

APD connection number and the real eliminated APD connection number. This number is 

between 0 and 1. The addition and elimination processes have a higher accuracy the closer the 

ratio is to 1. Accuracies for the addition and elimination processes for every cluster pair for 

2012 from years 2002, 2007 and 2011 are presented in Fig.5.19 and Fig.5.20 respectively. 

Cluster pairs are ordered in descending order according to accuracy in 2002. As can be seen in 

Fig.5.19, the accuracy for strong cluster pairs for the 10-year interval is high. It shows that for 

the strong clusters, the socio-economic indicators and the long interval of 10 years play a 

determining role in establishing new connections. The accuracy is not at the same level for the 

weak cluster pairs and shorter time intervals. This is most likely due to a number of random 

effects influencing APD which are a challenge to identify and quantify. In other words, these 

impacts have a greater influence on the newly added connection accuracy of weak cluster pairs 

than on strong cluster pairs. 



APD forecasting model development and validation 

57 

 

 

Fig.5.19. Accuracies for connection 

addition for every cluster pair in 2012 from 2002, 

2007 and 2011 

 

 

Fig.5.20. Accuracies for connection elimination 

for every cluster pair in 2012 from 2002, 2007 

and 2011 
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In this study, all average accuracies for the modeled newly added connections from the years 

2002, 2007 and 2011 to 2012 are below 50%, meaning that the prediction contains errors 

amounting to more than 50%. For connection elimination, average accuracies are above 50%, 

meaning that there is less than 50% error in the elimination prediction. The final average 

accuracy for all clusters of the APD network forecasts is above 0.6 and it is higher than in 

Murata and Moriyasuôs (2007) study of link prediction in a weighted network of Question-

Answering Bulletin Boards, for instance. The average accuracies for newly predicted 

connections, eliminated connections and the final accuracies of the forecasted 2012 ADP 

networks from 2002, 2007 and 2011 are presented in Tab.5.7. The final accuracy of every 

cluster pair for 2012 from 2002, 2007 and 2011 is shown in Fig.5.21. 

After the addition and elimination processes, the forecasted APD networks of 2012 and the 

real APD network of 2012 are compared. This comparison shows that the forecasted networks 

have accuracies higher than 0.6 (Tab.5.7). The accuracy is high even when the average 

addition accuracies show poor results. The reason for the over 0.6 accuracy lies in the 

proposed approach when it models that more than 50% of connections in 2012 remain in the 

network from 2002, 2007 and 2011 APD networks and accuracies in most clusters are high 

(Fig.5.21). 

 2002 2007 2011 

Addition  0.344 0.283 0.261 

Elimination  0.873 0.859 0.888 

Total 0.682 0.748 0.812 

Tab.5.7. Average accuracies for newly predicted connections, eliminated connections and the final 

accuracies of the forecasted 2012 ADP networks from 2002, 2007 and 2011 

The total accuracy increases the shorter the time period between the base year and the 

forecasted year 2012. Although the accuracy results for cluster pairs are scattered, the 

accuracies for ñstrongò cluster pairs is higher in 2002. These are, in particular, higher in 

megacities ï megacities, large-poor ï megacities, etc. cluster pairs (see Fig.5.19 and Fig.5.20). 

This is probably related to the 2008 economic crisis and predictions from 2007 and 2011 to 

2012 are more likely to show the higher impact of this crisis, when the world economy had not 

fully recovered, than from 2002.  
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The accuracy figures are different for various cluster pairs. Relationships between settlements 

with ñstrongò socio-economic indicators in some cluster pairs (for example small - rich ï 

megacities) are better described using Eq.5.3 than for ñweakò cluster pairs (for example large-

poor ï small-poor). Therefore, the accuracy is higher for settlements with relatively high 

socio-economic indicators. In addition, it should be noted that cluster pairs are not equal in 

terms of number of passengers. For the APD forecasting model, it is necessary to have a high 

accuracy for connections with a high APD in order to accurately predict new APD 

connections. Tab.5.8 presents the final accuracies for the accumulative passenger number 

according to cluster pair in Fig.5.21 from the forecasted 2012 APD networks from 2002, 2007 

and 2011. The figures in brackets indicate accumulated cluster pair numbers corresponding to 

a given accumulated percentage of passengers. Therefore, the proposed topology forecasting 

validation using historical data shows acceptable results and seems to be adequate for further 

modeling and model application. However, the accuracy could probably be enhanced by 

defining appropriate coefficients in Eq.5.1 for every time interval per cluster pair. Next, it is 

necessary to analyze the WRA index boundary criteria in the sorted lists of non-existing 

connections for each cluster pair. 

 50% passengers 75% passengers 90% passengers 100% passengers 

2002 0.899 (5) 0.859 (12) 0.813 (19) 0.682 (45) 

2007 0.929 (5) 0.899 (12) 0.861 (19) 0.748 (45) 

2011 0.949 (5) 0.927 (12) 0.897 (19) 0.812 (45) 

Tab.5.8 Average accuracies for 2002, 2007 and 2011 for a given percentage of passengers. Figures in 

brackets indicate the cluster pair number, generating a given percentage of passengers 
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Fig.5.21 Final accuracies for connection in every cluster pair in 2012 from 2002, 2007 and 2011 
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5.2.3. Boundaries for addition and elimination connections processes 

Based on the aforementioned analysis, there are two ways to define boundaries in the 

sorted list of connections: either using the fixed number of new added/eliminated connections 

in each cluster pair or the boundary scores for each cluster pair. In other words, for the first 

method, a fixed number of connections are added to or eliminated from the network from the 

sorted non-exiting connections list, which is arranged in descending order according to the 

score. In the second method, for the addition connection process into the APD network, all 

connections where the score exceeds the boundary score (boundary for adding connections) in 

the sorted list with all possible connections is added to the APD network. For the elimination 

process, all connections where the score does not exceed the boundary score (boundary for 

eliminating connections) in the sorted list are eliminated from the APD network. For example, 

the APD network topologies of a cluster pair in year y (Fig.5.22A) and the next year y+1 

(Fig.5.22B) are known. Settlement socio-economic indicators from year y+1 are assigned to 

the same settlements as in year y. Scores for all non-existing connections are calculated using 

the WRA index (Fig.5.22D). Connections are sorted in descending order according to their 

score (Fig.5.22E). The accuracy of the method can be defined using new real added 

connections to network in year y+1. The number of forecasted links from the top of the list is 

equal to the number of new real added connections. The accuracy is defined as the ratio of 

relevant connections in the list of non-existing connections to number of new real added 

connections. There are two criterion types for adding connections to the APD network. The 

first criterion is a fixed amount of connections. This amount added every year is equal to the 

number of new real added connections from year y+1. The second criterion is the boundary 

score. Each connection with a score higher than the boundary score in year y+1 is added to the 

network. The next step in forecasting is the elimination of connections from the network. 

Forecasted links from the top of the list (from Fig.5.22E) are added to the existing links in 

year y (from Fig.5.22D) and sorted by their score in descending order. The number of 

forecasted links from the top of this new list is equal to the number of real connections in year 

y+1. Connections with a score lower than the boundary score for the elimination process are 

eliminated from the network (Fig.5.22F). Thus, after the addition and elimination processes, 

the forecasted APD network for year y+1 is obtained (Fig.5.22C). 
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In this study, the link addition and elimination possibilities are considered. It is assumed 

that APD connections are able to appear and disappear in the APD network. However, there 

are two adding and elimination connection approaches from the network: a fixed amount of 

connections or boundary scores. In both approaches, a situation could arise where all 

settlements within a cluster pair are connected to each other, although this is not very likely. 

However, this could in fact occur when the first method is used, i.e. using the number of 

newly added connections in each cluster pair. For example, the cluster pair middle-rich ï 

small-rich in 2012 has 207 and 565 settlements respectively. This cluster pair has 27,628 

connections in 2012, including 3,538 new connections added from 2011. The number of non-

existing connections is 89,327. If it is assumed that the number of added connections will 

remain fixed, all cities in this cluster pair will be connected to each other within approximately 

25 years. For the second method, applying boundary scores, the year when all of the 

settlements are interconnected in the cluster is hard to predict. It depends on various factors 

such as network configuration, settlement clustering, socio-economic scenarios, etc. Thereby, 

in this thesis, it seems reasonable to use the second method of boundary definition for the 

APD topology forecast ï boundary scores. In addition, it is important to note that each cluster 

pair has different boundaries either for the fixed number of connections method or the 

boundary score method. This proves the assumption that each cluster pair has its own 

boundaries which are defined within the validation process. Thus, the boundaries for APD 

addition and elimination connections for every cluster pair and for every considered time 

interval (one, five and ten years) are defined. This allows the topology forecasting model to be 

applied to a socio-economic scenario in order to forecast the existence of the APD between 

settlements.  
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A. The APD network topology of a cluster 

pair in year y 

D. Existing connections and all non-existing links in the APD 

network in year y. The score for each non-existing link is 

calculated.  

 

 
B. The APD network topology of the 

cluster pair in year y+1. Thick lines depict 

new real added connections to the year y 

network 

E. Non-existing connections are sorted in descending order 

based on their score. Two types of boundaries, based on the 

number of new real added connections are presented: fixed 

amount of connections and the boundary score. The forecast 

predicts two actual connections out of three. Thus, the accuracy 

in this case is 0.6666. 

 

 
C. The forecasted APD network of year 

y+1 
F. The new three connections for year y+1 from E are added to 

the existing connections of year y from D and sorted in 

descending order according to their score. Connections with a 

score of less than S45 (boundary for the elimination process) 

are eliminated from the network. 

Fig.5.22 The APD network topology forecast example 

 

Fixed amount of 

connections 

Boundary score 

for adding 

Boundary score 

for eliminating  
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5.2.4. Conclusion 

This section presents the topology forecasting model validation in the APD network 

using a socio-economic scenario. The study shows that the Weighted Resource Allocation 

(WRA) index demonstrates the best performance. AUC and precision metrics are higher for 

cluster pairs than for the whole APD network. This proves the necessity of separating 

settlements into groups according to their socio-economic indicators to improve link 

forecasting performance. Thus, the WRA index is used to calculate scores for all non-existing 

links in each cluster pair. This disproves the assumption that cluster pairs in the APD network 

have different similarity indexes demonstrating the best performance. For years with available 

APD data, modeling is applied and the results are compared with real data. The accuracy of 

the similarity-based algorithm for the APD network is higher than in related studies. The study 

shows two methods of adding new connections from the ordered score list of non-existing 

connections. The first method is to add a fixed number of connections based on the historical 

analyses. The other method is to use a score number from the ordered list as the boundary. 

Both methods prove the assumption that each cluster pair has its own boundary. It seems 

reasonable to use the second approach with the boundary score, since in this case the boundary 

depends on the network topology and socio-economic indicators changes. Thus, this approach 

is capable of taking these changes into account and providing a more realistic view of the APD 

topology changes. Despite the low average accuracy for predicting new connections in the 

APD network, the topology forecasting model validation demonstrates a high accuracy for 

elimination connections and the final accuracy for the forecasted APD networks (Tab.5.7). 

However, this accuracy is strongly related to the fact that more than 50% of connections in 

2012 stay in the network from 2002, 2007 and 2011. The APD topology forecast approach is 

tested for 1, 5 and 10-year time intervals. It is furthermore believed that the accuracy of the 

similarity-based algorithm can be enhanced. The topology forecasting model can be improved 

by defining appropriate coefficients in Eq.5.1. It is likely that every cluster pair has its own 

coefficients. In addition, the main network metrics should be analyzed (e.g. average weighted 

degree, average path length, modularity, etc.) and compared with the metrics obtained from 

historical data described by Ghosh and Terekhov (2015). This may help to understand latent 

processes for the APD connections generation. Nevertheless, the obtained accuracy shows 
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acceptable results and seems to be adequate for further modeling and model application. For 

the model application the weighted similarity index is defined ï WRA. Using this index, the 

score for all APD connections could be calculated. The APD topology could be defined using 

the obtained boundary scores. Thus, the proposed APD forecasting model is ready to forecast 

the APD appearance or disappearance between settlements for various time frames.  

 

5.3. Passenger forecasting model 

Once the APD network topology is defined, the passenger number on every connection 

is determined by the passenger forecasting model. As shown in Section 5.2, the connections in 

the APD network are separated into two categories: newly appeared connections and 

connections remaining in the network from the previous time interval. The passenger forecast 

process is different for these two categories since the passenger number on the remained 

connections for the previous time interval is known and for the newly appeared connections 

these numbers do not exist. As already shown in this thesis, the APD has a strong correlation 

with socio-economic indicator growth, especially with GDP growth. This correlation shows 

good predicting accuracy and is used in a wide range of studies (e.g. Grosche et al, 2007; 

Boeing, 2014). Thus, to define the passenger number on the connections remaining in the 

network from the previous year, the correlation of the GDP growth and the APD growth is 

applied. For the newly appeared connections, the Quantitative Analogies (QA) method 

(Armstrong and Green, 2005) is used. Since the passenger number in previous time slice is 

unknown, it is not possible to use the correlation of GDP growth and APD growth. However, 

this is possible to determine for a newly appeared connection with assigned socio-economic 

indicators from a scenario and analogous connection in the year with actual data. This year 

could be the last actual year, and within this study, this is the base year. The passenger number 

on the newly appeared connection is determined by the closest analogous connection in the 

base year. The passenger number for the new connection is assumed to be the same as the 

closest analogy in the base year. Therefore, taking these two passenger calculation methods 

(settlement GDP correlation and QA) into account, the aim of this section is to validate the 

passenger forecast model and define the accuracy. 
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For the validation, the passenger number is calculated based on the 2012 forecasted 

networks. The passenger forecasts for 2012 from 2011, 2007 and 2002 are assessed versus the 

actual data of 2012. In other words, the forecasted passenger number of 2012 on connections 

is compared with the real passenger number on real connections in 2012. Since the exact 

passenger prediction on connections requires particularly complicated effort, the accuracy is 

assessed at given intervals. In other words, if the real number of passengers falls to a given 

range of ±p of the forecasted passenger number, the forecast for this connection is assumed to 

be correct. The passenger number data for every connection in years 2002, 2007, 2011 and 

2012 as well as the APD topology are obtained from the ADI database. The basic statistic is 

provided in Tab. 5.9. The detailed statistic on the cluster pair level is provided in Appendix A. 

 2002 2007 2011 

Total passenger number 1,407,265,975 1,952,984,315 2,427,549,288 

Total APD connection number with 

common settlements in 2012 
426,151 500,020 521,171 

Total APD connection number 518,750 526,310 527,013 

Number of remaining APD 

connections in 2012 
324,487 386,970 423,563 

Number of new added APD 

connections in 2012 
194,264 139,340 103,450 

Number of eliminated APD 

connections in 2012 
101,664 113,050 97,608 

Total passenger number on added 

APD connections 
30,255,220 11,017,267 813,941 

Total passenger number on eliminated 

APD connections 
5,084,006 12,121,643 3,223,820 

Tab.5.9. Basic statistics for years 2002, 2007 and 2011 

The passenger number constantly increases and from 2002 to 2011 the growth is 73%. 

Tab.5.9 demonstrates the total connection numbers with common settlements within the 2012 

APD network. As seen, the connection number also increases. In addition, the longer the time 

interval, the more connections are added to the network. For example, for 2012 from 2002, 

37% connections from the total connection number in 2012 with an average of 156 passengers 

per new connection are added, when, for 2012, from the 2011 to 2012 comparison, only 20% 

of connections with an average of eight passengers per new connection are added. The 

eliminated connection numbers do not demonstrate a decreasing trend. However, the obtained 
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data do not allow conclusions to be drawn on the issue. In addition, the passenger number on 

added connections follows the same trend as the added connection number. It must also be 

related to the time interval difference between years. The passenger number on eliminated 

connections does not follow the trend coinciding with the eliminated connection number 

situation. Thus, the basic statistical analysis of years 2002, 2007 and 2011 shows the dynamic 

for connection and passenger numbers and the importance for correct passenger forecast, both 

on newly appeared and remaining connections. The connection and passenger number for 

eliminated, added and remaining connection in 2012 from 2002, 2007 and 2011 for every 

cluster pair are shown in Appendix A in A.8. In order to assess the forecasting passenger 

model, this section is organized as follows. In Sub-section 5.3.1, the accuracy for the 

quantitative analogies for the newly added connections into the network is determined. In Sub-

section 5.3.2 the accuracy for the correlation between GDP and the passenger number on 

connections is shown. A conclusion is provided in Sub-section 5.3.3. 

5.3.1. Quantitative analogies approach validation for the newly added connections 

As shown in literature (Armstrong and Green, 2005), within the range of quantitative 

forecasting methods, the quantitative analogies approach is most suitable if there is a poor 

knowledge of relationships between variables and the data are presented in a cross-sectional 

format. This is particularly true regarding APD forecasting on newly appeared connections. 

The relationships between future socio-economic settlement indicators and the APD on these 

connections are latent, requiring complicated analysis. The data, obtained from the ADI 

database, contain APD information on an annual basis to form the cross-sectional data. In 

addition, in order to reduce potential biases in QA application, a representative sample of 

analogies should be used. The annual ADI data contain more than 400,000 connections in 

every year. These sets present various types of connections. Using the proposed clustering 

approach in Section 5.1, the data in every year contain analogies between nine groups of 

settlements separated by their socio-economic indicators. As shown in Sub-section 4.2.4, the 

QA can be presented as a simple expert model, where the analogies are determined by 

calculating the shortest distance between settlement pairs in a forecast year and settlements 

pairs in the base year. In other words, the passenger number on a newly appeared connection 

is defined by the analogous connection in the base year with the closest socio-economic 
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indicators to the new connection. Similarity values for this approach are as follows: GDPs and 

populations of origin and destination settlement, average ticket price, and distance. This 

similarity is defined in Eq. 5.13. 

ὴὥὼ ÍÉÎὨȟȠὨȟ ȣὨȟ ȟ   ὲ ρ      (Eq.5.13) 

where:Ὠ Ὣ Ὣ Ὣ Ὣ ὴ ὴ ὴ ὴ ὸ ὸ ὰ ὰ            

(Eq.5.14) 

Where pax is the passenger number on a connection; a ï a newly added connection in 

2012; n ï connections in the previous year 2011; m ï the total connection number where 

analogies are searching; d ï the distance between two connections; O ï the first settlement in a 

city pair; D ï the second settlement in a settlement pair; g ï the settlement GDP; p ï the 

settlement population; t ï the average airfare; l ï the distance between settlements. 

Sets of the newly added connections in 2012 from 2002, 2007 and 2011, taking into 

account the actual passenger number on these connections in 2012, are analyzed. Using the 

cumulative curves for every connection set for 2012, it could be seen that newly appeared 

connections emerge mostly between 95-100% of passengers (Fig.5.23, Fig.5.24, Fig.5.25 and 

Tab.5.10). Thus, the newly appeared connections do not have a large number of passengers. In 

other words, if a connection between two settlements has appeared, the number of passengers 

will be comparable to the passenger numbers on connections in the base year which are found 

in 95-100% of connections on the cumulative curve.  

 

Fig.5.23. Newly appeared connections from 2002 on the cumulative curve for the 2012 base year 
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Fig.5.24. Newly appeared connections 

from 2007 on the cumulative curve for the 2012 

base year 

 

Fig.5.25. Newly appeared connections 

from 2011 on the cumulative curve for the 2012 

base year 

 

 

 

 

 

 

 

 

% 2002 2007 2011 

0 ï 5 0 0 0 

5 ï 10 0 0 0 

10 ï 15 0 0 0 

15 ï 20 0 0 0 

20 ï 25 0 0 0 

25 ï 30 0 0 0 

30 ï 35 0 0 0 

35 ï 40 0 0 0 

40 ï 45 0 1 0 

45 ï 50 0 0 1 

50 ï 55 0 0 0 

55 ï 60 0 1 0 

60 ï 65 0 1 1 

65 ï 70 0 9 0 

70 ï 75 0 10 1 

75 ï 80 0 32 4 

80 ï 85 0 38 0 

85 ï 90 0 96 16 

90 ï 95 335 292 71 

95 ï 100 113,340 112,570 97,506 

Tab.5.10. The eliminated number of connections 

from the 2002, 2007 and 2011 APD network in 

2012 at a given interval on the cumulative curves 
(Fig.5.23, Fig.24 and Fig.25) 
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Tab.5.11. The number of analogy connections in every cluster pair for the base year 2012 from 

2002, 2007 and 2011 

 

 

 

Cluster pairs 2002, con 2002, pax 2007, con 2007, pax 2011, con 2011, pax 

Very small-r ich ï very small-r ich 13,724 1,719,021 14,925 2,011,567 14,197 2,232,425 

Small-poor ï very small-r ich 4,825 385,390 6,454 598,060 6,797 723,627 

Large-r ich ï very small-r ich 17,855 3,087,777 19,003 3,957,721 18,689 4,699,087 

Middle-middle ï very small-r ich 4,147 235,878 5,650 387,487 6,115 380,788 

Megacities ï very small-r ich 12,464 1,878,222 13,880 2,511,050 13,980 2,686,011 

Small-r ich ï very small-r ich 29,732 3,050,222 31,929 3,588,989 30,474 3,827,359 

Large-poor ï very small-r ich 8,026 436,707 10,418 654,521 11,602 755,968 

Middle-r ich ï very small-r ich 23,149 3,391,058 24,073 3,997,566 23,282 4,654,152 

Middle-poor ï very small-r ich 2,503 103,234 3,498 163,306 4,188 219,552 

Small-poor ï small-poor 2,175 490,151 2,944 689,219 3,234 800,740 

Large-r ich ï small-poor 8,047 1,189,277 9,976 1,881,490 10,796 2,323,915 

Middle-middle ï small-poor 3,648 586,016 4,898 946,358 6,155 1,070,624 

Megacities ï small-poor 6,999 1,344,415 8,865 1,935,623 9,835 2,273,385 

Small-rich ï small-poor 8,624 683,238 11,504 1,139,948 11,823 1,448,885 

Large-poor ï small-poor 6,014 947,720 8,787 1,675,593 10,627 1,995,410 

Middle-rich ï small-poor 9,332 1,151,749 11,390 1,697,863 11,986 2,150,513 

Middle-poor ï small-poor 2,099 248,693 3,181 477,200 4,447 539,001 

Large-r ich ï large-r ich 2,432 1,220,093 2,715 1,609,038 2,656 2,321,595 

Middle-middle ï large-r ich 8,569 1,066,081 10,720 1,650,673 11,848 2,012,571 

Megacities ï large-r ich 3,593 2,180,907 3,919 2,943,577 4,046 4,520,006 

Small-r ich ï large-r ich 17,462 5,286,444 18,593 6,666,513 18,162 8,345,580 

Large-poor ï large-r ich 10,290 2,591,192 12,343 3,985,961 12,959 5,383,334 

Middle-r ich ï large-r ich 8,943 3,400,922 9,735 4,552,165 9,749 6,017,922 

Middle-poor ï large-r ich 5,550 813,642 6,945 1,262,377 7,843 1,702,312 

Middle-middle ï middle-middle 3,008 629,979 3,819 925,934 5,101 1,202,613 

Megacities ï middle-middle 6,428 1,286,046 8,380 2,025,078 9,426 2,248,839 

Small-rich ï middle-middle 8,448 522,183 11,580 856,757 12,172 883,563 

Large-poor ï middle-middle 7,132 1,296,528 10,159 1,897,420 12,699 2,610,327 

Middle-rich ï middle-middle 10,163 880,337 12,580 1,309,818 13,577 1,575,802 

Middle-poor ï middle-middle 1,626 84,571 2,645 198,409 3,780 246,799 

Megacities ï megacities  1,172 782,834 1,170 1,049,991 1,263 1,575,555 

Small-rich ï megacities  13,792 3,213,152 15,114 4,350,359 15,248 5,126,749 

Large-poor ï megacities  7,598 2,548,175 9,005 4,017,901 10,015 5,704,249 

Middle-r ich ï megacities  7,365 3,296,018 7,916 4,450,524 8,237 5,718,530 

Middle-poor ï megacities  5,043 1,106,221 6,417 1,718,839 7,401 2,364,692 

Small-rich ï small-r ich 19,546 2,750,017 20,608 3,635,428 19,478 3,882,708 

Large-poor ï small-r ich 16,185 1,034,808 20,426 1,529,092 21,921 1,641,001 

Middle-rich ï small-r ich 26,098 6,331,979 27,311 7,955,655 26,278 9,444,498 

Middle-poor ï small-r ich 5,508 207,754 7,510 331,466 8,443 431,241 

Large-poor ï large-poor 5,335 1,071,076 7,584 1,895,881 8,796 2,557,279 

Middle-r ich ï large-poor 14,624 2,213,835 17,486 3,292,999 18,516 4,089,005 

Middle-poor ï large-poor 4,392 481,404 6,610 901,066 8,865 1,459,336 

Middle-rich ï middle-r ich 7,355 2,426,223 7,866 3,176,847 7,868 4,045,895 

Middle-poor ï middle-r ich 6,442 521,443 8,031 791,719 9,033 987,801 

Middle-poor ï middle-poor 1,302 191,438 2,002 355,040 3,035 498,744 
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In addition, the sets of connections between 95-100% on the cumulative curve are 

divided into subsets based on cluster pairs. Since the passenger number depends on the socio-

economic indicators, as mentioned before, the analogy for a newly appeared connection is 

sought in the 95-100% interval on the base year cumulative curve and then in the similar 

cluster pair subset. The number of analogy connections in every cluster pair and the passenger 

numbers for the base year 2012 from 2002, 2007 and 2011 are presented in Tab.5.11. 

Thus, the QA approach for defining passenger number on a newly appeared connection 

follows the next procedure. For the new connection, the affiliation to a cluster pair is known. 

Thus, in the identified connection set between 95-100% on the cumulative curve in the base 

year, the connection subset in a given cluster pair is retrieved. Calculations are made to 

determine distances between the new connection and all connections in the cluster pair by 

applying Eq. 5.14. Then, Eq.5.13 is used to define the connection in the base year with the 

shortest distance to the new connection. Thus, the passenger number on the connection in the 

base year is assigned to the newly appeared connection. 

The accuracy of this approach is calculated to forecast passenger numbers from the three 

years (2002, 2007 and 2011) to 2012. The actual passenger data for these years are obtained 

from the ADI database. The number of newly appeared connections from every year to 2012 is 

known. Socio-economic indicators for 2002, 2007 and 2011 are obtained from the same 

databases as for the base year 2012. However, due to data limitations, the settlement 

population for these years is calculated based on the settlement population in the base year and 

the urbanization rates in 2002, 2007 and 2011. The passenger number for these years is 

calculated and compared to the actual 2012 data.  

In order to obtain the QA approach accuracies, the passenger number on newly appeared 

connections are assessed in intervals. The interval borders are defined as an integer number. In 

other words, the actual passenger number is the middle value in integer interval ±p. For 

example, if the interval is ±5 and the actual passenger number on a connection is 9, then the 

forecasted passenger number will be assessed in the interval [4, 14]. If the forecasted 

passenger number on this connection is inside the interval [4, 14], the forecast is assumed to 

be correct. If not, the forecast is wrong. The intervals change in order to assess the accuracy of 
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the forecast. In addition, the forecast is more accurate if the interval is small and the number of 

connections in this small interval is high.  

The intervals are chosen based on the historical data statistics provided in Tab.5.12 

where the number of newly added APD connections in 2012 from a given year, the total 

passenger number on added APD connections and the average passenger numbers on 

connection for 2012 from 2002, 2007 and 2011 are presented. 

 2002 2007 2011 

Number of newly added APD connections 

in 2012 from a given year 
194,264 139,340 103,450 

Total passenger number on added APD 

connections 
30,255,220 11,017,267 813,941 

Average passenger number per 

connection 
156 79 8 

Tab.5.12. The connection and passenger numbers and the average passenger number on newly 

appeared connections in 2012 from 2002, 2007 and 2011 

As seen, the average passenger number decreases as the time period between the years 

decreases. This shows that the newly appeared connections for the one-year period (from 2011 

to 2012) appear with a low passenger number and this passenger number does not differ 

significantly compared to all other connections. For the long term of ten years (from 2002 to 

2012), the analysis shows that newly appeared connections have different development in 

terms of passengers over that decade. For example, in 2002 a settlement had a few APD 

connections and from 2002 the settlement experienced rapid socio and economic growth. The 

connection number changed within these ten years as well as passenger numbers on them. 

Thus, in 2012 the settlement had a number of APD connections which were generated in a 10-

year interval from 2002, but the year in which connections appeared is unknown. Basically, 

the period from 2002 to 2012 could be presented as a black box. The inputs to 2002 and 

outputs in 2012 are known, but the information about these ten years in between is missing.  

The QA approach accuracies were assessed within a ±50 passenger interval, based on 

the average passenger number per connection. In this interval, the QA approach predicted 

more than 70% connections correctly, as follows: 75% of connections for the long term of ten 

years (from 2002 to 2012), 74% of connections for the middle term of five years (from 2007 to 

2012) and 71% of connections for the short term of one year (from 2011 to 2012). These 

correctly predicted, newly appeared connections contain less than 10% of the actual passenger 
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number: 3% for the long term of ten years, 4% for the middle term of five years and 9% for 

the short term of one year. In order to have a QA accuracy overview, the approach was 

assessed in discrete intervals from 0 to 500. In Fig.5.26, the average accuracies for all newly 

appeared connections in 2012 from 2002, 2007 and 2011 are presented. On the vertical axes, 

accuracies from 0 to 100% are indicated, and the absolute integer intervals are represented at 

the outer circumference. The diagram shows the total amount of correctly predicted 

connection numbers and, covered by these connections, the actual passenger number at given 

intervals. 

As demonstrated, the QA approach works well predicting almost 90% of new 

connections correctly within a ±300 passenger interval. However, these connections only 

cover about 10% of passengers on all actual newly appeared connections. For 2002, the 

forecast accuracy is less than for 2007 and 2011. The number covered by these connections 

passengers for 2002 is also smaller than in 2007 and 2011. This is directly related to the time 

period between these years. The large periods cause lower accuracy. On average, 2011 

demonstrates a higher accuracy level. The correctly predicted, newly appeared connections 

cover more than 15% of passengers. Thus, the QA approach demonstrates a high accuracy for 

newly added connections with a relatively low passenger number, since connections with a 

large passenger number do not fall into given intervals. This can be explained by the poor 

correlation of socio-economic indicators for this connection type, as shown in Eq.5.13 and 

Eq.5.14. In other words, passenger generations on connections with large passenger numbers 

are not likely to be supported mainly by socio-economic indicators because other potential 

reasons which are challenging to identify and quantify, such as cultural features of connected 

settlements or political decisions could come into effect. 

In addition, the average estimated accuracies are assessed in every cluster pair. The 

average accuracies for all intervals from 0 to 500 are depicted for 2012 from 2002, 2007 and 

2011 (Fig.5.27, Fig.5.28 and Fig.29 respectively). The detailed accuracies for every cluster 

pair and the covered passenger number on correctly predicted connections are shown in 

Appendix A in A.2, A.3, A.4, A.5, A.6 and A.7 for one, five and ten time intervals. 
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Fig.5.26. Average accuracy of the total number of newly appeared connections at the given intervals 
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Fig.5.27. The QA average accuracy for forecasted newly appeared connections for 2012 from 2002 

to within ±500 passengers 
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Fig.5.28. The QA average accuracy for forecasted newly appeared connections for 2012 from 2007 

to within ±500 passengers 
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Fig.5.29. The QA average accuracy for forecasted newly appeared connections for 2012 from 2011 

to within ±500 passengers 
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On Fig.5.27, Fig.5.28 and Fig.5.29, the correctly predicted connection with average 

accuracies of discrete intervals from 0 to ±500 for every cluster pair are presented (detailed 

accuracies for every cluster pair for the intervals are shown in Appendix A, Tab.A.2 - A.7). 

The passenger numbers covered by correctly predicted connections for every cluster pair are 

also indicated in these figures. As seen, more than 60% of connections in almost all cluster 

pairs for all of the year groups are predicted correctly. However, the total passenger number 

covered by these connections in every cluster pair increases due to the prediction time term. 

For 2012 from 2002, the accuracy for the connection number with correctly predicted 

passenger numbers shows high average accuracy, however cluster pairs which include 

megacities and large-rich settlements demonstrate low results. This is related to the QA 

approach: connections with a large APD in these cluster pairs probably do not have clear 

correlations with socio-economic indicators such as settlement GDP and population. It is 

likely that there are some additional factors and indicators which play a significant role in the 

connection establishment. The passenger number for 2012 from 2002 shows a poor result. The 

correctly predicted connections in every cluster cover, as an average of all clusters, about 7% 

of the actual passenger number on actual, newly added APD connections in 2012 from 2002. 

Only one cluster pair middle-poor ï middle-poor shows a very high accuracy of 70% for 

covered passengers on the correctly predicted connections. However, the poor results for the 

remaining cluster pairs are likely to be related to the latent processes for connections with a 

large passenger number. In addition, the prediction from 2002 to 2012 has a ten-year gap. The 

passenger generation processes in such a time frame are not clear. They probably dynamically 

change within these years and could hardly be cached with the QA approach. For the 2012 

from 2007 prediction, the situation with the prediction is the same as for 2012 from 2002. The 

average passenger number of correctly predicted connections for 2012 from 2007 is 12% and 

it is higher compared to 2012 from 2002. Settlements from very-small ï rich cluster 

settlements demonstrate the highest accuracy in terms of passengers. For the one-year time 

frame from 2011 to 2012, the prediction demonstrates the highest accuracy for the QA 

approach compared to five and ten year terms. The average passenger accuracy in terms of 

passengers is 87%. Here, settlements which are mainly from the clusters small-rich, small-

poor, middle-poor and large-poor settlements show the best accuracy. A tendency can 

therefore be seen: the QA approach accuracy is higher when the prediction time frame is 
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smaller; the QA approach has a higher accuracy in poor settlements. The accuracy increases as 

follows: over the long term, the accuracy is low for all cluster pairs, over the middle term, the 

accuracy is high for clusters with very small-rich settlements and over the short term, the 

accuracy is high for clusters with poor small, middle and large settlements. 

 The forecasting time period for the QA approach plays an important role. The shorter 

the forecasting period between the base year and forecasted year, the higher the accuracy in 

terms of passengers on the correctly predicted connections. However, the central indicator for 

the QA approach accuracy is the connection number with the correctly predicted passenger 

number. In general, the poor accuracy of connections with high passenger numbers using QA 

could be explained by the poor correlation between passenger number on a connection and 

socio-economic indicators of settlements on this connection. In other words, passenger growth 

is less related to socio-economic growth and it is caused by other combined latent reasons 

(such as political or humanitarian reasons). The emergence of these reasons is hard to predict 

on a worldwide settlement scale. However, assessing the approach from the connection 

number with the correctly predicted passenger number point, the QA demonstrates high 

accuracy for all forecasting time periods. This is essential for the proposed forecasting model, 

since the APD forecast process is based not solely on passenger number, but mainly on the 

combination of the APD network structure, settlements socio-economic indicators and only 

then on the passenger number on the connections. Thus, the QA validation for forecasting the 

APD between newly appeared settlement pairs worldwide shows sufficient accuracy. The 

validation results therefore allow the presented method to forecast the passenger numbers on 

newly appeared settlements pair in future APD networks. 

5.3.2. Validation of the APD correlation with GDP for r emaining connections 

As already shown in this thesis, APD demand has a strong correlation with socio-

economic indicators. However, the aforementioned studies with high accuracy consider the 

limited number of airports with various socio-economic indicators such as population, income, 

proximity of a hub airport, tourism destination and so on in Jorge-Calderon (1997) or income, 

sales competition, phone calls, international passengers on domestic flights and so on in 

Brown and Watkins (1968). These data for modeling passenger numbers on connections 

between settlements are hardly available for the considered settlement level aggregation 
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worldwide and cannot be used in this study. However, based on the aggregate trend analysis, 

Ishutkina and Hansman (2008) demonstrate that the passenger number and GDP at country 

level have a correlation, but the passenger growth rates and processes behind the interaction 

differ for different economies. Although the underlying processes are unknown, the GDP 

development for every considered settlement in this is known from a scenario. In this study the 

passenger number on remaining connections is therefore calculated according to the average 

GDP growth between settlements in the forecasted year and the previously known year. The 

mathematical interpretation of this correlation could be presented as follows: 

ὴȟ ὴȟ ᾀzȟ ȟ  , where    (Eq.5.15) 

 ᾀȟ ȟ
ȟ

ȟ

ȟ

ȟ
πzȢυ    (Eq.5.16)  

ὴȟ  ï the forecasted passenger number in forecasted year ώ between settlements Ὥ and 

Ὦ; ὴȟ  ï the passenger number in previous known year ώ between settlements Ὥ and Ὦ; 

ᾀȟ ȟ  ï the average GDP growth between years  ώ and ώbetween settlements Ὥ and Ὦ; Ὣ ï 

the city GDP. 

In order to define correlation approach accuracy, the approach is validated on the 

remaining connections in 2012 from 2002, 2007 and 2011. The number of remaining 

connections, passengers and the average passenger number per connection  are presented in 

Tab. 5.13.  

 2002 2007 2011 

The number of remaining connections in 2012 324,487 386,970 423,563 

The number of passengers on remaining 

connections in 2012 
1,402,181,969 1,940,862,672 2,424,325,468 

Average passenger number per connection 4,321 5,016 5,724 

 Tab.5.13. The connection and passenger numbers, the passenger mean values and the standard 

deviations on remaining connections in 2012 from 2002, 2007 and 2011 

The number of remaining connections constantly increases. It is possible to observe that 

the shorter the time interval between years, the more connections remain in the network. In 

other words, over a long time interval, more connections are eliminated from the network, 

since there are more latent processes within this period. This correlates with the eliminated 

connection numbers and cumulative curves in Sub-section 5.3.1. In addition, the average 
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passenger numbers on connections decrease. This means that on short periods there are many 

connections with fewer passengers than on longer periods, where there are not as many 

connections, but more passengers on them.  

The accuracy for the correlation approach is assessed in intervals using the same logic as 

for the accuracy assessment for the newly appeared connections in Sub-section 5.3.1. 

However, due to the significant difference between the average passenger numbers  on the 

newly appeared connections and remaining connections in Tab.5.12 and 5.13, the intervals 

here are defined as a percentage of the actual passenger number. For example, if the interval is 

±10% and the actual passenger number on a connection is 9,854, then the forecasted passenger 

number will be assessed in interval [8,869; 10,839]. If the forecasted passenger number on this 

connection is within this interval, the forecast is assumed to be correct, if not, the forecast is 

wrong. The intervals change in order to assess the accuracy of the forecast. In addition, the 

forecast accuracy is higher if the interval is short and the number of connections in this short 

interval is high. 

The accuracy was assessed within a ±50% interval. In this interval, the correlation 

approach predicted more than 35% remaining connections correctly: 35% for the long term of 

ten years (from 2002 to 2012), 41% for the middle term of five years (from 2007 to 2012) and 

57% for the short term of one year (from 2011 to 2012). These correctly predicted, remaining 

connections contain more than 45% of the actual passenger number: 46% for the long term of 

ten years, 61% for the middle term of five years and 83% for the short term of one year. In 

order to have an accuracy overview for the correlation approach, it was assessed in discrete 

intervals from 0 to ±150%.  The total average accuracies for remaining connections in 2012 

from 2002, 2007 and 2011 are shown in Fig.5.30. The diagram shows the total correctly 

predicted connection numbers which cover the actual passenger number at given intervals. 

As seen, the correlation approach demonstrates high accuracy for all years for 

connections with correctly predicted passenger numbers in interval ±100%. In contrast to the 

QA approach, the correlation approach shows higher accuracy for connections with a large 

passenger number. However, the correlation approach prediction demonstrates the same 

accuracy trend as for QA: for 2002, the forecast accuracy is less than for 2007 and 2011 and 
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the number of passengers covered by these connections for 2002 is also lower than in 2007 

and 2011. The results follow a similar logic as the long periods cause lower accuracy.  

In addition, the average accuracies are assessed in every cluster pair. The average 

accuracies for all intervals from 0 to ±150% of actual passenger numbers for 2012 from 2002, 

2007 and 2011 are depicted in Fig.5.31, Fig.5.32 and Fig.33 respectively. Detailed accuracy 

information for every cluster pair for the correlation approach is presented in Appendix A in 

A.9, A.10, A.11, A.12, A.13, A.14.  
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Fig.5.30. Average accuracy at the given intervals for the total number of remaining connections  
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Fig.5.31. Correlation approach average accuracy for remaining connections for 2012 from 2002 to 

within ±150% passengers 
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Fig.5.32. Correlation approach average accuracy for remaining connections for 2012 from 2007 to 

within ±150% passengers 
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Fig.5.33. Correlation approach average accuracy for remaining connections for 2012 from 2011 to 

within ±150% passengers 
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In general, results show that correlation approach accuracy increases the shorter the time 

interval. Unlike the QA approach, the correlation approach shows higher accuracy in terms of 

covered total passenger number by connections with correctly predicted passenger numbers. 

The accuracy for every time interval for these connections is distributed approximately equally 

within 45 cluster pairs. However, for clusters with a large passenger number, the accuracy is 

higher. This is related to the validation approach of the intervals definition. Here, the larger the 

passenger number on a connection, the larger the interval for assessing forecasted passenger 

numbers on the connection. Thus, the cluster pairs with large-rich, megacities, middle-rich 

settlements demonstrate higher accuracy. For remaining connections in 2012 from 2002 the 

connection accuracy with correctly predicted passenger numbers is above 0.4. This means that 

passengers on 60% of connections are incorrectly predicted. However, correctly predicted 

connections cover more than 50% of the total passenger number in each cluster. For 2012 

from 2007 and 2011, the accuracy for connections with correctly predicted passenger numbers 

is above 0.45 and 0.6, covering an average of 60% and 70% respectively. It is likely that the 

low results for longer time intervals are related to the hidden processes for passenger 

generation on some connections. There could be various aspects influencing passenger 

generation on connections between settlements (e.g. political decisions) which could barely be 

captured by the city GDP correlation approach. Essentially, the time periods between years 

might be considered as a black box. The longer the time period between two time points, the 

higher the distortion in the correlation. Thus, in order to enhance accuracy, it is necessary to 

introduce a number of stabilizing variables. These variables should compensate distortions and 

provide a corrected output using the influencing aspects and event impacts on passenger 

generation. In addition, in the correlation approach, a cluster specific in terms of correlation 

between passenger number growth and GDP growth is not considered. Thereby, the inclusion 

of the specific as well as stabilizing variables on this stage of study would add significant 

complexity into the model, since the correlation equations should be made taking into account 

these improvements for every cluster pair. It is probable that such procedures would increase 

accuracy. However, applying the correlation approach for all clusters demonstrates sufficient 

accuracy for the proposed approach assessment. The validation in this sub-section for the 

passenger number on connections remaining in the ADP network 2012 from 2002, 2007 and 
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2011 using the correlation between passenger growth and the GDP growth shows sufficient 

results and will be applied for further modeling.  

5.3.3. Conclusion 

This sub-section presents the passenger forecasting model validation for the APD model 

for 2012 from 2002, 2007 and 2011. There are two connection types: the newly appeared 

connections and connections remaining in the APD network. Each connection type has its own 

approach for passenger calculation. The analysis shows that for newly appeared connections, 

the quantitative analogies approach is reasonable to use. For the remaining connections, based 

on the literature review, the correlation with the GDP growth is used. For the validation, these 

connections and passenger numbers on them are extracted from the actual data and the 

passenger modeling approaches are applied, comparing them with the actual 2012 data. The 

modeling results are assessed at a number of intervals, since the exact passenger prediction on 

connections requires significantly complicated efforts. If the predicted passenger number on a 

connection is within the actual passenger number interval, the prediction is assumed to be 

correct. Integer intervals are used for the QA approach, and percentage intervals are applied 

for the correlation approach. The accuracies are assessed for all connections and for every 

cluster pair. The QA approach demonstrates that, on average, about 80% of connections for all 

intervals and all years are predicted correctly. However, these connections only cover an 

average of 10% of the actual total passenger number on newly appeared connections. 

Nonetheless, it is shown that for the newly appeared connections, a higher number of correct 

connections is more relevant than the total covered passenger number. For the correlation 

approach, the validation demonstrates that, on average, about 40% of connections for all 

intervals and all years are predicted correctly and they cover an average of around 60% of the 

actual total passenger number remaining connections. For both approaches, the time interval 

length plays an essential role: the larger the interval the lower the accuracy. The longer the 

time interval, the larger the random impacts on the passenger number volume on connections. 

These random impacts are diffi cult to determine as additional, detailed analysis would have to 

be performed. Moreover, additional datasets should probably be collected for equation 

calibration for every connection independently. However, the considered approaches 

demonstrate sufficient accuracy for applying the passenger forecasting model.  
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5.4. Overall model accuracy and error propagation analysis 

The validation for the forecasting topology and forecasting passenger model were 

considered in the previous sub-section. Based on the analyses conducted, the overall accuracy 

for the APD model could be assessed. This accuracy took into account the topology 

forecasting model accuracy and the passenger forecasting model accuracy. Combining these 

two factors allow the overall model accuracy to be defined. The modeled results are then 

compared to the actual data by applying the entire proposed modelling procedure i.e. the 

topology forecast model for APD topology forecast is used at first and then, based on the 

model output, the passenger forecasting model is used. The overall accuracy is assessed for 

2012 from 2002, 2007 and 2011 as a percentage of the actual passenger number, following the 

same procedure as for the remaining connections in Sub-section 5.3.2. The overall accuracies 

from these years to 2012 are defined as the ratio between correctly forecasted passenger 

numbers on the correctly predicted connections and the actual 2012 APD data. The overall 

accuracies for 2012 from 2002, 2007 and 2011 are depicted in Fig.5.34. On the vertical axes, 

accuracies are presented in percent for the correctly forecasted connection number (dashed 

lines) and for the passenger number covered by these connections (solid lines). Accuracies for 

correctly predicted connections and the passenger number covered by them correlate to the 

accuracies on the remaining connections shown in Sub-section 5.3.2. This relates to the large 

number of remaining connections and passengers on them, as shown in Tab.5.9.  

As seen in Fig.5.34, the accuracy is higher when the time interval between two time 

points is lower. Thus, the one-year time interval from 2011 to 2012 demonstrates the highest 

accuracy for all intervals considered. The ten-year time interval shows the worst accuracy 

compared to 2007 and 2011 for 2012. It correlates with the topology forecast accuracy 

(Tab.5.7) where the accuracy for 2012 from 2007 is higher than from 2002 (0.68 and 0.75 

respectively) and the overall accuracy from 2007 is higher than from 2002. Thereby, the 

"black box" term could be applied, as shown in Sub-section 5.3.1. The longer the time interval 

between two time points, the higher the likelihood that disturbing events such as force majeure 

or conflicts could occur and thus influence the APD generation. Accordingly, the highest 

accuracy in this analysis is the time interval with a length of one year. The five-year time 
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interval demonstrates low accuracy and the lowest accuracy is the ten-year time interval. 

Nevertheless, although the highest accuracy can be achieved from one-year time intervals, 

errors accumulate if  the time intervals are extended. For long-term forecasts of, say, 30 or 40 

years, accuracy levels attained from the one-year interval are very poor. Therefore, the error 

propagation for three time intervals, namely one, five and ten years, is analyzed for the APD 

forecast with different time horizons. The analysis is conducted as follows: the accuracies for 

all three time intervals at given intervals are known and assumed to be constant. In addition, 

the connection number is deemed to remain constant, as in the base year.  

 

Fig.5.34. The overall accuracies for passengers and connections for 2012 from 2002, 2007 and 2011 

For every time interval, the correctly predicted connections decrease according to the 

accuracy obtained. In other words, from the whole number of connections in the base year, the 

correctly forecasted connection number in the y+n is known, where y is the base year and n is 

a time interval. Then, this correctly forecasted connection number in the y+n is assumed to be 

100% and the correctly forecasted connections in year y+2n are defined, applying the known 

accuracy. This process continues up to the required time point. For example, if  the base year is 

2012 and the five-year time interval is selected, the accuracy would be 0.7. Thus, for 2017, the 

correctly predicted connection number would be 70% of the total number in 2012. For 2022, 

the correctly predicted connection number would be defined as 0.7*0.7*100=0.49 or 49% of 
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the total number in 2012. For 2027, the correctly predicted connection number would be 

34.3%. For 2032 this would be 24% and so on. A simple example is shown in Fig.5.35, which 

depicts error propagation. The time interval is n and the accuracy is 0.5. The gray areas 

demonstrate a correct forecast in percent. Thus, the correct area decreases by 0.5 (the provided 

accuracy) at each time point. Therefore, with 0.5 accuracy at time interval 3n, the correctly 

forecasted area would be 12.5% of the area in the base year. Using the same procedure, the 

error propagation is assessed for the APD model for one, five and ten-year time intervals.  

 

Fig.5.35. Example for the error propagation assessment procedure 

In Fig.5.36, the average connection error propagations for intervals from 0 to 150% are 

presented. As shown in Section 5.3.1, the cumulative curves contain about 4.6% of the total 

connection numbers, which generate about 90% of the APD. These strong connections remain 

fixed in the network and are not eliminated. It is assumed that these strong connections remain 

in the APD at every time point which is why the curves in the figure reach their saturation at 

4.6%, rather than progressing to 0. Fig.5.37 presents the average passenger percent covered by 

correctly predicted connections for a number of discrete intervals from 0 to 150%. As seen in 

both figures, the expected assessed accuracy decreases for all three time intervals. 

Nonetheless, the decreasing dynamics are different for various time intervals. The one-year 

time intervals show good performance for a short range forecast of one year. Within the 

analyzed time intervals, it is only possible to perform four-year forecasts with the one-year 

time interval (for every year from 2012 to 2016 for instance). However, the expected 

connection number accuracy for the years following 2013 years is very low. For example, the 

expected connection number accuracy in 2017 is close to 4.6% of the total connection number 

in the base year 2012, covering about 45% of the passenger number. The one-year time 

interval reaches the saturation of the total connection number in the base year, covering about 
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41% of passengers in 2019. Thus, this time interval does not demonstrate high accuracy for 

the middle term and, especially, for the long term forecasts. In contrast to the one-year time 

interval, the five-year time interval shows better middle term forecasting results. Although the 

five-year interval is not able to predict the APD for every year, the expected connection 

number accuracy in 2017 is about 30%, covering about 55% of passengers (for the one-time 

interval these numbers are 5.8% and 45% respectively). The five-year interval shows higher 

expected accuracies than the one-year interval. However, using this interval length, it is 

impossible to make a short-term forecast. In addition, in order to conduct a long-term forecast, 

it is necessary to use many intervals and the expected accuracy shows lower results than for 

the ten-year time interval.  

The ten-year time interval allows long-term forecasts to be made. As seen in Fig. 5.36 

and Fig.5.37, for example for 2020, the best expected accuracy is for the ten-year interval 

compared to one and five-year intervals. In addition, the ten-year interval application 

demonstrates the highest expected accuracy for connections and passengers covered.  Thus, 

the analysis shows that time interval length has a significant impact on the expected accuracy. 

A short-time interval works well for a short-term forecast (2-3 years from the base year), a 

middle interval shows sufficient accuracy for a mid-term forecast (5-10 years from the base 

year) and a long time interval performs well for a long term forecast (10 to 30 years from the 

base year). Thereby, the APD forecast error propagation analysis shows that in order to have a 

satisfactory level of expected accuracy for the APD forecast, a minimum number of time 

intervals are necessary to achieve the forecast horizon. For example, for the base year 2012 

and the forecast horizon 2032, it is better to use the ten-year interval. Firstly, the accuracy of 

this time interval is higher. Secondly, fewer efforts are required to archive 2032 from 2012: 

for ten-year intervals, only one intermediate interval is necessary, when using five there are 

three intermediate intervals and for one-year intervals there are 19 intervals. This means that 

the calculation time costs are minimal using the ten-year interval. However, if detailed 

intermediate results are required and an adequate time budget is available, the five-year 

interval could be chosen. Thus, the analysis shows that, based on the time horizon of the 

planned APD forecast and the defined level of detail the appropriate time interval should be 

chosen.  
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Fig.5.36. The average connection error propagations  
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Fig.5.37. The average passenger percent covered by correctly predicted connections  
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5.5.  Conclusion 

In this chapter, the setup and validation of the APD model was considered. The 

proposed framework allowed the accuracy of the proposed APD model for a short, middle and 

long range time terms to be assessed. This was performed based on real data: the model was 

applied to 2002, 2007 and 2011 to forecast ADP topology and passenger number on every 

connection and then compared to the actual 2012 data. For validation preparation, the APD 

data and average airfares between settlements were collected from the ADI database, the 

settlementsô GDP and population were obtained from the various databases. In addition, since 

the APD generation process is different for different types of settlements (in terms of wealth 

and population) and in order to increase the accuracy of the proposed method, the settlements 

were divided into clusters according to their socio-economic closeness. The analysis in Sub-

section 5.1 showed that the probabilistic clustering of the normal mixture was more 

appropriate for settlement grouping than the other aforementioned approaches. In addition, it 

demonstrated the advantages of separating into nine clusters, since the cluster centers are well 

distinguished and their meaning is easy to interpret. Thus, the clusters were defined for the 

base year and clustering was applied to 2002, 2007 and 2011 to separate their settlements into 

groups.  

The topology forecasting model validation was conducted based on the preparation 

module. The APD topology was presented as a weighed network. As discussed in Sub-section 

5.2, among different topology forecast approaches, the similarity-based algorithms with local 

indexes for topology forecasting were most preferable for the APD network forecast in terms 

of accuracy and complexity. Nine indexes were considered which were modified for the 

weighed networks. The AUC and precision showed that the Weighted Resource Allocation 

index demonstrates the best performance since it gives a higher score to a non-existing 

connection if the nodes have many common neighbors with large weights. The boundary 

conditions were defined due to the specifics of the similarity-based algorithm with the WRA 

index. There are two boundary definition methods for adding and eliminating connections 

from the APD network. Either a fixed number of connections is added to or eliminated from 

the network at every time interval, or connections with a score of more or less than the 
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boundary score are added or eliminated at every time interval. In this study, the second 

approach was chosen for boundary definition. Since the APD network contains nine settlement 

types, they, in turn, have 45 cluster pairs. Thus, for every cluster pair, the boundary for adding 

and eliminating connections from the APD network was defined based on actual data from 

2002, 2007, 2011 and 2012. Thereby, the boundary conditions for short, middle and long-term 

network topology forecasts were determined for every cluster pair. Using the defined WRA 

index and the boundary conditions, the forecasting topology model accuracies were assessed 

for 2012 from 2002, 2007 and 2011. The accuracy for newly added connections demonstrated 

poor accuracy on average, while the elimination accuracy was high. In addition, the 

forecasting topology model demonstrated a high accuracy for the remaining connections in the 

APD network. Despite the low average accuracy for predicting new connections, the high 

accuracy for remaining connections provided a high total accuracy for the forecasting 

topology model. Thus, it could be concluded that the APD connection disappearance and the 

connections remaining in the APD network are strongly connected to socio-economic 

indicator changes and the generation process for new APD connections is less related to these 

changes. Furthermore, the proposed clustering improved the topology forecasting model 

accuracy. The accuracy results obtained from the forecasting topology model were considered 

sufficient for applying the model. 

The passenger forecast model was validated in Sub-section 5.3. There are two APD 

connection types: newly appeared and remaining connections. For newly appeared 

connections, the quantitative approach was applied and validated. The analysis of the 

cumulative curves showed that the newly appeared connections contain a lower passenger 

number on average in comparison to remaining connections. The accuracy assessment was 

conducted at given intervals. Based on the statistical analyses, the intervals for newly appeared 

connections were defined as integer numbers. Thus, the QA modeling result analysis for 2012 

from 2002, 2007 and 2011 showed that the accuracy is higher the smaller the time interval. 

For remaining connections, the correlation between GDP growth and passenger number on 

every connection was applied. The accuracy assessment was also made in given intervals, but 

based on the statistical analyses of these connection types, the intervals were defined in 

percent. Analogically to the newly appeared connections, the analysis of the remaining 
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connections demonstrated that the accuracy is higher the smaller the time interval. Thus, based 

on the accuracies obtained, the total accuracy of the proposed APD modeling was assessed. 

This is performed in the same way as for the remaining connections ï in intervals defined by 

percent. The one-year interval demonstrates the best accuracy from 2011 to 2012 and the ten-

year interval shows the lowest accuracy from 2002 to 2012. The error propagation analysis 

was made according to these accuracies. The analysis showed that it is necessary to use 

various time intervals for different forecast horizons. Thus, for the short-term forecast, it is 

better to use the one-year interval, while the expected accuracy for the middle- and long-term 

forecasts is very low. The three analyzed time intervals, i.e. one, five and ten years, 

demonstrated sufficient expected accuracy for short, middle and long term forecasts 

respectively.  

The validation of the proposed APD model demonstrated a sufficient accuracy value in 

terms of the correctly predicted connections and passenger number covered by them. The error 

propagation analysis showed the expected level of mistakes in the forecasts at various time 

intervals. Thus, using the validation results and databases obtained, the APD model can be 

applied to future socio-economic development scenarios in order to assess the future APD 

according to settlement level on a worldwide scale. 

The conducted APD forecasting model development and validation covers the first and 

second step of the proposed research methodology shown in Section 3.2 ï Model development 

and Model validation and objective which is indicated in Section 3.1. The next step in this 

thesis is to apply the validated APD forecasting model to socio-economic scenarios and model 

the future APD. 
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6. APD model application 

In this chapter, the validated APD model is applied to the socio-economic scenarios in 

order to assess the future APD. These scenarios include socio-economic indicators of 

settlements worldwide (e.g. GDP and population). However, although scenarios are not 

available for settlements on a worldwide scale, they are broadly accessible at country level. 

Thus, the scenarios at country level were disaggregated to settlement level, to ultimately 

retrieve the GDP and population of the settlements. The APD was calculated based on the 

Global Environment Outlook 4 (GEO-4) socio-economic scenarios from the United Nations 

Environment Programme (UNEP) (2007). There are four different scenarios: Markets First, 

Policy First, Security First and Sustainability First. These scenarios allow the future APD for 

different considered developments to be evaluated. In order to assess future APD for a long 

term of 30 years, forecasting was performed from 2012 to 2042. Based on the model 

validation results, the forecast was made with the ten-year interval since it provides a higher 

expected accuracy of results. In addition, GEO-4 scenarios do not provide a scenario for 

airfares between settlements, thus, a simple airfare model was developed based on historical 

analysis. 

This chapter is organized as follows: Section 6.1 presents the Simple Airfare Model 

(SAM) as developed by Ghosh and Terekhov (2015). Based on the analysis of the historical 

average air fare data on APD connections from 2002 to 2012 and the crude oil price, a simple 

equation for future average airfare according to the distance between settlements and the crude 

oil price was obtained. Using this equation, it is possible to define average airfare for every 

APD settlement pair. Section 6.2 describes the four GEO-4 scenarios and shows the modeled 
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APD results for each of them including cluster analysis, showing how settlements change 

clusters based on socio-economic indicators, the topology and the passenger forecasting model 

results for every time interval. Section 6.3 summarizes and verifies the results obtained in 

Section 6.2. In addition, the results are compared to other studies using a special transition 

metric which allow APD modeling results to be converted to revenue passenger kilometers 

(RPK).  

 

6.1. Simple airf are model 

This section describes the SAM. Since GEO-4 scenarios do not provide the average 

airfare on APD connections, a special model was developed. The basic framework for the 

SAM is depicted in Fig. 6.1. 

 

Fig.6.1. The basic SAM framework 

A number of airfare models exist, such as the constant rate of return model used as part 

of the AIM project. The model allows fares to be calculated based on changes in operating 

costs which are required as an input (Dray et al, 2014). However, these models are not 

applicable within the presented APD modeling framework due to a lack of required input 

parameters. As shown by Ghosh and Terekhov (2015), the average airfare could be modeled 

and, therefore, assessed for the future based on indirect factors. GEO-4 contains scenarios for 

the crude oil price. The average airfare at settlement level, averaging all airfares for one year, 

depends on various main indicators such as crude oil price, distance between settlements and 

other factors. Thus, to reflect average airfare changes and to limit the scope of this study in 
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order to avoid unnecessary complexity, SAM takes the distances between settlements and the 

annual average crude oil price into account.  

The historical airfare data on all APD connections from 2002 to 2012 was obtained from 

the ADI database. For the distance calculations, the geographical settlement coordinates were 

obtained from OpenFlights (2014) and OurAirports (2014). The historical data for the crude 

oil price were obtained from the U.S. Energy Information Administration (2014). In order to 

have consistency throughout the study, all prices were adjusted to US dollars as per 2005 

values. The average airfares for 2002 to 2012 based on the distance between settlements are 

shown in Fig.6.2.  

 

Fig.6.2. The average airfares for 2002 to 2012 based on the distance between settlements 

Based on historical data, a simple linear equation was retrieved for the airfare (Eq. 6.1) 

according to the distance between settlements and the average airfare.  

ὸ ὥz Ὠ ὧ    (Eq.6.1) 
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Where ὸ  is the average airfare between settlements ὼ and ώ; ὥ ï the slope of the line; 

Ὠ  ï a great-circle distance between settlements ὼ and ώ; ὧ ï y-axis interception of the line. 

The great-circle distance between settlements ὼ and ώ was calculated from the geographical 

settlement coordinates as follows: 

Ὠ ÁÃÏÓ ÓÉÎ‰ ÓzÉÎ‰ ÃÏÓ‰ ÃzÏÓ‰ ÃzÏÓ ‗ ‗ Ὑz   (Eq.6.2) 

Where, ‰ is the geographical settlement latitude in radians; ‗ ï is the geographical 

settlement longitude in radians; Ὑ is the average Earth radius which is defined as follows 

Ὑ
ȟ   ȟ  

φσφχȟφυ Ὧά. 

The historical analysis showed that the average airfare for all considered years starts 

from $140 on average. Thus, the y-axis interception is 140, or, in other words, the minimum 

airfare in the study was assumed to be $140. As seen in Fig. 6.2, the slope of the linear 

regression is varied for every year. Tab.6.1 reflects the R
2
 for the regressions and slopes for 

every year from 2002 to 2012 and the annual crude oil price.  

 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

R
2 0.9646 0.9653 0.9772 0.9721 0.9756 0.9705 0.9791 0.9668 0.9829 0.981 0.9832 

Slope, a 7.0705 7.3204 7.8936 7.9006 7.8767 7.9685 8.2128 6.5038 7.081 8.226 9.3243 

Oil price $25.01 $28.85 $38.26 $54.53 $65.17 $72.50 $96.94 $61.74 $79.61 $111.37 $111.67 

Tab.6.1. R
2
 for the regressions and slopes for every year from 2002 to 2012 and the annual crude oil price 

Based on the table, a correlation between the slope and oil price figures can be seen. 

The correlation between crude oil price and the slopes are presented in Fig.6.3. 

 

Fig.6.3. The correlation between crude oil price and the slopes 
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Fig.6.3 demonstrates relationships between the crude oil price and the slope from 

regression in Eq.6.1. The R
2
 shows 0.4015. However, there was a high impact on the R

2
 from 

the 2008 financial crisis and other external impacts. The R
2 

for years 2002 to 2008 is 

approximately 0.76. Nevertheless, the regression obtained for the slope based on the crude oil 

price was used in Eq.6.1. Thus, assuming that the minimum average airfare is $140, the next 

equation was retrieved:  

ὸ ςz ρπ ὴz πȢπφυσzὨ ρτπ   (Eq.6.3) 

Where ὴ is the crude oil price in year Ὃ. Thus, knowing the crude oil price and geographical 

settlement coordinates, the average airfare can be modeled. For example, an APD connection 

in 2012 between Bangkok (Thailand) and Hong Kong had an average airfare of $ 270.24 (in 

2005 US$). Using Eq. 6.3, the average airfare can be modeled. The distance between these 

two cities is 1,716 km, the crude oil price in 2012 was 90.27$ (in 2005 US$). Thus, the 

modeled airfare is 283.1$. The modeled airfare is 4.75% higher than the original airfare, which 

is a reasonable result. 

However, the SAM was validated on real dataset. This was achieved by modeling 

airfares on real connections from 2002 to 2012 and then comparing results with the actual 

data. The average airfares were assessed in 100 km intervals by distance. The average 

deviation in percent from the actual average airfare on 1000 km intervals are shown in Fig.6.4. 

In general the deviation is in interval [10%; -15%]. The vertical axis indicates the deviation in 

percent; the intervals in kilometers are shown in the outer contour.  

The analysis demonstrates that the 5,000-6,000 km interval showed the lowest accuracy 

which is about 14% lower than the actual average airfare in this interval. The 16,000-17,000 

km interval showed the highest result which is about 0.18% higher than the actual average 

airfare in this interval. The detailed annual validation results on 100 km intervals from 2002 to 

2012 are shown in Appendix B. In general, the proposed model with given limitation 

demonstrates sufficient results. The conducted analysis and modeling allowed the model to be 

applied for estimating the future airfare on APD connections based on crude oil price and 

distance. Therefore, using an oil price scenario, the average annual airfare on a connection 

could be assessed. Thus, the proposed SAM was applied in this study to the topology 
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forecasting model and the passenger forecasting model in order to estimate the future APD 

between settlements worldwide. 

 
Fig.6.4. The average deviation in percent from the actual average airfare at 1000 km intervals 

 

 

6.2. APD modeling for GEO-4 scenarios 

The proposed and validated APD model (described in Chapter 4 and Chapter 5 

respectively) was applied to four scenarios, called Markets First, Policy First, Security First 

and Sustainability First (Fig.6.5), obtained from the GEO-4 issued by the UNEP (GEO-4, 

2007). The Outlook assessed the interaction between environmental change in the past and 

presented four scenarios for the future. The scenarios were built based on current socio-

economic trends along divergent development paths in the future. In addition, it tried to 

determine their significance for the future environment, development and well-being. The 

scenarios have been developed up to 2050 using qualitative data to explore different policy 

approaches and societal choices. These scenarios included various indicators at country level 

e.g. country GDPs, populations and crude oil prices. These scenarios for global GDP, 

population and crude oil price are presented in Fig.6.6, Fig.6.7 and Fig.6.8 respectively. The 

provided scenarios allow the future APD to be assessed. However, they should first be 

disaggregated to settlement level.   
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Fig.6.5. The four GEO-4 scenario positions in terms of GDP and population growth 

 

Fig.6.6. Historical and GEO-4 scenarios for world population 

 

Fig.6.7. Historical and GEO-4 scenarios for world GDP 

 

2012 

2012 
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Fig.6.8. Historical and GEO-4 scenarios for the average annual crude oil price 

As shown in Chapter 5, 4,435 settlements were retrieved from the 2012 APD network 

using the ADI database. For every settlement, the following data were obtained: settlement 

GDP and population and geographical coordinates. Thus, taking country population and GDP 

figures into account as well as the urbanization rates for every country which are known from 

the scenario data and obtained from the International Future model (The Frederick S. Pardee 

Center for International Futures, 2014), the scenarios were disaggregated to settlement level. 

However, the country number in the collected database for 2012 was different to the country 

number in the GEO-4 scenarios. The scenarios considered 183 countries, while the base year 

data contained 216. Nonetheless, these 33 countries (mainly islands such as St. Kitts & Nevis 

and Palau) contributed negligibly in terms of GDP, population and APD and were, therefore, 

eliminated from the collected 2012 data. Thus, the GEO-4 scenarios considered 4,120 

settlements. The summarized GDPs and populations of settlements for the four scenarios are 

presented in Fig.6.8 and Fig.6.9. 

2012 
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Fig.6.9. Summarized GDP for GEO-4 settlements for four scenarios 

 

Fig.6.10. Summarized population for GEO-4 settlements for four scenarios 

As shown in Chapter 5, the conditions required for the appearance of new settlements in 

the APD network are not clear and are difficult to predict. Thereby, the model only considered 

these 4,120 settlements, and did not add or eliminate them. The base year for forecasting APD 

was 2012. This means that the forecasting process starts from the 2012 APD network with 

these 4,120 settlements where the APD connections are eliminated or added. Thus, the data 

required for modeling were prepared for the APD forecasting based on the four socio-

economic scenarios. The model was applied to the long-term time frame. Since the GEO-4 

scenarios were presented on an annual basis to 2050 and based on the conducted validation, 
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the time interval for the APD was ten years, and, thereby the forecast horizon was 2042. Thus, 

four APD forecasts were made for the time points: 2022, 2032 and 2042. These four forecasts 

allowed future APDs to be assessed for different possible future developments. Brief general 

scenario descriptions are provided below. Key questions relating to the scenario assumptions 

are provided in Appendix C. The full description can be found in the GEO-4 (2007). 

Markets First 

The main characteristic of this scenario is an assumption that the market not only 

provides economic improvements, but also social and environmental development. The role of 

the private sector dominates in areas which were previously monopolized by governments, 

such as education, health, military, research and development. Free trade continues to expand 

worldwide. Ecosystem services are turned into commodities in order to increase privatization 

and trade. The expanding trade and economic investments negatively influence formal 

environment protection, slowing this process down. Thus, fossil fuels are still the main energy 

source. Water privatization increases water usage efficiency. However, decreasing subsidies in 

most regions lead to difficulties paying for water. Nevertheless, the global population in 2050 

reaches about 9.2 billion people (Fig.6.6) and global GDP is about 5 times higher than in 2000 

(Fig.6.7). 

Policy First  

The main characteristic of this scenario is a very high level of centralization in order to 

balance strong economic growth and decrease potential environment and social impacts. The 

governments are solving obvious problems (e.g. access to safe water in many parts of the 

world) and concealed issues (e.g. climate change) in the new century. The governments have 

adopted a more holistic approach to respond to environmental challenges ïeconomic growth is 

no longer considered without assessing its social and environmental impacts. The scenario 

offers high economic and political integration. Inefficient subsidies are reduced in order to 

decrease over-exploitation. Investments in science and technology grow. Climate change and 

its associated impacts are the main concern. However, when the investments in R&D motivate 

efforts to increase energy efficiency, the total energy consumption continues to increase. Thus, 
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fossil fuels still dominate. Nevertheless, the global population in 2050 reaches about 8.2 

billion (Fig.6.6) and the global GDP is about five times larger than in 2000 (Fig.6.7). 

Security First 

The main characteristic of this scenario is a concentration on security. Thus, the 

movements of people are more restricted than they used to be. Migration and the movement of 

goods across borders are also limited. This is due, in part, to ongoing conflicts in many regions 

of the world. At the same time, the world becomes more crowded as the population grows. 

Security costs also rise at the expense of other areas such as R&D and technology. 

Governments play a strong role in decision making. International institution authority 

decreases. These changes cause less attention to be devoted to environmental issues. Total 

energy consumption increases significantly. Coal usage grows rapidly, approaching natural 

gas and oil levels. Global population in 2050 reaches about 9.7 billion (Fig.6.6) and global 

GDP is about four times larger than in 2000 (Fig.6.7). 

Sustainability First 

The main characteristic of this scenario is that authorities at all levels (local, national, 

regional and international) consider environmental and social issues. Governments solve a 

large number of problems. At the same time, the private and civil sectors do not wait for 

governments to act. In the energy sector, an effort to balance the desire to reduce overall 

consumption with the need to address issues such as fuel is made. With the increased 

investments, this challenge is met in more environmentally friendly way. The mix of fuels 

changes significantly: oil and coal usage decrease to the point where more is produced by 

solar and wind. Natural gas is the dominant source of energy. For this scenario, global 

population in 2050 reaches about 8.5 billion (Fig.6.6) and the total GDP is about five times 

larger than in 2050 (Fig.6.7). 

Application of the APD model allowed the future APD for the proposed scenarios to be 

assessed. In addition, using the scenarios from one source united by a common philosophy, the 

introduced APD model sensitivity could be assessed to help verify the results. Thus, the APD 

was calculated based on each of the aforementioned scenarios. The modeling results are 

presented below. For every scenario, the cluster dynamics were initially calculated. The 
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cluster dynamics show how settlements change clusters within the scenario. Secondly, based 

on defined cluster content for all three time points (2022, 2032 and 2042), the topology 

forecasting model and the passenger forecast model were applied for every time interval. The 

scenarios were considered in the following order: Markets First, Policy First, Security First 

and Sustainability First. 

 

6.3. GEO-4 scenario results 

This section presents the APD model results for the GEO-4 scenarios. The total 

settlement GDP, population and crude oil price for this scenario are shown in Fig.6.11. 

  

A. Markets First B. Policy First 

  

C. Security First D. Sustainability First 

Fig.6.11. Total settlement GDP, population and oil price for the GEO-4 scenarios 

The cluster dynamics (Fig.6.12) for clusters were calculated using the cluster centers 

obtained in Section 5.1 and the provided scenario shown in Fig.6.11. 
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A. Markets First 

 

B. Policy First 

 

  

C. Security First D. Sustainability First 

Fig.6.12. Cluster dynamics for the GEO-4 scenarios 

Based on the GEO-4 scenarios, smallïpoor and middleïpoor clusters showed significant 

decreases in the number of settlements. This is because GEO-4 scenarios were positive, where 

almost all settlements demonstrated population and GDP growth. In addition, the reason for 

this reaction was that the cluster centers remain fixed as in the base year 2012. The cluster 

dynamics did not take future inflation into account and, therefore, they showed cluster content 

from a 2012 perspective. Thus, cluster dynamics shows settlements moving to more 

ñpowerfulò clusters. As a consequence, middle-rich, large-rich and megacities showed 

significant increases in the Markets and Policy First scenarios. However, the Security and 

Sustainability First scenarios demonstrated slower increases for those clusters. 

Transition diagrams of 4,120 settlements in clusters between the base year 2012 and the 

last year of the scenario, 2042, are presented in Fig.6.13. The diagram shows nine clusters on 

three levels according to settlement population: small, middle and large. Settlements which 

either remain in clusters or change are indicated in percent of the total settlement number. 

Arrows demonstrate which cluster settlements are moved. The diagram shows transitions 


















































































































































