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ABSTRACT
Air travel has become one of the main modes of transportation in the modern world with ever increasing demand resulting in the need to expand airports. Thus, airports evolve over time. A long term strategy is important to ensure efficiency of the airside configuration along the path of evolution. Establishment of a network of efficient airside configurations connected with possible paths of evolution from one to another could enable airport designers to develop a long term strategy for planned evolution of airports. The steps in achieving this task have been identified and a description of them is presented.

1 INTRODUCTION
Over the past few decades air travel has increased rapidly. Socio economic and technological factors have increased the demand for air travel and also have made it more affordable, safe and popular. As a result, the number of passengers and aircraft operations handled by airports all over the world has increased significantly. Even at present this increasing demand for aircraft operations has reached or exceeded the capacity of most of the major airports causing delays to air traffic both on the ground and in the air. In-order to handle this situation, airport authorities have proposed various solutions such as increasing the capacities of the existing systems, expanding the existing airports and as well as constructing new airports. However, these solutions have their limitations and are experiencing various difficulties. 
1.1 Problem definition

The necessity for expansion has resulted in most major airports evolving gradually over time. They will continue to do so in the foreseeable future even for as long as a century. However the evolution of airports does not occur as a continuous process, but as separate stages of expansions. A suitable long-term strategy is essential to ensure compatibility of each of these stages and the proper functioning of the airport at each stage. Only a few airports in the world have considered this and in most cases the airport designers consider the necessity for expansion in the short/medium term. In fact most major airports have evolved far beyond the expectations of their original designers and in such situations it has been extremely difficult to consider and plan for conditions that are unforeseeable.

This lack of a proper long term strategy in designing airports could have considerable consequences and can come up in different forms: restrictions due to external issues such as environmental impact, land use, etc. and restrictions due to the design and configuration itself. Unplanned expansions could produce layouts where there are too many runway-runway crossings, runway-taxiway crossings or runways being located far away from the terminal buildings resulting in overall efficiency of the airport being affected adversely. In extreme situations this lack of a proper long term strategy may lead to a situation where the airport could not be expanded any further. The end result of such conditions is the inability for the affected airports to handle the increasing demand for greater capacity, causing delays and thus loosing revenue to competing airports within the region. Nanayakkara (2007) and Nanayakkara & Wirasinghe (2005) have provided a detailed description related to these issues. 
1.2 Objective
Establishment of a network of efficient airside configurations and indicating possible paths of evolution from one configuration to others could act as a guideline for airport designers enabling them to develop a long term strategy for planned evolution of airports. The objective of this paper is to determine a methodology to achieve the task of developing such a guideline and to identify and broadly understand the steps that would be necessary.
1.3 Approach

The task of achieving this objective can be segregated into several sub-tasks as indicated below:
· Formulation of different runway layout possibilities and determination of possible paths of evolution from one configuration to another.
· Formulation of terminal configuration possibilities suitable for different runway layouts and exploration of ways of expanding it.

· Evaluation of each of the runway and terminal layouts considering their efficiency in aircraft operations, and selection of suitable airside configurations.
The evaluation process of different airside configurations requires understanding of several aspects related to their design and selection. Some of the main ones are indicated below.
· Factors affecting the choice of airside configurations
· Influence of aircraft characteristics on airside configurations

· Various air traffic rules and regulation related to aircraft operations
This paper will provide a brief description of these aspects and the sub-tasks that are essential in achieving the stated objective.
2 FACTORS AFFECTING THE CHOICE OF AIRPORT AIRSIDE CONFIGURATIONS
A proper airside configuration is crucial for an airport in a number of aspects. It could significantly affect the cost of construction and maintenance of the airport, the efficiency of aircraft operations and the flexibility of the airport to evolve over time. The selection of a proper airside configuration either for a new airport or for an existing airport to be expanded requires consideration of a number of factors. Some of the major factors are indicated below. Nanayakkara (2007) and Nanayakkara & Wirasinghe (2006) have provided a detailed description related to these issues.
· Restriction imposed by various external constraints – This could arise in different ways such as difficulty in land acquisition, noise and other environmental issues and adverse terrain conditions in the vicinity. The affects are mainly on the overall geometry of the airside configuration and the location and orientation of the runways.
· Wind conditions relevant to the site of the airport – Velocity and the direction of wind are some of the most important factors that affect aircraft takeoffs and landings. It has a significant influence on the directions in which the runways should be oriented.
· The elevation of the airport and the ambient daytime temperature during warmer months of the year – This mainly affects aircraft performance especially during takeoffs influencing the required runway lengths.
· Safety of aircraft operations – The risk of collision or the encounter of strong wake vortices generated by other aircraft is a major safety concern for aircraft. Even though proper adherence to rules and regulation is expected to ensure safety, an airside configuration could be vulnerable to human and/or technical errors when conflicting features such as intersection of runways or their extended centerlines and runway-taxiway crossings are present. Thus, configurations with the least possible amount of conflicting features are desirable in terms of safety.
· Capacity to handle aircraft operations – This is predominantly governed by the runway layout. The presence of conflicting features adversely affects the capacity of a runway layout. In general, configurations with runways oriented in a single direction and sufficiently far apart, thus allowing independent aircraft operations, favor capacity.
· Efficiency of passenger circulation within the terminal system – This is one of the important factors considered when designing terminal layouts. Thus, it can indirectly influence the airside configuration especially in case of large airports where the terminal building occupies a significant area.
· Types of aircraft for which the airport is designed for – Aircraft characteristics vary depending on the type of aircraft. So do the features of constituent components of an airside configuration required to handle them. Thus, the design of the airside configuration could be influenced by the type of aircraft expected.
· Taxiing distance for aircraft – This is mainly affected by the location and arrangement of the terminal building, the runway layout, the location of runway exits and the arrangement of the taxiway system. Adverse effects of longer taxiing distance mainly impacts the airlines and passengers. However, greater emphasis on taxiing distance may be warranted especially for competing airports, as an airside configuration inefficient in terms of taxiing distance could be less preferred by airlines.
· Ability of the airside configuration to evolve – Aspects related to the aviation industry have changed over time and could expect to continue. Thus, it is important to ensure that the selected configuration could adapt and expand to suit different possible future conditions that the airport may have to experience.
The level of applicability of each of these factors on the design of an airside configuration could vary depending on the specific conditions of the site of the airport. Further, some of these factors could be in conflict with one or more other factors. Thus the emphasis placed on each of the factors should be balanced considering their relative importance to the overall efficiency of the airside configuration for given conditions.
3 AIRCRAFT CHARACTERISTICS AND THEIR AFFECT ON AIRPORT AIRSIDE CONFIGURATIONS
Airports could experience different aircraft types and in different proportions. As the design of an airport airside configuration can vary depending on the proportions of different aircraft types, it is important to understand the effect of aircraft characteristics on the design of airside configurations. Nanayakkara (2007) and Nanayakkara & Wirasinghe (2007) have provided a detailed description related to these issues.
3.1 Characteristics of aircraft that affect design of airside configurations
The external dimensions of aircraft, their weight and speeds, and runway lengths required for takeoffs and landings are the main types of aircraft characteristics that are being considered by the regulatory authorities to categorize aircraft. However, in some cases the Federal Aviation Administration (FAA) and International Civil Aviation Organization (ICAO) have considered different aspects of each of these main types of characteristics. 
Different characteristics of aircraft can affect the design of the airside configuration mainly in two different ways. Some of the characteristics have a direct impact on the components of the airport airside while others influence the way in which the aircraft operations are conducted resulting in indirect affect on the airside configuration.
· External dimensions of aircraft – The wing span and the overall length of an aircraft are the most prominent with regards to external dimensions and former has been considered for categorization of aircraft by both FAA and ICAO. Their main influence is on separation between various elements of the airside such as the distances between centerlines of two parallel runways, taxiways or taxilanes, distances between aircraft parking stands, and distance from the face of the terminal building to the adjacent taxilanes. 
· Aircraft weight – This is one of the main factors contributing to the wake turbulence which could be quite hazardous for aircraft flying through one generated by especially a heavy aircraft. Thus, various separation standards between two aircraft with interacting flights paths have been established by the FAA and ICAO depending on the maximum takeoff weights of leading and trailing aircraft.
· Aircraft speeds – Aircraft approach speed is one of the factors considered for aircraft categorization by the FAA. Different approach speeds can cause two successive aircraft either to gradually get closer to each other or get further apart. This situation combined with the minimum separation distance that needs to be maintained along the entire approach path will govern the interval of time between two successive aircraft operating on the same runway which in turn decides the runway capacity for landing. However, the runway capacity for takeoffs is less dependent on takeoff speeds as aircraft are released considering a minimum time interval between two successive departures based on aircraft weight.
· Field lengths for takeoffs and landings – This mainly influences the required length of the runway and the location of runway exits and has a significant dependence on aircraft speeds during takeoffs and landings.
· Runway occupancy times for takeoffs and landings – This mainly affects the runway capacity for aircraft operations and has a significant relationship to the runway field lengths required for aircraft takeoffs and landings. 
3.2 Aircraft types experienced by an airport and its influence on airside configuration 
The way in which the aircraft characteristics affect the design aspects of an airside configuration could also vary depending on the function of different airside elements. Broadly they can be identified as follows.
· Design aspects that need to be based on the most demanding type of aircraft or the critical aircraft such as the required runway lengths, separation between closely spaced parallel runways and separation between parallel runways and taxiways.
· Design aspects that can be based on the proportion of different aircraft types such as separation between different gates assigned for different aircraft types and the location of runway exits. 
When considering the airside configurations of some of the major airports in the world, it is evident that such concepts have already been adopted to a certain extent. For example, in the case of international airports in Singapore and Hong Kong where a significant proportion of aircraft are heavy aircraft with wider wing spans, the terminal system is designed in such a manner that almost all the gates in those airports are capable of handling such larger aircraft. In the case of Phoenix Sky Harbor International Airport where most of the aircraft experienced are mid-sized such as Boeing 737s and Airbus A320s, most of the gates are capable of handling aircraft only up to those aircraft types. However, in the three airports the runways and the associated taxiway systems are designed with the ability to handle the largest aircraft expected. 
4 REGULATIONS, CONDITIONS & TECHNIQUES RELATED TO AIRCRAFT OPERATIONS

The main objective of the air traffic rules established by the regulatory authorities is to ensure safety of aircraft operations by avoiding situations that could lead to collisions or encounter potentially dangerous wake turbulence conditions. The capacity for aircraft operations of an airside configuration is mainly influenced by these air traffic rules. As the safety and capacity for aircraft operations are some of the main criteria considered in evaluation of airside configurations, it is important to understand the rules and regulations governing aircraft operations. 
The air traffic rules can be broadly categorized as indicated below considering the aspects of the elements of the airside configuration and depending on whether the aircraft involved are airborne or not.
· Operations involving a single runway
· Two parallel runways spaced apart in such manner that they are non- independent for aircraft operations.

· Two intersecting runways where the aircraft on each runway will not be airborne at the runway intersection.

· Two intersecting runways where the leading aircraft on one of the runways will be airborne while the trailing aircraft on the other runway will not be airborne at the runway intersection.
· Two intersecting runways where the leading aircraft on one of the runways will not be airborne while the trailing aircraft on the other runway will be airborne at the runway intersection.

· Two intersecting runways where the aircraft on each runway will be airborne at the runway intersection.

Each of these categories can be further sub divided as indicated below considering whether the aircraft involved are taking off or landing.
· An arrival followed by an arrival
· An arrival followed by a departure

· A departure followed by a departure

· A departure followed by an arrival
De Neufville & Odoni (2003), Horonjeff & McKelvey (1994), Ashford & Wright (1989) and FAA (2006) have provided detailed descriptions on air traffic rules applicable to some of these situations. However, for situations where specific air traffic rules are not available, it is necessary to combine different air traffic rules considering safety.
5 RUNWAY CONFIGURATIONS & PATHS OF EVOLUTION

Establishing a network of possible runway configurations connected with possible paths of evolution is one of the sub-tasks in achieving the objective stated earlier. Nanayakkara (2007) has provided a detailed description.
Regardless of the initial configuration, the evolution could occur by three possible means of transformation as indicated below:
· Addition of new runways to the existing configuration – This is one of the most common approaches used to increase the capacity of an airport. Adding runways significantly alters the configuration and can be considered as the major cause of evolution of runway configurations.

· Altering the length of runways of the existing configuration – This includes lengthening, which is the more common approach, and shortening, or a combination of both. The necessity to extend the existing runways of an airport can arise mainly due to either the increase in length of the runway required by newer aircraft or changes in the types of aircraft handled by the airport. With the introduction of bigger and faster aircraft, especially during 1950s and 60s, most major airports in operation during that period experienced this need for the extensions of existing runways.
· Removal of runways from the existing configuration – This is not a very common practice and happens usually at later stages of the evolutionary process of airports. The necessity to remove one or more runways arises when the existing configuration becomes unsuitable for further expansions as a result of previous additions and extensions of runways that are improperly planned or due to major changes in the nature of aviation industry.
The following two sub–sections explain the possible paths of evolution considering runways configurations consisting of up to two runways in case of addition of runways and extension of runways. Paths of evolution in case of runway removals will be the backward direction of the paths indicating addition of runways, and in case of shortening of runways it will be the backward direction of the paths indicating extension of runways. Similarly, paths of evolution could be determined for configurations consisting more than two runways. However, the complexity increases significantly with the increase in number of runways of the configuration.
5.1 Evolution by addition of runways
The configuration with two runways is the immediate step along the path of evolution from a single runway configuration by means of addition of new runways. It is possible to categorize all the two runway configurations into six basic layouts considering the presently applicable flight rules. These six types are indicated in Figure 1 and are identified as C, M, F, X, T and V where the six characters used, represent the name of the type or the overall layout appearance. Some of these have been identified by De Neufville & Odoni (2003), Horonjeff & McKelvey (1994) and Ashford & Wright (1989).
· Type C – Close parallel or dual lane runways, Figure 1(a).
· Type M – Intermediate (medium-spaced) parallel runways, Figure 1(b).
· Type F - Far (widely spaced) parallel runways, Figure 1(c).

· Type X - Intersecting runways, where they intersect physically, Figure 1(d).

· Type T - Flight path of one runway intersecting the other runway, without any physical connection between the two runways, Figure 1(e).

· Type V - Runways with intersecting flight paths which are commonly known as open-V layout, Figure 1(f).
5.2 Evolution by extension of runways
Evolution of a configuration by extension of runways will not alter the number of runways. Extension of runways can alter the configuration only if it consists of runways oriented in more than one direction. If the configuration consists of a single runway or a set of two or more parallel runways the alteration of one or more runway lengths has no effect on the type of the runway configuration. However, in case of parallel runway configurations the amount of stagger between the runways may be altered depending on the runway end considered for alteration.
As indicated in Figure 1, types identified as X, T and V are configurations consisting of two runways oriented in two different directions. Any one of these three configuration types can be transformed into the other two types by altering the length of one or both runways. Figure 2 indicates the possible paths of evolution by altering the length of the runways for configurations consisting of two runways. The possible paths by extension of runways are indicated by the direction of the arrow. Thus the opposite direction indicates the possible paths by shortening of runways. For example as indicated in Figure 2, a runway configuration identified as type V could be transformed into the type T by lengthening any one of the two runways and further transformed into type X by lengthening the remaining runway.
6 PASSENGER TERMINAL BUILDING SYSTEM LAYOUTS

The passenger terminal building system is a key element of an airport. Similar to the evolution of runway configurations, the terminal systems should also evolve in-order to handle the change in demand for air travel. The main focus of the stated objective is on the airside configuration of an airport. The taxiing distance for aircraft which is one of the factors that needs to be considered in evaluating the suitability of airside configurations, can be significantly affected by the terminal system layout. In other words, when determining the efficiency of an airside configuration in terms of taxiing distance, it is essential to consider the layout of the terminal system also. Thus it becomes necessary to explore layout possibilities for terminal layouts at different stages of the evolution of airside configurations and the impact of different types of terminal system layouts on aircraft taxiing distance. However, there could be a large number of different terminal layout possibilities. It will be difficult to consider all such possibilities when evaluating airside configurations. Thus, it is important to explore the possibility of categorizing the terminal layouts in a logical manner. It should also be noted that the selection of passenger terminal building layouts requires consideration of several other factors in addition to the effect of taxiing distance such as passenger walking distance, connectivity of the different terminal buildings in the system, efficiency of baggage handling system, curbside facilities and connectivity with other transportation modes.
The overall layout of a terminal system is significantly influenced by the runway configuration of an airport. In-order to categorize different terminal layout possibilities, the initial step would be to identify and categorize basic geometric shapes produced by different runway layouts. Subsequently, for each of these established categories of geometric shapes, different possible terminal system layouts should be identified and categorized into several groups depending on their impact on aircraft taxiing distance. 
6.1 Categorization of geometric shapes defined by different runway layouts, that can be sued to locate passenger terminal buildings

The runways and the flight paths along their centerlines lines act as straight lines separating the entire area of the airport into several regions with different geometric shapes. Terminal buildings are usually located within these regions provided the area is sufficient to accommodate them. Several examples of these possible geometries are illustrated in Figure 3 and could be identified as follows. 
· Type S – Area defined by a single runway

· Type M – Area defined by two medium (intermediately) spaced parallel runway

· Type F – Area defined by two far (widely) spaced parallel runways

· Type X – Area defined by two intersecting runways with an obtuse angle

· Type V – Area defined by two intersecting runways with an acute angle
6.2 Categorization of basic passenger terminal building configuration possibilities considering their impact on aircraft taxiing distance

For each of the geometries identified in the previous sub-section a large number of different terminal layout categories could exist. In-order to explain the possibility of identifying terminal layout categories, area Type F is considered as an example. Figure 4 illustrates some of the typical terminal layouts that are being used for an area defined by two far spaced parallel runways. These terminal layouts could be broadly categorized into three different groups considering their affect on aircraft taxiing distance. 
· Figure 4 (a) where the terminal layout allows significant level of aircraft movement between the two runways and the gates.
· Figure 4 (b), (c), (d) where the terminal layouts allow a certain amount of aircraft movement between the two runways and the gates.

· Figure 4 (e) where the terminal layout allows only a limited amount of aircraft movement between the two runways and the gates.
Similarly the terminal layouts could be categorized into more than three groups depending on the requirement. However, categorization into large number of groups will need higher levels of accuracy requiring detailed numerical analysis or simulation techniques. 
7 aNALYSIS OF AIRSIDE CONFIGURATIONS
In order to establish a network of airside configurations that are efficient in handling aircraft operations, it is necessary to evaluate each of the possible configurations identified and select ones that are appropriate and remove the ones that are less suitable from the network. The process of evaluation will require analyzing different possible runway configurations together with possible terminal layouts considering different factors identified in Section 2 with the objective of determining the efficiency of the configurations.
8 CONCLUSION
The paper has introduced the main steps that would require in developing a network of efficient airside configurations that could act as a guideline for airport planners when designing new airports as well as expanding existing ones. The network is expected to consist of a set of airside configurations that are efficient in handling aircraft operations, connected from one configuration to one or more other configurations indicating possible paths of evolution. Such a network will enable airport planners to visualize different possible alternative airside configurations that the airport could expand into, ensuring efficiency of aircraft operations throughout its evolutionary process. 
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Figure 1 : Evolution of runway configurations by addition of runways
Figure 2 : Evolution of runway configurations by alteration of runways

Figure 3 : Some of the possible types of terminal areas

Figure 4 : Some of the possible terminal configurations for area Type F
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