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Abstract This method applies fractal analysis on the continuous space of a city to get a spatial distribution of fractal dimension to evaluate the transportation network.  It treats a city as distributive continuous space and deploys the fractal analysis on every piece of space. Planners can see detailed situations more clearly and intuitively and make decisions or predictions. As a case study, we aim to evaluate the planning involved in the development of Navi Mumbai nodes, viz. Kharghar.
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I. Introduction

Cities and road networks that are designed using conventional methods like Box Counting Method are static in nature, i.e. they cannot be modified to account for changes that are typical of cities, like changes in terrain and construction of new structures. These changes can be brought about due to environmental factors, population growth, economy-related changes etc. Using Distributive Fractal Analysis, the dynamic nature of cities can be captured, thus giving town planners room to improvise upon the existing design without carrying out the entire design process again. 

II. TRANSPORTATION SYSTEMS

A city has very complex subsystems such as population, land use and transportation network, which are also dynamic in nature. Before starting a project or planning a part of the city, it is very important to synchronize the features of these subsystems and find a balance between them at both the micro scale and the macro scale. Effects of these subsystems on each other and on the system as a whole have to be studied and kept in mind while planning a new project. Planners need to test the harmonies between various subsystems analysed in isolation. Most of these subsystems, transportation systems in particular, show the properties of fractals, viz. irregularity, scale invariance and self-similarity. 

So far there is no effective method available for such quantitative analysis. Most of the work has been done empirically. Cities and transportation networks have been examined for their irregular form and organic growth. Some researchers used the fractal property to analyse the city's growth (Batty et al, 1989; Manrubia et al, 1999; Peterson, 1996; Shen, 2002). Others focused on a larger spatial scale and investigate the fractal nature of the patterns of urban systems and human settlements (Appleby, 1996; Longley et al, 1991; Sambrook and Voss, 2001). For some subsystems of the city, many researches are available, such as land-use patterns (Longley and Batty, 1989), population distributions (Batty and Xie, 1996), or transportation networks (Chenand Luo, 1998; Rodin and Rodina, 2000; Shen, 1997). Fractal analyses of urban transportation networks fall into two groups: those aimed at revealing the regularity and self-similarity of road systems (Benguigui and Daoud, 1991; Rodin and Rodina, 2000), and those that go one step further by trying to link the fractal properties of transportation networks with cities' properties and functions (Chen and Luo, 1998; Shen, 1997).

In earlier studies, the trend has been to examine various subsystems separately. However, it is of increasingly greater importance now to correlate the information obtained from the research carried out by city planners, with the actual geographical data of the region.

This can be very helpful in efficient planning of the area because the resulting plan is composite, with each transportation element, eg. In case of a roadways network, it takes into account the terrain of that particular section of the roadways network.

There are two primary methods for conventional analysis of transportation systems, which are as follows:

A. RASTER MAPS 

A raster map is a picture, giving only image information. It can not be used by computerised planning tools in any useful way, as they are not meant to be enlarged or customized in the ways that vector maps can be manipulated. A raster map is encoded in the form of a regular array of cells, i.e. in this case, they are the digitised satellite maps. Those maps contain everything in visual data form but can only be used for analysis purposes after image processing. This processing involves several stages, viz. monocoloring, elimination of unnecessary and irrelevant data such as trees and cars, determination of edges on all objects; and finally, the classification of those edges into different categories. A raster map having a particular resolution of display affects the exactness or accuracy of the analysis results.
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Fig. 1 Raster map of a road network

B. GIS Maps

Geographic Information System (GIS) maps are an ideal input for the purpose of fractal analysis because they consist of resolution-independent vectors. Although GIS maps originate in raster maps, the resolution does not hamper performance. They offer rich-featured and user-friendly interfaces, which can be easily operated in fractal analysis.
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Fig. 2 GIS map of a road network with road widths taken into account

An advantage of GIS maps over Raster maps is that the actual width of each road can be accounted for in the plans. That is, in raster maps, the width of each road could not be measured precisely, so the real surveyed data had to be correlated to the raster map. Using GIS maps eliminated this difficulty.

III. Fractals

Fractal geometry is a natural extension of Euclidean geometry and revolves on the existence and properties of ‘fractals’. A fractal is generally a rough or fragmented geometric shape that can be split into parts, each of which (at least approximately) is a reduced-size copy of the whole. This property is known as self-similarity. The word fractal comes from the Latin word fractus, meaning broken or fragmented. The term was coined by Benoît Mandelbrot in 1975. It was first introduced by Mandelbrot (1967) in calculating the length of British Coastline. A mathematical fractal is based on an equation that undergoes iterations, a form of feedback based on recursion. Natural objects that approximately resemble fractals are clouds, mountain ranges, lightning bolts etc. There are a large number of mathematical fractals that can be created, the most common being Sierpinski’s gasket, Cantor’s comb, von Koch’s snowflake, the Mandelbrot set, the Lorenz attractor etc.

In 1953, the English meteorologist Lewis Fry Richardson published his work ‘How long is Britain’s coastline?’ Richardson stated that the length of a coastline varies with the scale of measurement. Smaller the scale of measurement, larger will be the coastline because a smaller scale of measurement accounts for more indentations along the coast therefore giving a more accurate result. 
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Fig. 3 How long is Britain’s coastline: The smaller the increment of measurement, the longer the measured length becomes.

This was the first time that Fractal Analysis was used for mapping geographical element, though indirectly. Fractal Analysis in modern transportation networks is based on the same principle. A fractal is said to be irregular, not because it is extremely random but due to its rugged appearance and absence of smooth lines or curves. Such objects are, however, highly deterministic in nature and capable of storing minute details. They are in no way random geometries. They are self-similar i.e. as we go on magnifying, the irregularity repeats and the geometry becomes increasingly complex up to infinity. Each magnification will bring out more details similar to the coastline example. Thus, the measured length L (G) is the function of measured scale G. 

L (G)= MG (1-D)
Where, M= constant

             D= Fractal Dimension

The above equation is applied for both natural as well as man-made structures. Then the fractals are defined as objects of any kind whose spatial form is nowhere smooth, hence termed "irregular", and whose irregularity repeats itself geometrically across many scales. The fractal dimension (D), which was deduced from this relationship, became an essential parameter to express how rough an object is or how fast the length increases from one measured scale to another measured scale. 

IV. BOX COUNTING METHOD

It is the method employed to evaluate a region using Fractal Analysis. 

A. Conventional Box Counting Method

Conventional method of fractal analysis involving continuos distribution calculates the fractal dimension of the city/area as a whole, in one sweep. 
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Fig. 4 The Conventional Box-Counting Method 

In this case, it is not possible to modify the algorithm midway through the analysis to change the parameters being evaluated. Thus, the results obtained are static. If there is any change in the terrain or any other feature of the region, it is not reflected upon the results. For the results to adapt to any modifications in parameters, the study has to be carried out all over again.

B. Renewed Box Counting Method

The conventional box-counting method calculates the fractal dimension of the whole city. A renewed algorithm has been introduced to calculate the distribution of the fractal dimension in the continuous space of a city. It involves three steps:

1) A mesh is created in a part of the area/region being studied. This is a conventional box-type mesh.

2) The conventional box-counting method is implemented to get the fractal dimension of this area/region and recorded in the centre point of this area.

3) the mesh is extended a little further in one direction and the second step is repeated until the whole area has been covered.

In this case, the algorithm can be modified even midway through the analysis to change the parameters being evaluated. Thus, the results obtained are dynamic. If there is any change in the terrain or any other feature of the region, it is reflected upon the results. There is no need for the study to be carried out all over again.
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Fig. 5 The Renewed Box-Counting Method 

Another important factor, which affects the results obtained, is the set of parameters. There are four parameters that need to be set before running this algorithm: the mesh size, the initial lattice size, the final lattice size and the incremental move step. They will deeply affect the precision of the results and the calculation time. The calculation is very intensive, and has to be optimised as slight changes will get finer data but increase the calculation time exponentially. A balance has to be maintained between the required precision and accuracy of results and the time consumed in calculations. 

V. Advantages of Renewed method over Conventional method:

1) The Conventional method analyses the area being studied as a whole, and does not provide the fractal dimensions of each part of it, in case that is required.

2) Results of conventional method of Fractal analysis are not correlated to the actual geographical characteristics of the region, eg. terrain, elevations, width of roads, etc.

3) The proposed method transforms the conventional methods from static to two-dimensional dynamic methods, and provides much more information of the system.

VI. PROPOSED CASE STUDY: KHARGHAR

This study proposes to apply Distributive Continuous Fractal Analysis on Kharghar node of Navi Mumbai. Kharghar is a residential cum commercial node. It is a popular node for residential complexes, colleges and schools. 
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Fig. 5 Navi Mumbai: Proposed Development Plan (Courtesy: CIDCO)

Also, it is the node closest to the proposed Navi Mumbai International Airport. Kharghar covers an area of 17 square kilometres, 7 km long and 5 km wide. There are 12 village settlements located in Kharghar node having a combined population of 20,000. Kharghar is divided into 45 sectors. 

Encircled by lush green mountains from all sides, Kharghar in Navi Mumbai is no less than a hill station in the rains. Kharghar is a nature lovers' delight, having loads of open space and greenery everywhere. 

However, over the years, the demand for residential and commercial complexes has increased tremendously. It is important that this expansion of the node be carried out in a phased and planned manner. Hence, it is proposed that the transportation system of Kharghar be modified so as to cater to the demand. For this purpose, using the Renewed Algorithm of Fractal Analysis would be useful.
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Fig. 6 Aerial Map of Kharghar (Courtesy: Google Maps)

Fig. 6 shows the ample space in the node currently unused, and available for commercialisation. Thus, the Proposal is to apply Distributive Continuous Fractal Analysis to the region and obtain the ideal plan of action.
VII. Conclusions

The combination of GIS and fractal analysis offers many ways to study the function of a subsystem. The product of using such a system is more flexible to change. Planners and policymakers can see more detailed information than conventional analyses and make their decisions more effectively and visually. The different environmental as well as man-made changes can be accounted for by simply modifying the existing design. This also enables researchers to predict future changes and variations. Although this method is time consuming, a balance can be struck between accuracy and requirement. Hence, the Distributive Continuous Fractal Analysis can be implemented effectively for land use, urban form prediction and transportation network design. Further scope includes ways to improve the visibility and special capability of fractals. This might be achieved by incorporating GIS technologies into fractal analysis.
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