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Background and Need
Selections of a projection for use in an organization’s GIS system have been based on many different criteria.  Some of those criteria may not have the same validity today as when originally determined or new criteria may have become important.  Typically in the US Forest Service, original choices in the 1980s were selected from the well known projections of the UTM or State Plane systems.  These worked well for the relatively small areas needed for individual National Forests as well as being in common use in the digital data available at the time.  Other organizations in the same local area often made the same choices for the same reasons.  The time and effort needed to project data encouraged organizations to pick a standard projection and stick to it.  Over time there has been an increasing push to switch to projections suitable for larger areas of interest moving to state, multi-state, or national projections.  Improvements in technology such as bigger faster hard drives, faster networks, wide-area networks, and client-server architectures have made shared data centers more attractive as data serving solutions.  More organizations have GIS systems and as more standards are established the data of each organization is easier to use by other organizations.  Advances with GIS software, particularly projection on-the-fly for screen display, allow an organization to make different decisions for storage and analysis than for map display.  
All of these trends and advances allow different reasonable choices but still do not help someone make a good choice of projection.  The Forest Service has built up a cadre of GIS professionals by reassigning employees that have shown an interest and aptitude and using on-the job and specific training.  An advantage of this is that there are a variety of GIS professionals with backgrounds in every aspect of land management.  A disadvantage is that most have only a weak background in some of the foundational aspects of GIS.  Understanding of projections is one of the areas where there are relatively few GIS employees with good understanding of projections and the trade offs involved in various choices for projection.  

When an organization reaches a point where it is considering adopting a projection for a larger area of interest, an evaluation between the old and new projections will be needed in order to explain to users of GIS what the differences mean.  An evaluation of various projections would also be useful in determining a suitable choice.  Each projection has various characteristics that may have varying importance to an organization.  For instance, if accurate area and accurate distance measurements are important, a threshold of distortion could be decided on for each measurement and various projections evaluated.  If a national extent projection can meet the thresholds, then broad use by the organization of that projection will facilitate data management.  
Goals and Objectives
The goal of this project was to expand upon the common decision process for choosing projections by providing a tool that allows comparison of different projections by displaying both graphically and quantifiably the distortion in three properties: areal, angular, and scale. This will allow better consideration of secondary considerations for projection choice, e.g. choosing an equal area projection also minimizing scale distortion.  The tool created runs with ESRI’s ArcGIS software; however, the methodology should be suitable for any GIS.  The tool is suitable for analyzing mid-scale areas, e.g. state to continental sized areas.  The audience for the tool is GIS professionals, but the results are suitable for any resource professional.  The objective is to facilitate better decision making in the choice of projections and an increased understanding of the resulting distortion. 
Methodology
Two techniques are used to assess distortion: an approximation of Tissot’s indicatrix for areal, angular, and scale distortion and a grid of equal area cells for areal distortion. Results include reporting the maximum values of distortion for the area of interest as well as a graphical display of distortion patterns using graduated colors for catagories of amounts of distortion.
Nicolas Auguste Tissot developed an analysis of projection distortion in 1881 based on the theory that at every point on a map there is a pair of perpendicular lines that are also perpendicular on the earth (Snyder 1987). Therefore an infinitely small circle on the earth would always project as a perfect ellipse with the ratio of the major and minor axis related to scale and angular deformation.  Starting with a circle with radius, r = 1, and identifying the major axis of the resulting ellipse as “a” and the minor axis as “b”  the formulas for distortion are: maximum angular distortion  =  2arcsin ( (a-b) / (a + b) ), maximum scale distortion =  (a – 1)2 + (b – 1)2, and areal distortion = ab – 1 (Canters 1989).  
The calculation of a Tissot’s indicatrix is based on formula specific to each projection; however, an approximation of the parameters can be accomplished using the inherent projection functionality of a GIS program.  Tissot’s theorem is applicable to projection between any surface and a projection of that surface (Fenna 2007).  Choosing a projection that preserves one or more properties and projecting features from that projection to a target projection to be analyzed is equivalent to projecting features from the spherical coordinates of a globe.
Areal distortion of a selected projection may be analyzed by determining the distortion that occurs to features when projected from an equal area projection to that projection.  The process is straight forward and easily automated. The first step is to generate a vector grid of square polygons using the coordinates of an equal area projection covering the area of interest.  The generated grid can then be projected to another projection of interest, a field added and calculated with the percentage change between the original area and the resulting area.  The results can be summarized with the range of change and displayed as a reference map by shading categories of percent change with a color ramp.  Creating a grid of equal sized squares using an Albers coordinate system, e.g. boundaries at every 1000 meter for both x and y coordinates, results in a representation that can be measured against to determine distortion of area. If a particular polygon feature is 1,000,000 square meters in the equal area projection, and is 1,002,000 square meters when measured in another project the second projection has distorted the area by 0.2 %. 
Similar to the process for areal distortion, shape and angular distortion of a selected projection can be analyzed by determining the distortion that occurs to features when projected from an Azimuthal Equidistant projection, but only for angles from the principal point and distances along straight lines that include the principal point (ESRI 1994).  Note that there is no projection which maintains scale at every point in every direction (Snyder 1987). Therefore, to analyze a projection,  a series of Azimuthal Equidistant projections will be used.  In order to avoid any systematic bias, as might happen if a regular grid of principal points were used, the analysis will use a set of random points covering the area of interest (Laskowski 1997).  A set of equal length lines radiating from a central point with endpoints equally spaced about the center point, e.g. 360 lines each 1 degree apart, are defined as originating from a random point and defined with an Azimuthal Equidistant projection with the principal point the same as the center point.  The directions from the principal point of an Equidistant Azimuthal projection are all correct (Robinson 1988). Each set of lines can then be projected to the target projection and the distortion at that point computed from the maximum and minimum lengths of the lines in that set. The maximum and minimum determined this way are an approximation of the semi major and semi minor axis of the Tissot’s indicatrix at that point. The precision of the approximation can be refined by increasing the density of the radiating lines. 
In a vector GIS linear features appear to consist of straight line segments; however the data is most often actually stored by coordinate pairs, i.e. vertex, identifying the location of the ends of the feature and any intermediate locations.  When a feature is projected, each vertex is projected and the resulting segments still appear as straight lines between the projected vertices even though the result should be a curve.  When a feature of significant length is projected the resulting length and intermediate positions may have additional distortion not directly measured, the magnitude depending on the distance between intermediate vertices. In order to minimize this effect, we will keep the length of any lines used in the analysis to less than 10 km, the radius of the area on the earth that can be considered a plane (Richardus 1972).

Although the choice of datum affects the accuracy of a projection, discussion and evaluation of differences between datum is out side the scope of this project. This project will assume that all comparisons of projections will be made using the same datum.   
Results

The result of the project is a tool that accepts a user defined area of interest (AOI) and a target projection as input.  The tool generates a report with the maximum distortion of each of the three properties as well as an ArcMap document that can be used to show the pattern of distortion in the AOI including locations, if any, where acceptable thresholds are exceeded. The tool is programmed in the Python scripting language for ESRI’s ArcGIS Software. Requirements for running the tool include ArcGIS 9.3 or greater with an ArcInfo level license and a Spatial Analyst License. The tool is available for downloading from ESRI’s Model and Script Tool Gallery: http://resources.esri.com/geoprocessing/index.cfm?fa=codeGalleryDetails&scriptID=16595.
Distortion values are estimated at each point across the area of interest. The precision of the error estimates for the asterisk method axis and distortion values are 1/1000th of unit.  The error from the interpolation is less than 1/10th % or less than 1/10th degree when using 1000 points.  The precision of the error estimates for the fishnet method is 1/100,000th% when using a grid size of 10,000 meters with an error of less than 2/100th %.  

There are three significant limitations: the fishnet analysis does not work for polar regions, rounding can create false patterns for areas of minimal distortion, and there is significant time required to run the tool with large numbers of interpolation points.
The polar region issues could be resolved by replacing the existing Albers conic equal area projection used in the fishnet routine with a projection that will work for Polar Regions, such as a Lambert azimuthal equal area projection. Performance of the tool would be improved by changing the method of estimating the parameters of Tissot’s indicatrix by evaluating only four points instead of the asterisk of 180 lines.

Additional enhancements that could be incorporated into the tool include: 
· Improve the default map document and use user defined threshold values

· Accept selected polygons for defining the Area of Interest

· Add option to include specific point in the asterisk analysis, for example along a principle meridian or standard parallel

· Explore use of other interpolation methods such as kriging 

· Change the code to lower license requirements

· Add an option for assessing accuracy of the distortion estimates

· Allow user to specify geographic transformations
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