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With wildly fluctuating fuel prices, the onset of global warming, epidemic obesity, and the political problems accompanying dependence on foreign oil, many communities and regions are looking to bicycling as an important part of a comprehensive transportation solution.  Local and regional governments and organizations are investing in infrastructure dedicated to the bicyclist.  In King, Pierce and Thurston Counties in the State of Washington, such investments are not new.  They have been made regularly over the course of the last few decades.  The area has been ahead of the curve in this respect.  However, in the South Puget Sound region, these investments have generally lacked central coordination and a longer view of how the trails being built will fit into the larger bicycle transportation system.  This has resulted in a piecemeal set of individual trail networks that lacks intra-connectivity.  This lack of connectivity keeps the full potential of these trails as transportation infrastructure from being realized and, in some cases, renders them useful only for recreation.
The analytical power of GIS in the spatial realm is beyond compare.  It imbues GIS with the potential to be a valuable and powerful tool for planners and advocates who hope to connect, complete and expand networks of bicycle trails and lanes, not just here in South Puget Sound region, but everywhere bicycles are being ridden.  In this project, I lay out a methodological framework for using ArcGIS to identify, analyze and valuate the gaps between existing networks of trails and/or lanes.  These values will guide involved parties to gaps for which connection offers the greatest return per unit of new trail or lane.  I test this framework using the trail networks of King, Pierce and Thurston Counties in the State of Washington.
Making the Case for Bicycles as Transportation

The United States has for years been reticent to view the bicycle as a legitimate means of transportation.  Throughout most of the Twentieth Century, many countries - particularly those in Western Europe - were directing substantial resources to build and improve both public transportation and bicycling infrastructure.  During the same period, the United States seemed to move in the opposite direction.  Most cities in the United States saw a widespread dismantling of streetcar systems to make way for cars, buses, streets, highways, more cars and more highways.  Virtually absent in these vast road systems was any consideration of the bicycle.  In the US, cycling was quickly being relegated to the domain of recreation.  It was viewed as legitimate transportation only for those too young to drive.  This was the dominant paradigm in urban planning in the United States throughout the late 1900s and it still persists today in many big cities.  Almost everything was designed around the car.  However, there are many reasons to believe that it is time to give the bicycle a second (and more serious) look as a means of transport in US cities.
During the summer of 2008, average gasoline prices hit a peak of $4.11 per gallon (Short Term Energy Outlook 2008).  Dependence on foreign oil, much of which comes from countries generally viewed as unfriendly toward the United States, was a political and economic hot topic.  Global Warming had gone from theory to a phenomenon widely accepted among the scientific community (Stevens 2007) - one to which automotive exhaust had almost certainly contributed prolifically.  Obesity rates had hit an all time high, both among children and adults (Statistics Related to Overweight and Obesity).  As a means of transportation the bicycle presents a wonderful solution to each of these problems that had become so glaringly acute in the summer of 2008 and remain so today.

The problems resulting from oil-derived gasoline and our reliance on it as a country are the focus of serious debate at the highest levels of government.  It is being blamed for problems ranging from budget deficits to smog; from national security issues to hastened global warming.  Bicycling as transportation offers a one stop solution.  Bicycling requires no gasoline, leaving a cyclist largely inoculated from the hazards of fluctuating gas prices.  Because it burns calories, not carbon, all emissions from a pedaling cyclist are a natural part of the carbon cycle.  This means that cycling is a carbon neutral activity.  As a means of combating reliance on foreign oil, the advantages of the bicycle are obvious.  It requires no energy from gasoline or foreign oil whatsoever (unless one counts the occasional imported bottle of olive oil!).  The energy that propels it forward comes from the muscles and will of the rider and the food he or she eats, and then subsequently burns while riding. 

The calories burned through cycling offer benefits beyond simply “not being gasoline”.   A phenomenon that followed the rise of the automobile in the United States was the drive-thru window.  The drive-thru has become a fixture at fast food restaurants in the United States.  It is these same restaurants who are, in part, being blamed for one of the gravest problems facing the nation today – epidemic obesity.  According to the National Institutes for Health, approximately two-thirds of adult Americans are overweight and a third are obese (Statistics Related to Overweight and Obesity). Transportation by car burns very few calories.  Aside from the walk to the car and the effort exerted to get into the car, travel by automobile is, essentially, inactivity.  Cycling, on the other hand, is activity.  It is both transportation and excellent exercise.  Bicycling could be an effective tool in combating obesity if more ridership were effectively encouraged.  One recent study followed bicycle commuters in Portland, Oregon over a period of time using GPS transmitters.  The results showed that approximately 60 percent of these bicycle commuters rode for 150 minutes or more per week, thus meeting or exceeding the amount of weekly exercise recommended by the US government (Dill 2009). 
So…If Cycling is So Great, Why Aren’t We All Riding?

The benefits of cycling are clear.  Nearly everyone knows how to ride a bicycle.  A huge portion of Americans own bicycles.  Many people go to great lengths to ride their bicycles just for “fun”.  So what is it that is stopping us from using our bicycles as a primary mode of transportation?
A natural argument against the bicycle as a part of a transportation solution is the understandable reluctance on the part of most riders to use it for longer trips.  A ride of more than ten miles may seem quite long to less experienced or enthusiastic cyclists.  However, according to the Rails-to-Trails Conservancy, nearly half of all trips in the United States are to destinations within three miles of the home.  More than half of these are actually one mile or less.  Of these short trips, the vast majority are made by car.  In addition, well over half of working Americans live within five miles of their place of employment (Rails-to-Trails Conservancy 2007).  These distances are manageable by even novice (or out of shape) cyclists.  Yet, the share of Americans who commute to work by bicycle is less than 1% (Federal Highway Administration).  So again, we must ask, “Why aren’t we riding?”.
While factors such as grade and terrain can influence a cyclist’s decision to ride or not to ride(Troped et al. 2001), one of the most important reasons that people are not riding bicycles to meet their transportation needs is perceived fear (Carnall 2000).  They are afraid of riding with motorized traffic.  There is evidence that this fear is even more widespread among women, who tend to be under-represented in the bicycling community (Garrard, Rose and Lo 2008).  Whether this fear is legitimate or merely perceived, it is real and is a genuine problem to be overcome if the United States is to increase bicycle ridership in meaningful way.  
What is the Solution?

This fear expressed by would-be riders is inexorably linked to one of the other most cited reasons for not riding – the lack of safe places like trails and marked bike lanes on which to ride.  If people do not feel safe riding with traffic, the obvious solution is to provide someplace for them to ride where they will feel safe.  Separated trails are an excellent choice.  This may seem incredibly obvious.  However, many cities in the United States have failed to take any meaningful action toward building an infrastructure of bicycle trails and lanes on which a cyclist can ride and not feel at risk.  If a rider needs to go from point A to point B and doesn’t feel that a safe route between the two points exists, they will grab their car keys almost every time.
Research shows that, if lanes and trails are built, ridership increases.  There is a direct correlation between the amount of bicycle infrastructure and the number of riders.  The seminal study reflecting this truth was If You Build Them, Commuters Will Use Them: Association Between Bicycle Facilities and Bicycle Commuting  by A.C. Allen and D. Nelson.  Their research examined a number of cities in the US and found an undeniable association (1997).  This study was later followed up by Dill and Carr with Bicycle Commuting and Facilities in Major U.S. Cities: If You Build Them, Commuters Will Use Them.  In this work, they used an even larger sample, examining 43 large cities in the United States, confirming the result found by Nelson and Allen (2003).  Yet another study found that better infrastructure was a primary reason that Canadians ride their bicycles more often than Americans (Purcher and Buehler 2006).  This same paradigm regarding bicycling infrastructure has also been shown to hold true in Europe.  The study of European cities identified an added benefit of better infrastructure - safer riding conditions and fewer accidents (Purcher and Dijkstra 2000).  Some studies have even shown that proximity to a trail in and of itself positively influences bicycling behaviors (Morris 2004, Moudon et al. 2005).  Riders go out of their way to ride on these dedicated resources (Krizek, El-Geneidy and Thompson 2007).   It seems very, very clear that trails and lanes must be central to any transportation solution that hopes to include bicycling.
Trails and lanes cannot be built haphazardly and still be effective.  Even in areas with large numbers of trails and bicycle lanes, the bicycle can rendered ineffective as a means of transportation.  If gaps that are considered to be unsafe by would-be-riders exist within the available lanes and trails, these would-be-cyclists will choose not to ride.  Continuity and connectedness are critical to making bicycle infrastructure effective.  This problem was summed up quite well by Hans Voerknecht from Holland's Fiets Beraad (bicycle council) in a recent article in The Guardian:  “They build 1km of a bike lane and then it ends. And the people who built it are amazed no one is using it. You might have 50km of lanes, but if it's 50 times 1km then no one will use them. You have to make it consistent.” (Walker 2008).  This describes the problem existing in my case study quite well.  King County, Pierce County and Thurston County have a generous number of paved trails.  Getting from one trail to another, however, can be dangerous and difficult.
This does not mean hard work that has been put into creating a disconnected set of trails and lanes has all been for naught.  On the contrary, the work to connect existing trails and lanes is generally much easier than attempting to build trails and lanes where none exist.  The key to such a pursuit is to identify all areas where gaps exist and then systematically eliminate them through the addition of new trail and/or lane.  Ideally, after gaps have been identified, the first gaps addressed should be those that connect the most trail and lane with the smallest investment of new lane.  This study proposes a GIS methodology to not only identify the gaps, but to valuate them in such a way that a planner or advocate can easily identify areas that are most ripe for intervention.
Methodology

My primary focus of this project was the methodology.  It is my hope that this method can be honed and made into a portable model for bicycle advocacy everywhere.

I used three polyline shapefiles representing the paved multi-use trails in King, Pierce, and Thurston County in the State of Washington as my input.  I imported these shapefiles into a feature dataset to rectify projections and then merged them into a single feature class containing all the regional trails.  In order to analyze these trails as networks, trails that do connect need to be viewed as a single trail network.  To accomplish this, I buffered the new trails feature class using a 50 ft. buffer and dissolved the result into a feature class of single distinct geometric features for each "network" of interconnected trails.  I then ran the Generate Near Table tool in ArcInfo 9.3 using this resulting feature class as both "input features" and "near features"  (Note: while pervious versions of ArcInfo have the Generate Near Table tool, versions prior to 9.3 require points as input and will not support this methodology).  I configured the options within the tool such that every network would be compared to every other network regardless of proximity. A large table containing information on the gaps between each trail network and every other trail network in the dissolved network layer emerged. The resulting table contained XY start points, length and angle indicating the nearness of trail network A to trail network B.   

In order to take the information contained in the resulting "gaps" table and generate a new feature class of "gap polylines", I needed to identify the XY pair at each end of the gap.  Because the results of Generate Near Table did not accomplish this directly, I created a new process to do so using a python script.  My script created a new polyline feature class and then cycled through the Generate Near Table results locating matching pairs of entries - for example:

The XY for Input Object ID = 5, Near Object ID = 13 was matched  to 
The XY for Input Object ID = 13, Near Object ID = 5

The XY start point from each of these matched table rows was used as an end-point to create a new polyline in the gap polylines feature class with the following attributes:  Shape Area of the input feature, Shape Area of the near feature, Distance of gap.   My script accounted for and skipped any entries with zero length and any segments that were duplicates.
Running a "select by location" procedure, I was able to identify segments that crossed over a third network to get from one network to another.  However, because these gap-lines were ALL tangent to their respective trail networks, they were ALL identified.   I overcame this problem by applying a -10 foot buffer that moved tangent end points 10 feet away from their respective trail networks and prevented them from being selected.  This buffer resulted in locating only the gap polylines which intersected trail networks en route to their destination.  The inverse of this selection was taken and exported as a new feature class.  By removing all lengths of greater than 25 miles, I was able to further narrow the number of gaps that remained.
To adjust the Shape Area fields to a number that more closely matched the total length of the trails represented (rather than the areas of the buffered polygons), I added to two new fields to the new gaps feature class and populated these fields using the following equation:
(Shape Area / 100) - 1000

I divided by 100 to remove the 50 ft buffers initially applied to each side of the trails.  I subtracted and additional 1000 to account roughly for the square footage added by the 50 ft. buffers at the ends of the segments.  Next, I added three new fields for valuation results and I developed three equations to provide valuation indexes for these new fields. The two main considerations for valuation were:

Which gaps, if bridged, result in the most total connected trail mileage after being adjusted for the distance required to fill the gap?

How can I keep my valuation from favoring the expansion of the largest trails without regard for the trails to which they are to be connected?  That is, how do I keep the big trails from being too "greedy"?

I tried three equations:

1. (Adjusted length of Trail Network A + Adjusted Length of Trail Network B) / Length of Gap

2. (Adjusted length of Trail Network A / Length of Gap) * (Adjusted length of Trail Network B / Length of Gap) 

3. Result of equation 1 * Result of equation 2

Equation 1 was effective in identifying gaps that maximized the total mileage of the resulting network. However, I viewed it as overly favoring existing long trails and over-valuing connections to otherwise less-significant trails.  I designed Equation 2 to punish combinations where one of the trails being connected was not significantly longer than the gap-trail needed to form a connection.  I felt this equation was an over-correction which under-valued the adding of connections to the longest existing trails (which form the backbone of the existing trail network).  Subsequently, I created Equation 3, the simple multiplication of the first two results, as a compromise and favored it as the most balanced solution.  I sorted gaps by the results of equation 3 in descending order and manually checked each using aerial photography on map.google.com and mapquest.com, my personal experience with the areas in questions, and news stories related to the gap identified.
Results

Many "gaps" were proven not to be legitimate gaps, but rather the result of digitization or data accuracy problems.  These were so marked.  Others, while certainly gaps between trails, were found to have been adequately addressed through a combination of sidewalks and on-street marked bicycle lanes.  Still others were short and ran along very rural roads making them insignificant.  However, a number of legitimate gaps were identified and marked.  The one gap found to be legitimate and given the highest value by the employed methods was the break in the Chehalis-Western Trail at Martin Way in Thurston County.  Some quick investigation found that Thurston County was not only aware of this gap, but that it was their highest priority within their cycling infrastructure system and that ground-breaking on a bicycle/pedestrian bridge was set to begin June 6, 2009 (Thurston Regional Planning Council).  A number of other gaps were identified and investigated that proved to legitimate gaps in need of attention.
Conclusions


The methods employed proved to be highly effective in identifying and valuating the gaps.  The tool located breaks in the trail system that offered great opportunities for adding new connections without disproportionate investment.  This is not a stand-alone solution by any means.  However, in conjunction with the other tools that a planner or advocate would normally employee, it would certainly prove to be a useful addition.
The methodology, in current form, lacks true portability.  Ideally, this methodology should be codified into an Arc Model so that it can be easily employed by advocates and planners with ArcInfo 9.3 and only a minimal amount of GIS training.  Improvements to the valuation equation that incorporate additional variables such as population density, proximity to places of employment, proximity to public transportation nodes and available pathways such as abandoned rail beds might offer real value going forward.  The author plans to continue to refine this research and welcomes all constructive input.
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