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Transportation Network Simulation

What potential uses could this transportation network simulation have?  The types of problems I hope it will be useful for is demand generation.  Different types of transportation infrastructures could be evaluated against each other to determine how well they meet that demand.  Many existing transportation optimization problems tackle ways to increase throughput or capacity.  But the task of urban planning should focus more on minimizing demand in addition to maximizing capacity.  For example, instituting staggered work hours or telecommuting programs can relieve peak rush hour traffic congestion without spending a fortune widening highways and building additional infrastructure just to handle a few hours of peak usage a week.  It would be nice to know how much incentives to provide to encourage employers to implement flexible work hours, or how much to invest in telecommuting infrastructure (such as municipal broadband) in order to provide productivity benefits similar to simply adding highway lanes or additional thoroughfares.
Also, by simulating demand, we can create a transportation system that is more sensitive to individual needs rather than the aggregate flow of travelers.  This would allow us to create schedules around the traveler’s itinerary rather than forcing the traveler to always plan around fixed train, bus, ferry, and aircraft timetables.  For instance, if everyone starts work exactly at 8:30, but busses only run hourly on the hour to that particular stop, then the extra half hour everyone spends waiting per day essentially counts as extra commuting time in their books, even though the bus operators might only measure the time the passenger spends sitting on the bus and perhaps waiting for known connections.
An advanced bussing system that dynamically generates routes and schedules based on individual source and destination requests from each passenger could achieve efficiencies and meet customer requirements far better than what we have today, and could make public transportation more attractive to people who drive their own vehicles in order to maintain that degree of flexibility.  During peak commuting hours, this has the potential to reduce individual commute times, as busses could be scheduled more like express routes and fill up at one location and proceed directly to stops at a common destination with minimal stops or transfers or jaunts down back roads along the way.  During off-peak hours, busses would not run nearly empty along the same routes with very low frequency, but would run on demand, cutting down wait times and making them a more convenient option for midday or late night errands.  An effective public transportation system should make a metropolitan area “smaller”, where each of its districts are easily accessible for connecting places where people live, work, and go for necessary errands and entertainment.  Under the current hub and spoke paradigm, unless your source and destinations are near hubs or just down the street, travel on the system through two hubs can take up a significant portion of time.  This time would typically consist of at least 5-10 minutes of waiting for each connection and perhaps 10-20 minutes riding each segment;  the result being that driving independently in one’s own car would take between half or even a quarter of the time that the trip would take on public transit, even with traffic.  For commuters, this time savings doubles, so it is of little surprise that most commuters prefer to spend the extra gas, auto maintenance, and toil to gain 1-2 hours of family time at home a day.  Public transportation systems could still use a lot of improvement to make mass transit desirable over driving, rather than just an alternative to driving that merely relieves congestion on the roadways so that other drivers end up with a better traffic experience.
What defines a good intermodal transit system?  The conflicting goals might be characterized as:  speed, response, coverage, and efficiency.

· “Speed” refers to how fast the transit system can get a passenger or cargo item from point A to point B.  Unfortunately, this does not depend entirely on the cruise speed of the vehicle alone, but also time spent making transfers and additional preparations (such as passenger check-in and luggage screening at airports)

· “Response” refers to the frequency of service, particularly how well it matches and meets demand.  Extra time that people have to wait at their source or destination should be counted against the system… though this is almost always overlooked in transit performance metrics today.  The data just isn’t available, or people have relegated themselves to adjust their schedules around the system’s timetables.  This “response” metric will usually be at odds with efficiency due to economies of scale, since making passengers wait longer times between pickups can cluster them into larger groups.
· “Coverage” refers to how well the transit system covers the service area, which should include how far people have to walk from their doorstop to enter the system.  Broad coverage is more difficult to achieve for a mass transit system, especially as population density decreases and residences and businesses are more spread apart.

· “Efficiency” might refer to two terms:  that in terms of frugal monetary spending on operating costs and fixed infrastructure investments, as well as in terms of conservation of fuel and resource utilization.  Efficiency pretty much always counterbalances against each of the three other goals, so we often must express how much extra money or fuel we are willing to expend for whatever modest gains in speed, response, or coverage.
The main way we’ll be able to improve efficiency (aside from simply improving fuel efficiency) would be to use existing resources smarter – through extensive use of optimization.  With enough planning and foresight, optimal scheduling is straightforward to perform.  However, things never quite go as planned, due to a variety of unpredictable factors such as weather and accidents and just plain last-minute changes in schedules.  In order for the optimal plan to be of much use, we ought to continually collect enough data in real-time to monitor and reevaluate schedules as able.  This requires that we have a communications system in place that allows us to poll the status of our cargo, passengers, and transportation vehicles.  Equipage for this type of system would have been cost prohibitive in the not-too-distant past, but now that geolocation devices, mobile computing, wireless networking, and cellular data network backbones have become nearly ubiquitous, we’d be silly to not put all this capability to good use.
So instead of having fixed timetables locked down and set weeks, months, or even years in advanced, based only on projections from previous observations of seasonal, aggregate flows of the past, and barely ever followed to the minute, we could perform schedule optimization on actual data.  This data would factor in individual requests from each customer, including their destination and schedule constraints (or better yet, their schedule flexibility).  Vehicles could report their current location and status, meaning they’ll always be right on time – especially since they could report their arrival time themselves.  Monitoring and reporting of deteriorating road or weather conditions could automatically update the schedules of every vehicle in the network to account for and mitigate the effects of new delays.
In order to operate in an intermodal fashion, however, different segments of bus, rail, and even taxi and aircraft platforms must be able to exchange data with each other in order to feed the formulation of the global optimization problem.  This also needs to interoperate between multiple jurisdictions and carriers, who will still want control over their own vehicle resources.
What kind of features would such a schedule collaboration system need to make a diverse set of platforms interoperate?  First of all, we need to define a common language used to publish and exchange schedule and status data.  Next, we would want to define schemas representing the types of data that are actually required, desired, or merely expressed as comments for general informational purposes.  Some of the properties desired by this scheme could certainly be handled by an data representation framework like that provided by XML (extensible markup language):

· It should have a standard set of tools for processing and manipulating the data, a la XML’s parsers and stylesheet transformations.

· The data representation format should be extensible, allowing newer versions of software to introduce new data types and tags without breaking older software that doesn’t expect or understand the additional data.  In a similar vein, older software in the system should still preserve these newer data structures in messages that it passes along between other, perhaps newer or more capable software components that understand and can make use of it.
· The schemas should be centrally version controlled and available for verifying data types, etc.

This language feature set would allow different organizations to continue to share and integrate their logistics information, even as the set and functionality of the data schemas grow, change, and evolve over time.  Incremental additions can be introduced, such as adding field for, say, the error or uncertainty surrounding a predicted arrival time – information that we might not be able to make good use of now, but could give us tangible benefits once we learn to process it better.  Major version changes that alter the meaning of data fields in ways that are fundamentally incompatible with earlier versions could be introduced and managed by a central standards body, while a set of standard transformation filters could be provided to convert as much data between major revisions as possible.
As an exercise, let us consider some of the data elements we would want a schema to include that would lend themselves to a good schedule optimizer.  Each of these values of interest might need to be expressed and measured in different forms, to indicate whether their values have been projected from previous data, predicted based on current known conditions, or are the actual measured values after the fact.  Additionally, projections and predictions would want uncertainties attached to them in order to be of use for contingency planning.
First off, we will list out the information a passenger or piece of cargo wishing to traverse the system would want to convey to us.  The simplest schema would consist of a source location, a destination, and a desired time of arrival or departure.  But much other information could be collected that would be of use:

· Unique identifier:  every database needs to refer to its elements by some unique ID at some point.  Many privacy rights activists cringe every time a system forces them to assume one that is traceable back to them.  It’s beyond the scope of this paper to address the requirements of what can or cannot be gleaned or pieced together by data mining this information.  But suffice it to say that privacy and security concerns could be met by currently existing encryption, digital signature, and authentication technology.  As an example, suppose that after payment, a unique system identifier was associated with an encrypted, one-time signature generated by the passenger’s private key.  Only that passenger would be able to decrypt the digital fingerprint that associated their personal identity information with the unique ID stored in the passenger roster.  They would be able to prove that it was them who generated that unique signature ID at a later time, say, if they needed an alibi.  However, government or private entities that somehow got a hold of the passenger roster wouldn’t be able to runs searches, such as “give me a list of all the people who traveled to this shopping mall” or “list all the places John has traveled to lately.”  For more restrictive governments or law enforcement / monitoring agencies, all or part of this data could be exposed through a key escrow system.  The point is all of this framework exists and should be set up from the inception of the system, since the security and authentication model will likely be deeply ingrained into how the rest of the software systems operate.  The main problem that most privacy advocates see is that the minimum basic anonymity safeguards are simply not being deployed into the systems of today.
· Schedule constraints / flexibility : optimization thrives on having some slack or flexibility in its constraints.  We could achieve more optimal schedules if only passengers could more adequately express things like:
· What range of times could they be expected to arrive at their destination?  Not later than 9:00?

· How much extra would they be willing to pay to reduce their time in transit, say be giving them preferential treatment in the schedule optimization algorithm?  In the same vein, would any of them be interested in paying less to reduce their “pull” on the scheduling algorithm, so their scheduling might flow around “hitchhiking” economically around the empty seats left over in schedules generated to server passengers paying for higher priority routing?

· What kind of safety factor or time buffer are they comfortable with?  Would they be willing to run through an airport to make a tighter connection?

· Accessibility needs : handicapped passengers could make special requests to suit their situation.  This could help budget transfer time and resources better.  For example, instead of equipping all of the vehicles in a fleet with minimal accessibility features at great expense, a bus system could have 5% of their fleet be fully equipped and serve handicapped passengers as their first priority.
Cargo would have much of the same properties as passengers, perhaps a few more to encode other special handling instructions, hazmat designations, and so forth.  As cargo might spend significantly longer stretches of time in the system between warehouses and transfer stations, they might have more stringent tracking and tagging requirements, as well as more flexibility in routing preferences, especially between low priority bulk and high priority overnight shipments.

FIXME: Cargo security via digital signatures, accountability.

Having all this passenger and cargo data pretty much takes care of knowing the transportation system inputs.  The next set of standardized data should describe how the transit network itself is set up to handle the demands placed on it.  Every transit system could be expressed as a network, so we will liberally apply terms from the networking field to describe some of these concepts.  The first assumption we’ll have to make is that any transit system could be expressed and modeled as a collection of nodes and connector links.  They might vary significantly in complexity and level of detail between transit systems, but they all need to be able to “plug in” to each other for intermodal optimization to work properly.
FIXME:  network diameter, node degree

A simple light rail or tram network might consist of a few dozen stations connected by a single track.  On the other end of the spectrum, a metropolitan road network modeled in detail would have thousands upon thousands of connective paths, links to probably all of the other nodes of transit, relatively few fixed source and destination nodes, and likely not enough user planning data will ever be made available to predict traffic congestion resulting from construction, weather, accident, or just plain rush hour delays.
In any case, the minimal elements needed to represent this transportation network would include:

· A unique node identifier

· A geographic node location, represented in a standard reference frame such as the WGS-84 latitude, longitude, and altitude used by the GPS system.
· A connectivity matrix, minimally of transit times between node pairs.  A special value would indicate that certain node pairs (probably most of them) are not connected at all.  This might even be digested from much more complicated routing algorithms, such as street navigation systems.  The connectivity matrix will need adjustments over time, to schedule in planned closures for maintenance, or new routes opening up at particular times.
· Buffer and storage nodes, such as maintenance bays or taxiway queues.  These might have special properties with regards to what can and cannot take place.
In order to finally traverse this network, though, a transit system ultimately needs some set of vehicles (though many parts of a transit network might be represented as walkways on foot, which we might as well model too in order to help design capacity for escalators, moving walkways, ticketing and security checkpoints… perhaps even to make sure hallways and doorways are wide enough to meet capacity and fire codes).  Each vehicle would have associated with it:
· A geographic location within the network, whether it was a geographic location in transit, at or waiting for arrival at a station node, or even occupying a storage or a maintenance bay.

· A passenger or cargo capacity

· A set of rules governing how fast it can navigate its network, how long it takes to load and unload, etc.

· Various maintenance details, such as fuel supply, crew refresh schedules, and at least some indicator of the probability that it will reach its destination without breaking down along the way or running late for some other reason.

The system would need a way to introduce its own arbitrarily fixed schedule or other constraints.  This could be required merely as a way to allow legacy timetable-based systems to nominally interact with the optimized system.  While we could squeeze a more optimal solution by imposing fewer constraints, for various reasons (such as lack of equipage to perform last-minute reroutes), we need some way of communicating and enforcing pre-existing schedule constraints.  In the end, this probably isn’t any different than the mechanism we’d use for introducing scheduled maintenance stops.

The last major category might include “environmental” factors that would affect the performance of the system.  These factors could either be predicted in advance with some degree of certainty, or suddenly evolving events such as accidents or breakdowns that require a reformulation of the optimization problem to mitigate.

Weather conditions can have a predicable effect on a system.  Updates on rain or snowstorms should be able to make their way into the system so it can plan on having some degree of constrained capacity in advance.  Airports can plan to shut down for a few hours while “convective weather cells” (thunderstorms) pass by overhead.  As better forecast data has become available, air traffic control centers have actually been able to institute ground delay programs for aircraft all the way at their points of departure, so they don’t end up circling in holding patterns near the destination airport, waiting for the inclement weather to abate.  Such contingency planning based on externally available data could make their way into streamlining other forms of transportation, albeit less dramatically.
These types of entries will manifest themselves by time-dependent changes to the network connectivity matrices.  Each cell would have a probable new value for transit time on that link, accompanied by probable start and end times of the effect.
We live in an uncertain world.  How will the system deal with uncertainty and unexpected events in schedules?  Probability should be built in to the optimization problem formulation, and one of the goals of the optimizer might be to minimize the impact of unfavorable (but probable) events.  Analysis of historical records can generate performance metric associated with each vehicle, route, weather prediction, etc.  A useful way of representing on-time performance probabilistically is to reconstruct the data from the cumulative distribution function (cdf) associated with the prediction.  This would work much better than simply providing means and standard deviations, since most transit data is so skewed towards being late than being early.   It’s much easier to break down and be several hours late, than to speed across a transportation link in record time.  The cdf can be quantized to reduce computational complexity, at the cost of adding extra conservative wait time buffers between connections.
FIXME: figure 1

While this type of data will be monitored and collected, only certain parts of the tail will interest the schedule optimizer.

FIXME: figure 2

We’re primarily interested in what time the vast majority of the vehicles will arrive, as well as what hopefully small percentage are beset by schedule-impacting delays.  There’s no fixed “magic percentile” that would determine how much extra buffer time to schedule to make sure everyone makes their connections.  This will likely be set arbitrarily at the beginning, as all of these factors contribute to an overall “confidence in planned schedule volatility” metric (maybe more easily expressed as an opposing “schedule stability” metric).  With the optimizer system, we can recompute new schedules whenever an unexpected event comes up – such as when a vehicle is delayed enough to fall on the tail end of the cdf and it misses its connection.  The optimizer can take that new information into account and simply create a new schedule based on these existing conditions – which will likely result in diverting other vehicles over to take care of the late straggling passengers.  So the risk analysis that determines how aggressively to schedule extra buffers into the system would depend on how much impact a schedule recovery plan would have.  Planning in large buffers to reduce risk likelihood means extra wait time for passengers and more idle time for vehicles in order to ensure that the schedule stays stable.  The ability to drastically reduce these buffers means the whole system could run at a faster pace.  If the cost of recovering from missed connections is low – say to catch a subway train that runs every 5 minutes – then the scheduler can comfortably deal with smaller buffers and higher schedule volatility risk.  In the case of an airplane network where flights run between cities maybe once or twice a day, a missed connection would mean putting people up in hotels or chartering additional make-up flights.  In this case, increased schedule awareness can also help by figuring out the total impact on whether it’s even worth holding flights for latecomers to make their connections.
FIXME: figure 3

So in addition to the overall transportation system performance optimization goals we discussed in [FIXME: Ref], we also want to introduce some practical optimization goals that will help the scheduler intelligently create and maintain buffers to deal with uncertainty.  Now, how to formulate and computer this enhancement is beyond me, since it would likely require the optimizer to do risk-impact assessments on every combination of missed connection.  But that’s no reason to shirk away from providing the necessary information about on-time performance in the data protocol now, so that future generations of engineers could tackle it.
The final category of optimization constraints would come from the operators of the various transit networks.  This would allow them to add crew and maintenance schedules, such that they can pick up and drop off drivers, pilots, and other staff at certain locations, or make sure that a vehicle ends up in a certain maintenance bay every so often for refueling and service.
These constraints are typically easy to add without a lot of heartburn, since they tend to help reduce the number of branch and bound paths that a mixed integer programming optimizer needs to search through to converge on a solution – at least as long as the solution remains feasible.  The challenge comes in that expressing these constraints should be the job of the separate transit network organizations, and the abstract protocols needed to express these constraints would likely require extensive knowledge of how the global optimization problem is formulated and solved.  It is undesirable to have this information format coupled too closely to the formulation, since it will make it more difficult to change and upgrade the optimization engine in the future.  We don’t want to force everyone to have to radically change their code at the same time throughout the system every time we want to introduce an incremental upgrade.  We also don’t want the entire systems upgrade to fail because of one or two late development efforts.  We want enough abstraction built in so that they might make changes at their own pace to take advantage of new scheduling and optimization features and capabilities.  Their abstract representation of their constraints needs the ability to compile itself so it can be applied to both the old and the new versions of the optimization formulation.
Unfortunately, I’m not able to come up with a language abstract enough that would allow the businesses to express what maintenance needs a generic optimizer must meet, without cheating and taking advantage of intimate knowledge of the formulation and the meaning of its various variables.  A sophisticated abstraction language processor would have to take the expression and transform them into equations that relate particular variables to each other or to newly introduced variables.  This processor would likely be nontrivial to implement and be prone to unexpected behaviors and errors.  So a more practical way to handle crew and vehicle maintenance schedules would have the operators compute maintenance schedules separately from the main globally optimized schedule, and insert them as fixed constraints using the legacy scheduling interface.  The end result of performing iterations of this would not be as optimal as if the global optimizer took maintenance into account.  But at least it starts close to an optimal solution, and provides our necessary layer of abstraction.  The iterations would proceed something like:
1. Transit network operator would provide the number and current locations of available vehicles at the beginning of the day

2. The global optimizer takes the customer demands and those initial conditions, and furnishes the schedule desired of that transit system.

3. The operators manually (or semi-heuristically) tweak the schedule to ensure that particular vehicles end up in nearby maintenance bays when they’re due.  These get fed back into the global optimization as constraints.

4. The global optimizer find a new solution taking these new constraints into account, filling in new gaps in the schedule and hopefully not straying too far from the original optimal objective function result.

This would let us converge on a solution set somewhat near the optimal one that takes maintenance factors into account without tying down the programming to a particular implementation of the optimizer.
FIXME:  Insert other transcriptions here

Another scheme might involve jumping back into a snapshot of the state of the large optimization and only recalculate internal values that have changed with the modified inputs.  Perhaps some solvers have this ability.

So what can we do once we have a coupled system of transit networks, a simulation of that system, and an optimization framework that can set up schedules for the simulation (or the actual system) to evaluate?  We can set up yet another iterative optimization – this time of the actual system configurations and not just one schedule.  This will help us evaluate urban design and infrastructure in ways that should help drive progress towards efficient and sustainable societies that serve the people who live in them.  We can propose a new construction or infrastructure project, show its benefits in a simulated model, and later validate those benefits using data collected from the real system.  Competing models for improvements might even have the chance to provide benchmarks using the same methodology.
FIXME: Insert diagram

The ability to compare several optimization components, several system structures, different modeling methodologies, all using the same data interchange format to facilitate direct comparisons between both real and simulated evolution of the scenarios, allows us to take a systematic, objective approach to tackling urban improvement projects.  Adapting such a simulated and real system performance comparison framework will allow us to have more complete impact assessments by making sure every study or proposal is analyzed consistently, using the same inputs, and doesn’t sweep away or ignore unwanted side effects and consequences.  Urban planners could use these studies to provide ammunition for driving changes toward the way they envision their communities.  And the focus on operational efficiency and continuous improvement driven by pervasive measurement and analysis will lead towards a leaner, sustainable society where more resources could be directed towards forward progress instead of consumption.
Several initiatives are currently underway to rethink the way metropolitan areas are designed.  This simulation modeling & analysis framework can help accelerate the worthwhile changes.

The urban development paradigm of roughly the last century has been characterized by suburbanization.  Massive superhighways were built between cities while suburbanite families sprawled out along these corridors.  As the space between these corridors filled out and the main thoroughfares became congested, more highways were built to relieve congestions.  However, after a certain point, the ratio of highway space to developable, livable area becomes saturated, and you get diminishing returns from building more roadway infrastructure.  Highways take up a lot of space, and when we start to pack those highways close together, we end up spreading out actual useful land into isolated pockets nestled between interchanges.  The more complicated the interchange between multiple highways, the larger and more funded the construction project gets.  What’s more, having multiple highways down busy rush-hour corridors don’t really make the world any smaller.  A sparse network of good, uncongested highways should make it take just as long to get from point A to point B without having to build and maintain several alternate routes that exist just to relieve rush hour congestion (I’m thinking of the Baltimore-Washington corridor in particular, with I-95 flanked by 295 and Rt.29).
