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Illustrative PRT Networks
              PRT is a fully automated network transit system in which the vehicles are sized to hold no more than a small group traveling together by choice nonstop to their destination.  Each of the two PRT networks illustrated is in red with its many off-line stations shown, and is superimposed upon a street map on which the conventional fixed-guideway transit system is shown by heavy black lines.  To maximize the capacity of these networks, the merges and diverges alternate, thus preventing unusually high flows on any line.  

             By placing PRT networks in central-city areas such as shown here, significant additional channels of non-road movement of people and goods at average speeds exceeding that of the automobile is provided while using very little land.  By thus decreasing the need for auto circulation in peak-traffic hours in the downtown area, congestion, noise, air pollution, and energy use are decreased.  The price is the generally elevated guideway, which must be designed to be as unobtrusive as possible.  One famed sculptor, having studied the impact PRT could have, referred to it as Moving Sculpture.  By thus improving the inner-city environment, more people can be attracted to live within the city.  So doing they would reduce urban sprawl.
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This illustration shows how a PRT system could improve circulation in downtown Washington, D. C. and how it could interface with and increase the utility of the Washington Metro, an existing underground heavy-rail system.  Stations of the PRT system can be placed as close as one block apart.  In sensitive areas such as the Mall, the line can be placed underground as is shown by a dashed red line.  The PRT system shown has 58 off-line stations.
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This illustration shows how a PRT system could improve circulation in downtown Minneapolis and in the adjacent University of Minnesota Campus.  The heavy black line coming from the south and terminating at the Humphrey Dome is a proposed transitway that would go to the airport and the Mall of America.  The PRT system shown has 52 off-line stations.
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Foreword

Over many years, backers of the personal transit concept (PRT) have stressed its projected special values as compared to conventional transit modes and many of the heavy forms of automated guideway transit (AGT).  These values include: (1) Very low construction and operations/maintenance costs, which would become more advantageous as PRT service networks expand into more parts of communities; (2) Relative ease and flexibility of installation and adaptability to widely varying urban and suburban physical conditions and service needs; (3) Simplicity of use by all age groups and availability under all weather conditions; (4) Closer proximity of numerous PRT stations to traveler origins and destinations; (5) Nonstop, faster trips from origin to destination; and (6) Privacy and greater personal security while traveling.


Obviously, a transit concept with such values would have a great impact on urban and suburban planning generally and on land uses.  As expected, however, the claimed values for PRT made it much debated.  Yet, the focus of arguments has been shifting.  Over the past 10 years, many earlier engineering and control questions raised about the feasibility of the PRT concept have been answered through extensive analytical and design work by Dr. J. Edward Anderson (University of Minnesota and Boston University) and others.  ATRA's own widely circulated PRT study report in 1988 examined its overall feasibility and concluded the no critical design, engineering, or service barrier blocked its development, and that PRT could be developed and deployed at very low costs compared to other transit modes.  With these conclusions in hand, the Northeast Illinois Regional Transportation Authority and Raytheon Company jointly funded a project to create and test a working PRT system (PRT 2000).  That effort, to be completed in the spring of 1998, has answered many practical engineering, software, and control questions debated over the years, and is expected to lead to a working PRT demonstration in Rosemont, Illinois, USA.



Notwithstanding growing recognition that PRT is technologically feasible, a persistent question remains about its capacity to carry the necessary passenger loads.  The obvious importance of capacity to transit planning requires that the capacity capabilities of PRT be illuminated.  While the Advanced Transit Association (ATRA) does not sponsor any particular form of advanced transit, its members recognize the critical need for communities to have better options than now exist for meeting mobility needs in far-flung, traffic-congested, and increasingly environmentally sensitive metropolitan areas.  ATRA also recognizes the needs of urban planners and developers to have highly service- and cost-effective circulators for major activity centers and linkages to other systems of transportation.  However, ATRA finds the whole subject of capacity is rife with questionable assumptions and presumptions.  This paper raises issues about such capacity assumptions and presumptions and discusses approaches to analyzing their implications for transit planning and action.


In the interest of improving the discussion of various transit modes, ATRA is encouraging preparation of carefully reasoned papers that present new findings and facts, that help identify and join issues, and that examine possible misconceptions about PRT and other transit modes.  Drafts of such papers will be circulated for comment to ATRA members and others, and revised as necessary.  Completed drafts will then be submitted to ATRA's directors for decision.  If approved, they will be widely circulated.  This PRT capacity paper has been through this process and was approved as an ATRA Information Paper by ATRA's Board of Directors in January 1998.  

Jarold Kieffer

ATRA Chairman
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PERSONAL RAPID TRANSIT: 
MATCHING CAPACITY to DEMAND
Introduction

Descriptions of Personal Rapid Transit (PRT) have been given in papers published in various sources over the past quarter century.  Some systems called PRT have been disappointing because of their cost and size.  Yet there is ample evidence that properly designed PRT will be a major breakthrough in urban transportation and is worthy of serious consideration.  The purpose of this pamphlet is to show why the capacity of an optimally designed PRT system is adequate to meet a wide variety of demands.  PRT can in time reduce congestion and can realize major improvements in the urban environment.  


When first exposed to PRT, the reaction of many people is that, with such small cars, it cannot possibly carry enough people to make it worthwhile. This view is held even though we experience daily that great masses of people travel in urban areas in automobiles with rush-hour occupancies averaging less than 1.1 persons per vehicle.  With the roads overcrowded, rush-period travel time has increased to the point that congestion is a topic of major concern and the comment that everything should be examined is more frequently heard.


PRT is a fully automated network system such as shown in the examples on the inside front and back pages of this pamphlet.  The trips are nonstop and there are no transfers.  Promoters of conventional transit argue that their system also is a network system, called a "family-of-vehicles," in which people ride a bus to a train and then from a train to a bus, thus covering the area of a city.  Unfortunately, however, the resistance to transferring is very high.  In a PhD thesis at the University of Minnesota, F. P. D. Navin showed by regression analysis on actual ridership data that people consider one minute of transfer time to be equivalent to six to ten minutes of riding time.
  The result is that very few transit riders regularly transfer from one transit line to another, thus vastly restricting the range of destinations available to them.  Moreover, because of frequent stops, the average speed on conventional transit is much lower than on PRT.  High average trip time and time uncertainty due to transfers are the major reasons transit ridership in the U. S. is less than three percent of total travel.  Because PRT roughly doubles average speed and eliminates the need for transfers, it will attract a much larger proportion of urban travel.


It is common to compare the line capacity of PRT with the line capacity of heavy rail, which is in the range of 40,000 persons per hour, and to thereby argue that PRT has inadequate capacity.  This argument is pointless, at least in the United States outside of New York City, because the peak flows actually achieved are far lower.  Moreover, as shown in this paper, by networking, the line throughput a PRT system must deliver to meet reasonable demands for service is much lower than the maximum throughput of heavy rail.  Because of networking, PRT will as a whole be able to attract and manage a much larger fraction of the trips than is possible with a high-capacity conventional light or heavy rail system operating with bus feeders, and is much more closely matched in capacity and economics to actual needs.


This document was written as a part of the argument needed to persuade the reader to consider seriously the role PRT can play in diverting meaningful amounts of traffic from congested roads, and to invite opportunities for us to answer any and all questions about it.  This is not the whole story—there are other aspects of PRT that need to be understood—but it is one of the most important.  In this document I explain the line and station throughput a PRT system must have to meet demands for service and the capacity of these lines and stations.  I also make flow comparisons with conventional bus and rail transit systems and with the automobile.  


The line-flow capacity or maximum throughput a transportation system must have if it is to meet demands for service depends on population density, line spacing and average trip length, and, as shown in the Appendix, is proportional to all three.  The line-flow capacity a transportation system can deliver depends on the size of the vehicles and trains, and on the minimum headway (time between vehicles) at which the system can operate safely and reliably day in and day out.  The minimum safe headway of a PRT system has been a point of contention.  It is key to the discussion of the capacity of a PRT system and is considered below.


Another meaning of transit-system capacity is not a flow but the total number of people-carrying places (seats plus standing places) on all of the vehicles.  To move a given number of people per unit of time this capacity is proportional to demand and to average trip time.  The longer the average trip time, the more places are needed to move a given number of people per hour, and hence the greater is the congestion.  By using switchable vehicles sized for a single person or small party traveling together by choice and by placing all stations off the main lines the trips can be nonstop, in which case in congested urban areas the average trip speed becomes competitive with and even exceeds that of automobiles, and the required number of vehicles is minimized.


The guideway size and cost of a PRT system are dependent on vehicle weight. By proper design, the size and cost can be low enough so that it is practical to deploy a PRT system widely in networks even in less dense regions of a city, thus vastly increasing accessibility as compared with a conventional rail system.  For the rider, the additional advantages of PRT are travel in seated comfort with one's own companions or alone nonstop to the destination at any time of day or night.  Optimized PRT provides a combination of accessibility, high service level, and low cost far beyond that possible with existing transit modes and will attract many more riders than regularly use conventional transit.  In contrast, the cost of a conventional rail system is so high that, for it to be economical, it is necessary to arrange higher-density living along a limited number of lines than most Americans prefer or that is socially desirable.  Attempts at area-wide coverage by arranging bus lines to feed the rail line fail because too few people will transfer regularly—the travel time and time uncertainty is too great.

Transit Capacity Needed to Meet Demands for Service
Demands Determined by Observation

To obtain a feeling for the capacity required of or needed by a transit system, consider people walking through a revolving door.  The average spacing between individuals is rarely closer than about four feet, and average walk speed going through revolving door is somewhat less than the average speed walking down a sidewalk, which is about three feet per second.  So, suppose the average speed through a revolving door is two feet per second.  With four-foot spacing between people, the average time headway would be 4 ft 2 ft/sec or two seconds, or an average of 1800 people per hour.  If you actually time people going through a door, you find that the average time headway is usually no less than about three seconds, or 1200 people per hour.  I measured the average time headway between people deboarding a loaded 747 aircraft and found it to be close to three seconds (300 people in 15 minutes).  If you time cars coming out of a parking ramp, you find again an average of about one car every three or four seconds if they don't have to pay a fee upon exit.  If they do, the average headway is of course much longer.  


When exposed to the concept of PRT, the first question most people ask is how it would handle the people leaving a stadium at the end of a major event.  Being interested in the question, I have observed what usually happens now as people leave an event.  They walk to their cars in a parking lot or ramp and they wait, sometimes for 30 to 40 minutes, while the cars leave at a rate of about  one every three to five  seconds.    I once timed cars coming out of a full parking lot onto an arterial street after a hockey game in a 20,000-seat stadium and found again a headway in the range of three to four seconds.  So, typically over an hour is required for 1000 cars to leave.  I once watched people coming out of Fenway Park in Boston after a baseball game.  Many go to the Kenmore Square subway station where they must walk slowly about four or five abreast through a tunnel to two ticket booths and two turnstiles, through which about one person every two to four seconds can pass.  If Fenway Park were serviced by a PRT system, there could be a station on each of its four sides, each of which would handle as many people per hour as the Kenmore Square rail line. 


I once taught a class in transportation engineering to Boston University freshmen and on the first day described PRT.  One question was how PRT could handle the people coming out of the John Hancock Tower where 5000 people work.  I had the students do various kinds of traffic surveys and one group of three decided to count the people coming out of that building at the busiest time in the evening, around 5 pm.  They talked to the guards to be sure that they covered all of the exits.  They found, to their surprise, that only 1200 people came out in the busiest hour, or an average of one every three seconds.  People don't all rush into or out of a building at once!

So, it seems that a transportation system that can move approximately 1200 people per hour on a given line is quite significant.  Today in most cities in the U. S. transit handles only a small fraction of the trips.  Even into and out of central business districts, a mode split to transit of 20% is high.  If a PRT system were to do so well as to attract half the trips, it could cover a wide range of demands if it could only handle 600 people per hour from given points onto a single line. Yet, as we will show, a PRT system can handle far more than this.

Demands Determined by Theory

Another way of examining travel demand on transit lines and into and out of stations begins by considering a city of uniform population density.  In typical American cities the average person takes about three trips in a vehicle during each weekday of which about 10% occur in the peak hour.  Thus, the total number of peak-hour vehicle trips/sq-mi is about 0.3 times the population/sq-mi.  

While every PRT network will be shaped to conform to existing or desired topography, it is useful for general systems analysis to assume, for mathematical simplicity, that the network is a square grid.  Figure 1 illustrates a portion of a square PRT network having east-west and north-south lines, each in alternating directions.






Figure 1.  A Portion of a Square-Grid PRT Network

As an example, assume the lines are spaced half a mile apart.  This is a typical distance between major streets and a spacing that places everyone within a quarter mile of a station if the stations are at the midpoints between each pair of intersections.  Let the population density be 12,000 persons/sq-mi, which is high for most auto-oriented U. S. cities.  Then, within one of the quarter-square-mile squares between PRT lines there would be 3000 people and, in the busiest hour, 0.3(3000) = 900 trips.  But each of the four stations on the lines bounding a square serve two squares, so there are two stations per square, giving an average peak-period station flow of 450 persons per hour if all trips were on PRT.  If a PRT system were to be so successful as to attract half of the trips, the average station-flow requirement would be only 225 persons per hour.  Such a flow can be handled by a one-berth PRT station; however, as described below, a PRT station may practically have up to about 12 berths.  


If the spacing between transit lines in a square grid is denoted by L, we have seen that the number of vehicle trips generated within one square is the trip density multiplied by the area, L2, and that half of each of four stations are within the square grid.  Thus, as a formula, we have
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Since the peak-period trip density is roughly 30% of the population density, we have
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In the Appendix it is shown that the formula for the average peak-hour line flow is obtained by substituting the average trip length, which we shall call 
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The average bus trip in a typical U. S. city is in the range of three to four miles long, and the average auto trip is typically seven to ten miles long.  Suppose the average PRT trip length is in the middle, say 
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 miles.  Then with 50% of the trips on PRT, as in the above example, the peak-hour average line flow would be the average station flow multiplied by the ratio 
[image: image10.wmf]/

trip

LL

or, in the above example, 225(5/.5) = 2250 people per hour.  If there were say an average of 1.2 people per vehicle in a PRT system (increased over rush-hour auto occupancy by charging a fare per vehicle), the vehicle flow would be 2250/1.2 = 1875 vehicles per hour, corresponding to an average headway of 3600/1875 = 1.92 sec.  This would be the required capacity if the travel demand were uniform; however, it is almost never uniform, so the capacity required of some lines will be higher.  Also, as mentioned below, some of the vehicles are empty so to achieve 1875 occupied vehicles per hour, the average headway between vehicles must be less.


Considering that in the U. S. the average mode split to transit is less than 3%, the above-described PRT system would be wildly successful, but it could quite likely not be able to attract as many as 50% of the trips, nor would that be necessary to make a huge difference in congestion.  It is interesting to observe that the line flow thus calculated is only a little more than the maximum exit flow from a parking structure.  By comparison, the flow on an expressway lane under uncongested conditions does not exceed the range of 1800 to 2000 vehicles per hour.  Thus, an extremely successful PRT system in a city of 12,000 persons/sq-mi need handle on each line no more than about one expressway lane of traffic.  As mentioned, there of course will always be points where the flow will be higher—two to three times higher but most U. S. cities have substantially lower population density, which proportionately lowers the line and station flows.

Rapid-Rail Capacity vs. Demand

As mentioned above, it is often commented that a rapid rail system can handle up to about 40,000 trips per hour, which corresponds to about 20 expressway  lanes  of  traffic  under  the best conditions.   Where does one need such capacity?  During the 1970s, it was stated by Denver transit promoters that there was a transit requirement in Denver for 14,400 people per hour in each direction, which is more than seven expressway lanes of traffic in one direction under ideal flow conditions!  Denver had a population density of about 5000 persons/sq-mi, so why would there have been a need for such a high flow on a transit system in a city that had, at the time, a mode split to transit (buses) of about 2%?  Can the reader guess what is going on?  Such total traffic flows occur only in dense cities in which the flow from about a quarter of the city is concentrated onto a single corridor.  And even then there are few cities in which the freeways have seven lanes in each direction.  In the Twin Cities, in the early 1970s, it was stated by rail advocates that there was a transit requirement for 15,000 persons per hour in each direction, which "just happened" to be the capacity of a rail system then being promoted.  Actually, these extraordinary demands occur only in very dense cities such as New York, in which transit ridership is very high.  With a transit system capable of networking, the demand on each line is, as shown, substantially less.

The Capacity of a PRT System
The Brick-Wall Stop

In railroad practice, the minimum nose-to-nose time headway between trains (called simply the "headway")  is determined by the requirement that a train can stop before a collision occurs if the train ahead stops instantly.  This is called a "brick-wall stop."  To provide a margin of safety, the minimum headway is usually taken to be at least two of such stopping distances.  Since the station stops are on-line, each stopped train waiting to unload and load will block the train behind.  Hence the minimum headway is determined by on-line station stopping.  The station delay, train length, and stopping kinematics combine to give a minimum urban-rail headway usually more than one minute.  As a result, train engineers have been baffled by statements that PRT systems could run safely at fractional second headways.

PRT Safety Philosophy

In a PRT system, all of the stations are on by-pass guideways, off the main line.  Thus, station stopping is not involved in determining the safe main-line headway.  As mentioned, in railroad practice the safety philosophy is that if a brick-wall stop occurs, the train behind must stop before colliding.  But, if a train stops instantly or close to it, people have already been killed.  A PRT system runs on an exclusive guideway, usually elevated.  Its safety philosophy must and can be that it must be designed in such a way that even if there is only one vehicle moving on the system there is no reasonable way for it to stop suddenly.  One would like to say that it would be impossible for a vehicle to stop suddenly; however, it is not practical to design any transit system so that there can be no serious event if two or more major failures occur in close proximity in space and time.  As an example, if the brakes on a train fail just as the train ahead derails, the conditions for a collision are set up.  In technical jargon this is called "simultaneous major failures."  They can happen, but the probability of such a combined event is so low that we live with it, notwithstanding occasional collisions.  

Failure Modes and Effects


Analysis of potential failures and ways to reduce their consequences is fundamental to the design of PRT systems and in a successful PRT design will have been given major emphasis.  Careful analysis of failure modes in a PRT system shows that it is practical to design the system in such a way that the conditions for a sudden stop can be set up only if at least two major failures occur simultaneously.  In such a system the mean time between such combined failures is measured in millions of years.  Using failure-modes-and-effects analysis (FMEA), it has been shown that it is practical to design a PRT system in which the minimum safe headway is well under one second.  Such a system will use checked redundant computers and monitoring of every reasonable cause of a failure.  Over the past two decades, serious PRT designers have designed for headways at least as small as a half second.  

Experimental Evidence 



As an example of the state of the art, consider that in August 1997 the National Automated Highway System Consortium tested ten Buick LeSabres running on a special highway near San Diego at 50 mph at a bumper-to-bumper spacing of only six feet.  This corresponds to 0.3-sec headway.  They would not have openly announced such an event if they had not been very sure that it could be done safely.  At 30 mph, a more reasonable urban PRT speed, half-second headway corresponds to a nose-to-nose spacing of 22 feet.  With nine-foot-long PRT vehicles, a practical length, the minimum bumper-to-bumper spacing is 13 feet.  Thus a position tolerance of a few feet would be satisfactory, yet with today's control systems it is practical to control the spacing to a few millimeters.

PRT Line Capacity Compared

If the minimum headway is half a second, the average headway in the rush period will usually be no less than about one second.  Thus an average PRT line flow of 3600 vehicles past one point in an hour is practical,  which is roughly equivalent to two expressway lanes operating under ideal conditions in which a speed of at least 30 mph is maintained.  Because of the vagaries of human drivers, however, expressways all too often do not operate under ideal conditions.  When the speed on an expressway falls off, as it does every day in congested areas, its throughput drops rapidly.  By comparison with bus systems, if a PRT system averaged only one person per vehicle, a system of 60-passenger buses each full of passengers would have to operate one minute apart to achieve the same capacity.  Such a headway with buses can be attained in and out of busy stations only if cascades of buses unload and load simultaneously.

Movement of Empty Vehicles

Attempts to understand the capacity of PRT systems raises questions about how the movement of empty vehicles is handled.  Many simulations of PRT systems have shown that about one third of the operating vehicles will be empty.  By comparison, according to federal data, the average bus or streetcar in the U. S. operates at a daily average of only 10 to 20 percent of vehicle capacity.  PRT vehicles are automatically rerouted to stations where they are needed without having to have patrons call for them.  At each station there is a checked redundant computer that observes and manages the station flow.  When an empty vehicle parked in the first berth in a station is not needed, the station computer commands it to go to the next station.  On the incoming side of each station, at a predetermined command point, the station computer checks each approaching vehicle.  If a vehicle is occupied and is destined for its station, it commands the switch to throw in the direction of the station if there is room.  In a properly designed PRT system, the chance that there is no room is very small, but if there is none, the vehicle is switched away and automatically returns in a few minutes.  If the approaching vehicle is empty, the station computer, knowing if its station needs an empty, determines, in cooperation with the central computer, if it is to be switched in.  Knowing how many passengers are waiting at each station and their wait times, the central computer may request that a particular empty vehicle bypass a particular station for another in which the passengers have waited longer.


Just upstream of a point of divergence between main lines there is a diverge-point computer that determines which way each vehicle, empty or occupied, should switch.  This computer is also in communication with the central computer, where knowledge of the number and wait time of waiting passengers at all stations is known, and the whereabouts of all vehicles in the network, empty and occupied, is known.  This knowledge, which improves as the computer "learns,"  permits empty vehicles to switch to meet demands in an optimum way, taking into account pending congestion in the system.  Near the end of the day, when fewer vehicles are needed, excess empty vehicles, over and above those needed to supply each station, are switched into storage stations.  Since it is not necessary to get a specific vehicle out of storage at a certain time, as is the case with automobiles in parking structures, the volume required for storage is surprisingly modest.  One or more vehicles will always be kept at each station to meet demands at any time of day or night. 


By these means of recycling empty vehicles, many simulations of PRT systems have shown that the average wait time during peak periods will be well under three minutes, and during the off-peak periods there will be no waiting at all.

PRT Station Capacity 

The simplest PRT station has one by-pass guideway branching in and out of the station and a number of loading berths, usually varying from two to about 12, used for both boarding and deboarding.  A disadvantage of such a station is that if someone is slow to enter or leave a vehicle everyone behind is delayed.  But the important variable is the statistical average, which is reasonably short, particularly in the rush periods where people move quickly to work or home.  Additional station guideways in any of several configurations could be added if necessary, but usually have an unfavorable ratio of added benefit to cost.   


Numerous analyses and simulations have verified that the capacity of PRT stations with a single bypass guideway varies from about 300 vehicles per hour through a 2-berth station to about 1300 vehicles per hour through a 12-berth station.  As shown above, such stations, sized to demand, will serve a very wide range of needs in all cities except those of very high density; however, in such cities, system capacity can be at least doubled by placing lines every two blocks instead of every four blocks apart.  An advantage of PRT is that each station can be sized to its own demand, whereas, in a conventional rail system all stations must be sized to the length of the longest train, thus producing a significant increase in station costs.

Conclusions Critical to Considerations of Transit Capacity
·   A PRT system can be sized to meet peak demands much higher than usually attained by conventional transit, with average peak-period waiting times of less than three minutes.  In off-peak periods, automatic recycling of empty vehicles eliminates waiting entirely.  

·   PRT provides great flexibility and speed in deploying the vehicle fleet to match hour-by-hour demands for service, thus reducing operating costs.

·   Because of relatively low costs and ease of installation, more lines and stations at more geographically dispersed locations are possible with PRT than with conventional rail transit.  Consequently, PRT becomes more accessible for a much larger fraction of urban and suburban trips.  Because the stations of conventional rail transit are on-line and, to maintain speed, the stations must be widely spaced, these systems require the aggregation of travelers in a few places.  To handle these aggregations, conventional rail must have large, costly vehicles, station platforms and guideways.  High cost then limits them to a few corridors.  Since PRT uses off-line stations, the vehicles can be very small, which means that the guideway can be inexpensive and the trips nonstop.  PRT can therefore have more dispersed lines and more numerous and closer-spaced stations without reducing average speed.  Its ability to generate and manage significant passenger loads does not depend upon aggregating large numbers of people in a few places.  Indeed, the demand per station is reduced while accessibility is further increased.

·   The capacity of conventional rail transit systems is well beyond the need in all but very high-density cities such as New York City.  Assumptions that lead to building overcapacity are counterproductive in three ways: (1) Much capacity is unused during most of the day; (2) Costly oversizing of vehicles and stations drains transportation resources and prevents other transportation needs from being met; and (3) New approaches to meeting transit needs, such as PRT, are ruled out at the planning stage because they are presumed to have inadequate capacity potential. 

·   Planners need to judge from a fresh perspective the ability of PRT to handle capacity needs, and thus to solve pressing problems of urban mobility.

·   The advantages of PRT can become fully understood only if it is included in planning studies.  Such studies are needed to encourage manufacturers to provide optimized PRT systems.  

Appendix
The Formula for Line Flow
The number of vehicles in any transit system can be expressed in two ways:

1) The number of people riding the system at any one time divided by the average number of people per vehicle.
2) The total one-way line length divided by the average distance between vehicles.

By equating these two ways of expressing the number of vehicles, the formula for line flow, with some algebraic work, results.  

The number of people riding the system at any one time is the total demand in people per unit of time multiplied by the average trip time in the same time units.  This may not be obvious.  To clarify suppose there is a flow of 60 people per minute from the street into station P.  Suppose all of these people travel to station Q and that it takes 10 minutes to travel from station P to station Q.  Then in 10 minutes 600 people would have left station P on the way to station Q.  But in exactly 10 minutes the first person would just be arriving at station Q.  So 600 people are riding the system.  In general, the number of people riding from station P to station Q is the flow multiplied by the trip time.  But station P and station Q are any pair of stations in a system.  Thus by summing over the flow  trip time for all pairs of stations, one has the number of people riding the whole system at any one time.  This quantity is the same as the total system demand in people per unit of time multiplied by the demand weighted average trip time in the same time units.  The demand-weighted average trip time is the demand-weighted average trip length divided by the demand-weighted average speed.

In algebraic notation, let
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Then
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Isolate the second and fourth forms of equation (A-1), multiply the resulting equation by 
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 and divide by 
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  The result is
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Note that 
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 people/vehicle 
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 time/vehicle  =  people per unit of time, i.e., line flow.  But, the total demand 
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 is the demand density in person-trips per unit of time per unit of area multiplied by the area covered.  If we define
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=

 trips/hr/sq-mi = trip density
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area covered by the system, sq-mi

we can write
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If, as in Figure 1 in the main text, we assume a square grid of PRT lines of spacing 
[image: image29.wmf]L

then each square in the grid has an area 
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  Since each of the four line segments on the sides of the square, each of length 
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 is shared with a similar square, the total line length associated with one square is 
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and the total line length in a much larger area 
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Substituting equations (A-3) and (A-4) into equation (A-2), the area A divides out and the result is
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As shown in the text,
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