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The Intelligent Transportation Network System (ITNS) is
totally new form of public transportation designed to@ar.
vide a highlevel of service safely and reliably over am-u
ban area of any extent in all reasonable weather cdmhs
without the need for a dr
minimizes cost, energy use, material use, land ,uaad
noise. Being electrically operatkit does not emit carbo
dioxide or any other air pollutant

This remarkable set of attributes is achieved bgerating
vehicles automatically on a network of minimum weigl
minimum size exclusive guideways, biopping only at o
line stations and by usng light-weight, sub-compactauto-
sized vehicles.

With these physical charaetistics and in-vehicle switching
ITNS is much more closely compalble to an expressw

on which automated automobiles would operate than
conventional buses or trains it their on-line stopping
and large vehicles.We now call this new system ITN&+
ther than High-Capacity Personal Rapid Transit, which

a designation coined over 35 years ago.
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An Intelligent Transportation Network System
Rationalé, Attributes, Status, Economics, Benefitsand
Coursesof Study for Engineers and Planners

J. Edward Anderson, PhP.E.
PRT International, LLC
Minneapolis, Minnesota 55421 USA

1. Introduction

In their bookThe Urban Transport Crisis in Europe and North Ameri@hn Pucher and
Christian Lefevre, discussy only conventional transportation, concluded witls gnim asses
ment : AThe future | ooks bleak both for wurban
pollution, and reduced accessibility.o

In the reportMobility 2030: Meeting the Challges to Sustainability, 2003y the World
Business Council for Sustainable Developmeminy.wbcsd.ord, which was adorsed by the
leaders of major auto and oil companies, the authors site gajecpons of future conditions
but no real hope for solutions.

C. Kenneth Orski, in hijmnovationBr i ef s f or Nov/ Dec 2006 rep
report Commuting in AmerigaTransportation Research Board, 2006, which concludes that
Adw ng al one to wor k ¢ ontoismreedeclindddy .i 5n% rseianscee, 01 Mé&
transit currently accounts for 4. 6% oelnet he tr
...a reality check for those who cltaiéen®Orkdbo s ee
goes on t ootonypseoptation dispersing] ihis dispersing farther and farther out,
|l eapfroggi ng ov &hismeans nsote idrivigg asduiivimg ldnger distances.

In spring 1989 | was informed that during a luncheon attended by a Northeastern lllinois
Regional Tras portation Authority ( RTWcanGdi solve thean i t
problems of transportation in the Chicago Area with just more highways and morentional
rail systems.There must be a rocket scientiF®elli-out th
nois Legislative Act t hat established n~he RT/
courage experimentation in developing new pub

The new idea they needed wasledHigh-Capacty Personal Rapid TrangPRT). The
bestof all versiors that had been developdtdgure B, wasdeveloped by rocket scientists at The
Aerospace Corporatiobetween 1968 and 1972][1We now callthe new systeniTNSto dis-
tinguish it as a type of automated highway rather tma type of transihowever, the gemie
name APRTO is deepl y -tiamsibcelwrd. A Mardh 2006 Burepeam@t o mat e



ion Report conluded AThe overall assessment shows vast
transportcac e p .o [ 2

In April 1990 the RTA issued a request fooposals for a pair of $1.5 million Phase |
PRT design studies. Two firms were selected and after the studies were completed tlee RTA s
lected my desigran update of thAerospace systenfior a $40 million Phase PRT design and
test program. Unfortunately, that program was not directly successful, not due to any flaw in the
basic concept, budueto the lack of deep understanding of it by the lead engirmaustheir
manages. There is more and more evidernoday thatITNSwill solvemany urban problems.

2.The Problems to be Addressed

A Increasing congestion

High and rising oil prices

Global warming

Many people killed or injured in auto accidents
People who camot, should notor prefer not talrive
The lack of a serious alternative to the auto
Excessive land use for roads and parking
Excessive energy use in transpban

Road rage

Terrorism

Excessive sprawl

Large transit subsidies

Too T oo To To Too To o T Do I

3. Requirementsf theNew System

To address these problems, a newsditssystem must be

A Low enough in cost to recover all costs from fares and other revenue
Operational with renewablenergy sources

Time competitive with urban auto trips

Low in air and noise pollution

Adequate in capacity

Visually acceptable

Low in materal use

Low in energy use

Low in land use

Safe

Reliable

Comfortable

Expandable without limit

Able to attract many riders

Available at all times to everyone

An unattractive target for terrorist attacks
Compliant with the Americans with Disabilities Act

Too To oo To To Too T o Too To Too T o Too Do T
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A Opeational in all kinds of weher, except for extremely high winds

4. Derivation of the New System

It will not be possible to reduce congestion, decrease travel time, or redisensésdy placing
one more system on the streétthe new system must béher elevated or underground.n
derground construction is extremely expensive, so the dominant emphasis must betmmelev
This was understood over 100 years ago in the ccomsimuof excluswegwdeway rail systems
in Boston, New York, Philadelphj Cleveland, = :

and Chicago.A seriousconcern though,was the |

size and cost of the elevated structurége have
found that if, as illustrateoh Figurel, the units of
capacity are distributed in many small units,cpre_
tical now with automatic controlather than a few
large ones, and by taking advantage of Hgf s
weight construction practical today, we can redv=
guideway weight per unit length by acfar of at | _
least 20:1! This enormous differencetlie fun- | §
damental reason for the low cadtthe systemthat
has been called PRT Figure 1. Guideway Weight and Size.

Offhand it is common to assume that there, || . . . 0. cavacty of various Transi venicies
must be an economy of scale, i.e. the cost of large
vehicles per unit of capacity must bevkr than
the corresponding codor small \ehicles. E- .
amination of the data ifrigure 2show, howeer,
that this is not so. Each point iRigure 2
represents a transit systemith the costs nona-
lized to take into account inflation While there
is a great deal of scatter, we skatt line of best ¢
fit is close to horizontal, i.eyehicle cost per unit
of capacity is independent of capacity. besign Capacity

Cost/Design Capacity
*
L J

Figure 2 Vehicle Cost per Unit §acity

With this finding in mind consider the cog
of a fleet of transit vehicles. The cost of the fleet
the cost per unit of capacjtyoughly a castant,
multiplied by thepeoplecarrying capacty needed
to move a given number of people per unit of ti
The major factor that determines thequired
peoplecarryingcapacity is the arage speed. If the
average speed could be doubled, thelmer of \e- |
hicles required to move a given mher of people
would be cut in half. The gresst increase in ave ==
age speed withouhcreaing other costs ishained ™
by arlanging the sstem so thagevery trip is nonstap Figure 3. An OffLine Station




The trips can be mstop if all of the sdtions are on bypass g@daays off the main line as shown
in Figure3.

5. Off-Line Stations a the Key Brekthrough!

Figure 3is a picture of a portion of a model PRT system built during the 1991 ChicagD@&RT
sign Sudy. It shows the simplest type of ofine station, in which there is single 4pass guid-

way and the vehicles line up in tandéma series of two to about 15 berth&. number of a-

thors have estimated the capacity of such stations in vehicles per hour as a function wi-the nu
ber of berths{], [3].*

The advantages of cefine stations arasfollows:

A Off-line stations minimize the fleet size and hence the fleetlmsiuse they maximize
the average speedhis was dscussed in Section 4.

A Off-line stations permit high throughput with small vehicles. To see how this can be so,
consider driving down a freewdsne. Imagine stopping in the lane, letting one person
out and then another in. How far behind would the next vehicle have to be to make this
safe? The answer is minutes behind. Surfacel streetcars operate typically 6 to 10
minutes apart, and exdive guideway rail systems may operate trains as close as two
minutes apart, whereas on freeways cars travel seconds apart, and often less than a
second apart. An example is given ircigm 8.

1 Off-line stationswith small, autesized vehicleghus give the systenma line capacityat
least equal to a freeway lane. Swaatapacityor maximum throughpuytermits the use of
small guideways, which minimize both guideway cost and visual impact.

1 Off-line stations permit nonstop tripshieh minimize trip time and increase thedtrec-
tivenessof the trip.

A Off-line stations permit a person to travel either alone or with friends with minineam d
lay.

A Off-line stations permit the vehicles to wait at stations when they are not instesaliof
having to be in continuous motion as is the case with conventional transit. Thus, it is not
necessary to stop operation at niglsiervicecanbe available at any time of day or night.
Moreover, compared with conventional scheduleds@lp serice, the amount of travel
per seat per day reduces by more than a factor of two, which reduces the operating cost
by about the same amount.

1 To allow for the case in which one party takes an extraordinary amount of time to enter or exit a vehicle, some PRT designers
have designed stations in which each parked vehicle can enter or exit the station independent ofadéser Tetde factors

cause us to tmmmend against such stations: 1) Due to interference, the throughput of these stations is disappointing, 2) these
stations require much more space and cost much more than thebstpgles design, and 3) because elderlgisabled people
generally avoid the busiest hours, thatistical average peak flow will not be much decreased by the occasional presence of such
persons. If system studies show a need for such stations, there is nothing in our design that wentldpfevm including

them.
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A With off-line stations ltere is no waiting at all in offeak hours, and during the busiest
periodsemptyvehiclesare automatically moved to stations of need. Computer aimul
tions show that the pegleriod wait will average only a minute two.

A Stations can be placed closer together than is practical with conventional rail. With co
ventional rail, in which the tmas stop at every station, the closer the station spacing, the
sloweris the average speed. So to get more people to ride the system, the stations are
placedfar enoughapart toachieve araverage speeddged to be acceptableut then i
dership sufferdecause access is sacrificed. The tradeoff is between speed and access
getting more of one reduces the other. Withliok# stationsthe system provideloth
high average speed and good access to the community.

A Off-line stations can be sized to demawtiereas in conventional rail all stations must be
as long as the longest train.

All of these benefits of offine stations lead teubstantialljower cost and higher ridehip.

6. The Attributes of TNS

A system that will meet theequirement®f Section 3 will have

A Off-line stations

Minimum-sized, minimum weight vehicles

Adequate speed, which can vary with the application and tagdodn a network
Fully automatic control

Hierarchical, modular, asynabrous control to permit indefinite sgsh expansion
Dualredundant computers for high dependability and safety

Accurate position and speed sensofso day 6s sensors are much
we need.

Smooth running surfaces for a comfortable ride

All-weather propulsion and tkiag by meas of linear inductiormotors
Switching with no moving track parts to permit-transfer travel in networks
Small, lightweight, generally evated guideways

Guideway suppofpost separations @it leas0 ft (27 m).

Vehicle movement only when tripsearequested

When trips are requested, empty vehicles are rerouted autaltyato fill stations.
Nonstop trips with known conapions or alone

Propulsive power from dual waide sources

Well lit, televisionsurveyed stions

Planned & unplanned mainimcewithin the system

Full compliance with the Americans with Disabilities Act

Too Jo oo Joo Too Too To o Too To o Do Too T o T Do I



7. The Optimum Configuration

During thel970s | accumulated a list 08 3equirementdor design of a PRT guideway
[4, 5]. As chairman of three international confezes onPRT, | was privileged to visit all aot
matedtransit work on this planet, talk to the devegrer TN UL C il
opers, and observed ovardecaddoth the good and
the bad featuresThe requirementdisted inFigure 4
are the most important, andpin structural analys

*3 x 3
* No Moving Switch Parts
* All Weather

[B]lconfirmed The Aeronsg i cCo
clusion that the minimurrweight gudeway, taking * Smooth Ride

into account 15@nph crosswinds and a maximur sl i

vertical load of fully loadedehicles noseo-tail, is a (¥ * Modular

little narrower than it is deepl compared hanging, [} JJ S L
sidemounted, and tomounted vehicles and foun: A

ten reasons to prefer tapounted vehicles [6]. Figure 4.The Optimum Corifjuration

Such a guideway has minimum visuaipact. It also hagminimum weightif it is a truss
asshown inFigure 5 which isscaled toposts 90 ft apart A stiff, light-weight truss structure
will have the highest natural frequeneyhich results in the highestomfortablecruising speed.
It will be most resistant to the horizontal accelerations dsult from an earthquakeBy using
robotic weldingit will be least expensive tmanufacturetransport and erectThe analysisre-
ported in p] has produced the propertiesed to meet all 33 requirementsobserved over dae
ades that whenever a PRfogram died, and there have been many of them, the major reason
could almost always be traced to a problem with the guideway design. | thus addressed that
problem in a paper [30] that | presented at the 2009 APM Conference. In the paper | tried to
point out in the limited space | was allotted that the design of a PRT guideway ssumech
higher level of system engineering than is apparent in the designs that have failed. Inrthe pape
give the abowanentioned 33 requirements and also 19 desigerizit

C

I

LI

Figure 5 A Low Weight, LowCost Guidway

The Americans with Disabilities Aatequiresthe vehicle to be wide enough so that a
wheelchair an enter and face forwardith room for an attendant Such a vehicle is wide
enough for three adls to sit sideby-side and for a pair of foldown seats in front for small
people making it a fiveperson vehicle Such a size can also accommodate a person and a b
cycle, a large amount of luggage with two people, a balnage plus two adults, etf7] See
Figure 1.



As shavn in the figure on the cover and Figutethe guideway will be coved. Aslot
only four inches wide at the top persiihe vetical chassis tgpassand a slosix inches wide at
the botom permit snow ice, or debris to fall through. The covers permit the system to operate
in all weather conditions, minimigeair drag, prevemstice accumulation on the power railsepr
vens differential thermal expansion, sesvas an electromagnetic shield, a noiseelgh and a
sun shield, penits access for maintenance, and pesitiie external appearance to be vevar
the local communityishes. The covers enable the system to meet nine 8Btheidewayde-
signrequirements They will be manufactured from comptesmaterial with a thin layer of &
minum sprayed on the inside surface to providetelmagnetic shielding.

Figure 6, in which north is to the left, shows how PRT could begin to serve a portion of
Downtown Chicago. The PRT guideway is showreid. r

l:pl ; ransit . e 5 A NE S e
Personal d T Loop and L Conceptual Network Layout

Figure 6 An Application inDowntownChicago

8, Control

Control of PRT has been investigated at many organizations since the 1960s. The author
has published [4] a bibliography of papers on control of PRT that have been useful aise and
colleagues developed the control systemITodS His detailed papers related to control are
listed [11 7 15] and may be found withother papers omvww.prtnz.com The ITNS control
hardwareconsistof computerssensors, and a communications medium

8.1 Computers

All computers inlTNSar e dual redundant , whi ch means
pairs of computers. The outguif each pair of computers atempared 20 times a second, and
likewise the common outjts of the two pairs areompared 20 times a second. Any erref d
tected causes the vehicle to be directed to a maintenance shop directly upon completing its trip.
With this arrangement the mean time between serious events is extremely long, longay-than
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one will believe without checking the calculatidd®]. The methodology used was lotained
from Boeing papers developed during their work on AG&RT

Three types of computeese needed for vehicle contralomputerson vehiclescompu-
ers atstraegicwaysidelocations and a central computer. Each section of guideway is managed
by a wayside computer called a zone controller. There wifitdgon zones, merge zones,
verge zonesand line zones The zone controllers command specific sarersto specific \e-
hiclesas neededndeachindividual vehicle computer respoatb these commanddhe algebra
needed to command evempe of themaneuver vehicle can make has been workeduser-
eral organizations These maneuver®nsist ofmoving from one speed to another, for example
from a station to line speed, slipping a certain distaetaive to another vehicleheadon the
other legofame r g e, and stopping i n a -gan gosatiersdthest anc e
position of a vehiclean be controlledalmostas closely as we can measure it, which is substa
tially closer than nessary.

Each zone controller provides the ligpeed signal in its domain. If anything goes
wrong, it removes the speed sighalvehicles behind the faileeehicle which causes theev
hiclesbehind the failed vehicléo slow to creep speed. When a vehicle reaches a maneuver
command point, the zone controller transmits the appropriate command maneuver to that vehicle,
and the vehicle controller causes théigke to follow the required time sequence of positions
and speeds. The zone controller calculates the same maneuver sequentially for each vehicle in
its domain and compares it asvaladis for doreectiveeattionc | e 6 s
if necessary Adjacent zone atrollers communicate with each other.

The central computer optimizes recycling of empty vehicles, balances traffic in certain
conditions, and accumulates data on the performance of the sy$teendata rates, computer
speeds,ah memory needed are well within the capab

8.20n-Board Position and Speed Sensing

The position and speed of each vehicle is measured on board each vehicle by means of
digital encoders placed in the main bearing of each dbtlirewheels. Averaging the left and
right ouput gives the correct measurement in curves. Having encoders in both the fore and aft
wheels provides redundancy. These encoders register at least 4096 pulses per revolution, or with
the336.6 mm {3.25%) OD tires we plan to usabout0.26 mm 0.01@®) per pulse. With thisa
curacy, experimental evidence has shown that we can differentiate to obtain accurate apeed me
surements. Jfhoweverthe assumed ODasin error by say 1%, the distance measurement
wouldbe in error by 1%. Thus, we will calibrate each vehicle as it leaves a station by means of
fixed magnetiomarkers. In this way we will know the position of each vehicle to an accuracy of
less thar25 mm pne inch.

8.3Wayside Position and Speed Segsin
The position and speed eachvehicleis measured by suitably placed pairs of wayside

markers. When a vehicle reaches the first marker, a gdsat to the cognizant waysidenco
puter, whichdetectdts positionat that time When the vehicle rebes the second of the pair a
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knownand shortlistance aheadby measuring the time intervhetween markense determine
speed.We can measure the time interval to an accuracy of a few nanoseeticts means that
we measure speed to less than one patmillionT well better than needed.

8.4 Communication

Each vehicle will be equipped with a transmitter and a receiver capable of sending info
mation to and receiving information from a leaky cable placed on the inside of the guideway.
We prefer thisnethod to GPS, because GPS will be affected by solar st@épsilhe zone
controllers similarly talk to and from the cable. Such cables are commercially available. This
type of communication is completely secure and cannattbdered with by hacker

8.4 The state of the art of modern safetitical, realtime control systems.

Today, computers routinely land airplanes on aircidtrier decks. Our computers-r
spond to and correct speed and position two hundred times per second. Theantstwe use
today to measure position and speed are much more accurate than we need. Wayside zone co
trollers monitor the motion of each vehicle at least 10 times each second. Code has Heen deve
oped to control any number of vehicles in networks of ang si configuratiod. Our ehicle
has very few moving parts. The switch has novimg parts in the guideway. Our motors have
no moving parts. Our motors, motor controllers, sensors, and {soyyply systems are reaiu
dant, meaning that a single failugeriot noticed by the riders. Our computes mentionedare
dual redundant, which means that each of thbanar d and waysi de fAcomput
computers. If one computer aboard a vehicle fails, the vehicle continues to its destination on the
good computers, drops off its pasgers, and then proceeds empty to the maintenance shop, all
within a few minutes. If, even with all of this redundancy, which is remarkably inexpensive t
day, a vehicle should stop on the guideway away from a stat®wetticle behind will softre
gage and push it to the next station.

Today, at any one time, there are as many as 80,000 aircraft operating in the skies over
the United States. They operate most of the time under automatic control with air tratfiot co
systemsat the various airports keeping track of dozens of aircraft by using computers to track
each aircraft. This is muchmore sophisticated operation than needed with PRT and goes on
every day in a system in which a failure means loss of an faieard all of its passgers. The
bottom line is that the control of PRT vehicles safely and reliably is well within the current state
of the art.

23 . E. Ander son, fiSome History of PRT Simulation Programs, 0
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9. System Features Needed to achieve Maximum ThroughpubRedind Safely

The features needed are dteated in Figure 9.

All weather operation: Linear inductionators (LIMs) provide alweather acceleration

and braking independent of the slipperiness of theing surface.
MAXIMUM SAFE FLOW DEPENDS ON:

Fast reaction time: For LIMs the reactiay

time is a few milliseconds. Wi human M G TN o, ELECTROMAGNETIC
drivers the reaction time is between 0.3 & e v, S EcTROME

1.7 seconds. The dyoard computer BRAKING TIME

dates position and speed 200 times VEHICLE LENGTH

second. O

30 MPH

Fast braking: Even with automatic oper — e
tion the best that can be done with mechay e —
cal brakes is a braking time about 0.5 sec,

whereas LIMs brake in a few milliseconds.  Figure 9. How to achieve maximum safe flow.

Vehicle length: A typical auto is 15 to 16 feet long. iNSvehicle is only nine feet
long.

These features together result in safe operation at fracdenahd headways, and thus

maximum throughput of at least three freeway lanes [11], i.e., 6000 vehicles per hour. During

the Phase | PRT Design Study for Chicago, extensive failure sramit effects analysis [12],

hazards analysis, fatitee analysis, and evacuatiandrescue analysis were done ssae the
team that operation of the system would be safe and reliable. The resulting design has a min
mum of mwing parts, a switch witimo moving track parts, and uses dual redundant computers

[13].

Combined with redundant power sources, falerant software, and exclusive geid

ways; studies show that there will be no more than about three geyamnof delay in ten the
sand hours obperation [14]. A method [15] for calculating the mean time to failure of each
component of the system that will permit the system dependability requirement to be nret at mi
imum life-cycle cost Asbeendeveloped and used during thesidin process.

10. Is High Capacity Possible with Smalkhicles?

Consider a surfaekevel streetcar oso-c a | lightdailoisystem. A typical scheduleefr

guency i6 minutesor 10 trains per hour The new Alighto rail

people. With two-car trains the systeitihen can moveup to 400 people every 6 minutes. A

high-capacity PRTor ITNS system can operate with a maximum of 120isles per minute or
720 in 6 minutes carrying up to five people per vehicle. Howewen withonly one peson per

vehicle, thelTNS system would carry 720 people in 6 minutes, whicl8d8 more than the

number of people per holight rail can cary. Since the lightail carsin a whole systerarevir-
tually never full,ITNS hasan even higher throughput margover a lightrail system. A cm-
prehensive discussion of the throughput potentidl'NfSlines and sdtionsis given in reference

[8].
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In 1973 Urban Mass Transportation Administrator Frank Herringer toldy@Goe s s t ha't
high-capacity PRT could carras many passengers as pidaail system for about one quarter
the capital & diseteffect ¢f shis pronbuncgrmentevasio ridicule and killdx bu
ding federal HCPRT program. PRT was a threat to conventional systems, but was an idea that
would not die. Work continued at a low level, which is the main reason it has taken so long for
PRT to mature, but now with much improved tecloggl

During the 199006s thmhe Automated Highway Co
sortium operated four iI-long Buick LeSabres at a
nose-to-tail separation of seven feet at 60 mph or 88
ft/sec on a freeway near San Diego [10]. Figushows
six of the LeSabres running at short headvi&igce the
minimum noseo-nose separation was 24 feet, thermi
imum time headway or noge-nose time gacing was
24/88 or 0.27 second, which gives almost twice the
throughput needed for a larfENS system. The aub-
mated higpway program was monitored by the National
Highway Safety Board. Figure 6. Automated Highwayxgeriment.

Thus the 1973 UMTAIlaim was more than proven in the 199@ecause of problems
associated with automated highways that are éevant to PRT the USDOT did not continue
this program. Yet the demonstration of such short headway is of majorcEgodiforl TNS |
am vely much aware that, notwithstanding the 1973 risseof the UMTA administrator given
in Figure 7, automated transit has been reported to be restricteddtealyeano shorter than the
socal | edwaflblroi chkeadway, whi ch f orndsurdbcassthisipeeds
some detail in Referendé@3]. Early PRT systems, which must be small, do not requird-hea
ways less than two seconds, so the bwell headway is not an impediment to PRT depelo
ment. The ultmate safety criteria must be giventémms of injuries or indents per biion miles
of operation. PRT must demonstrate that its rate will be well under that for modern rapid rail
systems, and our detailedidtes show us that we will be able to do so and thus will be able to
confirm the D73 statement of the UMTA Administrator given irgliie 7. Thus, at the present
time, the safety of fractionalecond headways need not be a subject of débate must and
will prove it.

Model PRT Vehicle and Guideway itiun Raytheon Model Shop in January 1993 18 months
before thefatal decision to go to the configuration shown igue 16
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