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ABSTRACT 

A PARAMETRIC ANALYSIS OF A PRT SYSTEM 
FOR SOUTHWEST HOUSTON 

by 

Rodney L. Smith 

This thesis presents an analysis of several aspects of an emerging 

form of urban transportation - Personal Rapid Transit (PRT). The poten¬ 

tial of PRT for some portion of the urban transportation demand is first 

discussed to determine if there is the need for the development and 

implementation of PRT. The advanced technology required for a city-wide 

PRT system is discussed in an effort to assess the availability of the 

required technology within a realistic time period. The urban design 

implications and the phasing of an extensive PRT system are discussed in 

order to determine the desirability of such a system. Indications are 

that there is a need for PRT in a comprehensive urban transportation net¬ 

work, that the necessary technology can be made available in a realistic 

time frame, and that PRT would probably have desirable effects on the 

development of an urban area. The rest of the thesis investigated the 

patronage estimates for several PRT system characteristics. 

Many proponents of PRT claim that a PRT system could effectively 

compete with the auto for trips made within a low density urban area. 

To test this, trips internal to the southwest quadrant of Houston were 

analyzed using computer simulations for test PRT and road systems. A 

parametric analysis was performed to determine the sensitivity of PRT 

patronage to several of the transportation system characteristics - 

operating velocities, out-of-pocket costs, system configurations, etc. - 



in an effort to determine PRT design characteristics and resulting pat¬ 

ronage levels. 

Analysis of the test PRT systems indicated that PRT patronage was 

most sensitive to the connection speed to transit (a 10 mph bus-type 

connection appears to be a necessity), transit wait time (a total wait 

time for transit of five minutes effectively eliminates PRT as a viable 

alternative to the auto), and a perceived "hassle factor" associated with 

utilizing transit. Average auto velocity and perceived auto operating 

cost also had significant effects for specific ranges of these two varia¬ 

bles. Variations in total trip length, PRT fare, and PRT vehicle velocity 

were found to have only slight effects on PRT ridership. 

The configuration of the PRT system appears to significantly affect 

PRT ridership levels. Station placement was identified as a critical 

factor: a total walk distance of over 1,000 feet for a trip utilizing 

PRT effectively reduces PRT patronage levels to zero. The circuitousness 

of several PRT paths, when competing with the more direct paths of the 

auto network, is partially responsible for reduced PRT patronage levels. 

PRT paths closely paralleling freeways were projected to carry reduced 

loads due to the higher velocities and lower costs associated with auto 

trips by freeways. Simulations indicate that PRT would not carry a sig¬ 

nificant portion of the total trips internal to southwest Houston. Longer 

trips, however, destined for activity centers appreciably beyond the study 

limits assessed with high auto parking charges were found to generally be 

more accessible to southwest Houston by PRT than by auto. PRT, therefore, 

would seem to function much more effectively as a feeder system to major 

activity centers than as a local transportation system for a low density 

urban area. 
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I. Introduction 
1 

Personal Rapid Transit (PRT) improves service by operating on exclu¬ 
sive guideways to avoid traffic congestion and by utilizing off-line 
stations, small vehicles, and sophisticated automation techniques to 
reduce or eliminate intermediate stops and transfers and to decrease 
trip times. Wider guideway deployment, coupled with less expensive 
stations relatively close to the majority of trip origins and desti¬ 
nations, will result 1n improved levels of access compared with rapid 
rail systems. 

PRT offers a number of additional advantages over rapid rail. PRT 
service, for example, is characterized by shorter periods of accele¬ 
ration compared to rapid rail service. PRT stations may be sized to 
local demand rather than train length. PRT is also adaptable to a 
much broader spectrum of urban sites than rapid rail as a result of 
lower capital cost. While current PRT systems achieve lower capaci¬ 
ties than other modes, reductions in operating headways will permit 
rapid rail lane capacities to be reached with small 4- to 6-passenger 
vehicles.0)* 

The concept of Personal Rapid Transit (PRT) Is relatively new in the 

field of urban transit. The concept is so new, in fact, that significant 

technological advancements must be made before a city-wide PRT system is 

seriously considered. Areas that are just now beginning to be investi¬ 

gated include hardware systems (fail-safe brakes and guidance systems), 

computer programs (vehicle routing strategies), communication and control 

systems (instantaneous vehicle detection and strict velocity control), 

and guideway and station design (interchanges and passenger loading plat¬ 

forms) . 

Although new and not fully developed, PRT appears to have the poten¬ 

tial of being a viable mode of urban transportation. The proposed high 

level of service and comprehensive nature of an area-wide PRT system indi¬ 

cate that PRT may attract sufficient ridership to justify the large 

* - The number in the parenthesis refers to sources listed in the List 

of References 
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development, capital and maintenance costs associated with the installa¬ 

tion of PRT. Logical, although theoretical, estimates of patronage must 

be made in order to provide decision-makers with the best possible evalua¬ 

tion data. 

PRT patronage forecasting poses a special problem, in that the major¬ 

ity of the parameters affecting patronage vary radically from those of 

conventional transit. Parameters influencing tripmakers' modal choice 

must be identified, and to some degree, quantified. These parameters may 

then be applied to a proposed PRT system as an aid in forecasting patron¬ 

age. Relevant parameters appear to include such things as auto operating 

costs, average auto velocities, transit fares, average transit velocities, 

transit wait times,auto parking costs, walk to transit, the loss of pri¬ 

vacy and flexibility associated with the use of transit, and the aggrava¬ 

tion of transferring between transit vehicles (from feeder bus to PRT). 

These parameters, as they vary across large ranges, have significant 

effects on transit patronage. This thesis investigates the transit 

patronage changes associated with variations in several of these parame¬ 

ters, identifies general PRT design criteria and roughly estimates the 

percent of local trips projected to use PRT for this test case. 

Before the analysis of PRT patronage is undertaken, however, the 

potential for PRT must be identified and examined. This is the purpose 

of Chapter II. The state-of-the-art of PRT and the feasibility of devel¬ 

oping the required technology in a realistic time frame and at a reason¬ 

able cost must be analyzed; Chapter III Investigates the technology of 

PRT. In an effort to understand the impact of the implementation of PRT, 

Chapter IV discusses the phasing and urban design implications of an 



area-wide PRT system. Chapter V discusses the computer modeling tech¬ 

niques employed in the PRT patronage estimation. Chapter VI discusses 

the modeling results, the effects of several parameters on PRT ridership 

levels and the design standards of a PRT system. Chapter VII presents 

the major conclusions. 



II, The Urban Problem and a Potential Solution, 
4 

Urban America is growing at a rapid rate. This growth is occurring 

in the form of increased population and steadily expanding land area. At 

the same time, the majority of the large cities are actually losing popu- 
(2) lation in their inner city areasv 1 — the areas traditionally having the 

highest population density. The people moving from the urban core are 

locating in the low density fringe areas of the city. This decentraliza¬ 

tion trend, aided by an over-all urban population increase, is responsi¬ 

ble for the tremendous growth in the land area of most urban areas. 

As urban areas spread out, the urban transportation network must also 

grow and change to meet the changing demands. However, most transit 

systems were designed to move large numbers of people either short dis¬ 

tances at low speeds within high density urban areas (street cars, local 

buses) or long distances at high speeds (commuter rail). Neither of these 

two types of transit adequately ties together the large, low density areas 

that presently form the largest parts of our urban areas. The auto is 

presently the only mode of transportation capable of providing a signifi¬ 

cant level of service to these areas. 

The auto functions extremely well in the low density areas of our 

cities for a number of reasons: 

« reasonably low cost 

° door-to-door convenience 

® high degree of privacy 

comfort 

security 

reliability 
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no waiting times or transfers 

o “ready when you are" service - 24 hours a day 

« comprehensive - provides easy access to nearly all parts 

of an urban area 

As density goes up, however, and the number of autos in a given area 

Increases, the disadvantages of the private auto become more apparent: 

© congestion 
0 air pollution 

° fuel consumption 

« limitations on the mobility of segments of society - 

the elderly 

the poor 

the young 

the handicapped 

o social disruption (splitting neighborhoods) 

o valuable urban land required for - streets 

parking lots 

gas stations 

o traffic accidents 

The auto, although generally accepted and widely used, is capable of 

satisfying only a portion of an urban area's mobility needs. Some form 

of transit is needed to fill the mobility gaps left by the auto. 

One type of transit system that appears to satisfy a number of trans¬ 

portation demands with a minimum of ill effects is PRT. A PRT system 

would consistof a network of grade-separated guideways supporting small, 

electrically powered, computer-controlled vehicles carrying individuals 
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or small groups non-stop, without transfers, from origin stations to des¬ 

tination stations. 

A comprehensive PRT network would tie together the major activity 

areas of a metropolitan region. Population centers, health care facili¬ 

ties, office complexes, schools, shopping areas, and industrial sites 

would be some of the major points to be connected. In order to fully 

serve a region, a PRT network, with perhaps a complementary bus system, 

should put every possible origin and destination within reach of a transit 

station. 

A PRT system would need to be grade-separated to insure that PRT 

vehicles or guideway will not interfere with the movement of pedestrians 

or autos, avoiding the social disruption associated with at-grade trans¬ 

portation facilities. Grade separation will also remove the PRT from the 

congestion of the auto-filled street system. 

Electric power would probably be used. This would insure that a PRT 

system would not contribute to the urban air pollution problem. Noise 

levels would also be kept to a minimum with the use of electric motors. 

One of the distinguishing features of PRT is the use of small vehi¬ 

cles to carry individuals or small groups to their selected station with 

minimum delay and no transfers. This is accomplished by routing the vehi¬ 

cle itself from the station of origin to the desired destination. Sophis¬ 

ticated computer control is necessary to safely perform the turning and 

merging maneuvers required to guide the vehicles along pre-determined 

paths. Instantaneous detection of vehicles and absolute vehicle control 

are necessary to safely maintain the short headways and high speeds 
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required to obtain high capacities. This control Is one of the more 

critical aspects of PRT and 1s more fully discussed later. 

By utilizing small vehicles and off-line stations, a PRT system per¬ 

mits travel between any two stations with no intermediate stops. During 

peak hours, partially full vehicles could be routed to take on additional 

passengers at an intermediate station, provided pre-determined time con¬ 

straints were not exceeded. During off-peak hours, trips would be non¬ 

stop. 

Due to the lightweight construction of the guideway made possible by 

the small vehicle size, guideway costs per mile are relatively low. As 

illustrated in Table 1, PRT costs per lane mile are approximately 40% of 

the cost for rapid rail transit. As a result, two to three times more 

miles of PRT lines may be built for the same initial investment as for 

rapid rail. This reduced cost per lane mile permits a more extensive 

network. Also, the off-line loading characteristic of PRT permits the 

placement of stations at short intervals along the PRT lines. The result¬ 

ing PRT network, with more miles of guideway and frequent stations, is 

capable of providing a higher level of transit service to a larger portion 

of an urban area than is rapid rail. More of the region would be accessi¬ 

ble by PRT. 

Would PRT be capable of handling the volumes of passengers desiring 

to utilize transit along the major corridors in a city such as Houston? 

The Voorhees' study for the City of Houston projected peak hour transit 

demand for the recommended transit system to be similar to that of one of 

the test systems investigated by that study. The CBD approach lines for 

that test system were projected to carry during peak hour^: 
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CBD Approach Lines Inbound Outbound 

Katy Rail Line 9,500 1,690 

East Tex Rail Line 10,240 1,130 

East Freeway Rail Line 5,760 1,550 

Harrisburg Busway 3,270 1,520 

Gulf Rail Line 8,510 3,410 

Alvin Busway 1,350 N-A 

South Freeway Busway 2,260 870 

Medical Center Rail Line 1,980 2,500 

Richmond Rail Line 8,200 3,900 

All of these projected passenger volumes are considerably lower than 

14,400 passengers per hour - the design capacity of second generation PRT 

(see Table 1). 

PRT appears capable of handling the peak hour corridor movements 

projected for transit in Houston for 1990 with an initial cost much lower 

than that of rapid rail. Hopefully, PRT will be capable of attracting 

more riders than did the rapid rail/busway system analyzed by Voorhees 

for Houston. However, even if peak hour PRT ridershlp was double or 

triple the ridership projected by Voorhees, High Capacity PRT (28,800 

seats per hour per lane, see Table 1) would be capable of handling the 

passenger volumes along any of the corridors, particularly with the possi¬ 

bility of placing several PRT lines in any urban corridor. 

Indications are that PRT could be an effective form of urban trans¬ 

portation. The feasibility of implementing a city-wide PRT system hinges, 

however, on the technological feasibility of PRT, the city shaping aspects 

of PRT and the ability of a PRT system to attract significant ridership. 

The technological feasibility of PRT is discussed next. 
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III. The Development of PRT Technology* 

The technology for the high speed, high capacity PRT required to 

serve an entire urban area is not presently available. A successful 

research and development program over a number of years will be required 

prior to the detailed planning of an area-wide PRT system. Several of 

the features requiring further study are: 

« short headways (indications are that fractional second 

headways will be required) 

« fail-safe control systems - reliable braking 

precise control at merge/ 

demerge points 

mean time to failure 

mean time to restore service 

system blockages 

accidents per 1,000 miles 

of operation 

o efficiency - empty weight vs. loaded weight 

energy consumption per passenger mile 

o costs 

° construction costs - per mile of guideway 

per station 

per interchange 

° vehicle costs 

« operating costs - energy requirements 

labor costs - station/guideway 

maintenance 

vehicle maintenance 
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® computer control - main computer 

back-up computer 

on-board computer 

« aesthetics - visual impacts of guideways 

noise levels 

land requirements for interchanges 

« operating characteristics - acceptable operating acceleration/ 

deceleration rates 

emergency brake rates 

vehicle size 

"best" propulsion, suspension 

systems 

However, Houston has a sufficiently long lead time* to permit the consid¬ 

eration of seemingly futuristic systems as a portion of the 1990 or 2000 

transportation system. Within the time frame for Houston's long-range 

transit planning, PRT technology may, at a future date, be sufficiently 

proven to warrant serious consideration as Houston's primary transit 

system. 

UMTA plans to develop PRT technology using a three-phase process^K 
Each phase of development will result in a new generation of PRT systems, 

each incorporating the technological advances of the previous generations 

and each serving specialized transit needs. 

First generation PRT's are already in the experimental stage. The 

vehicle size (12-30 passenger capacities) is too large and the headways 

too long to qualify these systems as true PRT's. However, most of these 

* - Voorhees' design year for estimating transit patronage was 1990^) 
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systems are capable of operating in a demand mode (although on extremely 

simple networks) and employ reasonably sophisticated control procedures. 

Such systems perform specialized transit functions and provide valuable 

experience in the design, construction and operation of PRT systems. 

DOT's Morgantown PRT project is perhaps the best known of these PRT- 

type systems. The system ties together the widely separated areas of the 

West Virginia University campuses with 2.2 miles of guideway and 3 sta- 
(41 tions v . Vehicles are designed to accommodate 8 seated passengers and 

13 standees. Maximum velocity is 30 mph with 15-second headways. Peak 

capacity is nominally 1,100 people every 20 minutes between 2 stations. 

The vehicles will operate in a scheduled mode during peak hours and on a 

demand basis during off-peak hours. Running on rubber tires and pro¬ 

pelled by 60 horsepower DC electric motors, the vehicles are computer 

controlled. On-board switching units direct the vehicles to steer into 

the designated "branch" at demerge points; no movable portions of the 

guideway are required for switching. This shortens switching time and 

permits shorter headways. 

The Dallas/Ft. Worth Airport employs a PRT-type system to move pas¬ 

sengers and freight between terminals^» p*^. This system operates in 

a scheduled mode only and utilizes 40-passenger vehicles. Maximum speed 

1s 17 mph. An on-board guidance system steers the vehicle at demerge 

points. Rubber tired and electrically powered, the vehicles operate 

under a block control system that provides safe automatic control with 

18-second headway. 

Other first generation PRT systems were displayed and tested at 

DOT's Transpo '72^. Dashaveyor-Bendix ran rubber tired, 12-seat, 
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19-standee vehicles on an at-grade guideway. Ford Motor Company dis¬ 

played a 12-seat, 12-standee vehicle with on-board switching. Transpor¬ 

tation Technology, Inc. - Otis presented air cushion vehicles propelled 

by linear induction motors. Rohr - Monocab's entry was a suspended 

monorail system consisting of two 6-seat vehicles. All four systems 

operated in a demand activated mode. The four systems were open to the 

public during Transpo (May and June, 1972), carrying passengers on test 

rides and demonstrating the "activity center transportation"^ concept 

(essentially large vehicle, long headway PRT). From the close of Transpo 

until November, 1972, tests were conducted on the four systems to measure 

"system performance, system parameters and performance of the command and 

control systems"^. 

A number of other United States firms are developing PRT systems. 

Uniflo Systems Company has developed an 8-passenger passive vehicle that 

is suspended, propelled and guided by compressed air pumped through ducts 

in the guideway p*9^. R0hr industries, besides owning Monocab, 
(81 is developing a PRT vehicle suspended and propelled by magnetic forces1 . 

Westinghouse offers the more conventional "Transit Expressway" with 28- 

passenger, rubber-tired electrically powered vehicles. Westinghouse's 

system has been installed in Tampa International Airport, Seattle-Tacoma 
(91 International Airport and South Park, Pennsylvania' . Starrcar, Car- 

veyor, Hiline, Urbmobile and the Dorf Concept are other PRT-type systems 

being investigated by United States firms^^. 

UMTA's second generation of PRT systems is scheduled for develop¬ 

ment from late 1972 through the spring of 1979^. This development 

work "will develop a second generation, medium capacity, PRT system 
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capable of line haul capacities exceeding 14,000 passengers per lane 

per hour, using vehicles with 12 or less seated passengers. Light vehi¬ 

cles will allow construction of small guideways and, thus, greatly 

lower capital costs. The result would constitute a transportation mode 

providing capacity comparable to rapid rail, but requiring one-third the 

capital investment"^. UMTA expects eight outputs from this project^: 

1. Engineering designs of medium capacity PRT systems 

2. One complete design with specifications 

3. Standard simulation tools for vehicle management and vehicle 

system studies 

4. A variety of network models and demand characteristics ranging 

from simple line haul implementations to area-wide network 

configurations 

5. Comparisons of the different management approaches 

6. Improved vehicle management approaches 

7. Economic analysis of PRT operating costs 

8. Extensive test results 

Colorado's Regional Transportation District (RTD) is planning one 

of the first second generation PRT's^^. Vehicles operating at 30-40 

mph and sized to carry 12 passengers will be capable of carrying up to 

6,000 passengers per hour per lane at 15-second headways. One hundred 

miles of guideway are planned. Vehicles will operate in the demand mode 

during off-peak hours; scheduled service, possibly using several vehicles 

linked to form trains, will be the operating mode during peak hours. 

Total capital cost of this system (including an extensive bus system) is 

$1,059,750,000 (1973 dollars)^^. Construction is scheduled for com¬ 

pletion in 1983. 
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The majority of the characteristics of the vehicle to be used by 

the RTD have not been established. Rubber-tired, magnetically levitated 

or air-cushioned, the vehicles must be able to satisfy the service 

demands and still operate in a quiet, safe and efficient manner. To 

aid in the selection of an optimum system, UMTA plans to construct a 

$28 million, 2.5 mile test guideway in the Denver area^^. Tests will 

be conducted there to determine the operating characteristics of several 

of the subsystems of PRT (propulsion, suspension, braking, computer 

control, etc.). 

Developments in several other countries are slightly further along 

than those in the United States. Cabtrack (United Kingdom), Cabintaxi 

(Germany) and CVS (Japan) are several such systems 

Krauss Maffei (Germany) is currently designing a magnetically levitated 

vehicle for a proposed PRT feeder system to fixed rail transit in 

Toronto, Canada Nancy, France is about to begin a 14.4- 

m1le PRT system (completion scheduled for 1978)^^. Several of these 

foreign systems carry four to six passengers at 3-second headways 

(14,000 passengers per hour per lane)' '. 

UMTA is presently beginning a study of its own on high capacity PRT. 

UMTA's high capacity PRT investigation 1s scheduled for 1973-1979 and 

"will begin with a systems analysis which will be integrated with other 

UMTA projects on PRT's and will also reap the benefit of private indus¬ 

try's experience with PRT development, both in the United States and 

abroad. It will identify critical subsystems, especially braking, vehi¬ 

cle control and failure management. These subsystems can later be 

designed, fabricated and tested in suitable test configurations"^. 
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Expectations are that this study, and those studies that follow, will 

result in high capacity PRT systems capable of satisfying the travel 

desires along urban corridors. 

Perhaps the most critical elements of High Capacity PRT (HCPRT) are 

those affected by fractional second headway. UMTA states^: 

The primary technical problems in HCPRT operation are 
associated with attaining safe operation at short headways. 
Increased collision potential will require the use of individ¬ 
ual passenger protection devices (for example, seat belts), 
stronger vehicle structures, rapid failure detection, sophisti¬ 
cated emergency braking, better command and control and high 
levels of reliability. 

These problems are currently being investigated by UMTA, as well as by 

private groups. These are difficult problems that must be resolved 

before HCPRT can be considered for actual city-wide implementation. 

UMTA believes that the necessary technology for the implementation 

of PRT will be available. Although the costs of developing this tech¬ 

nology will be high, the resulting HCPRT will be worth the Investment if 

HCPRT is capable of even partially solving the urban transportation 

problem. 
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A comprehensive PRT system for the Houston urban area would probably 

consist of several hundred miles of guideway and cost several billion 

dollars. Such an extensive system would undoubtedly be constructed and 

financed in stages, initially serving the areas of most pressing need 

and gradually expanding to form an area-wide network. 

One of Houston’s most pressing transportation problems is circula¬ 

tion within and around activity centers. The CBD, the Galleria-Post Oak 

City area, the Greenway Plaza area, the Texas Medical Center, the Univer¬ 

sity of Houston-Texas Southern University area, a number of large shop¬ 

ping centers, and the airport are the major areas of activity and, there¬ 

fore, congestion. Plaza del Oro, the Houston Center, and other new 

developments are slated to join this list. PRT systems built within 

these centers would provide internal circulation, thereby reducing con¬ 

gestion and increasing mobility. Peripheral parking, efficiently linked 

to each center by PRT, could reduce localized air pollution, and on-s1te 

parking demand. Linking near-by housing areas with these activity cen¬ 

ters could potentially reduce auto travel to the activity centers. 

» 

There are several advantages to constructing the first PRT lines in 

the high density areas. First, these lines would be serving existing 

needs, solving existing problems. Second, stations could be located 

close to the major traffic generators, eliminating long walk distances 

or shuttle buses. Patronage would probably be large enough to insure 

the economic feasibility. Third, the progressive property development 

interests of Houston have already demonstrated that this approach to 

urban mobility has investment potential for them: studies on people- 
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movers systems have already been completed for the Galleria area, the 

Texas Medical Center, Plaza del Oro and the Houston Center. Interest in 

such systems indicates the possibility of partial financing by private 

concerns. 

In the developing areas of Houston, the dedication of right-of-way 

(R-O-W) for PRT could become a requirement for plat approval. A similar 

policy is currently in effect for the dedication of R-O-W for the street 

and thoroughfare system. The construction by the developers of PRT lines 

could be handled in conjunction with the construction of paved roads and 

adequate drainage and sewage facilities. 

In low density areas, the simulations run for this thesis indicate 

that PRT would need to be complemented by collector systems. Dial-a-bus, 

jitney service, scheduled bus service, park-and-ride, as well as kiss- 

and-r1de facilities could all serve in this capacity. Such systems 

would be needed to place a significant portion of the urbanized Houston 

area within the transit service area. 

A PRT system would need to be carefully woven into Houston's exist¬ 

ing urban fabric. PRT, with its light weight structures, narrow R-O-W 

requirements and pollution-free, silent operation, could be constructed 

and operated in most areas of Houston with minimum disruption. Medians, 

edges of streets, freeway R-O-W, drainage R-O-W and railroad R-O-W are 

all potential sites for PRT lines. Some planners have suggested linear 

parks* along the routes. Major arteries provide excellent routes; the 

* - Denver's Rapid Transit .District plans to have a number of linear 
parks along PRT routes 



PRT vehicles are quiet compared to the auto, bus, and truck traffic 

found on most busy streets. 
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The test PRT systems for southwest Houston were designed to utilize 

existing R-O-W to the extent practical. A number of the major arteries 

have medians of sufficient width to accommodate elevated PRT lines. 

Other thoroughfares have adequate space on at least one side of the 

roadway, permitting the installation of elevated PRT behind the curb. 

On the streets lacking sufficient R-O-W (typically those portions of 

Bissonnet, Richmond, Westheimer and University to the east of Kirby), 

the columns for the elevated lines may be placed in the center of the 

streets, and integrated with left turn lanes or they may be combined 

with parking slots along one edge. 

If PRT were to attract significant ridership, the judicious deploy¬ 

ment of PRT stations could have profound effects on urban growth. Good 

existing growth trends could be reinforced; desirable new growth could 

be encouraged; older areas could be redeveloped. The improved accessi¬ 

bility offered by PRT stations should encourage localized, dense growth 

in areas within walking distance of such new stations. 

The potential impact of a PRT system on southwest Houston is par¬ 

ticularly intriguing. This area, already experiencing rapid growth, 

could be shaped by a PRT system. Existing developments (Greenway Plaza, 

Post Oak City, the Medical Center), presently plagued by traffic conges¬ 

tion and increased parking demands, would find new opportunities for 

growth with the installation of a PRT system designed to provide easy 

access to such centers. The redevelopment trend in the older areas 

(i.e. - Montrose) would be encouraged with the development of medium 
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and high density commercial and housing projects near PRT stations. 

Planned Unit Developments (PUD's) would probably tend to locate next to 

PRT stations, taking advantage of the increased accessibility of such 

areas. 

Although a PRT system should focus on the CBD, relieving congestion 

and satisfying the demand for movement along CBD-oriented corridors, a 

comprehensive PRT system should not be strictly radial. A grid-shaped 

PRT system constructed over an entire city could provide a means of sat¬ 

isfying the crosstown trip desires that are generated in a low density 

city such as Houston. The growth of large office and retail centers 

outside the CBD (i.e. - Greenway Plaza and Post Oak City) would be 

encouraged; decentralized, but concentrated growth should result. 

Fitting PRT into the existing urban framework requires a deft 

design touch. However, it is in the previously undeveloped areas that 

the concept of PRT becomes truly exciting. With PRT as the primary 

movement system (the road network would need to be designed in such a 

manner as to discourage auto travel), clustering could occur around the 

PRT stations. Communities could be divided into distinct segments, each 

to fit human needs, each complete with office, retail, governmental and 

housing facilities. Greenbelts, lack of transit access, and at-grade 

transit lines could be designed to bar movement and development in 

appropriate areas - flood plains, aquifier recharge zones, etc. A PRT 

system and a properly controlled road network could permit planners to 

implement plans without zoning. 

PRT appears capable of providing fast, convenient, efficient, non¬ 

polluting transportation service to such areas. Since most origins and 
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destinations would be within easy walking distance of a station, an auto 

would not be required to move easily about the region, nor would large 

parking facilities be necessary. 

Large portions of the Houston area are almost entirely undeveloped. 

Such areas could easily be designed around PRT systems. The resulting 

concentrated development should prove to be more efficient than the auto- 

oriented, single family residential growth presently occurring.* 

Used properly, a viable PRT system should prove an effective shaper 

of urban form. Such a PRT appears to be a powerful tool, capable of 

aiding planners in creating more livable cities, whether old or new. 

* - "Land Use Planning Reports" quotes Council on Environmental Quality 
(CEQ) Chairman Russell Peterson as stating that "higher density, 
more clustered development has significantly lower economic costs, 
generates significantly less air and yater pollution and consumes 
significantly less energy and water".”4) 
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If the assumptions could be made that the advanced technology nec¬ 

essary for PRT would be available and that the urban design implications 

of PRT were considered desirable, would PRT attract sufficient ridership 

to be considered a viable form of urban transportation? More specifi¬ 

cally, would PRT attract a significant portion of the trips internal to 

southwest Houston? Development, construction and operating costs of PRT 

appear to be extremely high; there must be a reasonable prospect of 

recovering this sizable investment. An urban transit system that pre¬ 

sented a logical alternative system to the auto for a significant number 

of trips could be construed as a reasonable return on investment. Real¬ 

istic, even if theoretical, estimates of PRT patronage must be obtained 

in order to evaluate the soundness of such an investment in PRT. The 

transportation modeling process provides such estimates. 

In order to estimate PRT patronage for 1990, three computer pro¬ 

grams were written, debugged and utilized to perform the network simu¬ 

lation (Including the identification of minimum paths and the associated 

costs, times, and distances), trip distribution and modal split. The 

end results are PRT ridership estimates expressed as percents of total 

trips and total passenger miles. The interrelationships between the 

programs are shown in Figure 1; listings of these programs are included 

in the Appendix. 

The first program - PATH - is used to identify minimum cost paths 

through a network and calculate the associated costs, times and dis¬ 

tances. This may be used for either an auto or PRT network. Moore’s 

Algorithm is utilized. The basic program was written in the spring 
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semester of 1974 by John Arnold and John Hoffman under the direction of 

Dr. Loren Lutes. Although this program was modified and expanded until 

it bears little resemblance to the original, the initial program was 

extremely valuable as a base upon which to build. 

The second program - DIST - performs trip distribution. Originally, 

the Texas Highway Department's (THD) trip distribution for the target 

year of 1990 was to be utilized. However, after a six-month effort 

involving considerable correspondence and lengthy discussions with the 

THD's Urban Planning Office (Houston area), the THD's Austin Office for 

Planning and Research (D-10), and the City of Houston's Transit Action 

Program's Consultant, Alan M. Voorhees and Associates (Dallas Office), 

all possible sources had been investigated with no success. The con¬ 

clusion was reached, therefore, that trip distribution data on a serial 

zone level was not available. It became necessary to perform the trip 

distribution based upon trip ends for 1990 in each serial zone. Zonal 

trip ends were furnished by the THD. 

The use of trip ends in the trip distribution procedure as an indi¬ 

cator of activity in a zone is not the preferred method and significant 

error is undoubtedly introduced. The method usually employed utilizes 

productions and attractions as the index of zonal activity. Trips are 

produced at the residential end of a trip and are distributed to points 

of attraction with a corresponding return trip. If one-half of the 

trips ends are used, as was done in this study, trips will be assigned 

to zones without taking into consideration the type of activity within 

each zone. 

Further error was introduced with the isolation of a portion of a 
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city as a concentrated study area. The trip distribution should be per¬ 

formed on an area-wide basis, taking into consideration trips between 

all zones; the trip distribution used in this study distributed trips 

only among zones in the study area. Trips to the CBD and other zones 

outside the study area were ignored. To properly account for all these 

zones was beyond the scope of this study. 

For the above stated reasons, it was not felt that estimated trip 

volumes were of sufficient accuracy to permit trip assignment. Such an 

assignment would permit the determination of volumes along links as well 

as congestion factors, design capacities and PRT revenues. Therefore, 

the trip interchange data was used solely for weighting the patronage 

estimates for each set of zonal interchanges. The weighting factors 

furnished a total "% PRT" ridership estimate for each origin zone that 

was of the proper magnitude relative to the ridership from the other 

origin zones. 

The UMTA Transportation Planning Systems (UTPS) programs developed 

by the Urban Mass Transportation Administration (UMTA) utilizes a modi¬ 

fied gravity model to accomplish trip distribution and modal split. 

The equations are: 

P(j,m/i ) = Aj x exp(sx ^ijm^m^j x exP(ôx ti jm^ 

and 

Tijm = pi x p(3.m/i) 

where: 

PU»m/i) - is the probability that a trip will go to zone j 

and use mode m given it originates in zone 1 

AJ - is the attractions (or attractiveness) of zone j 
J 
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tijm "is the impedance measure from zone i to zone j 

using mode m (the cost of the trip in dollars) 

e - is a calibrated parameter 

P.| - is the productions (or productiveness) of zone i 

Tijm " 1S the number of trips from zone i to zone j by 

mode m 

The trip distribution in this study was based entirely upon 1990 

auto trip costs and the modal split was performed in a separate step 

using a different method. Thus, the trip distribution was accomplished 

using only one mode and, when simplified, the two equations reduced to 

one: 

Tjj = Pi x Aj x exp(Qx tij)/Ç(Aj x exp(ax t-jj)) 

where, for this case: 

Aj = 1/2 x the trip ends at the destination zone j 

Pi = 1/2 x the trip ends at the origin zone i 

tjj = the cost (in dollars) of the 1990 auto trip from 

zone i to zone j 

6 = -0.10, the default value in UTPS 

Tij = the trips from zone i to zone j 

Since transit plays an insignificant role in Houston's existing 

travel patterns, a trip distribution based solely upon auto trip costs 

is valid for present conditions.* However, if transit were to play a 

significant role in 1990, an auto-based trip distribution for 1990 

* - a similar approach was taken for the North Central Texas Council 

of Governments' Regional Transportation Study. (^) 



25 
would not be strictly correct. If traffic assignments were to be made 

from this trip distribution data, consideration would have to be given 

to a proposed 1990 transit system in the trip distribuiton process. 

Since this study employs the distributed trips only as a weighting 

factor, this simplified trip distribution procedure is adequate. 

Modal split is usually accomplished utilizing calibrated curves or 

equations. Such calibration is based upon existing systems and observed 

conditions. However, no significant transit system exists in Houston; 

no calibrated modal split curves are available for the Houston area. 

This problem is further compounded by the fact that the study deals 

with a PRT system and no calibrated curves exist for any large scale 

PRT system. The modal split has, therefore, been undertaken utilizing 

a theoretical model. 

A modal split model developed by Pratt ^yields theoretically 

pleasing results. A number of assumptions were made and thoroughly 

documented by Pratt. They are: 

Supposition 1 - Individual choice of mode is utilitarian. The 
trip-maker's concern is to minimize the sum total of personal dis¬ 
utility involved in the travel action. Corollary: If an individ¬ 
ual's unique perception of the sum disutility of using each of the 
alternative travel modes could be measured for a given trip, his 
choice of mode could be absolutely predicted. 
Supposition 2 - Description of individual utility perceptions with 
standard network analysis techniques is affected by a multitude of 
chance errors. These include discrepancies caused by the varia¬ 
tions in behavior related to differing individual value systems. 
Corollary: Individual choice of mode cannot be forecast; but as a 
substitute, the probability of an individual choice can be pre¬ 
dicted using the error function associated with the normal distri¬ 
bution. 
Supposition 3 - Deviation from the normal distribution can be 
explained by such predictable influences as captive riding and 
resistance to long trip length. 

The corollary of the second supposition is simply a restatement of 
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the central limit theorem of probability mathematics, provided one 
agrees with the related supposition that the errors involved are 
errors of chance. The following is a partial list of discrepancies 
and errors that may occur in measuring individual perception of 
travel utility. 

1. Errors inherent in averaging, specifically the use of one set 
of travel parameters to represent conditions facing all individuals 
in a given trip interchange population; 
2. Discrepencies caused by variations among individuals in the 
perception of the utility parameters, in other words, variations 
caused by individual responses based on imperfect information; 
3. Discrepancies caused by behavioral variations among individuals 
in the evaluation of utility; 
4. Random network measurement errors in determining and using the 
mean travel parameters of alternative modes available to the trip 
interchange population; and 
5. Network biases and errors in specification of the utility 
measure. 

It seems quite reasonable to classify the first four categories as 
comprising errors of chance, satisfying the proposition in this 
regard. The fifth type is comprised of consistent, nonrandom 
errors and must be eliminated insofar as possible in any successful 
application of the theory. 

This model is one version of the "disutility model" and employs the 

equation: 

Y = 100/(e"0<3^+l) 

where 

Y = % of trips by mode 1 

<xr = time savings for mode 1 relative to mode 2 in equiva¬ 

lent minutes 

(see Figure 2) 

This model is similar to the model employed by Alan M. Voorhees 

and Associates in the 1972 study ^ for Houston's Transit Action Pro¬ 

gram, with one major exception. Pratt's model assumes a 50% split 

between two modes for equal travel times. These times reflect all quan¬ 

tifiable costs converted to equivalent minutes. The Voorhees curves ^ 
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(shown in Figure 3) predict a 5-15% transit ridership for equal transit 

and auto times. The Voorhees curves are modified versions of curves 

developed and tested for the Los Angeles and Twin Cities areas. The 

modification of the curves consisted of a downward shifting of the 

curves to reflect the greater automobile orientation of the Houston 

area. 

The Voorhees curves do not appear theoretically satisfactory for 

analyzing the improved transit service offered by PRT. If all costs 

for a trip are accounted for (even those associated with comfort, pri¬ 

vacy and social status), a more even split between transit and auto 

should be expected for the equal cost trip (in terms of equivalent min¬ 

utes). A PRT system — with the envisioned high degree of privacy, 

comfort and social acceptability — should compare favorably with the 

auto and logically should not be penalized by the use of curves cali¬ 

brated with today's inconvenient transit systems. Voorhees' curves 

were rejected for the 1990 PRT study as placing too heavy a penalty 

upon transit; Pratt's model placed no such penalty upon transit, and 

was therefore selected as the most logical one to utilize in the third 

computer program — MODE. 

The total cost or disutility associated with a trip includes a 

number of costs — in terms of actual dollars as well as time. The 

factors usually included are: ^3* ^ 

1. Walk time to and from transit 

2. Wait time for transit 

3. Transit running time 

4. Transit fare 
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6. Auto running time 

7. Parking cost 

8. Auto operating costs 

A number of these costs are in terms of time (#1, 2, 3, 5, 6) and others 

are in terms of dollars (#4, 7, 8). To permit comparison of these terms, 

a conversion factor is used to convert dollar terms to equivalent min¬ 

utes. The cost of time ($/hr.) has been taken to be 25% of the average 

hourly wage in several studies.^* 17 18) ^ multiplication factor 

of 2.5 is applied to all excess times (that time viewed by the trip- 

maker as time spent making little or no progress -- waiting time, walk¬ 

ing time, parking time). This "weighting factor" is an effort to 

emphasize the non-progressing portions of each trip. This factor of 

2.5 is accepted by a number of experts in this field and has been 

employed in several studies. 18) 

A portion of southwest Houston was chosen as the study area. The 

study area was defined as approximately the region bounded by Westhei- 

mer, South Main, and Hi11 croft. Hermann Park and the Medical Center, 

although on the south and east side of Main, were also included. 

Several freeways serve this area -- U.S. 59 (the Southwest Free¬ 

way) with approximately 7.6 miles and Interstate 610 (portions of the 

West and South Loops) with approximately 6.2 miles. A number of major 

arteries also cover the area with approximately 89.9 total miles of 

thoroughfares. Some of the major traffic arteries are: 

Westheimer 

A1abama 
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Bissonnet 

Gulfton 

University 

Bell aire/Holcombe 

South and North Braeswood/Beechnut 

Wi11owbend 

Bel 1 fort 

South Main 

Montrose 

Greenbriar and Shepherd 

Kirby 

Buffalo Speedway 

Weslayan/Stella Link 

South Post Oak 

Rice Avenue 

Chimney Rock 

Hi11 croft 

This area is characterized by varied land uses and economic activ¬ 

ities. Hermann Park, Rice University, and the Medical Center are three 

distinct and separate types of land use. Large office complexes (Green¬ 

way Plaza and Post Oak City), major retail centers (Meyer!and and 

Galleria), strip development (along Westheimer and Bellaire) and exten¬ 

sive medium to low density residential sections are the major types of 

land uses. To a large extent, Houston's southwest sector is representa¬ 

tive of the low density, dispersed auto city of the 1960's and '70's, 

characterized by numerous origins and destinations. Combined with 



intra-sector cross-movements are CBD-oriented trips, particularly at 

peak-hour. 

This sector is divided into 82 serial zones. These zones are sub¬ 

divisions of census tracts and are the smallest geographic units used by 

the Texas Highway Department for trip generation calculations. These 

zones are shown in Figure 4. 

A road network, representing the existing road network, was mapped 

and encoded following procedures similar to those suggested by UMTA for 

encoding transit networks.09) in this process, each zone is represent¬ 

ed by a single point: the activity centroid of that zone. All trip 

ends assigned to that zone are idealized as occuring at that zonal cen¬ 

troid. Transit connector links tie each centroid to the test transit 

network; road connector links connect the road network to the centroids. 

The networks themselves, both road and transit, are represented as nodes 

and links. A PRT network was mapped; this too was encoded. The road 

and PRT networks are displayed in Figures 5 and 6. 

Although this PRT network is probably not an optimum network, 

reasonable access is provided to the entire sector — particularly 

those areas of high activity. This network consists of approximately 

86.0 miles of guideway and 108 stations. Although an effort was made 

to refine the network, exact station placement and further refinement 

of alignments are beyond the scope of this thesis. The PRT network, 

with initial refinements, is shown in Figure 6. 

The computer programs yielded trip distribution data, minimum 

paths as well as costs, times and distances, for the auto, PRT and 



revised PRT networks. The programs also provided the percent of trips 

utilizing PRT from each zone to all others (including the airport and 

CBD even though these two destinations were outside of the study area) 

and the total percent of trips by PRT for each origin (weighted average 

for all destinations within the study area) as well as system-wide 

estimates of PRT patronage. The analysis of these data provided val¬ 

uable insight into the workings of PRT in southwest Houston for 1990. 
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The purpose of this Investigation was to gain an understanding of 

the effects of several parameters on PRT patronage. This was done in an 

effort to understand the sensitivity of patronage estimates to several 

assumptions and to relate these parameters to the design of a PRT system. 

Assumptions have been kept to a minimum. As previously discussed, 

a factor of 2.5 was applied to all excess times. A modal split curve as 

suggested by Pratt was found to offer theoretically sound reasoning and 

was, therefore, utilized. Trip distribution data were used only as a 

method for weighting zonal trip Interchanges. 

Auto and PRT characteristics were established for initial test pur¬ 

poses (System #1, Table 2). These characteristics were: 

PRT 3 mph walk speed to and from transit 

30 mph average vehicle velocity 

$0.05/mile fare for transit 

no wait time 

no transfers 

Auto 45 mph average speed on freeways 

20 mph average speed on major arterials 

15 mph average speed on local streets 

$0.05/mile operating costs on freeways 

$0.06/mile operating costs on major arterials 

$0.08/mile operating costs on local streets 

no parking costs 

no park/unpark times 



The 3 mph walk speed 1s fairly standard^» The 30 mph PRT 

vehicle velocity seems to be a reasonable average speed for the initial 

tests; the acceleration and deceleration associated with the maneuvering 

of vehicles at stations and merge points are included in the 30 mph aver¬ 

age velocity. A PRT fare of $0.05/mile was selected. An absence of wait 

times and transfers is characteristic of proposed PRT systems. 

The average freeway, major arterial, and local street speeds 

(45, 20 and 15 mph, respectively) are standard figures used by the THD 

for the Houston urban area for freeways and arterials within the 610 Loop. 

The $0.05/m1le perceived operating cost has been used in a number of 

studies^* 1®); $0.06/mile and $0.08/mile reflect the increased 

wear-and-tear associated with the stop-and-go driving on arterial and 

local streets. The increased costs were to penalize trips on local and 

arterial streets relative to trips using freeways. Parking costs and 

times were ignored in the initial runs. 

Modal split results for this standard PRT/auto system provided an 

opportunity to analyze the effects of several parameters. Walk distance 

to the PRT station, total trip length, competition from freeways and 

the degree of circuitousness of PRT routes were all found to be potential 

determinants of PRT patronage. System-wide, 3% of the total trips and 

2% of the total passenger miles were by PRT. 

Walk distance from an origin to the nearest PRT station was found 

to be a major determinant of modal choice for trips originating within 

that zone. Figure 7 shows the relationship between the walk distance 

at the origin and the percent of trips to be made by PRT. The drastic 

down-swing of the curve indicates the necessity of locating stations 
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within easy walk distance of major trip generators. If PRT is to be a 

viable transit system, carrying significant numbers of passengers, (in 

this instance, capturing more than 5% of the total trips) stations must 

be placed within 500 feet of most origins and destinations unless some 

type of collection-distribution system is provided. Houston's low den¬ 

sity and dispersed nature make this unrealistic. 

To further understand the characteristics of the test PRT/auto sys¬ 

tem, the PRT patronage estimates for trips originating at zone 43 were 

analyzed. Zone 43 was selected due to the wide range of the PRT usage 

estimates (from 0% to 85%) for trips leaving this zone. 

Total walk distance for each destination was plotted versus the 

percent of trips by PRT. The data displayed no significant trends 

(Figure 8). However, as the data were stratified, several curves become 

obvious (Figure 9). 

The lower of the two curves was for PRT routes in direct competition 

with freeways rather than major arterials. Further scatter was intro¬ 

duced by the circuitousness of several of the PRT routes. For example, 

estimations in the northern sections of West University Place could be 

reached by PRT from zone 43 only by circling around the Rice University 

area (via Sunset or Holcombe), while the competing auto trip could be 

made by a more direct route (via University Boulevard). This lack of a 

direct PRT route resulted in unusually low PRT ridership for several of 

the destinations. 

. Variations in total trip length also appeared to slightly affect 

PRT ridership. Trips from zone 43 to zones 63 and 73 (see Figure 4) 
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demonstrate this. Although essentially the same PRT route is taken from 

zone 43 to each of the two zones and a total walk distance of 2,000 feet 

is associated with each path, 23% of the trips to zone 73 use PRT while 

only 19% of the trips to zone 63 from zone 43 are by PRT. The difference 

in PRT ridership (4%) is small but detectable and appears to be caused by 

the longer trip length to zone 73. Apparently, the percent of trips by 

PRT Increases with trip length when the PRT route competes with arterial 

street systems. This result was expected, as PRT average vehicle speed 

was 30 mph, a velocity greater than the average arterial speed (20 mph). 

Total trip length seemed to be a parameter warranting further inves¬ 

tigation. Total trip length is plotted versus percent of trips by PRT in 

Figure 10. Even when the data are stratified by total walk distance, no 

significant trends are detectable. Apparently, the effect of total trip 

length on modal choice is slight compared to several of the other parame¬ 

ters. This may be due to the relatively short trip lengths (the longest 

trip length for trips originating from zone 43 is 8.6 miles) and the 

abundance of freeways in the area. Although PRT paths competing with an 

arterial street system could be expected to carry an increasing portion 

of the trips between origin-destination pairs as trip length increases, 

such increases in PRT patronage are almost negligible. 

The previous analyses utilized data from System #1. Table 2 lists 

the hypothetical PRT/auto systems that were tested to study the effects 

of several operating characteristics on PRT ridership. The resulting 

estimates of system-wide percentages of trips as well as of passenger 

miles by PRT are also listed. 



36 
The characteristics of the collection-distribution system were the 

first to be analyzed. A 10 mph connection to and from the transit sta¬ 

tion was assumed. This 10 mph link represented a dial-a-bus, jitney, 

taxi, park-and-ride or kiss-and-ride type of service. The replacing of 

the walk to transit (with the 2.5 non-progressing factor) with a faster 

connection (System #2, Table 2) increased PRT ridership estimates to 59%. 

When the link speed increased to 15 mph — representing faster bus ser¬ 

vice, less congestion at the station, etc. — a noticeable but less dra¬ 

matic increase in estimated PRT ridership occurred (System #3). This 

analysis indicates that only slight gains for PRT patronage will accom¬ 

pany increased connector velocities beyond the replacement of the 3 mph 

walk link with a 10 mph bus-type connection (see Figure 11). 

Systems #4 and #5 evaluate the effects of charging various fares for 

this collector service. Predictably, fare increases for the collection- 

distribution system cut over-all PRT ridership (see Figure 12). Depend¬ 

ing upon the cost/revenue forecasts and refined patronage estimates, a 

fare placed upon the collector system may or may not be a wise decision. 

The view may be taken that the collection-distribution system as an inte¬ 

gral part of the over-all transit network, does benefit the entire net¬ 

work, and should not be forced to pay Its own way. Perhaps the collection 

distribution system should be subsidized by the remainder of the transit 

system or even by other sources (taxes, etc.). 

It is interesting to note that with the other system characteristics 

being held at their "standard" values, each nickel per mile increase in 

fare for the collector system results in a 6% decrease in PRT ridership, 

while a 5 mph increase in the average velocity of the collector system 
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results in a 6% increase in ridership. Increased average velocities 

would probably result in increased operating costs and fares (if the 

collector was to cover operating costs from the fare box). The net 

increase or decrease in transit patronage resulting from the increased 

velocities and fares would be worth further investigation. 

Obviously, the average speed of the PRT vehicle itself will affect 

PRT patronage. System #6 tested a 45 mph average vehicle speed. Patron¬ 

age increased from 3% (at 30 mph) to 5% (at 45 mph). Figure 13 shows 

the relationship between PRT velocity and patronage. At this time, it 

is not clear that the added expense, in terms of capital costs, operating 

costs and reduced safety, are justified by the 2% increase in patronage. 

The effect of the increased PRT vehicle speed would probably be greater 

for longer trip lengths (as would be the case for crosstown trips) and 

may therefore be justified for a PRT system serving an entire urban area. 

Eliminating the fare for the PRT ride (System #7) increases PRT 

ridership from 3% to 9% (see Figure 14). The effect of the fare decrease 

is probably minimized by the short trip lengths within the study area. 

The elimination of the fare would insure that operating expenses and 

capital costs would have to be paid for with funds from other sources; 

the modest 6% increase in ridership does not seem to warrant such a move. 

The only really significant change in PRT ridership detected thus 

far occurred with the addition of the collection-distribution system to 

the PRT network. Realistically, such a collection-distribution system 

would involve a short wait time, either in the wait before the ride to 

the station or in the transfer between vehicles (bus to PRT or PRT to 

bus) at the stations. A 5-minute wait time effectively negates the 
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beneficial effects of the 10 mph link to transit (2% ridership on System 

#8). A 10-minute wait reduces PRT ridership to 1% (System #9). Figure 18 

illustrates the effects of wait time on PRT ridership. 

Several parameters of the automobile system affect PRT ridership. 

Perceived auto operating costs appear to be one of the more critical 
(31 parameters. Voorhees, in the 1973 study for the City of Houston' ', used 

a perceived operating cost of $0.048/mile; J. K. Howell of BRH Mobility 

suggests using $0.15/mi le for actual operating costs; most firms pay 

$0.10/mile to $0.12/mile to employees for driving their private cars on 

company business. The Federal Highway Administration's report on 1974 

cars show standard sized vehicles at 15.89$ per mile^^. There appears 

to be a wide discrepancy between perceived and actual auto operating 

costs. 

The results of tests on Systems #1, #10, and #11 indicate the sen¬ 

sitivity of PRT patronage to variations in this parameter. Figure 15 

illustrates the effects of auto operating costs on PRT ridership. 

The "correct" auto operating cost appears to vary according to the 

way in which that particular auto trip is viewed. If the cost of the 

auto trip is viewed as only the gas, oil, maintenance and depreciation 

costs of that one particular trip, then the nickel-a-mile figure seems 

reasonable. However, if an area's transit network is capable of effi¬ 

ciently handling a significant portion of the area's total trips, the 

need for a car (or perhaps the second car) may be eliminated, causing 

the auto operating costs to also include insurance premiums, the initial 

cost of the car (including interest, tax, etc.) and perhaps even the 

cost of a garage and driveway. If this is the case, $0.15/mile seems 
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Increased auto operating costs appear to make PRT more attractive 

for trips of longer length (33% of the passenger miles are by PRT with 

only 24% of the person trips). For a PRT system covering a large urban 

area, this tendency to attract longer trips may be important. 

The perceived auto operating cost would be one parameter that could 

be changed through proper presentation to the public. Perceived auto 

operating costs could be made to increase, particularly if the public 

were made more aware of the social costs of driving an auto — air pollu¬ 

tion, depletion of the oil reserves, highway fatalities and increased 

demand for new freeway construction (with the accompanying social disrup¬ 

tion and concreting of our urban areas). If the public were convinced 

that some part of the current car ownership was unnecessary (either the 

first or second car), the perceived auto operating costs could go up. 

Auto congestion will probably increase if transit or highway exten¬ 

sions are not built by 1990. CBD employment is expected to double (from 

125,000 to 250,000)^); other areas are also slated for tremendous growth. 

Sufficient auto traffic should be generated to significantly lower average 

auto speeds unless major transit or highway projects are completed. 

The chances of new freeways being planned or built within the 610 

Loop are extremely slim. Difficulties in acquiring R-0-W have already 

slowed the construction of several freeways. A park in the path of the 

proposed Alvin Freeway, resistance from the owners of land needed to 

widen the Gulf Freeway and a continuing battle with property owners over 

the route of the proposed Harrisburg Freeway exemplify the problems 
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besetting urban freeways. Apparently, urban residents do not value the 

disruption, noise and air pollution that often accomapny urban express¬ 

ways. 

Even the widening of local streets may present major problems. 

Bissonnet is designated "to be widened" on the City of Houston's "Major 

Thoroughfare and Freeway Plan"^). This street will be widened only 

with the destruction of a number of houses, apartments and small busi¬ 

nesses as well as the few existing sidewalks. This is a high price to be 

paid by the local community, solely to provide increased traffic flow for 

those "passing through". 

What does this increased auto congestion mean to PRT ridership? 

Increased congestion means decreased average auto speeds; such decreases 

make PRT more competitive with the auto. If average speed decreases to 

35 mph on the freeways (System #12), PRT ridership increases from 3% to 

6%. If average freeway speed slows to 30 mph, PRT patronage increases 

to 21% (System #13). Figure 16 illustrates the relationship between 

average freeway velocities and PRT ridership. The assumption has been 

made that increased congestion on the freeways was characteristic of the 

congestion on the entire auto street system, including the arterials and 

local streets. 

The THD uses 24-hour average velocities in their studies. During 

peak hours, however, speeds are considerably lower. This reduced auto 

speed may have a marked effect on PRT ridership during peak hours. 

The actual average auto speed for 1990 — for either 24-hour or 

peak hour conditions — is unknown. However, the relationship between 
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average auto velocity and PRT patronage suggests that PRT usage will be 

extremely sensitive to average auto velocities, particularly for speeds 

below 35 mph. Auto congestion may prove to be transit's most powerful 

al ly. 

During the analysis of the first thirteen PRT/auto systems, it was 

noticed that low PRT patronage between specific zones was, in some In¬ 

stances, caused by lack of direct PRT routes. Several lines were added 

to the PRT system (8.2 miles and thirteen stations) to form a more com¬ 

plete network. This network was tested with Systems #15 through #25. 

Several of the operating characteristics were changed to establish 

a new "standard" PRT/auto system. A 10 mph bus link to transit (no fare 

for the connector link) and increased auto operating costs replaced pre¬ 

viously established values. These systems were based on the experience 

gained from the sensitivity analysis already completed (Systems #1 - #13). 

Systems #14 and #15 tested these new operating characteristics, one for 

the old PRT links and one for the revised PRT network. The PRT ridership 

increased from 84% to 87% with the addition of the new links. The addi¬ 

tion of these links appears to be justified, although a detailed compari¬ 

son of added costs versus increased ridership would be required to act¬ 

ually determine the merits of adding these links. 

Earlier investigations into the initial PRT/auto systems indicated 

that wait time is critical to PRT patronage; several other tests were 

then conducted (Systems #20 and #21) to further analyze the effects of 

wait time (see Figure 18). Even though there is (theoretically) no wait 

for a PRT vehicle, there will be a wait for the connector bus at each 

end of the PRT trip or at least a transfer between bus and PRT. The wait 
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times may be looked upon as either one of these two time consuming activ¬ 

ities. As previously discovered, wait time had a major impact on PRT 

patronage. Ten-minute wait time at each end of the PRT trip results in 

essentially 0% ridership for PRT. A 5-minute wait will keep PRT rider- 

ship at low levels — 2%. Even a 2.5-minute wait appears to be extremely 

detrimental to PRT patronage. 

Part of the reason for the drastic effects of wait time is the fac¬ 

tor of 2.5 that is applied to all non-progressing times. As a result, a 

10-minute wait time has the same effect as a 25-minute increase in ride 

time. Even a 2.5-minute wait at each end of the PRT ride (5-minute total 

wait) results in a 12.5-equivalent minute penalty. In this small geo¬ 

graphic area, a 12.5-minute penalty appears to be a decisive factor in 

modal choice. 

A point needs to be made concerning the essentially 0% ridership 

associated with a 10-minute wait time. Some small percent of tripmakers 

are "captive transit riders" — they have no car available for that par¬ 

ticular trip and must, therefore, use transit. This lack of auto avail¬ 

ability may be for financial reasons or physical limitations. Regardless 

of the reason for this lack of auto availability, these people account 

for a large number of those presently riding Houston's bus system. This 

is why Houston's bus system, with long average wait times and low average 

speeds, carries as many passengers as it does. Studies indicate that 

captive transit riders can be taken into consideration for patronage 
(171 estimates' to do so was beyond the scope of this thesis. 

As there are captive transit riders, there are also captive auto 

drivers. These are the people that need their autos and cannot have 
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their needs satisfied by transit. The salesman with his car full of 

samples, the housewife doing the week's grocery shopping and the plumber 

being dispatched to a number of locations throughout the day, all belong 

1n the captive driver category. These tripmakers should also be allowed 

for in patronage estimates. 

Often, a stigma is attached to transit usage. This may be because 

transit is often viewed as being for the poor or "lower class" people. 

Also, the feeling of helplessness accompanying a trlpmaker's realization 

that he is subject to the whims of the transit system — breakdowns, late 

arrivals, exposure to inclement weather, overcrowded facilities, rude or 

negligent operators — detract from transit's appeal. The loss of privacy, 

comfort, flexibility and security suffered by the users of transit — even 

of PRT --is considerable. The effects of all these negative qualities 

are difficult, and perhaps impossible, to quantify. This "hassle" cost 

appears to be responsible for the uneven split between transit and auto 

usage when all quantifiable costs for auto and transit are equal. 

Transit's "hassle" cost should logically be related to transit trip 

length or total transit trip cost. For this reason, the "hassle" factor 

was expressed as a percent of total PRT trip cost — 110%, 125%, 150%, 

200% — and was applied to the total trip cost. 

It is possible, if the public were educated to look upon transit 

ridership as an extremely positive thing, that the "hassle" factor 

could be less than 100%. In other words, transit ridership could be 

viewed as being so comfortable, so socially acceptable, so safe, and so 

enjoyable, that people would actually be willing to pay more for a trip 

by transit than for the equivalent trip by auto. Although PRT would 
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seem capable of reducing the "hassle" factor much lower than conventional 

transit, the prospects of reducing the "hassle" associated with any 

transit system to a level below that of the auto seem doubtful. Figure 17 

shows the relationship between the "hassle" factors and system-wide totals 

for percent of trips utilizing PRT for Systems #16 through #19. 

Comparisons were made for a final PRT/road network. Based upon 

experience gained from the previous analyses, this system was assumed to 

have the following characteristics differing from the previous standard 

system (System #15): 

a hassle factor of 150% 

a 2.5-minute wait at each end of the PRT ride 

a $1.00 parking fee at the Galleria (zone 3) 

Greenway Plaza (zone 17) 

Medical Center (zone 45) 

The comparisons were made for a conversion factor of $1.75/hour and 

$3.00/hour (Systems #22 and #23). These conversion factors represent 

different values placed on time by different people. In several stud- 

iesv * * , the value of time has been taken as one-fourth of the 

average hourly wage rate. A conversion factor of $1.75/hour corresponds 

to an everage annual income of $14,560 (the unweighted average income of 

the study area); $3.00/hour corresponds to an annual income of $24,960. 

The $1.75/hour resulted in PRT ridership of 12% of the passenger trips 

and 12% of the passenger miles. The $3.00/hour resulted in PRT rider- 

ship of 7% of the passenger trips and 6% of the passenger miles (see 

Table 2). 

The "value of time" conversion factor requires further explanation. 



Work at Stanford Research Institute indicates that time is worth, on the 

average, $2.88/hour^^. Other studies indicate that time is worth $3.50/ 

hour per vehicle for auto trips (approximately $2.40/hour per person 

Still other studies indicate that the value of time varies with the length 

of time^^. However, a factor of .25 times the average hourly wage rate 

has been used previously in transit studies for Houston^, has been rec¬ 

ommended by several papers^» and appears to yield an acceptable 

value. It was, therefore, utilized and tested for two income levels - 

$14,560/year and $24,960/year (Systems #22 and #23). 

Figure 19 plots the percent of the trips originating within each 

zone that utilize PRT versus the zone number. Transit ridership is con¬ 

sistently lower for the higher income class — the $3.00/hour test. A 

"spike" occurs at zone 43 (Herman Park and Zoo). Zone 43 is the only 

origin tied directly to the PRT system; there is no bus connection with 

the accompanying 2.5-minute wait. Significant transit patronage increases 

at this origin are the result. 

Although this study was largely concerned with PRT ridership within 

the southwest portion of Houston, PRT trips to the CBD and Houston Inter¬ 

continental Airport were also analyzed. For the original PRT/auto system 

(System #1), PRT usage for CBD-oriented trips was fairly high, particu¬ 

larly for trips with short walk distances at the non-CBD end of the trip. 

This is illustrated in Figure 20. Figure 20 was,an attempt to determine 

the relationship between CBD trips by PRT and the origin's distance from 

the CBD (trip length). No truly significant relationships were detected. 

However, as the data were stratified, it became obvious that when CBD 

trips by PRT directly compete with freeway auto trips rather than arterial 
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auto trips, PRT ridership declines. This is due to the higher average 

speeds and reduced operating costs associated with freeway trips as com¬ 

pared to trips utilizing major arteries. Freeway routes to the CBD 

become more prevalent as distance from the CBD increases; the availabil¬ 

ity of freeway routes negates the slight tendency for increased PRT 

ridership associated with longer trip lengths. In fact, there appears 

to be a slight decline in PRT ridership with increasing trip length at 

distances from the CBD of 5 miles or more. This appears to be due to 

the increased freeway competition at greater distances: the 610 Loop 

effectively intercepts the CBD-bound auto trip of more than 5 miles in 

length, channeling such trips over to the high speed (45 mph) Southwest 

Freeway (S. H. 59). 

The most significant aspect of the PRT ridership estimates were the 

100%* PRT patronage rates for CBD and airport trips in Systems #24 and 

#25. These high percentages of trips by PRT were due mainly to the high 

parking costs at the CBD and the airport. Also, the 30 mph PRT speed 

exceeded the 20 mph average auto velocity for the arterial street por¬ 

tions of the CBD-bound auto trips; the PRT path to the airport was a 

more direct route than the competing freeway path, resulting in shorter 

trip times to the airport for PRT than for auto, even though the average 

freeway velocity (45 mph) was greater than the average PRT velocity 

(30 mph). PRT seems an excellent system for handling CBD commuter traf¬ 

fic and providing access to distant activity centers (such as the air¬ 

port) when the PRT system offers a more direct route or higher velocity 

than the competing auto path. 

* - Does not allow for the captive auto users; no hassle factor is 
included 



No passenger volumes were assigned to CBD-oriented trips, even for 

weighting purposes. As a result, no system-wide percentages are avail¬ 

able. 

Results indicate that the more realistic PRT systems (Systems #22 

and #23) do not carry truly significant volumes of passengers for trips 

made within the southwest quadrant of the city. A fine-grained PRT net¬ 

work designed to provide service to all areas of a low density urban 

region does not, therefore, appear justified. PRT trips to the CBD and 

airport are, however, competitive with the automobile. Further analysis 

should be carried out utilizing a PRT network designed not to tie to¬ 

gether southwest Houston, but to effectively link this urban area to the 

CBD, airport and other areas of activity. Higher average speeds for the 

PRT vehicles, increased transit wait times and variations in other 

parameters would also require further investigation for a new system 

designed to serve another type of trip than the short local trips that 

were of primary interest in this study. 
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Although not yet fully developed, PRT seems to offer potential as 

a major form of urban transportation. PRT is being designed to comple¬ 

ment the auto, as well as compete with it. The necessary technology, 

at least in the context of long-range transportation planning, appears 

to be available. The consequences resulting from the implementation of 

a PRT system (changes in urban form increased mobility, visual impact, 

etc.) appear to be desirable, or at worst, acceptable. 

However, an actual PRT system similar to the test system, with 

characteristics that appear to be realistic, could not effectively com¬ 

pete with the automobile for the short, local trips of a low density, 

suburban area. PRT, therefore, does not appear to be a means of ade¬ 

quately satisfying this type of travel demand. PRT does, however, appear 

to have potential as a reasonable alternative to the auto for longer 

distance, crosstown movements, particularly to those areas not well 

served by freeways. Trips made to zones with high parking costs are 

also prime candidates for PRT. 

Analysis indicates that walk distance must be nearly eliminated in 

order for PRT to present a viable alternative to the auto. Also, wait 

times as short as several minutes in length reduce transit's level of 

service to a non-competitive level. Some type of collection-distribution 

system with negligible time and cost penalties appears to be required for 

PRT to adequately function in the test situation. 

These conclusions are valid only if the assumed values of several 

parameters are of the correct order of magnitude. If auto congestion 
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levels or perceived auto operating costs increase significantly beyond 

the values assumed for the final test systems, the sensitivity analysis 

indicates that the forecast PRT ridership estimates will be much too 

low. Similar, although less dramatic, increases will result with in¬ 

creased PRT velocity or reduced PRT fares. 

Preliminary tests indicate that the PRT system should be designed 

to have the following service characteristics: 

- a 10 mph collection-distribution system to tie the PRT stations 

to the points of trip production and attraction 

- total walk distance less than 1000 feet 

- negligible wait for all portions of the transit trip 

(including the connector links) 

- average PRT vehicle speed of approximately 30 mph 

- PRT fare of approximately $0.05/mile 

These values for the PRT service characteristics appear to be obtainable. 

These values yield estimates of PRT patronage that Indicate the viability 

of PRT and offer what appears to be the "best" design standards in that 

they offer, during preliminary analysis at least, maximum benefits while 

staying within realistic limits. This effort at defining design goals 

is merely a "first cut" analysis and should be taken as such. 
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PROGRAM DIST 

DIMENSION M(85) ,TT(85,85)»T(8b,B5),V(6S),TIM(85,85) 
INTEGER P 

•P» IS THE NUMBER OF ZONES TRIPS WILL RE DISTRIBUTEE) BETWEEN 

PEAU 122,R 
PRINT 123,P 

IMI) IS THE VECTOR CONTAINING THE TRIP ENDS KJR ALL THE ZONES 

RtAU 120, (UC1),1 = 1,PI 
PRINT 126 
PRINT 12b,(W<I),1=1,P) 

TT(I » 0) IS THE IMPEDANCE FROM I.TO 0 TOTAL COST WAS USED HERE 

DO 5 1 = 1.P 
READ (lb,129) (TT(I,J),J=1,P) 

5 CONTINUE 

THIS STEP CALCULATES THE NUMERATOR OF THE RATIO APPLIED TO THE 
PRODUCTIONS 

DO 1 0=1,P 
DO 1 1=1,P 
T< I, J )=>/!( J)/(EXP(TT( I, J)*U,10 J ) * 0.5 

1 CONTINUE 

THIS STEP SUMS THE NUMERATORS FOR ALL 70NES, BOTH AS PLACES OF 
PRODUCTION AMU ATTRACTION 

DO 2 1 = 1, P 
vm=o 
DO 3 0=1,P 

3 V<I » =V(1>+TtI,J> 
2 CONTINUL 

THIS STEP CALCULATES THE TRIP INTERCHANGE BETWEEN EACH PAIR OF ZONES 

DO 4 0=1.P 
DO 4 1=1,P 

4 TIM(I«0)=W(T>*T(I,0)/V(I>*0.5 

THESE STEPS PRINT THE TRIP TABLES IN MATRIX FORM 

PRINT 121 
PRINT 125,((TIM(1,J),U=1,22),1=1,P) 
PRINT 12» 
PRINT 12b,((TIM(I,J),0=23*44),I=l,p) 
PRINT 128 
PRINT 125,((TINU,0),0=45*66),1=1»p) 
PRINT 128 
DO fo 1=1,P 

6 PRINT 125*(TIM(1*0)*0=67,P) / 

WRITE THE TRIP TABLES TO DISK IN A FORM READABLE BY PROGRAM MODE 

DO 7 1=1,P 
WRITE (10,124) (TIM(I,J).0=1,P) 
7 CONI INUL 

120 FORMAT (lOFfl.O) 
121 FORMAT ( » THE TRIP INTERCHANGE MATRIX IS :*,///) 
122 FORMAT (13) 
123 FORMAT (20X,* P='.I3,//) 
124 FORMAT (3X,11F7.U) 
1?b FORMAT (22F6.0,/) 
126 FORMAT (5X,« THE TRIP ENDS ARE :•♦/) 
127 FORMAT (13F6.2,2A) 
128 FORMAT (///) 
129 FORMAT (20F4.1) 

STUB 
EM)  
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PROGRAMS PAfH AND MOUE 

PROGRAM PATH 

DIMENSION T(iino),TiE(iiou),niT(iino),uc(iioo>,NER(220) 
U1 A ENS I ON VEL<4 ) ,C0ST (4 > ,MI'(bU ) ,MN(bO ) , WT (4 > 
DIMENSION TRlM(f<2) ,D1S(H2J ,TWlC(fl2) ,rilU(R2) ,F(A2) 
DIMENSION TICE (220 > ,DIST<220) «K (22(1) .V(220) .M(?20) 
IMLGLK U,W*P«0«i>Pn 
INTEGER UNTN*ARP I 

Mr tt UP NOUES 5 P= » OF ZONE CENTROIDS 

PtAD 100*N.P 
PhlIMT 1U4 *N «P 

MODE SPECIFIES PARTS OF PROGRAM TO HE RUN 
MODE = 0 FINDS MINIMUM PATHS PRINTS COSTS,TIMFS, DISTANCES AN0 PATHS 
MODE = 1 FINUS MINIMUM PATHS* READS COSTS AND DISTANCES FOR MODE «2, 
PERFORMS MODAL SPLIT* PRINTS I HE COSTS, DISTANCES AND TIMES FOR MODE 
NO, 1 AND PRINTS 1 HE PER CENT USING MODE 1 

READ 100,MODE 
PRINT 1UO,MOOE 

ONTN IS THE MODE NUMBER OF THt CHU CENTROID 
ARPT IS THE NODE NUMBER OF THt AIRPORT CENTROID 

PEAU 100,ONTN,ARPT 

CON IS THE CONVERSION FACTOR FROM TIME TO MONEY _S/HR 
VEL(I) IS THF VECTOR CONTAINING THE VELOCITIES FOR FOUR FACILITY 
TYPES (MlLtS/HR) 

READ 103,CON 
PRINT 10f>,CON 
Rt At) 103, ( Vt L ( I) *1 = 1*4) 
PRINT 107*(VFL(1)«I=1«4) 

COST(1) IS THE VECTOR CONTAINING COSTS FOR FOUR FACILITY TYPES ($/UR) 
UT(I) JS THE VECTOR CONTAINING I HE WAIT TIME FOR EACH FACILITY TYPE 
(MINUTES)     

READ 103.(C0ST(I),1=1.4) 
PRINT 1U9,(C0ST(i),I=l,4) 
READ 103,(W1(I).1=1,4) 
PRINT 116,(WT(I)*1=1,4) 

KL IS THE BNOUE ON THE LAST LINK DATA CARD 

READ'100,KL' 
PRINT 112,KL 

N IS THE ANODE ON THE LAST LINK DATA CARD 
THE FOLLOWING STEPS READ THE LINK DATA CARDS, 

IU=0 

THE BNOUES ARE STORED IN VECTOR JC(J) AND THE # OF LINKS FOR 
EACH NODE IS STORED IN NER(I) 

READ 1 HE LINK DATA CARDS: ANODE,BNODE, 
(IN 1U0U.S OF FEET), AND FACILITY TYPL 

DISTANCE FROM ANODE TO BNODE 
(1 THRU 4) 

5 READ (12,102) I,DC(J),DIT(J),SPD 
IF (1I.EO.I ) GO 10 3 
NER(JI)=1J 
11=11+1 
ID=0 

3 IJ=1J+1 

CONVERT DISTANCE IN 1000,S OF FEET TO DISTANCE IN MILES 

DIT(J)=DIT(J)/S,20 
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C OERIVt THE TIME 10 TRAVERSE EACH LINK FROM THE DISTANCE 
C AND SPFLD AL0N6 THAT LINK 
C 

TIF(J»=DIT(J)/VEL(SPD) 

OERIVI TOTAl COST TO TRAVERSF THAT LINK : 
LUST <HTLES)*COST PER MTLE + TI ME(HR>*J/HR + WA IT TIME<MINUTES)**/HR 
*2.5 (FACTUK TO PLACE PENALTY ON WAIT TlMEST/60 ( M INUTLS/HR ) 

2 

10 

ft 

20 

T(0)=0IT(J)*rOST«SPn>+TIE(J)*CON+WT(SPn)*CON*?.5/60 
If- (Il.EQ.N) GO 10 fa 
0=0+1 
1-0 TO b 
IF (JC(J).NE.KLT GO TO 19 
MLR <11)=10 
PRINT 113 
PRINT 115,(MER(I•,1=1,N) 
UR=n 
WK=O 
CK =0 
TK = U 
NT L=0 

READ HASSLE FACTOR 

READ 103.H 
PRINT 12Ü.H 

BEGIN f'OORE,G ALGORITHM 
L IS THE ORIGIN NODE FOR THE PATH BUILDING 
EACH CENTROID IS TAKEN IN TURN 

DO lb L=1.P 

M(J) IS THE VECTOR USED TO TRACE BACK MINIMUM PATHS 
M(J) CONTAINS THF NOUE LAST PASSEO THRU ON THE PATH FROM L TO J 
V(J) KEEPS TRACK OF I HE COSTS TO REACH NOUE J 
K(J) TFILS WHICH MODES CAN BE PEACHED FROMI THE ANODE BEING PROCESSED 

DO 1 0=1, N 
V<0>=0 

1 K < J(=0 
NC=NEK(L) 
DO 4 00=1,NC 
NTL-NT L + l 
0=0C(NTE) 

LOAD VALUES OF COST(V(0)),TIME,AND OIST. FOR NOUÉS CONNECTED 
TU CENTROID L 

V(J»=T<NTL » 
TIME(OI=TIF(NTL) 
D1ST C 0 > =01T I liTL > 

FILL VALUES PFK(O) AND M(0) FOR THFSE NODES 

K(0)=1 
4 M(J)=L 
9 KS=U 

NT =0 
DO 4? 1=1,N 
IF < K(I).EG.l) GO TO 25 
NT =NT + NER(I) . 
GO TO 42 

25 NC=NER(IT 
DO 42 00=1,NC 
NT=NT + 1 
0=0C(NT) 
IF (O.EO.L) GO TO 42 

IF' THAT NODE HAS NOT BEEN REACHED BEFORE. GO TO 8 

IF (V(U).EQ.UT GO TO 8 

IF THE NODE HAS BEEN REACHED BEFORE. THEN CALCULATE THE COST 

D=V <I)+T(NT) 

COMPARE TO PKEVIOHSLY CALCULATED COST 

IF (D’.GE.V (0) ) GO TO 42 
C 
C IF NEW MINIMUM RATH IS FOUND,REPLACE Ol 0 V(0) WITH NEW COST 
C IF NEW HATH IS NOT CHEAHER,DISCARD NEW COST 
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V(J)=ü 

RtVlSt TIfltS AND DISTANCES FUR NEW PATH 

TIME(J)=TIE(NT)+TIME(I) 
01S I(J)=01T(I\)T)+UIST(1) 

SET M(J) ANU RFSET K(J) 

7 M<J>=I 
KS=1 
K(J)=2 
60 TO 42 

IF THt. NOOE HAS HOT BEEN REACHED BEFORE* CALCULATE COST 

fi V ( J)=V(I)+T(NT ) 

ALSO CALCULATE TINES AND DISTANCES 

TIME(J)=TIE(NT)+IIME(I) 
DIS1 (J)=OI T(MT)+U1STU) 
GO TO 7 

42 CONTINUE 

IF KS=0 THEN NO PATHS WERE FOUNO AND THE LOOP IS EXITTEO 

IF (KS.EQ.O) GO TO 16 
DO 14 J=1»W 

RESET K(J) VECTOR FOR NEW PASS THRU LOOP 

14 K(J)=K(J)-1 
GO TO 9 

16 M(L»=L 

HASSLL FACTOP=0 MEANS NO HASSLE FACTOR IS TO BE ATFLIED 

IF (H.EO.O.OO) GO TO 21 
DO 11 0=1,P 

11 VMJ):V(JI*H 
21 CONTINUE 

IP (MODE.£0.1» GO TO 13 
PRINT 106 

REVERSE M(J) VECTOR 10 PRINT PATHS FROM ORIGIN TO DESTINATION 

DO 30 0=1*P 
KK = 1 
MN(KK)=H(J) 

31 IF (MN(KK) .EQ.L) GO TO 32 
U=MN(KK ) 
KK=KK+1 
MN(RK)=Ri(U) 
GO TO 31 

32 DO 33 1=1.KK 
JJ=KK-1+1 

33 MH ( <JJ ) =MN ( I ) 

PRINT THE PATHS WITH COSTS,DIST., AND TIMES 

30 PRINT 105.V(J),D1ST(J),TIME(J),L.U,(MM(I),i=l,KK),J 

WRITE THE COSTS AND DISTANCES ONTO OISK 

WRITE 
WRITE 
WR 11 E 
GO TO 

(14.111) (V(J),J=1,P) 
(14,114) (U1ST(J).J=1,P> 
(14,117) V(DNTN),V(ARPT) 
15 

BEGIN MOOE 
REAU COSTS ANO DISTANCES FOR MODE 2 FROM DISK 

13 REAU (13,111) (TRIC(J),J=1,P) 
JREAO (13,114) ( DlS ( J ) « J=1 » P ) 
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 READ (14.117) ONIC.ARPC 
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PRINT COSTS, DISTANCES AND TIMES FOR MODE 1 

PRINT 154.L 
PRINT 155 
PRINT 151.(V<J),J=1,P),V(DNTM),V(ARPT) 
PRINT 156 
PR INI 16?. (NIST (<J) ,J=1,P) ,1)1ST (DNÎN ) »U1ST ( 
PRINT 167 
PRINT 16 3. ( T 1 Ml ( J ) ♦ vl=) » P ) » 1 IME(DNTN) ,T1ME( 

OPERATE ON THE COSTS TO OBTAIN MODAL SPLIT 
DP 17 J=1.P 

17 F(DI=lUU/(EXP(-0.3*(TRIC(O)-V(J))*60/CON)+ 
PRINT 132.L 
PRINT 133, (F (<J) ,0=1,P) 

ARPT ) 

ARPT ) 

1) 

READ VALUES OF TRIP INTERCHANGE MATRIX (TRIP TABLES) 

READ (10,130) (TRIM(J)« J=1« P) 
C = 0 
8=0 
TSUM=0 
CSUM=0 

USE TRIP TABLES TO WEIGHT ZONAL INTERCHANGES FOR FACH MODE 

DO IP J=1,P 
F(J)=F(0)*TRIM<JI/100 
CSUM=CSUM+F(J > 
01H(J)=F(J)*PIST(J) 
B=H+UIM(J) 
TRIC( J)=TRIM( J)-F< J) 
D1S(J)=TRIC(J)+D1S(J) 
c=c+r* i s « j ) 

18 TSUM= T SUf'i+TR IC ( >J ) 
TK= ) SUM+TK 
LIK=B + UK 
WK=C+WK 
CK=CSUM+CK 
RAP=CSUi”/( TSUM+CSUM)*inO 
RAPM=B/<C+B)*100 
PRINT 135 
PRINT 157 
PRINT 136,CSUM,TSUM,RAP.B.C,RAPM 

CALC. AND PRINT MODAL SPLIT FOR TRIPS TO CBU AND AIRPORT 

ARPC=10u/(EXP(-0.3*(ARPC-VIARPT))*60/CON)+1) 
ONTC = 10 0/(EXP(-0.3*(ONTC-V(UMTM))*60/CON>+1 ) 
PRINT 118.0NTC.AKPC 
PRINT 158 

15 CONTINUE 
IF (HOUE.EO.O) GO TO 12 

KEEP RUNNING TOTAL OF TRIPS FOR EACH MODE TO CALC. SYSTEM.WIDE TOTALS 

RAPf’l=UK/( WK+HK ) *100 
RAP=CK/(CK+TK)*1U0 

REPORT SYSTEM.WIDE TOTALS 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 

PRINT 139 
PRINT 135 
PRINT 157 
PRINT 136,CK,TK.KAP.UK,WK.RAPM 
FORMAT ( 213) 
FORMAT ( 2313,3X) 
FORMAT (13,13.F4.1,13) 
FORMAI (8F10.4) 
FORMAT ( • « OF NODES : »,4X.I3.4X,* tt OF ZONE CENTROIDS 
FORMAT <2X,3F8.2,4X,I3,2X,I3,3X,27I3,/) 
FORI-IAI ( • CONVERSION FAClUR : • .4X.F10.4, • $/HR.»,/) 
FORMAT ( * VELOCITIES BY IYPE S* , 4pi0.4,/) 
FORMAT(4X »// • C OST DIS! TIML NODE A NODE B PATH 
FORMAT < • COST/MILE BY TYPE : • , 4P‘1 0.4 , / ) 
FORMAT (1H1,• THE LEAST COST PATH FROM NODE A TO NODE B I 
FORMAT (13FF.2.2X) 
FORMAT ( • JC(J) ON LAST LARD :*,4x,I3,/) 
.FORMAT ( » « OF CONNECTORS FOR EACH NODE I',/) 

:•,13,/) 

•.//) 

s:•,//) 
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114 FORMAT 
lib FORMAT 
116 FORMAT 
117 FORMAT 
116 FORMAT 

( 20F4•1> 
(5X.43I3./) 
( • WAIT II ME BY TYPE 
I2F6.2) 
<//,« % OF CHO 

5-POUT TRIPS BY MODE 1 
120 FORMAI <//«• A HASSLE 

*,Fln.4«/) 

1 :*«F4.0«*1 

130 
131 
132 
133 
134 
135 

"$RIP*»//) 

TRIPS RY MOUr 
• , F4.0 , • "S • » 
FAC I OK OF • * F 4.2 » • IS APPLITD TO 

% OF AIR 

EACH PRT T 

FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMA 1 
FORMAT 

$ P A S S » 

T3X.1VF7.U) 
(13F6.2«2X) 
T/i* * USING MODE 1 FOR PT «,I3,« TO T ACH DESTINAI ION*»//> 
(53F4.Ü./I 
(20F4.1) 
(///«lOX»’ « OF TRIPS 
MITES PASS. MlLtS 

ft or TRIPS ! 
« OF PASS• MUES 

OF 
• > 

TRIPS 
S.PASS. MUES PASS. MlLtS ?S OF PASS. Milts ’> 

136 FORMAT (7X.FlO.0«5X,Fl0.0*I0X»F3.n,5X»f1b.n,2>«Fl5.O»lOX*F3.0.//) 
137 FORMAT (10X.’ MODE 1 MOÜb«?e- , , 1 

SMmiK 1 MODE 2 MOpE 1 *«//) SMOUt 1 
139 FORMA! 

FORMA T 
FORMAT 
FORMAT 
FORMAT 
FORMA T( 
FORMAT 
FORMAT 
FORMAT 

151 
152 
153 
154 
155 
156 
157 
156 

MODE 2 
( * SYSTEM TOTALS'»//) 
( / » 221 6.2) 
(/«33F4.lt 
(/« 2X » 26Fb.2) 
• 9X » • COST *OIST X )1 ME FROM',2X,13.3X,•TO THE DEST',/) 
//.♦ COS I ($) !•-/ » 

160 FORMAT (//, • BY PRT './) 
12 CONTINUE 

STOP 
END 
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