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ABSTRACT

AN EFFICIENT MODEL FOR PLANNING BUS ROUTES

IN COMMUNITIES WITH POPULATIONS BETWEEN 20,000 AND 250,000

by

JOHN RICHARD HAUSER

The paper discusses a flexible, inexpensive, interactive computer
model specifically designed to act as an aid for planning routes for
conventional bus systems in communities with populations between 20,000
and 250,000.

The characteristics of these communities, the desires of decision
makers, the cost and availability of data, and the special problems
inherent in route planning are examined and a useful routing model is
designed. A computer implementation of the structure of its major
component was developed. ‘Usage costs are examined. (An implementation
of the entire model has not yet been completed.)

The completed model will not replace community leaders or transit
managers; instead, it will enable a decision maker to quickly and inexpen-
sively test a potential route or operating decision without actually
implementing it.

To test the route, the decision maker need only input the operating
decision or route choice. The routing model automatically traces the
route through the community and estimates whom the route serves, how well,
and at what cost. It predicts how many people will use the route, their
geographic location, possibly their income distribution, the travel time,
wait time, the walking distance they experience, and the operating cost of
the route. Based on these estimates, the decision maker can alter any
decision and immediately test the new route.

In the course of model design, two new demand models are formulated:
an alternative logit model for probability estimation or modal split calcu-
lations, and an extension of the intervening opportunities model for desire
prediction or trip generation.
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PART I

PROBLEM EXAMINATION AND MODEL FORMULATION

According to the 1970 census there are over 70 million people in
the 2245 "places"1 in the United States which are of population greater
than 10,000 but less than 250,000. Because this is a significant
portion (about 34%) of the population of the United States, it is

worth the while to examine the transportation needs of these communities.

This paper does not explicitly discuss the transportation problem
in small communities. Instead, it examines a particular problem
faced by one part of a transportation system: the planning of

routes and operating policies for conventional bus systems.

The paper begins with an in-depth study of this special problem
and develops a set of criteria to aid in model development. These
criteria consider the necessary tradeoffs and establish a set of

rules from which model formulation is to proceed.



1.1 Criteria

L1,1 Scatement of Criteria
The model should:

1. be inexpensive

2, have no extensive data requirements

3. be sensitive to characteristics that make a route unique

4. be sensitive to varying conditions

5. supply sufficient information to identify the incidence
of the social benefits (costs) of route change

6. be sensitive to the nceds and desires of potcntial-bus
riders

7.. make marginal ¢ost and revenue prcdictions

8. be acceptable to a decision maker who is not technically
trained A '

9. be applicable to a variety of citie:

10. consider competing and complementary modes of travel

11, be flexible

12. be efficient,

1.2, Development of Criteria

el

1. Inexpensive: Although some transit companies in major cities
spend over $100 millionzaannually, many small operations spend less than
$500,000:';Zb This includes capital expenditures, wages, and other operating
expenditures. Faced with increasing expenscs and declining patronage,
transit companieé have already strecamlined operations in an attempt to
reduce costs,3 Planning departments have been among the first to be cut
back. A transit manager or public official, (hecreafter referred to as
decision maker):would be reluctant to spend a large sum of money for plan-
ning néw routes or changing old ones if he has alrcady cut back planning
expenses, It is hard to estimate how wuch he would actually be willing to
spend but it would certainly be much less than the amount spent by
pomprehensive studies such as were done for Portland, Maine ($320 thousand)4
or Manchester, N. H. ($236 thousand)s. In any case, it is clear that a

transit routing model for small communities should attempt to provide



necessary accuracy as inexpensively as possible, i.e, a decision mater
will more likely choose a less-accurat:, inexpensive model than a more
accurate, expensive model.

2. No extensive data requirciients: Extensive data requireents

can make a model very egﬁensive to use. For example, in the early 1960's
the Southeast Wisconsin‘Study (Milwanice) spent almost 1,2 million
dollars6 on data, and the Penn-Jerscy Study spent alwost 1.8 million
dollars’/. Data collection accounted for over 60% of the cost of these
studies. True, they were comprehcnsive studies of major cities, but

they do give an indication of how expensive data collection can be, and
they do indicate that every effort should be made to miniwize expensive
data requirements, '

Besides being expensive, mas.;ive data collection is time~-consuming,
often taking many months8, One expected use of the routing model 1is
ﬁuring crisis periods su-h ‘as the potential failure of a ﬁrivate company.
In such crises, a decision maker must have estimates quickly and cannot
wait fof the results of a major data collection effort. The model should'

be designed to use readily available inexpensive data.

3. Sensitive to characteristics that make a route unique, i.e.

characteristics that make it different from other routes: this will ‘enable

the model to differentiate between alternative routes.
One important characteristic of a route is its location in the city.

Because demand for transit is a derived demand, patronage will depend
upon how well people and activity centers are connected, Since different
routes will serve different people and different activity centers, the
model should be quite sensitive to the location of the people and of
activity centers with respect to bus routes.

Demand 1is extremely sensitive to walking distance, often dropping
off dramatically if people are forced to walk more than one block.?
The model should estimate how far people nust walk, and should be sensitive
to changes in walk distance of as little as one block.

Another important characteristic of a route is travel time along that

route. The model should be sensitive to the street network and traffic



conditions which determine travel time. It should declare infeasible
any route that includes a link such as a narrow winding road which

a bus simply cannot effectively traverse. It should do this even if it
requires judgmental estimates by the model user.

4, Seusitive to varying conditions: Transit demand is extremely

:sensitive to time of daylo, day of weekll, and season of the yearlz.
Different routes may be more suitable during different hours of the day
or different days of the week.

For example, a transit company may want to run different rout~:;
during peak hours, when trips are predominantly work trips than during
off-peak hours, when sho;ping trips are relatively more comrm:on, Similarly,
the company may want to periodically r«-ise its routes because of seasonal
fluctuations in demand, Thus the modcl should be sensitive to time of
day, day of week, and season of the year,

Furthermore, a company may wish to examine special routes for special
events. The model shuuld be flexible enough to adapt to changed condi-
tions resulting from special events such as shopping center opcaings or
county fairs,

5. Supply sufficient information to identify the incidence of

social benefits (c-ts) of route change: Any route change can have dis-

ruptive effects on the travel habits of many passengers, but a new route
might serve the majority of the people better and increase patronage.
Many people affected by a route change will be very vocal in objecting to
the change, Some will object to loss of service while others will object
to noise, dirt, and a perceived safety hazard13 resulting because a new
route brings a bus past their homes, A decision maker faced with unfa-
vorable publicity will want to justify his route choice by having an
indication of the incidgnce of benefits and costs of that new route.

The model should indicate level of service parameters, such as travel
time, wait time, and walk distance, predict ridership; revenue, and costs,
and should indicate both the location and some of the social characteris-

14

tics™  of the people served by the route.



6. Sconsitive to the needs and desires of potential bus riders:
The reason a person will use one route and ﬁot another is that the chosen
route fulfills his needs and desires. For example, a poor person would be
more likely to sacrifice sdvings in travel time to save on travel cost.
To account for this, the model should be sensitive to the characteristics
of'the people who are served by the bus route.

A good way to make a model sensitive to these needs is to base it
on probabilistic behavioral assumptions about individual choice. Of the

demand models currently existing, the closest to this ideal are the

behavioral demand modelsls.

7. Marginal cost and reveriic predictions: Whether he represents a

private company which is interested in profit or a public authority that
isﬂiﬁterested in social benéfits, the decision maker will want to know

the net cost of a transit route. That is, he will want an estimate of the
marginal ©O8t and the marginal revenue of the addition:1 route.

Revenue dep: .ds upon patronage (demand estimates arc discussed else-
where) but not every rider of a bus route yields & marginal addition to
total system revenue equal to his fare. -Some gains in patronige will
result from losses to other routes. Some routes will act as feeder routes
making others more popular. Finally, some passengers will pay no fare
because of free transfers from other routes.

| Such network effects will be significant in highly dependent networks
su;ﬁ as exist in Bogata, Coldmbia, which has a network of 384 routes and,
in'some sections, more than 50 different bus routes passing along the

16

same street section, To consider such cffects in detail, a model must

be an extremely complex network model that simulates thc entire network
of routes simultaneously. This would add greatly to the expense of model

use because such a complex model would neced to be run to test every
individual routing docision.17

If routes are more or less independent, as they might well be in small

communities that require significantly fewer routesls, then a good first-order

19
approximation™~ is to ignore network effects and treat intersecting routes

as sources of demand dependent on the level of service of the route under

w



consideration. - The routing model being developed in this paper éssumes

such independence, but this assumption must be tested before the model

is used in the field.

éggg of a route is the result of a variety of components. Some

costs such as drivers" wages occur by the bus hour; some costs such as

fuel and tire wear occur by the bus mile; and soné costs are overhead

costs and may or may not.increase if ¢n additional route is added.

To accu-itely predict the . rginal cost of o route, the routing iwodel

should pruperly consider all three types of costs,

8., Acceptable to a decision maker who is not techuically trained:

A model may be 1007 accurate, but if it is not acceptable to ;hc person
who must r:-:e a decision based on the model the¢. the model will never be
-used, , .

Predicting demand for transit routes is a problem in markecting

research. The consumer is prusented a product in the form of a transit
20

route and the model tries to predict his rcaction to it., John Little
through working with wanagers responsible for marketing decisions, has
developed a :ct of requirements that a model must mect to be acceptable
| to managers, The model should be:
‘ 1. simple
2. robust
3. easy to control
4, adaptive

5. as complete as possible

6. easy to communicate with,

"By simplé is meant easy to understand; by robust, hord to get
absurd answers from; by easy to control, that the user knows what input
data would be required to produce desired output answers; adaptive means
that the model can be adjusted as new information is acquired; complete-
ness implies that imporﬁunt phenomena will be included even if they

_require judgméntal estimates of their effect; and, finally, easy to com-
municate, which means that thc manager can quickly and easily change in-

puts and obtain and understand the outpnts,”21



These arc important requirements that promote trust'in a model and
make it easy to use, The typical transit manager or public official is
not technically trained and if he cannot understand and trust a model or
if he finds it difficult to use, then he will probably not use it.

9. Appliculle to a variety of cities: If a separate model has to

be developed for each community, then each application could become

very expen.;ve and require extensive data. Thus the model should identify
‘similarities between cormunities and identify the factors that influence
an individual's choice of transportation. This implies that the model
should not be a naive or correlative modcl, but instead should be a

causal model?'2 based on behavioral assumptions23 alout individual choice,

To account for differences among cormmunities the model should attempt
to include as many relevant phenor.na as possible "even if they require
judgmental estimates,"24 ,

‘One impcrtant phénomeﬂdn is network effects., This has already been
discussed. Another is the .quilibrium effects of supy;:ly and demand.
Demand is certainly dependent upon supply,'i.e. patronage depends upon
the level of service and fare, but supply is also dependent upon demand.
If more people  ride a bus, then the crowding conditions and travel time25
might significantly iiicrease, Since an equilibrium compcnent of the model

can siynificantly increase the complexity of the overall model26

, the
question naturally arises: Can equilibrium effect: be ignored?

Damian Kulash, in a singlé route simulation analysis, found that
"performance is not greatly affected by the volume of passengers using
the routc in most cases.“27 This result indicates that for simplicity,
equilibrium effects might be ignored in the initial modelling attempt,
but because there is some doubt to the validity of ignoring these effects,
the model should be designed to allow the later additions of an equilib-
rium model. The effects of including the equilibrium model would be
tested before the model is used in the field.

10. Considcr competing and complementary modes of transportation:

If buses were the only means of travel, then all trips would be made by

bus, Since there are other modes such as automobiles or taxicabs that
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account for significant numbers of trips‘e, it is important that a bus
routing model consider the effects of alternative modes of transportation,
Besides allowing for more accurate demand predicﬁions, these comparisons
could aid a public official if he must decide how much money to allocate
to a public transit system.

The model should also consider complementary modes of transportation,
For example, local buses (or automobiles) can act as feeders to express
buses, subway systems, or airports, Such consideration of the interaction
of different modes of transportation can aid the development of a balanced
transportatidn system,

11. Flexible: Since the model is to be used for many types of
applications in a variety'of communities, it must be flexible enough to
adapt to changing conditions.

There is the possibility that some types of data may be available
in some communities but not in others. Some existing transit companies
might have kept very accurate pat.onage counts, some may have made compre-
hensive studies such as authorized under the 1962 Highway Act29, and some
may have'only census data available, The model should adapt to make
maximum use of any existing data.

It should also allow for a choice of specific demand models. There
30

b

are many types of demand models available such as aggregate models
and disaggregate behavioral models31. A previous section indicated that
disaggregate models are good because they are sensitive to the desires of
individuals. 1Indeed they are, but other models might be better in specific
circumstances depending upon the available data and the required accuracy.
The routing model should allow for various demand models to be included if
necessary., Besides, research in demand thecry may yield models far
superior to disaggregate behavioral models, and if the routing model is
not to become obsolete it should be possible to easily adapt it to include
newly developed demand models.

Finally, for ease of use, it should be a simple task to change any
model parameter.

12, Efficient: The final criteria for a routing model is efficiency.

The model should avoid consideration of irrelevant data and it should



avoid makiﬁg the same calculation a number of times.

Not every part of a community is served by a single route. Tremendous
savings in computation can be realized if the model tries to consider
only those parts of a community that are actually significantly served by
the route under consideration. For example, if the city is partitioned into
100 zones but the route only serves 20, then only approximately 400 (20 X 20)
zonal interactions need be considered, instead of 10,000 (100 X 100).

1.2~ TFeatures of the Routing Model

Before a routing model could be developed, it was necessary to
examine existing models and methods to avoid their weaknesses and build
upon their strengths. Development of criteria and examination of exist-
ing models was fruitful in that it focused attention and indicated what
type of routing model need be developed and investigated.

This section formulates model features which attempt to satisfy as
many criteria as possible. The formulation of these features organizes
model development and is an important step in model creation. These
features set tight bounds on the type of model that can be developed and

thus insure that the model fulfills many of the criteria of section 1.1.

1.2.1 Statement of Model Features

The following features are developed in section 2.3.2:

1. Simple basic prediction process.

2. Causal reasoning based upon behavioral assumptions about
individual choice.

3. Sufficiently small analysis zones to enable the model to
be sensitive to to route location within the city.

4. Interactive computer model on a time-sharing system.

5. Two-phase model usage
a, 1initialization by experienced analyst.
b. wusage by non-technically trained decision maker.

6. Modular subprograms for greater flexibility.

7. Programs encoded in PL/I.

8. Low cost of computer package.

9. Concentrate on census data because it is easily accessible

but adapt to make maximum use of other existing data.

9



1.2.2 Formulation of Model Featurrs

1. S:mple basic prediction procers:  vo we apolicaile to a large

number of cities (Criterion 9) the «oade) Jboula o 7ilc-iilc cnoug” €O
adapt to changing conditions (Critericy :1). Ovc way to aain flugibility
is to have a simple underlying prediciion proc.ss. A simple process based
on common sense would be understandable and icceptable to a decision maker
(Criterion 8).

The routing model ucec the folluwing basic procedure: it automatically-
traces the route through the city, deterimines whwo and what activity centers
the route serves, and estiﬁates the level o sorvice poteniial riders
would experience. The, based upon charactoristics of the potential riders,
the level of service they experience ang bo- oeil thoy arzgconnected to s
activity centers, the model estimates for cach ‘udiviiual ~ the probability
that he will ride the bus in the period vnder consideration. The patronage estim-
ate is then the expected value of the number of riders choosing the route.

Note that this basic process supplics information on the incidence of
benefits of a bus route (Criterion 5) .i+. i .wasitive to the desires of
potential riders (Criterion 6). It ivploes ibe use of o disaggregate
demand but could be adapted (Criteris s if§. t. - uvoazie models because it
gives level of service estimates. 7o catcoiate the probubility that tran-

“sit is chosen, the model must consider cormpctine wodes, Complementary
modes such as aifports or rzil static:s cai ice . .otod an oretivity centers
(Criterion 10).

Thus the basic process partially {uiiilis criteria 5, 6, 8, 9, 10 and 11.

2. Causal reasoning based upon behavioral assumptions about individual
choice: discussed earlier (criteria 6, 9), to be applicable to many cities
without

extensive iestructuring or data collection, the model must identify
factors that influence an individual's choice. That is, the model can not be

simply correlative; it must be as deductive as the current state of demand
theory allows. .

Two models necessary for the basic prediction process were (1) a model to
estimate the probability that transit is chosen $iven a trip Is made, and
(2) a model to Predict the spatial trip desircs of potential riders.

In the
initial implementation of this routing modcl, the two~dimensional logistic

10



model was chosen as the primary probability model and the opportunity and
extended oppoftunity models were chosen as the most promising predictors of

sp&tial trip desires.
Currently MIT is engaged in basic research on demand thcory, and hope-

fully superior models will result from this research.

3. Sufficiently small analysis zones to enable the model to be

sensitive to route location within the city: Considcring every individual

separately could become very expensive. For example, 1f a community had
only 10,000 people and each one had to be intervicewed scparately, then,
based upce.: a minimum estimatesa for the cost of a hone iutcrview survey,
it would cost $100,000 for the interviews alone. To cut dewn on this
expense (as per Criterion 1) it is necessary to divide the community into
analysis zones and within the zcnes, group together people with similar
characteristics.

_' Another reason for having analysis zones is that ome pbssible source
of data is the United States Census. The Census Bureau will not divulge
information about individual households because it must protect an
individual's right to privacy.

Analysis zones are necessary but they cannot be too large. 1In a
study in Madison, Wisconsin, Flcet and Rcbinson55 found (t:t larger
aggregation causes more information. to be lo=t, In fact, in their study
80% of the vuriation in socio-zconomic data was within zoncs and 209
between zones, Furthermore, demand for transit is highly scnsitive to

walking distance and using large zones can obscure explicit calculation of

11



individual walking distances, Hopefully, such lossc: of information can
be minimized by rdentifying hémogcnoous subgro'ps within small zones,

How small should the zones be? Analysis of small zones requires more
detailed data and many more calculation556, hence there is a tradeoff
between accuracy and cost.

The routing model is desigred to accept zones of any size; but an
initial esfiante57 of the optimal zone size is four square blocks. A
field test of the routiné model is necessary to verify if this is a proper
choice. Hopefully, zones this size will enable the routing model *o be
sensitive to the‘location of a route with respect to people and activity
centefs, and with respect to walking distancess. 1f the model proves
sensitive enough, it will be ablc to differeatiate between alternative
bus routes (Criterion 3). ‘

4,  Interac:ive computer model on a time-sharing svstem: One of

the fundamental criteria is that the model must be acceptable to the
decision aaker. (Criterion 8). To be acceptable, it must be simple to
use and easy to communicate with. Many rep.titive calculations can
overwhelm a manual ~rocedure and obscu ¢ the basic process,

but a computer can quickly do complex repetitive calculations and

thus leave the model user free for morec important tasks.

An interactive computer program enables a previously inexperienced
user to control model calculations even if he does not completely under-
stand them. He need only to interact with the model on a level he fiﬁds
convenient. Default options enable the non-technical user to ignore any '
complications he finds unnecessary, but cnable the technical user to com-
pletely control all aspects of the model.

An interactive computer program is also easy to communicate with.

A decision maker can very quickly get cstimates of the results of his
decisions. Based on these estimatcs, he can then alter his decision
and try again or proceced to the next phase in his decision process.

In summary, an interactive computer model is more acccptable to a
decision maker because it is simple to uunderstand, easy to use, and easy

to communicate with.

12



5. Twa-?hpse model usare: Some tasks unecessary to the prediction of
the impacts of - outing decisidﬁs require an cxperienced analyst and nced
only be done on:e. Initial data acquisition and input, choice of demand
model, calibration and parametcr choice, and instruction of the decision
maker are all tasks that require the experience and technical competence
of a trained analyst. But once these tasks are completed, the model can
be turned 6ver to the decision maker who will then use it as an aid to
making routing decisions:

A strotification of model usage into initialization and actual
usage is more efficient (Criterion 12) and enables the model to be more
accurate without becoming more difficult for the decision maker to use.

It is more efficient because some calculations, such as estimation of trip
desirgssg, need only be made once, They can be stored on magnetic tape
_or disk storage and can be quickly read instead of recalculated each time
tﬁey are needed, The routing model apprars simpler to the decision

naker because he.nged not concern himself with the details of the neces-
sary, more comprehensive analysis which is don: by a trained analyst.

6., Modular subrregrams: GHodular subprogcams enable the model to

be flexible (Criterion 11) and sensitive to varying conditious (Criterion
4), The interactive program presents the analyst (or even the decision
maker)'with a choice of a variety of subprograms for many of the com-
ponents of the routing model, Or, if he wishes, he can substitute his
own subprogram for any of the components.

"This modularization makes possible two-phase model usage and allows '
. for eventual incorporation of an equilibrium model or othcr extensions,
If changes in demand theory result in superior demand wmodels, then those
models could be encodeci! and added as options.,

Since both simple and complex nmodels will eventually he added, an
analyst can choose the model that i3 best suited for (he comwonity under
study and the data available. TFurihermore, the user will hav. a choice
between completé output, ‘or abridged versions, Thesc «re but an indication
of the flexibility afforded through the use of modular subprograms,

13



7. Proprams cncoded in .“L/I:60a Machine language or assembler

language has the potential to’ be more efficient, but higher level lan-
guage such as PL/I are much easier to understand and use. Ease of use
is an important criterion and thc model should be casy to use for the
analyst (phase I) as well as for the decision maker (phase II). New
models and other extensions are more likely to be tried if they do not
require working with assembler or machine language.

PL/I is as easy to learn as other higher level languages (e.g.
FORTRAN) but is much more flexible. "A beginner can take advantage
"of the many automatic features of the language to do much of his work
for him. An experienced programuicer ¢ use PL/T to specify almost

n60b But the

every detail of every step of a highly compli-nted program.
primary reason for choosing PL/I is that it allow: tree-structures which
make data handling much more convenient. Unfortunately it is an IBM lan-
guage and is not yet available on all machines, though this is gradually

changing.

8. Low cost of crmputer package: Criterion 1 states thai the
routing model ﬁust be inexpensive to use. One major cipense is the cost of
computation; thus every effort should be made to keep that cost as low
as possible. The program described -in Part II costs less than ten dollars
per run. This represents a single test with phase II, i.e. the portion
of the program run each time a route is tested.

9. Concentrate on Census Data becouse it is easily accessible but

adapt to make maximun use of other existing data: As discussed in section

2.1.2 (CriterionvZ),vdata collection con become very expensive. Home
interview suiveys cost at least $10 per houschold in 19636l and can be
expected to cost more than that now. Postcard surveys, cardon-counts,
.and revenue counts collect data on current usérs but not on potential
users,

An alternative source of data is the U.S, Ccnsusﬁz. Census data is
very inexpensive., For example, 31 rccls of magnetic tape, which cost only
$60/reel, contain all the census data on the state of Kentucky; 2054

reels contzin all the data on the Unitced States. landling costs are
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reduced because the data is already on magnetic tape.

During the design of this routing model, an extensive investigation63
was made of census data and it was found to be a potentially feasible
data source if certain problems can be overcome.

Sometimes a community has data available that is more extensive,
more complete, or more transportation-oriented than census data. Modular
subprograms make it possible to choose demand models that increase the
accuracy of the model by including such data. One likely form of
"extra" data is ridership counts on an existing bus network. Such rider-—
ship counts would prove useful in the calibration phase of model usage.64

In short, if census data is the only data available, the model can
make predictions based on it, but the model will make use of other data

if it is readily available.

1.3 Summary

Section 1.1 examined the special problem of planning routes for
conventional busés in small communities and developed a set of criteria.
These criteria were then used by section 1.2 to formulate model features
which lay a foﬁndation for the development of the routing model.

Part II postulates the routing model and describes the usage costs

incurred by the "route-testing phase" of the model.
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PART II
THE ROUTING MODEL

2.1 Description of the Model

The model proposed in this section is to be used to aid a decision
maker plan routes for small communities. Once the model is initialized,
the decision maker can simply test a route by inputting a series of bus
stops and/or certain operating characteristics, CGiven this information,
the model will prudict cost and revenue estimates, patroragsa estimates, and
"level of service estimates for the entire route or for a,~ zoue or
population subgroﬁp.

The model is a short-run pinnning modcl, that is, it predicts the
impacts of bus systems given the current characteristics of the community
and its people. It does not attempt to model long-term population shifts
6r activity system changes., It obserwves the activity system and its
effects on the demand for bus service, tut it does not rodel how a bus
system might cause changes in the activity systemn,

The model includes six components, 1Iwo compoacnts, the model of
" the city and the dgsire prediction algorithm arc part of the ini.ialization
phase of model use., (Two-phuase model use is described in Part I.)

The analy 't accumulatces and inputs data to those models which provide a
mathematical description of the city for the szecond phase of the model.

Tuc route testing phase also contains two components, rouﬂe examination/
deman.i prediction, anq equilibrium model/summary. The decision maker inter-
acts direc:ly with this phase of the model which performs the simulation
of the route. i

Finally there is the output coxponcnt and the human fccdback loop.
The lobp is included simply as an indication that the decision maker will

want to improve his route choice based upon the results of the route test.
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Table 1 summarizes the exogenous, control, state, and "other endogenous"

variables of the model. Figure 1 is a representation of how the various
components interact.

2.1.1 List of the Components of the Routing Model.
1. Model of the city.  Initialization
2, Desire prediction'algorithm. _ Phase
3. Route examination/demand prediction, ’\ Route Testing
4., Equilibrium model/<ummary. ‘J Phase
5. Output,

(6. Human feedback loop.)

2.1.2 Initialization Components

2.1.2.1 Model of the City

In preparation for use of the model, the analyst must identify the
potential bus network and divide the city into analysis zones.

He must identify feasible bus stops and the streets capable of
supporting a bus routé. (He must consider technical feasibility, i.e. is
the street qide enough, but he may also consider political feasibility,
i.e. is a certain bus route unacceptable to the commnity.)

He defines a coordinate Systcm and assigns coordinates to the bus
stops and/dr measures the travel timces along links comnecting adjacent
bus stops. |

He then divides the city into analysis zones making a reasonable
effort to defiue the zones such that no zone contains more than one
feasible "bus stop'. Zones chosen in this fashion arc very semsitive to
route location, .

(One fea:ible bus stop mcans onc location within the city at which

a bus can stop to take on or let off passcagers. In the case of
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Exogenous Variables

location of the people

characteristics of the people
(income, age, sex, etc.)

location and type of activity center

street network

permissible streets and bus stops
(political and technological
reasons)

speed on street network

parking charges

access time to automobile

time of day, day of weck, season of
the year

maintenance, fuel, etc. costs of bus

(per mile costs)

overhead charges for bus system

direct cost per mile of autonobile
travel

overhead cost of auto.obile

tastes and preferences of the people

predisposition to one mode or the other

State Variables

wait time for bus
walking distance (origin
and destination)
travel time by bus (line
haul and total)
cost to user of bus
cost to user of automobile
demand for bus route
cost to operator of bus route
(marginal, net, and total)
travel times and costs for
-other modes

! Table

1

Control Variables

route location

fare

frequency (in cach time
period) ‘

driver's wage

headway distribution at
dispatch point

Otler Ende. e, Variables

desire for travel

provability of choosing bus

simple level of service
estimates for transpor-
tation system

bus hours roquired by route

bus miles required by route

List of Variables in the Routing Medel

iR



19POK 8urinoy oyl Jo uorjejuasaiday

1 ®an31J
MIII..I!II-I.A\III...!..!I..‘!!... e o ns o ot e s e :1......1.!....!.-..1.
” w O £310 : Y1047
{ i : w3103V m w aya ' 39023s
.M. h R uo3oTPpaad “ f=——% szo3u0>
: W ox1saq lb M 3o | £31a1300
A . | 19POK / uoteIncod
w |
N e B . |
: ——-3 23epdn mﬂ -
m | L - w
| ) v
M o
S N A
. J uoIIBTNUIS ?Av
. T uoT3IoTpaagd puewog £o170d
y E—— : , : 3 8urzeaodo
andang Axeummg | fopow wnyaqyyInba | | JuoTIBUTLYXY IN0Y 2301 snq
— TS T
— . N ..w.?a
’ . ) - xm?
, *
| | |
e e e el

~I| — - .\L AMBH UOTSTOQ

JOS

19



intersccting streets, the four corncrs arc not considered unique bus
stops, In fact, one feasible "bus stop" can t:rve more than one routc
if thosc routes intersect at that bus stop.)

Having done this, he prepares a map, similar to Figure 2, which will
help the decision maker visualize much of this information and enable him
to use his pattern recognition ability an:. intuitiom to au:.ent any pre-
dictions from the computer. .

iTow, the analyst musi ottain the census data (or any other avai}able
relevant data) describing the location and characteristics of the pcpu-
lation, and data, perhaps from the Chamber of Commerce, describing the
location and type of trip generators, (Trip generator= are activity
centers which people visit, such as hospitals, shopping centers, schools,
or factories.) The interactive nature of the program makes it casy for

him to input this data. For examplec:

Computer: Input the number of zoncs.

User: 16

Computer: In; 't the coordinates of-the zonal centroid and the area
of the zone in the form: x(i), y(i), aréa(i).

Computer: Zone 1 = (user:) 16, 6, 28.3

Computer: Zone 2 (user:) 17, 29, 64.5

Computer: _Zone.ié (user:) 6, 103, 12.4

Computer: How many population subgroups are in each zone?

User: 2

Computer: -Input the population of the suhgroups for each zone in the

form: population (i, 1), population (i, 2). (etc.)

Finally, the analyst inputs certedin information, if it i available,
that describes a current transit system, a taxi system, or a dial-a-ride
system. The model can procced without such information, but if available
it enhances model accuracy. v

Once the data is entered, the computcer gives the analyst a choice of
using previou 1ly encoded demand modcls or of using any special model he

wishes to encode. Most demand modcls have paramcters which must be set,
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If the chosen medel requires any, the couputer asks for them or for in-
formation that will enable it’ to calcul.:te themn,

As described above, t'.c main task of the model of the city is to
store data describing the city. 1t also makes some si: ple heuri-tic
interzonal level of service estimates based upon the input data. These
data and estimates are stored in disk mcuory or magnetic tape so as to
be readily available to both the desire prediction algorithm and the

route testing phase.

2,1.2,2 Desire Predicltion Alcorithm

Given population characteristics, including their locations, the
relative locations of trip generators, the street network, and relative
and absolute interzonal level of servicec estimates, this algorithm pre-
dicts specific desires for travel and rcpresents this information in the
form of a desire matrix (see Figure 3). The elements of this matrix are
proportional to the number of pec:le jin zone n, of populat on subgroup p,
who wish to go to trip generator of class k in zone m. (An example of a
population subgroup might be peonle who have an income less than $4,000
per year, own no car, and arc ¢ yi+d .. laborers. An exaiple of a class
of trip gencrators might be departmwent stores,) This algorithm is not
ekactly a trip gcneratibn model becausce it tries to estimate desires for
trips, not actual trips; Whether the trips arc actually made depends
upon the level of service offered by the tramsportation system.

Note that this algorithm estimates whe;e people want to go. A
later component decides if and how they travel. This is not an exact
modelling of human behavior; people 4o not usually male two-part travel
decisions. The two-part model structurce partially violates the criteria
of belhicvioral assumptions, but the gaius in efficiency and in ease of use
for the decision maker more than off:wet the less im wodel causality. A
field test of the model will determiuc¢ if this two~-step process can ac-
curately model travel demand for a4 hus route. '

Ideally, the desire model should depend upon the relative and absolute
level of service estimates from the origin zone to all destination zones;

it should contain different parawmcters for cacl: population subgroup,

22



trip gener: -or class, time of day, day of weel, #ud reuzson of the year.
The degree :o which these goals arc satisiicd depend.: vpon the choices

made by the analyst.
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Figurce 3

Desire Matcix

Eventually the analyst will be givev a clioice of wany desire
generation models, but in this rescarch cffort none bas been completely
developed, Preliminary rescarch favors cithes the intevvenming oppor-

4
tunities model3 or the extended opportunity wodet . Both of these models
are described in Appendix 2.
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21,3 Route Testing Phas.

Unlike phase 1 which is activated just once, the route testing

phase is activated each time a route is tested. It asks the decision
maker to input the route-and operating characteristics. Then it uses
the mathematical representation of the community to predict cost,
:evenue, patrornige, and level of service for the entire roiite or for
any zone or population subgroup.

This phase consists of two components, route examji 1tion/demand

prediction and equilibrium model/summary.

2.1.3.1 Route Examination/Demand Prediction |
‘ ‘

‘The route examination/demand prediction componcnt6 is the core of
the routing model because it actually predicts the impacts of specific
" bus routes. This prediction requires many tasks and is composed ?f
five sub:omponents, (See Figure 4.) The model user has a choice $f a
variety of options and a variety of dernund rmodels for mony of the sub-

‘components.

The input subcomponent requests information in sirple form from
the decision maker. He is to imput the specific bus route as a series
of bus stops. (Express routes are input as a series of local bus stops
with a no-board restriction on the local stops.) He can also setf
operating characteristics such as fare, frequency, and driver's wage.
Eventually he will be able to choose a headway distribution at the dis-
patch point. '

The zone-to-bus stop ar “ivnme t subrompone * traces the route

through the city and decid. “vhich zoves are aciv 1ly <erved, which bus
stop serves those zones, and how far a person musi w.lk to that bus

stop. This step drastically reduces the number of calculations necessary
for prediction.7
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The level of scrvice subcomponent predicts the wait time and travel

‘time a person will experience if he uscs the vorte. ihesc estimates are

‘made for each combination of zones served by the route.

The probability estima:ion su':cerponcat is the lheort of the route
examination/domand prediction component. For each combination of origin
zonc, population subgroup, trip genciator type. ared destination -one, it
predicts the probability that a person of that svbgroup will use the bus
route under test to make that particular trip. The dcmana model ai:! its
parameters used in this estimation will have been clhiosen in the intital-
ization phase, but the decision maker can change them if he so desires.

(Appendix 1 describes the primary demand model used in this

subcomponent.)

Finally, the (xpected value/(-l) watrix subcomponent uses the proba-

bilities and the desire coefficicnts to produce am or; . in-destination
matrix (O-D matrix). TheAelements of +his matrix, )\ii’ are the expected
value of the number of people whe 211l use the rovte te travel from bus
stop i to bus etop j, for all i aund j (see figure 5). 7This value is sim~
ply a sum ovef all origin zones ncar bus stop i, all destination zones
near bus stop j, all population subgroups, and all trip generator classes.
The elements of the sum are the product of the desire coefficient and the

probability that that trip will be made by the route under test. That is:

1f: 84 = the set of zones within walking distance of bus stop i.

S5 = the set of zones within walking distance of bus stop j.

dnpkn = the desire coefficient (see Figure 3).
P(u,p,k,m) = the prc.ability that a person in zene n, of population
subgroup p, will use the route under test if he is making
a trip to trip generator of class k, in zone m,
Then:
A > ‘_{-2_‘ doplcn * B(1,D,m) (2.1)

S fp k9
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;\ iy = expected value of the number of people
who will us. the bus route to travel
from bus stop i to bus stop j.

Figure 5

Bus Stop-to-Dus Stop

Origin-Destination Matrix

27



2.1.3.2 Equilibrium Model/Summary

Although the equilibrium model has not been encoded, the model
is structured to allow it to be easily included, and if included, to

allow the user to choose whether or not to use it.

1]

The equilibrium model co- i 'vs ihe interaction of supply and
demaad. An initi:l 0-D .atri* 2  initial level of service estimaies
are produccd by the route er. uination/d.::nd prediction component.

Given these, the equiliinrium mo cl uies Kulasl's single route mode18 to
simulate the route to o'..ain more accurate estimates of travel time, wait
time, and crowding conditions. Thesc estiiites are used to update tie
patronage estimates. This process is continued until equilibirium or
near-equilibrium9 is reached.

Thie sumnary program is necessary because the decision maker v v not
went to know the detailed predictions of the model. He may feel that
cev:-ain aggregated sumnarizs ar simpicr to use an! sufficient aids to
his decision process. The suamary progran collates cstimntes from the
route examination/demaﬁd prediction co.;.onent to ~rod::e these summaries.

For example, if the decision maker wa:.ts to lmow how many people of zone

" n used the route, then that number, N, is calculati: thus:
N = j}‘ 'j>_ :> dnpkm ¥* P(n,p,k%,m) v ’ (2.2)
Ve Vi Vm

One important summary the decision maker will want is the cost of
opervating the route. The summary program uses the patronage and running
time estimates along with route distance estimates to predict cost and
revenue for tﬁe route, Certain cost components, for example the cost of
fuel per mile, are set in the initialization phase but can be reset by
the decision maker in this phase. This option is uscful for testing
§ertain cost sensitivities, e.g. the s.3itivity of cost Lo driver's

wage.
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2.1.4 OQutput and Human Feedback Loop

Tbe output phase allows the decision maker to choose which summaries
hé wants and provides him with the option of having only summaries
printed out on the teletypewriter and all the detailed calculations
pfinted out on the high speed printer.

Human feedback loop: The decision maker examines the summaries and

based on them he makes a judgment as to how ''good" the route is. If he
i$ not satisfied with the route he can alter it and test the new version.
The routing model does not plan routes, it simply provides the decision
maker with information on which to base his decisions. If he so desires,
h? can examine the detailed printout (from the high speed printer) at

his leisure and check decisions he made based upon the summaries.

2,1.5 Summary of the Routing Model

Figure 6 indicates the sphere of influence and responsibility of

|
\
tLe decision maker and analyst.

2.2 Usage Costs

The basic structure of the route testing phase of the routing model
was developed in detail and encoded as an interactive computer program.
This gave an indication of how the complete developmert of that
component and of the other components should proceed as well as indicated the
fgasibility, complexity, and cost of the complete model.

Only usage costs are described here. For a more complete description
of the trial encodement and of data and calibration techniques, please see
fAn Efficient Method to Predict the Impacts of Operating Decisions for

nda by John Hauser.

donventional Bus Systems,
| The trial encodement was developed on the Multicslo system, a general
ﬁurpose time sharing system developed at MIT's Project»MAC11 on a GE-645,
ﬁhe costs discussed in this section are dependent upon the system used.

#f further work is done on a different system, then future costs may

4iffer.

|
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2.2.1 Usage Cost for the Trial Encodement

The trial encodement is very flexible; usage costs depend upon
the route and city being tested and the options chosen to test them.

The total cost of one run of the program can be divided into a fixed
charge and a variable charge.

The fixed charge, which is about 34 cents per run, is the result
of prog;am overhead charges such as interrogation of the user and the
cost and summary programs. It varies somewhat depcnding upon the state
of the Multics system and upon the extent of ﬁ?c user. interaction, but
these variations are usually not significant.

The variable cost can be expected to be dependent upon the size
of the city, the size of the bus route, @nd upon the particular demand
models,

A single demand calculation is made for cach zonal interaction.

The complexity of that calculation depends wpon the particular demand
model chosen. .Cost is proportional to the number of zonal interactions.
The size of the city and the size of the bus route effect usage cost

by determining the number of zones whiclh must be considered for each
route test, that is, by determining the number of zones which are within
walking distance of the route.

The number of zonal interactions are calculated as follows:

If 8j = the set of all zones within walking distance of bus stop i
‘\Sil\ = number of zones in S§j

z = total number of zones within walking distance of the route
8 = total number of stops

n = total number of zonal iuteractions

Then'

z= | Q s; | ‘('2.3)

3

2 Hsj_H (2.4)

[

(note Sy //\\ Sy 4 if i 4 j)

N
[ ]
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s .
n = ZF (number of zones within walking distance of

stop i) * (number of zones within walking

_distance of the rest of the route) (2.5)

=
[

(jH sill ) (2 - |Issll ) (2.6a)

n= z2 - 2‘1‘ ”51” 2 (2.6b)

i)

If the number of zones within walking distance of cach bus stop is

approximately equal for all bus stops, then:

il sl ~ z/s | (2.7)
i s ~ 22/s | | (2.8)
n o~ z2 (1 - 1i/s) (2.9a)

n o~ 22 (s 'large') (2.9b)

Equation 5.6 can also be derived by éonsidering I‘ Si}‘ a random
variable and assuming its variance is small. In fact, if 'var' is the

sample variance for |} S; || then:
2, 2.
n= z (1« 1/s ~ (s = 1) var/z") : (2.10)

A number of tests were conducted using the trial encodement. These

tests indicated that usage costs of the trial encodcment could be

approximated by:13
¢ = .34+ .0037n  (with logit) | (2.11a)
' 14
c = .34 + ,0024n (without logit) (2.11b)
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where c¢ = the dollar cost of a single route test
n = total number:of zona! interactions (as calculated

by equation 2.6)

2,2.2 Estimated Usage Costs in a Real Community

In a real world application of the routing model there will be
two costs involved: an initialization cost associated with phase 1 and
a marginal cost associated with phase II. ﬁecause phase I is not yet
developed, it is difficult at this time to make an accurate initial-
fzation cost estimate., Hopefully the initialization cost will not
represent significantly more than 507 of the total model costs. The
marginal cost of a single route test with phase II can be more accurately
estimated. The trial encodement contains most of the structure of
phase  IT and its costs can be used as an indicator of phase II costs.

The cost equation, equation 2.11, for the trial encodement tends to
overestimate the variable cost for a real world application. Future
savings will result due to elimination of inefficiencies in the sub-
stitute phase I and in the PL/I code. Although simple, the subétitute
phase I models do add to the variable cost of each run because the
desire model and most of the level of service models must be used for
each zonal interaction. A realistic phase I will determine these
values before the route test, thus enabling phase II to reference
‘rather than calculate these values for each zonal interaction. Also,
the final version of phase II will be a "production" model, that is,’
every attempt will be made to use as efficient a PL/I code as possible.

The fixed cost might decrease because the final model will be a
"production" model or it might increase because the uscr will be given
a wider range of alternatives. In either case, it is doubtful that
the change will be very significant as compared to the variable cost.
Examination of table 2 reveals that in most cases the effect of Ehe

'variable cost is dominant,
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Number of Zones Fixed Cost Variable Cost

16 $.34 $ .95

25 .34 2.31

50 .34 9.25

100 34 37.00

200 .34 148.00

400 | .34 592.00.
Table 2

Variable and Fixed Usage Costs

for the Trial Encod«ment

Total Cost

$ 1.29
2.65
9.59

37.34
148.34

592.34

Equation 2.llmakes an excellent conservative indicator of phase II

costs 1f the number of zonal interactions are known. If the number of

zonal interactions is not explicitly known, then another approach can be

taken. Equation 2.9 reveals that the number of zonal interactions can

be approximated by the square of the number of zones within walking

distance, i.e. zz, and equation 2.6 reveals that 72 is an
the number of zonal interactions. Thus cquation 2.12 can

simple conservative indicator of phasc I1 costs,
cost ~ .34 + ,0037 32 (in dollars)

If zones are chosen to be about the size of a census

15
(population about 1000 each) or somcwhat cmaller, then a

upper bound to

be used as a

(2.12)

block group

realistic



estimate for the number of zones is about 10&6. If all zones need be
considered for each route tesé, then :t would cost almost forty dollars
(using equation 2,12 for eacﬁ test, but if only one-quarter (%) of the
city is within walking distance of the route, then the model costs less
than three dollars per test. (f the maximum walking distance

is chosen wisely and realistically, then it is reasonable to as-

sume that no more than one-quarter of the zones of a community will be
within walking distance of any one bus stop.)

One component of phase II which has not yet been discussed is the
equilibrium model. Part I indicated that the effect of demand feed-
back on supply is usually negligible for single bus routes because bus
routes are rarely used to capacity. Still, an optional supply-demand
equilibrium model should be included in the routing model so that
equilibrium effects could be tested if necessary.

‘ The best existing singlé route simulation model is Kulash'gj; which
costs about two dollars per run. Use of that model coupled with a demand
updating component similar to the trial encodement would result in a
cost of about four to five dollars per iteration. Depcnding upon the
number of iterations required, this implies that the equilibrium model

might cost ten or even twenty dollars per route test.

2,2.3 Usage Cost Summary

The cost of one run of the trial encodement consists of a fixed
overhead cost of about $.34 and a variable cost of about $.0037 per
zonal interaction.
| Based upon the results of the trial encodement, an cstimate for
the marginél cost of each route test using the completed model will be
about $10 to $20 with the equilibrium model and about $2 to $3 if it is

not necessary. The latter case, $2 to $3, is the more probable case.
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2.3 Conclusion

Many previous models have been developed to aid in the complex
process of planning bus routes. The routing model designed in this
‘thesis is important because in selecting criteria and designing the
model, not just.the technological problems of route design were con-
sidered, but also the problems of the cost of the model, data availability,
and interaction wikh the decision maker.

The routing model is specially designed to effectively utilize the
talents of a trained analyst and an experienced decision maker and it

"is specially designed for small communities. It is designed to be
inexpensive and to use as little data as possible and it does not assume
exogenous demand. ' }

The routing model, once completely developed, will be unprecedented
in its ability to examine route location within a commnity and effective-
1y communicate predictions about the impacts of routing and operating
decisions to those who actually make the decisions.

Finally, in the course of model design, two new demand models have
been formulated: the alternative logit model for probability estimation -
or modal éﬁlit calculations, and the extended qppbrtunities model for

desire prediction or triﬁ generation.
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APPENDIX I
AN ALTERNATIVE FORMULATION OF THE DISCRIMINANT FUNCTION
FOR THE TWO-DIMENSIONAL LOGISTIC MODEL

This appendix briefly describes the primary demand model used ip the
probability estimation component of the routing model. Another model,
the walk distance decay model, which is simply a monotonic decreasing
function of walk distance is also currently available to the user of the
routing model.

The basic logistic model is a disaggregate behavioral choice model
which compares two modes, in this case bus versus all other modes. First
a discriminant function is computed based upon the level of service offered
by both modes, the characteristics of the people, and assumptions about how
the behave. Then with the help of Bayes' Theorem, the discriminant function
is transformed into a probability function to represent the probability
that a person will choose one of the two modes. How this is done is best
illustrated by the following example.

" Consider only tw6 modes, bus and automobile, and assume that the only
quantities of interest are the travel tirnc and travel cost of the two
modes. ' '

The most common discriminant function is a simple linear function which
assumes that travel time has a constant monetary value and that a consumer
favors the least cost mode on the basis of the cost difference. That is:

Z = ag(ty - tg) + bok(Ca - ©b) (Al.1)

where

apk’ bpk = constants dependent upon population and trip generator class
cp = cost of bus

- cg = cost of automobile
"tp = time by bus
tq = time by automobilc
ap/bpk = value of time
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The discriminant function can be transformedd  to produce the
probability that an individual will chooue Lo ride the bus given
his characteristics and given the leve! of service offered by both

"modes. That .is:

probability of choosing bus

if P(bus) =
P(auto) = probability of choosing automobile
then P(bus) = e (Al.2)
1+ ez
P(auto) = 1 - P(bus)
(Al.3)
= 1
1+ e?

If bus is a very superior modc, then almost cveryone chooses bus;
if automobiles are a far superior wode, then almost no one chooses bus,
and if the two modes are‘equal, then peoplc are indifferent between them.
That is:

bus superior ta D>ty z — oo implies P(bus) — 1
€a 2> > ¢
auto superior tg L tp P 7 L) implies P(bus) — 0
ca_<'(<cb
equal =
q ta % z = 0 implies P(bus) = %
ca - cb
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Al.1l An Alternative Discriminant Function for the Logistic Model

The linear discriminant function assuncs ibat ihe consumer favors
the least cost mode on the basis of the cost (and value of time) dif-
ference. This is a reasonable assumption and it allows for a relatively
simple value of time calculation.

But consider the following example:

Case 1: bus time

1 minute, automobile time - 5 minutes

Case 2: bus time

50 minutes, autowobile time - 54 minutes

In the first case therc is a 5007 differeice aud in the second case
only an 8% difference in travel time. 1t is doabtful (Lat o consumer will
treat these two cases identically, hut the Lincar dicerjuminant function
does. |

An alternative form is to use ratio:. [.e.:

) 2 (?) 1
7z = a2 ta  + b ca (Al.4)

th Ch

This functional form is sensitive to perccutaype chanee hut does not allow
an explicit value of time calculation nor js il semsitive to absolute

differences. Consider the following exauple:

Case 3: * bus time = 1 minute, automobile Lime = 2 minutes

Case 4: bus time = 30 minutes, automobile time = 60 minutes

Again, it is doubtful that a consumer will treat these two cases identically,
but the ratio discriminant function coes.

One compromise between the lincar and ratio functions is to consider
the absolute difference divided by the average. ‘'that is:

3y
Z3 = a( )pk ta -ty 4 h(3)yk Ca - Ch

(ta + tp) / 2 (cq + cb) 7 2

(Al1.5)
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Unfortunately, this function does not allow an explicit calculation of the
value of time and it suffers from the same fault as does the ratio
function, i.e. it considers Cases 3 and 4 to be identical.

Another compromisc is to assume that a linear additive function

represents the disutility a consumer places on each mode. That is:
U = appth + bpkbch (A1.62),
Ug = &pyaty + bpkaCa (AL.6b)
where apkh, bpkbs @pka» Ppka 3are constants,

Then assume that he favors the least "cost" wodc ou the basis of the
relative difference in utility. That is:

Z4, = X _ (Ya - ub)
(ua +up) / 2

(1.7)

k = constant

In the special case of all other costs being zero, this function
treats Cases 3 and 4 the same way as does Z; or Zj. But if all other
tosts are not zero, then it is sensitive to both relative and absolute
differences. (See Table Al.l for one example.) Furthermore, it allows an
explicit calculation of the value of time for each mode.

Equation Al.7 might be a useful representation of how a consumer
behaves, but before one can comment upon its uscfulness, it is neces-—
sary to check the plausibility of its implied elasticities with an
analytic sensitivity analysis and its classitication powers with a field

test.
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Al.2 Elasticity Analysis of the Alternative Logistic Formulation

An elasticity is a dimensionless quantity which represents

the percentage change of a dependent variable with respect to a percentage
change of an iﬁdependent variable, Given the functional form of a model,
it is possible to analytically compute the various elasticities and then
examine their implications to determine if any counter-intuitive results
are implied, Any strong counter-intuitive results could form the basis
for rejecting a model.

The dependent variable in thc logit model is the protability of
choosing transit (or automobile), and the independent variables are the
various forms in the linear disutility functions. For cxample, the

elasticity with respect to travel time is:

E¢r = % change in probability of choosing trausit
: % change in travel time

= % change in P(n, p, k, m) (Al.8)
% change in t

SP %t
it P

The form for the postulated disutility function is an additive linear
form in the level of service variables (parameterized by characteristic
variables). There is a symmetry which can be exploited to save calcu-

lations, i.e., once the elasticity is computed for onc of the level of
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service variables, say travel tiwme, then to compute the clasticity for
another level of service variable, say wait time, just interchange :ravel
time with wait time and the travel time constant with the wait time
constant. Thus the following cowputations will just compute the elastici-
ties with respect to travel time, t. For.simplicity of notation, all
other level of service variables will be lumped into a ‘'cost'" factor, c.

Furthermore, there is a symmetry between automobile and transit which

can be exploited.

If G = Ug - Up

g + up) 7 2 (A1.9)

R (Al1.10)

1 + eKG

then P(bus)

P(auto)

1 - P(bus)

.1
1 + ekG
-KG

= e

1+ e KG (Al.11)

thus

]
P(auto) KG

e ' (A1.12)
1 + eKG '

where G'= =G = up - ua L (A1.13)
(up +uy) / 2

Thus, any results for automobile elasticities will be analogous to
the results for transit elasticities; thercfore, for siwmplicity, this
appendix will compute only the elasticities for tramsit,

Finally, without loss of generality, the travel "costﬁ constant for
both modes can be set equal to 1.0.



Al.2}

Calculation of Elasticity

The following notation will be used:
P(*) = probability of choosing transit
G = discriminant function
u, = disutility of automobile
up = disutility of bus
ta = travel time by automobile
tp = travel time by bus
cg = '"cost" for automobile
cp = "cost" for bus
vg = "value of time" for automobile
vp = '"value of time" for bus
K,Kq,Kp = constants
E = elasticity of the probability of choosing transit
with respect to travel time by tramsit
P = K@ (A1.14)
1 + eKG
G = Ya - Ub (Al.15)
(ug + up) / 2
ug = Ky + vatg +.cy (Al.16a)
up = Kb + vty + cp (Al.16b)
E = 9P , 3t (A1.17)
dthb o P
Doing the necessary calculations:
dJP = QP * G x 3 Y
t ) G Jub J th
b ‘ : - (A1.18)
v Ya

Y R ¢
e ’
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dP = keKG ) -2ua x (A1.19)
%
3 b (T + KO)2 (Ua + up)2
E = & P % ty (A1.8)
3 tb P
auto share
E = =2Kvpty o Ug - 1 (A1.20)
(ug + up)* 1 + oKG

Equation Al.20 is a rather complex expression, but it does imply
that, as expected, an increase in travel time by bus resvlts in a decrease
in the probability that bus is chosen, (negative elasticity). To further
examine the implications of equation Al.20 it is helpful to identify four

special cases and interpret them, The special cases are:

case 1:‘ equal share (v, = up)
case 2: bus dominates (ug »> ub)
case 3: auto dominates (u 7> u,)
case 4: scale dependence of utilities (uy=—> kug, up——> kuy)

Al.2,2 Special Case 1: Equal Share (u, = up)

In this case, riders are indiffcrent between the two modes, thus the
discriminant function is zero, G = 0, and the probability of choosing bus
is one-half, ©P(bus) = %, Applying these values to equation Al.20 gives
the following: '

Ej = _~K Vbthb : (Al.21)
4 Vptp + cp + Ky

This implies that the elasticity (sensitivity) of the probability
of choosing transit with respect to transit travel time is proportiénal
to the share that the "value' of travel time, Vptys holds in the disutil-
ity function. This is reasonable bccause it implies that the larger the

value of time, the more sensitive passengers are to travel time,
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Equation Al.21+ élso implies that the'elasticity at the equal share
point is proportional to the‘scaling factor, K. This means that the
larger K is, the more sensitive the probability .is with respect to the
~disutility functions. (See Figure Al,1),

In summary, the elasticities in the equal share case imply intui-

tive interpretations.

Al.2.3 Special Case 2: Bus Dominates (Ya 27 Ub)

In this case, the disutility of automobile is much greater than the
disutility for bus, thus people should strongly prefer bus and the proba-
bility of choosing bus should approach 1.0, The probability of choosing

bus when bus dominates is:

ua >> up implies G = Ug - Up —_——b 2
B (ua + up) /2
P(buS) e . GZK (A1.22)
T+ K

P(bus) can be made to approach 1,0 arbitrarily close by choosing a
large enough value of K., TFor any finite value of X there is a finite
residual which’represeﬁts those loyalists who will drive an automobile
no matter how costly or time consuming it is.

Applying the criteria wuy>> up to equation Al.20 gives

Ep = -2KVbtb ., 1 . . (A1.232)
E2 = -2K vbth ot auto share ' (A1.23b)
Ua

note: uy >% up » Vbtb

Equation Al. 23 implies that if the disutility of automobile is so bad’
that the transit share dominates, then it 'takes a major increase in travel
" time by bus to cause transit to lose a significant percentage of its

ridership. The proportionality to automobile sharc indicates that because
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auto share is small, transit share is large, and u«ry change in transit
share will be a small percentage change.
Thus, the elasticities in the case of transit dominance imply intuitive

interpretations.

Al.24 Special Case 3: Auto Dominates (UYb 2?7 ua)

This case is similar to the bus dominance case, but in this case the
disutility of transit is much greater thau the disutility of automobile;
thus people should strongly prefer automobile aud the probability of
choosing bus should approach 0.0. The probability of (hoosing bus when

auto dominates is:

P(bus) ——p - e 2K (AL.24)
| TIF

P(bus) can be made to approach zero arbitrarily close by choosing a
large value of K. For any finite K, there is a finite residual who will
choose bus no matter how bad it gets. This may cepreseni iransit buffs or
captive ridérs.

Applying the criteria up)> ua to ELquation Al.20

By = XKD (Al.25a)
ap(l + o4K)

E3 = -2k _Vb'B auto share . (A1.25b)
up

Once again, the elasticity is propdrrinnai to the chare that the
"value" of time holds in the disutility function. 7his weans that the more
significant the "value" of time in the djsutilriy sundtion, the more
sensitive transit ridership is to travel time. 1f sutowbile dominates,
then the automobile share is almost 1.0. Thus, th¢ trau.it share is very
-small. Any change in the probability of choosing travsit is more likely

to be a larger percentage change.
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In conclusion, the elasticities in the case of automobile dominance

also imply intuitive interpretations.

Al1.2.5 Special Case 4: Scale lependence of Disutilities

(ug—t ku,, up --—s kup)

One feature of the alternative form of the discriminant function that

was not discussed in section Al.l1 1is that the probability of choosiné
transit is not depéndent upon the. units that the disutility is measured
in. Once the logit scaling factor, K, is chosen, the units of the dis-
utility functions can be arbitrarily chosen as long as the relative values,
i.e. the ratio of the "cost'" to the '"time'" components of the function,
are maintained. In other words, the scaling factor K, not the absolute
values of the units of the disutility function, determine the sensitivity
of the probability estimate to the differences in the utilities,
Analytically, this can be seen by substituting b‘ua and R up in
equations Al.15 and Al.20. (bf course, vh—~WMabvb;) Note that both the
probability estimates and the elasticities are invariant under this

substitution implying the lack of dependence on disutility scaling.

Al.2.6 Summary of the Special Cases

_ Examination of the four special cases revealed no counter-intuitive
results. Each special case yields results that could be given intuitive
interpretations that meet with a priori beliefs about how people would
react to changes in travel time by transit.

The proportionality of the elasticity to automobile share is inter-
preted to be intuitive in both the limiting case of automobile dominance
and transit dominance. 1In all other cases it is bounded between 0.0 and
1.0 and its efféct is dominated by the other terms in lquation Al.13.

In the case of equal share and of automobile dominance, the elas-
ticity is proportional to the share that the '"value" of time holds in the
disutility function. This means that the more significant the effect of
time in the diéutility function, the greater its effect in causing éhanges
to the probability of choosing transit. 1In the case of transit dominance,
travel time must significantly increase relative to the disutility of

automobile before it can strongly cffect the probability of choosing transit.
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' Finally, the elasticity and the probability estimate are dependent

upon the scaling factor, K, but not upon the units that disutility is

measured in,

Al, 2.7 Conclusion

This appendix only discusses the direct elasticity of the probability
of choosing transit with respect to travel time on transit. Because of
symmetry, analogous results are obtained for the dependence on other transit
level of service parameters, for the cross elasticity terms (dependence
upon the automobile level of service), and for the probability of choosing
automobile.

Thus, the sensitivity analysis of the alternative discriminant function
proposed in this appendix yields no counter-intuitive results. Although
this is furﬁher evidence for the plausibility of the model, it is not
grounds for the model's acceptance. It does imply that the model should

not be rejected on the basis of this analysis.
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APPENDIX II
EXTENDED OPPORTUNITY MODEL ‘

This appendix proposes a desire prediction model which is an extenSion
of the intervening opportunities modél. This model is particularly adapted
to phase I of the routing model.

Section A2,1 proposes an alternative approach to the fraditionalrtrip
generation-trip distribution models. Section A2.2 then derives the mathe-
matical form of the extended opportunity model and section A2.3 examines
two specilal cases. Section A2.4 suggests further work and section A2.5 is

a summary.,

A2.1 An Alternative Approach to Trip Generation and Trip Distribution

Many planning or policy decisions affect the level of service that
travelers perceive., In turn, level of service affects travelers' decisions
on how, where, when, or whether to travel. Thus, any accurate estimate of
travel volume must be sensitive to the 1evei of service.

An often used approach to demand estimction is the urban transportation
planning processl(UTP) consisting of trip generation, trip distribution, and
modal split. 1In the traditional UTP process, an estimate of the total trips
for.an area (trip generation) is made without regard to the level of service.
This fixed number of total trips is then "distributed" to various links
depending upon the level of service they offer. This section proposes an
alternative two-step procedurc to replace the traditional trip generation-
trip distribution. step.

The first step of the alternative procedure is to estimate desires. A
desire is a measure of the upper bound on the total trips that will originate
in an area, i.e. estimate the number of trips that would be made if the level
of service were "perfect'". Then, for each origin zone distribute some; but
not all, of the "desires" to destination zones. The number of trips actually

made and where these trips terminate depend upon the level of service that
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the syétem provides,
In symbols:
1. Estimate dy(A) = upper bound on the number of trips that

can originate in zone i given the activity system of the

area, : !
2, Distribute trips: tis = f(LOS on link i— j and all other
] links from i) 4 di(é)
where f(.) ¢ 1.
ihus tij 4 di(é)'

Why is this process chosen? Does it have intuitive appeal? 1Is it
based on behavioral assumptions?

Begin by examining the concept of an upper bound on total trips made in
an area. Clearly, no mattér how good the transportation system is, only a
finite number of trips will be made. For example, a loose upper bound on
* daily trips might be 1000 % (population of the area). If the concept of
desires is to be useful, it should give a much tighter, more realistic bound.
Such a bound should be based on the socio-economic characteristics of the
traveler and on the activity systein as a whole. TFor example, it should con-
sider all possible travel attractioms.

The second step, distribution, assumes that when a traveler decides to
make a trip, he considers the complete transportation system, His decision
depends in some wayvon the availability, desirability, and accessibility by
all modes of all destinations. Such a calculation would be tremendously hard
~and time-consuming. A tradeoff between ease and accuracy must be made.

The remainder of this appendix assumes that some process for estimating
desires exists, and concentrates on developing a method of distributing these

desires.

A2.1.1 Traditional UTP Distribution Models

The traditional UTP trip distribution procedure assigns total generated
trips among various travel destinations depending upon the relative level
of service each link offers, and upon measures of attractiveness at the
various destinations. Because it distributes all, not just some, of the gen-

erated trips, the total number of trips in an area is insensitive to the
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level of service.

Two trip generation techniques available are the gravity modelzand the
opportunity modcl.:3 The very popular, traditional gravity model is analytic-
ally simple. It is dependent upon measures of zonal attractiveness and&ﬁpon
absolute level of service measures for each link, but its weak point is?that
it is not based on any causal reasoning. The only uhderlying behaviorai
assumption is that travelers choose destinations based on some inverse power
of the travel time between oOrigin and destination.

The opportunity model is intuitively more appealing than the gravity
model because it is based on behavioral assumptions. Unfortunately. it is
dependent only upon a rank order of interzonal travel times, not upon abso-
lute separation of zones or upon absolute level of service. It assumes that
the probability that 'a destination is accepted, if it is considered, is

constant, independent of the level of service.

A2.1.2 The Extended Opportunity Model ;

The extended opportunity model is an attempt to combine the intuitive _
appeal of the opportunity model with the level of service dependence of the
gravity model. Currently it is only a model for the probabiiity distribution
of trip ends given that a trip is made. A model sufficient for the second

step in the proposed process would have the property that the probability
that a trip is made is less than 1. That is:

P(Trip from origin i to destination j) <€ 1.

A2,2 Development of the Model

A2.2.1 The Simple Opportunity Model

The opportunity model is a mathematical model of trip distribution
derived from hypotheses of human behavior. It is based on the following
hypothesesé

1. Total travel time from a point is minimized, subject to the

condition that every destination point has a stated problem of
being accepted if it is considered.

2. The probability of a destination being accepted, if it is consid-

ered, is a constant, independent of the order in which destinations
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are considered, and independent of the level of service,
Thus if ' '
FVA (Vo)

cumulative density function (cdf) for the probability that
a trip has terminated in subtended volume Vo

Yo

fv(Vo) = dF,,.(V,) = the probability that a trip will terminate ig

[}

possible destinations already considered, or subtended Lolume

volumes between Vo and Vi, + dV .

The behavioral assumptions lead to: i
ProBability (trip terminates in volvme between V, and Vo + dVg)
= constant * Probability (trip terminates in volumes yet to ﬁe

considered) * (number of volumes between v, and V, + dVo),lor:

dFye(Vo) =L * (1= Fue(Vy) ) * dv, | (A2.1)
The solution of equation A2.1 which satisfies Fye« (o0) = 1 is:
fv(vo)dvo = L * exp(-L *’Vo) * dv, ' (AZ,Z)

If j less than k implies that all destinations in zone j are closer

to the origin zone than any destination in zone k, then the expected trip

interchange from zone i to zone j is the volume of trip origins, Oi, in
zone i, multiplied by the probability of a trip from i terminating in j:

. ijl '
Tij = 0y * ’(. Fv(vo)dvo (A2.3)

v)
or Tyy = 0g * (Fve(Vi41) - Fy < (V§) ) (A2.4)
or Tyy = 04 * (exp(-LVj) - exp(-LV; 4+ 1) ) (A2.5)
3=

where Vj = Z Ok. (A2.6)
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A2.2,2 Assumptions Relaxed in the Extended Opportunity lHodel

The opportunity model‘as derived depends only upon a rank order of
travelvtime not on absolute level of service or absolute spatial distribution
of destinations,

Some of the behavioral assumptions can be relaxed. Let the probability
of a destination being accepted, if it is considered, be a variable, indepen-
dent of the order of consideration but dependent upon the level of service.
Leﬁ this variable be monotonically decreasing in the level of service. That
is, 1f the level of service is worse, then the value of this variable is
smaller.

Let the possible destinations be spatially distributed with a density
p(r, ).

For the sake of exposition and clarity of calculations, let it be the
case that for any r,, a destination closer to the origin than rois preferred
to a destination further from the origin than r,- This is equivalent to say-
ing that the probability that a trip has terminated by r, is a wonotonically

increasing function of r,.

A2.2.3 Derivation of the Extended Opportuuaity lodel
‘Assume the origin under consideration isilocatcd at r = 0.
Let Fps.(ro)'= Probability that a trip has terminated at r = 0.
p(to, 0) = density of possible destinations
L(r, ©)

a measure of the level of service from the origin to the
point (r,8). (The value of L is smaller if the level of
- service is worse) For simplicity, assume O<L(r,0) < 1.
B = probability that a possiblc destination is accepted given it
is considered and given "perfect” level of service.
(L(r,0) = 1)
fr,g(roeo) = probability that a trip will terminate given
r € (ro, r, -+ dro) and 0 e:(eo, 00 + deo).
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| Representation of the Area ‘dA’
|

‘The ﬁehavioral assumptions lead to:
i- Prob(trip terminates in area dA)
| = B * L(r, 8) * Prob(trip has not terminated by ro)
f * (number feasible destinations in dA).
Thefnumber of possible destinations in dA is:

AV p(x,,8)r_ar_do_ | | 82.8)
i .
|
Analytically, the behavioral assumptions can be written
|
} £, o(r, 8)dr d8_ = B ¥ L(r ,0 ) * (1 - Fre(V)) )
‘ (A2.9)
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If all trips possible are made, then Fr‘ (o0) = 1. The solution of

equation A2.9 satisfying Ff‘ (o0)<1 is:

vV, y21r
Fr(ro) = 1 -‘exp(-B*z(ro)) where z(ro) = ’J/ J/'L(r,e)p(r,O)dGrdY
o /o

‘ (A2.10)
or substituting back into equation A2.9

- —Bz(r )
fr,e(ro’eo)drodeo B L(ro,eo)e o7 % p(ro,eo)rodrodﬁo
(A2.11)

Equation A2.11 implies that the origin is a point source and the

destinations are chosen from a continuous medium surrounding the origin.
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Figure A2.2 destinations
Distributed Destinations

In any real life situation, an analyst will be concerned with
trips between zones of finite size. Consider now the following set of
zones. The origin is still a point source but the destination zone now

covers a finite area.
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Destination Zone

if Pij = Prob(trip end in zone j begins in zone i) then
Pij = fr;e(rogo)drodeo (A2.12)
{roeog € zone j

If there are Oy trips originating in zone i, then

13 Oi * Pij (A2.13)
or '
T, o= O * fa L(r 0 )¢ Bz(x )p(r 8)r dr d6  (A2.14a)
B t 0 i ¢ zone j
where z(r ) = ’j, JS’L(r ,9 )p(l ,0 )r dr d6 (A2.14b)

There is a straightforward cxten-ion that hold:
g

if the origin is
of finite arca and not just a poin e )
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A2.2.4 A Discrete Zone Approximation

1f the area of zone j is sufficiently small, then the fntegral of
equation A2.l4a can be approximated to be a mean value times the area
of integration and the integral of equation A2.14b can be approximated
to be a sum. That {is: '

fnd -Bz(rj) '
?ij OiBL(rj,Gj)e p(rj,ej) * dAj (A2.15a)
where z(rj) = jzz: L(rk,ek)p(rk,ek) %* dAk » © (A2.15b)
Vr“< r

If the zonal areas are not sufficiéntly small, but are large
enough to be significant when compared to the spatial area of the urban

region, then an approximation error is introduced.

A2,3 Special Cases

By keeping the derivation as general as possible, it was possible
to avoid specific assumptions about the form of the level of service
function, L(r,6). To gain a more intuitive feel for what equations
A2.14 really mean, it is helpful to examine certain special functional
forms of L(r,0) and p(r,0).

A2.3.1 Special Case 1: Reduction to Simple Opportunity Model

1f L(r,0) = 1, then the extended opportunity model should reduce
to the simple opportunity model. '

Substituting L(r,0) = 1 into equation A2.14:

- -Bz(ro)
Tij 8i ///; e (ro,eo)rodrodeo
r G'EQ zone 3\‘““”‘\/'"“"/

Y .
z(r ) = /Iﬂ djf (r ,0 ) r dr dG (A2.16)

)

. V
o
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If all destinations in zone j are closer to zone i than those in j + 1

this reduces to:

T.. = O, B e dv (A2.17)
ij i . o

) | (A2.18)

!
o

Tij = i(

This is identical in form to the equations for the simple oppor-
tunity model, thus the extended opportunity model reduces to the

simple opportunity model in the special case where L(r,8) = 1.

A2.3,2 Special Case 2: Gravity Form

Another special case to consider is one where the probability that
a trip is accepted decays with distance from the origin. If this
decay 15 in the form of a power-law, i.e. L(r,0) ~ r 2, then the
model is called the gravity form of the extended opportunity model.
The particular function L(r,8) = r 2 violates the restriction that
L(r,0) £1. Hence:

L(r,8) = y & T £4 for all © (A2.19)
(x/q)"% r >gq
» L(r’e)
1 ‘\\\\\\\\\\
\\
§ SoE——— Y

Figure A2.,4: Gravity Form

If the above equation is used for L(r,0), the algebra becomes

~rather complex. For clarity, only the results are stated.
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If equation A2.20 is used for L(r,6) and if p(r,8) is constant, then:

. 5 2 |
£(r) 21r pBr e Bpr dr r<gq (A2.20a)

r) = .

2 ﬂ’pB(r/q)-ark1 e k2,273, r>q a#¢-=2
where "kl = exp(B paq2/(2-a) ) : (A2.20b)
k, = 217 pBq°/(2-a) (A2.20c)

(The case where a = 2 is similar.)
If origin zone i covers area fromr = 0 to r = q then:

Tij -0, * e BV (A2.21)

If the destination zones are concentric rings, then:

Ty = 0p *ky @™ - g™ (A2.22a)
Where k. = exp(aBVy/(2-a) ) (A2.22b)
Bl = 2+B/(2-a) a#$ 2 (A2.22c)

(The case where a = 2 is similar.)

Examinatioﬂ.of equation A2.22 reveals that it is very similar in
form to the simple opportunity modecl. Except for a few changes in the
values of the constants, the only major structural change is that the
subtended volume, Vj’ is replaced by the subtended volume multiplied by
a gravity-like decay factor, Vj * (r/q)-a. The decay factor will cause
the distribution of trips to be more concentrated near the origin. The

larger a is, the more concentrated the distribution is.



This result, though anaiytically more complex, is more intuitively
appealing than the simple opportunity model. It i: hascd more on
behavioral assumptions than the gravity model, bhut it docs include a
measure of absolute separation of the zones. The particular functional
form of equations A2.19, A2.20, and A2.22 is not advocatced. That form
was presented only as an example of how the more gencral result,

equation A2,.14 (or equation A2.15) could be used.

A2.4 Further Work

A2,4.1 Transformation

One of the implicit assumptions in the development of the extended
opportunity model was that for any r., a destination closer to the
~origin than L is preferred to a destination further from the origin
than L It migbt be possible to relax this assumption <o that
travel time or some other measure of the level of service is the
dependent variable instead of distance. It might be possible to do
this with some Jacobian-like transformation on cauztion 42.14.

Though a change of variable in the general equation is analy-
tically complex, a change of variable in the approximation equatiomns
is analytically simple and straightforward., Such a change would give:

T -Bz(rj)

- OiB'L(rj,Gj)e p(rj,ej) dAj ' (12.2332

1)

Z(r,) = L(r,,0,) p(r,,6 )dA
] Z kT TR Rk (A2.23b)
YR ot L(rk,Gk) < L(rj,Gj)

Note that the.only change is in the order of tue swmation to
determine Z(rj). This means that the traveler fave: those destinations
that have a "higher level of service", i.e. destinations that are more

readily accessible.
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A2.4.2 Probability of Termination Less Than 1

The extended opportunity model as it now stands is still a trip
distribution model; it distributes spatially all the trips. It is
quite easy to extend equation A2,14 so that the sum of the probability
that a trip terminates is less than 1. To achieve this, all one has

" to do is change the boundary condition on F . (ro) to Fr< (o0)

= P = probability that a trip terminates (P <1). But to do this one
must first be able to determine P as a function of the level of

service. .

A2.4.3 Level of Service Function

The derivation in section A2.2 was kept as gencral as possible
so that it would not be necessary to rederive results for cach L(r,8)
'functioﬁ. No reasons were given for prefering one analytic result to
another; the gravity form was derived purely as an exposition of how
the general result might be used. Before the result can he used with
confidence, it is necessary to derive a L(r,8) function which is baszd
upon causal reasoning from behavioral assuuptions. A good choice

would be some function based upon a measure of a traveler's utility.

A2.5 Conclusion

The derivation of the extended opportunity model presented in this
appendix is not yet complete. The model is designed explicitly for use
in the desire prediction component of phasc I of the routiﬁg model,
but before it can actually be used, a causal derivation of P, the
probability of termination, and L(r,08), the level of service function,
must be proposed. TFurthermore, a means to gencrate desires must be
derived from behavioral assumptions,

Though not yeé ready for desire prediction, the model can be used
as a.distribution model, It combines the causal reasoning of the
opportunity model with the spatial and level of service dependence of

‘the gravity model,.
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2a.

2b.

3.

FOOTNOTES

Part 1

70,312,824

United States Department of Commerce, Bureau of the Census,
Number of Inhabitants--United States Summary, December, 1971.
PC(1l)~Al, page I-45, table 6.

This includes incorporated and unincorporated places. See the
Census Users' Guide for complete definitions. United States
Department of Commerce, Bureau of the Census, 1970 Census Users'
Guide, Part I, October, 1970, page XI.

Chicago spent $150 million in 19066. Fricdiandcr, Alex E.,
A Method of Schedule and Routc Planning in Urban Mass Tran:it,
Ph.D. Thesis, Mass, Inst. of Tcch., September, 1968, page 217.

For example, net revenue for 1961 on thc following bus lines

was:' Barre Bus Lines, $32,222; Berkshire Street Railway, $350,300;
Brush Hill Transportation, $307,200; Fitchburg & Lcominster St. Ry.,
$543,900; Johnson Bus Lines, $395,500; Lynnfield Community, Inc.,
$169,800; Mass. Northeastern Trans., $338,400; Plymouth & Brockton,
$370,400; Saugus Transit, Inc., $136,400; Scrvice Bus Lines, Inc.,
$208,600. ‘

Systems Analysis and Research Corporation (SARC), Mass Trans-
portation in Massachusetts: A Final Report on a Mass Transportation
Demonstration Project, May, 1964, pages 77-30.

Voorhees, Alan M. and Associates, Inc., A Systems Analysis of
Transit Routes and Schedules, prepared for the Washington
Metropolitan Area Transit Commission. Mass Transportation
Demonstration Project. INT-MID-14. November, 1964.

Portland Area Comprehensive Transportation Study, June, 1963 to
April, 1965. Abend, Norman A,, and Melvin R. Levin, Bureaucrats
in Collision: Case Studics in Arca Transportation Flanning, MIT
Press, Cambridge, Mass., 1971, pagce 207,

Manchester Metropolitan Planning Study, August 1964 to August, 1967,
Ibid., pages 176-178,

$1,193,000.

Zettel, Richard M., and Richard R Carll, Summary Rcview of Major
Metropolitan Arca Transportation Studics in the United States.
The Institute of Transportation and 7Traffic Engincering. Univ.
of California, Berkeley, November, 1957,

$1,803,000: Taken from the prosp. vtws published in 1959, Later
the cost of the Penn-Jersey study wore thau dowbled. Ibid.
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10.

11..

12,

13.

14.

15.

16,

17.

For example, the PACTS study in Portland, Maine required about nine
months for data collection. Abend and Levin, op.cit,

51% of transit riders walked less thaa one block in Boston, HMass,
Commonwealth of Massachusetts; Mass Transportation Commission,
Tentative Conclusions, Demonstration Project Mass-MID-3 Progress
Report #5, Boston, November 22,1969, page 98.

687 walked less than one block in Chattanooga, Tenn. Levinson,
Herbert S. and F. Houston Wynn, '"Somc¢ Aspects of Future Transpor-
tation in Urban Areas," llighvay Re<carch Board Rulletin 326,

Urban Transportation: Demand and Coordination, 1962, page 10.

"In Springficld, Mass. 39 percent were within 200 feet of a bus
route, 60 percent within 400 feet, and 83 percent within 800 feet,"
Levinson, Herbert S. and F. Houston Wynn, 'Some Considerations in
Appraising Bus Transit Potentials," Highway Rescarch Record, No.
197, 1967, page 17.

"Data collected as part of the Chicago Area Transportation Study
and other surveys in recent years strongly suggest that people
actually using transit vehicles for work trips are willing to walk
an average of two or three blocks but not very much more."

Meyer, J.R., J.F. Kain, and M. Wolill, The Urban Transportation
Problem, Harvard University Press, Cambridge, Mass. 1965, pages
188-189. ' :

40% of daily volume occurred during the four peak hours in Chicago,
I11., 53% in Washington, D.C., (1959-1962 data). Meyer, J.R., J.F.
Kain, and M. Wohl, The Urban Transportation Problem, Harvard
University Press. Cambridge, Mass. 1965.

In 1959, average Saturday riding was 61.27% of the weekday average,
Sunday riding 30.2%. Although not as pronounced in small cormun-
ities, similar variations occur. Meyer, Kain, and Wohl, ibid.

17.6% variation as calculated from the Transportation Facts for the
Boston Region, Boston Redevelopment Authority, 1968/69 Edition.

Wilson, Nigel, Wayne Pecknold, and Brian Kullman, Service Modification
Procedures for Local Bus Operations of the Massachusetts Bay Trans-
portation Authority. The Boston Urban Observatory, August, 1972,

page 25. :

Such as income, age, sex, etc.

See for example:
Lave, Charles A., '"A Behavioral Approach to Mcdal $plit Forecasting"
Transportation Research, 1969, Vol. 3, No. 4, pp. 463-480.

Quarmby, D.A., 'Choice of Travel Mode for the Journcy to Work: Some
Findings", Journal of Transportation lconomics and Policy, 1967,
Vol. 1, No. 3, pp.’ 273-314,

Stopher, P.R. and T.E., Lisco, '""Modelling Tiavel Dcwand: A Disaggre-
gate Behavioral Approach-Issues and Applications”, Transportation
Research Forum Proceedinpgs, 1970, pp. 195-214.

y s
Kulash, Damian, Routins and Schecduliny in Public ‘lransportation

Systems, Ph.D. Thesis, Mass, Inst. ol Tech. Jaonvary 1971, page 20Z.

For example, if there are 20 routcs under consideration, then the
cost of testing a single routing decision would incirase 20-fold,
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18.

19.
20,

21.

22,

23.

24,
25,

26.

27.

23.

29.

.30.

31.

766 thousand people arc served with 47 routes in the Providence-
Piwtucket area. Simpson and Curtin, Acquisition and Public
Operation of Transit Scrvice in the Providence-~Yawtucket
Metropolitan Area. Transportation Enginccering June 1965,

110 thousand pecple arc served with 11 coutes in Allentown, Pa.
Lehigh and Northampton Transportation Avthority.

Though not explicitly modelled, network cffccts can be included
via judgmental estimates.

Little, John D.C., '"Models and Managers: The, Concept of a
Decision Calculus', Management Science, May, 1970,

Ivid,

For a more complete discussion of naive correlative and causal
models, see: de Neufville, Richard, and Joscph N. Stafford,
Systems Analvsis for Enpincers ond Manacers, MeGraw-Hill Book
Company, New York, 1971, chapter 12,

The need for behavioral assumptions wos djccusscd in criterion
6. Some references given in footnote 15.

Little, op.cit.
Travel time will increase due to «dditional busrding delays.

The design of an equilibrium compoiial s diccund in detail
in chapter 3.

Kulash, op.cit. page 273.

For example, in Lehigh Valley, Pa. oaly %.37 of 411 trips made
were made by public bus, 5.3% by school Lus,
Wynn and Levinson, op.cit., page 16, rablc 9.

Highway Act of 1962, Public Law 87-8066.

For example:

Quandt, R.E. and Baumol, W.J., "the berond foy Abstract Transport
Modes; Theory and Measurement”, Jourual of Reional Science, Vol.
6, No. 2, 1966, :
Systems Analysis and Tescarch Corporziion {5212¢), Demand for
Intercity Passenzer Travel in the Wasbingtou-ioston Corridor,
Report to U.S. Department of Coricree, 1403,

McLynn, J.M., A.J. Goldman, P.R. :hv:vs, and ¢.1, Watkins,
"Analysis of a Market Split Model", Journal of Kesearch of the
National Bureau of Standards B. ‘athematical Science, Vol, 72B,
No. 1, 1968.

Lave, op.cit.:; Cuarmby, Op.cit.  Lteploy and bLinco, oR.cit.*
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49, Actually, probabilities are estimated for groups of similar
individuals, . T :

50. Determination of the probability that a potential rider will ride
the bus route.can be a complex calculation, but its complexity
does not change the basic simplicity of the process. The complex
calculation can be easily done by a computes.. (See feature &4.)

54, $10 in 1961, Abend and Levin, op.cit. 10,000 people at $10,000 = $100,000.

'55. Fleet, Christopher R. and Sydncy R. Robertson, "Trip Generation
in the Transportation Planning Process,' Highway Rescarch Record,
No. 240, 1968, pages 11-31.

56. Since zonal interactions are considered, the number of zoncs
varies roughly as the squate of the number of zones within walking
distance of the route., (Equation 5.7, chapter 5). Smaller zones
mean a greater number of zones within walking distance.

57. Based on enginecering judgment.

58. 1If the spatial distribution of the population within a four square
block square zone is homogeneous, :chen the mean right-angle walk-
ing distance is two blocks.

59. The calculation of trip desires is discussed in chapter 3, section
3.1‘2.2l

60a, International Business Machines (IBM) publication, A PL/I Primer,
Endicott, N.Y., February, 1970.
. International Business Machines (IBM) publication, IBM Svstem/360
Operating System PL/I(F) Languaze Refecrence Manual, Endicott, N.Y.,
June, 1970, ‘

60b. IBM, A PL/I Primer, Endicott, N.Y., Februsry, 1970, page &.
61. Abend and Levin, op.cit.

62. Chapter 4, scction 4.1 contains an in-depth investigation of what
is available from the Census Bureau,

“'"An Efficient Method to Predict the Im
Conventional Bus Systems,
chapter 4.

r pacts of Operating Decisions for
John R. Hauser, Masters Thesis, MIT, Feb. 1973,

63. Hauser, op. cit., chapter 4.

64. Hauser, op. cit., See chapter 4, section 4.2 for model calibration.

;
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9a.

100
11.

12.

Part I1

Ruiter, Earl R., "Toward a Better Understanding of the Intervening
Opportunities Model", Transportation Research, pages 47-56, 1967.
Martin, Brian V., Frederick W. lermmott, III, and Alexander J. Bone,
Principals and Techniques of Precdicting Future Demand for Urban
Area Transportation, MIT Report io. 3, MIT Press, Cambridge, Mass.,
pages 149-151, June, 1961. :

See Appendix 2.

Witheford, David K., "Comparison of Trip Generation by the Oppor-
tunity Model and the Gravity Yodel," Paper presented to the Origin
and Destination Committce, Highway Rescarch Board, January 9, 1961,

A computer implementation of the basic structure of this component
has been developed and is described inmore detail in section 3.2,

See criterion 12 in part I.

Kulash, Damian, Routing and Scheduling in Public Transportation Systems,

Ph.D. thesis, Mass. Inst. of Tech., January, 1971.

The equilibrium seeking process can be set to stop after a preset
number of iterations or if the last iteration produces a percentage

change less than a preset value.

Hauser, John R., An Efficient Method to Predict the Impacts of Operating

Decision for Conventional Bus Systems, Masters Thesis, Mass. Inst. of
Tech., Feb. 1973,

Multiplexed Information and Computing Service.

Machine-Aided Cognition and Multiple-Access Computer,

In all tests conducted, variation was less than 10%.
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13.

14,

15.

16.

17.

Coefficients are only stated to two significant figures because costs
are dependent upon the state of the Multics system. Equations 2.1l

were calibrated via simple linear regression on ten data points.

That is, replacing the logistic model with a model which returns a

constant value for the probability of choosing transit.

The exact size needed depends upon the particular community.

A heuristic zoning attempt was made for Allentwon, Pa. (population

110,000). The result was 130 zones.

Kulash, op. cit.
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Appendices

Appendix 1.

1. Quarmby, D. A. Choice of Travel Mode for the Journey to Work: Some

Findings, Journal of Transportation Economics and Policy, 1967, Vol. 1,
No. 3, pp. 273-314, appendix.

Appendix 2.

1. Martin, Brian V., Frederick W, Memmott, III, and Alexander .J. Bone,
Principals and Techniwues of Predicting Future Demand for U-ban
Area Transportation, MIT Report No. 3, MIT Press, Cambridge, Mass.,
pages 149-151, June, 1961. '

2, Martin, Memmott, and Bone, op.cit., pages 138-146.

3. Martin, Memmott, and Bone, op.cit., pages 149-151.
Ruiter, Earl R., "Toward a Better Undcrstanding of the Intervening
Opportunities Model'", Transportation Research, pages 47-56, 1967.

4, Ruiter, og;cit., page 48.
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