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Preface

The research described in this discussion paper is
being conducted as a part of the Transport Research Pro-
gram sponsored by The Brookings Institution with funds
provided by the U.S. Agency for International Develop-

ment.

One of the major results of the research effort has
been the development of simulation models which allow the
development planner to test alternative transport plans
and their effect on economic growth. Two models, the
Macro-Economic Model and the Transport Model have been.
developed. This paper deals principally with the Trans-
port Model. A mcre complete description of the Macro-
Economic Mndel can be found in Discussion Paper No. 32
prepared by David Kresge. The counterpart for the trans-
port sector is included as an appendix in this paper.

The paper concerning the evaluation model mentioned in

Section IV is forthcoming.



I. Introduction

A primary problem in most underdeveloped areas is

that they are not developing, or at least not at a satis-
factory rate. The extent to which this is related to trans-
port is, of course, a fundamental question. If no invest-
ments are being”hade in the tranéport'sector, then this is a
fairly easy question to answer. A complicating factor is
that it is difficult for private capital to supply the fixed
investments needed in transportation, both because of the
magnitude and because of the risk associated with predict-
ing the demand for these facilities. Thus, if government
has not taken the initiative in providing facilities, there
may well bc a shortage which is serving as a constraint upon

balanced and sustained growth. More elusive, however, is the

~question of the extent to which changes in the transport sys-

tem can guide development. Transportation alone cannot
"cause" economic development of course. The nature of trans-
port is such that goods or people must be moved before any
real value is obtained and demand is derived. Encouraging
this movement before it is economically viable merely leads

to distortion of the economy.

The Goals Problem

A problem that is typically encountered in dealing with

transportation in the more developed countries is that the



goals or objectives are not explicit, if, indeed, thcy enist
at all. Lack of clearly stated objectives, increasc:; the
difficulty of dealing rationally with the situation. 1In
fact, the quesgtion frequently becomes "what is the problem?"
This is complicated by the fact the goals respond to ex-

perience and expectations, which may change as development

occurs.

At first glance, the developing country appears to be
spared the "no objective" problem. Because it is under-
developed, there is a ready-made objective, namely economic
‘development. However, there are many dimensions to devel-
opment and a number of measures by which development is
‘typically evaluated--GNP, vaiue added, regional income, and
regional employment, to name a few. As Lefeber points out,
"Economic Development implies that national income grows at
a faster rate than population and that the benefits from
growing national income lead to improvements in the standard
of living of low income groups. Hence, not only income
growth, but income distribut;on is involved."l we are,

therefore, still left with a problem in definition of ob-

jectives.

1. Lefeber, "Economic Development and Regional Growth,"
Chapter 6 of Transport. Investment and Economic Development,
Edited by Gary Fromm, (Washington, D. C.: The Brookings
Institution, 1965).
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Control Variables in System Design

Once the "objective barrier" is solved the next ques-
tion is typically, can the system be manipulated to pro-
duce desirable results? Though conclusions can never be
final in a general sense, the indications are that the
tfansport system does yield to control primarily by the
goverrment. Thus control can become a conscious tool by
which public aspirations such as economic developrent can
be furthered. This requires a rather complete knowledge

of the transport system and its response to certain changes.

This study has focused to date on the development of
computer simulation models by which these elements of con-
trol and their effects may be studied. What are the under-
lying mechanisms and their variables? Which variables are
controllable and by whom? To what extent is the system
stochastic? Are there strategies which dominate? These

are the questions the models have been designed to answer.

The models which have been developed may also be use-
ful in the planning process though the steps between r:-
search and planning are admittedly large. It is not en-
tirely satisfactory to think in terms of a single goal or
objective. Not everyone has the same viewpoint because of
their livelihood, their location or their personal affili-

ations. Real world planners are more often faced by



multiple, even conflicting objectives arising out of these
different viewpoints. Simulation models can by proper
design be used not only for the prediction of the conse-
quences associated with alternative planes but also for
their evaluétion. Prediction énd eﬁaluation ére separafed
within the models in order that the consequences of a plan
will not be confused with value judyments about these con-

sequences.

The Functional Components of Systems Models

There are certain functions which must he performed
in conjunction with the use of every transportation system
model. Basically these are 1) the forecasting of demand for
transportation; 2) the prediction of the way in which the
network will be used; and 3) the determinatioh of the result-
ant cost performance characteristics of individual links in a

network. See Figure 1.

Forecasting demand

The most difficult and elusive of the threce phases 1is
the forecasting of demand for transportation. By demand
the quantity and location in space of specific requirements
and supplies of each good is what is meant. This is to be
contrasted to the usual economic definition. What the

economist usually implies when he says demand is the price
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quantity relationship rather than specific amounts.

Predicting Network Utilization

The prediction of network usage can be thought of as
consisting of two parts. First, the determination good

by good of who buys from whom. This depends, of course,

not only on the supply and demand quantities, but also on \:(f,

the difficulty and cost of shipping between between given
points. This question is closely allied to the over-all
demand computation but treatment of it in this way is of
course arbitrary. This phase is frequently referred to as

"distribution."

Secondly, network usage involves the determination of
modal choice and routing. The two are frequently considered
separately. Modal choice has even been treated in conjunc-
tion with demand. They have, however, been treated simul-
taneously here for computational convenience. The purpose
of this phase is the prediction of network flows for each
of the links in the system as well as flows between points

by commodity.

Determination of Cost-Performance Characteristics

As the flows on a transportation network change, the

cost-performance characteristics change. Nowhere is this

VoL
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more evident than the rush hour traffic jam which occurs on
most city streets, Flows on the transport networks of devel-
oping countries react to changes in flow. There are major
.differences, however. In fact, as flows increase, unit

costs may actually decrezase and service times improve. These
relationships vary from mode to mode and within modes there
may be considerable differences given variation in basic

link characteristics such as design speed, width of road,
number of trucks, etc, or variation in type of equipment.
This phase attempts to determine the basic link performance
of each link as subcomponents «f the over-all system. Since
the price for using transport services may not be identical
to the costs, the effects of given policies must also be

introduced at this point.

The purpose of this paper is to present a necessarily
abbreviated description of the models which have been devel-
oped. They correspond to the functional components of trans-
portation systems shown in Figure 1, and consists of a Macro-
Economic Moael, a Transport Model and a series of Techno-
logical Models for predicting éhe cost-performance char-
acteristics of each of the transport modes. Because of the
focus on transportation the primary emphasis will be on the
Transport Model, though the others are equally as sophisti-
cated as well as independently useful. The Technological

Models are actually embodied within the framework of the

Transport Model and will not be discussed independently here.



Demand for transportation is for the most part a
derived demand. That is, the basic demand is for a good
llocated in a specific place. If the good is already in
that place, i‘here is no transport demand. Transporf is
merely a spatial transformation. Thus, the problem of pre-

dicting ‘:he demand for transport at a particular point is in

actuality a problem in predictiﬂg the demand for various goods

at that point. The attributes of the transport required such
as time, cost, etc., merely add to the attributes of the good

itself.

It goes without saying that the tasks of predicting

(-h'as\-)‘w,'\‘a‘\’ 19N )
these neediXis not easy. One must in fact know the needs of

the entire economy. ; It is not enough to be able to predict

only final demands for goods and'services, since the inter-
mediate goods required in production for final consumption
must also be transported. There are, in addition, import

and export products from trade with other countries. In

order to do the job, an entire model of the economy is Lo

o ————— e e - e e —————

.needed. What is more, the model must Le able to predict

n2eds on a regional basis. The development of such a model

is itself a very large undertaking.z'3

2 . . .

_Davxd Kresge, "A Simulation Model for Development
Planning." Harvard Transport and Economic Development Sem-
inar, Discussion Paper #32, Nov. 1965.

. .3Brian Martin and Charles Warden, "Transportation Plan-
. ing 1n Developing Countires," Traffic Quarterly, Jan. 1965.




The scope of the Macro-Economic Model is somewhat
broader than the use to which we suggest putting it here.
In this‘instance, we are viewing it only as a "demand model"
though its potential for over-all development planning must

be apparent to the reader. It should be poin;ed qgtlghat

the Transport Model does not require the use of the Macro-

—— e

Economic Model in order to be operative, since it requires

only the regional supply and demand for each industry, Its

use is greatly enhanced by it, however,

The Structure of the Macro-Economic Model

The Macro-Economic Model is used to simulate the func-
tionings of an entire economy. This requires a great deal
of information and also a great deal of simplification since
the economy of}even an underdeveloped country is extremely
complex. The basis of the Model is a national input-output
table which can be used to determine the amount of each con-
stituent input required to produce a single unit of output
of each commodity; The input-output table thus incorporates
by medans of its technological coefficients the inter-indus-
try transactions which will be generated by any given set

of demands for final products.4

. 4For an introduction to the use of input-output analy-
S1s see William H. Miernyk, The Elements of Input-Output
Analysis, (New York: Random House, 1965).




The model is an econometric computer model. In addi-
tion to the input-output table, it consists of a series of
equations expressing the inter-relationships between the
environmental variables (which adjust to fit various econe-
mies), the program parameters (by which the model is cali-
"brated), and the controllable variables (by means of which
the planner can influence over-all growth). A schematic

representation of the model is shown in Figure 2.

The model is designed to perform its simulation over
time and is, therefore, aged from period to period in one
year increments. For each year, a final bill of goods in
each region is determined based upon private consumption,
investment in plant, investment in inventory, and govern-
ment expenditures. Exports are added to the sum to obtain
a national final demand. Of these inputs, government ex-
penditures, exports and a portion of investments are all
specified exogenously so that they may be controlled by the
planner. Consumption is determined based on the wages and
dividends from the previous year. The output of each in-
dustry is now obtained by means of the input-output compu-
tation carried out for the naticn as a whole. The output
is then regionalized by means of an empirically weighted
function involving the regional output of the good in the

previous time period, regional profitability, and regional
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capacity. Thus, regions that have production do not sudden=-

ly lose it if, for some reason, their profitability drops.

Regional output is now used in the c¢mputation of re-
gional wages, depreciation of plant, revenue,.cost materialé,
and taxes, from wﬁich profits, retained earnings, dividends,
and average revenue is determined for each commodity in each
region using last period's prices. Regional demands are also
developed by adding regional final demands to intermediate
good demands which are easily obtained by multiplying region-
al output by the technological coefficients in the input-out-

put matrix.

The new price for each commbdity in each region is de-
veloped using average supply costs, marginal supply costs,
average transport costs, and specific sales taxes, once again
weighted empirically so that thé model may be adjusted to fit

unusual conditions.

A simplified transport sector allows the model to be
used alone, if necessary. This portion determines inter-
regional flows by means of a simple gravity model. Flows
are distributed between regions with excess output and those
with a positive demand in proportion to the size of the de-
mand and inversely proportional to the cost of production

pPlus transport, weighted by an exponent and normalized so



that supplies will equal demands. The simplified trans-
port sector also takes into account congestion for those

interregicnal links which exceed their given capacities,

During each time period a recomputation is made of
the input-output coefficient for transport for each com-
modity. It must agree closely with the one which has been

used by the model. A balance of trade computation is also

made.

The result of the application of the model for one
year is a complete simulation of regional production and
consumption for that year. From the viewpoint of the tran-
port model, the result is the dollar quantity of regional
supply, demand, and production costs for each of the indus-

tries in the input-output table as well as imports and ex-

ports.

Use of Macro-Economic Model

If for no other reason the use of the Macro-Economic
Model is justified on the grounds that it furnishes the
Transport Model with a source of complete and consistent
data on production and consumption through time. If the
input-output coefficients are correct, then national totals
will be good. Regional production, if properly allocated,
uses these same coefficients to generate consistent patterns

of consumption.
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Data Considerations

The data situation in developing countries is general-
ly bad. The more underdeveloped the country, the worse the
data. In some countries even the estimates of total popu-
lation are tenuous. There are frequently no national sys-

tems of production accounts and, consequently, no published

input-output tables. In general, however, small input-out-

put tables of five to twenty sectors do appear to be avail-
able or they may be constructed using available statistics.
More detailed product accounting is likely to be spotty, if

it exists at all.

Data gathering for the Macro-Economic Model is perhaps
more exacting than that for the Transport Model since its
compact nature requires that it be internally consistent
and complete. Data should, if possible, be obtained for more
than one period in time to serve as a check. Where data
are presently unavailable, then programs to obtain the needed
figures may be initiated. 1In the meantime, however, ap-
proximate values may be estimated in order that work may
proceed. Later, sensitivity analyses of these missing
variables may be undertaken to determine the overall ac~
curacy required in their estimation and the importance to
model results. It appears, in 'general, that intuition

must be used freely where necessary.

When working with a system which is as large as the

economy, the final consequence of a series of smaller



educated guesses constrained within over-all boundaries
can be counted on to produce results which are superior
to those of individual final stage guesses because of the

internal consistency which is built into the model.

III. The Transport Model

The transport Model is also a computer simulation
model. It is not statistical or monte-carlo in nature
but deterministic for the most part. It does contain
stochastic elements. This seems desirable in view of the
uses to which it is expected to be put. It will be impor -
tant to know the mechanical details of the assumed inter-
relationships. It would be embarrassing, for example, to
get answers for which one could not later verify the se-
quence of events within the model which led to the answers

obtained and their over-all magnitude.

This model, like the Macro-Economic Model, is written
in the FORTRAN IV language for an IBM 7094 computer. This
somewhat determines its over-all capability and size. Rea-
sons for selection of the system and language are many and
subjective but basically it was felt that for the present
at least, simulation languages were restrictive, particu-

larly in terms of size.
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Scope and Requirements 0f the Model

‘The Transport Model has been conceived in conjunc-
tion with the Macro~Economic Modal. The Macro-Economic
Model furnishes basic production and consumption data
which is used as input to the Transport Model, The Trans-
port Model in turp returns transport costs and distribu-
tional patterns to the Macro-Economic Model. It also
appeared desirable to design the model so that it might be

used separately.

General Requirements

The basic requirement of the Transport Model is that
it should describe how the producers of commodities would
use a given transport network to reach what they consider
to be desirable markets. This implies a capability for
simulating the behavioral aspects of market selection. The
Model must be able, therefore, to approximate the aggregate
behavior of a number of individuals, each acting in his own
self-interest. 1If this is properly done, commodity by com=
modity, it will allow the resultgnt network flows and the
consequent costs to be determined for both using the net-

work and for supplying transport facilities and services,

The principal means by which control can be exerted on

the Transport Model is through the selection of system



additions or changes, including detailed changes in the
characteristics of each link, and the specification of the
number and type of vehicles available. Thesg correspond
closely to mechanisms available to government in the real
world. A second feature of the Model is the inclusion of

a transport pricing function. Since another important
means of governmental control in developing countries is
exerted through controlling the price of using the facility,

it was also incorporated into the model.

Information Required by the Model

In order to accomplish the basic task of determiniag
network flows a number of inputs are required. These in-
clude the following:

1. Regional demands for each commodity for both

industrial and individual consumption in dollars.

2. Regional supply of each commodity in dollars.

3. Regional unit production costs by commodity in

dollars.

4. Physical characteristics and transport prefer-

ences of each commodity.

5. Topology and characteristics of the transport

network.

6. Characteristics and physical specifications of

each transport mode.

7. Transport pricing policy in the form of a rate

table by mode.

T
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These inputs are obtained from a variety of
.gources. Each will be examined in more detail in the

'sections which.follow.

Need for Disaggregation

Transport requirements within the model must

Vuitimately be determined'by'converting dollars of com-

moéity supply and demand into tons,'and tons into

vehicular needs. The level of aggregation of the ec-

onomic daga available whether the Maéro-Economic.Modei
is used or not makes this extremelyvdifficulﬁ. Tféﬁs-
port modal preference and routing is also affegtéd since
individual transport service requirements for a com-
MOdity as highly aggregated as for example "mahufdctur-
ingﬁ are impossible to determine. There needs as well
to be differentiation within each region since most
reg;bns will be larger thanAis desirable from a trans-
port standpoint. Fiﬁally, the seasonality of supply

and demand and its consequent transport effects are

completely lost if figures for an entire year are used,

The result is that disaggregation is essential.

————

Three types of disaggregation have been incorporated

into the Transport Model: regional, subcommodity, and

seasonal. Each of the basic supplies and demands can
—-—-—/—— .



be subdivided within the region into a number of subcom-
modities, éach with a separate seasonal production schedule

ané a different set of preferinces for transport service.

Overview of Principal Model Features

The structure of the Transport model is relatively
straightforward. The transport network is defined in terms
of a link-node graph. Cities and transport interchanges
are represented by nodes. The links represent real-world
transport interconnections such as roads, railroads, water-

ways, etc,

Model operations on this network can be described con-
ceptually as a step-by-step computation, carried out for
each commodity and consisting of disaggregation into subcome
modities, the determination of distribution patterns by
subcommodity, and finally the selection between e&ch origin
and destination point of the best choice of mode and route
over the network. The resulting trips are successively
accumulated on each of the links of the network to show
link utilization. Each link is then analyzed separately
depending on its mode to determine its resulting cost-per-~
formance characteristics. The costs are revised to reflect
the pricing policy which is in effect. Finally, cost-per-
formance characteristics are stored for use during the next

time period. See Figure 3,
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Disaggregation

The yearly supply and demand for the products of a
specific industry can be disaggregatéd rather simply by
the specification of disaggregation factors within each
region., If, for example, one knows that seventy per cent
of the agricultural producticn of a given region is rice,
ten per cent is fruit, and twenty per cent are other
agricultural products, then one has in effect disaggre=-
gated agricultural supply for that region. It is only
necessary to formalize this procedure and to relate the
quantities produced to specific nodes of the network in
order to make it useable by the transport model. Similar-
ly, a seasonal disaggregation factor specifies the per-
centage of total subcommodity production which is forth-

coming during each season.

Demand for each subcommodity is automatically dis-
aggregated in the proportion which regional demand for the
parent commodity isAto total demand for that commodity.
More sophisticated demand disaggregation is possible but

has been ignored for the present.

By disaggregating supply and demand, the ability of
the transport model to capture the essential features of
the production and consumption process within each region

is greatly enhanced and the model as a whole is therefore

2|



improved. Perhaps most importantly the model is given
information which makes possible the handling of seasonal
fluctuation. Without disaggregation, the usefulness of
the entire transport model could be questioned since
sufficiently large input-output tables would be extremely
hard to come by and computationally difficult even if they

could be made available.

The information necessary for the carrying out of dis-
aggregation does not usually exist as a specific body of in-
formation. However, exawmination of regional production stati-
stics will allow a great deal of the disaggregation to be
done on a quantitatively sound basis. In many countries the
data to do this presently exists. In Colombia, for example,
national statistics are given by region and are readily
usable. Since disaggregation factors are specified in per-
c2ntages, it is not difficult to make an educated guess at

factors where actual figures do not exist.

Use of the Network Link File

The Link File is the place where the link-node network
for all modes is actually kept. It is stored link-by-link
along with information concerning the physical characteris-

tics of the link, the volume oi flow on that link by season,

and information regarding the link's cost~-performance



characteristics, also by season. This information is up-
dated each time the model is run and serves both as input

to and output from the model. See Figure 4.

The purpose of the network flow phase of the Trans-
port Model is to fill in flow volumes on the Link File
using the cost-performance values from the corresponding
season of the previous year. .The link cost phase then
uses the link volumes and physical charactzaristics as in-
put to the modal cost-performance submodels. These simulate
the actual flow of vehicles over the link under the condi-
tions described in order to determine an updated set of

cost verformance values for use during the next time period.

Vehicular flow is broken into five classes, each of
which is represented by a typical vehicle. These five classes
are: bulk, general, special, common carrier passenger, and
private passenger. The corresponding vehicle types for high-
way travel are: combination unit truck, single unit truck,
special truck, bus, and auto. Each subcommodity is assigned
to a particular class of carrier. For example, coal travel-
ing over a highway would travel by bulk truck and over rail
by bulk rail vehicle. Bulk commodities travel at bulk rates.
Volume of flow and cost-performance entries for each of these

classes of vehicle are carried .in the Link File.
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Determination of Modal Choice and Network Routing

The shippers choice of mode and routing is assumed
to depend on a number of variously important factors. The
subjective evaluation of the factors by the shipper vary
from subcommodity to subcommodity. A measure of the rel-
ative rating of each link from the viewpoint of the shipper
is obtained by taking the linear combination of the cost-
performance factors Pi and the corresponding set of value
weightings Vi assigned to each factor by the shipper.

That igs,

R=V,P, + VP 'f-.....'f'VnPn

11 272

Each element in the cost-performance vector corre-
sponds to the quantity of a particular physical attribute
experienced as a result of traveling over the link under
consideration. In our case, the cost-performance factors
Pi' referred to as the Link Performance Vector, are obtained
from the Network Link File. The élements of the vector in-
corporated in the present model are waiting time, travel
time, standard deviation of travel time, probability of loss
and out-of-pocket cost to the shipper. The value weightings
Vi assigned to each factor by the shipper are known as the
Commodity Preference Vector. The multiplication of the two

vectors produces the R-factor rating of the link from the



viewpoint of the shipper. The R-factor is in effect the
cost to the shipber of roiting his s.abcommodity over the

link.

At the time network routing is performed, the trans-
port nectwork is defined over-all without regard to mode.
Tﬁat is, the entire transport network is available to be
shipped over. Thus, a parcticular subcommodity may be
routed over any link in the system. It chooses that path
between origin and destination which results in the mini-
mizatﬁon of the K-factors previously obtained. Those
links with high R-factors will, therefore, tend not .o
be chosen. The computation of minimum paths is performed
by means of a very efficient minimum path algorithm. The
cumulative R-factors which represent total cost f.: trans-
porting between cach orig:n and destination are saved for

use in the distribution piocedure.

Distribution Patterns

The pattern of interiegional sales is determined by
the use of one of scveral commodity distributios models.
Total supply and demand figures for each subcomodity at
each node are known. The problem becomes one of distrib-
uting from a few supply scources to a larger number

demand points. The choice of distribution models and its



parameters is made by the user for each subcommodity indi-
vidually. Thus, a wide variety of special conditions can
be taken into account. Although only two distribution
hodels are currently available, the Transport Model can

accommodate any number of others merely by their addition.

The two currently available distribution procedures
are the linear programming transportation model and an in-
verse impedance model. The programming model results in
producers supplying only a linited number of markets with
No cross hauls at all, since this is inconsistent with
serving demands at minimum cost. The inverse impedance
model results in each producer supplying every market. In
both models, supply exactly balances demand so that there

are no shortages or overages,

Assignment

Assignment of flows to the network can be done as
soon as flow volumes have been calculated in the distri-
bution process, Flows are routed along the minimum paths
determined earlijer. This is done by retracting the paths
link by 1link allowing the flow quantities to accumulate.
See Figure 5, Up to this point flows have been carried
in terms of dollars per season. Once the distribution

process is completed, flows are converted to tonsg by divid-
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ing by the ‘value of the commodity per ton and the days

pef season. As the flow paths are retraced in the assign-
ment process, the flow volumes are divided by the payload

of the appropriate vehicle class to obtain flows in number
of vehicles as well. Network turns are also carried so

that the volume of vehicles in each of the turning move-
ments at nodal intersections may be determined. This allows

the estimation of switching and interchange times, if needed.

Once all assignments have been made for all subcom-
modities for a season, the Network Link File is updated with
the seasonal volumes. The entire procedure is then repeated
for each season in turn until all assignments for the year

have been made.

Backhaul

One very important determinate of over-all system costs
is the degree to which vehicles must be returned empty in
order to secure another load. This "backhaul® is also a
major item in the determination of load factors, though not
vhe only one. Vehicle scheduling also plays a role here since
vehicles may be forced by their schedules to leave before
they are full., Since the cost of returning the vehicles
empty must be borne by someone, it may be charged off as
an increase in costs to all system users or it may be trans-

ferred specifically to the "forehaul" shipper.



There are a number of ways in which backhaul could be
explicitly incorporated into the model. The approach which
we have employed here is perhaps the simplest. Backhaul is
computed by simply checking the number of forehaul vehicles
traveling in each direction and selecting the larger. The
difference between the two is then the number of vehicles

which must be backhauled.

In developing countries, the assumptions required by
tnis scheme are probably fairly good. Both road and rail
networks are not well articulated and trips tend to be for-
ward and back rather than circulating over the network.
Larger rail systems may in fact tend to exhibit a sort of
"brownian movement" with respect. to box cars but the limited
extent of the network in developing countries tends to in=-

hibit this.,

Modal Cost-Performance Submodels

A distinctive feature of this model is the employment
of cost-performance submodels for the simulation of operat-
ing conditions on each of the links. There is a separate
submodel for each mode. As each link pair in the network
link file is read, the appropriate modal submodel is called

and simulation begins.



The individuial sebmodels use Lhe physical charvactoer-
istics given in the Link cCharacteristic Voctor and the link
volumes and tonn. ges from the Link Performance Vector as

input, along with vehiculir costs and operating character-
istics contained internally. The final result is an up-

dated Link Performance Vector containing values for waiting
time, travel time, standard deviation of total time, prob-

ability of 'loss, and cost to provide the transport service.

Sophisticated submodels heve already been developed
for rail, highway, and transfer links. . Unsophiscated models
presently fill in the gaps for water and air and can be made
to handle any of a number of fairly exotic modes as well,

such as camel caravans, herded cattle, etc.

Each of the models goes about the simulation in a
different way. The rail cost-performance model, for example,
computes running speeds based on available tractive effort
determined fiom averige and ruling grades, number of.loco-
motives, and train make-up. It then reduces these speeds
by the consideration of the number of sidings, type of
signal system, and type of swit.ching controls and traffic
levels in the opposite direction. Costs are determined

based on an equal number of considerations.
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aggregate items as total waiting times, travel times, trans-

fer time, vehicle miles, ton wiles, revenues, and costs for

the entire system are computed.

Vehicle Requirements and Availability

The ease with which one can acquire a vehcile to begin
a journey,or to continue it once interrupted,is determined
to some extent by vehicle utilization. In situations where
the requirements for vehicular time approach closely the
available hours, then network delays may be expected. Delays
are most often encountered at transfer pecints where travel
by one mode is terminated and travel by another originates.
Delay is due principally to waiting for the new vehicle.
Similar delay is experienced at trip origins but probably
not as badly. Network vehicle requirements can be computed
by summing travel time at all links, waiting time wherever
it occurs, loading and unloading time at transfer points,
and at terminal points. To this is added vehicle mainten-
ance and downtime. Available vehicle hours are determined
by simply multiplying the number of vehicles by the number
of hours they work per day and the number of days in a
season. This enables us to determine a ratio of require-
ments to availability. The ratio is used in the modal
transfer cost-performance submodel for the determination

of travel delay.



Data Considerations

The data requirements for the TransportJSector
are considerable and obviously will require large
expenditures of time and effort on the part of the

investigators.

Regional data may or may not be in existence
and where they do exist, production may not be broken
down by subregions or cities. Published regional con-
sumption figures appear to be almost impossible to obtain.
One reason may be that producers are reluctant to indicate
to whom they sell. Perhaps takers of statistics have
neglected to ask. The result is the same. It is easier
in general to estimate consumption than production, since
if one knows the population and production statistics for
a reginn, the hasic insuts required for both industrial
and human consumption can be determined by means of input-

output coefricients.

Engineering data and vehicle flow statistics are
generally easier to obtain. Many developing countries
have in the past commissioned engineering firms to pre-

T8 t.anspcert plans, often as a resulc of pressures

applied by international lending agencies. Because of

the nature of the firms engaged in the study the published
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plans are often a wealth of engineering information and

are valuable resources.

For those countries lacking such a study, data col-
lection presents a formidable problem. National rail-
roads and airlines are jJenerally good sources of inter-
regional flow statistics, but'interreginnal goods move-
ment by highway are rarely available. 1Inventories of exist-
ing transport rolling stock may either be available or may
be readily estimated, particularly for such things as num-
bers of trucks, locomotives, etc. Fixed facilities are,
however, another matter. Even maps of existing roads and
their types are frequently in error although aerial photo-
graphy furnishes a good means for obtaining needed inform-

ation in most cases.

Data must, in general, be gotten by bits and pieces,
First hand knowledge gained by going to the country and
talking with the people is invaluable for filling in miss-
ing information. There is perhaps no substitute for seeing
the conditions that actually exist. Statistics may be mis-.
leading in this respect. The Models have been designed with
this lack of available data in mind. Over-all data require-
ments are based on that Premise that an obsarver will be used

to collect most of the information required.
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IV. %he Use of the Model in Planning and Decision Making

The aveilability of models which will permit the simu-
lation of both the econcmy and the transport system will,
for the firgt time, allow “he planner to investigate the
interaction of the two. A real guedtion is the manner in
which this sec of wmodels can be used for planning. This
problem is much too involved to be treated in detail here.
We hesitate to ignore it however because it is an import-~
ant area and one which has recai -ed a great deal of our
attention both in its relationship with model design and

for its own sake.

The model providss the planner with a rather complete
and detailed sct of consequences for each alternative in-
vestigated. Any number of difierent alternatives can be
produced by manipulating the controllable variables of the
model. The problem ultinmately bLeconmes one of placing values
on each of these consequences aad deciding between the
alternatives. This is a difficult task involving both the
differentiation of the incidence of benefits and the se-
lection of the value systems Lo be used. And, it must be
done in full awarenesgs of the sccial and political constants
which exist in the country. We will for the moment, there-~
fore, leave the evaluation proca:dure asg the subject of a

future paper,
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Appendix

This appendix gives a more detailed description of
the internal workings of the transport sector than was
provided in the main body of the paper. It is presented

by a sequential description of the computational procedure.

Computational Procedugg

Computation is divided into four major sectors: the
supply demand disaggregation sector (SDDISG); the edit sec-
tor (EDITOR); the network flow sector (NETFLO) ; and the link
cost sector (COSTER). Seceo Figure 6. The disaggregation
sector which begins the computations and prepares seasonal
supply and demand vectors for each subcommodity. This ig
followed by the edit sector which performs network edit,
and an initial R-factor computation, The calculation of
minimum path trees, the determination of the distribution
pattern, 1link assignment, and network file update are all
done in the network flow sector. The link cost sector
consists of the determination of the appropriate modal
cost submodel for cost-performance calculations, the pric-
ing policy routine, the Computation of network System per-

formance measures, network file update, vehicle availabil-
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Network Flow

The computations now enter an iterative phase, as
shown on Figure 7, in which the computations are repeated
for each season and for each subcommodigy. Initially,
season one and subcommodity one are worked with. The LSDTAP
is now read and subcommodity supplies, demands, and regional
unit production costs for the first subcommodity are stored
in the primary memory along with lists of the supply and
demand nodes. Next, the set of R-factors for the subcom-

modity under consideration is obtained from RFCTAP.

Minimum Path Computation

The minimum path tree program is now called and a tree
is built for each node which supplies this subcommodity.
The first tree is from the first supply node to all other
nodes. The path found is that which gives the minimum sum
of R-factors from supply node to demand node. The con-
sequential cumulative C's are also computed. The cumu-
lative C's are the out-of-pocket costs to go from each
supply node to each demand noie, along the minimum R path.
Once the tree is built for a single supply node, the tree
is scanned and rows respectively of the cumulative R table

and the cumulative C tables a're developed. This process



is then repeated for each node which supplies this par-
ticular subcommodity. The process is completed when all
supply nodes for the subcommodity under consideration have
been treated. The cumulative R and cumulative C tables
which have been developed in memory are now complete. They

are dumped out for use later during the summary process.

Digstribution of Flows

Once the CUMR and cuMcC tables have been developed in
memory, a distribution model can be used to determine the
flows between each of the supply nodes and each of the
demand nodes. As it presently stands, one of two distri-
bution models may be used, DISTR1 or DISTR2. DISTRl is an
inverse impedance model which destributes the flow accord-
ing to weightings assigned to each point. Weights for each
point are computed by taking the inverse of the cumulative
R-factor for the point taken to an empirically determined
power. Alernatively, the linear programming transportation
formulation (DISTR2) can be used to do the distribution,
DISTR2 works particularly well in cases where the flow is
of a single homogenous prodqct. For non-homogenous or
very mixed products, DISTR1 is more suitable. The com-

putational result of either distribution pProcedure is a



tablechlled FLOW which gives‘the quantity interchanged
between each of the supply nodes and each of the demand
nodes. For the distribution procedure of DISTR1, one
should expect that the flow matrix would contain largely
non-zero entries. For the linear programming distribu;
tion model only M#N-1 of the.entries will be full, where

N refers to the numbes of supply nodes and M the number of

demand nodes.

-A88ign Network Flows

Flow is at this point in dollars. Before it is trans-

formed into tons per day, it is saved along with the CUMRs

and CUMCs on the TRNSUM file. This flow data will be used
in the transportation summary block. Once it is converted

to tons per day, FLOW is assigned over the minimum paths

determined previously. This is done by the assignment

‘routine which assigns flows to the appropriate subcommodity

class, as determined by the gsubcommodity input form. Classes
borrespond to the designations, bulk, general, special, com-

mon passenger carrier, and private passenger carrier. The

decision as to which class a specific subcommodity belongs

is left up to the user.

The table into which flows are being assigned is fairly



ray

extensive since it contains an entry for every class of
flow 6ver every link, as well as an entry for every turn.
This makes a total of 20 entries for each link addition
to the entries describing the topology of the network.
Flow assignments are allowed to build up over all com-
modity classes. Entries into this table, therefore,
continue to grow f?om the beginning of the assignment

for a particular season to the end of it.

The computations are now repeated for each sub-
commodity assigned to thc network. For each subcommodity
a new set of R-factors and a new set of supplies and demands

are read, using the LSDTAP and the RFCTAP files,

Link Update

Once the assignment of all subcominodities tor a season
is completed, the 'nformition in thie volume table is trans-
ferred to the Link File. The flows on the assignment table
are in tons per day. fTiaese flcecws are cransferred to the
LNTAPE and are at the same time converted into volumes of
vehicles per day. This conversion from flow in tons by
class to vehicles by class is made using the payload table
which gives the payload for each vehicle by class. It is

assumed here that the payload of each vehicle is the



average full load for that vehicle class.

Before the same network distribution and assignment
computations are done for the next season, a new set of
R-factor computations must be made. This produces a new
RFCTAP which is used in conjunction with the old LSDTAP.
The computations are now repeated for each season. At
the completion of the entire assignment the routine has
produced the vehicular volumes and tounnages for each class
of vehicle over all of the scasous. The Link File at this
stage contains not only ithe nectwork topology and link char-
acteristics with which computations were initiated, but now
also contains the lir}): utilization. The only things which
remain to be done are Lo determine the cost-performance
characteristics of each link by class and to update link

performance. These are con~ next.

Cost-Performance Caiculations

The link cost sector begins with thé reading of the
Link File. At this stage, LNTAPE is completed except that
it does not contairn the Link Performance Vectors. It is
assumed in working with LIMTAPE that the links in opposite

directions are fiied adj.cent %o each other. This is



necessary because the cost models in several classes assume
that the links are interdependent in opposite directions

and must have the data from both links simultaneously.

The reading of the Link File is, consequently, carried
out two links at a time. The information for each direction
is stored in separately-labeled files, Link 1 and Link 2.
The appropriate model for predicting cost-performance on
the link can now be selected. This is done by using the
left-most digit of the two-digit mode number. The proper
modal cost-performance submodel is now summoned. Each of
the cost models assumes that there will be two basic vectors
of information as input, the Link Characteristic Vector and
the Link Utilization Vector. It then responds by computing
the third basic vector of information, the Link Performance
Vector, and returning it to the Main program. The Link
Characteristic Vector contains a description of the physical
and operating policies of that particular link, while the
Link Utilization Vector furnishes the quantities of flow in
terms of both vehicles and tons per day. From the latter
the number of backhauled vehicles and the vehicle load fac-

tors can be determined.

g
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for different commodities. If there is an entry given in the
table for the mode and class under consideration, then this
rate is used as the particular pricing policy in effect. If
the table contains a zero, then the pricing policy used is a
multiplier times the cost of providing the service. The price
that is returned to the main program is, therefore, one of
these two figures, either the rate times distance, or the

cost times a multiplier which includes profit.

System Performance Measures

Measures of system performance are computed by summing
the component inputs from each link in the network. This is
easily done as we proceed link by link. Summations are main-
tained for waiting times, travel times, transfer and terminal
times, as well as costs, revenues, vehicle miles and ton-

miles for each subsystem by class and by season.

Once all use aspects of the link performance vectors
have been extracted, the new Link Performance Vector is pre-
pared by merging the performance vector with "price" in-
serted for "cost" back into the Link File. The whole sim-
ulation and pricing operation is now repeated for each
season after which new LNTAPE records are written for the
two links in opposite directions dealt with by the cost-

performance model. These computations are repeated for



each set_of'two links in the Link File.

Vehicle Requirements and Availability

Next, a requirementé-availability ratio is calculated
for the vehicles in each subsystem using the network waiting
time saved from the individual link calculations. Vehicle
availability is found by multiplying the number of vehicles
of each mode and class by thé number of working hours in
each mode and the total number of days in the period. Re-
quirements are determined based on link waiting and travel
times which give the number of hours which each of the
vehiclés is tied up in service on the network. The require-
ments~availability ratio is used by the transfer submodel
to determine the time required to obtain empty vehicles. If
availability is less than requirements, then waiting times
for obtaining empty vehicles becomes excessive. This is

reflected by increased waiting times at points of transfer.

Transport Summez-y

The final computation is the transport summary compu-
tation. This involves accepting information from the CUMR
and CUMC tables along with the flow matrix computed for

each of the subcommodities and re-aggregating them into the



same groups given in the original macro-economic data. Once
re-aggregation has been performed, then transport costs to
each major industry are available. This information can now

be used as feedback in the determination of macro-economic

data for subsequent time periods.
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