SELECTING AN OPTIMAL TRAFFIC
NETWORK

By Sonia Stairs

INTRODUCTION

The problem is as follows: given a list of possible development projects, to select that
combination which produces the best traffic network, evaluated in terms of given
criteria. The problem is purely one of selection. This paper is not concerned with the
choice of criteria, nor with geometric problems arising in the design of networks.

For simplicity, the time dimension will be ignored. The development of a network
usually takes a long time, and the choice of projects should take into account the
timing of each project and the order in which projects are carried out. Before tackling
this time-dependent problem, however, one needs to understand the easier time-
independent problem reviewed here.

The discussion will be mainly in terms of urban road networks, because this is the
application that most other writers have treated. The problems of selecting a rail
network, an interurban road network, and a regional or national transport system
are, however, very similar.

The paper is divided into five main sections. The first section discusses the formula-
tion of the criteria by which the network is to be evaluated. The second section defines
a project for a road network and shows that the selection of the best set of projectsis a
combinatorial problem. The third section discusses the application of general
optimising techniques to network selection. The fourth section describes a computer
program for selecting new links for a railway network. The final section describes an
experiment with an “interactive” computer program for network selection and
evaluation.

References are made to work by Barbier, Hershdorfer, Ridley, Roberts and Funk,
and Scott, whose writings are believed to represent a reasonable survey of the subject.
It is possible, however, that other major contributions have been unintentionally
omitted.*

NETWORK EVALUATION

The difficulties of network evaluation are common to all methods of planning a
traffic network. The measure of how well the network serves the community involves
complex economic questions. Improvements in the performance of the network must
be assessed and weighed against their cost. The benefit of time savings to current

*Since this paper was prepared, recent work by several groups has come to light. That of P. O.
Roberts deserves particular mention.
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traffic can be estimated. With more difficulty it is possible to gauge the effects of new
traffic generated by the improvements, and of the natural growth in traffic. But other
aspects of evaluation — particularly the treatment of location and land-use changes,
and the impact of roads and traffic on the quality of the environment — are beyond our
present capabilities.

Before discussing methods of evaluation, it is necessary to describe more exactly
what is meant by a network and an improvement or alteration to it. A traffic network
can be represented by a set of points called nodes and a set of links connecting pairs of
nodes. A link may be one-way or two-way. For each link the cost incurred through
traffic using the link must be specified as a function of the total traffic on the link.
This cost consists predominantly of travel time, but includes other factors such as
vehicle operating costs and loss of amentity; for simplicity it is referred to here as
travel time. The intersections in a network require special attention: they are the
major source of delay in urban areas. In one treatment, each intersection is re-
presented by a subnetwork of links and nodes corresponding to the different traffic
movements and their average travel times.

A standard method known as traffic assignment is used to estimate, for a given set
of trips, the traffic volume and travel times on the links of the network. Certain nodes
are designated as origins and destinations for the traffic using the network. The
traffic between each pair is assigned to one or more routes, and is loaded on to the
links composing these routes. The volume of traffic on a link is the sum of all traffic
loaded on to that link. When the traffic on a road is well within the design capacity,
the travel time is virtually independent of the traffic volume. At higher volumes there
is congestion : speeds fall and the travel time for each vehicle increases.

The total travel time for the traffic on a network is the sum of the travel times for
the traffic on all the links. When congestion effects can be ignored, the traffic from
each origin to each destination may be assigned to its quickest route, and this gives
the minimum total travel time for the network. When there is congestion, it is
possible to assign the traffic so that no quicker route exists for any trip from any
origin to any destination, .., each individual finds his best route; or the traffic may
be assigned so that the minimum total travel time is achieved. Where there is
congestion this second total figure will generally be lower and the assignment
different.

The simplest evaluation function for a network consists of the sum of travel time
and capital cost. Capital cost may include loss of amenity and damage to environ-
ment in addition to the costs of land and construction. To make these costs com-
mensurable two difficult conversions are necessary: the capital sum must be con-
verted to annual monetary units, and annual travel time must be converted to the
same units.

At first sight, it might seem that an alternative to minimising the total cost, i.e.,
travel time plus capital cost, would be to restrict one kind of cost while minimising
the other. This would mean getting the greatest reduction in travel time for a given
capital budget, or, alternatively, effecting a certain chosen time saving at the lowest
capital cost. In fact the two methods are not really distinct, as anyone familiar with
economic shadow prices and Lagrangian multipliers will appreciate.

With the art of network evaluation in its present state, it is necessary to apply
fairly rigid design standards to proposed changes to an existing network, discarding
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some proposals which are “grossly detrimental” to the environment and incorporat-
ing others which are “vital” for accessibility. The remaining projects, the fate of
which is not decided by design standards, have to be evaluated as well as possible in
the above sense. When the proposed networks have been evaluated, it is then neces-
sary to review earlier decisions on environmental and accessibility standards, the
relative values of travel time savings and capital cost in the evaluation function, and
even the rules defining the evaluation function.

This section has briefly treated the question of evaluation because the studies of
network selection reviewed below are, as a whole, very cavalier in their choice of
evaluation function.

NETWORK SELECTION

There are many ways in which an urban road network may be altered to make
journeys easier. These ways include construction projects such as widening streets,
building new road and redesigning intersections, and traffic engineering schemes
such as one-way street systems. Similar possibilities exist within national or regional
road networks, although presumably with more emphasis on totally new construc-
tion. In this paper “project” refers to any such alteration of an individual road link
or intersection, or of a complex of roads and intersections, which could be imple-
mented independently of other such changes. A project must be a change which is
technically feasible and to which there are no overriding objections, such as exces-
sive damage to the environment. Where the environment already suffers from too
much traffic, a project could be the closure of an existing road. The condition of
independence is made to simplify this description. Actual selection methods can be
extended to non-independence.

In terms of the link-node network representation, a project corresponds to adding
a set of links in the case of new construction, substituting one set of links for another
in the case of widening, one-way streets, etc., and removing links in the case of road
closure. A project may well have several alternative sizes or configurations. These
will be called “levels” of the project, and there is a capital cost for each level of each
project. If the projects are independent, any selection of project levels defines a
possible network.

It should be stressed that the mechanical selection methods reviewed here only
select projects and cannot invent them. Invention is left wholly to the judgement and
imagination of the designers. Whether this is reasonable is not at all clear. It seems
desirable to have guiding principles for urban road network design that assist the
creation of good projects. However, even with a general theory of urban road form,
there would still remain the problem of which particular changes to make in accord-
ance with the principles, in order to convert our historically evolved street networks
to the ideal. The constraints on redevelopment within existing cities mean that the
problem of network selection is complementary to the problem of defining the
principles of network design.

Current practice in urban transport studies is to evaluate only a few alternative
road networks, each network reflecting a different overall policy. An amount of local
selection at the project level is carried out by the engineers before a network is put
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forward for this evaluation, but, in general, not enough combinations of the different
major development projects are evaluated, and these projects are not sufficiently
integrated into the existing network. Usually the alternative plans which are sub-
mitted for high level discussion and decision require such vastly different levels of
investment that the available budget alone decides which network will be accepted.

There is often a strong interaction between projects. Therefore the evaluation of
individual projects is of limited use in evaluating a combination of projects. A set of
projects may be complementary, meaning that the net benefit (time savings less capital
cost) of the set is greater than the net benefit of any individual project; or, conversely,
a set of projects may be competing, so that the net benefit of the combination is less
than that of any individual project. These system effects mean that one cannot
expect the best combination of projects to be a set of individually best projects, and
evaluation of a handful of combinations of development projects barely begins the
search for the optimal network.

Selecting the best combination of projects is a combinatorial, or discrete optimisation,
problem. That is to say, some or all of the variables are restricted to a predetermined
set of values. For example, a new road will be built or it will not. Similarly, there are
only three possibilities for the direction of traffic on a link: all one way, all the other
way, or both ways. The inclusion of continuous as well as discrete variables does not
alter the essential nature of the problem, as the level of the continuous variables can
be determined in the evaluation of each combination of the discrete variables.

Some discrete optimisation problems are quite tractable, because the optimal
solution can always be found by a series of improving steps. For other problems it is
not possible to formulate rules for making such improving steps, and the pejorative
term “combinatorial” is usually reserved for these intractable problems. An investiga-
tion of all possible combinations of the discrete variables will find the best combination,
but this is acceptable only if there are few projects. To evaluate all combinations of
more than a few projects is a gigantic task. If each independent project has just two
levels, there are 2" combinations of # such projects, and the number of combinations
doubles for each additional project. Thus it is necessary somehow to reduce the
number of combinations that need to be considered.

Since there will generally be very many combinations of projects to compare,
there is a case on computational cost grounds alone for choosing an extremely simple
evaluation function. In practice, one may face the dilemma of choosing between
good selection, with computationally cheap, but poor, evaluation, and poor selection
with a good, but computationally expensive, criterion.

OPTIMAL SOLUTIONS TO SMALL NETWORK SELECTION
PROBLEMS

This section reviews four papers which present methods of finding the optimal
solutions to network selection problems. Two methods of solution are used: Ridley
puts forward a “branch and bound’’ method, while Roberts and Funk, Hershdorfer,
and Scott have used integer programming. Both methods are standard approaches
to discrete optimisation problems. They will be briefly explained before their
application to network selection is discussed. :
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Branch and Bound

Branch and bound is a search philosophy for finding the best solution to a problem.
Before describing the general procedure which falls within the scope of this philso-
sophy it is necessary to clarify some of the terms. In this context a solution is a com-
bination of the possible values of the variables. A feasible solution is one which does
not violate any of the constraints of the problem, that is, one which would work, at
least in theory. In a minimisation problem the optimal solution is that which has the
lowest value of the evaluating criterion. The “solution set” is the set of all solutions
which may need to be examined in the search. The search is for the optimal feasible
solution contained in the solution set.

The procedure is to partition the solution set into subsets which have no solutions
in common. A value, which is called the lower bound, is computed for each of the
subsets. By definition, the lower bound of a subset is less than or equal to the value of
the optimal solution in the subset. For the procedure to be effective the bound must
be economical to compute. It is often found by solving a related but easier problem.

If a subset contains only one solution the value and feasibility of this solution is
determined. If the solution is feasible and the value is less than for any other solution
found so far, it is retained as the best current solution; otherwise it is discarded. All
subsets with lower bounds which are greater than or equal to the value of the current
best solution are discarded. The lower bounds of the remaining subsets are examined,
and the subset with the smallest lower bound is found. This subset is partitioned and
the procedure described above is repeated.

This sequence of partitioning and finding lower bounds or solution values continues
until there are no subsets with lower bounds less than the value of the best current
solution. Then this best current solution is the optimal feasible solution sought.

There is an art in calculating effective bounds without too much computation, in
choosing a suitable partitioning scheme, and in deciding which subset to investigate
next. Lawler and Wood give an excellent review of branch and bound procedures
developed for a number of problems.

Ridley has devised a branch and bound procedure for an actual network selection
problem. In his problem there is a capital budget, and a fixed set of trips. He has
chosen the objective of finding the set of construction projects within the budget
which produces the network with the lowest total travel time. The variables are the
projects which have the values “in” or “out”. Each project consists of adding new
links or reducing the travel time on existing links. (Traffic management projects,
such as changing the direction of traffic flow on a link, are excluded.) This means that
the inclusion of a particular project never increases the total travel time, and usually
reduces it. Therefore, a lower bound on the total travel time for a particular selection
of projects is a total travel time with one or more additional projects. (This would
not be a true bound in more general problems, unfortunately.)

Since total travel time on any network can only be bounded by the travel time on a
network with more links constructed, it is logical to start with all projected links
constructed and successively discard links. Ridley starts by including all projects and
then discards them sequentially by cutting the capital investment one unit at a time,
and finding the optimal solution at each level of investment, until the budget is
reached. The feasible solutions are those which are within the budget. (A similar
procedure can be used to force an ordering of the projects within the optimal com-
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bination so that at every level of investment below the budget the projects to be
constructed are a strict subset of the next higher level of investment.)

There are several limitations to this method. First of all, it is not applicable to
projects which increase the travel time in either direction on any link. Secondly, it is
very sensitive to the accuracy with which capital cost is measured. The larger the
unit of capital cost the better. The computation is least when all projects have the
same capital cost. Thirdly, working to a fixed budget is not likely to lead to the most
efficient use of resources. Fourthly, the efficiency of the method is confined to elimina-
ting a few projects from a set. Ridley does not indicate how many evaluations can be
avoided by the bounding. For example, assume optimistically that only one quarter
are necessary. Under this assumption, it would require less computation to evaluate
all combinations of 13 out of 25 projects than to discard 12 using Ridley’s branch and
bound procedure.

This is just one application of the branch and bound approach to the selection
problem. There is a possibility that other useful methods can be developed by this
philosophy, although there appears to be real difficulty in devising good bounding
procedures.

Integer Programming

Integer programming problems are well known. An integer (or mixed-integer)
program is a constrained optimisation with a linear objective function and linear
constraints and some additional constraints restricting all (or certain) of the variables
to integer values only. This framework is very general, and many classes of com-
binatorial problems can be formulated in integer programming terms. The many
procedures which have been proposed for solving integer programs are based on a
wide variety of approaches, including branch and bound. In practice, they vary in
their ability to solve different classes of problems, and each method of solution seems
to be suitable for a limited range. A particular problem may not yield to one method,
and yet may be solved easily by another. Not every problem that can be stated as an
integer programming problem should be. The literature is extensive. There are many
articles reviewing the merit of different codes for solving various problems, particu-
larly in the journals Management Science and Operations Research.

Roberts and Funk, Hershdorfer, and Scott have formulated network selection as
integer programming problems. .

In the first part of their paper Roberts and Funk describe their attempt to use
linear programming to treat the problem of investing a fixed budget in the links of a
road network. Taking the travel time on a link as a piece-wise linear* function of the
volume of traffic on that link, they tried to minimise total cost (travel time plus
capital cost) for a given set of trips. This required guessing a capital cost per unit of
traffic volume on a link to be built. Unfortunately, the results show most of the links

*A curve which is not linear may be approximated by a series of straight-line segments.

l.
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to be only partially used and partially financed. A link is used by the traffic for which
the travel time savings outweigh the unit capital cost for that link.

This unsatisfactory outcome is of little help in selecting the best combination of
links. So Robert and Funk turned to integer programming. With their evaluation
function the problem can easily be posed in integer programming terms; the diffi-
culty is simply the size and cost of the program, since a small network selection pro-
blem constitutes a large integer program. They tried one integer programming
method successfully on a small demonstration problem requiring the best combina-
tion of four projects in a network of seven nodes. Their paper does not indicate the
cost of solving problems of a more realistic size.

Hershdorfer is another who tackles the general selection problem by integer pro-
gramming. He discusses the mathematical programming formulation in detail, and
puts forward some examples of the types of selection problems that can be posed in
this way. He is the first author to show that finding the pattern of one-way and two-
way streets which minimises total travel time is a problem similar to the selection of
construction projects (with the advantage of no capital costs), and that the two
problems can, and should, be considered simultaneously.

He also discusses three variants of the optimising criterion. These are: (1) minimis-
ing total cost (travel time cost plus capital cost); (2) minimising travel time with a
fixed budget for capital costs; and (3) minimising capital cost for a given saving in
travel time.

Hershdorfer has solved a number of small sample problems (12-node networks) by
the standard branch and bound integer programming procedure of Land and Doig.
He claims that this method looks promising and leads to a good solution very
quickly, so that the search may be stopped short of the optimum with reasonable
results.

Independently, in a theoretical paper, Scott suggests a very similar integer pro-
gramming model to select the network with the minimum total uncongested travel
time for a fixed set of trips subject to a budget constraint.

All three of these papers are primarily concerned with theoretical methods of
selecting an optimal network. They describe a respectable general technique which
will do this for small networks with simple evaluation functions; but it has not been
used for larger problems of practical interest. Roberts and Funk suggest that current
computer programs can handle networks of approximately go nodes; they do not
estimate the cost. The general impression from these papers is that integer program-
ming is theoretically satisfying in its neatness, but is not practically useful. It is
possible, however, that techniques may be borrowed from integer programming and
successfully applied to network selection.

A RAILWAY NETWORK SELECTION PROGRAM

In contrast with the work discussed in the preceding section, the computer program
devised by Barbier has been put to practical use in planning extensions to the subur-
ban railway network in Paris. This simple program rapidly produced a network
superior to one found by conventional methods. The program is not expected to
produce the optimal network, but only to select new links by a plausible rule.
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The data employed by the program consists of the links of the existing network, all
reasonable new links with their capital costs, and a fixed set of trips.

Since the program contains an iterative cycle, it is best described by steps. It is
quite simple but rather difficult to explain in words.

1. The initial step is to assign, on the basis of least travel time cost, the set of trips
to the network with all links present (old and new). The capital cost of the new
links is ignored.

2. The assigned traffic on the links is now re-assigned on a minimum total cost
basis. The cost of using an old link is unchanged, but the cost of using a new link
is now the travel time cost plus the capital cost. A volume of traffic on a new
link remains on that link only if for the whole volume the capital cost plus travel
time cost on the new link is less than the cost of re-routing by a route with a
higher travel time. Once a volume of traffic has been re-assigned to a new link,
the capital cost is considered accounted for, and the link assumes the status of an -
old link. For this reason, the largest volumes of traffic are assigned first.

3. The original set of trips is assigned on the basis of travel time cost to the net-
work found by step 2, i.e., the original network plus the new links whose capital
cost is accounted for by time savings to traffic on those links. This step eliminates
any circuits in the routes which can occur in step 2.

Steps 2 and g are repeated until a stable network emerges.

Barbier shows the detailed results for an example. A section of the Paris rail net-
work is represented by a network of 36 nodes, with over go links in the original net-
work and more than 50 new link proposals. Each two-way link is equivalent to an
independent project. One characteristic of a rail network which distinguishes it from
a road network is that, in general, the only nodes required in a simple representation
are origin and destination nodes. Two iterations of steps 2 and 3 of the program were
Jjudged sufficient, as the second iteration produced little change in the network and
only a small improvement in total cost. The resulting network provided a rough guide
for the detailed design and evaluation of modifications to the actual network.

The final network produced by the program is much influenced by the original
set of trips and the original network. To minimise bias from this cause, Barbier sug-
gests grouping the flows into large origin and destination zones and maintaining a
constant average speed between zones.

The value of travel time savings is obviously an exceedingly important variable in
this analysis, and one object of using the program was to explore the significance, in
terms of network selection, of different values of travel time.

This project shows that quite simple methods may be used on large problems with
encouraging results.

AN EXPERIMENTAL PROGRAM

The computational effort required to select the optimal network of realistic com-
plexity is evidently very large, if not prohibitive. The big difference between the
sizes of the problems tackled by integer programming (Roberts and Funk, Hersh-
dorfer) and by the program for railway link selection (Barbier) makes it obvious that
more research is required on plausible selection rules.
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Interactive Computer Systems

Plausible search rules and other approximate optimising techniques, referred to as
heuristic methods, require the use of computers and often involve intricate program-
ming. A recent development in computer technology may greatly simplify this task.
“Interactive” (or “time-sharing”) computer systems are now becoming available,
which enable many people to use the same computer almost simultaneously. The
user sits at a console, types messages for the computer, and receives typed (or other-
wise displayed) replies from the system within seconds. This interaction between
user and computer changes not only the mechanics of program development, but
the whole role of the computer in analysis and design.

The interactive system enables the user to become intimately involved in repeated
calculations in a manner hardly possible hitherto. The user is not just a cheap, non-
linear, mixed-integer, optimising element. He knows the weaknesses in the model,
and he may wish to change the model as the calculation proceeds, in order that new
solutions may be considered or old ones excluded. When using the system to select a
network he may wish to discard projects as soon as their worthlessness becomes
apparent, and he may be stimulated to invent projects not initially envisaged.

The heuristic search rule and the interactive designer are not competing methods.
Interactive trials may be the easiest way of developing effective search rules; on the
other hand, heuristic rules may govern all the low-level searching while the designer
grapples with the high-level strategy.

The Interactive Program

A naive program for interactive optimisation has to do four different things:
accept the data describing the problem, accept the user’s instructions for the next set
of calculations, carry out the required calculations, and display the results to the
user in the most helpful way. :

The simplest possible model was chosen for a trial on the GE 265 Time-Sharing
System. The data consists of a fixed set of trips between specified origins and destina-
tions, a network made up of a set of fixed links, and a set of projects. The size of net-
work that can be handled is limited by the amount of immediate access storage in the
computer. About six thousand words are available in the computer presently used.
This means that the largest network that can be manipulated easily has 35 to 40
nodes. The first version of the program treats networks of up to 35 nodes, of which 10
may be origins and destinations. A set of links is stored for each project, and a dozen
or more projects may be considered at one time. A combination of projects is specified
by a zero-one variable for each project, indicating whether or not its links are to be
incorporated into the network.

The evaluation criterion used by the program is a linear combination of total
travel time and capital cost. Congestion effects are ignored. That is, the travel times
on the links are given for an expected volume of traffic and are not adjusted by the
program. The program calculates the travel times by the quickest available routes
between origins and destinations (using the method described by Murchland). The
total travel time is then the sum of the products of volume and travel time for each
origin-destination pair. The capital cost for a network is the sum of the capital costs
of the projects selected. Since the relation of capital cost to travel time is the most
uncertain element in the evaluation, three values of the factor converting capital
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cost to annual travel time units were used in the trial calculations. These three
estimates of total cost can be thought of as reflecting different values of time or vary-
ing availability of capital. -

In addition to the evaluation, the program has an optional traffic assignment
routine which loads the flow on to the links of the network. This is not necessary for
the evaluation, since congestion does not alter the travel times and the total travel
time can therefore be computed from the origin-to-destination times and flows. It is
useful, however, for determining which projects contribute to reducing the total
travel time, and therefore which combinations should be tried next.

Sample Calculations

‘Two small problems have been analysed with this interactive program. The data
for both were taken from a study of a medium-sized town. The first network was a
21-node simplified version of the central area with 8 proposed projects, and the second
covered a slightly larger area with g5 nodes and 10 projects. Since the two problems
were very similar, and the projects in both included one-way schemes and street
closures as well as actual construction projects, only the 21-node version will be
described. ‘

Figure 1 is the original network and figure 2 is the network as it would be if all
eight projects were implemented. The travel times, in arbitrary units, are shown
beside each link. The projects are described in Table 1. The trip matrix is given in
Table 2. In figures 1 and 2 the trip origin-destination nodes are square. Note that
node 10 at the centre attracts the greatest number of trips.

All the capital costs were rough estimates and have been expressed in arbitrary
units. Where roads could be closed to form pedestrian shopping precincts, the cost
when this was not done was set at approximately three times the cost of land and
construction.

Three estimates of the total cost measure were made, different weighting factors
being used for the travel time and capital costs. For each estimate the interactive
use of the program seemed to establish the optimum after evaluating ten to fifteen
trial networks. There are several reasons why so few combinations needed to be

TABLE 1
The proposed projects
Project description v Links affected Captial  cost

1. Widening of north-south alternate route on east side. (6,7) (1,7) Vi
2. Closure of central east-west street for pedestrian precinct.  (1,10) 21
3. Closure of central north-south street for pedestrian precinct. (10,21) 18
4. Opening of north-south link to through traffic. (15,17%) 5
5. Opening of north-south link to through traffic. (14,15) 3
6. Construction of new east-west link. (16,18) 3
7. Reconstruction of interchange to facilitate east-to-centre

movements. (11,13) 3
8. Central area one-way street scheme. (20,9) (9,17) o]

(17,10) (12,15)
(15,16)
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Figure 1 THE ORIGINAL NETWORK

Figure 2 THE NETWORK WITH ALL PROJECTS IMPLEMENTED
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TABLE 2
The trip matrix

Destination nodes

Origin
nodes I 2 3 4 5 6 T 8 9 10
1 o 12 2 36 36 195 25 73 6 305
2 12 o 1 7 7 24 23 20 I 54
3 2 1 o I o 6 5 5 o 1
4 36 7 I o 15 9o 8o 13 I 50
5 36 7 o 15 o 90 8o 13 I 50
6 195 24 6 90 90 0 16 132 II 333
7 25 23 5 8o 8o 16 o 132 8 485
8 73 20 5 13 13 132 132 o 2 33
9 6 1 o I 1 11 8 2 o 3
1o 305 54 1 50 50 333 485 33 3 o

examined. First of all, it soon became obvious that the fourth, fifth and sixth projects
were worthless. Secondly, the competing and complementary features of most of the
remaining projects were disclosed by the evaluation of a few combinations. The widely
divergent capital costs meant that the weighting of capital cost in the evaluation had
a decisive effect. According to the estimate with the highest value of time the first,
second and eighth projects should be implemented. That is, the east-west central
street should be closed and the alternate north-south route widened, and the central
area one-way street scheme should be introduced. Both estimates with lower values of
time showed that in addition to those changes the north-south central street should be
closed.

Conclusions

It must be acknowledged that, in practice, the choice of original projects would
probably be somewhat better than this, and also that these two networks cannot be
taken as representative. Nevertheless, it is still possible to suggest two tentative con-
clusions from this experiment: namely, that this quick, crude interactive evaluation
program would be an immediately useful tool to planners and traffic engineers, and
that interactive computing is the ideal means of experimenting with selection pro-
cedures.

Very little of the vast output from large traffic assignment programs can be absor-
bed, and the labour involved in preparation limits their use. A designer could profit-
ably use this easily operated evaluation program to assess roughly the impact of a
project and to gain a better feel for the relationship between projects. By altering the
network he immediately sees the results of a proposal in terms of time savings and
traffic flows. The local effects of changes could be estimated by trials on small sections
of the network. In this way, a good many of the poorer projects could be eliminated
before the full networks were subjected to a more comprehensive evaluation.

Interactive computing would be particularly useful for research on plausible
selection rules. There are two ways of exploiting the features of an interactive system.
Either programs can be constantly altered to test each new wrinkle in a selection
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procedure, or the programs can remain relatively simple while the user tries different
strategies in choosing which possibilities to evaluate.

With an interactive evaluation program it would be possible to experiment with a
variety of moderate-seized network selection problems. One of the aims of doing so
would be to discover the scope and limitations of local optimisation, and the sensiti-
vity of the set of projects selected to the relative values of travel time and capital cost.
Information on these points would determine the reliance that designers should place
on the results of a simple interactive evaluation program used on limited sections of
larger networks.

It would also be interesting to determine statistical distributions of total cost and
travel time over all possible combinations of projects, in order to discover how flat or
peaked the optimal region is likely to be. The distributions over all combinations
would have to be related in some way to the distributions over all individual pro-
jects. This would indicate the value of pursuing the optimal selection instead of being
satisfied with one that is less than optimal.

CONCLUSION

In this paper network selection problems have been considered from three reasonably
distinct approaches. These are optimal methods, heuristic rules and interactive
computing. Each of these approaches will now be judged on its achievements, its
potentiality and its ability to accommodate more sophisticated functions of evalua-
tion.

Methods of finding the optimal network selection have proved successful for only
very restricted problems. Both the branch and bound method of Ridley and the
integer programming codes used by Roberts and Funk and by Hershdorfer have
solved small demonstration problems of up to a dozen nodes. None of these methods
has been used on networks of a practically useful size, and it seems unlikely that they
will be. There is still hope that some breakthrough in techniques for solving discrete
optimisation problems will benefit network selection. But the only probable outcome
of further research into optimal methods is that slightly more efficient procedures
will be found and that, with larger and faster computers, it may be possible to handle
moderate-sized networks. All the methods considered in this paper are tailored to
quite simple linear evaluation functions. The prospect of incorporating more com-
plex non-linear evaluation functions is bleak. '

Heuristic methods have a somewhat brighter outlook. They have been used with
some success on other difficult problems, and the achievement of Barbier with his
program for selecting new rail links is encouraging. Since this field is little explored,
there is room for research in many directions. Part of this research will be the classifi-
cation of problems. Selection rules will probably be developed separately for pro-
blems of different classes. Another obvious research task is to try to extend Barbier’s
model to road link selection. Note that although heuristic rules will be complicated
by an increase in complexity of the structure of the problem - for instance, inter-
dependent projects — they are not directly affected by an increase in complexity of the
evaluation function. Of course, the work of computation in each evaluation or bound
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estimation may increase. The search, on the whole, may become harder or easier.

Although interactive selection and evaluation is still in the early experimental
stage, its future looks promising. The simple program which has been written for
evaluating networks of up to about 35 nodes appears to have an immediate practical
use for the preliminary assessment of development projects. The concept of inter-
active computing also fits well with the development of mechanical heuristic rules
and selection strategies for human designers. With interactive evaluation programs it
would be easy to experiment with different classes of problems on moderate-sized
realistic networks. . -

There are two distinct objectives of network selection. One is to find the best
network. The other is to select a network which is better than that found by current
methods. The situation at present is that trivial problems can be solved by evaluating
all possible networks, and small problems with simple evaluations can be solved by
existing optimising techniques. For larger problems of practical interest we shall
probably have to accept the second objective. To this end a great deal of research
effort needs to be concentrated on the development of plausible selection rules. As
these rules are refined, the gap between the objectives may be closed.
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