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NOMENCLATURE
incidence designator for arc (i,j)e routem, a ., =1
R . iy s s . mi
if {(i,3) is included in route m, Bniy = 0 otherwise

the set of all possible guidewzy arcs in a transit
network

the subset of guideway arcs that are open, or constructed

{31(1,3)eA}, or "after i"

the set of arcs in a network

the set of infeasible arcs in a network

{j|(3,i)ep}, or "before i"

the capacity of an arc

the operating cost per vehicle on are (i,j)
the passenger travel time cost on arc (i,j)
the passenger waiting time cost, per time unit

the passenger transfer time and nuisance cost, per
transfer

a very small number
a small number

the amount by which the length of an infeasgible are
is increased

a large number
a2 large number, E2>El

the passenger flow on arc {i,j)

the flow of passenger commodity k on arc (i,j)



NOMENCLATURE {Continued)
the flow of passenger commodity k on arc {(i,j) in
route m
the capacity of a vehicle
guideway priority rating

the commodity to be reassigned next from its shortest
to its second ghortest path

the set of passenger commodities, or travel demands
between node pairs ij

the get of commodities flowing over infeasible arcs

the length of a guideway arc in the route construction
routine

the length of the nth-shortest path for commodity k
the length of the "lecngest" path for commedity k
a logic operator for inclusion of ares in paths,
?kni‘ =1 if arc {i,j) is in the ntP-shortest path
or Qommodity k and no shorter path, mknij = 0 otherwise
the set of vehicle cycles, or vehicle routes
the number of infeasible ares in the shortest path
the number of ares in the second shortest path
that would be infeasible if the commodity were assigned
to it
the set of nodes in a network, or the set of stations
the length of the shortest path
the length of the seccnd shortest path

the fixed cost for are {i,j), or guideway (i,Jj)

the average percent wvehicle occupancy, throughout the
network
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NOMENCLATURE (Concluded)

the average percentage of passengers on a vehicle who
experienced a waiting time at the origin of the arc
being traversed

the average percentage of passengers on a vehicle who
experienced a transfer at the origin of the arc being
traversed

the travel demand for commodity k, per operating time
period

the net travel demand for commodity k at station i,
per operating time pericd

the number of route transfer occurrences for commodity k

the number of guideway arcs in the nth-shortest path
for commodity k

the average waiting time experienced by passengers
when boarding a wvehicle

the amount by which each infeasible arc needs to be
lengthened to cause the second shortest path to become
the shortest path for commodity k

incidence variable for arc {i,]), u,, =1 if arc (3,3
is open, uij = 0 otherwise J

a very large number

the numwber of waiting time occurrences for commodity
k on route m

the variable flow cost on arc (i,])
guideway weighting factor

the number of vehicles traversing route m per operating
time period
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SUMMARY

The planning process for transportation network systems usually
follows a sequence of steps: trip generation, trip distribution,
medal split, station location, guidewsy location, trip assignment,
vehicle routing, and vehicle scheduling. This sequential procedure
reduces the quality of the design solutions so obtained and
diminishes the chances of obtaining optimal or near-optimal solutions.

In this dissertation there is developed a procedure for
solving in a unified way the four-component problem that follows after
estimating the travel demand and determining the station locations:
How should one simultaneously select fixed-cost guideways for
inclusion in the network, determine vehicle routes and route service
frequencies, and assign passengers to origin-destination paths
in order to minimize the total of construction costs, passenger
travel and delsy time costs, and vehicle operating cosits, while
satisfying the total transportation demand?

The problem 1s formuiated as a multicommodity transshipment
problem where each commedity is restricted to unique origin and
destination nodes, with fixed costs on arcs and the inclusion of
routing, scheduling, and other constraints. In view of discouraging
results by previous researchers using exact methods on subproblems
of this problem, the decision was made to develop a heuristic pro-

cedure.
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The master program contains two separate arc insertion-deleticn
type algorithms, one imbedded within the other. The first algorithm
selects from the set of all possible guideways that subset which is
to comprise the final network. The second, imbedded aléorithm
determines the best flow assigmment, vehicle routes, and route
service frequencies for a given subset of open guideways. The'
second algorithm operates on a revised network wherein each vehicle
route is represented by a set of nodes and arcs, and boarding and
route transfer occurrences are represented by dummy nodes and arcs.
Both algorithms make repeated use of a penalty-cost multicommodity
flow assignment routine. The master program alternates between the
two algorithms until no more cost improvement can be made.

A PORTRAN V computer program has been written and tested on a
number of small problems. The typical example contains 12 stations,
up to 25 possible two-way guideways, up to 50 travel demands, and
up to 15 wvehicle routes each containing a maximum of 12 arcs.

Execution times range from 1 to 18 minutes on the Univac 1108.



CHAPTER I

INTRODUCTICN

Background

Network models have been used to estimate transportation
requirements for almost two decades. Over this period highly
developed procedures have been established to estimate highway
planning needs, as the Highway Planning Package (47), and to
estimate public transit needs, notably bus and rail rapid transit, as
the Urban Mass Transit Administration (UMTA) System (L9). These
procedures have been widely used as keystones of the comprehensive
transportation planning studies required of all urban areas within
the United States with populations exceeding 50,000.

To use either the Highway or the UMTA package the service
area 1ls divided into a large number of zones in which trips can
originate or terminate - a large metropolitan area can have 500 or
more zones. Travel 1s thereafter treated in terms of zones, and
trips are distributed as zone-to-zone movements. Because of the
large number of zones treated the analysis is cumbersome, requiring
voluminous input data and considerable computer time. These program
batteries typically divide the planning process into four sequential

steps:



Trip generation - trips are generalted for
each zone in terms of population and cther demo-
graphic characteristics

- Trip distribution - trips are distributed to
zone=to-zZone pairs

. Modal split = trips are assigned to transportation
modes

. Trip assignment - trips are assigned paths

from origin to destination based on a shortest
time or distance criterion.

These models are heavily based on existing urban development
and transportation networks that are completely defined before the
analysis has begun. IFurthermore, the models lack suitable bases for
evaluating transportation alternatives.

The impending introduction of advanced public transit systems
with characteristics that are quite different from conventional
automobile, bus, and rail rapid transit systems suggests a need
for new tools and technigues that are capable of identifying optimal
or near-optimal services. This interest has given birth to some
new procedures for solving transportation network problems in which
the network is not given.

Such network synthesis procedures generally follow s sequence
of steps similar to that for analyzing existing networks:

Demand estimation -~ comprising trip generation,
distribution, and modal split

. Station locaticon - stations are located to be

accessible to a certain percentage of potential
transit riders



. Guideway location - guideways are located to
minimize travel time, or meet some other
criterion
. Trip assignment - trips are assigned paths from
origin to destination based on a shortest time
or distance criterion
. Vehicle routing - vehicles are assigned to
routes to minimize fleet size, minimize
carriage miles,minimize passenger travel time,
or some other criterion
. Vehnicle scheduling - vehicles are scheduled to
minimize carriage miles, minimize intermediate
stops, provide at least minimum service, etec.
The above series of steps is usually repeated a number of
times before the solution is accepted. The chief drawback to such a
sequential procedure is that it cannot achieve an optimal trans-
portation system except by remote chance. Furthermore, the
probability of obtaining good, near-optimal solutions is diminished
by the sequential process. In some applications the steps of the

above procedure are considered two at a time and, more rarely, three

at a time.

General Problem Statement

The research problem examined in this dissertation is to
solve in a unified way the four-component problem that follows after
estimating the travel demand and determining the station locations:
How should one determine simultaneously the guideway location, the
trip assignment, and the vehicle rcouting and scheduling in order to
minimize the total of construction costs, passenger travel and delay

time costs, and vehicle operating costs, while satisfying the total



transportation demand?

So stated, the precblem is formulated as a multicommodity
transshipment problem where each commodity is restricted to unique
origin and destination nodes, with fixed costs on arcs and the
inclusion of routing, scheduling, and other constraints., To date,
little work of a practical nature has been done to solve this
problen.

The conflict between construction costs and passenger travel
time costs is depicted in Figure 1 (22, p. 140), showing two ways
that six stations can be connected. A traveler oriented design
results in a maximelly connected network, where there is a direct
two=-way link between each pair of stations. A construction oriented
design results in a minimal spanning tree, where the arc weights
correspond to the guideway construction costs between stations. The
traveler oriented design results in excessive construction costs
while the construction oriented design results in poor service to
scome travelers.

Similerly, there are conflicts between passenger travel time
and wvehicle routing costs, and between passenger delay time and
vehicle scheduling costs. Travelers would benefit most from frequent,
direct, shortest-distance routes involving little or no waiting
time, no transfer time, no intermediate stops, and a minimum of
travel time. This goal is clearly in conflict with economical
load factors on vehicles traversing efficient routes.

The problem addressed in this dissertation is that of obteining



Construction Oriented Design -~ Minimal Spanning Tree

Figure 1. Comparison of Traveler Oriented Design With Construction
Oriented Design.



an accepteble balance amecng construction costs, passenger convenience,

and routing and scheduling efficiency.

Problem Importance

Publie transit has suffered much from the development of the
automoblle transportation system. Privately owned transit comganies
are almost nonexistent. Municipally owned systems are fighting -
and often losing - the cost-patronage~frequency of service battle.
Clearly, if public transit is to survive, new services are needed,
and means must be found to define and apply these services in a
near-optimal manner, both from the viewpoint of the cperator and of
the traveler.

Considerable emphasis is being placed today on the speed and
convenience of transit systems, inasmuch as any system mist compete
with the private automobile. ©Speed is related to door-to-door
time while convenience may be expressed by frequency of service
and the number of transfers involved in a journey.

Thus, it is significant tc have a solution procedure that can
balance construction and operating costs with passenger travel time
and convenience.

Other potential applications of a solution procedure for the
fixed~cost, multicommodity transshipment problem ;re given by
Billheimer (8): commodity distribution, mail routing, production
and inventory control, solid waste disposal networks, and computer

systems design. All of these seem amenable to a more realistic



formulation by the inclusicn of routing, scheduling, and other

constraints.
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PREVIOUS WORK

When the research problem presented in Chapter I is stated in
mathematical terms, it becomes an exceedingly large and ccomplex
mathematical programming problem. To date, no successful work on
this problem has appeared in the literature. It is appropriate,
therefore, to examine previous work on subproblems of the research
problem.

Thus , the literature review will include, besides the general
field of urban transportation planning, previous work on fixed-charge
single~commodity network flows, multicommodity network flows,
scheduling and routing, and synthesis of fixed-cecst route configurations.
The difficulties and successes encountered by other researchers on
these subproblems will provide meaningful insight for developing a

tractable formulatioen and solution of the research problen,

Urban Transportation Planning

A recent study by Meyer, Kain, and Wohl (31) benefits from
related studies conducted at the RAND Corporaticn and provides general
background information on the urban transportation problem. The
researchers do not attempt to study alternative guideway locations,
but rather assumed a typlcal line-haul configurafion with assoclated

residential collection and downtown distribution systems. Station



spacings on the line-haul system are assumed fixed, and certain
minimum schedule frequencies are established for line-haul and
collection and distribution systems to allow comparison of rail,

bus, and avtomobile modes. Thus, the primary decision variables in
the research problem are either fixed or assumed by Meyer, Kain,

and Wohl in their work. The number of alternatives examined consist
of the various ways that rail, bus, and automobile can be combined for
a door-to-door transit Jjourney.

The main results of their study are the statistical data
depicting the demand for urban transportation and the comparative
costs for the modes of travel considered.

Similarly, cther general studies do not address the specific
problem under examination here, or they follow a sequential solution
procedure as menticned in Section I. Some of these studies are
Creighton (10), Beckman, McGuire, and Winston (5), Kresge and Roberts
(25}, and Iundberg and Brown (28),.

The Highway Planning (L47) and UMTA packages (49) mentioned
previcusly utilize shortest-route assignment and deal mainly with
existing netwerks. Thus, they are not well suited for use in designh-

ing networks.

Fixed~Charge Single-Commodity Network Flows

One of the better known subproblems of the problem under
examination is the fixed-charge single—commodity network flow problen.
In one of the earliest papers on this subject Hirsch and

Dantzig (20) prove that for a fixed-charge single-commodity trans-
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shipment problem the minimum cost solution occurs at an extreme point.
This theorem is the hasis for a number of exact and heuristic solution
techniques developed by others for the fixed-charge transportation
problem.

Balinski (2) developed one of the earlier approximate methods.
His procedure 1s to approximate the discontinuous arc-flow cost curves
by linear cost curves and then alternate among problems equivalent and
similar to the original problem in order to determine upper and lower
bounds on the solution to the original problem.

Kuhn and Baumol {26) incorporated several devices into their
approximate algorithm: The first of these is a degeneracy foreing
routine, relying on the argument that when the fixed costs are
approximately equal, an optimal solution will have the fewest arcs open
that are necessary for a feasible solution. Seccnd is the routing
procedure to ship the most at least cost, or start by assigning the
largest shipments to their least-cost routes. Third is Vogel's
Approximation Method, whereby one finds the lowest and second lowest
cost routes from each supply polint to each demand point and then
forms error penalties for using the second lowest cost route. The
purpose here is to minimize the sum of the shipments multiplied by
the respective error penalties.

Dwyer (13) followed Kuhn and Baumol's first device by
obtaining the largesf order of degeneracy with the aid of completely
reduced matrices. This results in a cumberscme but exact technique

for equal fixed costs, and in an approximate, combinatorial approach



for the general case of unequal fixed costs. The largest problem
illustrated with the latter approach is eight sources by 12 demand
points (8 x 12).

Cooper and Drebes (9) derived a modified adjacent extreme
points method in which they recalculate certain arc-flow costs at

times as

=y + pij/fij, f.. >0 (2-1)

Vs
1J 14

where vij is the varisble flow cost on arc (i,j), pij is the fixed
cost of opening arc (i,j), angd fij is the flow on arc (i,j). The
entering basis vector is selected from those eligible as the one with
the least fixed cost, and the vector leaving the basis as the one
having the greatest fixed cost. The algorithm alsc employs a

limited backtracking method to move away from local minima. Computa-
tional results are good, with optimal sclutions obtained in 90 percent
of the randomly generated test problems. Deviation from optimality was
as high as 10 percent, but for the largest problems, 15 x 30, deviation
from optimality did not exceed 3 percent.

One of the first exact methods of solving the fixed-charge
single-commodity transportation problem is Murty's (33) method of
ranking the extreme points. The technique consists of obtaining the
optimal solution to the problem considering only the variable costs

and then pregressively examining adjacent vertices. The algorithm

terminates with the use of bounds on the solution to the original
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problem. Murty's algorithm is limited in that it works well only
when the fixed costs are relatively small.

Gray's {17) exact solution procedure is based on decomposing
the original mixed integer problem into a master integer problem and a
series of transportation subproblems. This method is particularly
suitdable where the fixed costs are relatively large.

Frank (16) has adapted a network defender-attacker algorithm for
determining the minimal cost of opening enough arcs to satisfy ftotal
demand. This is then used as a subroutine for obtaining bounds in an
exact sclution procedure, such as Murty's algorithm, for example.

Steinberg (44) appears to have done the most extensive work in
golving large problems with exact technigues., His branch-and-bound
algorithm, programmed on an IBM 7072, has solved several 15 x 30
problems in an average time of 21 minutes, BSteinberg also has developed
several heuristic algorithms, including one using a Monte Carlo method
to find a better solution wvector several base changes away from a
locally optimum point. He reports that the heuristic procedures almost
always provide very good, if not optimal, solutiomns.

Marks, Liebman, and Bellmore (29) have developed an approach
uging the out-cof«kilter algorithm for locating fixed~cost facilities in
a transshipment network. The technique appears to be useful for only
g8 small number of source nodes, however.

The group theoretic approach to integer programming has been
incorporated into a branch-and-bound algorithm for the fixed-charge

transportation problem by Kennington (24). He reports solving problems
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as large as T x 11 with computation times ranging from 3.5 seconds to
3.7 minutes on a U«~1108. Rardin (38) has extended this approach to
the genersal fixed-charge network problem.

In a slightly different 'vein, Zangwill's (54) dynamic pro-
gramming algorithms for minimum concave cost flows are restricted to
single source~multiple destination, and multiple source-single .
destination networks.

In summary, the previous published work relating to the fixed-
charge single~commodity network flow problem consists of exact
techniques limited by their applicability to specialized networks or
by their machine time, and heuristic techniques of moderate to very
good success. The group theoretic approach, which is still in its

infanecy, evidently has much to contribute to the exact methods.

Multicommodity Network Flows

A brief review of some of the work on multicommodity flows is
appropriate since the research problem is formulated in terms of
multiple commodities. All of the studies mentioned here deal with
problems having linear arc-flow cost functions. The few studies
that deal with fixed-charge multicommodity flows are discussed in a
later section on metwork synthesis.

Ford and Fulkerson (1L) first suggested a method for obtaining
maximm flow in a capacitated multicommodity network by formulating
the problem in terms of arc-chain flows and using decomposition. A
shortest chain algorithm is used to generate columns entering the

basis. Jarvis (23) showed that cnecbtains an eguivalent problem by
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uging a node-arc formulation.

Tomlin (46) applied the same approaches, the node-arc and the
arc-chain formulations, to solving the minimum cost multicommodity
flow problem.

Further extensions of this decomposition approach were made by
Cremeans, Smith, and Tyndall (11) and by Wollmer (51). These authors
handle the case where limited resources are shared by sets of arcs in =z
capacitated multicommodity network.

The above technigques are 211 column generation, or price-
directive, procedures. Swoveland (45) has developed a resource-
directive decomposition algorithm in which rows are generated by
solving single-commedity, maximum flow, minimum cost subproblems. His
experience indicates that column generation techniques are muich
faster computationalily.

A more powerful approach to multicommodity network flows is
found in compact inverse methods. Hartman and Lasdon {(19) have
developed a generalized upper bounding algorithm for a node-arc
formilation. The size of the working basis is the number of currently
seturated arcs, and most of the computations are additive and greph
theoretic. Crigoriadis and White (18) perform primal partition pro-
gramming, alsc using a working basis that corresponds to the currently
saturated arcs. They report computaticnal experlence on eight test
problems, ranging in size from 176 by 315 to 309 rows by 1078 columns
in the linear programming versicn. Their partitioning algeorithm ranged

from 2.7 to 21.7 times faster than ordinary linear programming.
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Scheduling and Routing

Much of the work in scheduling consists of determining the
minimium fleet size for a fixed schedule of trips between stations or
nodes. A variety of techniques have been used to solve this problem:

Dantzig and Fulkerson (12) formulated it as a large transpor-
tation problem. Levin (27) solves the minimum fleet size problém by
finding the minimum number of chains for an acyclic graph. Bartlett
(3) takes a different approach in minimizing totsl idle time of the
transport units, using some results of finite ordered sequences of
nunbers.

A slightly more general formulation of the problem, where
trips are constrained within certain time intervals, has been solved by
Martin-I&f (30) with a branch-and-bound procedure.

Determining a schedule itself is a much more difficult problem,
and results in this area are disappointing. Among the methods
presented in the literature are dynamic programming - Nemhauser (34),
Salzborn (L0), and Newell (35}; caleculus - Newell (35); integer
programming -~ Levin (27) and Schwartz (41); simulation - Staub (h3); and
approximate solution to a two-point-boundary-value problem -~ Bett (7).
A1l but the simulation procedure zpply only under restrictive cir-
cumstances, such ag a single transit line, or limited variability of
departure times. The Schwartz study is interesting as an example of a
barge scheduling problem, where one must determine commodity assign-
ments on TOW units and the departure times of tow and traction units on

a river. For an example of 4 ports and T time units in the scheduling
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period the number of constraints for the problem are (32 + 26T).

The problem of routing commecdities and scheduling transport
units to serve the demand has been apprcached by at least two methods.
Bartlett and Charnes (4) use a simple linear programming solution to
determine the assignment and routing of lcocomotives to meet transport
d¢emand in a railroad system. Their problem is gimplified by the
restriction of e¢yclic routes to no more than three arcs, however.

For an urban transport system the number of possible cyelic routes can
reach astronomical proportions, and linear programming solutions
involve too many variables and constraints.

Dynamic programming concepts lead to approximate algorithms
by Young (53) and Hyman and Gordon (21). The procedure typically
starts by assigning the first vehicle to maximize the cbjective
function; then the second vehicle is assigned, then the third, etc.
Young's method allows for reassignment of any vehicle during the
process, whereas Hyman and Gordon's method does not. Young's algorithm
obtains a first-order optimality condition; in other words, it is
impossible to transfer travelers to some vehicle and to discharge
others from the same vehicle such that a net gain to the system can
result. Hyman and Gordon's algorithm is simply & one-pass operation.
Both methods are essentially applicable to single-commodity problens
in that no travel demand spans a decision node.

Summarizing the work on routing and scheduling, one must
conclude that nc exact technigues exist for realistic-size problems

in urban transportation, and that the approximate methods that do
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exist need to be improved.

Synthesis of Fixed-Cost Route Configurations

The previous work most pertinent to the research problem relates
to synthesizing networks with fixed-cost arcs. The typical problem
statement is to solve a fixed-charge multicommodity network flow'
problem; in other words, select a set of arcs to minimize the total of
fixed arc costs and variable arc flow costs subject to multicommodity
flow requirements.

Scott (42) examined in detail a special case of this problem,
namely an uncapacitated network in which each commedity flow is of the
same wagnitude. Beginning with an integer programming approach, he
coricluded that for any realistic problem the model would be so large
as to preclude the possibility of numerical computation. UNext, he
prepared a backtracl nrogramming algorithm to obtain optimal solutions
for 26 example networks containing 7 to 10 nodes. Sclution times
ranged from less than one minute to more than one hour an an IBM 360/65.

These reswuits provided the incentive to develop two heuristic
algorithms: A forward algorithm starts with a minimal spanring tree
where the arc lengths correspond to the fixed arc costs. Arcs are
added or deleted if the net change in the total of fixed and wvariable
costs is improved. A backward zlgorithm works similarly except that
it begins with a maximally connected network. Solution times for
each of the 26 previous examples were less than one minute. The

forward algorithm found the optimal solution in 21 of the 26 examples,



18

with deviations as high as 10.4 percent; the backward algorithm did
better, finding the optimal solution in 24 examples, and a maxirmum
deviation from the optimal wvalue of 2.3 percent.

Billheimer's (8) arc insertion-deletion algorithm is a success-
ful extension of Scott's backward algorithm, designed to solve the
fixed-charge malticommodity network flow problem. The method starts
with a meximally connected network, or one with all arcs open, and
assigns each travel demand to the shortest route between origin and
destination. Next are computed improvement parameters for each arc,
based on the fixed cost saving from clesing an arc and the increased
variable flow costs in the network due to some flow being rerouted.
That arc with the greatest improvement parameter i1s then deleted,
and the process is repeated. Similarly, improvement parameters are
computed for opening arcs that are closed in the current network,
leading to insertion of ares. The algorithm switches among the arc
deletion, the arc insertion, and the shortest path assignment routines
kil no further improvement can be made,

A different approach to a gimilar problem is 0'Connor aznd
DeWald's (37) sequential deletion algorithm. The problem setting
inecludes given travel demands at fixed nodes, arc capacity functions
that increase step-wise with arc investment, and uniform unit wvariable
flow costs and unit construction costs throughout the network. The
objective is to determine investment levels for the wvarious arcs in
order to minimize the total of investment and flow costs. The

algorithm begins with a maximally connected network and then evaluates
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all possible networks with one two-way arc deleted. The best of these
networks is selected as a successor, and the process ig repeated by
evaluating all possible netowrks formed from the successor network by
deleting one two-way arc. The algorithm terminates when no successor
exists that iImproves total costs while preserving feasibility.
0'Connor and DeWald have been able to prove optimality of the algorith- -
mic solution for networks of four nodes, but not for larger networks.
An interesting feature cof the problem is that it assumes captive,
single-~passenger vehicles, whereas Billheimer's formilation assumes
dual-mode vehicles that enter and exit the system according to the
passengers' travel demand.

Ochoa-Rosso's (36) work on mixed-integer programming for
stage-wise synthesis of muiticommodity transportation networks
should also be mentioned here. If one reduces the problem to a single
stage and assumes no arcs open in the existing network, then the
procedure determines a network to minimize total unit costs subject
to arc capacities and budgetary constraints on arc construction costs.

Yaged (51} has done extensive work on multicommodity communi-
cations networks with continuous, increasing, concave arc-flow cost
functions, and symmetric demand. The procedure finds local optima by
minimizing a concave function over a convex set. AMAn interesting
feature of the solution is that if one takes the derivative of each
arc=flow cost function, evaluated at the optimal network flow on the
arc, to be the variable arc flow cost; then each commodity follows a

shortest path from origin to destinaticn. For fixed-charge arc-flow
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cost functions Yaged repeats the procedure a number of times, using
several different sets of continuous, concave arc=flow cost functions
to approximate the original discontinuous function.

Ridley's (39) forrulation of a transportation problem bears some
reseublance to Yaged's communications network. Ridley assumes
travel time on each arc varies linearly and inversely with arc '
investment. His objective is to minimize total travel time subject to
multicommodity flow requirements and a total budget constraint. A
branch-znd-bound scolution procedure has been developed for 0-1
investment decisions for each arc,

Ishmael (22) considers the special case of selecting potential
arcs and nodes to form spanning tree networks. This is applicable
where travel demand is to and from a central business distriet (CBD).
Two objective functions are considered: First, minimize the total of
construction, vehicle operating, and passenger travel time costs
subject to maximum allowable trip times for passengers boarding at
each station; second, minimize the total travel time for users, subject
to total system costs. A heuristic algorithm is available for the
first objective function, and an exact algorithm for both objective
functions. A typical running time to cobtain a solution with the
exact algorithm for a 55-node, 243-arc problem was 25 seconds on a
Honeywell 635. The drawback of Ishmael's work is that the algorithms
are not suited to multiple origin, multiple destination problems, as
the guthor himself admits (22, p. 334). The assumption of a spanning

tree inevitably centered at a (BD effectively results in a single-
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commodity problem.

5till another approach is that of Aburto-Avila (1), who
maximizes profits in a situaticon where expected demand for travel
between each node pair is inversely related to travel time. The
important difference here is the absence of any flow requirements.
Otherwise, the problem has the now-familiar fixed arc costs and.
linear passenger travel time costs. Aburto-Avila sclves the problem
as a linear program with 0-1 variables, coefficients, and right-hand
gide. The optimal soluticn is obtained by implicit enumeration while
a faster, heuristic procedure yields approximate solutions.

An example of the naivete behind some of the literature
articles on fixed-cost route configurations may be found in Morlok's
(32) recommendations for determining transportation systems. He
suggests that the c¢ptimal operating policy with respect to schedules
and faresg be cbtained by linear programming, for each network
alternative. Furthermore, this suggestion was made in the context of
stage~wise implementation., where a linear program would have to be
solved for each possible network at each stage. Dymamic programming
would then be used to select the networks to be implemented at each
stage. The review of scheduling and routing work in the previous
section should convince the reader that linear programming is not
the answer for determining scheduleg and fares.

An implementaticon of the above idea is given by Bergendahl (6).
The example has five potential two-way arcs to add to an existing

network, and involves four time periods. The solution involved 120
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linear programming solutions and a total of 98 possible investment
programs. Running time was 3.5 minutes for the linear programs

and 0.5 minutes for the dynamic programming routine on an IBM 360/67.
The selution procedure, incidentally, does not find a true optimum
since only arc additions are allowed at each stage.

In summary, the few workable exact techniques for synthesizing
fixed-cost route configurations apply only under special restrictions.
Of the heuristic techniques developed, the ones most promising of
gpplication to the research problem are Billheimer's arc insertione
deletion algorithm and O'Connor and DeWazld's sequential deletion

algorithm.
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CHAPTER ITII

METHOD OF APPROACH

Objectives of Research

If any general conclusion can be drawn from the literature
survey in Section II, it is that few authors have been able to develop
exact techniques applicable to subproblems of the research problem
attacked here. The exact techniques that do exist pertain to fixed-
charge single-commodity network flows and to multicommedity network
flows; no exact techniques were found to solve realistic-size scheduling
and routing problems.

Exact techniques for synthesis of fixed-cost route configurations
reguired inordinate amounts of computer time. It is therefore unreal-
istic to attempt the development of an exact technique for solving the
research problem set forth in Section I, given the present state of
computer technology.

On the other hand, previous authors have succeeded in con-
structing good to very good approximate algorithms for some of the
subproblems. This success with heuristic procedures suggests that the
pursuit of heuristics is the method of approach most likely to
produce good, workable solutions to the research problem.

Accordingly, it is the objective of this research to formulate,
develop, and test an approximate algorithm for determining simultaneous-

ly the guideway location, the trip assignment, the vehicle routes, and
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the route service frequencies in order to minimize the total of
construction costs, passenger travel and delay time costs, and vehicle
operating costs, while satisfying given travel demands between given
station locations. The techniques used in the algorithm are based

on the are insertion-deletion routines developed by Scott (L42) and

Billheimer (8).

Specific Problem Statement

Some Network Terminology

The problem of determining guideways, trip assignments,
vehicle routes, and route service frequencies can be conveniently
represented in network terms, Consider a given connection network
(N,A), with the set of nodes N representing station locations and
the set of one-way arcs A representing possible one-way guideways
connecting the stations. These station locations and possible
guideways are predetermined by the transportation planner. The one~
way guideways are assumed to be paired and uncapacitated.

Travel demand occurs between node pairs ij, and each passenger
traveling on the system can be represented as a unit of flow. Since
passengers traveling from i to j are not interchangeable with passengers
traveling from k to £ , the wnits of flow must be differentisted
according to origin, or destination, or both. Here it is expedient to
consider each group of passengers traveling from some node i to some
node J as a commodity. The travel demands for passengers then becomes

multicommodity flow requirements.
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A vehicle route consists of a series of connected arcs,
oriented so that the head of one is incident at the tail of the next,
or, in network terms, a path. If the route ends at the same node as
its starting point, the path is a cycle. It is convenient to restrict
all vehicle routes to cycles, with vehicles stopping at all stations in
a cycle.

Passenger flow units must be assigned to trips, or assigned to
paths that are contained in a vehicle route or the union of two or
more vehicle routes. Passenger flow assignment is restricted by
the capacity and frequency of service of vehicles assigned to the
route or route unlion. Furthermore, vehicles cannot be assigned to
routes unless all arcs of the route are open, or all guideways
traversed by the route are constructed.

Since the station locations are assumed fixed, the cost of
including an arc (i,j) in the transportation network can be
represented by a fixed cost Py Bach arc (i,3}) has also associated
with it a varisble passenger travel time cost dij’ common to all
passenger commodities, and a variable vehicle operating cost cij'

It is assumed that "vehicles" throughout the system operate singly
or in a single capacity combination.

Two types of passenger delay time costs are considered, a
waiting time cost and & transfer time cost. The waiting time cost dw
is incurred at the passenger's origin node. This cost is inversely
proportional to the frequency of route service from the passenger's

origin node to his destination node. The transfer time and nuisance
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cost dt is incurred whenever a passenger must transfer from one

vehicle route to another.

Formulation of Problem

Using the above terminology, then, the problem is to select
for a network a subset of the set of arcs A, to assign vehicles %o
routes subject to feasibility constraints, and to route flow on the
network subject to multicommodity flow requirements and vehicle
capacity constraints on the arcs. The objective is tc minimize the
total of construction costs Pij’ passenger travel time costs dij’
passenger delay time costs dw and dt’ and vehicle operating costs Cij'

One thus obtains:

Minimize Z = N TR b z fmli{j & (3-1)
(i,j)en 9 keK meM (i,j)eA
(guideway fixed costs) (travel time costs)
+ 4d T T vk/ v + dt z 55k
¥ o keK mem MM keK
(Waiting time costs) {transfer time costs)
+ L % ¥ &

A
meM (i,j)ed momd

(vehicle operating costs)

Bubject to

Passenger flow reguirements at each node:



z z fl.{ - b b T k = rlz, keK,ielN

meM  jJeA(i) T meM  jeB(i) T

Vehicle capacity on each arc:

mi = mami,jg’ meM, (13J)EA

Are feasibility:

T oy, a..< w,U, (i,j)eA
meM B 1

Symmetric arc property:

hadii ¥ R =03 (i,J)EA

vi = % 7 fm}i‘, - QEN fmlfﬂ , keK, meM
(iz\j)EA J ) J
Transfer time occurrences:
k_ 1 k
s =% I | T - I fmﬂ] - 1, keK

Integrality and neonnegativity:
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(3-2)

(3-3)

(3-14)

(3~6)

(3-7)
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Uy =0, 1, (1,3)eh (3-8)
k P

fuig < 0 keK, meM, (1,J)eh (3-9)

y, = @& nommegative meM (3-10)
integer,

k .

v, = & nonnegative keK , meM (3-11)
integer,

k .

8 = a nonnegative keK (3-12)
integer,

is the given network of nodes iell and possible arcs (i,3)eA

set of commodities, or travel demands between node pairs i]

set of cycles, or vehicle routes

{3](i,35)ea} , or "after i"

{31(3,1)eld} , or "vefore i"

incidence varisble for arc (i,3), =1 if the arc is open, or
the guideway comnecting stations 1 aﬂd J is constructed, U, = o
otherwise 13
flow of commodity k on arc (i,3) in route m during the operating
time period, or the number of passengers of comodity k

traveling from 1 to J on a vehicle on route m

number of vehicles traversing route m per operating time period,
with vehicles making stops at each station in the route

number of waiting time occurrences of commodity k on route m
during the operating time period, or the number of passengers
of commodity k boarding route m

number of transfer cccurrences of commodity k from one route to
another during the opersting time period, or the number of
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passengers of commodity k undergoing a transfer as part
of their origin-destination journey

P; fixed cost of opening arc (i,j), or the cost of opening the
guideway connecting stations 1 and j
d,. variable unit flow cost on arc (i,3), or variable passenger
13 \ . : . . .
travel time cost on guideway connecting stations 1 and j
dw passenger waiting time cost per time unit
dt passenger transfer time and nuisance cost
cij variable cost of operating and amortizing a vehicle on arc
(1,3)
a .. incidence designator for arc (i,))e route m, a_,. = 1 if
mJ (i j)sm a = 0 otherwise miJ
El ’ + s
ml,]
k . : . . .
r, net supply of commodity k at node i per Op6£atlng time period,
distributed uniformly during that period; r > 0 at the origin
npde for commodity k and r, < 0 at the destination node, and
r~ = { elsewhere; the number of passengers of commodity k
who wish to board at station 1
g capacity of a wvehicle
U a large number

The first summation in the objective function (3-1) represents
the arc fixed costs. Each Pij would normally be the eguivalent cost of
owning and maintaining during the operating time period the exclusive
one-way guideway connecting stations i1 and J. Because of the arc
symmetry equations (3-5) each pij represents one~half the ccst of
owning and maintaining the two-way guideway between i and J.

The second summation in the objective function represents the
passenger travel time costs. The cost dij reflects primarily the arc
traversal time bul also includes stopping times and passenger pro-~

cessing times. It is assumed that travel is on exclusive guideways or
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uncongested streets; hence, travel time is not a function of flow.
All flow units of a commodity follow the same path.

The third part, the passenger waiting time costs, reflects the
assumption that passengers of commodity k assigned on route m are
distributed wmiformly on evenly-spaced vehicles on route m. Actually,
this simplification results in a lower bound for the true waiting
time cosgts.

The trensfer time and nuisance cost dJG is assumed constant
for each such transfer. If the actual timetable schedule to be
eventually constructed is designed to provide for coordinated
schedules on connecting routes, then dt will be relatively small. In

such a case the waiting time cost dW incurred by passengers trans-

ferring onto the route will alsc be small, and d

L cen be adjusted

downward so that (dt + (dw/ym)) is a reasonable representation of the
total time and nuisance cost involved.

In the last part of the objective function, the vehicle
operating costs, the cost cij is based on arc traversal time and power
consumption. It is assumed that vehicle capital costs are recovered
on a mileage basis and therefore included in this cij'

The multicommodity flow reguirements equations (3-2) are
expressed for each commodity and each node. Eguations (3-3) limit the
total flow of passengers on each arc of each route to the totzl
vehicle capacity provided during the operating time period. The arc
feasibility constraints (3-4) prevent vehicles from being assigned to

closed arcs, and the symmetric arc property equations (3-5) simply
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reflect the assumption concerning two-way guideways.

In order to determine the waiting time occurrences for &
particular passenger commodity k it suffices to count the number of
times that the flow of commodity k into a node does not equzal the flow
of the commodity out of the node on the same route. Since all flow
units of a commodity follew the same path, any imbalance must represent
either wvehicle bozrding or deboarding by all passengers of commodity XK.
The absolute value operator in equations (3-6) counts such imbalance
occurrences for each commodity on each route, and since boarding and
deboarding are paired, the result is divided by two.

The transfer time occurrences are counted in a similar manner,
except that the summation is taken over all routes for each commodity,
and the first boarding-deboarding imbalance pair is not considered
a transfer.

For a maximally connected network of 10 stations, and with
each vehicle route limited to touching five stations, the above

formulation results in approximately

5,200,000 continuous variasbhles
1,100,000 integer variables

450,000 constraints.

Overview of Solution Procedure

The solution procedure for the research problem as formulated
in the previous section consists of two algeorithms, the second

imbedded within the first. The first selects from the set A of
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possible arcs, or guldeways, that subset Al which is to comprise the
final network. The second determines the best flow assignment,
vehicle routes, and route service frequencies for a given subset Al of
arcs. The macro-relationship between the two algorithms is shown

in Figure 2.

Both algorithms are of the arc insertion-deletion type, used
successfully by Scott (42) and Billheimer (8). They rely heavily upon
the finding of shortest and second shortest paths for commodities and
the subsequent computation of improvement parameters. Both also
‘require a capacitated, minimum-cost multicommodity flow algorithm as a
subroutine.

Guideway Insertion-Deletion

The essential aspects of an arc insertion-deletion algorithm

may be described in the context of the following simplified problem:

Minimize Zl = b u,, p.. + z I f? d, . (3-13)
(i,j)ea 9 1 ke (i,j)edn 9 13
(arc fixed costs) (variable flow costs)
Subject to
Flow requirements:
3 = 3 = r}i‘, XeK, ieN (3-14)
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Arc feasibility:

o, < u, by (1,3)eh (3-15)

Integrality and nonnegativity:

u,., = 0,1, (i,j)en (3-16}

T
| v
o

A ]

keK, (i,j)eA (3-17}

f?j is the flow of commodity k on arc (i,j)
bij is the capacity of arc (i,j) if the arc is open,

and other terms are as previously defired.

Starting with en initial set Al of open arcs, the method
assigns flow so as to minimize the total variable flow costs in the
network (N,Al). Then arc improvement parameters are computed to
reflect the trade-offs between fixed and variable costs, insertion

parameters for closed arcs and deletion parameters for open arcs:

Arc insertion Change in fixed costs Pij
improvement = from adding arc (i,J) (+) (3-18)
parameter
plus

from rercuting some flow y

[éhange in variable costs di. '}
(-)
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Arc deletion Change in fixed costs o
improvement = from removing arc (i,j) J (=) (3-19)
parameter

plus

from rerouting some flow J

(+)

[Change in variable costs di.

A negative improvement parameter indicates that the chaﬁge
in fixed plus variable costs leads to an overall cost reduction. The
arc insertion-deletion algorithm first computes improvement parameters
for arc insertion. The arc with the most negative improvement
parameter, if one exists, is then inserted into the network. The
flow is reassigned and total fixed and variable costs are computed
to verify the overall cost reduction. New improvement parameters are
computed for arc insertion and the process is repeated.

When there exists no are with a negative improvement parameter,
the algorithm switches tc arc deletion. The algorithm alternates
between inserticen znd deletion until no more overall cost improvement
occurs.

Figure 3 shows the result of applying this type of arc
insertion-deletion algorithm to the research problem as formulated
in equations (3-1) through {3-12). Each time a guideway is added to
or removed from the set Al the second, imbedded algorithm is executed
to obtain the best flow assignment, vehicle routes, and service
frequencies.

The cormputation of exact guideway improvement parameters

would involve consideration of the vehicle operating costs cij’ the
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passenger delay time costs dw and 4, , and the various constraints
missing from the simplified formulation of (3-13). Hence, approximate
guideway improvement parameters are used, as described in the next
chapter. Accordingly, every change in the set Al leading to an
indicated improvement in total costs must be verified, and provision
is made for such a check in the algorithm.

Revised Network Representation of Routes

The second algorithm obtains the solution to the following

problem:
k vk
Minimize Z2 = L I z fmi’ di' + dw E L} m (3-20)
keK meM (i,j)eh J J keK meM Yp
(travel time costs) (waiting time costs)
k
+ dJG ¥ s + L z ym a5 ci.
keK meM (i,j)eA J oL
(transfer time costs) (vehicle operating costs)
Subject to
Passenger flow requirements:
T 5 fmli‘. - I z iy I.‘i = rI;, keK, iel (3-2)
meM jea(i) meM jeB(i) ™

Vehicle capacity:
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f . < ¥y a_..8, meM, (i,j)ed (3-3)
keK mij m mij
Are feasibility:
v, Sij = 0, (i,3)éM1 (3-21)
meM .
Waiting time occurrences:
X 1 z % y £ K keK, meM {3-6)
YnT 32 Tuig = gey mAD TV
(i:j)EA
Transfer time cccurrences:
k 1 k k
s =% % T fuis = 5 Tnig |- 1, keK (3-7)
meM (i,j)eh el J

Integrality and nonnegativity:

£, >0 (1,3) a (3-9)
V., vi, sk nonnegative integers (3-10), (3-11), (3-12)
The only difference between the constraints here and those for

the original formulation (3-1) through (3—12) is that (3-&), (3-5), and

(3-8) have been replaced by (3-21).
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Some of the major difficulties in minimizing Z2 in (3-20) arise
from the vehicle capacity restriction on each route are and the con-
sideration of waiting and transfer time costs. These items are not
represented by the guldeway network and hence usually not incorporated
into a network solution. Mathematically the difficulties manifest
themselves by the fractional term Vi / Vo in the objective funcﬁion
and the constraints regarding vehicle capacities, waiting times, and
transfer times.

The method used to overcome these obstacles is to construct a
revised network wherein each route is represented by a set of nodes
and arcs, and boarding and transfer occurrences are represented by
dummy nodes and arcs. When all the nodes and arcs are properly
connected, thls revised network will be equivalent to the original
guideway network with its set of vehicle routes.

Consider the network in Figure &4, containing six stations
and seven two-way guldeways. There are three designated routes:
reversal runs g and b, and the loop ¢. Frequency of service per
operating time period is given by Yoo Ty and Y. Passenger trawvel
time costs dij and vehicle operating costs cij are shown for each
guideway arc.

A new network is constructed according to the following rules:

(1) For each station i in route m designate a route node im,
without duplicating stgtions in the same route.

(2) Within each route m connect the nodes im, jm, ... by

route arcs corresponding to the route in the original network. The
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length of each route arc (im, jm} is the travel time cost dij of
the corresponding are (i,]) in the original network. The capacity
of each arec (im,jm) is ¥, 8

(3) For each station i of the original network designate an
origin node ic and a destination nede iz.

(4} TFrom each new origin node io extend an arc to all route
nodes im of the same original station number. These arcs are boarding
arcs, of length dW/ym , and uncapacitated.

(5) .From each route node im extend an arc to the corresponding
origin node io. These arcs are transfer arcs, of length dt’ end are
uncapacitated.

(6) From each route node im extend an arc to the corresponding
destination node iz. These arcs are terminal arcs, of length zero,
and uncapacitated.

(7) Where a net supply of commodity k exists at station i
of the original network, designate this supply to be at node io of
the new network. Likewise, a net demand at station i becomes a
net demand at node iz.

Applying these rules to the network in Figure 4 results in
the revised network in Figure 5. TFor example, route z has three route
nodes, la, 2a, and 3a, and I route arcs. From origin node 10 there
are poarding arcs to nodes la and 1lb, of length dw/lo and dw/h,
respectively; and from la and 1b there are transfer arcs coming back
to lo, and terminal arcs leading to destination node lz.

The purpose of this revised network is to represent as variable
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arc flow costs the passenger waiting time cost dw/ym and the transfer
time and nuisance cost dt. Consider a passenger traveling from
station 1 to 6 in the original guideway network of Figure 4. On the
revised network of Figure 5 he can travel by the direct route b:
lo-1b-kb-5b-6b-6z, incurring sn average waiting time cost of dW/h

and travel time costs of (dlh + th + d56)' Or he may select route
a between stations 1 to 2 and then route c between stations 2 and 6:

lo~la~2a-20-2c-3c-bc-bz, incurring average waiting time costs of dW/lO

for route a and dw/8 for route c, travel time costs of (d,, + d

12+ dp3 ¥ dgg)s

and alsc a transfer cost of dt' Another pessibility is route a
between stations 1 and 3 and route c between 3 and 6. In a large
network ithe selection of a least-cost path is not obvious, and the
assignment of all passenger commodities to achieve minimum total
cost, subject to vehicle capacity restrictions, becomes a large and
difficult problem.

In the revised network in Figure 5 all the waiting time,
travel time, and transfer costs are represented explicitly as variable
arc flow costs. The selection of a least-cost path for a single
commodity then becomes a shortest path network problem, and the
assignment of all passenger commodities becomes a capacitated,
minimum cost multicommoéity network flow problem. The advantage here is

that efficient solution techniques exist for such problems (15, &5).

Route Insertion-Deletion

So far nothing has been said about the wvehicle amortization and

operating costs ¢y which are inecluded in the cbjective function (3-20).
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These cij are considered to be fixed costs for inserting route arcs
into the revised network. For example, in Figure 5 the fixed arc

costs are

Route a: 10(c + c + ¢ + ¢

12 23 32 21)

Route b: h(clh toys t Csg * cg5 * o5 * chl)

Route c: 8(c36 + g5 + C5p + 023).

Boarding, transfer, and terminal arcs have zero fixed cost since there
is no wvehicle cost associated with those travel activities.

In this framework, then, the problem of minimizing Z2 in
(3-20) subject to the constraints becomes another fixed-charge,
capacitated, multicommodity flow problem: select a set of fixed-cost
arcs for inclusion in a network to minimize the total of fixed plus
variable costs. Again, an arc insertion~deletion algorithm may be
used to obtain a soluticn. The differences between the simplified
problem given by (3-13) through (3-17) and the present problem are the
number of arcs inwvelved and the logic for maintaining a meaningful
route structure. Hence, the arc improvement parameters lead to route
improvement parameters, and arc insertion and deletion become route
insertion and deletion and route modification.

Adapting an arc insertion-deletion algorithm to the situation
cf handling routes results in the conceptual route insertion-deletion
algorithm shown in Figure 6. Again, the details of the algorithm and

computation of improvement parameters are left for the next chapter.
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CHAPTER IV

DETATLED DESCRIPTION OF SOLUTION PROCEDURE

Penalty=Cost Multicommodity Flow Assignment Routine

Conceptual Versicn

The use of the two insertion-deletion algorithms described
previously will require numerous executions of a capacitated, minimum
cogst multicommodity flow routine. At the same time one would prefer
to do a minimum of work in determining the improvement parameters.
The penalty-cost flow assignment routine was selected to achieve both
of these objectives.

The problem to be solved by this flow assighnment routine is

the fellowing:

Minimize 23 = I by f?. di' {h-1)
keK (i,3)eB J J
Subject to
Flow requirements:
z fr.- L fr= vt keK, feN (4=2)

jeA(s) M geB(i)  I°

Arc capacities:
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I Ty, < b, (i,))eB (4-3)
keK Y J
Nomnmegativity:
k .
fij >0, kekK, (1,j)€B (h—h)

where B is the set of arecs in the network, and all other terms are as
previously defined.

The conceptual version of this routine may be described by the
fellowing steps, also shown in Figure T:

(1) Set all arc infeasibility parameters to zero.

(2) In the given network {N,B) assign each commodity to its
shortest path, disregarding arc capacities. Compute total flow on
each arc.

(3) Determine the set B1¢ B of infeasible, or oversaturated,
arcs. If there are none, or Bl = ¢, stop.

(L)} For the set Bl of infeasible arcs increase the length
of each arc by one unit e.

(5) For each arc in the set Bl add to the previous
infeasibility parameter the quantity - (excess flow x e). Return to
step 2.

If there is a feasible solution to the multicommodity flow
assignment problem with no split commodities, the gbove procedure will
normally terminate after a finite number of steps. The case with split

commodities can be handled by medifying step 2.
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The flow assignment so obtained will be a good, but not
necessarily optimal, solution to the multicammodity flow assignment
problem. The infeasibility parameter for each arc will represent the
cumulative infeasibility of that arc during the process of changing
from an initial infeasible flow assignment to a final feasible
assignment.

Actual Version

An interesting feature of the solution prccedure is the
following: +the commodity to be reassigned next is the one with the
amallest difference between an infeasible shortest psth and & more
feasible (or less infeasible) second shortest path. By itself, this
feature is desirable from the standpoint of modeling a user-oriented
transit system.

More important, however, is the fact that it leads to an
efficient implementation wversion of the penalty-cost assignment
routine:

(1) Set all arc infeasibility parameters to zero.

(2) In the given network (N,B) assign each commodity to
its shortest path, disregarding arc capacities. Compute total flow
for each arc.

{3) Determine the set Bl ¢C B of infeasible arcs. If there
are none, stop.

{L) Determine the set K1 C X of commcdities for which the
shortesi path contalns infeasible ares., If a new commodity enters

the set K1, flag it. On the first iteration all commodities in the
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get K1 are flagged.
(5) YFor each commodity keKl, determine the shortest and second-
shortest path lengths, Py and Pss respectively, the number of

infeasible arcs ny in the shortest path, and the number of inadeguate

arcs n, in the second-shortest path, such that n2<nl. An inadequate

2

arc is one that would be infeasible if commodity k were assigned to it.

The Py is available from step 2 or step 11, the n, from step 4. The

1
Do remains wnchanged from the previous iterstion for unflagged
commodities. TFor flagged commodities a second-shortest path must be
computed. If the second-shortest path does not contaln fewer
inadequate arecs than there are infeasible arcs in the shortest path,
select the third-shortest psth, ete. If there is no nth-shortest
path such that ny<ny for all keKl, then the network is infeasible.
(6} For each commedity keKl, compute

-2 1. (4-5)
BT T

(7) Select k*eKl such that uk* is minimized. Let eps = uk*.
Commodity k* becomes the next commodity to be reassigned.
(8) For the set Bl of infeasible arecs increase the length of

each arc¢ by eps.

(9) For each arc in the set Bl add to the previcus infeasibility

parameter the quantity

-(excess flow X eps).
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(lO) Reassign commodity k* from its shortest to its second-
shortest path, and make the corresponding changes in total flow for
each arc included in either of these paths.

(11) For each commodity keKl, k # k¥, replace

Pl by (pl + nl X eps)

{12) Examine the second-shortest paths for each commodity keKl.
If n, # 0, flag the commodity. Return to step 3.

Figure 8 shows the flowchart for the above implementation
version of the penalty-cost assignment routine. BSeveral of the steps
in the routine are critical to minimizing the computatiens involved:

Step 6 determines, for any particular commodity, the minimum
amount o by which each arc in Bl would have to be increased so that
the second shortest path would become the shortest path for that
commodity. Assume, for example, that for commedity k the shortest
path has length Py = 100 and contains n, = 3 infeasible arcs, and that
the second shortest path has length b, = 110 and contains n, =1

2
(110 - 100)/(3 = 1) = 5. Increasing each

inadequate arc. Then .
arc in Bl by 5 will result in p, = 100 + (3)(5) = 115, and p, = 110 +
(1)(5) = 115 or Py = 110 + (0)(5) = 110, depending on whether the one
inadequate arc in the second shortest path was already infeasible cor
not. At this point assigning the commodity to either of the paths
would result in the same path length of 115. If the one inadequate

arc was not infeasible before, it will be after the commcdity is routed
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onn the second shortest path, and hence that arc will have its length
increased by W = 5.

In step T the minimim cf these w, is selected, over all keKl.
Thisg k¥ then represents the commodity that would be first induced to
change %o a more feasible second shortest path if each arc in Bl were
incremented repeatedly by a small amount e, as would be done in the
conceptual version of the routine.

A more feasible second shortest path is obtained using rather
simpie procedures. If the number of infeasible arcs in the shortest

path is n, = 1, increase temporarily the length of the one infeasible

1
arc by some large number El’ and then find the shortest path in the
resulting network.

Ir nl>l then the penalty cost concept is applied again, on a
smaller scale. Increase temporarily the length of each infeasible arc
in the shortest path by some small number & and find the shortest
path in the resulting network. If the second shortest path found in

this manner is not more feasible, or n Z-Hl’ increase temporarily

2
each inadequate arc in this path by e s and, retaining the previous
temporary arc length increases, again find the shortesti path in the
resulting network. Repeat the above procedure, retalning all temporary
arc length increases, until a more feasible nth-shortest path is found.

Excessive computation of such paths can be avoided by observing

that 1if

w' o< 2—21 (4-6)
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where

' 1is the current best value of s

Y

P, is any nth-shor"test path found for commodity k according to
the rules given sbove,

then

wro< < 2 (4=T)

where Py is the first more feasible nth—shortest path found. In such a
case commodity k cannot become k¥ and the routine can continue to the
next commodity.

Updating the stored information is quick since only commodity k¥
changes its path. Tor all other commodities keKl the path lengths
increase by (n1 % eps). Next are determined the new values of n, and

1

n If n, = 0, the second shortest path remains the same, as does its

2° 2

length Ppe Ir n, # 0, some other path may become shorter during the
next iteration, and the commodity is flagged for such recomputaticn.
Likewise, if the commodity was dominated as a result of {L-6)}, then its
second shortest path must also be recomputed during the next iteration.
It may happen that, as a result of reassigning commodity k¥, some
other commodity drops from the set K1, in which case even greater
computational savings are achieved.

Occasionally a commedity in the set K1 will find its only

feasible path blocked by some other cormodity thalt has yet to be

reassigned. If the blocked commodity is not dominated by the criterion
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of (4-6), perhaps because it is first irn the list of K1, then it is
declared temporarily disabled and removed from the set K1, its ny is
set egual to 0, and it is allowed to remain on its infeasible path.
The criterion for such action is if the second shortest path length P,
exceeds some large number EE’ where E2>El'

When the set K1 becomes empty, all such temporarily disabled
commoditles are placed back in K1, and the routine is started again.
This action is repeated as often as necessary until all commodities
are assigned to feasible paths. If no commodity cen be reassigned to
a more feasible path and no commodity can be removed from the disabled
list, the network is declared infeasible. In such a case oversaturated
arcs at the final iteration will have their infeasibility parameters
incremented by a large, negative number.

Summarizing, the penalty-cost routine obtains a good, but not
necegsarily optimal, solution to the minimum cost multicommeodity flow
problem., An important by-product is the computation of the arc
infeasibility parameters. This parameter represents the cumulative
infeasibility of an arc during the process of changing from an initial

infeasible flow assignment to a final feasible assignment, measured in

terms of variable arc flow costs.

Route Insertion and Route Insertion Parameters

The insertion portion of the route insertion-deletion algorithm
contains three major phases:
(1) Increasing service on an existing route

{2) Appending guideway arcs to existing routes



56

(3) Route construction.
In addition, a number of subroutines, bookkeeping operations, and
network logic considerations play a significant role:

(L) Route configurations allowed

(5) 1Initial adjustments to the set of routes

{6) Constructing the revised network

(T) Computation of arc insertion improvement parameters.
For convenience of exposition the latter are discussed first.

Route Configuraticns Allowed

The number of possible routes in even a small network quickly
reaches unmanageable proportions. For example, in a maximally connected
network with 10 stations the total number of possible routes of length
10 arcs or lessg is 25,000. In order to limit the computational burden
routes are constrained with respect to length, form, and starting
point.

A route may be either a loop or a reversal run. A loop route
must have exactly one arc inecident to and exactly one arc incident
from each station included in the rcute. A reversal run is simply a
route which doubles back on itself. Frequency of route service on a
loop must be the same on all arcs cof the loop. A reversal run may
have multi-zone service, on the other hand. Consider the reversal
run in Figure 9, starting at node 1: service between stations 1
end 2 is 15 per time period, between stations 2 and 3 it is 12 per
time pericd, and between 3 and 5 it is 10. This implies that during

one time period there are 10 vehicle trips from station 1 to 5 and
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Figure 9. Reversal Run Route.

back, two vehicle trips from 1 to 3 and back, and three vehicle trips
from 1 to 2 and back. As mentioned previcusly, vehicles stop at all
intermediate points.

A route is constrained to begin and end at designated major
staticons, which are predetermined by the transportation planner and
read as input data. Thus, a loop route must contain st least one
major station, while a reversal run must have a major station at one
end, with the more frequent service operating from that station.

RBesides reducing the computaticnal burden of the algorithm,
there are at least two physical reasons for this restriction. First,
the actual timetable scheduling of vehicles in any system will involve
the use of the same vehicle on different routes. Hence, it will be
easier to connect various routes for traversal by one vehicle if
there are a limited number of starting and end points for routes.
Second, the starting and end points of routes will normally require

some means for storage of idle vehicles during the off-pesk operating
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hours. Stations with such storage capatity are usually limited in a
transit system, for reasons of fixed cost, space, personnel facilities,
etec.

Any method for selecting major stations results in more routes
serving those particular stations and hence invariably biases the
final solution. Afmong the possible criteria the transportation planner
might use are: (1) the number of guideways incident at a station,
(2) the net travel demand at a station, and (3) the net flow across
g station on unconstrained shortest path assignment of all commodities.

Initial Adjustments to the Set of Routes

The guideway insertion-deletion algorithm, the calling program,
provides the initial set of Toutes, which is the best set of routes
from the previous iteration of the guideway algorithm. TFor the Oth
iteration of the guideway algorithm a set of routes is provided in
the input data.

The routes are first checked for feasibility with respect to
guideways. If any route covers a closed gulideway then that route
must be adjusted. If it happens to be a loop route it is necessarily
deleted entirely. Reversal run routes are either deleted or shortened,
depending upon where the guideway occurs within the route and the
availegbility of a major station for use as a sterting point of the
shortened route.

Second, a check is made to ascertain that all open guideways

are covered by at least onhe route. If this is not the case, then a

zero-level route is established for each uncovered guideway. Such a
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zero-level route is & reversal run route two arcs long and with zero
frequency of service. This procedure is necessary in order to obtain
insertion improvement parameters for regular routes that may
eventually cover that guideway.

Constructing the Revised Network

After the initial adjustments have been made to the routes,
the revised network is constructed according to the rules given in
Chapter III.

In the case of a reversal run with multi-zone service the
length of the boarding arc, representing the average waiting time for
a vehicle on the route, is determined by an averaging process: the
number of wvehicles ¥, PeT period on the route is taken to be the
average of the number of vehicles per period serving each station in
the route. The boarding arc length is then computed in the usual
manner as dw/ym. Any attempt at a more precise determination of
average waiting times would depend upon the paths of the commodities,
which are unknown at this point. TFor the same reason no asttempt is
made to model the situation where the average walting time may be
less for a commodity as a result of two or more routes being available.

The computation of average waiting times as dw/ym iz intended
for uniformly distributed travel demand for each commodity. This
seems well suited for peak-hour transit needs, when service is
freguent and passenger arrivals at stations are independent of vehicle
timetables. For infrequent service a maximum szverage waiting time is

used on the assumption that a passenger times his arrival at a station.
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Other situaetions may be modeled appropriately.

Following the construction of the revised network, the penalty-
cost multicommodity routine assigns the flow and produces the arc
infeasibility parameters.

Arc Insertion Improvement Parameters

At each iteration of the multicommodity assignment rout'ine the
infeasibility parameter of each arc is incremented by -(excess flow x
eps). The cumilative result of this process provides a rough measure
of the potential savings in variable flow costs to be achieved by
increasing the capacity of the arc.

For example, assume the shortest path for commeodity k, with
travel demand 100, containg n., = 1 infeasible arc, carrying sn excess

1
flow of 100, and that the second shortest path is Py = Py = 20 units

1
longer. Incrementing the one infeasible arc by 20 units will cause
the commodity to switch to the feasible second shortest path, at an
increase in total variable flow costs of (20)(100) = 2000 units.
The Incrementation of the arc infeasibility parameter records
all such potential savings, In an approximate manner. If the shortest

path contains n, > 1 infeasible arcs, then each of these needs to be

1
incremented only by (p2 - pl}/nl to cause the commodity to switch
paths. In such a case the same potential savings are shared by the ny
arcs. All these matters are automatically considered in the computation
of o> the selection of uk* = eps, and the Incrementation of the arc

infeasitllity parameters.

Increasing the capacity of an arc, from either zero or a
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positive level, will increase the fixed costs. However, it is likely
that by rerouting flow scme fixed-cost savings may be achieved
elsewhere in the network. Hence, the are infeasibility parameters
provide by themselves a pricrity ranking for increasing arc capacities.
Thus, in the route insertion-deletion algorithm, referring to arcs

in the revised network, arc insertion improvement parameters are'
defined to be the arc infeasibility parameters.

Route insertion improvement parameters are then obtained by
summing the insertion parameters for arcs contained in the route.

Since boarding arcs, transfer arcs, and terminal arcs are uncapacitated,
no parameters are obtained for these. Since it may be desirable to
construct a completely new route, it is also useful to cumulate the

arc improvement parameters to guideways.

Iﬁ determining how much capacity increase should be made for
an arc ohe needs to know the maximum excess flow, or the additional
capacity desired, on the are during the multicommodity assignment
routine. This information is obtained for each arc aleong with the
incrementation of the arc infeasibility parameter. At the end of
the routine this additional capacity desired is also cumulated to
guideways.

Increasing Service on Existing Routes

The first method of "inserting" a route to increase network
capacity is to increase the service on an existing route. The route
to be increased is selected as that one with the best insertion

improvement parameter. TFor loop routes the route parameter is obtained
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by surming the arc parameters for all arcs in the route.
It is possible, however, to increase only a section of a
reversal run route. Referring again to Figure 9, service increases

can be made on the following sections:

1-2, 1-2-3, 1-2-3-4, 1-2-3-4-5,
2-3, 2-3=L, 2-3-h-5,

3-L, 3-4-5,

Increases on sections beginning at 1 may be of any magnitude.
Increases on sections beginning at 2 are limited to three vehicles,
since the service between 2 and 3 cannot exceed 15, the service on the
next branch closer to the major station. Likewise, the sections
beginning at 3 cannot be increased by more than two wvehicles per
period, and no increase is possible on the section between L and 5.

The route insertion improvement parameters are determined for
8ll sections of a reversal run route. If two sections of unequal
length have the same improvement parameter, the shorter section is
preferred since it will result in a smaller fixed-cost increase for
the same indicated route improvement parameter.

Once the route or section has been selected, it is subjected
to a preliminary test of the route improvement parsmeter versus a
cut—=off value, performed to limit the nurber of iterations in this
section. UNext, the service on the route or section is increased by
one vehicle per time period, a revised network is constructed, the

milticommodity routine is entered to assign the flow, and total fixed
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and variable costs are obtalned.

If there 1s overall improvement, the new insertion improvement
paremeters are obtained, and the next route or route section is
selected for a service increase. Overall deterioration leads to
the reestablishment of the previous set of routes, service frequencies,
flow assignment, and insertion improvement parameters. The algorithm
then attempts to append ares to existing routes, as described later.
Figure 10 depicts the general relastionships among the steps described
above.

If the previous set of routes was infeasible, then overall
costs will deteriorate because of the inecrease in fixed costs. However,
the increased service will normally reduce infeasgibility, and the
change is therefore accepted. In the case of an infeasible network
those arcs that are overssturated at the final flow assignment
will have very low, or extreme, values for infeasibility parameters.
Hence, those ares will tend to have their capacity increased first.

Appending Guideway Ares to Existing Routes

This phase of the algorithm tries to extend existing reversal
run routes by appending pairs of arcs to them. Such route lengthening
is allowed only at the end awey from the major station in order to
maintain a consistent multi-zone route structure.

Here the guideway inserticn improvement parameters are used to
select the guideway pair with the best sum of parameter values. Then a
preliminary test is made against the fixed cost for the guidewsy pair.

Wext, a route is located to which the pair may be appended. If there
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exists more than one such route, the selection process favors the one
for which the service freauency, on the last section of the reversal
run route, most closely approaches the capacity desired on the new
section.

Since zero-level routes constitute an artificial device to
obtain improvement parameters, they are not considered for lengthening.
Anyway , lengthening a zero~level route would achieve no increase in
capacity since the service on the new section could not exceed the
zero service frecuency on the old section.

If the guidewsy pair can be appended, then any corresponding
zero~level route is dropped. The revised network is constructed, the
malticommodity routine is entered to assign the flow, and total costs
are computed.

An overall cost improvement leads to computation of new
parameters and the selection of the next guideway pair. In the case of
deterioration the previous routes, flcw, and parameters are reestablish-
ed, and the guideway pair is placed in a hold 1list. The next guideway
pair is then selected.

If a guideway pair cannot be appended to a route, it is alsoc
placed in the hold list, and the next pair is selected. Any time the
appending of a pair results in an overall cost Improvement, the hold
list is cleared of all entries.

Figure 11 shows the flowchart for this phase of the algorithm.
The phase ig exited either by failing the preliminary test or by

exceeding the allowable length of the hold l1ist.
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Koute Construction

A third method of inserting a route into the network is to
construct an entirely new route. The idea is to select guideway arcs
for the new route so that the resulting route improvement parameter
has a large, negative value.

The route is constructed by a routine which builds a cycle of
the most negative length on the graph of open guidewsy arcs. The

length of each arc in the c¢ycle is defined to be:

guidewsy insertion improvement parameter, if

+J negative; otherwise,
J@. = yvehicle operating cost c.
hily . . lgn .
~ savings in passenger trinsfer time costs.

If the insertion parameter 1s negative, it alresdy reflects the major
change in total costs expected from inserting the arc into a route.
If not, no variable cost savings are expected, and the measure cof
change in total costs due to inserting the arc is the vehicle operating
cost less the savings in passenger transfer costs.

The route insertion improvement parameter for the cycle so
constructed is simply the length of the cycle. In this phase of
the algorithm, then, a route parameter alsc reflects the potential
savings in transfer time costs between guidewsy arcs for which the
infeasibility parameters are zero.

The route constructed must meet the usual restrictions con~
cerning major station starting point, loop or reversal run form, and

maximum nunber of arcs. Accordingly, the route starting point is
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selected to be a major station at the end of a guldeway arc with an
extreme parameter value.

The negative cycle is constructed in two steps. First, an
out-tree is construected using the route starting point as the origin.
The rules governing tree construction are the same as for Whiting
and Hillier's minimum path tree slgorithm (50), except that no cycles
are permitted at this stage. The tree is constructed by successively
adding to the tree the node clesest to the origin.

In executing this part of the routine the origin node is
initially labeled with the permanent value zero, and all other nodes
are tentatively labeled with a value of infinity. The terminal necde
of each arc emanating from the origin node is then éssigned a new
label based on its distance from the origin node and is entered in the
cumulative table. The labels of all nodes in the table are compared,
the smallest label is declared permanent, and the ncde possessing
this label is entered in the tree. The terminal node of each arc
emanating from the newly entered node is entered in the cumulative
table and tentatively relabeled with the smaller of the following two
values: (1) its existing label, and (2) the sum of the newly entered
node label and its distance from this ncde. If a node is already in
the permanent tree, then it is not entered in the cumulative table,
thus avoiding cycles. The minimum of the labels in the cumulative
table is then declared permanent, the node posgessing this label is
added to the tree, and the relabeling process is repeated. If routes

are limited to b ares in length, the out-tree construction process
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continues until all nodes within b/2 arcs from the origin are per-
manently labeled.

The second step of the negative cycle routine is to take each
of the nodes in this out-tree and find paths back to the route starting
point. For reversal runs this implies doubling back along the corre-
sponding guideway arcs. For loop routes the procedure is to con-
struct, for each node j of the out-tree, an in-tree with node j as
its origin. The rules governing tree construction are the same with
one additional restricticn: the in-tree may not contain any node
that is an intermediate node in the out~tree path from the route
starting point to node j. The out-tree path from the starting point to
j is then combined with the in-tree path from j to the starting
point to form a loop route. The restriction regarding intermediate
nodes in the out-tree path is needed so that the resulting locop route
has exactly one arc incident to and exactly one arc incident from each
node contained in the route.

The second step thus produces two potential routes for each
node in the out-tree. The route with the nost negative length, or
the best insertion improvement parameter, is then selected for testing.

Since transfer time savings depend upon the particular route
being constructed, they cannot be determined in advance and nmust
therefore be computed at each stage of the tree building process.

The savings for placing two adjacent guideway arcs in a route are
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transfer total flow of all commodities
time = flowing over the two guideway (dt)' (4-8)
savings arcs 1n succession

If another route already contains the twe arcs in succession, then no
transfer time savings are attributed, as it is assumed the commodities
can flow on that route and indicate any desired capacity increase

by the infeasibility perameters. No transfer time savings are
agttributed to flow not already flowing over the two guideway arcs in
succession.

Before the constructed route is inserted into the revised
network for testing, it is compared with existing routes. If it
matches an existing route or a section of a route, then service is
simply increased on the latter route. If not, a check is made to
see 1f any zero-level routes can be dropped, and then the revised net-
work is constructed.

Figure 12 shows the general steps of this section of the
algorithm. Success leads back to the phase on increasing service on

existing routes, and failure leads to route deletion.

Route Deletion and Route Deletion Parameters

Eliminating Excess Capacity

One obvious way of reducing the fixed costs cij in the revised
network without increasing unduly the varisble costs dij’ dw’ and dt
is to reduce service on routes with excess capacity.

The first phase of this process selects the route or route

section with the maximum uniform eXcess capacity. Uniform excess
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capacity is defined as the minimum excess capacity of any arc in

the route or section. Thus, the selection process obtains

. minim
] \ maximum . i .
maximum uniform over arcs excess capacity
X = over routes ) ( ' (k-9)
excess capacity . in route of arc
and sections .
or section .

The route or section so selected then has service reduced on
it by the excess capacity computed in (4~9), and the total fixed
and variable costs are obtained for the new reviged netowrk. If
overall improvement occurs, the process is repeated, whereas deterior-
ation leads to the second phase.

In the second phase the route with the maximum total excess

capacity is selected, where

maximm total - maximum :E: excess capacity) (4-10)
excess capacity over routes ares of arc

Fach arc of the selected route has service reduced by this excess
capacity. If the effect is to improve overall costs in the revised
network, the process is repeated. If deterioration occurs, the
algorithm enters phase three and computes arc deletion parameters
for the gelective reduction of route sections.

Arc Deletion Improvement Parameters

While the arc and route insertion improvement parameters are a
natural by~product of the multicommodity flow routine, the deletion

parameters are not so easily cbtained. There is nothing in the flow
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assignment routine that measures the potential increases in variable
costs due to reducing arc capacities.

One method of obtaining deletion improvement parameters for
several arcs at a time is the following: reduce service on each arc
of a route by one vehicle per time period, construct the revised
network, and obtain the usual arc infeasibility parameters, Then

define arc deletion parameters as follows:

arce deletion . se s

{mprovement - ~arc¢ infeasibility
P parameter (+) (k-11)
parameter

plus

saving in vehicle
operating cost (-)

The arc infessibility parameter for each arc is a measure of the
potential savings in variable costs to be obtained by increasing the
capacity of the arc, ©Since service on the arc had been reduced, it is
also an indication of potential wvariable cost increases due to
reducing capacity. The sign of the negative infeasibility parameter
needs to be changed to indicate a potential cost increase. The other
element in the deletion parameter is the fixed cost saving.

These arc deletion parameters are then used to determine which
section of a reversal run route to reduce. The criterion is to
maximize the sum of the arc deletion parameters over the section. The
initial selection of a route for computation of deletion parameters

is done on the basis of maximum total excess capacity (L4-10).
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Overview of Route Deletion

The three phases in the deletion part of the route insertion-
deletion algorithm are all similar to each other and generally follow
the same sequence of operations. Figure 13 shows the three phases
and the relationships among them. Certain preliminary tests in each
phase have been omitted from the flowchart for simplification.

Phase 1 selects for testing the route or route section with the
maximum uniform excess capacity. Phase 2 selects entire routes on the
basis of maximum total excess capacity. TPhase 3 examines only reversal
run routes., using maximum total excess capacity as the selection
criterion.

If phase 2 1s exited and the route tested was a reversal run,
then all the informaticn is already available for computing arc
deletion parameters. On the other hand, if the unsuccessful test in
phase 2 involved a loop route, then another reversal run route nrust be
selected for phase 3. Likewise, if the arc deletion parameters
indicate that the entire route is to have service reduced, then the
results of that operation are available.

When reducing reversal run routes the multi-zone service levels
must remain feasible; that is, the more frequent service must occur
near the major station. Also, each open guideway must be covered by
either cne or more regular routes or a zero-level route.

The exit from phase 3 is also the exit from the deletion part of
the route insertion-~deletion algorithm. If an overall cost improvement

has occurred in any of the three phases, then the insertion part
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is entered again. The algorithm alternates between insertion and

deletion until no further cost improvement can be made in either part.

Guideway Insertion

The route algorithm just described determines the best
passenger flow, vehicle routes, and route service frequencies fo; a
given set of open guideway arcs Al. This algorithm is then imbedded
in a guidewsay insertion-deletion algorithm that makes changes in the
set 41, as shown in Figure 3.

The method of obtalning guideway insertion improvement
parameters is similar to that for route parameters:

(1) Recall the final set of routes from the previous
execution of the route algorithm.

(2) Establish a zero-level route for each closed guideway.

{3) Construct a revised network from the routes in 1. and 2.

(4) Enter the multicommodity routine and assign the
passenger flow.

(5) Cumulate the arc infeasibility parameters to the guidewsys,
thus obtaining guidewsy infeasibility parameters.

(6) For each closed guideway define

guldeway guideway fixed cost

?nsertion - infeasibility . pij of (4-12)
improvement parameter -

parameter (=) gul%igay

The potential saving in passenger travel and delay time costs
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dij’ dw’ and dt from opening a guideway is indicated by the guideway
infegasibility parameter. The other cost element is the guideway fixed
cost pij’ of course.

The guldewazy pair with the best, or most negative, sum of
improvement parameters is then declared open. The route algorithm
is used to cbtain the best flow, routes, and frequencies, and then
the results are evaluated. If there is a decrease in the sum of guide~
way costs pij’ vehicle costs cij’ and passenger time costs dij’ dw’

and d

o the guideway insertion was successful and the entire process

is repeated. If not, the selected guideway is closed agasin, the
previous set of routes and frequencies is reestablished, and the
guldewsy algorithm proceeds to deletion.

When called, the route algorithm normally begins with the
final set of routes from the previous execution. The first operation
then is the establishing of a zero-level route for the newly-opened
guideway. Then follow the usual steps of increasing service on

routes, appending arecs, constructing routes, etc.

Guideway Peletion

The difficulties in cbtaining route deletion parameters
carry over directly to the guideway algorithm. A further complication
is the fact that closing a guideway forces readjustments in the existing
set of routes.

The process devised for selecting guideways to delete is

based on comparing passenger flows and guideway fixed costs:
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(1) Recall the final Tlow assignment from the previcus
execution of the route algorithm.
(2) Cumulate the flow on route arcs to the guideways.

(3) For each open guideway define

guidewey passenger—] fixed cost

@eletion - fl?w on . Pij of (4-13)
improvement guideway idewa

parameter gy v

The guideway with the smallest parameter is selected for
deletion, subject to the condition that 211 stations remsin connected.
The reasoning is that a smaller flow on the guideway implies fewer
passengers will have to alter their paths, and the result will he a
lesser increase in passenger time costs dij’ dw’ and dt. The fixed
cost acts inversely and thus favors greater cost savings.

After the selected guideway is declared closed, the rcute
algorithm is entered to obtain the best flow, routes, and frequencies.
On the first iteration of the route algorithm the starting routes
are adjusted to conform to the newly-closed guidewsy.

As usual, a decrease in the overall costs leads to repetition
of the deletion process. If the deletion was unsuccessful, the
selected guideway is opened again, and the previous routes and
frequencies are reestablished.

In the same manner as the route algorithm, the guideway
algorithm alternates between insertion and deletion until no further

cost Improvements can be made.
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Summary of Scluticn Procedure

The research problem attacked is to select fixed-cost guideways
for inclusion in a transit network, determine vehicle routes and route
service frequencies, and assign passengers in the form of multi-
commodity flow to the different wvehicle routes. The objective is
to minimize the sum of guideway fixed costs, passenger travel and
delay time costs, and wvehicle operating costs.

Four separate but closely inter-related techniques are used to
reach an approximate minimum cost solution:

(1) guideway insertion-deletion algorithm

(2) route insertion-deletion algorithm

(3) penalty-cost multicommodity flow assignment routine

{(4) shortest path assignment routine.

The relationships among these routines is shown in Figure 1h.

The shortest path assignment routine calculates the least
cost path for each passenger commodity with respect to travel time,
waiting time, and transfer time costs. The shortest paths are
calculated without regard to arc capacity constraints. The penalty-cost
multicommodity flow assignment routine tests for ezxcessive flow on
individual arcs and reassigns commodity movements to arcs that are not
overloaded on the basis of the least cost inecrease between the shortest
path and the second shortest path. All these operations are performed
on the revised network, constructed from the set of vehicle routes.

Once a feasible flow assignment has been achieved, it is

declared the best flow assignment for the set of routes. Arc improvement
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parameters are then computed from the infeasibility parameters
generated by the multicommodity flow routine., The route insertion-
deletion routine checks the level of traffic on each route, and
decides whether new routes are needed or whether routes can be
dropped, using the information embodied in the arc improvement
parameters.

When the route algorithm can meke no more improvements in
the sum of vehicle operating and passenger time costs, it sends the
best set of routes to the guideway algorithm. The latter changes the

set of open guideways in trying to minimize*the-grand,@gﬁal of costs.

The guideway algorithm also calls on the multicommodity-flggﬁ
routine, to obtain guideway insertion improvement ﬁarameters. Again,
the operations of the multicommodity routine are performed on a
reviged network, constructed from the set of reguler vehicle routes
plus a zero~level route for each closed guideway.

Figure 15 shows a simplified flowchart of the solution
procedure. A successful change in any phase of either guidewsy or
route algorithm results in a repeat of that phase, indicated by a
dashed line. A solid line indicates normal progress of the program

or the exit from a phase after an unsuccessful change.
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CHAPTER V
COMPUTATIONAL RESULTS

A FORTRAN V computer program has been written for the so}ution
procedure, and several small test problems have been solved on the
Univac 1108, The program occupies s total of approximately 29,000
words in core, 15,000 for instructions end 1%,000 for data. Virtually
all data is maintained in integer form,

This chapter presents selective examples illustrating the major
routines and summary data on all the test problems solved. Test

problems are designated by symbols of the type C, C1, and Cla, where

C designates the given station locabions and travel
demands, and the set of all possible guidewsays,

1l represents a set of open guideways for problem C,

a  represents a set of vehicle routes for problem Cl.

In thig framework, then, the guideway algorithm works with
problem C and passes on to the route algorithm problems Cl1, C2, C3,
ete. The route algorithm works on a problem of type Cl and passes on

to the multicommodity assignment routine problems Cla, Clb, Clc, etc.

Construction of the Revised Network

The revised network 1s constructed just before executing the

multicommodity routine. The problems hsndled are therefore of the type
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Cla.

Figure 16 shows the 12 station locations and 21 possible
guideway pairs in problem C, and the 15 open guideway pairs in problem
Cl. The travel demands in problem C are given in Table 1. The
vehicle routes and service frequencies in problem Cls are depicted
graphically in Figure 17. :

The construction of the revised network can be imagined as a
linking together of the routes in Figure 17. The resuliing network
of 51 nodes and 115 arcs is shown in Figure 18. 1In addition to the
six regular routes given there were established four zero-level routes
for the four uncovered, cpen guideways: (h,5), (3,6), (6,9), and
(10,11).

Passenger travel time and waiting time costs are both assumed
to be $0.03/minute, while a transfer time cost equivalent to 15

minutes is used. The operating time period is taken tc be one hour.

Penalty-Cost Multicommodity Flow Assigrmeént Routine

The first step of the multicommodity routine is to assign each
commodity to its shortest path. This results in nine infeasible
arcs and 16 commodities flowing over them at the Oth iteration, shown
in Table 2. The computation of eps = 12, rounded up to eps = 13,
results in commodity 27 being reassigned to its second shortest path.
Cormodity 15 is dominated by the criterion in (L-6), and it is flagged
by the 99 in the I, column. The infeasibility parameter of each arc
in Table 2 is incremented by -(13 x excess flow).

At iteration 1, shown in Table 3, there are still nine infeasible
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Table 1. Travel Demands in
Problem C.

Commodity Number Origin Stetion Destination Station Travel Demand/Hr

1 1 L 500
2 1 5 200
3 1 7 200
L 1 8 L0oo
5 2 3 200
6 2 5 300
7 2 6 100
8 2 8 600
9 3 2 300
10 3 5 Loo
11 3 & 400
12 3 8 L00
13 3 9 100
1k Y 1 200
15 L 5 200
16 L4 7 100
17 L 8 500
18 5 2 100
19 5 i 100
20 5 6 100
21 5 8 500
22 6 3 100
23 6 5 300
=3l & 8 700
25 6 9 200
26 T i 100
27 7 5 100
28 7 8 800
29 7 9 200
30 7 11 100
31 8 5 100
32 8 7 200
33 8 9 100
34 8 11 300
35 9 6 100
36 9 8 700
37 9 11 300
38 10 5 100
39 10 8 700
Lo 10 11 600
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Table 1. Continued.

Cormodity Number Origin Station Destination Station  Travel Demand/Hr

L1 11 8 500
li2 11 10 300
43 11 12 100
Ly 12 8 500
45 12 10 100

L6 12 11 200




88

23

Frequency
¥ of service 23
Route 2

15

Point

Route 3

16
12 12
G A ) wewed
12 12

1L Route 6

Route &

Tigure 17. Vehicle Routes and Frequencies in Problem Cla.
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18

Table 2, Problem Cla, Iteration O,
Infeasible Arcs, Commodity Set XK1.

Arc Flow Excess
17 500 500
26 Loo Loo
o) 100 100
Lo 100 100
52 300 300
58 1900 300
9l 100 100
102 600 £00
111 Loo Loo
LS 0y e Py P Y
2 1 0 587 1022 435
L 1 0 517 716 199
11 1 0 240 805 565
13 2 0 L40 905 233
15 1 g9 240 663 -
17 1 0 357 556 199
19 1 0 2lo 663 423
o2 1 0 2ho 806 56l
25 1 0 200 809 609
—> 27 1 0 543 555 12
28 1 0 237 2Lk 12
30 1 0 629 Eh1 12
35 1 0 200 809 609
Lo 1 0 200 732 532
Yo 1 0 200 731 531
s 1 0 592 931 339
ICAND = 27 INCMNT = 13

Note: Values for P1> Poo and.uk are in tenths of a minute.
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Table 3. Prcblem Cla, Iteration 1.
Infeasible Arecs, Commodity Set KI1.
Are Flow Excess
17 500 500
26 Loo 400
Lo 100 100
L9 100 100
52 300 300
58 1800 200
gl 100 100
102 600 600
111 400 kOO
k gl o P Po Yy
2 1 0 600 1022 Loo
L 1 0 530 716 186
11 1 0 253 805 £52
13 o 0 466 905 219
15 1 99 253 676 -
17 1 0 370 556 186
19 1 0 253 663 510
22 1 0 253 806 553
25 1 0 213 809 596
—>28 1 0 250 249 -1
30 1 0 glo 6h1 -1
35 1 0 213 809 596
40 1 0 213 732 519
L2 1 0 213 731 518
b5 1 0 605 931 326
ICAND = 28 INCMNT = 1
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arcs, but the excess flow on arc 58 has been reduced from 300 to 20C.
For the 15 commodities in the set K1 it is necessary to calculate

only one second shortest path, for the dominated commodity 15.
Commodity 28 is the candidate for reassigmment with a value of eps = 1,
rounded up from eps = 0. Actuelly, commodity 28 was tied with 27 Tor
reassignment at iteration O.

Table 4 shows the situation at iteration 2, with eight
infeasible arcs and ll commodities in K1. The reassignment of 28
also freed commodities 4, 17, and 30.

Problem Cla required 13 iterations before achieving feasibility,
and thus the best flow assignment. The infeasibility parameters for
arcs and guideways are presented in Table 5.

For the typically small problems tested the multicommodity
routine usually required slightly fewer iterations than the number
of commodities in the set K1 at the first iteration. Table 13 in a
later section summarizes the computational experience with this
routine.

At times the routine failed to obtain a feasible solution when
one existed. Such a situation can occur when it is not possible to
reassign a commodity from its shortest, infeasible path to a feasible,
second shortest path because some other commodity on the latter path
needs to be reassigned first. If this other commodity is flowing cover
a feasible path, it is not considered for reassignment and hence it

blocks the reassignment of the first, infeasible commodity.



Table 4. Problem Cla, Iteration 2.
Infeasible Ares, Commodity Set K1.

Arc Flow Excess

17 500 500

26 Loo Loo

Lo 100 100

49 100 100

52 300 300

ol 100 100

102 600 600

111 Loo 400
. ny n, Py Py Uy
2 1 0 €01 837 236
11 1 0 254 805 551
—> 13 2 0 468 905 218
15 1 0 254 677 423
19 1 0 254 663 Lo9
22 1 0 254 806 552
25 1 0 214 809 595
35 1 0 21y 809 595
Lo 1 0 214 732 518
hp 1 0 214 731 517
45 1 0 606 931 325

ICAND = 13 INCMNT = 219
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Table 5. Problem Cla. Improvement
Parameters at Final Iteration.

Guideway
Origin Destinaticn
Are Number Parameter Station Station Parameter
17 -Tho 3 ) -Thg
26 =413 Y 5 =413
e =127 5 L =127
49 ~169 6 3 -169
52 436 ) 9 =436
58 - 13 T 8 - 13
oL -182 9 6 -182
102 -958 10 11 -958
111 ~583 11 10 -583
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Route Ingertion-Deletion Algorithm

This algorithm is illustrated using the same test problem Cl,
shown in Figure 16 and Table 1. The initial set of vehicle routes are
the same as presented in Figure 1T7. The first subproblem passed on
to the multicommodity routine is therefore problem Cla. A vehicle
operating cost of $1.00 per minute is used.

An unusual feature of the improvement parameters for this
problem can be observed in Table 5: only one guideway listed is
covered by a regular route. The algorithm thus bypasses the first
phase, inecreasing service on routes, and proceeds to append guideway
arcs to routes.

The following changes are made at iterations 1, 2, and 3:

1: append (10,11) to route 5
2: append (3,6) to route 3

3: append (6,9) to route L.

These changes are shown in Figure 19 and also listed in Tsble 6. The
guideway pair (4,5) cannot be appended to any route and is placed in
the hold list., Just before entering the route construction phase

the guideway Improvement parametersa are

(lI'SB) "‘ll’31|‘
(Sall') "'-127
(758) - 28-
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Route U

Route 5
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Figure 19. Problem Cl, Changes During Route-Insertion.
(Changes are indicated by dashed arcs)
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The out~tree built during the guideway construction phase is
shown in Figure 20, along with the various reversal run and loop
routes examined. The route selected for insertion at iteration L is
5-Lk-5, also shown in Figure 19.

The algorithm goes through an unsuccessful operation, construct-
ing route 5-8-7-8-5, before entering route deletion.

In the deletion part of the algorithm the first phase does most
of the work in Problem Cl. The criterion of maximum uniform excess
capacity over routes and sections (L4-9) is used to select routes for
reduction of service.

The, first such iteration reduces service on the last branch of
route 2 from 23 vehicles per hour to 11 per hour. This is shown in
Table 6 at iteration 7. Iteration 8 reduces service on the first
branch of route 5. At a later iteration, number 10, the service on
the first two branches of route 2 is reduced.

After several more iterations the deletion part of the algorithm
egters phase 2. Here route 1 is selected, on the basis of maximum
total excess capacity (L-10). The service level is reduced by one
vehicle per hour, as shown in Table € at iteration 1k.

Here the multicommodity assignment routine detects an infeasible
network, and the route algorithm rejects the change. Since route 1 is
a reversal run, all the informastion is kept and the algorithm switches
to phase 3. The following deletion parameters are then generated

for route 1:
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Parameter =19 <11 =15 +1021 -11 +11

The high value for guideway (1,4) stems from the infeasibility
of the network. The section of route 1 with the best route deletion
parameter consists of ares (8,7), (7.4), (4,7), and (7.8). Accordingly,
the service on those branches is reduced by one unit from the previous
service level of 16. Service on the last branch, arcs {4,1) end (1,4),
ig kept at the previcus level of 13. This operation is performed at
iteration 15.

Tterations 16 and 17 repeat the steps done at 1k and 15. At
iteration 18 route 2 is selected for reduction, with infeasibility

again occurring. The arc deletion parameters are:

Are (8,5) (5,2) (2,3) (3,2) (2,5) (5,8)

Parameter =12 -1k <19 +1017 +1022 =12

The only section of route 2 with a negative route deletion
parameter is the first branch, containing arcs (8,5) and (5,8).
Service on that branch cannot be reduced because it would result in
less service on (8,5) than on (5,2), violating the multi-zone route form.
Thus, the route algorithm exits phase three and, at the same time, the
deletion part.

Since successful changes were made in the deletion part, the

insertion part is entered again. After az futile effort to construct a



100

route the algorithm stops. The final set of routes in problem C1

is listed at the end of Table 6.

Guideway Insertion-Deletion Algorithm

Test Problem E

The operation of the guldeway algorithm is illustrated With
three eXamples., The first of these, test problem E, is a small
problem designed to see if the algorithm can achieve a fairly obvious
optimal solution. Problem E is shown in Tigure 21 and Table 7. The
gulideway travel times and fixed costs and the travel demands have
been structured so that the optimal guideway set consists of the tree
within the perimeter of the network.

The progress of the guideway algorithm is detailed in Table 8

th

and illustrated graphically in Figure 22, At the end of the 0

iteration the improvement parsmeters for closed guideways are

are (2,3) -2,356
(3,4) -10,783
(k,5) -3,2u6.

The two-way guideway connecting stations 3 and L has the best value
and is thus selected for insertion. The route algorithm appends {(3,4)
to one of the initial routes and effects a substantial saving in

passenger time and vehicle operating ccsts:

(6,4) (4,6) becomes (6,k) (4,3) (3,4) (4,6).
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Table 6. Problem Cl, Results of Route
Algorithm.
Tter, Pass., Time  Vehicle Optg.
No. Change Costs Costs Total Teovt.
0 Initial sclution, starting routes are:
1 (8,7) {7,4) (4,1) (1,4) (4,7) (7,8)
16 16 16 16 16 16
2 (8,5) (5,2) {(2,3) (3,2) (2,5) (5,8)
23 23 23 23 23 23
3 {8,5) (5,6) {6,5) (5,8)
15 15 15 15
L (7,8) (8,9) (9,8) (8,7}
12 12 12 12
5 (8,10) (10,8)
15 15
6 (8,11) (11,12) {12,11) (11,8)
1k 1k 1k it 16,136 7,83k 23,970 -
1 Append (10,11) to route 5
{8,10 {10,11) {11,10) (10,8)
15 6 £ 15 14,863 8,07k 22,937 1,034
2 Append (3,6) to route 3
€8,5) (5,6} (6,3) (3,6) (6,5) (5,8)
15 15 5 5 15 15 14,22)4 8,314 22,538 398
3 Append (6,9) to route U
(1,8) (8,9) (9,6) (£,9) (9,8) (8,7)
12 12 3 3 12 12 13,872 8,434 22,306 233
L Construct new route 7
(5,5) (4,5)
3 3 13,626 §,578 22,204 102
5 Construct new route B
(5.8 (8,7) (7.8) (8,5)
1 1 1 1 13,728 8,644 22,372 -168
6 Reesteblish previous routes 13,626 8,578 22,204 -
T Reduce service on route 2 section by
12 units
(8,5) (5,2 (2,3} (3,2) (2,5) (5,8)
23 23 1l 11 23 23 13,753 8,008 21,851 353
8 Reduce service on route 5 section by
T units
(8,10) (10,11) (11,10) (10,8)
8 6 6 8 13,870 7,678 21,548 302
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Iter. Pags. Time  Vehicle Optg.
No. Change Costs Costs Total Impvt.
g Reduce service on route 6 section by
6 units
{8,11) {11,12} (12,11} (11,8}
1 8 8 14 13,996 7,438 21,434 11k
10 Reduce service on route 2 section by
S units
(8,5) (5,2) (2,3) (3,2) (2,5) (5,8)
18 8 1 11 18 18 1k,0ks5 7,158 21,203 232
11 Reduce service on route 3 section by
5 units
(8,5} (5,6) (€,3) (3,6) {6,5) (5,8)
1 10 5 5 w0 10 1h,123 6,788 20,911 292
12 Reduce service on route & section by
L units .
(8,11) (11,12} (12,11} (11,8)
10 8 8 10 1k,170 6,628 20,798 113
13 Reduce service on route 1 section by
3 units
(8,7) (7,%) (1,1) (1,%) (4,7) (7,8)
16 16 13 13 16 16 14,212 6,532 20,7Tuk 5L
14 Reduce service on route 1 by one unit,
compute deletion parameters
(8,7) (7,4) (4,1) (1,%) (4,7} (7.8)
15 15 12 12 15 15
=19 =11 =15 +1021 =11 +11 Infeasible network
15 Reduce service on route 1 section by
1 unit
(8,7) (7,4) (4,1) (1,4) {4,7) (7,8)
15 15 13 13 15 15 1k,219 6,468 20,687 57
16 Reduce service on route 1 by one unit,
compute deletion paruneters
(8,7) (7,4) (4,1) (1,4) (4,7) (7,8)
1k 14 12 12 1L 14
-1¢ =11 =15 #1021 ~31 +15 Inleazible network
17 Reduce service on route 1 section by
1 unit
(8,7) (7,%) (4,1) (1,4) (b,7) (7,8) .
k1 13 13 1bh 3k 15,226 6,Lok 20,€30 57
18 Reduce service on route 2 by one unit,

corpute deletion paraneters
(8,5) (5,2} (2,2} (3,2) {2,5) (5,8)
7 17 10 10 1T 17
=12 -1k =19 +1017 +1022 -12 InTeasible network
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Teble 6, Continued.
Iter. Fass. Tine Vehicle Optg.
No. Change Costs Costs Imovt
19 Reestablish previous routes 14,226 &,hob 20,630 -
20 Construect new route 8.
{5,8) (8,7) (7.8} (8,5)
1 1 1 1 1k4,325 6,470 20,795 ~164

21 Reestablish previcus routes

Stop, Final routes are 14,226 £, Lok 20,630 -

1 (8,7) (7.4 (b,1) (1,4 (8.7 (7,8)
1k 1k 13 13 1k 1k

2 {8,5) (5,2} (2,3} (3,2} (2,5) (5,8)
18 18 11 11 18 18

3 (8,5) (5,6} (6,3) (3,6) (6,5) (5,8)
10 10 5 5 10 10

L (7,8) (8,9) (9,6) (6,9) (9,8) (8,7)
12 12 3 3 12 12

5 {(8,10) {10,11) (11,io) {10,8)
8 & 6 8

6 (8,11) (11,12} {(12,11) {11,8)
10 8 8 10

T (5.4) (4,5)
3 3
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wa- — -~ — 3 gpen guideway in problem E1

- —sae closed guideway in problem E1

40,600 travel time in mimutes,
relative Tixed cost

©

Figure 21. Problem El, Open Cuideways and Steriing
Vehicle Routes,
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Table 7. Problem E, Travel Demands.

Commodity Origin Destination Travel
Number Station Station Demand
1 1 2 100
2 1 3 Loo
3 1 Y 300
L 1 5 100
5 1 6 100
6 2 1 100
T 2 3 Loo
8 2 L 200
9 2 5 100
10 2 6 100
11 3 1 200
12 3 2 200
13 3 L Loo
1h 3 5 100
15 3 & 100
16 Y 1 100
17 h 2 100
18 L 3 L0o
19 L 5 200
20 L 6 200
21 5 1 100
22 5 2 100
23 5 3 300
2l 5 L Loo
25 5 6 100
26 5 1 100
27 6 2 100
28 6 3 300
29 6 L Loo
30 6 5 100
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Table 8. Guidewsy Algorithm, Results of
Problem E, Starting with El.

Tter. Change Pass. Time Vehicle Optg. Guideway Jotal  lmpvt.
Costs Costs Fixed Costs

0 Start 17,735 5,43k 4,550 27,719 -

1 Insert (3,4) 10,17k L, 072 L,610 18,856 8,863
> Insert (L,5) 10,174 4,072 %,690 18,936 -80
3 Delete (2,6) 9,969 2,976 3,110 16,055 2,801
i Delete (1,5) 10,052 2,966 1,710 14,728 1,327
5 Insert (4,5) 6,172 2,606 1,790 10,568 4,160
6 Insert (2,3) 4,549 2,35k 1,890 8,793 1,775
7 Insert (1,5) 4, 5ho 2,354 3,290 10,193 -1,L00
8 Delete (5,6) L,LLYL 2,008 1,090 7,632 1,161
9 Delete (1,2) L ,392 1,394 490 6,276 1,356

Stop,

Finsl Total costs = 6,276




=

1:

8: delete (5,6) 9; delete (1,2)

Figure 22. Problem E, Starting With E1, Guidewsy Changes.
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Next, an attempt is made to insert (L,5). Because of limited
investigation of the route algorithm no savings are achieved with
respect to passenger time or wvehicle costs. The guldewsy cannot be
appended to any route, and the first newly constructed route using
the guidewsy results in a cost detericration. No improvement occurs
during route deletion either. :

At iteration 3 the guideway (2,6) is deleted, resulting in
savings of fixed plus varisble costs. The guideway deletion necessitates

changing one of the starting routes

(6,2) (2,1) (1,2) (2,6) becomes (2,1) (1,2)

and this restructuring leads to further route improvements.

After deleting (1,5) the algorithm inserts (4,5) and (2,3).
At iteration 7 an attempt is made to reinsert (1,5). Guideway (5,6)
is then deleted at iteration 8. Here again savings are made in passenger
and vehicle costs. The guideway (5,6) was flowless but covered by a
route. The route restructuring thus reduced vehicle costs. Further
investigation in the route insertion phase produced a new route,
providing the savings in passenger costs.

This same set of circumstances 1s repeated at iteration 9, where
guideway (1,2) is deleted. The route zlgorithm by itself did not obtain
the savings until the routes were forcibly restructured.

As expected, the final set of guideways is the tree at iteration
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Test Problem C

The second example illustrating the guideway algorithm is
test rpoblem C, which has already been described in Figure 16 and Table
1 in the previous section. Beginning with the set of open guideways and
initial routes for problem Cl, the Oth iteration of the guideway
algorithm is the same as the execution of the route algorithm for
problem Cl, previously described.
At the end of the Oth iteration the improvement parameters for
closed guideways are
arc (1,2) - hat
(1,5)  -1,296
(3,5) -1,012
(7,10) - 216
(8,12) -1,242
(9,12) - Lé1.
The two-wzy guidewsy connecting stations 1 and 5 has the best value and
is thus selected for insertion.
The route algorithm tries to append arc (1,5) to route 1, but

this leads to a deterioration of passenger time and vehicle costs:

arc (8,7) (T,h) (h,l) (155) (551) (lah) ()'I':T) (758)

service 1b 1k 13 6 6 13 14 1L .

The construction routine within the route algorithm then builds a new

route
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arc (5,1) (1,5)

service 3 3

for a slight cost improvement. After scme minor adjustments to the
other routes, the first guideway algorithm iteration finishes, showing
an overall cost deterioration of 111, as shown in Table 9. .

The insertion of guideway (1,5) is rejected, the guideway
algorithm exits the insertion phase, and the two-way guideway (4,5)
is selected for deletion. The second guideway algorithm iteration
produces no substantial changes in the routes or flow. There is an
overall cost deterioration of 88, and the deletion of (4,5) is rejected.
At this point the program stops with the final set of guideways, routes,
and flow, shown in Table 9.

Problem C was tested a second time using a different starting
set of open guldeways. This starting set C2, shown in Figure 23, contains
19 open guideways. The initial routes are the same as for problem C1.
Table 10 shows the results of this run.

At iteration one the two-way guideway (1,5) is inserted
unsuccessfully. Thereafter, a number of flowless guideways are deleted,
(8,12), (4,5), (9,12}, (1,2), and (7,10). Since there are no routes
traversing these guideways the only changes in total costs are due to
guideway fixed cost savings.

At iteration seven guideway (8,10) is deleted, forcing an

initial readjustment in route 5:



Table 9. Guideway Algorithm, Results of Problem

C, Starting with Cl.

111

Tter.

Starting set of open guideways is

) (3,6) (4,5) (4,7) (5,6) (5,8)
) (8,10) (8,11) (10,11) (11,12)

Tnitial routes are:

(8,7) (7,4) (4,1) (1,%) (L,7) (7,8)
16 16 16 16 16 16

(8,5) (5,2) (2,3) (3,2) (2,5) (5,8)
23 23 23 23 23 23

(8,5) (5,6) (6,5) (5,8)
15 15 15 15

(7,8) (8,9) (9,8) (8,7)
12 12 12 12

(8,120) (10,8)

15 15
(8,11) (11,12) (12,11) (11,8)
1 1k 1k 14
Change

Starting set Costs:
Travel time
Vehicle
Guideway
Total

Open guideway (1,5) Costs:

Travel time
Vehicle

Guideway

14,226
6,40k
1,900

22,530

1k ,035
6,506

2,100
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1 Open guideway (1,5) (Continued) Total
Improvement
2 Close guideway (4,5) Costs:

Travel time
Vehilele
Guldeway
Total
Inprovement

Stop

Final routes are

(8,7) (7,4) (L,1) (1,4) (4,7) (7,8)
1k 1k 13 13 14 14

(8,5) (5.,2) {2,3) (3,2) (2,5) (5,8)
18 18 11 11 18 18

(8,5) (5,6) (6,3) (3,6) (6,5) (5,8)

10 10 5 5 10 10
(7,8) (8,9) (9,6) (6,9) (9,8) (8,7)
12 12 3 3 12 12
(8,10) (10,11) (11,10) (10,8)
8 6 6 8
(8,11) (11,12) (12,11) (11,8)
10 8 8 10
(5,4) (L,5)
3 3

Final total costs = 22,530

22,641

- 111

14,470

6,388
1,760
22,610

- 88
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e e open guideway in problem C2

S S closed guideway in problem C2

Pigure 23, Open Guideways in Problem C2.



114

Table 10. Guideway Algorithm, Results of
Problem C, Starting With C2,

Tter.

Starting set of open guideways is:

2) (1,k) (2,3) (2,5) (3,6) (&

3 QT
(7,8) (7,10) (8,9} (8,10). (8,11) ( »1 )

(5,6) (5,8) (6,9)

)
(9,12) (10,11) (11,12)

Initial routes are:

(8,7) (7,4) (4,1) (1,4) (4,7) (7,8)
16 16 16 16 16 16

(8,5) (5,2) (2,3) (3,2) (2,5) (5,8)
23" 23 23 23 23 23

(8,%) (5,6) (6,5) (5,8)
15 15 15 15

(7,8) (8,9) (9,8) (8,7)
12 12 12 12

(8,10) (10,8)

15 15
(8,11} (11,12) (12,11) (11,8}
1k 1k 1Yy 14
Change
Starting set Costs:

Travel time 14,435

Vehicle 6,428
Guideway 2,3L0
Total 23,203

Open guideway (1,5) Costs:
Travel time 14,435
Vehicle 6,428

Guideway 2,540
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Open guideway (1,5} (Continued)

Close guideway (8,12),
completely flowless

Close guideway (4,5),
completely flowless

Close guideway (9,12),
completely flowless

Close guideway (1,2),
completely flowless

Total
Improvement
Costs:
Travel time
Vehicle
Guideway
Total
Improvement
Costs:
Travel time
Vehicle
Guideway
Total
Improvement
Costs:
Travel time
Vehicle
Guideway
Total
Improvement
Costs:
Travel time

Vehicle

23,403

- 200

14,435
6,428
2,190

23,053

150

14,435
6,428
2,050

22,913

140

14,435
6,428
1,940

22,803

110

14,435
6,428
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Stop

Close guideway (1,2},
completely flowless (Continued)

Close guideway (7,10),
completely flowless

Close guideway (8,10)

Open guideway {(1,5)

Guideway
Total
Improvement
Costs:
Travel time
Vehicle
Guideway
Total
Improvement
Costs:
Travel time
Vehicle
Guideway
Total
Improvement
Costs:
Travel time
Vehicle
Guideway
Total

Improvement

1,840
22,703

100

14,435
6,428
1,760

22,623

80

14,601
6,628
1,510

22,739

=116

14,427
6,428
1,960

22,815

=192
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Final open guideways are:

(1,4) (2,3) (2,5) (3,6) (4,7)
(7,8) (8,

Final routes are:

(8,7) (7,4) (%,1) (1,4) (4, 7)
16 16 13 13 16

(8,5) (5,2) (2,3) (3,2) (2,5)
18 18 11 11 18

(8,5) (5,6) (6,3) (3,6) (6,5)

10 10 5 5 10
(7,8) (8,9) (9,6) (6,9) (9,8)
12 12 3 3 12

(8,10) (10,11) (11,10) (10,8)
8 T 7 8

(8,11) (11,12) (12,11) (11,8)
10 8 8 10

Final total costs = 22,623

(5,6) (5,8) (6,9)
9) (8,10) (10 11) (11,12)

(?58)
16

(5,8)
18

(5,8)
10

(8,7)
12
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arc (8,10) (10,11) (11,10) (10,8) becomes (10,11) (11,10)

service 8 T 7 8 T 7.

The resulting revised network is infeasible, and five iterations
of the route algorithm are necessary merely to achieve feasibility. At
the end of guidewsy algorithm iteration seven route five has the.follow-

ing form:

are {(10,11) (11,8) (8,7) (7,8) (8,11) (10,11)

service 1h g 1 1 9 1h.

The additional service on the first two branches compensates for the
deleted service on (8,10).

The deletion of (8,10) is unsuccessful. At iteration eight
the guideway algorithm inserts (4,5), also without success, and con-
sequently stops. The final set of cpen guideways and vehicle routes
is shown in Table 10.

Test Problem D

The third example to illustrate the guideway algorithm is
shown in Figure 24 and Table 11. The network consists of 12 stations
and 25 possible guideways, of which 19 are open in the starting problem
D1. Figure 25 shows the form of the vehicle routes at the beginning
and end of the Oth guideway algorithm iteration. The results of the
guideway algorithm are summarized in Table 12,

At iteration one an attempt is made to insert (l,h) into the

network. The next three iterations remove successfully (11,12), (10,11),
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- cpen guidewsy in problem D1
- — closed guidewsy in problem D1
11,160 travel time in minutes, relative

fixed cost

Figure 24. Open Guideways in Problem D1.
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Table 11, Problem D, Travel Demands.

Commodity Origin Destination Travel
Tumber Station Station Demand

1 1 -2 300

2 1 8 200

3 1 10 200

L 1 11 200

5 2 1 300

6 2 L 200

7 2 200

8 2 12 200

9 3 5 300
10 3 6 300
11 3 10 200
12 3 11 200
13 Y 2 300
1L L 6 300
15 b T 200
16 b 8 200
17 5 2 300
18 5 3 300
19 5 9 200
20 5 12 200
21 6 3 300
22 6 L LCo
23 6 8 200
2k 6 9 200
25 T 1 300
26 7 3 300
27 T 6 300
28 T 9 200
29 T 11 200
30 8 6 200
31 8 2 300
32 8 10 200
33 9 12 200
34 9 1 200
35 9 2 300
36 9 7 200
37 9 11 100
38 10 1 300
39 10 3 300
Lo 10 6 300
41 10 8 200
Lo 10 12 200
h3 11 1 200



Table 11. Continued.

Commodity Origin Destination Travel
Nmber Station Station Demand
LL 11 Y 300
hs 11 T 200
L6 11 9 100
L7 12 3 300
48 12 Iy 300
49 12 8 200
50 12 10 200
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Problem D, Starting With D1, Vehicle Routes at
Beginning and End of Guideway Algorithm Tteration O.
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Table 12. Guideway Algorithm, Results of Problem D,
Starting with DI1.
Iter. Change Pass., Time Vehicle Optg. Guideway Total Impvt.
Costs Costs Fixed Costs

0 Start 27,346 T,597 3,310 38,253 -
1 Insert (1,4) 28,092 6,911 3,500 38,503 =250
2 Delete (11,12} 27,357 7,529 3,160 38,046 206
3 Delete (10,11) 27,80k 7,305 2,920 38,029 17
4 Delete (7,8) 29,140 5,8LY 2,630 37,614 415
5 Tnsert (1,4) 28,657 5,820 2,820 37,297 316
6 Insert (1,5) 28,454 5,904 2,970 37,328 -31
7 Delete (1,k4) 28,657 5,820 2,630 37,107 190
8 Insert (1,L4) 28,657 5,820 2,820 37,297 -190
9 Delete (3,8) 30,125 7,106 2,510 36,7kl -2,634

Stop

Final total ecosts = 37,107
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and (7,8). At this point the computer program is restarted, in the
guideway insertion phase, and (1,4) is again selected for insertion,
at iteration five. This time the insertion is successful, but not
because of flow on (1,4). During the removal of (7,8) at iteration four
the route algorithm reached a local minimum end stopped. During
iteration five this local minimum was bypassed and the route algdérithm
proceeded to make further improvements totaling 507. At the end of
iteration five the guideway (1,4) is completely flowless and not
covered by a regular route. The further improvement of 507 is
sufficient to result in an overall cost improvement, however, despite
the added fixed cost for (1,L4).

At iteration six the algorithm tries to insert (1,5), unsuccessful~
ly. At iteration seven the flowless guideway (1,h4) is deleted for a
saving equal to its fixed cost. The computer program is again restarted,
and after two unsuccessful iterations, the algorithm stops. The final

sets of guideways and vehicle routes are shown in Figure 26.

Summary of Eesults

Convergence

Problem C and D were started with several different sets of open
guideways and behicle routes. The results from these computer runs are
compared here and evaluated.

Figure 27 shows the final guideways and total costs for six
runs of problem C. The runs starting with Cla and C2 have already been

described. The starting set C3 is a tree of 11 two~way guideways.
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E@

Cla, 22,530 c2, 22,623 c3, 22,952

I
1

e, 22,618 C1b, 23,591 Cle, 22,909

Figure 27. Problem C, Final Sets of Guideways and
Total Costs, Various Runs.
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The set C4 is identical to that for Cla except that (1,5) has
been substituted for (4,5). It will be recalled that when the algorithm
started with Cla, it attempted to insert (1,5) and then delete (4,5),
both changes being unsuccessful. Starting with Ch the algorithm
deleted (1,5) but made no other changes.

The sets Clb and Cle have the same open guideways as Cla but the
initial routes differ. It will be instructive to examine these cases in
more detail. TFigures 28, 29, and 30 show the initial and final vehicle
routes at guideway algorithm iteration zero, This allows one to
compare the results of the route algorithm, for a given set of open
guideways, when started with different initial routes.

The initial route set in Cla, Figure 28, consists of CBD-
oriented routes. These are chenged only slightly, by appending and by
constructing one new route. The starting set in Clb, Figure 29,
consists entirely of reversal runs connecting two stations each. Again,
the route changes are limited te a few cases of appending.

A radically different apprecach is taken in Clc, Figure 30.

Here the starting set contains only one route, a reversal run connecting
stations 8 and 5. The route algorithm then appends four guideway pairs
to this initial roule and also constructs four new routes.

The respective costs for these three solutions of the route

algorithm are

Starting Set Pasgsenger Time Costs Vehicle Optg. Costs Sum
Cla 14,226 6,40k 20,630
Clb 15,616 6,082 21,698

Cle 14,296 7,464 21,760.
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It is seen that the route algorithm is dependent upon the set
of starting routes and that the gquality of the solutions obtained varies.
The main difficulties appear to be failure to try combining routes,
and failure to restructure poor routes while maintaining feasibility.

The results of four gifferent runs for Problem D are shown in
Figure 31. Problem Dla is the one described in the previous seeticn.
The starting set of guideways included 19, of which three were deleted,
(11,12), (10,11), =nd (7,8). The guideway (1,4) was inserted and
subsequently deleted.

Problem D1b started with the same set of guideways but a
different set of routes. Only one guideway change occurred during
this run, the deletion of (10,11). There is a substantial difference
in the final total costs for the two runs, 37,107 for Dla and 35,461
for D1b. Part of the difficulty may be attributed to the route
algorithm. When 211 19 guldeways were open for Dlz the route algorithm
obtained total passenger time and vehicle costs of 34,943, At the end
of the run starting with Dlb, when only 18 of these same guideways
were open, the route algorithm obtained costs of 32,391.

Another aspect of the problem lies in selecting guideways to
delete. In executing the run starting with Dla the algorithm tried
to detete (3,8), resulting in a large cost increase, Since (3,8) is
included in all of the final seclutions, it appears that the guideway
deletion criterion should be changed.

The run beginning with D2 produced no changes in the guideway

network and resulted in the lowest total costs. Likewise, no changes
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D2, 33,826 D3, 35,114

Figure 31. Problem D, Final Sets of Cuidewsys and Totel
Costs, Various Runs.
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were made in the starting set D3, a tree structure. An attempt was
made to insert (9,10), but this resulted in a cost increase. The
guideway with the second best improvement parameter was (3,4), but
this insertion was not tested. This again points to the need for a
more valid guideway improvement parameter.

Execution Time

The computer running times for the multicommodity flow
assignment routine and for the guideway algorithm are presented in
Tables 13 and 1k, respectively. The flow assignment routine accounts
for most of the time spent during each iteration of the route algorithm.
A separate table for the latter is thus not needed.

Table 13 indicates that the execution time of the flow assign-
ment routine is influenced by the size of the network and the percentage
of infeasible networks constructed. The ratic of arecs to nodes may be
a factor, but there is insufficient data to verify this.

The times for the guideway algorithm range from 0.25 to 3.08
minutes per iteration, and 0.9T7 to 18.12 minutes per problem. No clear
patterns emerge here as the times seem dependent upon starting point

and the type of network involved.



134

Table 13. Summary of Computational Experience
fer Multicommodity Assignment Reutine.

Problem Average Average Average Average Avergge

Starting Numher Number Number of Percent of Time Per
Set of Hodes of Arcs Zero-Level Infeasible Iteration,

Routes Networks Seconds,

' U-1108

Clb 51.2 111.8 2.4 28% 1.300

Cle 48.3 115.1 4.6 T2% 8.92k

Cc5 40.0 T0.0 0.0 89% 2,510

Dla 60.0 157.4 1.6 29% 9.2h1

D1b 6u.1 171.6 3.7 L 6.007

D2 L8.0 106.0 0.0 0% .530

D3 43,0 83.0 0.0 36% L.531

El 22.0 42.0 0.0 0% 234

Hote:

Times given are for the Oth guideway algorithm iteration in each

case.
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Table 1L. Summary of Computaticnal Experience for
Guideway Algorithm.

Problem Number of Ave. No. of Route Ave. No. of Time,
Starting Tterations Alg. Iter. per Infeasible Minutes,
Set of Guideway Guideway Alg. Iter. Networks per U-1108

Algorithm Guideway Per

Alg, Iter. Tter. Total
Cla 3 14.0 2.3 .32 0 .97
Clb 5 15.4 5.4 .50 2.48
Cle 7 12.6 7.6 .05 T7.36
ce 9 7.2 1.6 .25 2.22
C3 6 9.5 2.7 37 2.20
Cch 5 13.0 3.0 .28 1.38
Dla 10 16.5 2.2 .81 18.12
Dlb 5 29.4 1.3 .08 15.40
D2 2 7.5 0.0 .54 1,07
D3 2 16.5 5.5 .01 4,02
El 10 14.3 2.7 .36 3.62
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CHAPTER VI

FUTURE EXTENSIONS

The solution procedure developed and described in this tpesis
is by no means ready for designing transit networks of a realistic
size., Wor is it particularly efficient for even small networks. In
the sections that follow there are presented, as suggestions for future

research, a number of alternative strategies for obtaining faster and

better solutions and for handling larger networks.

Obtaining an Initial Set of Open Guideways

Other researchers using insertion-deletion algorithms typically
start with either a minimal spanning tree or a maximally connected
network. The previous chapter on computational results shows clearly
that the computer program running time depends heavily upon the starting
set of open guideways.

The initial solution proposed here is designed to obtain a
better starting set and hence reduce the number of iterations reguired
to achieve the best network. The essential concept is to use the
differences between shortest paths and nth—shortest paths for the
commodities.

The method begins by finding the g shortest paths for each

commodity on the guideway network (N,A). As defined previously, the

set A contains 21l possible guideway arcs. The length of each arc
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{i,j)eA is teken to be the passenger travel time dij'

Next, for each arc (i,j)cA there is computed a weighting factor:

q
k 1
voo= o1 @K -k Y () (6-1)
1 KeK n=1 kq kn mknlg tkn
where
K is the set of commodities, travel demands between
node pairs ij
rk the travel demand for commeodity k
,ﬂ the length of the qth—shortest path for commodity k,
¥4 or the "longest" path
,2 the length of the nth-shortest path for commodity k

. " . e e\ s s th
iy ® logic operator, m_ .. = 1 if arc (i,j) is in the n -

shortest path for commgdity k but no shorter path for
commedity k, Mmoo = C otherwise
nij
tkn the number of arcs in the nth-shortest path for commodity
k.

The weighting factor Wij for an arc represents the potential
travel time cost saving to be achieved, summed over all commocdities, by
introducing the arc into the network. The (ﬂkq _'Kkn) is the difference

t
between the q hmshortest, or "longest", path and the n®B_chortest one.
The lcgic opersator mknij attributes the saving only to those arcs that
are included in the nth-shortest path and no shorter path, thus preventing
double counting of savings. The factor l/tkn divides each saving

gttributed to an arc by the number of ares in the nth-shortest path

for commodity k.

As an example counsider the network in Figure 32 and the associated
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destination
node for
commodity k

origin node
for commodity k

dij for arc

arc is included in 5th, 9th, and 10th shortest
5, 9, 10 paths for commodity k

Figure 32. Example for Computing Guidewey Weighting
Factors.
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arc-path incidence matrix in Table 15 for commodity k, going from node
one to eight. If g is set equal to 10, then the longest path has
lengthagkq = ﬂklO = 1L. Consider are (1,2) in the network. Tt is in
the 2nd, 3rd, bth, 6th, and Tth-shortest paths. Thus, arc (1,2) has
attributed to it a potential saving of rk (14 - 9)(1/3) for commodity
k. Arc (1,5) is credited with — (1h - 11)(1/4), are (1,6) with
£(14-8)(1/3), ete.

This weighting scheme thus determines the importance of each
arc with respect to potential travel time cost savings for all
commodities on that arc. If the vehicle operating costs cij vary
differently than the arc traversal times, then the length of each arc
may he tazken to be (dij + cij/g), where g is the capacity of a vehicle.
The weighting factors will then reflect also some potential savings
in this Cij' In practice the number of shortest paths g may be
limited to three, four, or five.

The weighting factors Wij for each guideway pair may now be

combined with the guideway fixed costs Pij to form a priority ranking

that reflects both variable and fixed costs:

By T Vg Ty T Py T Bgw (6-2)
These priority ratings hij can be used to select guideway pairs for
the initial set A.

One way of doing so is to insert guldeway pailrs in descending

order of hij until all stations are connected. The resulting netwerk
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Table 15. Lxample for Computing Guideway Weighting
Factors. Arc-Path Incidence Matrix for
Commodity (1,8).
o. 11222333h5566799oﬁ
d. 5 6 3 6 7T 4 7 8B 8 6 9 7 108 7 10 8 "kn kn
path
1 1 1 1 8 3
2 1 1 9 3
3 1 1 10 3
L 1 1 1 11 N
5 1 1 1 1 11 L
6 1 1 1 11 )
T 1 1 1 11 L
8 1 1 1 12 3
9 1 1 1l 1 13 n
10 1 1 1 14 N
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will almost certainly contain more guideways than a spanning tree
{constructed of two-way guideways equivalent to the pairs), but far
fewer than the complete guideway network. Also, thils network will
probably have more guideway arcs than the final, best network. The
reason for this lies in the fact that more than 100 percent of the
travel cost savings are attributed to ares.

Another way of selecting a starting set A is to construct a
tree (of equivalent two-way guidewsays). Guldeway pairs are inserted
in descending order of hij’ provided no cycles are formed.

Hopefully, the computations involved in determining these hij

will be Justified by the improved quality of the initial network.

Alternative Method of Generating Guideway

Improvement Parameters

The guideway insertion and deletion parameters generated during
the solution procedure, as described in Chapter IV, are influenced by
the current set of wvehicle routes. A method of eliminating such bias is
to imbed the route algorithm directly into Billheimer's guideway
insertion-deletion algorithm (8}.

Billheimer's algorithm selves the following problem:

Minimize ZL = z U Dyt I o Vi {€-3)
(i,50ea M 7 (i,9)eA kex Y M
(guideway fixed costs) {varieble flow costs)

Subject to:
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Mlow requirements:

b f?. - b f%i = r?, keK, iell (6-Lk)
jea(1) jeB(1) ¢
Integrality:
i3 = 051 (i,4)ea (6-5)

Hon-negativity and feasibility:

£, = 0if u,, ,
J = (i,j)eA (6-6)

0 if 1, . 1
1d

1
(o]

| v

where

g is the variable unit flow cost on arc (i,j),

and other terms are as previously defined.

This problem is identical to that posed for the general arc
insertion-deletion algorithm in Chapter III, (3-13) through (3-17)},
except for the sbsence of arc capacity restrictions. ZEquation (6-€)
implies that an open guldewsy arc has unlimited capacity.

The solution for (6-3) through (6-6) is obtained by an arc
insertion-deletion algorithm. The absence of the capacity constraints
simplifies the problem ccnsiderably in several ways:

(1) Bounds can be established on variable cost savings for
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including arcs. These bounds can then be used to identify certain
arcs that must be included in the optimal solution and to identify
others that must be excluded. This has the effect of reducing the
problem size.

{2) Since the second shortest path can always accept the flow,
there is no need to find nth—shortest paths beyond the second one.

(3) Computing arc insertion and deletion parameters is much
more direct, involving only a rerouting cof relstively few commodities
for each arc.

The route algorithm can be imbedded in Billheimer's guideway

algorithm by appropriate definition of the vij:

It
+
(o1}
ct
mI-D
+
[e1)

V, . d. . +
i ij g 4 v W

where

9 is the average percent wvehicle occupancy, throughout the
network,

45 is the average percentage of passengers on a vehicle
who experienced g walting time at the origin of the arc
being traversed,

q3 the average percentage of passengers on a vehicle who
experienced z transfer at the origin of the arc being

traversed,

t the average waiting time experienced by passengers when
boarding a vehicle,

and other terms are as previously defined.
The variable flcw cost vij for each arc thus consists of

dij the wvariable passenger travel time cost on the arc,
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c../gql an average per passenger cost of operating a vehicle

H on the arc,
dwtwq2 an average per passenger walting time cost,
dtq2 an average per passenger transfer time cost.

This definition of vij 1s designed to allow one to work with the
original gnideway network in comparing guidewasy fixed cosis pij versus

variable costs di., c d_, and dt, unencumbered by any set of wvehicle

J i3’ w
routes. Values for the parameters Uy Goo 23> and tW can be determined
from particular solutions to the route algorithm and updated as
necessary.

A more soplhiisticated definiticon of vij would use different
values of Qs oo q3, and tw for different portions of the network.

The differences in wvalues would most likely relate tc the dissimilar

types of flow in the central and outer portions of the network.

Alternative Method of Generating Arc Deleticon Parameters

While the arc insertion parameters are a natural by-product of
the multicommodity assignment routine, the computation of arc deletion
parameters is, at best, a piecemeal effort. The alternative methed
described below 1s suggested to remedy this situation.

The new procedure would use an entity similar to the arc
infeasibility parameter, except that now excess arc capacity would be
measured. Recall that at each iteration of the multicommodity routine
the infeasibility parameter of an oversaturated arc is incremented by

—-(excess flow x eps). This is step nine of the multicommodity routine,

described in Chapter Iv. After the commodity k¥ has been reassigned
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from its shortest to its second shortest path in step ften, same of
the arcs will still have excess capacity. TFor each such arc define an
excess capacity parameter, and increment it by (excess capacity x eps).
At the termination of the multicommodity routine this parameter
for an arce will represent the curmilative excess capacity of the arc
during the process of changing from an initial infeasible flow assign-
ment tc a final feasible assignment. These parameters can then be
used to determine which section of which route to reduce.
Just as the infeasibility parameters, the excess capacity
parameters would be generated for all arcs each time a flow assignment

is made.

Consistent Designation of Revised Network Nodes and Arcs

One of the most time consuming cperations in the computer
program is the multicommeodity flow assignment rcocutine. This routine
is executed each time a change is made in the set of vehicle routes,
be it a completely new route or a change in route service freguency
orn ouly one branch. Considerable time could be saved if the flow
agsignment routine were able to start with the flow from the previous
execution.

A major reascn for not doing so is the method of constructing
the revised network. Nodes are generated in order of stations and arcs
in order of stations within a route. Arcs are then reordered by node
number and, within that ordering, by length. The flow assignment

routine then takes advantage of this arc ordering.
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Several modifications are needed if the multi-commodity flow
roubine is to start with a previous assignment:

(;) There must be a ccnsistent system of designating route
nodes and arcs in the revised network. In the current program a
revised network node can be traced directly to its station and route.
To this identification must be added the position within the route.

(2) A method must be devised for properly constructing new
arcs and deleting old ares, and for changing arc capacities and lengths,
whenever changes are made in the set of routes.

(2) Deleted arcs must be kept in the network leng enough for
the multicommodity routine to reassign their flow. On the other hand,
such deleted arcs must not be allowed to swell the list of total arcs
beyond the declared matrix size.

(%) The multicommodity routine must be changed to handle
unordered arcs.

(5) A way must be found for updating arc infeasibility
parameters from one iteration to the next.

If the changes (1}, (2), and (3) were made it might be worth-
while to attempt using an exact multicommeodity routine. An additional

benefit would then be the information embodied in the dual variables.

Multiple Guideway Changes

Inserting and deleting guideways one at a time overlocks the
possibility of reducing total costs by making multiple guideway changes.
The simplest such case is the simultaneous insertion of one guideway

and deletion of another. Xither change by itself may result in higher
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total costs while the combined changes may produce an overall improve-
ment. The guidewsay insertion parameters may be used for selecting the
guidewsys involved in the substituticn process.

More difficult is the extension to two or more guideways for
insertion, deletion, or substitution. Consider the partial network
shown in Figure 33. If there is a substantial travel demand between

stations 1 and 3, the insertion of either (1,4) or (4,3} by itself will

~——— open guldeway
~«——>closed guideway

Figure 33. Example Relating to Multiple Guideway Changes.

do little to reduce variable costs for that demand. What is needed, of
course, is the simultaneous insertion of (1,4) and (L4,3). In order to
reduce total costs it may be necessary to delete at the same time one or
more guideways.

The problem of multiple guideway changes bears some resemblance
to that of selecting route arcs to change. The differences are that
guideways are either open or closed and that they need not conform to any
pattern. Nevertheless, 1t may be possible to extend the general concepts

of the route algorithm to the problem here.
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Computer Program Improvements

Packing the Dats

Some 14,000 words of core data storage are required for e
problem consisting of 12 gtations, 30 possible two-way guideways, 50
travel demands, and 15 routes of length not exceeding 12 arcs each. To
handle problems of 50 stations, 100 guideways, 200 travel demands, end
50 routes of length 30 arcs, there are needed approximately 78,000
words. Considering the 15,000 words needed for instructions, the total
core requirement for such a problem becomes 93,000 words. This amount
exceeds the 65,000 word capability of the Univae 1108 on the Gecrgia
Tech campus, and that of many cother facilities.

The largest arrays invelved are the shortest path and the
second shortest path matrices, of size 200 x 30 each for the second
problem described above. Since the number of revised network arcs is
limited, to 2000 in this case, the largest entry in the shortest path

il 2048), or less than one-third of

matrix occupies only 11 bits {2
a 36-bit word. Hence, one can use the FLD function (48} to pack each
200 x 30 arrsy into an 200 x 10 array. ©Similar storage space savings
cen be made with the other arrays invelved. Such data packing makes

it possible to handle problems of moderate size on existing computers

without the use of external storage devices.

Adaptive Switching Rules

There appear to be an endless number of switching rules to
control the progress of computations through the various phases of the

guideway and route algorithms. A few of these are available as options
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in the existing program: the insertion part of the route algorithm can
enter first the section on increasing service on routes or the section
on appending guideways, and cut-off parameters for preliminary tests
can be adjusted.

It may be helpful to expand on these to include such casez as
the following: (1) Enter guideway deletion first if there are
relatively few closed guideways. (2) If route construction is un-
successful at the determined service freguency, test the same route
with asnother frequency. (3} If a guideway insertion if unsuccessful
do not allow the same guideway to become the first candidate for
insertion at a later entry of the guideway insertion phase.

Bounds on Optimal Sclution

Both Gray (17) and Billheimer (8) used bounds on variable and
fixed costs to reduce the number of solutions to be examined. Recall
Billheimer's problem (6-3) through (6-6). An upper bound on the fixed

costs pij can be obtained as follows:

[Fpper bound on :} _ [Total costs Vij and Py forw (6-8)

fixed costs Pij a feasible solution J

[Minimum variable costs vij ?
- when all guideways are opénj

The variable costs are minimized when all guideways are cpen. The
fixed costs for the optimal solution cannot exceed the difference
between the total costs for any feasible solution and this minimum

variable cost. As better scolutions are obitalned the bound is tightened.
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A lower bound on fixed costs may be obtained in the following
manner: First, there is computed for each guideway the increase in
variable flow costs for the travel demands between the endpoints if
the guideway were cleosed and all others remained open. IT this
increase in variable costg vij exceeds the guideway fixed cost Pij’
then that guideway must be open in the optimal solution. All such
guideways are identified, and then a minimal connected graph is
constructed containing them. The fixed costs for this graph then
represent a lower bound on those for the optimel solution. In the
process of obtaining this bound the problem size has been reduced by
identifying guidewgys that must appear in the optimal solution.

While the route structure complicates matters in the research
problem, it should be possible to extend and apply the same principles

to its solution.
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CHAPTER VII
CONCLUSICONS AND RECOMMENDATIONS

The focus of this research has been to develop a proceduye for
sclving in a2 unified way the four-component problem that follows after
estimating the travel demand and determining the station locations for
a proposed public transit network: How should one simultaneously
select fixed-cost guideways for inclusion in the network, determine
vehicle routes and route service frequencies, and assign passengers to
origin-destination paths in order to minimize the total of construction
costs, passenger travel and delay time ccsts, and vehicle operating
costs, while satisfying the total transportation demand?

To date, no succesgful work on this problem has appeared in
the literasture. There are two main results of this research:

(1) The problem was formulated in a manner amenable to
solution. The original multicommodity transshipment problem with =zll
its constraints was decomposed into two problems, one imbedded within
the other. The imbedded problem, the selection of vehicle routes and
assignment of passenger flow, was further transformed into a simpler
problem utilizing a revised network.

(2} A neuristic program to solve the problem was developed,
written, and tested. The largest problenm tested included 12 stations,
25 possible two-way guideways, 50 travel demands, and 15 routes of

length not exceeding 12 arcs each. Solution times ranged from one to
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18 minutes on the Univac 1108, with all data held in core.

These results indicate that the cbjectives of this research
have been attained. During the process of testing the program with
different examples, a number of problem areas were discovered relating
to convergence and execution time. Accordingly, there are recommended
for future research the following improvements and extensions:

(1} The main emphasis in the route algorithm is on extending
existing routes and building new routes. There needs to be incorporated
g way to combine existing routes and to restructure poor routes. The
alternative arc deletion parasmeters can be used here. These are
described in Chapter VI and are a direct analogy of the arc insertion
parameters. Also, a rcute substitution process needs to be devised to
overcome the problems of changing one route at a time.

(2) The multicommodity flow assignment routine needs to be
improved so that it will obtain with better reliability a feasible
solution when one exists, and diagnose an infeasible network in a
shorter time. The current routine is capable of handling problems
with 12 commodities corresponding tc 50 travel demends, 200 nodes,
and 380 arcs.

{3) The selection of guideways for insertion and deletion needs
to be reexamined. The alternative guideway improvement parameters,
degsecribed in Chapter VI, appear better suited than those currently used
since they avoid the bias of the existing route structure. Here, also,
a substitution process would overcome the difficulties of changing one

guideway at a time.
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In addition to the above there are recommended a number of items
to speed convergence and handle larger networks:

{L) An initial set of guideways should be selected using some
method, such as described in Chapter VI. The computational experience
indicates that the best solutions and execution times are obtained
when one starts with a guideway set larger than a spanning tree but
smalier than a maximally connected graph.

{(5) The principles utilized by Billheimer (8), discussed in
Chapter VI, should be extended to identify gulideways that must be
included in the optimal scolution and to cbtain bounds on fixed and
variable costs.

{6) The data should be packed to enable the handling of
larger problems in core.

(T) A method for obtaining an initial set of routes should be
developed and tested. Buch a method could be utilized at the beginning

of the program or at each iteration of the gulideway algorithm.
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