Abstract

CHAN, SOOK-YEE EDNA. Metaheuristics for solving the Dial-a-Ride problem. (Under the

direction of John W. Baugh Jr.)

Many transit agencies face the problem of generating routes and schedules to meet customer
requests consisting of either pickup or dropoff requests using an available fleet of vehicles. The
Dial-a-Ride Problem (DARP) is a mathematical model that closely approximates the problem
faced by these agencies. The problem is a generalization of the well-known Pickup and Delivery
Vehicle Routing Problem or Vehicle Routing Problem with Time Window. However, due to
the high level of service required by this type of transportation service, additional operational
constraints must be considered. While the DARP can be solved exactly by various techniques,
exact approaches for the solution to real-world problems (typically consisting of hundreds of
requests) are not practical. The time required is often excessive as the problem is NP-hard.
In this thesis, we develop heuristics that find high quality solutions in a reasonable amount of
computer time for the many-to-many, advanced reservation, multi-vehicle, single-depot, static
DARP. The objectives considered include the minimization of total travel time and excess ride

time, and the problem is subjected to maximum ride time, route duration, vehicle capacity,



and wait time constraints. The cluster-first route-second approach is adopted. Clustering is
performed using either Tabu Search (TS) or Scatter Search (SS) while routing is performed via
insertion. The class of insertion heuristics has been extensively applied to the DARP. Earlier
algorithms focused on feasible insertions but recently, heuristics that allow infeasible insertions
to be considered during searches have been introduced. In this research, two insertion heuristics
are considered: IRAU, which assigns requests only when they are feasible, and IRDU, which
assigns all requests even if they result in infeasibilities. Comparison studies show that the
benefit of using a particular algorithm depends on the statistical properties of the data sets
used. Overall, the algorithms generated better solutions than a previously published real-
world (322-request) problem and found the optimal solutions for constructed (32-request and

80-request) problems with known optimal solutions.
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Chapter 1

Introduction

A Dial-a-Ride is a form of demand-responsive public transit that runs with a fleet of vehicles
operating on flexible routes. When customers call a Dial-a-Ride service requesting to be trans-
ported from specified locations to other locations, the agency schedules and dispatches vehicles
to service them. This form of service can be described as a shared-ride public transportation
system where routes and schedules are planned with the possibility of multiple passengers (with
different requests) traveling together during a typical day of operation. The problems involv-
ing the generation of such routes and schedules to meet customer demand are referred to as
Dial-a-Ride Problems (DARPs). Practical applications of DARPs can be found in the form
of airbuses, taxis, ambulances, and even certain courier services where the time necessary for
service is relatively small compared to the driving time. However, the more popularly known
application of DARPs is primarily associated with the service of the elderly and the disabled.
There are about 50 million Americans with disabilities today'. For these citizens, partici-
pation in society is limited by their mobility. Limited access to transportation entails limited
participation in the many aspects of society, including work, commerce, and recreation. In
recognition of this fact, the “Americans with Disabilities Act” (ADA) of 1990, a civil rights
bill, was passed with the objective of eliminating the physical and attitudinal barriers that have
kept persons with disabilities from participating fully in American society. It requires all tran-
sit agencies with fixed-route bus systems to also provide supplemental paratransit service or a
Dial-a-Ride service. In addition to this societal need, there is also an emerging trend toward
the development of ambulatory health care services as noted by Cordeau et al. [7], on top of
an aging Western population. As a result, new Dial-a-Ride services are being set up or in cases
where such systems are already in place, they are being overhauled in response to these needs.

However, this kind of transportation service is very costly and labor intensive.

'Based on the 2000 census obtained from the Census Bureau at http://www.census.gov



DARPs are of interest to professionals including researchers and transit managers. Although
commercial packages exist, our experience with transit agencies leads us to believe that existing
commercial packages often produce inefficient schedules. In fact, we were informed that sched-
ulers can easily find better alternate solutions than those generated by these packages®. Hence,
there is a genuine need to be able to develop effective methods to solve DARPs.

The DARP involves the design of complete routes and schedules for a fleet of vehicles that
service customers who specify pickup and dropoff requests for particular origins and destina-
tions. The aim is to generate a set of minimum cost routes capable of accommodating as many
requests as possible under a set of constraints. From the modeling point of view, the DARP
generalizes a number of vehicle routing problems such as the Pickup and Delivery Vehicle Rout-
ing Problem (PDVRP) and the Vehicle Routing Problem with Time Windows (VRPTW). For
overviews of these problems, the reader is referred to survey papers by Desrosiers et al. [11] and
Desaulniers et al. [9]. Toth et al. [48] call the problem the Handicapped persons Transportation
Problem (HTP).

Due to the multiple competing objectives and constraints considered in the problem, DARPs
are generally hard to solve. In fact, the multi-vehicle DARP has been shown to be NP-
hard [15]. In the last decade, metaheuristics have been applied to solve many combinatorial
problems successfully. This makes it a candidate approach in solving the DARP. Furthermore,
even though it is desirable to use exact methods to solve DARPs, time limitations and the
large number of requests in real-world Dial-a-Ride systems render current exact algorithms

ineffective. Hence, we have chosen metaheuristics as our approach to solving the DARP.

1.1 Dynamics of DARPs

To better understand the underlying dynamics of DARPs, we need to examine the concerns of
its three major stakeholders: customers, drivers, and the transit agency.

A customer would prefer taxi-like service, which provides direct connections with no unnec-
essary detours from origin to destination. Basically, we can say that a customer wants short
ride times and prompt service. For example, a customer will not want to travel for an hour
when a direct route takes just ten minutes. Similarly, a customer will not appreciate being
told to expect the arrival of his ride anytime between noon and two in the afternoon if instead
a request can be made for his ride to arrive between noon and ten minutes after noon. It is
obvious that every customer would prefer reliable and comfortable rides at affordable rates.

From a driver’s point of view, certain routes may be preferred over others. This preference

2From personal communication with Linda Little, Director of Trans-AID at the Winston Salem Transit
Authority, NC, in June 2003



may be influenced by the number of customers to be serviced and the traffic conditions encoun-
tered, such as congestion, number of traffic stops, and speed limits. Equity of workload may also
be desired since an imbalance could result in the perception of unfairness. In addition, a driver
may prefer having one long break in a day instead of several short breaks (or vice-versa). Every
driver has an individual utility. Thus, it is difficult to generate schedules to please everyone.

With the available resources, such as vehicles and drivers, a transit agency aims to meet
all customer demands at a low operating cost. However, an agency is faced with competing
issues. On the one hand, it would like to provide prompt and reliable service to customers at
affordable rates. On the other hand, it has to contend with operating costs, scarce resources,
and occasionally driver unions. The uniqueness of the Dial-a-Ride system may sometimes
provide an agency with opportunities to receive external funding. In order to ensure continued
support, the agency will have to demonstrate that funds are utilized well and, at the same time,
customers are satisfied. Accountability to the community and funding sources, in particular,
may be the driving force that determines the policies adopted by an agency.

To account for all these various concerns, the DARP should be modeled with competing
objectives: customer-attributed and agency-attributed. Furthermore, the model is usually a
reflection of policies adopted by an agency. For example, Alfa [1] models a small-scale demand-
responsive operation in Winnipeg. In his model, he minimizes the number of vehicles used as
well as the cumulative deviation of actual arrival times from request times. Baugh et al. [2]
model a mid-sized demand-responsive operation in Winston Salem. In their model, they mini-
mize the number of vehicles used, the cumulative travel time, and the cumulative time window
violation. A time window denotes the time interval during which a customer can expect the

arrival of his ride. Depending on policies considered, the modeling scenario may differ.

1.2 General DARPs

It is not always clear what is meant by “The Dial-a-Ride Problem” since the meaning and
statement of the problem are not consistent in the literature. For example, in Cordeau et
al. [6] and Fu [14], a DARP is assumed to include time windows, or an interval of time where
a customer can expect the arrival of his ride. To emphasize the inclusion of time windows
in their problem, Madsen et al. [33] and Psarafatis [36, 37] state that they solve the Dial-a-
Ride problem with time-windows (DARPTW). On the other hand, Healy et al. [25] refer to
a DARP with no notion of time windows. As most studies of DARPs stem from analyzing
real-world Dial-a-Ride transit services [1, 2, 33, 48] and since resource availability and policy
issues considered by transit agencies are often, if not always, different, there are variations in

the model objectives and constraints, further complicating the classification of DARPs. These



in turn result in the development of algorithms that focus on different solution types, which
makes direct comparison of algorithms difficult or even impossible.

Generally, DARPs can be described in terms of the nature of the Dial-a-Ride system and
the policy issue considerations. Reflecting the variation in real-world issues, the nature of a

Dial-a-Ride system can be categorized as follows:

e the pattern of origins to destinations (one-to-many, many-to-many, many-to-one)

the type of reservations (advanced or real-time)

the number of depots (single or multiple)

the type of requests (desired pickup request, desired dropoff request or both)

the assumption of travel time (static or dynamic)
Policy issues considered in the formulation of a DARP may include:

e System requirements:

the classification of time windows (at pickup, at dropoff, at both pickup and dropoff
or depending on request type)

— the maximum allowable travel time (fixed or varying)

— the scheduling horizon (fixed or varying)

— the allowable waiting time (no waiting, at pickup stop, at dropoff stop or at both
stops)

e Agency’s objectives:

minimizing customer ride time

— minimizing customer wait time

— minimizing the deviation from a customer’s request time
— minimizing vehicle travel time

— minimizing number of vehicles used

— maximizing total number of trips per vehicle

It should be noted that the sole objective of an agency is to minimize system cost which is

not easily quantified. The objectives listed above are surrogates for cost.



1.3 The Problem

Although different model formulations and algorithms have been developed to solve DARPs,
some of them are more practical than others. In our research, the model formulated is based
on what we believe to be realistic assumptions that reflect the policies of real-world Dial-a-Ride
services. This section provides a detailed description of the DARP to be solved in this research.

Many transit agencies that provide Dial-a-Ride services have an advanced reservation system
for customers to place their request the day before. Our research focuses on the generation of
routes and schedules for these requests. With reference to the classifications of the nature of
the Dial-a-Ride system described in Section 1.2, the problem that we are interested in is the
many-to-many, advanced reservation, multi-vehicle, single-depot, static DARP. The following
paragraphs describe the system requirements in detail.

The DARP model considered in our research can be described as follows. A fleet containing
m vehicles serves trip requests. For each vehicle k, two types of seating accommodations may
be specified — the number of ordinary seats, denoted by COy, and the number of wheelchair
places, denoted by C'Wj. In addition, a maximal route duration H cannot be exceeded and a
uniform average speed may be specified for all vehicles.

A customer can call in to make two types of reservations — a desired pickup request (DPR)
or a desired dropoff request (DDR). A DPR is requested when the time of departure from the
origin is more important than the arrival time at the destination. In the case of a DDR, the
arrival time at the destination is crucial. Hence when a DPR is requested, the customer must
provide a desired time for pickup. An example of a DPR would be when a customer wants a
ride to his home from a meeting he attended in a dangerous neighborhood. The prompt arrival
of his ride is of utmost importance for his safety while the time he gets home is not important.
When a DDR is requested, the customer has to specify a time for dropoff. An example of such
a request is when a customer wants to travel from her home to a scheduled appointment at the
dialysis center since she will not want to forfeit her appointment by arriving late. It is obvious
that her arrival at the center is more important than the departure from her home.

Since it is possible for a customer to make more than one request, we will refer to a reser-
vation as a request instead of identifying the reservation by a particular customer. The request
includes attributes that are customer dependent. We assume that n requests, known in ad-
vance, are given to us. We index each request by i and its corresponding origin and destination

stops as +¢ and —¢ respectively. Hence, the sequence
<0,+1,42,-2,-1,0 >

represents the schedule where the vehicle leaves the depot (indexed 0), picks up request 1



followed by request 2 then, drops off request 2 then request 1 before returning to the depot. In
order to define the specific problem, the following information is uniquely determined for each

request ¢:

e od-pair (or origin-destination pair): the pickup (origin) stop and the dropoff (destination)

stop. We denote the origin stop as +i and the destination stop as —i
e request type:

— for DPR, the request time 7t; represents the time when the customer wants to leave

the origin stop

— for DDR, the request time rt; represents the time when the customer wants to arrive

at the destination stop

e duration of time window: the interval of time tw;, negotiated between customer(s) and

dispatcher, that the customer(s) should expect the arrival of the vehicle

e capacity requirement: seating accommodation requirement may be specified where co; and
cw; represent the number of ordinary seats and wheelchair places required by request i.
This formulation allows the modeling of customers who need wheelchair accommodation,

as well as customers who need to travel with an accompanying person due to special needs

e loading time: the time load; required for the customer(s) to get on or get off the vehicle.
In our model, we assume that the loading time is the same at the pickup and dropoff

stops. That is, load ; = load_; = load;

e maximum ride time: m; is the time the customer arrives at his destination minus the
time the vehicle departs from his origin stop. In other words, this is the total time the
customer is in the vehicle starting from his origin stop until he arrives at his destination
stop. In the literature, this time is usually expressed as a proportion of the time needed to
travel directly from the origin to the destination. We denote m; = a+ b x t(+i, —i) where
pre-specified parameters a,b > 0 and (7, j) represents the time taken to travel from stop

1 to stop j

While it is possible that time windows can be negotiated between a customer and the
scheduler, in practice, fixed time windows are normally adopted. In the following paragraphs
we describe a procedure to define time windows with reference to the request time. This
procedure allows the modeling of scenarios when no negotiated time windows exist.

In the case of a DDR, a customer desires to arrive at a destination at some specified request

time. When the customer calls in to make such a request, the dispatcher will have to determine



a probable interval of time for the customer to reach the destination, or [e_;,[_;] where e_;
and [_; represent the earliest and latest service time at stop —i, respectively. This interval can
be negotiated between the dispatcher and the customer or, in the case of our model, it can be

created as follows:

e_; = rt;+ dOff
lfi = e_;+ tw

where dOff is a real number such that when dOff < 0, the time window starts before the request
time 7t;. Otherwise, it starts either at or after the request time. The inclusion of this variable
allows flexibility in the way time windows are specified.

In the case of a DPR, a customer specifies the time rt; that he wants to be picked-up from
the origin stop. When the customer calls in to make such a request, the dispatcher will have to
provide the customer with a time window for the arrival of the vehicle at the origin. As with a

DDR, this interval can be predetermined or it can be created as follows:

eri = rt;+ pOff
lyg = eqi+twy;

where pOff is a real number where the effect of pOff on the time window is similar to that of
dOff.

We now discuss the constraints placed on wait time at stops. No passenger will endure
waiting in a vehicle for too long. Therefore, it is reasonable to set a maximal allowable wait
time at each stop. If we let w; be the wait time at stop j, then we require that w; < W,
where W is the maximum wait time allowable, whenever passengers are on board. However,
if no passengers are on board the driver can wait at a stop without restriction, especially in
the case of an early arrival at an origin stop since the customer may not be ready. On the
contrary, if the vehicle arrives at a destination stop too early while passengers are aboard, no
waiting is allowed. Basically, when the vehicle arrives at a destination stop, the customer is
allowed to alight immediately. However, if the vehicle arrives at an origin stop earlier than the
specified time window of the customer to be picked up, it can wait (for not more than W) for
the customer to board the vehicle. This is a departure from models considered in the literature
because previous models either allow waiting or they do not allow waiting, regardless of the
type of stops and the number of passengers in the vehicle. Practically, allowing the vehicle to
wait at a destination stop is equivalent to keeping a customer in the vehicle even though the
vehicle has arrived at the destination stop. Consequently, other customers in the vehicle are
forced to wait with the unhappy customer.

Now that we have described the nature and system requirements of our DARP, we will

summarize the constraints that must be satisfied by our vehicle routes:



(i) round trip: every route starts and ends at the depot
(ii) coupling: for every request i, the od-pair (4, —i) must belong to the same route
(iii) precedence: the origin stop +i must be visited before the destination stop —i

(iv) time windows: time windows pertaining to both DPR and DDR must not be

violated

(v) vehicle capacity: the maximum concurrent passengers requiring ordinary seats
and wheelchair places in vehicle k at any instant must not exceed cog (number of

ordinary seats) and cwy (wheelchair places) respectively

(vi) maximum ride time: the total time that request 7 is in a vehicle must not exceed
my
(vii) route duration: the total duration of each route must not exceed H

(vili) no waiting at destination stops: no waiting at destination stops is allowed

(ix) maximum waiting time: the total waiting time at origin stops must not exceed

W when the vehicle is carrying passengers

In this research, feasibility is met only when all constraints, that is, constraints (i) — (ix), are
satisfied. The cost function must reflect the objective of the transit system. Because of the
stakeholders involved (in our case, customer and transit agency), DARPs are generally modeled

with competing objectives. In our model, we aim to minimize:

1. the total travel time T'T (that is, the total time required to travel from stop to stop for

all vehicles)

2. the total customer excess ride time ERT where the excess ride time of a customer is com-
puted as the difference between the arrival time at his destination stop and the departure

time at his origin stop minus the direct travel time from his origin to the destination stop

Mathematically, the cost function can be represented as:
cost=nTT+ pERT (1.1)

where 1, ¥ > 0 indicate the relative weights of the different objectives.
While agencies are interested in minimizing system costs, or cumulative travel time in our

case (since this affects fuel expenditure, and the lifespan of vehicles), they are also concerned
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Figure 1.1: The tour < 0,+1,+42, —1,—2,0 > (top) results in a shorter total travel time (TT=T)
than the tour < 0,+1,—1,42,—2,0 > (bottom) which has a total travel time (TT=8).

about the satisfaction of their customers, or minimizing cumulative excess ride time in our
model. This fundamental tradeoff between cost and customer satisfaction can be illustrated
by the two tours shown in Figure 1.1. In the top network, the tour is represented as 17 =<
0,4+1,+2,—2,—1,0 >. In this case, the vehicle leaves the depot (or stop 0) and arrives at stop
+1 after one unit of time without waiting and then proceeds to stop +2. Because the vehicle
arrives at this stop before its earliest service time (at seven units of time) it waits for five units
of time. Next, the vehicle travels to stop —2 and arrives at nine units of time. Finally at 11
units of time, the vehicle arrives at stop —1 before returning to the depot. It can be seen that
TT = 7, however this tour requires customer 1 to wait (for 5 units of time) before customer 2
is serviced. An alternate tour T =< 0,+1, —1,4+2, —2,0 > represented by the bottom network

in the same figure has TT = 8, but no customers are required to wait.



Table 1.1: Example Client Table

H ID [ Name [ Address [ Wheelchair H
C216 “Franklin, Amy” L1002 no
C217 | “McCain, Maggie” L013 yes
C218 | “Moore, Thelma” L025 no
C219 “Ellison, Roy” L123 no
C219 “Ellison, Beth” L122 yes

In addition, it can be noted that the cumulative excess ride time for tour 7} is six, i.e.,
ERT=6, which is longer than that of tour 75, i.e., ERT=0. Despite the longer total travel time,
tour 75 gives customers the feeling that they are serviced better. Hence, because of our dual

objective, we require both weights to be strictly greater than zero.

1.4 DARP Data Structure

In our research, a DARP instance is represented by five tables: client, location, vehicle, request,
and model. Each table consists of fields that provide information about the specific set. Two
types of request tables are recognized: the Type A table does not require the specification of
time window and assumes a fixed time window setting for all requests while the type B table

allows a pre-specified time window. The fields for each data set are shown below:

e Client - name, address, wheelchair requirement
e Location - address, geo-coordinates(latitude, longitude) or xy-coordinates
e Vehicle - capacity, wheelchair availability

e Request - client, origin, destination, type, request time, loading time, load and (for type

B), an additional specification for the time window (TW)

e Model - maximum ride time (fixed:M or vary:a, b), time window (fixed:tw, pOff, dOff

or vary), speed, route: H

For illustrations of client, location, vehicle, and request tables, refer to Tables 1.1 — 1.5 respec-

tively. An example model table is shown below:

MRT FIXED 60 TW FIXED 10 0 0 SPEED 30 ROUTE 480

The above example can be described as follows: the maximum ride time for all requests is fixed

at 60 minutes. A fixed time window of 10 minutes is specified for all requests and each time
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Table 1.2: Example Location Table

“ ID [ Address [ x-coordinate [ y-coordinate H

L403 “120 Miller Street” 0.5386713767692366 | 0.0030497183215678625
L247 | “618 N Spring Street” -1.353336878166211 -1.6172067678836877
L102 | “1060 N Trade Street” | -1.9749960225005156 0.824697371443468
L390 | “452 N Cherry Street” | -1.4909464783810047 0.9943576252514399
L390 | “122 Riverside Street” | 1.2439464538500237 0.8043573552514369

Table 1.3: Example Type A Request Table

H ID [ Passenger [ From [ To [ Date [ Time [ Type [ Loading Time | Load H
R314 C242 L131 | L221 | 2003/01/07 | 9:30 P 2 1
R201 C126 L110 | L749 | 2003/01/07 | 8:20 D 1 1
R232 C658 L367 | L237 | 2003/01/07 | 10:30 D 1 1
R879 C940 L231 | L980 | 2003/01/07 | 10:45 P 2 1
R129 C900 L221 | L880 | 2003/01/07 | 10:15 D 2 1

Table 1.4: Example Type B Request Table

H ID ‘ Passenger ‘ From ‘ To ‘ Date ‘ Time ‘ Type ‘ Loading Time | Load | L-TW | R-TW H
R314 C242 L131 | L221 | 2003/01/07 | 9:30 P 2 1 9:20 9:40
R201 C126 L110 | L749 | 2003/01/07 | 8:20 D 1 1 9:00 9:30
R232 C658 L367 | L237 | 2003/01/07 | 10:30 D 1 1 10:45 10:50
R442 C561 L327 | L137 | 2003/01/07 | 10:30 P 1 1 10:00 11:00
R879 C940 L231 | L980 | 2003/01/07 | 10:45 D 2 1 10:40 11:05

Table 1.5: Example Vehicle Table

H ID ‘ Capacity ‘ ‘Wheelchairs H

Vo1 14 0
Vo7 12 1
V10 12 1
V13 16 0
Vo3 23 1
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window is determined by setting pOff = dOff = 0 as described in Section 1.3. In addition, the
average speed for each vehicle is set at 30 miles/hour and finally, the maximum route duration
allowable is 480 minutes.

In our research, a solution to a DARP instance is represented as a complete tour of each
vehicle, where the tour is composed of a sequence of stops visited by the vehicle and a specific
time that the vehicle should arrive at each stop. This solution is represented by a stop table
that has the following fields:

e Stop - vehicle, request, type, location, arrival time, departure time, next stop

For an example of a stop table refer to Table 1.6, which shows the tour taken by vehicle 2

(V02), the sequence of the tour, and the time vehicle 2 arrives and departs from each stop.

Table 1.6: Example Stop Table

H ID ‘ Vehicle ‘ Request ‘ type ‘ Location ‘ Arrive ‘ Depart ‘ Next Stop H

S001 | V02 depot | start |  LOOI 0:00 7:55 5002
S002 | V02 R097 P L110 8:05 8:05 $003
S003 V02 RO97 D L749 8:20 8:20 S004
S004 | V02 R121 P 1100 8:38 8:38 S005
S005 | V02 R121 D 1134 8:50 8:50 S006
1.5 Scope

This research deals with the many-to-many, advanced reservation, multi-vehicle, single-depot,
static DARP. The objectives are to minimize total excess ride time and total travel time.
These are subject to round trip, precedence, coupling, maximum ride time, vehicle capacity,
time window, wait time and route duration constraints.

One of the goals of this research is to develop heuristics to solve the DARP. Insertion
heuristics for the multi-objective DARPs have been studied by Jaw et al. [28], Toth et al. [48]
and Roy et al. [40, 41]. In their algorithms only feasible solutions were considered. Infeasible
solutions were considered in tabu search approaches developed by Cordeau et al. [6] and Nanry et
al. [32] for single-objective DARPs. A significant contribution of this research is the exploration
of both feasible and infeasible insertions for a multi-objective DARP. The exploration of both
types of insertions facilitates comparison of the benefits gained from considering one type of
insertion over the other with regard to the nature of the DARP. A Tabu Search and a Scatter
Search metaheuristic are developed.

To the best of our knowledge, no benchmark problems exist for the DARP model considered

in our research. Therefore, another contribution is made to the literature by the generation of
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benchmark problems. In these problems, a specific policy was considered for the purpose of
evaluating the heuristics that were developed.

Finally, we produce a Graphical User Interface for the visual representation of a DARP
instance and its solution. Besides providing a way to display the tables of the DARP instance,
this tool can also be used to provide an aerial view of stops and the specific routes taken by

each vehicle in the solution.
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Chapter 2

Literature Review

DARPs have been a focal point of research since the inception of the demand-responsive para-
transit service concept. The first few DARP studies conducted by Wilson et al. [52, 50, 51]
focused on developing real-time algorithms for several pioneering paratransit systems. Other
models to facilitate economic planning and efficient operation of these systems were proposed
by Daganzo [8] and Stein [47]. The initial idea was to provide real-time service. However, due
to high operating cost, most Dial-a-Ride systems were turned into reservation-based operations
after the late 1970s. Research on DARPs also shifted to efficient heuristics for solving the static
version of the problem where most requests were known in advance. The following sections

describe algorithms developed for both the single-vehicle and multi-vehicle static DARP.

2.1 Single-Vehicle DARPs

Exact methods using dynamic programming for the single-vehicle DARP are presented by
Psaraftis [36, 37]. The objective function addressed is the minimization of a weighted combi-
nation of total time taken to service all customers and customer dissatisfaction. As is often the
case with dynamic programming, the algorithm can be applied only to small problems since the
computational complexity of the procedure is O(n?3") where n denotes the number of requests.
The largest instance solved using this approach is nine customers. Although single-vehicle
DARPs do not exist in practice, algorithms developed to solve such problems can be used as
subroutines in multi-vehicle DARPs provided the number of customers in each route remains
small.

Sexton et al. [45, 46] introduce an approach based on Benders’ decomposition. The objective
function addressed by these researchers is one that minimizes customer inconvenience, which is
expressed as a linear combination of excess ride time (that is, the time difference between the

actual ride time and the direct ride time of a user) and the deviation from the user’s desired
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drop-off time from the actual drop-off time. DARP instances reported contain request sizes
between 7 and 20.

Van Der Bruggen et al. [49] propose a local search method based on variable-depth search.
The method consists of two phases. In the first phase, a feasible route is constructed and in the
second phase, the route is improved. In both phases, a variable-depth search based on seven
arc-exchange moves is used. The objective is to minimize total route duration. Tests were

conducted on DARP instances with request sizes ranging from 5 to 50.

2.2 Multi-vehicle DARPs

Among the heuristics that have been successfully developed for the multi-vehicle DARP is a
class of insertion heuristics in which requests are inserted into existing routes. This class of
heuristics has been investigated quite extensively in the literature.

One of the first insertion heuristics developed for DARP was proposed by Jaw et al. [28]
called ADARTW (Advanced Dial-A-Ride with Time Window). In ADARTW, requests are
first sorted based on their earliest service time at their origin stops. Each request is then
inserted sequentially into schedule blocks in existing vehicle routes where a schedule block is
represented by a sequence of stops starting and ending at the depot. A vehicle can contain more
than one schedule block. The model considered by these authors imposes one time window at
the origin stop for DPR and one time window at the destination stop for DDR. A maximum
ride time restriction is imposed for each user and is expressed as a linear function with respect
to the direct ride time of the user. In addition, no waiting at a stop is allowed whenever
passengers are aboard the vehicle. Their objective is minimization of total customer disutility
(in particular, the total deviation from request time and ride time). DARP instances tested
involved a randomly generated instance containing 250 requests and a real-world instance with
2617 requests, the largest instance reported to date in the literature. Alfa [1] applies ADARTW
to a small-scale demand-responsive operation in Winnipeg after adding a module to account for
vehicle capacity constraints. Kikuchi et al. [29] develop a parallel insertion heuristic, a variation
of ADARTW. In their algorithm, the notion of schedule blocks is removed.

Toth et al. [48] propose a two-phase algorithm that first inserts requests via a parallel
insertion heuristic (TV) followed by inter- and intra-route exchanges. Further improvements
can be made by applying a Tabu Thresholding algorithm (TT) to the solution obtained. Their
model imposes a limit, proportional to the direct ride time, on the maximum ride time of each
user. One time window is defined for each type of request. In the case of DPR, this time
window is specified at the origin stop and in the case of DDR, the time window is defined at

the destination stop. In addition, the fleet of vehicles considered consists of minibuses and
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special cars where each vehicle may contain various seating capacity constraints. On occasions,
when necessary, taxis can also be mobilized. However, because they are less suitable for the
transportation of disabled persons, a penalty is imposed on their use. The objective is to
minimize the total cost of service. DARP instances of 276 and 312 requests were tested and the
results showed significant improvements over previous hand-made solutions. Besides insertion
heuristics, another commonly used technique developed to solve DARPs is the cluster-first
route-second approach. In this method, requests are first grouped into clusters and economical
routes are then constructed for each cluster. Bodin et al. [3] propose an algorithm using this
approach. Clusters are first formed by grouping users based on their space-time information.
A route is then constructed for each cluster via the single-vehicle algorithm proposed in Sexton
et al. [45, 46] and by swapping requests between clusters. The algorithm was tested on data
extracted from a Baltimore database with 85 requests each.

Dumas et al. [12, 13] propose a mini-cluster first, route second approach. The approach is
similar to cluster-first route-second except that at the first stage, rather than defining clusters
corresponding to all given requests, mini-clusters are formed by grouping nearby customers
who can be transported by the same vehicle over a route segment. At the second stage, fea-
sible routes are then constructed by stringing these route segments via a column generation
algorithm. Numerical results are presented for six test problems obtained from the Canadian
cities of Sherbrooke, Toronto and Montreal. DARP instances of up to 200 requests and 85 mini-
clusters are easily solved. However these authors observed that with larger instances, spatial
and temporal decomposition techniques will have to be employed. Ioachim et al. [27] show that
it is beneficial to use mathematical optimization techniques to globally define the mini-clusters.

While significant progress has been made on multi-vehicle DARPs, very few studies inves-
tigate the use of metaheuristics. The past decade saw the rise of several metaheuristics that
were adopted in other areas to solve many difficult combinatorial problems successfully. Among
those developed for DARPs, Baugh et al. [2] propose a cluster-first route-second approach. In
the model formulation, two time windows are specified for every request; one for the origin stop
and one for the destination stop. Clustering is performed via a simulated annealing implemen-
tation that incorporates the notion of a tabu list, and routing is performed via a space-time
nearest neighbor algorithm. The multi-objective function addressed by these authors is one
that minimizes total distance traveled, customer disutility, and fleet size. Customer disutility
is quantified by the amount of time window violation. A randomly generated DARP instance
of 30 requests and a real-world instance from North Carolina with around 300 requests were
examined.

Nanry et al. [32] develop a reactive Tabu Search implementation. In their formulation,

they consider time window violation, overload violation and total distance traveled. Three
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neighborhood structures are considered. The first removes a request from one vehicle and
inserts it into another. The second swaps two requests from different vehicles and the last
structure re-positions the sequence in which a request is visited. The objective is to minimize
total time traveled. Randomly generated test instances of size 25, 50, and 100 were examined.

More recently, Cordeau et al. [6] develop a Tabu Search with vertex reinsertion heuristic.
The model considered by these authors specifies one time window at the origin stop for DPRs
and one time window at the destination stop for DDRs. The maximum ride time for each user
can either be expressed as the largest deviation from its direct ride time or can be fixed for all
users. In addition, there is a route length constraint associated with each vehicle. The objective
is to minimize total route length. The algorithm was tested on randomly generated instances
with request sizes ranging from 24 to 144 and on six real-world data sets of size 200 and 295
provided by a Danish transporter.

Another area of research is the multi-vehicle dynamic DARP. Madsen et al. [33] develop
an insertion heuristic called REBUS and solve a real-life problem that involves servicing the
elderly and disabled in Copenhagen. Gendreau et al. [16] develop an adaptive memory-based
neighborhood search heuristic where new solutions are explored through a neighborhood struc-
ture based on ejection chain. Another paper that is relevant to DARPs is the study by Fu [14].
In Fu’s formulation, travel times are time-varying and stochastic. For more information on
DARP models, algorithms, and applications, refer to the survey papers by Cordeau et al. [7]

and Desaulniers et al. [9].
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Chapter 3

Exact Algorithm - MILP

The DARP has been proven to be NP-hard. While it may be ideal to develop an exact
algorithm that can solve the DARP optimally, due to the large-sized DARP instances considered
in real-world Dial-a-Ride applications, it is generally not practical in terms of computational
time to develop exact methods to solve the multi-vehicle DARP. Baugh et al. [2] consider
several approaches via integer programming to solve the multi-vehicle DARP using a commercial
optimization package. These authors were successful in solving small-sized DARP instances
of 10 requests. Larger DARP instances were solved using a customized branch-and-bound
approach but the authors reported difficulties in identifying feasible integer solutions when the
number of requests considered grew beyond 15.

Assuming an improvement in commercial optimization packages and since a different model
formulation is considered in our research, we developed a mixed-integer linear programming
(MILP) formulation for our DARP and solved it using a commercial package. Table 3.1 sum-
marizes the notations used in our MILP and the mathematical MILP formulation is shown
below.

We considered DARPs of various sizes and the largest DARP problem size that could be
solved was about 15 customers in 3 vehicles. Since real-world DARP problem sizes are normally
in the hundreds, it can be concluded that the current MILP formulation is inadequate in solving

the multi-vehicle DARP.
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Table 3.1: Notations for MILP

Parameters
N set of requests and |[N| =n
S=8TUS™ | 8T ={+1,+2,...,+n} is the set of origin stops
S ={-1,-2,...,—n} is the set of destination stops
0 depot stop
S SU0
14 set of vehicles and |V| =m
t(i,7) travel time between stops 7 and j
e earliest service time at stop ¢
l; latest service time at stop ¢
load; loading time for request ¢
cw; number of wheelchair places required by request 4
Co; number of ordinary seats required by request i
m; maximum ride time of request 7
w maximum wait time at an origin stop
COy, maximum number of ordinary seats in vehicle k
CWy, maximum number of wheelchair places in vehicle k
H maximum route duration for each vehicle
Additional variables for MILP
Yi arrival time at stop i
mfj 1 if travel from stop ¢ to stop j is on tour k
0 otherwise
wj wait time at stop ¢
nw; number of occupied wheelchair places at stop %
no; number of occupied ordinary seats at stop ¢
T a number larger than the latest drop-off time
Minimize:
Z =% ZZZt(z,j)fo + P (Zy_i — Yy —t(+i,—i)>
ic$ jed kev iEN
Subject to:

Tours leaving the depot

Tours returning to the depot

jest
€S~
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Every origin should be visited

Zzg{:ﬁjzl ie ST

keV jes

A stop is in only one tour

Za:?’i—fo’j:O ieS, keV

JES JES

Origin and destination of a customer are in the same trip

k k .
> v =D 2l =0 i€N, keV
jes jes

Arrival time at a stop must be after the departure time at the previous stop

yj—ijyi+loadi+t(i,j)Zx%— <1—Zmi~cj>’f i,jes

keV keV

yj—wj§y¢+loadi+t(i,j)zx§j+(1—Zx§j>T i,jeS

keVv keV

Wait time constraint at an origin stop

Zj§1 j€S+

ZjSCj j€S+
w; < Wz +T(1 - z5) jest

w; >0 jest

No wait time at any origin stop that is visited immediately after the depot

w; < (1—Zw§7j>T jest

keV
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Wait time constraint at a destination stop
w; =0 j€S

DPR time window constraint at a stop

ei <y <l ieST
DDR time window constraint at a stop

ei <y <l 1€8”
Maximum-ride time constraint

Y—i — Yyi — load; <m; i€ N
Route duration constraint
yi + load; +(3,0) —yo —H < M(1—2fy)) €S keV
Service time at a destination must occur after the service time at its origin for every od-pair
Y_i — Yui — load; > t(+i,—i) i€ ST

Capacity of the vehicle at the start of the trip

nwg = 0

nog = 0

Capacity of the vehicle after visiting an origin stop

nwjznwi—i-cija:ﬁj— (1—fo’j>T ieS jest

keV keV

nwjgnwi—i-cija:ﬁj%— <1—fo’j>T icS jeSt
keV keV
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nonnoi—kconxf;j—(1—Zajﬁj>T ieS jest

keV keV

n0j§n01+coj2xﬁj+(1—Zajﬁj>T ieS jest

keVv keV

Capacity of the vehicle after visiting a destination stop

S SR (B AL EE RIS

kev kev

oy -y 3y - (12 )T des e

keVv kev

kev kev

1€85 j€857

R SN (B RN LT RO
nonnoi—conxﬁj— (1—21‘%)71

kev kev

Number of occupied ordinary seats cannot exceed the maximum ordinary seats available
TLOZSCOk 1€eS keV

Number of occupied wheelchair places cannot exceed the maximum wheelchair places avail-
able
nw, < CW, i€8S keV

In addition,

t=—j, jEN and VkeV
:cﬁj:O whenever i=0, je S and VkeV
j=0, i€ Stand Vk eV

z7€0,1 2N
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Chapter 4
Solution Methodologies

In the previous chapter, we presented a mixed-integer linear programming formulation for
solving the DARP. However, the formulation was found to be inadequate. In particular, the
largest DARP problem size that we were able to solve in a reasonable amount of time was a
15-request DARP instance. While it may be ideal to solve the DARP optimally, any problem
that takes too long to solve is impractical since schedules are generated on a daily basis in the
DARP model that we consider. Instead, we focus on finding approaches that can solve the
DARP in a reasonable amount of time. In this chapter, we discuss the approaches we take
toward solving the DARP via metaheuristics.

Our approach uses a cluster-first route-second strategy. In a cluster-first route-second strat-
egy, requests are first organized into clusters. Economical routes are then developed to schedule
all requests in each cluster. Several researchers have adopted the cluster-first route-second strat-
egy successfully to the Vehicle Routing Problem with Time Window (VRPTW). The DARP
is a generalization of the VRPTW. For examples of applications using the approach, refer to
Gillet et al. [17] and Chapleau et al. [4]. The modular structure of this strategy allows plug-ins
of various possible clustering and routing techniques. Hence, it allows easy experimentation
and exploration of different techniques. Also, this strategy allows “presetting” groups of cus-
tomers who desire to travel together. By assigning these customers to the same vehicle (or same
cluster) this will ensure that they are routed in the same tour. This is a normal occurrence in
real-world Dial-a-Ride systems. In our approach, we consider two clustering techniques; Tabu
Search and Scatter Search. Routing is performed using two insertion heuristics we developed.

In developing our routing techniques, we consider two approaches. One approach is to
disregard solution feasibility during the search for a solution. However, there is no guarantee
that the available fleet size is adequate to service all requests without violating the desired

constraints. In other words, infeasibility is inevitable with the given resources, that is, fleet
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size or driver availability. In which case, it is possible that the final (best) solution may be
infeasible. One way to avoid infeasibility is to introduce alternate transportation, e.g., taxis,
into the original available fleet. Another approach is to ensure feasibility throughout the search.
If a request cannot be assigned feasibly, the request will be left unassigned. Depending on the
policies of the implementing agency, unassigned requests can either be assigned to alternate
transportation or be “turned away.”

In our research, both approaches are explored. Because of the cluster-first route-second
strategy adopted, we were able to explore both approaches by means of developing suitable

routing techniques. The routing techniques developed are:
e insertion router - allow unassigned (IRAU)
e insertion router - disallow unassigned (IRDU)

Refer to Section 5 for the discussions of both techniques. The next few chapters are organized
as follows: In Chapter 5, the routing techniques are presented. Following that, we present the
Tabu Search approach in Chapter 6 and report results obtained. Next, in Chapter 7, we discuss
the Scatter Search approach and present our results. We then compare the algorithms developed

in both approaches over test problems and real-world DARP problems in Chapter 8.
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Chapter 5
Routing Techniques

In the cluster-first route-second approach, requests are first grouped into clusters. Tours are
then generated that route requests in each cluster. In the following sections, we describe two
routing heuristics developed for the DARP described in Section 1.3. Both routing techniques

route via insertion. The two routing techniques can be characterized as follows:

e Insertion Router - Allow Unassigned (or IRAU)

— tour generated is always feasible, that is, all constraints discussed in Section 1.3 are

met

— requests that cannot be routed will be left unassigned since routing the request may

result in an infeasible tour
e Insertion Router - Disallow Unassigned (or IRDU)

— tour generated may not be feasible, that is, some of the constraints may be violated

— no requests are left unassigned

The specification of a time window at each stop can facilitate insertion by quantifying the
time interval in which a stop can be inserted. This time interval is used as a guide to deter-
mine a finite range in time in which the stop can be considered for insertion hence limiting the
number of insertion positions in an existing schedule. Because only one time window is defined
for each request, that is, [e4;,l4;] for DPR and [e_;,[_;] for DDR, a fictitious time window is
created so that each request will have two time windows. The fictitious time window for each

request type can be computed as follows:
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Figure 5.1: A schematic representation of DPR and DDR negotiated and fictitious time win-
dows.

For DPR:
e_; = ey~ load; + t(+i,—i)
l_i = l—l—i + lOCLdi + m;
For DDR:
eri = e_;—m;— load;
l+l' = ;- t(—|—i, —i) — load;

Refer to Figure 5.1 for a schematic representation of DPR and DDR time window param-
eters. Observe that with two time window specifications, regardless of request type, a set of

necessary but not sufficient conditions for feasibility is

e <a; <l

where a; represents the scheduled service start time for stop i. Although the above equation
ensures that the time window is satisfied, it is not sufficient since it is possible that the maximum
ride time constraint is violated. Hence, an additional check must be conducted to ensure that

the maximum ride time constraint is not violated.
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To simplify notation, we adopt the shorthand summarized in Table 5.1 in the discussion
of the routing techniques described in the remaining sections. The insertion or removal of a
request from a tour is thus equivalent to the insertion or removal of two stops representing the

origin and destination stops of the request.

Table 5.1: Notations for the routing techniques.

e earliest service time at stop s;

l; latest service time at stop s;

load; | loading time at stop s;

maximum wait time allowed at each stop
maximum route duration of each vehicle

t(i,7) | the time taken to travel from stop s; to stop s; and
t(i,j) =(distance between stops s; and s;)/speed

RS

D; departure time at stop s;

A; arrival time at stop s; where A; = D1 +t(i — 1,1)
B; planned arrival time at stop s; where B; > A;

W, wait time at stop s;

5.1 Insertion Router - Allow Unassigned

In this section, we propose a router that is capable of scheduling requests via insertion and
enforces feasibility for each qualified insertion. We will refer to our routing technique as In-
sertion Router - Allow Unassigned (IRAU). The insertion of a request, or two stops; one
for the origin and the other for the destination, into a tour is performed so as to minimize
total cost while keeping the ordering of stops already in the tour unchanged. Such an insertion
is only allowed if the insertion of the two stops does not lead to a violation of all constraints
considered, as discussed in Section 1.3, for the new stops and all existing stops in the tour. If
the insertion of any stop leads to a violation, the corresponding request will be left unassigned.
In addition to insertion, since it is required by our clustering technique, this router is also able
to remove a specific request while minimizing infeasibility since it is possible that the removal
of the request may result in the violation of constraints. An error reflecting the infeasibility of

removal of a specific request will be returned. This error is computed as follows:

maximum mazximum route no. of excess no. of excess
error =  wait time  +  ride time 4+  duration + ordinary + wheelchair
violation violation violation seats required places required

Hence, in the evaluation of an insertion or a removal of a request, the following information

is returned:
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e For insertion:

— the cost, as indicated in Equation 1.1, and

— an indicator if request is assigned or left unassigned.
e For removal:

— the cost, as indicated in Equation 1.1, and

— error associated with the removal. If request is removed feasibly, the error is zero.

In the following sections, we discuss how a request is inserted and also how it is removed

from a tour when TRAU is selected as the candidate routing technique.

5.1.1 Inserting a request

The insertion of a request into an existing tour in the IRAU routing technique can be summa-

rized as follows:

1. Find all possible ways in which the request can be inserted into an existing tour.

2. If the request cannot be inserted feasibly into the tour, add the request to the unassigned
list of this tour. Else, insert its origin and destination stop into the positions in this tour

that result in the least cost.

3. Return tour and unassigned list.

Before discussing the details involved in inserting a request, it is important to first under-
stand how a schedule can be shifted forward and backward for all stops preceding and succeeding
some stop ¢ in order to accommodate the insertion of a new stop since the insertion of a request
requires the insertion of an origin and a destination stop. Clearly, time windows impose a limit
on the amount of shift that we can make to all stops already in the tour in order to insert a
new stop at a particular position in the tour. Assume an ordered sequence of stops, say tour
T =< 50,81,.-+,5i,.-.,51,5¢ >, is given, where stops sop and s, both represent the depot.

Assuming load; = 0, Savelsbergh [43] defines the forward time slack of a stop s; as:

Fy=min {l; = | Bi+ Y t(p,p+1) (5.1)
1<j<q i<p<

The forward time slack indicates how long the service time of all stops after stop 4 (inclusive)

can be delayed, without violating the time window requirement of these stops. This amount
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of delay is restricted by the smallest time shift allowed for all stops following stop i(inclusive).

Cordeau et al. [6] uses the fact that

Bj=Bi+ Y tlpp+1)+ > W,

1<p<j 1<p<j

and substitutes the above equation into Equation 5.1 to get

Fy= min ¢ > W,+(l; - By) (5.2)

<5<
=24 i<psy

Equation 5.2 emphasizes the fact that the allowable amount of delay at stop s; is the
cumulative waiting time from stop s; 1 to stop s;, plus the difference between the latest service
time and the earliest service time at each stop. Observe that this equation also generalizes
to the case of non-zero loading time. This gives us a way to compute the allowable amount
of shift that can be made for all stops succeeding the position in which the new stop will be
inserted. We adopt the convention of setting time from the first stop to the last stop. Hence,
when considering the insertion of stop « into position ¢ of an existing tour 1", we can define four
parameters that will determine the amount of forward and backward allowable shifts. They

are:

P = min(l; - B)), (5.3)
J<i
P7 = min(B; —¢)), (5.4)
j<i
St = r}-li? Z W, + (I, — Bj) p, and (5.5)
- 1<p<j
S; = min(B; —¢;). (5.6)
Jjzi

P (S;7) denotes the amount of time all stops preceding (succeeding) stop i (inclusive)

can be delayed or shifted backwards in order to insert the new stop. Similarly, P, (S;)

(2
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represents the amount of time all stops preceding (succeeding) stop i (inclusive) can be ad-
vanced or shifted forward in order to insert the new stop. The new tour becomes T’ =<
80y -y Sim15 0 Siy ey Sql >

Suppose that to accommodate the insertion of a stop we need to delay the service time of
all stops preceding or succeeding stop s; (inclusive) by an amount of SHIFT > 0. There are

three ways to shift stops in a schedule.

1. If all stops preceding stop s;(inclusive) have to be pushed forward by SHIFT > 0, this can
be done by a simple advancement in service time for these stops, that is, B; < B; —SHIFT
for j < i. Observe that with this time shift, the wait time of each stop is not affected
since these stops are shifted by the same amount of time. The subroutine that performs
this shift is shown in Algorithm 5.1.1. aMove (j,i, SHIFT) advances the service time
of all stops from stop j (inclusive) to stop i (inclusive) by SHIFT.

Algorithm 5.1.1 aMove (j,i, SHIFT)

B; — B; — SHIFT
D; = B; +load;
Setk=7+1
Repeat until k =i

B, «+— By — SHIFT

Wi = B — Ay
Dy, = By + loady,
k—k+1

2. If an absolute shift is desired for all stops following stop s;, that is, we need to delay
the service time of all stops from position ¢ onwards; this shifting can be done by setting
Bj < Bj + SHIFT for j > i. Algorithm 5.1.2 shows the subroutine that performs this
shift. bMove (i, j, SHIFT) delays the service time of all stops from stop ¢ (inclusive) to
stop j (inclusive) by SHIF'T.

Algorithm 5.1.2 bMove (j,i, SHIFT)

B; «— B; + SHIFT
D; = B; + load;
Setk=1i+1
Repeat until k = j
By «— By, + SHIFT
Wy = B — Ay,
Dy, = By + loady,
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k—k+1

3. If a delay of SHIFT is only required for stop s;, it is clear that sequentially setting
B; «— B; + SHIFT and Bj < max{Bj, A;} for j > i suffices. However, in the case of
destination stops, we require B; «— B; + SHIF'T and B; < max{ej, A;} for j > ¢ since no
wait time is allowed based on constraint (viii) discussed in Section 1.3. The subroutine
that performs this operation on all stops following stop s; is shown in Algorithm 5.1.3.
cMove (i, j, SHIFT) delays the service time of stop s; by SHIFT and delays subsequent

stops only if the delay in service time of stop s; affects it.

Algorithm 5.1.3 cMove (i, j, SHIFT)

B; «— B; + SHIFT
D; = B; + load;
Setk=1i+1
Repeat until k = j,
If sy is an origin stop
By, «— max {Ay, B}
else

Bk < max {Ak,ek}

Wi = B — Ay,
Dy, = By, + loadg
k—k+1

Inserting request 7 into an existing tour is equivalent to inserting two stops: stop +i (origin
stop) and stop —i (destination stop). Stop +i will be inserted first into the tour to be followed
by stop —i which will be inserted later in the tour after the position in which stop +:¢ was
inserted. There are mainly two ways to view the insertion of these stops; (A) the destination
stop —i and origin stop +i are at least one stop away from each other in the new tour, i.e, after
visiting stop +1i, other stops are visited first before the vehicle services the destination stop —i
or (B) the destination stop —i follows immediately after the origin stop +i in the new tour.

The two cases are summarized below.
CASE A

When the origin and destination stops are inserted into the tour at least one stop away from

each other (with the destination stop occurring at a later position in the tour), we can consider
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@, » +@_A,

Case I (i=1) Case II (i=j) Case III (i=q)

Figure 5.2: Three possible positions to insert stop s; into an existing tour given by <
80y---385,---,8¢ >-

the insertion of each stop separately. In developing our algorithm, we minimize the number of
insertions considered so as to increase the computational efficiency of the algorithm. It is clear
that if the insertion of an origin stop at some position is infeasible, then we will not need to
consider the insertion of its destination stop. There are altogether three ways of inserting a

stop into an existing tour. A stop can be inserted
Case AI - immediately after the (start) depot

Case AII - between other origin or destination stops
Case AIII - immediately before the (terminal) depot

Refer to Figure 5.2 for a schematic representation of the three possible positions to insert a

stop.

CASE B

@, » »

1 VI \ 1 Vil \ 1 Vil
S S S S SN
N

Case I (i=1, k=2) Case II (i=j, k=j+1) Case III (i=q, j=q+1)

Figure 5.3: Three possible positions to insert stops s; and si into an existing tour given by
< 8053855000y 8q >

In this case, we consider the scenario where the destination stop of a request is visited
immediately after its origin stop in the new tour. Observe that if we consider the insertion of

these two stops separately, as in case A, it is possible that we may reject the insertion of its
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origin stop prematurely. Consider the case where we want to insert an origin stop, for example
stop s,, immediately before the origin stop, for example stop s, of some other request in tour
T. Due to the time window requirement of stop s,, the insertion of stop s, may result in
Wy > W since the vehicle will be servicing a passenger when it arrives at stop s,. However, if
both its origin and destination are considered at the same time, the new tour may be feasible.
As in case A, there are three possible ways to insert an origin stop followed immediately by a

destination stop into an existing tour. They are:

Case BI - immediately after the (start) depot
Case BII - between other origin or destination stops

Case BIII - immediately before the (terminal) depot

Refer to Figure 5.3 for a schematic representation of the three possible positions to insert
two stops together, origin stop followed immediately by its corresponding destination stop. The
insertion of two stops can be performed by a two-step procedure using the mini-cases described
in case A with the exception that the schedule will not be rejected except when the schedule
is infeasible after the insertion of a destination stop. The following summarizes the two-step

procedure used in all three cases:

Case BI
e i=1k=i+1

— Insert stop s;: Case Al

— Insert stop si: Case All
Case BII
ei=j, k=i+1
— Insert stop s;: Case All
— Insert stop si: Case Al
Case BII1
e i=q k=1i+1
— Insert stop s;: Case AIl

— Insert stop si: Case AIIl
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Table 5.2: Notations for Figures 5.4, 5.5, and 5.6.

Si stop to be inserted
Case Al) so  S;  Sit1  ovnnv-. Sq+1
Case AII) 10 I Si—1 S; Si41 e Sq+1
Case AIIl) sg ...... Si—1  Si  Sg4l
e; earliest service time at stop s;
l; latest service time at stop s;
load; loading time at stop s;
w maximum wait time allowed at each stop
H maximum route duration of each vehicle
t(i, ) the time taken to travel from stop s; to stop s; and
t(i,7) =(distance between stops s; and s;)/speed
D; departure time at stop s;
A; arrival time at stop s; where A; = D;_1 +t(i — 1,1)
B; planned arrival time at stop s; where B; > A;
W, wait time at stop s;
shift; the amount of time by which the schedule is to be shifted, for j =1,2,...
viol the amount of time window violation
dur the required duration for a detour
Pt (S;) | the amount of time all stops preceding (succeeding) s; (inclusive) can be delayed
P (S;) | the amount of time all stops preceding (succeeding) s; (inclusive) can be advanced

Figures 5.4, 5.5, and 5.6 show the procedures for Cases Al, AIl, and AIII respectively in

the form of flowcharts. The notations used in these flowcharts are summarized in Table 5.2.

The procedure involved in the insertion of a stop in all cases can be generalized as a sequence

of the following steps:

1. Determine if a detour can be made to accommodate the insertion of this stop. This may

require the shifting of stops preceding and/or succeeding the position of insertion. If no

detour can be made, such an insertion is infeasible.

2. Check for violation of the time window of this newly inserted stop. If the time window

is violated, shift stops appropriately to minimize this violation. Continue until either the

time window constraint is met or no further shifting can be done without violating any

constraints.

3. Evaluate the cost of the insertion of this stop. This evaluation includes the computation

of the objective function and the error as described in one of the previous paragraphs.
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Case AL

A

D, =B, - (i, i+1)
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D, =B;-1(0, i)

Is the time
window of s,
violated?

NO

IsB <e?

YES

NO

viol = e, - B,
shift, = min{viol, S*}
cMove(j, q, shift,)
Update D, B,

Y

viol =B, - |,
shift, = min{viol, S}
aMove(i, g, shift))
Update D, B,

Is the time
window of s;
violated?

Infeasible

Is the time
window of s
violated?

shift, = (min{W-W,_,, viol-shift })*
B, = B, - shift,
Update D, D, W, W, ,

NO Is the time

Evaluate Cost

window of s,
violated?

Infeasible

Figure 5.4: TRAU - Case Al
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Case All

dur = (-1, i) + load, + t(i, i+1) - t(-1, i+1) - (B, -

NO Is NO ]
» dur<=P, + > Infeasible
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Di)

Is dur <= 0?7

YES
_ . _ A shift, = min(dur, S*,,;}
D'B_ 13'51 ;tfgalsl) Iss, B'D_ Di; 1L, i) cMove(i+1, g, shift,)
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i stop? B, =D, - load,
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window of s;
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YES ]
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shift, = min{viol-shift,, S*}
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Update B,
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Infeasible

Is the time
window of s;
violated?

Infeasible

shift, = min{shift,, P ,}
aMove(l, i-1, shift,)
Update D, B, D, W, W,
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Figure 5.5: TRAU - Case AIl
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viol =B, - |;
shift, = min{viol, P}
aMove(1, i, shiftl)
Update Dy, Bq+l

Is the time

NO

Case Al
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violated?

Evaluate Cost

viol = e, - B,
shift, = min{viol, P}
bMove(l, g, shift,)
Update Dy Bw1

NO

l

window of s;
violated?
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Is the time YES Iss a
window of s; > destination
violated? stop?

[

YES

shift, = viol - shift,

Is
(x>0 and

B, = B, + shift,
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Figure 5.6: TIRAU - Case AIII
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5.1.2 Removing a request

Besides the insertion of a request as described in the previous section, the routing technique
must also be able to remove a request from an existing schedule. The removal of a request is
equivalent to the removal of its origin and destination stops. Hence, in the following discussion,
we discuss the details involved in removing a stop.

Due to the feasibility requirement, care must be taken in the removal of a stop from an
existing tour since the removal of a stop may result in an infeasible schedule. Just as in the
insertion of a stop as described in the previous section, there are also three ways to remove a

stop from a tour. They are:

Case RI - immediately after the (start) depot

Case RII - between other origin or destination stops
Case RIII - immediately before the (terminal) depot

Generally the removal of a stop creates a break in the tour resulting in some amount of
unaccounted time. This unaccounted time can be reduced by shifting the stops preceding
and/or succeeding the position of the stop to be removed. If this shifting cannot reduce the
unaccounted time completely, the removal is infeasible and an error reflecting this infeasibility
will be returned. An example of such a case is when the middle stop of a sequence of three
pickup stops is to be removed; the removal of this stop may cause the wait time at the last stop
to exceed the maximum allowable wait time. Figure 5.7 shows the procedures involved in the
removal of a stop in all cases, that is, Cases RI, RII, and RIII, in the form of flowcharts. The

notations used to describe these procedures are shown in Table 5.3.

5.2 Insertion Router - Disallow Unassigned

In this section, we discuss a different insertion heuristic. Unlike the insertion heuristic described
in Section 5.1 where feasibility of the solution is maintained throughout the routing process and
requests that cannot be routed feasibly are left unassigned, this new router allows infeasible
solutions during routing and thus, no requests are left unassigned. Requests are assigned
regardless of their violation of any constraints but the final insertion of a request is performed
so as to minimize total violations. We refer to this router as Insertion Router - Disallow
Unassigned (IRDU).

Before moving on with the discussion of this new router, we need to revisit the notion of the
forward time slack representation in Equation 5.2. The forward time slack at stop s; is written

as:
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Table 5.3: Notations for Figure 5.7.

Si stop to be removed

Sps stop immediately preceding s; in the current tour

Sns stop immediately succeeding s; in the current tour
Case RI) sps  Si  Sps oovnnn Sq
Case RII) sg  ...... Sps  Si Sms  ee.n-- Sq
Case RIII) s ...... Sps  Si  Sns

w maximum wait time allowed at each stop

t(i,7) the time taken to travel from stop s; to stop s; and

t(i,j) =(distance between stops s; and s;)/speed

D; departure time at stop s;

A; arrival time at stop s; where A; = D;_1 +t(i — 1,1)

B; planned arrival time at stop s; where B; > A;

W; wait time at stop s;

shift; the amount of time by which the schedule is to be shifted
gap the break in the schedule caused by the removal of s;

P (S | the amount of time all stops preceding (succeeding) s; (inclusive) can be delayed

P (S;) | the amount of time all stops preceding (succeeding) s; (inclusive) can be advanced

Fy=min ¢ > W,+(l;— Bj) (5.7)

i<j<q | . .
1<p<j

F; represents the largest possible delay in service time at stop s; that does not cause any time
window violations at other stops when feasibility must be maintained during insertion. Since
infeasible solutions are allowed during routing, Cordeau et al. [6] suggests replacing (I; — Bj)
by (I; — Bj)™. This new term represents the largest delay in service time at stop s; that will
not cause an increase in time window violations at other stops following stop s;. Even if the
time window for stop s; is not satisfied in the current tour and stop s; occurs after stop s;, the

delay in service time can nevertheless be increased by > W, at stop s; without increasing

1<p<j
the time window violations at stop s;.

However, due to the multi-objective cost function considered in our model, care must be
taken when delaying service time at stop s; so as not to increase cumulative excess ride time

or the violation of ride time. Increasing the start service time at stop s; may increase the ride
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CaseRI Case RII Case RIII

4 4 4

Remove stop s; Remove stop s; Remove stop s;
Link stop Sps tostop s, Link stop S,; tostop s, Link stop Sy tostop s,
4 4 4
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Y Y
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4

shift, = min{gap, P* } bMove(1, ps, P‘ps)
bMove(1, ps, P*pj aMove(ns, q-2, S )
Update D, W, Update Dy, B ;, W,

Is
shift, < gap?

shift, = min{gap-shift;, S .}
cMove(ns, g-2, shift,)
Update B,

A

Evaluate Cost

Figure 5.7: IRAU - Cases RI, RII, and RIIIL.

time of requests whose origin stop is before s; and destination stop is after s;. Taking this into

consideration, a modified forward time slack can be written as

F{ = §(i)+ min § 3" Wy + (min{l; - Bj,m; — P;})* (58)

1<1<q . .
== 1<p<j

where P; represents the ride time of the request whose destination stop is s; if n+1 < j < 2n
and P; = 0 otherwise and §(7) is 1 if no passengers are in the vehicle when the vehicle arrives
at stop s; and (i) is 0 otherwise.

Due to the objective function considered, shown in Equation 1.1, it is clear that if passengers
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are in the vehicle when the vehicle arrives at stop s;, delaying the service time of stops after
stop s; can increase the overall excess ride time. Hence, such a delay is not desired.

It is possible that such a delay in service at stop s; may increase the total route duration
when s; is not the (start) depot. Hence, an additional check must be made to ensure that such

a delay will not increase the overall route duration.

5.2.1 Inserting a request

The insertion of a request ¢, or its origin and destination stops, into an existing tour can be

summarized below. (modification of Cordeau et al. [6]).

1. Find all possible ways (j,k) and j < k of inserting the origin and destination stops of
request ¢ into the tour and compute the schedule (after inserting these two stops) as
follows:

(a) Set Do =e; —t(0,1) (departure at start depot)

(b) Forl=1,...,q— 1, update A;, By, W; and D

(c) Set By = Dy—1 +t(q—1,q) (arrival at end depot)

(d) For each origin stop s;

i. Compute I, Wr =3, W, and Hr = max {0, H — (By — Do)}
ii. Set B; < Bj + min {FJ', Wr,Hr}; Dj — Bj + load,
iii. Update By, D; and W for each stop s; for [ > j in tour v

(e) Compute COSTj,
2. Insert the origin and destination stops of request ¢ into positions (j, k)* where

COSTE’#k)* = mvin <min {min C’OST(J-’,C) }>

J» j k>

5.2.2 Removing a request

Removing a request from a tour involves the removal of two stops: its origin and destination
stops. Once the two stops are removed, the route is reconnected by linking the respective
predecessor and successor of each deleted stop. This is followed by performing Steps 1d(i) to

(iii) from Section 5.2.1 for each origin stop s; that is scheduled after the removed origin stop.
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Chapter 6

Tabu Search

In the previous chapter, we proposed two routing techniques, i.e., IRAU and IRDU, developed
for the DARP as part of the cluster-first route-second approach, refer to Chapter 4 for discussion,
considered in our research. In this chapter, we propose a clustering technique; clustering is
performed via a Tabu Search algorithm.

Tabu Search (TS) is a point-based search scheme proposed by Glover [18, 19] and inde-
pendently by Hansen [26], who called it the steepest ascent, mildest descent method. For an
in-depth tutorial and surveys of TS, refer to Glover [18, 19, 23]. TS has been applied success-
fully to solve many combinatorial optimization problems. Glover [23] briefly surveys some of
these applications, including; employee scheduling, probabilistic logic problems, space planning
and architectural design, and neural network pattern recognition. To the best of our knowledge,
two TS algorithms have been developed for the DARP.

Nanry et al. [32] develop a reactive T'S implementation. In their formulation, they consider
time window violation, capacity violation and total distance traveled. Solutions that violate
time window and vehicle capacity constraints are allowed during searches. A single objective is
considered, i.e., to minimize total time traveled. Randomly generated test instances of size 25,
50 and 100 were examined. The CPU times on an IBM RISC 5000 for all problems considered
ranges from 0.001 to 19.18 minutes.

More recently, Cordeau et al. [6] develop a TS with vertex reinsertion heuristic. In their
formulation, these authors consider time window violation, vehicle capacity, maximum route
duration and maximum ride time constraints. The same objective sought by the authors above
was considered, i.e., to minimize total distance traveled. The algorithm was tested on randomly
generated instances with request sizes ranging from 24 to 144 and on six real-world data sets
of size 200 and 295 provided by a Danish transporter. The CPU times on a Pentium 4, 2GHz

computer for all problems considered ranges from 1.9 to 267.82 minutes. As indicated by these
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authors, the consideration of maximum ride time and maximum route duration constraints in
their formulations significantly complicates the evaluation of the neighborhood thus explaining
the considerable computational effort observed.

The DARP modeled in our research is motivated by our experience working with transit
agencies and also studies of real-world Dial-a-Ride systems considered in the literature [1, 2, 33,
48]. Several features set our model apart from those covered in the papers mentioned above.
One difference is the multiple, competing, and often non-commensurate objectives considered
in our model; only one objective is considered by these authors. As illustrated in Section 1.3,
improving one objective can significantly worsen a competing objective. Hence, besides having
flexibility in determining the types of schedules generated to reflect the policy considerations of
the agency, the different competing objectives considered can better characterize the problem
because in a real-world, the agency seeks to minimize system cost while not neglecting cus-
tomer’s satisfaction. Another difference is the specification of waiting at each stop while the
vehicle is transporting passengers. On the one hand, disallowing waiting greatly constraints the
type of schedules generated. On the other hand, no restriction on the amount of wait can result
in an unchecked amount of idling. In addition to the specification of the maximum allowable
waiting at any stop, no waiting is allowed at destination stops while the vehicle is transporting
passengers. It is felt that while waiting is tolerated by passengers as new passengers are picked
up, waiting at a destination stop is equivalent to keeping a customer in the vehicle even though
the vehicle has arrived at the destination. Hence, it is not allowed in our model.

In the following sections, we introduce the TS algorithm that we developed for the version
of DARP considered.

6.1 Fundamentals of Tabu Search

Starting from an initial solution, a TS moves to the best solution in the neighborhood. It
continues to move from one solution to another until a stopping criterion is met. The unique
characteristic of TS is its ability to use memory to guide the local descent search method beyond
local optimality. When a local optimum is encountered, a move to the best neighbor is made
even if this may cause a deterioration in the objective function value. This move is possible
due to the notion of a Tabu List. The Tabu List records attributes of recent moves made
and prohibits any repetition of such moves to prevent cycling. The duration that an attribute
remains taboo is referred to as the Tabu List Tenure (or TLT). A special degree of freedom to
overrule a taboo status of a move is possible by means of an aspiration criterion. If the present
objective function value is better than the best objective function value found thus far, the

aspiration criterion allows the descent method to move to this better solution.
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6.2 Creating an initial solution

It has been shown by Ponterosso et al. [35] that metaheuristics, in general, benefit from starting
with a good initial solution. Hence, it is desirable to develop a good initial solution generator.
In view of the solution approaches, as shown in Section 4, an initial solution generator that
complements both approaches is required. In particular, if all constraint requirements, as
shown in Section 1.3 for constraints specification, must be met, the initial solution should
reflect this criterion. Basically, if it is not possible to assign a request so that no constraints are
violated, the request will be left unassigned. On the other hand, if all requests must be assigned
regardless of constraint violations, then it is desirable that no requests are left unassigned in
the initial solution. In addition to the approach consideration, the issue of resource utilization
is also taken into account. Utilizing a minimum number of vehicles to service requests frees up
other vehicles and thus drivers for secondary assignments. Even though minimizing fleet size
is not defined formally as part of our objective, it is reasonable to assume that excessive usage
of resources should be avoided. The number of vehicles employed in the initial solution will
provide an upper bound on the number of vehicles required to service all requests. Naturally,
the maximum number of vehicles available will serve as an absolute upper bound.

In developing an initial solution generator, an additional requirement is that the generator
must be repeatable and be able to generate different solutions given a different start seed.
This requirement is an important feature since it allows a modeler the ability to reproduce a
particular solution, if needed, for further investigation or experimentation.

The initial solution generator developed in this research employs the routing techniques
IRAU and IRDU (as presented in Section 5) to create an initial solution. The choice of router
invoked is dictated by the scenario considered. There are essentially two phases to the generator:
the first phase prioritizes requests while the second phase searches for the best feasible insertion
of a request. This two-phase procedure utilizes a framework similar to insertion heuristics [28,
33] developed for the DARP.

Requests are first sorted in such a way that requests to be inserted first are given a higher
priority. A rank is generated for each request to determine the order of insertion. A lower
rank denotes a higher priority. The rank is computed based on a linear combination of two

characteristics of each request: earliest service time and the length of the time window.

Earliest service time - A request with an earliest service time at a stop that occurs before other

stops, should be assigned ahead of these stops in the tour. For a DPR, this will be the earliest
service time at its origin stop. For a DDR, this will be the earliest service time at its destination

stop.
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Time window - Narrow time windows are more difficult to satisfy than wide ones. As a result,
requests with narrower time windows are assigned first. Hence, the rank of request ¢ can be
computed as:

rank; = ¢y * e; + co * tw;

where ¢1, ¢z € [0, 1].

Our initial solution generator can be described as follows: Requests are first sorted in non-
decreasing order of their rank. Starting with a single vehicle, each request is inserted into the
tour based on the best feasible insertion in the order of its rank. If it is infeasible to insert a
request into the existing vehicles, increase the number of vehicles by one and insert this request
into the new vehicle. Continue this process by assigning each request in the tour that minimizes
cost. If the maximum number of vehicles has been employed and if it is not possible to insert
a request feasibly in the existing tours, the request should be left unassigned if feasibility must
be met. On the other hand if it is important that all requests be routed, then the request will
be routed in the vehicle that results in the least constraint violations.

Note that the choice of ¢; affects the rank of a request. Fixing the values of ¢; allows the
generation of the same solution which satisfies the repeatability requirement while randomly
setting the values of ¢; creates a more arbitrary ranking and hence, the possibility of a different
schedule since the order in which a request is inserted affects how tours are generated. However,
in the case where tw; is fixed for all 7, changing the values of ¢; and ¢y will not affect the rank
of a request. In this case, we define co = rand(0,0.1) for each request i« where rand(a,b) denotes
a randomly generated real number with value between a and b. This random value can be

created with a specific seed, hence ensuring repeatability of the initial solution generator.

6.3 Neighborhood Structures

The neighborhood, defined as a set of solutions which are a small perturbation from the current
solution, to be considered determines the search region during each iteration of TS. Three
neighborhood structures are considered in our algorithm. They are: (1) Single Request Move
(SRM), (2) Paired Request Swap (PRS) and (3) Stops Swap. In all neighborhoods, the removal
of a request from a vehicle is performed via the removal procedure described in the respective
routing techniques. The same procedure is used for insertion. Refer to Section 5 for the routing
techniques discussion.

A large search region may allow more solutions to be explored but is computationally
expensive. Short-term memory structures are implemented to record move attributes for each

neighborhood structure. The three neighborhood moves are discussed below:
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Single Request Move (SRM)

SRM involves moving a request from its original vehicle to an alternate vehicle while leaving the
vehicle assignment of the remaining requests unchanged. A single request move is performed
by first removing the request, or its origin and destination stops, from the vehicle it is assigned
to and then inserting the request into the best possible positions in the new tour. The removal
and insertion of stops are performed using the respective routing technique employed. The
number of neighborhood solutions considered in each iteration is of O(mn) with m vehicles and
n requests.

The Tabu List structure for SRM is expressed as an n X m matrix.

vl - vj cee vm
1
TLspmy = i | TLspum (4,7)
n

The entry T'Lggas (i, 7) represents the sum of the iteration at which request i was assigned
to vehicle j plus TLT. Hence, request ¢ cannot be moved to vehicle j whenever the current
iteration, say k, is such that

k < TLsgu (i,7).

It should be noted that this move is the only neighborhood structure considered that can result

in a reduction of the number of vehicles utilized.

Paired Requests Swap (PRS)

Swapping requests 7 and j entails removing request ¢ and j from their original tours v; and v;
respectively where v; # v; and then inserting requests 7 and j into the best point of insertion
in the tour of vehicle v; and v; respectively. The Tabu List structure for PRS is expressed as

an n X n matrix where n represents the total number of requests.
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TLprs = i | TLprs (i,7)

n

The entry TLprg (i, ) represents the sum of the iteration at which request ¢ and request j
were swapped plus TLT. Hence, request ¢ and j cannot be swapped again whenever the current
iteration, say k is such that

k< TLpgs (i, j).

If ni,no, ..., n,y, represent the number of requests currently scheduled in vehicles 1,2, ..., m and,
without loss of generality, assume that n1 > ny > ... > n,,, then the number of paired swaps
considered in each iteration is O(m(n;)?) given m vehicles. Observe that every swap invokes
the router twice. Hence, it is computationally expensive to consider all pairs of swaps. Instead
of considering every pair, vehicles are randomly partitioned into groups and a local search is
conducted in each sub-neighborhood. Naturally, the computational effort is dependent on the

DARP problem size and the number of vehicles utilized.

Stops Swap Move (SSM)

SSM is applied to improve the route ordering in each tour by swapping two stops within a tour.
Swapping of stops alters the ordering of stops within a tour. This allows the exploration of
other possible stop sequences which in turn allows the determination of the best stop ordering
of a given tour for the neighborhood structure considered. Improvement made is reflected either
in the reduction of existing infeasibilities or the minimization of the overall objective function
value. However, care must be taken when swapping stops to ensure the meeting of precedence

relations of each od-pair. Refer to Section 1.3 for constraint specifications.

6.4 Intensification and Diversification Strategies

Intensification in TS allows exploitation of the neighborhood while diversification encourages
exploration of the search space. From an initial solution, the solution undergoes a hierarchical
employment of the neighborhood structures of SRM followed by PRS. From informal exper-
imentation, it was found that the application of SSM does not improve the solution quality

when the IRDU routing technique is employed. However, an improvement in solution quality
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is observed when the IRAU routing technique is applied. Hence, SSM is invoked whenever a
new best solution is identified after each neighborhood search when IRAU is employed as the
routing technique.

At each iteration, intensification is carried out by moving to the best neighboring solution
found as long as the move is not on the tabu list. However, a taboo move is allowed if the
new solution is the best found so far. As the current solution is being updated, attributes
pertaining to each move is updated in the Tabu List. Intensification of each neighborhood
terminates when a previously specified number of unimproved solutions are encountered and in
the case of a local search, intensification stops whenever there are no improvements. If no new
solution is found after one round of intensification, diversification takes place. Diversification
is carried out by randomly swapping requests from one vehicle with at most two other vehicles
in the best solution. It has been observed that while performing too few swaps does not allow
for sufficient diversification, performing too many swaps increases the likelihood of infeasibility.
From informal experiments, the number of swaps performed between vehicles ¢ and j, where n;

and n; denote the number of requests respectively, is defined by

min (m, [min (n;,n;)/4]) when IRAU is applied

min (m, [min (n;,n;)/2]) when IRDU is applied

From the diversified solution, another round of intensification is performed. The different

neighborhoods are investigated in succession repeatedly until a stopping criterion is met.

6.5 Stopping Criteria

Like most heuristics, the specification of a stopping criterion at which the heuristic will termi-
nate must be determined. Several types of stopping criteria exist. Possible stopping criteria

are:

e the current iteration is equal to the maximum allowable iterations

e the number of unimproved solutions equals the maximum allowable unimproved solution

count

e the execution time exceeds the maximum allowable execution time

In our case, the algorithm terminates whenever the number of iterations equals the maximum

allowable iterations.
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6.6 Tabu Search Framework

The notations used to describe our TS metaheuristic are shown below. This is followed by an

outline of the TS framework.

Symbol Description

S a DARP solution
x* best global solution
x best local solution
f(s) cost of solution s as expressed in Equation 1.1

Algorithm 6.6.1 TS

[Input] routing techniques: IRAU or IRDU
stopping criterion: §)
parameters: c1, ¢a, SRM_TLT and PRS_TLT

[Output] returns best solution found

[TS1] Initialization
Initialize tabu lists with parameters SRM_TLT and PRS_TLT
Define neighborhood-type as follows:
0 - SRM
1-PRS
neighborhood-type = 0
u=20
[TS2] Generate an initial solution s using the initial solution generator with ranking
parameters ¢; and cg
[TS3] Update z* «— s and z « s
[TS4] Intensification
qg= 10
w=1
while(q < w or Q is not met)do
Search neighborhood-type. For each solution s
if ((s is tabu but f(s) < f(«*) or (s is not tabu but f(s) < f(x) )) then
T —s
end if
if(f(x) < f(z°)) then
¥ —
qg= 0.
else
q=q+ 1
end if
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Update tabu status
end while
[TS5] If 2 is met, go to step [TS10]
[TS6] Invoke SSM neighborhood search when a new best solution is found
if IRAU is employed
[TS7] if(a best global solution is updated since the last neighborhood search) then

u =0
else

u=u -+ 1
end if

[TS8] neighborhood-type = (neighborhood-type + 1) mod 2
[TS9] Diversification
if(u = 2and € is not met) then
create a new solution s
go to step [TS4]
end if
[TS10] Terminate TS and return the best solution

The sequence of steps described in the TS framework can be summarized as follows: The
algorithm is first initialized in Step [T'S1]. In Step [T'S2], an initial solution is generated via
the initial solution generator described in Section 6.2 and the solution is then updated as the
best global solution in Step [TS3]. Step [TS4] is the intensification phase of TS. The algorithm
continues searching! in this neighborhood until either more than one unimproving solutions are
encountered or the stopping criterion for the algorithm is met. As indicated in Step [TS5], if
the latter is true, Step [T'S10] is invoked and the algorithm terminates. If IRAU is the routing
technique selected for the run, SSM is invoked in step [T'S6]. In Steps [TS7] and [TS8], u
is updated followed by the neighborhood-type. Step [TS9] is the diversification phase of TS.
Diversification is invoked as long as u = 2, that is, no better solution (when compared to
the best) is found when the two neighborhoods (SRM and PRS) are considered consecutively,
and the stopping criterion is not met. After diversification, intensification takes place. The
algorithm terminates whenever the stopping criterion is met. The best solution is returned as
indicated in Step [T'S10].

ITwo forms of searches can be selected; searches can be performed either via first search or best search. Unlike
best search where all neighboring solutions are considered before the best solution is identified, in first search,
the first solution found that is better than the current solution is selected. From informal testing, it was found
that when comparing the two search selections, best search produces higher quality solutions than first search
when the algorithms are allowed to run for the same amount of time. As a result, only best search is considered
in subsequent experiments.
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6.7 Results

As discussed in Section 4, the two approaches for solving the DARP considered are:
Approach 1

Every solution must be feasible. Requests that cannot be serviced without violating any con-

straints will be left unassigned. This is carried out using the algorithm TSIRAU.
Approach I

Solutions need not be feasible but all requests must be assigned. This is carried out using the
algorithm TSIRDU.

6.7.1 Random DARP instances

To the best of our knowledge, no test instances are available in the literature for the version of
DARP studied in our research. To analyze the behavior of our algorithms developed for the two
approaches, we have constructed a 30-request and a 150-request DARP instance. The instances
are constructed in such a way that a feasible? solution with the given resources exists. This
is particularly important in the case of Approach I where it is possible for requests to be left
unassigned. Knowing in advance that the available resources (i.e., fleet size) are sufficient to
meet the demand (i.e., all requests can be assigned), we can verify that the algorithm is indeed
capable of routing all requests.

The DARP instances are constructed via a random DARP instance generator described in

Appendix A.1. The characteristics of the two instances are summarized in Table 6.1.

6.7.2 Objective Function

The objective function dictates how the algorithm searches the solution space. The objective

function, as shown in Equation 1.1 is given as

COST =TT+ YERT

where n,v% > 0, TT, and ERT denote the total travel time and excess ride time? respectively.

2We define the feasibility of a solution as one which meets all the constraints defined in Section 1.3
3The units for TT and ERT are reported in minutes in this research.
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Table 6.1: Characteristics of randomly generated DARP instances

DARP instance U30 U150
Service area (miles?) 16 16
Number of requests n 30 150
Type of request randomly | randomly
generated | generated
Time window (minutes) 10 10
Loading time (minutes) 5 5
Number of vehicles m 3 10
Vehicle average speed (miles/hour) 20 20
Number of ordinary seats 4 4
Number of wheelchair places 2 2
Average wait time (minutes) 30 30
Maximum ride time (minutes) 60 60
Maximum route duration (minutes) 480 480
Minimum trip length (minutes) 1.52 0.20
Maximum trip length (minutes) 13.99 13.99
Average trip length (minutes) 6.11 6.25
Number of DPRs 13 75

Even though the objective function can be set to be biased toward an objective, the objectives
of the solution are not necessarily commensurate with the weight set. This is due to the fact
that the different objectives are not commensurate. Hence, a weight set of n = 1 and ¥ = 1
does not necessarily yield a solution where TT~FERT.

A tradeoff curve can be generated to explore the nature of the weights and how they con-
tribute to the objective function. Based on the tradeoff curve, a set of suitable weights, for
the specific data set, can then be selected according to the policy considerations of the agency.
It should also be noted that like other math programming techniques, the algorithms work in
such a way that two sets of weights may yield the same exact solution if they are proportional
to one another, and when they are executed with the same random seed.

In the following sections, we conduct several experiments to gain insight into the perfor-
mance of each algorithm on different sized DARP instances. For both algorithms, based on
informal experimentations, we found the parameter settings shown in Table 6.2 to consistently
produce good solutions.

The stopping criterion chosen in both algorithms were determined based on a tradeoff
between computational effort and the quality of solutions. Both TSIRAU and TSIRDU are
implemented in Java and compiled with the -O option. This option optimizes the byte-codes

generated by the compiler resulting in quicker executions.
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Table 6.2: Parameter settings for TSIRAU and TSIRDU algorithms

TLprs ......... 10 + n/m
(TSIRAU) Q... 4 x 10?
(TSIRDU) Q... 2 x 102

Stopping criterion: ) denotes the maximum
number of iterations considered

Table 6.3: Non-dominated solutions from tradeoff curve shown in Figure 6.1

TT ERT
100.03 | 337.15
117.19 | 309.70
130.67 | 299.35
167.00 | 289.23
176.83 | 279.06
210.76 | 267.41
261.45 | 258.89
298.10 | 255.21
336.81 | 254.38
436.89 | 249.03

6.7.3 Generating and Using Tradeoff Curves

By varying weights on the objectives and applying TSIRAU (for Approach I') and TSIRDU (for
Approach II) algorithms starting from different (randomly seeded) initial solutions, tradeoff
curves for both U30 and U150 are obtained. The results obtained after applying the TSIRAU
and TSIRDU algorithms to U30 are shown in Figures 6.1 and 6.2, respectively, while those
for U150 are shown in Figures 6.3 and 6.4, respectively. The different symbols on the graphs
represent solutions obtained with different sets of weights. Non-dominated solutions* from
Figures 6.1-6.4 are reported in Tables 6.3-6.6 respectively; these solutions appear as points on
the dotted line in the tradeoff curves and the tables report approximately evenly spaced (with
respect to ERT') solutions.

Observe that different portions of the tradeoff curve depict certain operational policies

and the solution chosen generally reflects the policy consideration of the transit agency. For

4Solutions that dominate other solutions but not themselves are called non-dominated solutions. We say a
vector & dominate [5] a vector ¥ if (1) & is at least as good as ¥ for all objectives, and (2) & is strictly better
than ¢ for, at least, one objective.
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Figure 6.1: Tradeoff curve between total time traveled (TT) and excess ride time (ERT) gen-
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Figure 6.2: Tradeoff curve between total time traveled (TT) and excess ride time (ERT) gen-
erated for U30 using the TSIRDU algorithm
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Table 6.4: Non-dominated solutions from tradeoff curve shown in Figure 6.2

T

ERT

84.19
91.79
120.98
154.95
184.94
222.55
241.75
282.18
322.77
323.25
345.68
379.13

328.21
307.25
297.57
284.46
271.50
261.78
259.27
252.38
248.21
247.30
244.67
237.86
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Figure 6.3: Tradeoff curve between total time traveled (TT) and excess ride time (ERT) gen-

erated for U150 using the TSIRAU algorithm
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Table 6.5: Non-dominated solutions from tradeoff curve shown in Figure 6.3

TT ERT
217.88 | 1522.59
335.10 | 1414.02
479.56 | 1332.13
755.69 | 1269.60
915.92 | 1228.28
1150.76 | 1156.78
1371.51 | 1140.04
1839.21 | 1114.87
1986.29 | 1084.97
2215.90 | 1076.33
2355.76 | 1055.90
2532.70 | 1053.10
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Figure 6.4: Tradeoff curve between total time traveled (TT) and excess ride time (ERT) gen-

erated for U150 using the TSIRDU algorithm
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Table 6.6: Non-dominated solutions from tradeoff curve shown in Figure 6.4

TT ERT
179.50 | 1477.75
245.34 | 1401.20
369.59 | 1322.66
481.50 | 1230.81
703.55 | 1176.96
888.83 | 1118.78
1126.48 | 1061.55
1796.24 | 1039.09
1918.59 | 1014.02
2447.04 | 1009.48

example, the top-left portion of the curve depicts a policy with high-level service emphasis
while the lower-right portion of the curve depicts the situation where no level of service is
implemented and the agency’s main aim is to minimize system cost. Hence, the tradeoff curve
provides a means to investigate the nature of the data and allows a dispatcher to determine
a region which best represents the policy consideration of the agency. Typically, a modeler
chooses a non-dominated solution from the tradeoff curve that best reflects the goals of the

agency.

6.7.4 Variability Analysis

In this section, we investigate the variability of solutions generated when applying the TSIRAU
and TSIRDU algorithms to the test problems, that is, U30 and U150. A side-effect of any
practical heuristic is the variability of solutions obtained from different runs. However, with a
properly selected stopping criterion, this variability should be small. Let us consider a hypo-
thetical situation in which a policy maker has carefully examined the tradeoff curves shown in
Section 6.7.3 and would like to use the algorithm to obtain a particular schedule that meets
a certain policy. In particular, he would like to investigate the policy consideration in which
objectives TT and ERT have about the same value. It is important to note that this particular
policy considered is possible due to the nature of both U30 and U150 as depicted by the trade-
off curves. From the four tradeoff curves shown in Figures 6.1 — 6.4, this policy is achieved by
setting the set of weights for both instances as shown in Table 6.7.

For the policy under consideration, we seek to find a solution that minimizes the cost, that
is, COSTpo; = TT+ ERT, and satisfies the additional specification shown in Equation 6.1.

min {TT, ERT} > 0.9 max {TT, ERT} (6.1)
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Table 6.7: Weight sets identified for U30 and U150 to achieve the policy consideration where
both objectives are approximately equal in value

Algorithm | Instance | n | ¥
TSIRAU U30 31| 5
U150 9 |2

TSIRDU U30 31| 5
Uls0 |11 ] 2

Because the weights shown in Table 6.7 are used to guide the search and since the selection
criteria are not specifically implemented in the algorithms, it is possible to generate solutions
that do not satisfy the criteria. In our experiments, the solution with the minimum objective
function value that satisfies the selection criteria is chosen.

Both algorithms TSIRAU and TSIRDU were run on U30 and U150 once for 22 iterations.
Table 6.8 reports the percentage above the final solution obtained at 272Q, 271Q, and 2°Q
iterations. Here, () represents the pre-specified stopping criterion for each algorithm. In a
separate experiment, we ran each algorithm on each instance for 10 runs each starting from
arbitrary initial solutions. Table 6.9 reports the objective values and cost of the best solution,

identified during the experiment. CPU times are in minutes on an Athlon XP 2600+.

Table 6.8: Results over varying fractions of stopping criterion generated by the TSIRAU and
TSIRDU algorithms when each algorithm is applied once over U30 and U150 DARP instances

Instance | Algorithm | Vehicles | % above final solution found in run Final Solution
2770 [ 2710 2°Q) TT ERT Costpor
U30 TSIRAU 3 0.84 0.00 0.00 261.38 266.56 527.94
TSIRDU 3 2.78 2.78 2,78 257.34 255.47 512.81
U150 TSIRAU 10 25.96 | 12.92 5.69 1189.29 | 1049.51 | 2238.80
TSIRDU 10 26.23 | 11.53 3.83 1084.37 | 1076.54 | 2160.91

From Table 6.9, it can be observed that the result is on average 2.81% from the best obtained
in each experiment. Observe that the objectives, TT and ERT, are consistent with and reflect
the policy selected based on the weight sets chosen for this experiment. It can also be deduced
from Tables 6.8 and 6.9 that in general, better results can be obtained when the algorithms are
run for a greater number of iterations. Nevertheless, solutions of very good quality are obtained
for the prespecified stopping criterion for each algorithm.

It can also be observed that TSIRDU produced better results than TSIRAU for U150.
However, it can be noted that TSIRAU converges earlier than TSIRDU. When dealing with
larger sized DARP instances, this is a plus since with any practical heuristic, a tradeoff between

time and solution quality is an important consideration.
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Table 6.9: Analysis on the variability of solutions generated by the TSIRAU and TSIRDU

algorithms
Instance | Algorithm | Vehicles Run’s Best Solution Average? Standard Average
T ERT COST,,, Deviation® | CPU (min)

U30 TSIRAU 3 265.35 266.83 532.18 4.62 2.82 0.61

TSIRDU 3 251.62 278.51 530.13 3.16 3.54 0.78

U150 TSIRAU 10 1190.76 | 1202.51 2393.27 2.70 1.92 4.55

TSIRDU 10 1118.53 | 1068.63 2187.16 0.76 0.87 12.30

Average 2.81 2.29 4.56

! COSTyo = TT+ ERT

2 Average deviation (in percent) from best solution obtained during the run for all solutions found. Here,
deviation = 100 x ‘f%*f*' where f =nTT+ ¢YERT, and f* denotes the best solution found during the run.

3 Standard deviation of computed deviations.

6.7.5 Performance Analysis

Heuristics developed for large optimization problems are often evaluated empirically, i.e., by
applying the algorithm to an existing collection of specific instances and then comparing the
observed solution and computational burden generated by existing algorithms in order to deter-
mine the performance of the heuristic developed. Refer to Rardin et al. [39] for a tutorial on the
experimental evaluation of heuristics. Unfortunately, due to modeling variants and algorithm
specifics, such a collection of instances for the version of DARP considered in this research is
not available. In evaluating the performance of the algorithms developed, both algorithms were
run over (a) a carefully constructed DARP instance with a built-in optimal solution and (b) a
real-world DARP instance that has been previously studied and published by Baugh et al. [2].

In the following paragraphs, a summary of the above mentioned DARP instances will be

given followed by a report of the results obtained.

Opt32 DARP Instance

Appendix A.1 describes the details involved in the construction of the data set. In creating
Opt32, the parameters n = 32, m = 4, and » = 1 are used. The request table is summarized
in Table 6.10. The optimal solution can be described as follows: Four vehicles are utilized and
eight requests are serviced by each vehicle. Each tour starts (at the same time) from the depot
and requests are serviced in the fashion of picking up request ¢ and then request j followed
by the dropping off of request ¢ and then request j until all eight requests are serviced before
returning to the depot. Figure 6.5 shows the circular tours represented in the optimal solution.

Options exercised when running the algorithms are shown in Table 6.11.

59



Table 6.10: Summary of Opt32 and Opt80 request database

Instance Opt32 | Opt80
No. of requests 32 80
No. of available vehicles 4 4
No. of DPRs 32 32
5
4 q
3
2 [
1
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0 @ @
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1
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‘ Stops @ First stop @ Last stop XDepot‘

Figure 6.5: Tour pattern in the optimal solution of Opt32

Opt80 DARP Instance

Opt80 is created in the same manner as Opt32. The parameters used are n = 80, m = 4, and
r = 10. The request table is summarized in Table 6.10 and options exercised when running the

algorithms are similar to that for Opt32. Refer to Table 6.11 for options.

Real-world DARP Instance

The real-world DARP instance used in our study was provided by the Winston Salem Transit
Authority (WSTA) in North Carolina and is the same data set previously studied by Baugh et
al. [2]. The data set reflects the request demand for March 14, 1995. Table 6.12 summarizes
the data.

Several observation should be noted here:

e Many requests are short trip requests. Many customers are senior citizens who live close

to the hospital and day care center.
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Table 6.11: Parameter settings on TSIRAU and TSIRDU for Opt32 and Opt80

Time Window .................. 20 minutes
Vehicle Capacity (all vehicles). .. 4 ordinary seats
................................ 2 wheelchair places

Average Speed ................. 60 miles/hour
Fleet Size ................... ... 4

Maximum Ride Time........... 60 minutes
Maximum Wait Time........... 30 minutes
Maximum Route Duration...... 480 minutes

Table 6.12: Summary of WSTA request database

Number of requests 332
Number of available vehicles 15
Number of DPRs 147
Number of DDRs 175

Minimum trip length (minutes) | 0.10
Maximum trip length (minutes) | 21.27
Average trip length (minutes) 3.84

e Most of the morning requests are DDRs and many of the afternoon requests are DPRs.

Many of these are round-trip requests.
e Several of the requests contain the same od-pair.

The reader is referred to Baugh et al. [2] for a more complete discussion of the data set.
These authors develop a cluster-first route-second approach where clustering is performed via
a simulated annealing algorithm that incorporates the notion of a tabu list and routing is
performed via a space-time nearest neighbor algorithm. In the model formulation, two time
windows are specified for every request; one for the origin stop and one for the destination
stop. Due to the specification of a fictitious time window (besides the negotiated time window)
modeled in our algorithm, as discussed in Section 5, we were able to accommodate this two-
time-window requirement modeled by these authors.

The multi-objective function addressed by these authors is one that minimizes total dis-
tance traveled, customers’ disutility, and fleet size. Customers’ disutility is quantified by the
amount of time window violation. In their formulation, this includes time spent waiting to
pick up a customer. In other words, no waiting is allowed at either the origin or destination
stops. Constraints considered include coupling, precedence, and capacity constraints. Refer to

Section 1.3 for the constraints. Options exercised in our runs are shown in Table 6.13.
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Table 6.13: System specification for WSTA data

Time Window................... 40 minutes

Vehicle Capacity (all vehicles) ... 20 ordinary seats

0 wheelchair places
15

30 miles/hour

54 minutes

0 minutes

600 minutes

Fleet Size
Average Speed
Maximum Ride Time............
Maximum Wait Time
Maximum Route Duration

Results

Table 6.14 reports the objective values and the number of vehicles utilized by the best solution
identified when both TSIRAU and TSIRDU on the WSTA data are applied once with varying
weights and starting from arbitrary solutions. Table 6.15 shows the results published in Baugh
et al. [2]. CPU times are in minutes on an Athlon XP 2600+.

Table 6.14: Results obtained by applying TSIRAU and TSIRDU once over varying weight sets
for WSTA data

Weights TSIRAU TSIRDU

n v | Vehicles TT ERT Vehicles TT ERT
16 1 8 1076.16  1596.34 6 1131.31 1838.89
4 1 7 1180.01  618.57 6 1146.30  495.84
1 2 8 1368.84 80.94 6 1420.85  106.69
CPU 136.21 659.00

Table 6.15: Previously published results for WSTA data in [2]

Method | Vehicles | TT Disuitility
SA 10 1702 8
SA 9 1677 17
SA 11 1648 394
SA 11 1594 534
SA 15 1533 2123
WSTA' 14 2270 5697

! results from a commercial package used at WSTA

Table 6.16 reports the best solution obtained from running each algorithm five times on the

Opt32 data. Since the algorithm developed by Baugh et al. [2] addresses a different objective,

it is essential to stress that no direct comparison of the two procedures can be made. Referring
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Table 6.16: Results obtained by applying TSIRAU and TSIRDU on Opt32 and Opt80 data

Weights Optimal Solution TSIRAU TSIRDU

n 1 | Vehicles TT ERT | Vehicles TT ERT | Vehicles TT ERT [
8 1 4 39.86  0.48 4 39.86  0.48 4 39.86  0.48
20 1 4 405.53  0.77 4 405.53  0.77 4 405.53  0.77
CPU 13.82 40.85

to Tables 6.14 and 6.16, several comments can be made about the results for the WSTA data
and OPT32.

e It can be seen from the results that both algorithms, i.e., TSIRAU and TSIRDU, per-
formed efficiently with the data sets.

e Even though minimizing fleet size is not an objective considered in our case, fewer vehicles

were utilized in our solutions.
e In all solutions, disutility equals zero.
e In terms of computational effort, TSIRDU is much more expensive than TSIRAU.

e Both algorithms found the optimal solution for Opt32.

6.8 Summary

The results show that better solutions can be obtained when the algorithms are allowed to run
for a longer number of iterations, the current chosen stopping criterion of {2 = 400 and 2 = 200
for TSIRAU and TSIRDU respectively produces good results at a reasonable computational
effort.

The above results show that both TSIRAU and TSIRDU are useful heuristics for solving
the multi-objective DARP. This is evident from the essentially better results obtained over
previously published results as discussed in Section 6.7.5 and the optimal solution obtained
over constructed DARP instances.

In general, TSIRDU produces better results than TSIRAU on the test problems, which
suggests that limiting the exploration to only feasible solutions as in the case for TSIRAU may
cause early convergence to suboptimal but rather good solutions. Though TSIRAU does not
perform as well as TSIRDU in terms of solution quality, it is a fast algorithm and this proves

to be an advantage when dealing with large-sized DARP instances.
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Chapter 7

Scatter Search

In the previous chapter, Tabu Search was used in the clustering phase of the cluster-first route-
second approach adopted in this research while routing was performed via one of the two
insertion heuristics developed, as discussed in Section 5, to solve the multi-objective DARP.
The two algorithms introduced were TSIRAU and TSIRDU. In both cases, a search begins from
an initial solution. It continues to move from one solution to another until a stopping criterion
is met. Scatter Search, in contrast, is a metaheuristic that starts from a set of initial solutions,
normally two or more instead of one initial solution. To the best of our knowledge, prior to
this research, a Scatter Search implementation for the DARP did not exist. In this chapter, a
Scatter Search implementation for the DARP is presented.

In the following sections, we introduce the fundamentals of Scatter Search and discuss in

detail how it is applied to the DARP.

7.1 Fundamentals of Scatter Search

Scatter Search (SS) is a population-based search scheme developed by Glover [20, 21]. Though
developed in the 70s, it was only in recent years that more applications of SS started to appear
in the literature. Refer to Glover et al. [22] for a preview of several applications of SS.

The fundamental principles and concepts of SS originate from strategies for creating com-
posite decision and problem constraints. It operates on a relatively small population with a size
generally not more than twenty. This population is called the reference set. Strategic designs
based on exploiting the structure of the problem are used to operate on solutions; this limits
room for randomization. New solutions are generated by combining solutions in the reference
set. These solutions are then subjected to some improvement heuristic. Superior solutions
replace those in the reference set.

An SS implementation consists of the following methods:
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1. Diversification Generation Method: A collection of diverse trial solutions is gener-

ated given an arbitrary trial solution (or seed solution) as an input.

2. Improvement Method: The trial solution is transformed into one or more enhanced
solutions. Feasibility of both before enhancement and after enhancement solutions is not
a requirement even though the enhanced solution is normally feasible. If no enhancement
takes place, the “enhanced” solution is considered to be the same as the original trial

solution.

3. Reference Set Update Method: The reference set consisting of the best solutions
must be organized in such a way that allows efficient access by other parts of SS. Besides
a good organization method, alternate methods may also be included to provide other
functional needs, e.g., adding a solution to the reference set or deleting a solution from

the reference set.

4. Subset Generation Method: From the reference set, a new subset of solutions are
generated. This set forms a basis for creating combined solutions. The most common

subset generation method is the pairwise combination of reference solutions.

5. Solution Combination Method: The subset of solutions generated via the Subset
Generation Method is transformed into one or more combined solutions. This is analogous
to the GA crossover operator except that the Solution Combination Method must be

capable of generating two or more solutions.

7.2 Diversification Method

The initial solution generator described in Section 6.2 can be adopted here to generate the
initial set of solutions required to form the reference set. However, in SS, we require that this
set of solutions be maximally diverse. Hence, we need to be able to define the notion of what
it means for two solutions to be “maximally diverse.”

When dealing with two binary strings, one natural distance measure is the Hamming dis-
tance. The Hamming distance is defined as the total number of bits that differ between two bi-
nary strings. More formally, the Hamming distance between two strings A and Bis > |A; — B;|.
In the case where only two vehicles are required, for example [0, 1,1,0] and [1,0,0, 1], the dis-
tance will be 4. However, these two solutions are analogous. In both cases, requests 1 and 4
are assigned to one vehicle and requests 2 and 3 to another. This simple example suggests that

the Hamming distance is not an appropriate distance measure for our problem.
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Before we can determine the diversity between two solutions, we need a measure that can

be used to quantify the distance between two clusters. Let (ch), e 07(734)) and (CEB), e 761(1}3))

represent clusters in solutions A and B respectively. The distance between each cluster in A
and B can be calculated using the algorithm shown below.

We will use the following notation in describing the algorithm:

¢; cluster i

(4) € A and c(-B) € B.

D(c(.A), cg-B)) distance between cluster ¢ and j where c; 3

Algorithm 7.2.1 Distance Matrix Generation

For each entry i, j in the distance matrix, do

[DMG1] Set u = 0 and d = 0.
IDMG2] if(jc™] > [c}”)] ) then
For each k € cEA)
if ( cg,‘?) € C;B) ) then
u—u+1
else
d—d+1.
end if
else

For each k£ € C§B)

if(cly) € ) then
u—u+1

else
d—d+1

end if

end if
[DMG3] D(C(»A), c(}B)) = max (

? J

A B B
e =121 (1l = w) x d).

Once the distance matrix is generated, the diversity between two solutions, A and B, can be
determined by solving the minimum weight matching problem. The Hungarian algorithm [30]
can be adopted to solve this problem. The diversity between solutions A and B is denoted as
div(A,B).

Referring to our earlier example, A =[0,1,1,0] and B = [1,0,0, 1], the distance matrix for

A and B is given as follows:
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€1 €y
(2,3) (1,4)
M) 4 0
Y @23 0 4

It is clear that the minimum weight matching for this problem is 0. Hence, div(A, B) = 0.
Based on the above discussion, one approach in generating an initial set of (diverse) solutions
is to construct a new solution using information about the existing solutions set. Hence, given
an existing set of solutions, .S, a new solution can be constructed as follows: at each stage, one
request is assigned to a vehicle that maximizes the minimum diversity between the new solution
under construction and each solution in S. We will use the following notation in describing the

diverse cluster construction heuristic:

S set of (existing) solutions
n number of requests
m; number of vehicles/clusters in solution 4

s new solution

Algorithm 7.2.2 Diverse Solution Construction Method
[Input]: a set of solutions S where [S| > 1.

[Output]: returns new solution s

[DSC1] Set mg = min;eg {m;}.
[DSC2] For k = 1,...,n,
Set D =0
Forl=1,...,ms,
Assign request k to vehicle [ in s
Compute div(s,S;) for each i.
if (min; {div(s, S;)} > D) then
D — min,; {div(s, S;)} and I* « L.
end if
Assign request k to vehicle [* in solution s.
[DSC3] Route requests in each vehicle.
[DSC4] Return new solution s.

We propose a diversification generation method that incorporates the initial solution gener-
ation method discussed in Section 6.2 and the diverse solution construction method discussed
above. A new solution is considered “maximally diverse” as long as the diversity between the
new solution and every existing solution in the reference set is at least some factor times the

maximum diversity known, i.e. div(s,S;) > fac X divpey.

67



7.3 Improvement Method

Improving a solution is analogous to intensification in Tabu Search. In SS, the neighborhood
structures of a single request move (SRM) and a paired requests swap(PRS) as discussed in
Section 6.3 can be selected individually or in combination to perform a local search on a solution.
As the current solution is being updated, attributes pertaining to each move made is updated in
an attractiveness matrix. The attractiveness matrix records the number of times two requests

are assigned to a vehicle together. At the (k + 1)th iteration, for all 4, j, we have

Ag(i,j)+1 if requests ¢ and j are assigned to the same vehicle and i # j

Ap1(i, J) = {

Ag(i,9) otherwise

This attractiveness matrix is used in the combination method.

7.4 Reference Set Update Method

The reference set is represented as a refSize x 2 matrix shown below:

[ COST(sa) @
COST(s5) 3

COST(sy) v
where COST(s,) < COST(sg) < ... < COST(sy). Here, COST(sq), COST(sp),... and,

COST(s) represent the cost for the corresponding solution stored in index o, 3,... and, 7 in
the solution set where «, 3,...,v € {1,2,..., refSize}.

A new solution replaces a solution in the reference set only if its cost is less than COST(s).

7.5 Subset Generation Method

Given a reference set of refSize solutions and « (a < refSize) of new solutions in the reference

set, the number of subsets generated is given by

ala—1)
2

In other words, the new subset of solutions considered are made up of a pairwise combination

+ a (refSize — a) .

of all new solutions and a pairwise combination of each new solution with each old solution.

Each subset contains at least one new solution.
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7.6 Solution Combination Method

The Solution Combination Method needs to be able to combine solutions to produce two or
more new solutions. In our case, solution combination is performed at the clustering phase. An
n X n attractiveness matrix, where n represents the total number of requests, is maintained for
each set of solutions generated in SS. A high attractiveness value indicates that two requests
were often clustered together while a low attractiveness value indicates otherwise. Averaging
the attractiveness values for two combined solutions produces a new attractiveness matrix for
the new set of solutions. A new solution can then be generated by either assigning requests to
vehicles based on most-attractive or least-attractive selections. The combination method based
on most-attractive selection can be described as follows: Given a subset with solutions s; and
sj, the number of vehicles utilized in the new solution will be given as m = min {ms,, ms;, }.
Arbitrarily pick a request ¢ and assign request ¢ to the first vehicle. Next, select an unassigned
request j* such that A(4, j*) = max; { A(4, j) } and assigned j* to the same vehicle as i. Continue
in this process until n/m number of requests have been assigned to this vehicle. Repeat the
process for subsequent vehicles until all requests are assigned. By the same token, the combi-
nation method can work in the case of least-attractive selection. In this case, the unassigned

request j* selected after request ¢ has A(, 7*) = min; {A(Z, )}

7.7 Scatter Search Framework

The notations used to describe our SS metaheuristic are shown below. Following that, an

outline of the SS framework is presented.

S reference set
refSize number of solutions desired
type initial solution generation mechanism
0 Initial Solution Generator
1 Diverse Solution Construction Method
s a subset of DARP solutions
x a DARP solution
an improved DARP solution

=

Algorithm 7.7.1 SS

[Input] routing techniques: IRAU or IRDU
size of reference set:refSize.
parameters: fac, SRM_TLT and PRS_TLT

[Output] returns best solution found
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[SS1] Set S « 0.
Set type = 0.
For improvement method:
Define tabu lists with parameters SRM_TLT and PRS_TLT
Define attractiveness matrix
[SS2] Generate solution z using type solution generation mechanism
Add solution z to S
type = type + 1.
divmaz = div(z,S).
if (]S | = refSize ) then
go to SS4.
else
go to SS3.
end if
[SS3] attempts = 0
while(refSize # |S| and attempts < 2) do
Generate solution z using type solution generation mechanism
Compute div(z,S;) for i = 1,...,|S|.
if (min; {div(x,S;)} > fac X divpmax and s ¢ S') then
add zto S
attempts = 0
update divymqy-
else
discard z
attempts = attempts + 1
end if
type = type + 1 mod 2
end while
[SS4] Sort solutions in S in non-decreasing order of its cost
Make NewSolutions = TRUE.
[SS5] while (NewSolutions ) do
Generate NewSubsets using the subset generation method
Make NewSolutions = FALSE.
while ( NewSubsets # 0 ) do
For each subset s € NewSubsets
Combine clusters in s to generate a new solution .
Delete s from NewSubsets
Apply improvement method to z to get &
if (2 ¢ S and COST(%) is better than the worst solution in S'), then
Replace worst solution in S with &
Make NewSolutions = TRUE.
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else
discard Z and delete s from NewSubsets
end if
end while
end while
[SS6] Apply the improvement method on the best solution
[SS7] Terminate SS and return the best solution.

The SS framework can be summarized as follows: The algorithm is first initialized in Step
[SS1]. In Steps [SS2] — [SS4], the diversification method is employed to generate the reference
set S which is then updated via the reference set update method. In Step [SS5], the subset gen-
eration method is applied to create new subsets of solutions. These subsets of solutions are then
combined via the combination method and each new solution created undergoes improvement
via the improvement method. This process continues until no new subset of solutions can be
generated. In Step [SS6], the best solution obtained undergoes another round of improvement.

Finally, the algorithm terminates in Step [SS7] and the best solution is returned.

7.8 Results

In this section, we discuss the results obtained by using the SS algorithm in combination with
the two routing techniques discussed in Section 5. To continue our investigation of the two

approaches as discussed in Section 4, we have:
Approach 1

Solution must be feasible. Requests that cannot be serviced without violating any constraints

will be left unassigned. This is carried out using the algorithm SSIRAU.
Approach 11

Solution need not be feasible but all requests must be assigned. This is carried out using the
algorithm SSIRDU.

Informal tests focused on selecting the appropriate neighborhood, as discussed in Section 7.3,
for the improvement method of the SSTRAU and SSIRDU algorithms. Table 7.1 summarizes the
selections for each algorithm. These settings were found to produce a wide variety of reasonable

quality solutions while considering computational effort.
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Table 7.1: Neighborhood considerations for the SSTRAU and SSIRDU algorithms

SRM | PRS
SSIRAU | YES | YES
SSIRDU | YES | NO
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Figure 7.1: Effect of refSize over computation time for algorithms SSTRAU and SSIRDU on
U30 and U150.

As no firm stopping criterion exists for SS, the specification of the size of the reference set
indirectly determines how long the algorithm will run. To study the effect of varying refSize on
the total computational time, both SSIRAU and SSIRDU algorithms were run (ten times each)
with refSize taking on values from two to six over the DARP instances U30 and U150. Figure 7.1
shows the plot of average log(CPU time) versus refSize for both algorithms on U30 and U150
found during these runs. CPU times reported are on an Athlon XP 2600+. Figure 7.2 shows
the corresponding average cost ratio obtained. The cost ratios are computed by taking the cost

obtained over the best cost found during these runs. The cost ratio for run ¢ is computed as

cost;

cost ratio 1 =
est

Referring to Figure 7.2, in the case of SSIRAU, a refSize of at least three should be set in
order to achieve a cost ratio that is less than 10% of the best found in the experiments. As
for SSIRDU, the results show that all solutions are within 10% of the best found and a small

difference in solution quality was observed for varying refSize values. This suggests that a

72



1.1
1.05 4
1 A . .,.42 - .
Ammmmmen w - ) L. Pkl -
PP 5 "m
0.95 Mzl ’
. -,'—"B. ---------- Acel Ll PUIIEE A
a- Tl [ |
2 4
2 094 u
[14
0.85 4
@
0.8
- - SSIRAU (U30)
- A= SSIRDU (U30)
0.75 4 = - SSIRAU (U150)
- - SSIRDU (U150)
0.7 : : : :
1 2 3 4 5 6 7
refSize

Figure 7.2: Effect of refSize over cost ratio for algorithms SSIRAU and SSIRDU on U30 and
U150.

small reference set may suffice. It can also be noted that for the same refSize, SSIRDU requires
a (significantly) larger computational time than SSIRAU. In addition, for varying refSize, the
computational time for U150 ranges from 50 to 90 times more than U30 for SSTRAU while those
for SSIRDU ranges from 170 to 570 times more. In the case of SSIRDU, the computational time
is long. Taking into consideration the computational time and solution quality, the parameter
settings summarized in Table 7.2 are used for the SSIRAU and SSIRDU algorithms.

Table 7.2: Parameter settings for SSTRAU and SSIRDU algorithms

SSIRAU  refSize.......cooove... 4
Improvement method ... SRM followed by PRS
SSIRDU  refSize...........co.. .. 2

Improvement method ... SRM only

By varying weights on the objectives and applying SSIRAU (for Approach I) and SSIRDU
(for Approach II) algorithms starting from different (randomly seeded) initial solutions, tradeoff
curves for both U30 and U150 were plotted. As in Section 6.7.3, the tradeoff curves provide the
modeler with different solutions to choose from. Particularly, this allows her to pick a solution
that best represents the agency’s goal. The tradeoff curves for U30 are shown in Figures 7.3
and 7.4 while those for U150 are shown in Figures 7.5 and 7.6. The different symbols on the
graphs represent solutions obtained with different sets of weights. Non-dominated solutions are

reported in Tables 7.3-7.6; approximately evenly spaced (with respect to ERT) solutions are
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selected from corresponding tradeoff curves shown in Figures 7.3-7.6 respectively where these

solutions appear on dotted lines in the curves.
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Figure 7.3: Tradeoff curve between total time traveled (TT) and excess ride time (ERT) gen-
erated for U30 using the SSIRAU algorithm

Using the tradeoff analysis conducted above, as shown in Section 6.7.4, we consider the
policy consideration in which objectives TT and ERT have about the same value. The weight
sets chosen are shown in Table 7.7. The selection criterion described in Section 6.7.4 is adopted
in the determination of a solution.

We ran each algorithm ten times on U30 and U150 DARP instances. Refer to Section 6.7.1
for the description of these DARP instances. The results of the best solutions obtained are
reported in Table 7.8. We repeated the experiment on Opt32 and Opt80. Refer to Section 6.7.5
for the description of these DARP instances. The results of the best solutions obtained are
reported in Table 7.9.

In all solutions, no requests were left unassigned when the SSIRAU algorithm was applied.
It can be observed that the variability in solutions generated for U30, when SSIRDU is applied,
is relatively high. This is consistent with the “spread out” solutions shown in Figure 7.4.
While increasing refSize may reduce this variability since there is a higher probability for
combinations to take place between solutions, the cost ratios obtained over varying refSize as
shown in Figure 7.2 show that increasing refSize does not necessarily produce higher quality
solutions. While SSIRDU is outperformed by SSIRAU on U30, it generated higher quality
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Table 7.3: Non-dominated solutions from tradeoff curve shown in Figure 7.3

TT

ERT

120.50
136.37
155.78
179.39
184.56
235.37
288.81
320.63
420.22
459.21

342.16
322.22
310.46
300.27
285.30
268.64
265.76
259.66
257.51
249.93
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Figure 7.4: Tradeoff curve between total time traveled (TT) and excess ride time (ERT) gen-

erated for U30 using the SSIRDU algorithm
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Table 7.4: Non-dominated solutions from tradeoff curve shown in Figure 7.4

TT ERT
162.10 | 334.82
204.54 | 328.32
207.71 | 315.91
211.96 | 301.68
239.41 | 292.67
268.89 | 287.37
299.88 | 278.96
322.21 | 277.16
367.49 | 269.08
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Figure 7.5: Tradeoff curve between total time traveled (TT) and excess ride time (ERT) gen-

erated for U150 using the SSIRAU algorithm
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Table 7.5: Non-dominated solutions from tradeoff curve shown in Figure 7.5

TT ERT
261.59 | 1498.12
425.29 | 1398.74
004.89 | 1372.92
640.55 | 1304.08
888.07 | 1253.41
1114.08 | 1210.63
1178.02 | 1156.49
1673.77 | 1151.37
1778.74 | 1130.14
2083.69 | 1091.20
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Figure 7.6: Tradeoff curve between total time traveled (TT) and excess ride time (ERT) gen-

erated for U150 using the SSIRDU algorithm
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Table 7.6: Non-dominated solutions from tradeoff curve shown in Figure 7.6

TT ERT
359.88 | 1510.04
486.28 | 1397.60
568.37 | 1317.83
764.72 | 1270.22
820.35 | 1236.40
878.30 | 1222.94
1039.01 | 1189.95
1061.71 | 1162.02
1128.17 | 1146.25
1338.92 | 1130.71
1721.98 | 1123.72
1884.98 | 1088.54
2334.18 | 1079.08

Table 7.7: Weight sets identified for U30 and U150 to achieve the policy consideration where
both objectives are equally important. These weights are determined from the tradeoff curves
shown in Figures 7.3, 7.5, 7.4, and 7.6

Algorithm | Instance | n | ¥
SSIRAU U30 511
U150 |5 |1

SSIRDU U30 511
U150 |9 | 2
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Table 7.8: Analysis on the variability of solutions generated by the SSIRAU and SSIRDU
algorithms when applied to U30, and U150

Instance | Algorithm | Vehicles Run’s Best Cost Average? Standard Average
T ERT COST,,, Deviation® | CPU (min)
U30 SSIRAU 3 277.97 254.29 532.26 2.90 2.02 0.32
SSIRDU 3 286.24 260.85 547.09 6.47 7.72 0.032
U150 SSIRAU 10 1189.77 | 1083.87 2273.64 3.58 2.23 25.88
SSIRDU 10 1184.42 | 1081.74 2266.16 2.68 2.07 17.26
Average 2.61 3.51 11.55

! COSTyo = TT+ ERT

2 Average deviation (in percent) from best solution obtained during the run for all solutions found. Here,
deviation = 100 ‘f%*f*' where f =nTT+ ¢ ERT, and f* denotes the best solution found during the run.

3 Standard deviation of computed deviations.

Table 7.9: Results obtained by applying SSIRAU and SSIRDU on Opt32 and Opt80 data

Weights Optimal Solution SSIRAU SSIRDU

n 1 | Vehicles TT ERT | Vehicles TT ERT | Vehicles TT ERT
8 1 4 39.89 048 4 39.89  0.48 4 39.89 048
20 1 4 405.53  0.77 4 405.53  0.77 4 405.53  0.77
CPU 1.94 4.48

solutions than SSTIRAU on U150.

It can also be observed that a greater increase in computing time with respect to problem
size is more prominent for SSTIRDU than SSIRAU. In fact, the average computing time for
SSIRDU is more than 500 times longer when applied to U150 as compared to U30. On the
other hand, only a hundred fold increase in computing time is observed when SSTRAU is applied
to U150 as compared to U30. This is true despite the fact that a larger refSize number is used
for SSIRAU. With a population-based search, the longer computing time for each iteration of
IRDU contributes significantly to the run time of the algorithm. This suggests that with larger
DARP instances, SSIRDU may not be practical. In the case of Opt32 and Opt80, note that
the optimal solutions are obtained for both SSIRAU and SSIRDU.

In another experiment, we ran SSIRAU and SSIRDU on the WSTA data, as shown in
Tables 6.12 and 6.13, once with varying weights, each time starting from an arbitrary solution.
Table 7.10 reports the objective values and the number of vehicles utilized in the best solution.

Several comments can be made about the results for the WSTA data.

e [t can be seen from the results that both algorithms, i.e., SSIRAU and SSIRDU, performed
efficiently with the data sets.

e Even though minimizing fleet size is not an objective considered in our case, no more
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Table 7.10: Results obtained by applying SSIRAU and SSIRDU once over varying weight sets

for WSTA data.

Weights SSIRAU SSIRDU

n 1 | Vehicles TT ERT Vehicles TT ERT
16 1 8 1108.48  1959.26 8 1091.53  1138.77
4 1 8 1160.70  628.47 9 1262.10  341.55
1 2 9 1360.04 101.47 9 1407.10 82.47
CPU 124.80 1139.35

vehicles were utilized in our solutions as compared to that of Baugh et al. [2] as seen in
Table 6.15.

e In all solutions, disutility equals zero.

e In terms of computational effort, SSIRAU is reasonable for the problem size considered

while SSIRDU is impractical.

e Fewer vehicles are utilized for SSIRAU as compared to SSIRDU.

7.9 Summary

In this chapter, we presented two Scatter Search algorithms for the DARP. The foremost issue
that we had to consider when dealing with a population-based algorithm like Scatter Search
is the time required for solution evaluation since this greatly affects the overall runtime of the
algorithm. As evident from applying the SSIRDU algorithm to the WSTA data, the higher
computing time as compared to the SSTIRAU algorithm significantly renders the algorithm less
efficient when solving large sized DARPs. Even though essentially better results were obtained
over previously published results as discussed in Section 6.7.5, the high computing time required
indicates that the SSIRDU algorithm is impractical for solving the WSTA data since time is
an important factor in real world operations.

In terms of the test problems, SSIRAU outperforms SSIRDU on U30 both in terms of
solution quality and the smaller percentage variability of generated solutions from the best

found in the runs. However, the reverse is true for U150.
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Chapter 8

Comparison of TSIRAU, TSIRDU,
SSIRAU and SSIRDU

8.1 Comparison using U150 test problem

In this section, we compare the performance of TSTRAU, TSIRDU, SSIRAU, and SSIRDU on
U150. Refer to Section 6.7.1 for a description of U150. The majority of the previous runs take
less than 25 minutes. In this analysis, each algorithm was run for about 25 minutes. Therefore
the current setting for SSTIRAU and SSIRDU will suffice since the computational time is about
25 minutes, on average. To achieve this computational time, {2 was increased from 400 to 1500
for TSIRAU and the 2 for TSIRDU was increased from 100 to 400. All other parameters were
as in Tables 6.2 and 7.2.

Figure 8.1 shows that, for the current parameters selected, the TSIRDU heuristic clearly
outperforms the other heuristics in terms of quality of solution generated if time is not a
factor. TSIRAU performed better than the other algorithms initially, particularly for the first
three minutes. From three to slightly over four minutes, SSIRDU produced better results than
the other heuristics. After slightly past four minutes, TSIRDU was clearly better than the
rest. Since it is reasonable to think that taking at least five minutes to generate a solution is
acceptable, TSIRDU is the best candidate algorithm for this particular data set.

Using the parameter settings as indicated above, tradeoff curves for TSIRAU, TSIRDU,
SSIRAU, and SSIRDU were generated. The resulting tradeoff curves are plotted in Figure 8.2.
Non-dominated solutions are reported in Table 8.1.

Figure 8.2 shows that with the parameters selected, TSIRDU clearly outperforms the other
three metaheuristics. This is evident by the fact that all solutions on the TSIRDU tradeoff

curve are non-dominated solutions. It can also be observed that the next better performing
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Figure 8.1: Comparison of TSIRAU, TSIRDU, SSIRAU, and SSIRDU on U150

metaheuristic is TSIRAU which generated better solutions for the top-left and lower-right
portions of the tradeoff curve when compared to SSIRAU and SSIRDU. However, SSIRDU
produced better solutions than TSIRAU at a few points in the middle of the tradeoff curve.
Comparing SSIRAU with SSIRDU, one can deduce that SSTRAU generated better solutions
than SSIRDU over the top-left portion of the tradeoff curve while SSIRDU yielded better
solutions for the middle to lower-right portions of the tradeoff curve. Of course the fact that
TSIRDU outperforms the other metaheuristics for U150 does not necessarily mean that it is a
good DARP heuristic. In the following section the four metaheuristics are compared in terms
of their performance on the WSTA data.

8.2 Comparison using WSTA data

In this section, the performance of the four metaheuristics on two sets of WSTA data is com-
pared. The first set of data (or WSTAL1) is presented in Section 6.7.5. The second WSTA data
set (or WSTA2) is from June 7, 2002. Table 8.2 summarizes the data. WSTA2, like WSTAL,
has many short trip requests and most of the morning requests are DDRs while many of the
afternoon requests are DPRs. Many of these requests are round-trip requests.

The results for WSTA1 shown in Table 8.3 are a consolidation of results reported in Ta-

bles 6.14 and 7.10 when the four metaheuristics are applied to WSTA1 once. The experiment
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Figure 8.2: Comparison of tradeoff curves generated when applying TSIRAU, TSIRDU,
SSIRAU, and SSIRDU on the U150

was repeated for WSTA2 with the exception that SSTRDU was omitted. This omission is due to
the high computational time required by the algorithm. Options exercised in running WSTA?2
were similar to that for WSTA1, as shown in Table 6.13, with the following exceptions:

o fleet size is set to 16
e average speed is set to 15 miles/hour
e maximum ride time is set to 90 minutes

Customer disutility was found to be zero in all solutions. The best cost found with varying
weight sets are shown in bold in the table. For WSTA2, all three heuristics generated solutions
with lower total travel time and fewer vehicles as compared to the commercial solution. The
computational time incurred when the IRAU routing technique was used is reasonable but
the time incurred when the IRDU routing technique was used is not. This result seems to
contradict the previous result shown in Section 8.1 where TSIRDU performed better than the
other heuristics. This is attributed to the nature of the DARP instance. In the case of U150,
the trip length of each od-pair is comparable to the length of the time window while in the
case of WSTA data, most trip lengths are small with respect to the wider time window of 20

minutes considered by the agency. The smaller trip length of requests is also noted by Baugh
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Table 8.1: Non-dominated solutions from tradeoff curves shown in Figure 8.2

TT ERT
359.88 | 1510.04
486.28 | 1397.6
566.11 | 1359.45
593.89 | 1315.77
764.72 | 1270.22
820.35 | 1236.40
878.30 | 1222.94
1061.71 | 1162.02
1128.17 | 1146.25
1338.92 | 1130.71
1721.98 | 1123.72
1837.59 | 1104.42
1884.98 | 1088.54
2334.18 | 1079.08

Table 8.2: Summary of WSTA2 request database

Number of requests 369
Number of available vehicles 16
Number of DPRs 158
Number of DDRs 211

Minimum trip length (minutes) | 0.15
Maximum trip length (minutes) | 61.81
Average trip length (minutes) 12.13

et al. [2] for WSTA1. Generally in the case of the IRAU routing technique, since only feasible
insertions are considered, narrower trip lengths with wide time windows increase the potential
for feasible insertions. This characteristic may explain the better performance of Tabu Search
when the IRAU routing technique is adopted. To investigate the validity of this argument, we
ran the four heuristics ten times each on a modified U150 data set. The modified U150 instance
differs from the original U150 by the length of the time window. In U150, time windows were
set to 10 minutes. In the modified U150, time windows are set to 60 minutes. The parameter
settings were as in Tables 6.2 and 7.2. The same weight sets as U150, shown in Table 6.7,
was used. Table 8.4 reports the best solution found which is highlighted in bold. With the
current parameter settings, TSIRAU generated the best solution. The result seems to provide
some validation of our argument. It can also be observed that SSIRAU and SSIRDU generated

better solutions than TSIRDU. This observation warrants further investigation — specifically,
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Table 8.3: Comparison of the four heuristics on the WSTA1 and WSTA2 for varying weights. Here, n represents the

corresponding to the total travel time objective while v represents that for the excess ride time objective

Weights CPU

n=16vy =1 n=4¢y=1 n=11¢=2 Time

Data Heuristic | Vehicles TT ERT Vehicles T ERT Vehicles T ERT (min)
WSTA1 | TSIRAU 8 1076.16 1596.34 7 1180.01 618.57 8 1368.84 | 80.94 136.21
TSIRDU 6 1131.31 1838.89 6 1146.30 | 495.84 6 1420.85 | 106.69 | 659.00

SSIRAU 8 1108.48 | 1959.26 8 1160.70 628.47 9 1360.04 | 101.47 | 124.80
SSIRDU 8 1091.53 | 1138.77 9 1262.10 341.55 7 1407.10 82.47 1193.35

WSTA2* | TSIRAU 11 2800.56 | 2931.72 11 3106.78 | 1285.82 10 3490.03 | 540.97 | 101.61
TSIRDU 11 2921.36 3054.18 11 3052.16 2049.18 11 3485.47 724.26 292.41

SSIRAU 11 3008.14 | 2638.37 10 2941.34 | 1960.86 12 3376.52 | 764.58 | 156.83

“The commercial solution has a total travel time of 5497.33, 16 vehicles used, and disutility of 1384.84.

weight



an investigation of the performance of metaheuristics with respect to varying time window
specifications. In the next section, the four metaheuristics are compared in terms of their

performance on new 150-request and 250-request data sets.

Table 8.4: Results obtained by applying TSIRAU, TSIRDU, SSIRAU and SSIRDU to the
modified U150

Algorithm | Vehicles Run’s Best Cost Average’ Standard Average
TT ERT Cost Deviation? CPU?
TSIRAU 9 901.05 | 921.84 | 11755.23 1.72 1.28 13.48
TSIRDU 9 929.35 | 966.82 | 12156.49 2.87 1.82 12.08
SSIRAU 9 922.06 | 864.78 | 11872.22 1.25 0.90 89.89
SSIRDU 9 925.00 | 829.32 | 11833.64 1.65 1.57 46.23

L _ percentage of average deviation from best solution found in the run
2 _ standard deviation in percentage of average deviation from best solution found in the run
3 _ CPU time (in minutes) on a Athlon XP 2600+

8.3 Comparison using 150-request and 250-request DARP in-

stances with varying time window duration

8.3.1 150-request DARP instances

To further compare the four metaheuristics, three DARP data sets were constructed via the
random DARP instance generator described in Appendix A.1. The characteristics of the three
instances are summarized in Table 8.5.

Using the parameter settings in Tables 6.2 and 7.2, each metaheuristic was run ten times,
each time starting from an arbitrary solution. Table 8.6 reports the results obtained. The best
solution found for each data set is in bold. The results support the argument that when the time
window is large as compared to the average trip length, with the current parameter settings,
TSIRDU does not necessarily generate better solutions than the other metaheuristics. In fact,
for U150C, TSIRAU outperforms the other metaheuristics by producing the best solution.

8.3.2 250-request DARP instance

In the previous section, the metaheuristics were compared using 150-request DARP instances.
In this section, we continue to explore the effect of time window duration on the performance of
the metaheuristics. A 250-request DARP instance, or U250, was created via the DARP instance
generator discussed in Appendix A.1. The characteristics of U250 are summarized in Table 8.7.
Using the same parameter settings as discussed in Section 8.1, the four metaheuristics were

applied to U250. Figure 8.3 shows the plot of percentage above best known solution versus
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Table 8.5: Characteristics of U150A, U150B, and U150C

DARP instance U150A U150B U150C
Service area (miles?) 16 16 16
Number of requests n 150 150 150
Type of request randomly | randomly | randomly
generated | generated | generated
Time window (minutes) 10 20 30
Loading time (minutes) 5 5 5
Number of vehicles m 10 10 10
Vehicle average speed (miles/hour) 20 20 20
Number of ordinary seats 4 4 4
Number of wheelchair places 2 2 2
Average wait time (minutes) 30 30 30
Maximum ride time (minutes) 60 60 60
Maximum route duration (minutes) 480 480 480
Minimum trip length (minutes) 0.12 0.07 0.47
Maximum trip length (minutes) 14.28 13.81 14.28
Average trip length (minutes) 6.58 5.99 6.75
Number of DPRs 73 67 76

CPU time. The diamond-shaped symbol on each curve represents the solution if the algorithms
were terminated via the experimental stopping criterion. Next, we increased the time window
duration of U250 from 10 minutes to 60 minutes. We repeated the experiment and Figure 8.4
shows the plot of percentage above best known solution versus CPU time obtained.

Referring to Figures 8.3 and 8.4, observe that TSIRDU outperformed the other metaheuris-
tics when the time window duration is set at 10 minutes and time is not a deciding factor.
However, TSIRAU outperforms the other metaheuristics when the time window durations is
increased from 10 to 60 minutes. This further validates that the duration of time windows
with respect to the average trip length should be taken into consideration when solving the
DARP. For example, if the duration of time windows is set at 60 minutes for U250 and the
experimental stopping criterion is adopted, TSIRAU will be the candidate metaheuristic for

solving the DARP since it produces a high quality solution in the least amount of CPU time.
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Figure 8.3: Comparison of TSIRAU, TSIRDU, SSIRAU, and SSIRDU on U250 (with 10-minute
time window duration)
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Figure 8.4: Comparison of TSIRAU, TSIRDU, SSIRAU, and SSIRDU on U250 (with 60-minute
time window duration)

88



Table 8.6: Results obtained by applying TSIRAU, TSIRDU, SSIRAU and SSIRDU to U150A,
U150B, and U150C

Algorithm | Vehicles Run’s Best Cost’ Average? | Standard | Average
TT [ ERT | Cost Deviation® | CPU*
U150A data
TSIRAU 9 1520.83 505.15 2025.98 3.47 3.16 4.30
TSIRDU 9 1437.14 | 366.94 | 1804.08 0.16 0.22 13.67
SSIRAU 9 1502.66 536.07 | 2038.73 4.11 5.46 28.38
SSIRDU 9 1487.98 605.82 2093.80 4.69 4.22 11.00
U150B data
TSIRAU 9 1324.06 75.76 1399.82 2.91 3.59 5.11
TSIRDU 9 1320.31 23.01 1343.32 1.65 2.33 13.16
SSIRAU 9 1388.65 24.53 1413.18 2.48 3.02 65.61
SSIRDU 9 1407.00 72.61 1479.61 2.66 2.32 22.69
U150C data
TSIRAU 9 1358.28 56.26 1414.54 0.49 0.52 7.48
TSIRDU 9 1389.36 30.28 1419.64 1.02 1.44 12.43
SSIRAU 9 1394.46 31.28 1425.74 0.43 0.53 40.91
SSIRDU 9 1402.20 30.99 1433.19 0.99 0.89 28.37
!~ COST= TT+ ERT
2 _ percentage of average deviation from best solution found in the run
3 _ standard deviation in percentage of average deviation from best solution found in the run
4

- CPU time (in minutes) on a Athlon XP 2600+

Table 8.7: Characteristics of U250

DARP instance U250
Service area (miles?) 16
Number of requests n 250
Type of request randomly
Time window (minutes) 10
Loading time (minutes) 5
Number of vehicles m 13
Vehicle average speed (miles/hour) 20
Number of ordinary seats 4
Number of wheelchair places 2
Average wait time (minutes) 30
Maximum ride time (minutes) 60
Maximum route duration (minutes) 480
Minimum trip length (minutes) 0.24
Maximum trip length (minutes) 13.00
Average trip length (minutes) 6.50
Number of DPRs 126
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Chapter 9
Schedule Analysis

Given a weighted multi-objective function, the value of the final objective function provides little
information regarding the nature of the schedule produced. For example, refer to Table 9.1.
Observe that all three solutions may have identical cost values but the nature of the schedules is
vastly different. Clearly, more emphasis on customer satisfaction is evident in solution number
1 as compared to solution numbers 2 or 3. By the same token, more emphasis is placed on

reducing system cost in solution number 3 as compared to solution number 1.

Table 9.1: An example of three solutions that share the same cost value but depict different
policy considerations.

Sol. No. | TT | ERT | COST =TT + ERT
1 200 50 250
125 | 125 250
3 100 | 150 250

This simple example illustrates that the objective function value alone is inadequate in
capturing the nature of the generated schedule. One way of overcoming this limitation is to
present the solution in terms of certain relevant statistics as demonstrated by Jaw et al. [28]
and Madsen et al. [33]. However, the saying “a picture is worth a thousand words” suggests
that a visual display of the solution is another means of characterizing the nature of a DARP
solution.

In the following sections, we will introduce the relevant statistics and demonstrate how they
can be used to analyze a schedule. Following that, we will introduce a graphical user interface

that we developed which allows the user to display a DARP solution in several views.
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9.1 Statistical Display

As demonstrated by Jaw et al. [28] and Madsen et al. [33], the following statistics can be used

to better characterize a DARP solution:

ATT - average travel time; travel time measures the time taken to travel from one stop to
another stop, it does not include loading and waiting times. Hence, ATT measures the

average travel time per request.

AMCU - average maximum capacity utilization; the maximum capacity utilization is com-
puted as a ratio by taking the maximum concurrent riders found in each vehicle over the
maximum capacity of the vehicle. Hence, AMCU represents maximum capacity utilized

on average among all vehicles used.

ARTR - average ride time ratio; ride time ratio represents the actual ride time of a customer
over his direct ride time. The direct ride time of a customer refers to the travel time
between a customer’s origin and destination stop while the actual ride time of a customer
refers to the time a customer arrives at his destination stop minus the time he leaves his
origin stop. In a schedule, if a customer is transported from his origin to destination stop
directly, his actual ride time equals his direct ride time. In this case, the ride time ratio
is 1. ARTR is computed as:

n

1
ARTR = — g (actual ride time), /(direct ride time),
n
i=1

AST - average slack time; total slack time refers to the inactive time that a vehicle spends
waiting at a stop to pickup a customer while the vehicle is empty. AST measures the

average inactive time of each vehicle.

MWT - maximum wait time; waiting is allowed only at origin stops, refer to Section 1.3 for
our model constraints specification. In this case, wait time refers to the time a vehicle
carrying passengers spends at a stop while waiting to pickup customers. Hence, MWT

gives the maximum time customers may have to wait at an (origin) stop.

NUR - number of unassigned requests; only in the TSIRAU algorithm can requests be left

unassigned.

PTWMOC - percentage of time with more than one customer; over the time where at least
one customer is serviced, PTWMOC denotes the percentage of time where the vehicle is

servicing more than one customer.
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VP - vehicle productivity; VP gives the number of passengers serviced per hour. It is computed
as:
VP = 60n/(total travel time)

To illustrate how the schedule generated differs when different weight sets are considered,

we investigate three different schedules:

Schedule A customer satisfaction weights are higher than system cost weights.
Schedule B customer satisfaction weights are approximately equal to system cost weights.

Schedule C system cost weights are higher than customer satisfaction weights.

From the tradeoff curves generated for U30 and U150 when applied to the TSIRAU and
TSIRDU algorithms (as shown in Section 6.7.3) for tradeoff curves, respective weight sets
reflecting the three schedules were selected. If A .pedule = (1/%)schedules then

Aa > Ag > Ao

where 1 and 1 are the associated weights corresponding to the objective TT and ERT
respectively. The result is shown in Table 9.2.

Several observations can be made from the results reported in Table 9.2:
1. No requests were left unassigned when using TSIRAU.

2. ATT is a decreasing function of A. This is consistent with the emphasis placed on the
weight sets since a larger A value implies that more emphasis is placed on the minimization

of total travel time, hence, we expect the average travel time to decrease with increasing
A

3. ARTR is an increasing function of A. Again, this is consistent with the emphasis placed on
the weight sets since a larger \ implies that less emphasis is placed on the minimization of
the cumulative excess ride time. Hence, we expect the ARTR to increase with increasing

A

4. ARTR is proportional to PTWMOC. As the average ride time of each passenger increases,

the percentage of time that more than one passengers travel together increases also.
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Table 9.2: Analysis of schedules generated for the three policies: A, customer satisfaction is
valued more than system costs; B, customer satisfaction and system costs are valued equally;
and C, customer satisfaction is valued less than system cost, when applying the TSIRAU and
TSIRDU algorithms to the DARP instances U30 and U150.

[ Instance | Policy [ NUR [ AMCU | ARTR | MWT' [ ATT” | VP® | AVS® | PTWMOC® ||

TSIRAU
U30 A 0 0.33 1.46 0.00 11.24 | 2.70 | 9.70 18.24
B 0 0.39 2.14 12.27 8.63 2.68 | 33.41 44.86
C 0 0.67 3.29 4.01 8.30 2.69 | 39.63 51.85
U150 A 0 0.23 1.17 0.00 10.15 | 2.72 | 29.12 3.11
B 0 0.42 2.24 19.43 7.71 2.78 | 59.03 20.37
C 0 0.57 3.85 25.62 7.08 2.77 | 44.74 39.85

TSIRDU
U30 A - 0.39 1.37 0.00 10.52 | 2.74 | 14.15 17.62
B - 0.44 2.16 0.00 8.53 2.72 | 35.25 46.64
C - 0.44 3.72 16.03 7.80 2.61 | 46.40 60.70
U150 A - 0.23 1.14 0.00 9.80 2.69 | 37.48 4.31
B - 0.40 1.95 15.45 7.25 2.76 | 64.48 23.51
C - 0.48 2.82 5.04 6.82 2.85 | 56.04 34.51

(1 = in minutes; 2 = in minutes/job; 3 = jobs/hour; 4 = in minutes/vehicle; 5 = in percents. )

9.2 Graphical Display

The purpose of the graphical user interface is to provide the user with the ability to visually
examine each DARP solution. The GUI is implemented using Java Swing and bar charts are

implemented using JFreeChart. The GUI provides the following viewing options:
e client, location, request, vehicle, and stop tables in table format.
e statistics as discussed in Section 9.1 in the form of bar charts.
e individual vehicle route and spatial distribution.

Figure 9.1 shows the route and spatial distribution for vehicle V01 of a particular DARP
solution. The route view, in the top left corner, shows the sequence of stops to be serviced
and provides temporal information. The schedule of vehicle V01 is displayed in the form of
a request-time graph. The vertical axis marks the list of requests serviced by a particular
order while the horizontal axis marks the arrival time and departure time of the vehicle. Light
rectangles represent the time windows at pickup stops while dark rectangles represent the time

windows at dropoff stops. Vehicle arrivals are represented by light dots while vehicle departures
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Figure 9.1: Graphical view of route, spatial distribution and objective of vehicle VO1.

are represented by dark dots. Observe that request R013 has two time windows while request
R023 has only one time window. This provides a visual cue that request R013 is a DDR while
request R023 is a DPR. Also observe that request R002 has overlapping time windows and the
vehicle arrives at the destination near the end of the dropoff time window. It is also intuitively
obvious from the graph that the vehicle picks up request R013, request R023, and request R002
before dropping off request R002, request R023, and request R013.

The spatial view, in the bottom left corner, provides a bird’s eye view of the stops to be
serviced and the order in which stops are visited. Dark dots represent stops in the schedule of
vehicle VO1 and the text identify the request associated with each stop. Light dots represent
the remaining stops in this particular data set. When the “Animate” button is clicked, each
edge in the graph is highlighted in the sequence to be visited by the vehicle. The scroll bar, in
the bottom right corner, allows the user to resize this view. Observe that the locations serviced
by vehicle V01 are not concentrated in one area.

The solution’s corresponding objectives are displayed in the form of a bar chart as seen in

the top right corner. In this particular case, total ERT and total TT are displayed.
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9.3 Summary

In the above discussion, we have shown alternate ways in which a user can analyze a DARP
solution. A DARP solution can be characterized in terms of relevant statistical information or
can be examined visually via a graphical user interface. Both displays provide useful information

that will allow a user to better characterize the nature of a DARP schedule.
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Chapter 10

Conclusions and Future Research

In this thesis, the many-to-many, advanced reservation, multi-vehicle, single-depot, static DARP
was examined. The dual objectives considered are to minimize total travel time and total excess
ride time. This is subject to round trip, coupling, precedence, time windows, vehicle capac-
ity, ride time, route duration, and wait time constraints. While the problem can be solved
exactly, current methods are too slow for most practical applications. We have instead focused
our research in developing methods that can generate high quality solutions within reasonable
computing time.

By adopting the cluster-first route-second approach, various combinations of clustering and
routing techniques were considered for the exploration of (particularly) two solution approaches.
They are (1) to disallow constraints violation and leave a request unassigned if necessary during
searches, and (2) to allow constraints violation and no requests can be left unassigned during
searches. Refer to Chapter 4 for discussion. As a result, two routing techniques were developed
to supplement these approaches. They are IRAU (for Approach I) and IRDU (for Approach
IT). Details of these techniques are given in Chapter 5. Clustering is performed either via Tabu
Search, refer to Chapter 6 for details, or Scatter Search as described in Chapter 7. The four
metaheuristics considered are TSIRAU, TSIRDU, SSIRAU, and SSIRDU.

The four metaheuristics use the concept of a neighborhood, or a candidate list of moves,
to search the solution space; a neighborhood is defined as a set of solutions which are a small
perturbation from the current solution. Each move is evaluated and the candidate move is
selected to replace the current solution. Three moves were considered. They are single request
move (SRM), paired requests swap (PRS), and stops swap move (SSM). Detailed discussion of
each move can be found in Section 6.3. For the search to proceed quickly, the consideration
of moves in combination with routing technique is a key factor. IRAU is, in general, a faster

routing technique as compared to IRDU since only feasible insertions are considered during
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search. As a result, the choice of neighborhood is largely dependent on the routing technique
employed. It was found that TSIRDU and SSIRDU do not benefit from the inclusion of SSM;
observe that both metaheuristics adopt the IRDU routing technique. In addition, it was also
observed that some benefits can be gained by including PRS in TSIRDU and SSIRDU, but
IRDU paired with PRS was found to be computationally expensive. As a result, PRS was
excluded from SSIRDU since Scatter Search considers a reference set of (at least, two or more)
solutions which requires computational efficiency in the evaluation of neighborhoods.

In Chapter 8, comparisons of the metaheuristics over test problems and two real-world
problems were presented. Tradeoff curves were generated for the U150 data set. TSIRDU
outperformed the other heuristics, evidenced by the non-dominated solutions it generated. In
addition, TSIRDU produced the best cost on the Ul50A and U150B data sets. However,
TSIRAU generated better solution on U150C, WSTA1 for weight sets n = 1 and ¢ = 2, and
WSTA2 for all weight sets considered in terms of the objectives considered in this research.
It was found that while considering only feasible solutions during search, as in the case with
TSIRAU, limits the exploration of solutions if time windows are large as compared to the
average trip length of requests. Such a limitation appears to have little effect on the exploration
of solutions. While the SSIRAU and SSIRDU algorithms did not generate better solutions (in
the long run) as compared to the TSTIRAU and TSIRDU algorithms, better solutions were found
earlier in the run which suggests that there is benefit in considering multiple solutions.

The objective function value of a solution may not be the best measure of its quality
especially when dealing with a multi-objective function. Operating statistics, as discussed
in Chapter 9, provide means of characterizing the nature of a DARP. When utilized with
a graphical user interface, where spatial and temporal distributions, and route schedule are

represented visually, the modeler will be equipped with resources to better analyze schedules.

Future Research

e The current model formulation does not consider all issues like driver’s preference for
routes, customer’s driver preference, customers who do not want to travel with other

customers etc. More sophisticated models can be considered.

e The specification of an objective function guides the search, while the weight associated
with each objective remains unchanged during search. An interesting future research work

is to examine dynamic weights.

e The global performance of SS, along with the local performance of TS, suggests a combi-

nation of the two metaheuristics. One possible combination is to replace the improvement
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method in SS with TS. However, by doing so, one could be faced with high computational
cost. Since SS is inherently parallel, in contrast to TS, this high computational cost can
be reduced if processors are run in parallel and multiple solutions can be improved at any

point in time.

Another interesting idea for future research is a GUI expert system that incorporates sta-
tistical information about a problem and preferences of the modeler to produce solutions
by adopting the metaheuristics presented here. Such a system should require minimal

human guidance, be intuitive, and user friendly.
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Appendix A

Multi-Vehicle DARP Instance

Construction

In this section, we present two methods of generating DARP instances. The first approach
generates a DARP instance by construction such that the optimal solution can be computed in
advance. The second approach generates a DARP instance randomly but guarantees that all

requests in that instance can be serviced by the predetermined fleet.

A.1 m-vehicle DARP instance construction

In this section, we will describe how one can construct a DARP instance whose optimal solution
containing m (for m < 4) tours or vehicles is known. To do so, we will first consider the case
where m = 1. The depot is located at the origin (0,0). Assume n (n, even) desired pickup
requests (or DPR), where each request is indexed as ¢ and requires zero loading time, are
serviced by the tour. Since each request is associated with an od-pair, we will index the origin
and destination stop of request 7 as 7 and i + n respectively. The 2n locations visited by this
tour will be generated, evenly spaced, on a circle with radius r, centered at (3r,0). Hence, the

tour sequence is given by

<0,1,2,14n,24+n,3,4,....n—1,n,2n —1,2n,0 >

where 0 represents the depot and stop 1 is located at (2r,0). The request time for request

i, rt;, can be generated as follows:
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rty, = 2r

rta = 2r+2rsin(a/2)

rt; = 1t +4(i — 1)sin(a/2) i even
rt; = rta+4(i — 1)sin(«/2) i odd

The objective is to minimize the cost function which is expressed a linear combination of

cumulative travel time, TT, and cumulative excess ride time, FRT. It is given as:
COST=nx* TT+ ERT (A.1)

Theorem A.1 The tour constructed is optimal for cost function A.1 and the optimal solution
value is given as

n(2r+ (2n—1)a+c) +n(2a —b)

where a = 2rsin(a/2), b = 2rsin(a) and ¢ = 2r(1 + sin(a/2)?). Here, « = w/n. Refer to

Figure A.1 for a schematic representation of a, b and c.

2+hﬂ

Figure A.1: Optimal route for 1-vehicle case.

We will show that the tour constructed is optimal for the DARP instance with the cost function
at A.1. Observe that if the objective is to minimize cumulative excess ride time, then a tour
that visits each destination stop immediately after its origin stop will result in a tour with zero
excess ride time. By the same token, if the objective is to minimize cumulative travel time, it is
clear that a tour that visits each stop on the circle in sequence, starting from stop 4, is optimal
in terms of minimizing total travel time. With the given objective, based on construction, it
suffices to show that the sequence A =< i, + 1,7+ n, (i + 1) + n > results in a cost that is
lower than the sequence B =< i,i+n,i+1,i+1+n>for1 <i<mn-—1.

Referring to the Figure A.1, the cost for tour A, expressed in terms of a and b, is given as
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TT = 3a
ERT = 2(2a—0)=4a—2b
COSTy = n(3a)+4a—2b

By the same token, the cost for tour B is given as

TT = 2b+a
ERT = 0
COSTg = n(2b+a)

We want to show that COST, — COSTg < 0. Observe,

COST4 — COSTp = (3na+ 4a — 2b) — (2bn + na)
= 2na + 4a — 2b — 2bn

Since b = 2rsin(a) = 2a cos(/2), we have

COSTs — COSTp = 2na+ 4a — (2 + 2n)2a cos(w/2)
=2a(n+2—(2+2n)cos(a/2))
<0

for a« = II/n and n > 2, even.

Finally, in determining the sequence of stops to visit, it should be clear that between every
two partial sequences of stops u =< i,i + 1,i +n,(i +1)+n > for 1 < i < n—3 and
v=<1+2,i+3,(i+2)+n,(i+3)+n >, the optimal way of linking them is < u,v > as this
will result in additional total travel time of na and zero excess ride time. Hence, this shows
that a tour that minimizes total cost is given by < 0,1,2,1+n,2+n,3,4,...,2n — 1,2n >.

Since n is even, the optimal cost is given as

travel time travel time linking travel time
T = from depot + partial + partial + from stop 2n
to stop 1 sequences sequences to depot
= 2r +  n/2(3a) + (n/2-1)a + c
ERT = request1ton
= n/2(4a — 2b)
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Hence, the cost is given as:

COST = nx TT + ERT
= n2r+3an/2+ (n/2—-1)a+¢c) + (n/2)(4a — 2b)
= n(2r+ (2n—1)a +c) +  n(2a-0).

Now, for the case where 1 < m < 4, the above tour construction can be repeated by
setting the center of the circular tours at (3r,0), (—3r,0) and (0, —3r) for the 2nd, 3rd and 4th
vehicle respectively. Observe that the shortest travel between any two locations s; = (x;,y;)
and s; = (z;,y;) where locations s; and s; are from different tours, is greater than 2r where 2r
represents the distance from the depot to the first serviced stop on each tour. Hence, there is
no benefit traveling from one stop to another stop from different tours. The optimal solution
value can be generalized as

nm (2r + (2n — 1)a + ¢) + nm(2a — b)

In accordance to the DARP database specification as discussed in Section 1.4, the following

information is included to complete the description of the DARP instance:

e Vehicle database

— number of ordinary seats in vehicle k: COp =m

— number of wheelchair places in vehicle k: CWj, =0
e Client database

— no wheelchair required for all requests
e Request database

— Since each request is of type DPR, as discussed in Section 1.3, only one time window

specification at the origin stop needs to be created for each request. Set
tw = 57
Time window [e;, ¢;] for request 4, for ¢ = 1,...,n can be computed as follows:

e = rt; — tw/2
li = rt; + tw/2

e Model
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— maximum ride time; m; = 60 for all 4
— average speed is 60

— maximum route duration; H = 480

A.2 Random DARP instance construction

In this section, we will describe how to construct a DARP instance that contains a feasible
solution given a desired fleet size. In other words, all constraints described in Section 1.3 must

be met. The constraints are:

1. same route: every route starts and ends at the depot
2. precedence: for every request i, the od-pair (7,7 + n) must belong to the same route
3. coupling: the origin stop i must be visited before the destination stop i + n

4. time windows: the pickup time window for DPR and dropoff time window for DDR

must not be violated

5. vehicle capacity: the maximum concurrent passengers requiring ordinary seats and
wheelchair places in vehicle k at any instant must not exceed cop (number of ordinary

seats) and cwy (wheelchair places) respectively
6. maximum ride time: the total time that request ¢ is in a vehicle must not exceed m;
7. route duration: the total duration of route k£ must not exceed hy
8. no waiting at destination stops: no waiting at destination stops are allowed

9. maximum waiting time: the total waiting time at origin stops must not exceed w when

the vehicle is carrying passengers

The instance is generated by first creating the ordering of stops in each tour followed by
request-dependent parameter specification.

An area of service must first be defined. Without loss of generality, we will assume that
the area of service is defined as [ x [ (in square miles). Let n represent the number of requests
in the DARP and m the fleet size. Within the service area [ x [, randomly generate a depot
stop followed by 2n distinct service locations for the n origin and n destination stops required.
Let ¢ = |cop + cwy|/2 where co, and cwy represent the specified number of ordinary seats

and wheelchair places in vehicle k respectively. Without loss of generality, we assume that
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cop > cwg. This assumption simplifies the assignment of capacity requirement for each request.
Next, randomly index each stop as ¢ where i = 1,...,2n and set nn = [n/m|. Enumerating
each tour k from 0 to (m — 1), we can create tour k in sequence as follows until m tours are

created:

For k=0,...,m—2,

T =<0,(kxnn)+1,....(kxnn)+cg, ((kxnn)+1)+n,...,((k+xnn)+cx) +n,
((kxnn)+cp)+1,....((kxnn) +cx) +ck,...,(k*nn) +n,0 >

and for k=m —1

T =< 0,(kxnn)+1,...,(kxnn) +ck, (kxnn)+1)+n,...,((k*xnn) + cx) + n,
((k+xnn)+ck)+1,...,(k*nn)+cg) +ck,...,2n,0 >

We have just created m tours where each tour starts from the depot (indexed 0), visits each
stop where the origin and destination stops of request i are indexed as 7 and ¢ + n respectively,
and then return to the depot. Ordering requests in this manner meets the requirement of
constraints (1) to (3). What remains to be determined for each request are its request time,
type of capacity required and time window specification.

Only one time window is defined for each request, a time window at the origin stop for
desired pickup requests (DPRs) and a time window at the destination stop for desired dropoff
requests (DDRs). For each index i < n, randomly determine if request ¢ is a DPR or a DDR

and assign its capacity requirement type as follows:

ordinary seat if ¢ mod ¢ < coy/2 (A.2)

wheelchair place if ¢ mod ¢, > coi/2 (A.3)

Specifying capacity requirement in this manner satisfies constraint (5).
To simplify notation for the purpose of discussion for the remaining section, we rewrite
each tour T} as T' =< sq, 51,...,54 where stops sgp and s, represent depot stops. If s; is the

origin stop of a DPR or the destination stop of a DDR, the time window at this stop can be

defined as follows:

[es,, €s; + rand(twy, tw,)]
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where 0 < tw; < tw, and rand(a,b) is an integer number randomly generated between a

(inclusive) and b (inclusive), and

i i—1
es; = €9+ Zt(sj,l, sj) + Z loads,
Jj=1 Jj=1

where
eg = start time of the scheduling horizon
t(si,s;) = time required to get from stop ¢ to stop j and t(s;, s;) = d(si, sj)/speed
d(si,s;) = distance (in miles) required to get from stop i to stop j
loads; = loading time at stop @

Setting the time window in the above manner ensures constraints (4), (8) and (9) to be
satisfied. Finally, we need to check that the specified maximum ride time and route duration

are met.
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Appendix B

U30 Data Set

MRT

FIXED

Table B.1: U30 Model Table

20

60 TW FIXED WAIT 30 SPEED
Table B.2: U30 Vehicle Table
ID Capacity ‘Wheelchairs
Vo1 4 2
Vo2 4 2
V03 4 2
Table B.3: U30 Client Table
1D Name Address ‘Wheelchair
Co001 “namel” null n
C002 “name2” null n
C003 “name3” null y
C004 “name4” null n
C005 “name5” null n
C006 “name6” null y
Cco07 “name7” null n
C008 “name8” null n
C009 “name9” null y
Cco10 “namel0” null n
Co11 “namell” null n
C012 “namel2” null n
Co013 “namel3” null y
Co014 “namel4” null n
Co015 “namel5” null n
Co016 “namel6” null y
Co17 “namel7” null n
Co018 “namel8” null n
C019 “namel9” null y
C020 “name20” null n
C021 “name21” null y
C022 “name22” null n
C023 “name23” null n
C024 “name24” null y
C025 “name25” null n
C026 “name26” null n
C027 “name27” null y
C028 “name28” null n
C029 “name29” null n
C030 “name30” null y
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Table B.4: U30 Location Table

ID Address x-coordinate y-coordinate
L001 “depot” 0 0
L002 “addrl” 0.538671377 0.0030497183215678625
L003 “addr2” 0.82858205 0.005913711618497075
L004 “addr3” 0.295861225 0.7976533001545705
L005 “addr4” -0.842058054 0.5419477867826861
L006 “addrb” 1.970032959 -0.15326406837444928
L0007 “addr6” 0.647380496 -1.414584214445902
L008 “addr7” 0.644549627 0.04857306530620287
L009 “addr8” -0.135501397 -0.13123211279949887
L010 “addr9” -1.353336878 -1.6172067678836877
L0111 “addr10” -0.511723594 -0.05804173742488494
L012 “addrll” -1.868745815 -0.6728498739245476
L013 “addr12” 1.755203404 1.8599475000841053
L014 “addr13” -1.974996023 0.824697371443468
LO015 “addr14” -1.269010391 0.04249577795726989
L016 “addr15” 0.125553072 -1.7077880578412112
Lo17 “addr16” -1.490946478 0.9943576252514399
L018 “addrl7” 0.169734523 -0.7885078796464096
L019 “addr18” -1.230985848 -1.5627310948424893
L020 “addr19” -1.670501027 0.5209366339224064
L021 “addr20” -0.914553121 1.8933997552438488
L022 “addr21” 1.863682957 1.325593977506485
L023 “addr22” 0.959191801 1.873226954530855
L024 “addr23” -1.451702247 0.3696513801558501
L025 “addr24” -0.249462437 1.5590618152414222
L026 “addr25” 1.027554395 1.2661145357862527
L027 “addr26” 1.525631272 -1.7612511003824376
L028 “addr27” -0.627634663 -1.3457897883850238
L029 “addr28” 0.284500026 1.7323354608219828
L030 “addr29” -0.097402273 1.2558253275260283
L031 “addr30” -0.87890193 -0.3322116113669158
L032 “addr31” 0.723885916 -0.7719230171019644
L033 “addr32” 0.572826106 0.7001205198328115
L034 “addr33” -1.550663553 -0.740109955428895
L035 “addr34” -1.250999578 -1.3684321995845812
L036 “addr35” 0.220997486 -0.46376145476054065
L037 “addr36” -1.215219567 -1.1212605410822478
L038 “addr37” -1.584510464 1.9944900572852635
L039 “addr38” -0.25090487 1.8459458421485215
L040 “addr39” 0.312728921 1.2230728596838527
L041 “addr40” 1.342138821 1.502189300096516
L042 “addr41” -0.473793385 -0.09653357030736531
L043 “addr42” 0.550039951 -0.17741584524412213
L044 “addr43” -1.862185717 -0.1277024201357535
L045 “addr44” -0.118664627 -1.25674556581704
L046 “addr45” -1.75025724 1.6811056959644288
Lo47 “addr46” 1.891916336 -1.1079624277054996
L0438 “addrd7” -0.939490997 1.957122860370485
L049 “addr48” -0.587857926 0.5956055808696217
LO050 “addrd49” 0.591697111 -1.0808077919873371
LO051 “addr50” -0.778152247 -0.47310652855885893
L052 “addrb51” -0.163466929 -1.921264679359048
L053 “addr52” -1.123992761 0.845010339020881
L054 “addr53” 1.370941585 0.45645357434216205
LO055 “addrb4” -0.034161236 1.7930845295754243
L056 “addrb5” 0.362266133 -1.4287637054852698
LO57 “addr56” -1.692823387 1.457780129967206
L058 “addrb7” -0.569635972 1.0085237582599897
L059 “addr58” -1.620040081 -0.2424991658088218
L060 “addrb9” -0.039680441 -1.44883968809923
L061 “addr60” -0.200276764 1.714578292
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Table B.5: U30 Request Table

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
ROO1 Co001 L002 L0055 5/27/2003 7:24 D 5 1 7:18 7:28
R002 C002 L003 L006 5/27/2003 7:38 D 5 1 7:32 7:42
RO0O03 C003 L004 Lo07 5/27/2003 7:48 D 5 1 7:43 7:53
RO0O04 C004 LO008 Lo11 5/27/2003 8:26 D 5 1 8:20 8:30
RO0O05 C005 L009 Lo12 5/27/2003 8:35 D 5 1 8:30 8:40
RO0O06 C006 Lo10 Lo13 5/27/2003 8:54 D 5 1 8:48 8:58
RO07 Cco07 Lo14 Lo17 5/27/2003 9:10 P 5 1 9:05 9:15
RO008 C008 LO15 L018 5/27/2003 9:18 P 5 1 9:13 9:23
RO009 C009 Lo16 L019 5/27/2003 10:07 D 5 1 10:01 10:11
RO10 Co10 L020 Lo21 5/27/2003 10:18 P 5 1 10:13 10:23
RO11 Co11 L022 L025 5/27/2003 7:39 D 5 1 7:33 7:43
RO12 Co012 L023 L026 5/27/2003 7:15 P 5 1 7:10 7:20
RO13 Co13 L024 Lo27 5/27/2003 8:02 D 5 1 7:56 8:06
RO14 C014 L028 L031 5/27/2003 8:13 P 5 1 8:08 8:18
RO15 Co015 L029 L032 5/27/2003 8:55 D 5 1 8:50 9:00
RO16 Co016 L030 L033 5/27/2003 8:35 P 5 1 8:29 8:39
RO17 co17 L034 L037 5/27/2003 9:17 P 5 1 9:12 9:22
RO18 Co018 LO035 L038 5/27/2003 9:24 P 5 1 9:19 9:29
RO19 Co019 LO036 L039 5/27/2003 10:08 D 5 1 10:02 10:12
R020 C020 L040 Lo41 5/27/2003 10:15 P 5 1 10:10 10:20
RO21 C021 LO042 L045 5/27/2003 7:33 D 5 1 7:28 7:38
R022 C022 L043 L046 5/27/2003 7:48 D 5 1 7:43 7:53
R023 C023 L044 Lo47 5/27/2003 7:22 P 5 1 7:16 7:26
R024 C024 L.048 LO51 5/27/2003 8:24 P 5 1 8:19 8:29
R025 C025 L049 L052 5/27/2003 9:04 D 5 1 8:58 9:08
R026 C026 L050 L053 5/27/2003 9:18 D 5 1 9:12 9:22
RO27 Cco27 L054 L057 5/27/2003 9:30 P 5 1 9:25 9:35
R028 C028 L055 L058 5/27/2003 10:20 D 5 1 10:15 10:25
R029 C029 L056 L059 5/27/2003 9:56 P 5 1 9:50 10:00
R030 C030 L060 L061 5/27/2003 10:55 D 5 1 10:50 11:00
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Appendix C

U150 Data Set

Table C.1: U150 Model Table

MRT FIXED 60 TW VARY WAIT 30 SPEED 20 ROUTE 480

Table C.2: U150 Vehicle Table

1D Capacity ‘Wheelchairs
Vo1 4 2

Vo2
Vo3
Vo4
Vo5
Vo6
Vo7
Vo8
V09
V10

B R R R R R R
NNDNNNNNDN N
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Table C.3: U150 Client Table

1D Name
A
C001 mamel” ddress ‘Wheelchair D
null Name Add
C002 “name2” ol n C076 Erep—— o ress Wheelchair
C003 “name3” n co77 « e, null o
004 igspys null v Pl “23111677” null n
C005 “namob” null n Co79 B ame78” null v
C006 “name6” null n C080 “namc79” null n
coo7 Pt nuﬁ v Cos1 “E:mcsow null n
C008 “name8” null n C082 “namcslh null v
C009 “name9” nun n 083 “namESQ” null >
C010  “namel0” T y Comi  mamenir null n
CO11  “namell” o n G085 “name8s” null y
C012  “namel2” T n Cose e null n
Cco13 “namel3” 2311 y co87 “nzzeggw null n
Co014 “nameld” n C088 . € null
p ; null name88” nul y
015  “namels” e n C089  “name89” ull n
C016  “namel6” nall Y G090 “name90” ot n
co17 e, u n C091 « € null
ol : null name91” null Y
8 namel8” null n €092 “name92” n
C019  “namel9” Y C093 « null n
<o . null name93” null
20 name20” n C094 « "
<o . null name94” nul Y
21 name21” null n C095 “name95” ull n
Co022 “name22” y C096 « €99 null n
C023 oy null n C097 “namegﬁ null
Co2 . null name97” null 4
4 name24” null n C098 “name98” " n
C025 “name25” " y C099 “na e null n
C026  “name26” m n G100« me99 null v
Goar  « null n namel00” null
name27” null C101  “namel01” n
C028 “name28” null y C102 “namel02” null n
C029  “name29” T n C103  “mame10ge null y
C030 “name30” nu“ n C104 “na-meloi” null n
Co031 “name31” null y C105 “namelo » null n
Coa e u n c106 €105 null
coa : null namel06” null Y
3 name33” null n C107 “namel07” n
C034  “name34” Y C108 « null n
Co3 ; null namel08” null
5 hame35” n C109  “ne ; y
Cos . null n namel09” null
6 name36” ciio o« n
C03 ; null namell0” null
7 name37” Y c1ir o« n
Cos . null namelll” null
8 name38” n Cc112 « y
Cos : null n namell2” null
9 name39” null C113 “namel13” n
C040 “named0” y Cl14 « null n
Coa : null namell4” null
1 name41” null n C115 “namell5” M
C042  “named2” | n Cl16  “n » null n
C043  “namod3” Euﬁ y Cc117 “nzzeﬂ6” null 0
C044  “namedd” o n 11y ame T null y
C045  “named5” ““11 n C119  “n met 18’ null n
C046  “named6” nun y C120  “mame1200 null n
Cco047 “name47” nun n C121 “namelgow null y
Co048 “name48” u“ n C122 “namel 177 null n
C049 “name49” :m“ Y G123 “namelg2” nut n
C050  “name50” u n c124  « el23 null
co ; null namel24” null Y
51 name51” null n G125 “namel25” " n
C052  “name52” Y C126 « null n
cos ; null namel26” null
3 name53” n c127 o« ) v
Cos : null n namel27” null
4 name54” null C128 “namel28” n
C055  “nameb5” y C129 « null n
Cos : null namel29” null
6 name56” null n C130  “namel30” Y
C057 “name57” 1 n C131 “namel31” null n
Co58 D nuu v G132 “namc131” null n
C059 “name59” nun n C133 “namc13[2” null y
060 80" nu11 n o134 “namcl33” null n
Co61 P nuu y C135 “nam9134” null n
Co62 o nu11 n C136 “namel35” null y
Co63 o nu11 n C137 “namel36” null n
G064 “name64” ull v G133 “na:elgn null n
C065 “name65” nzll n C139 “namelggw null y
C066 “name66” null n C140 “namel49n null n
CO67  “name67” o y Cray e, null n
068 “nameBs” nu n C142 «. meldl null
<o ; null namel42” null y
69 name69” null n C143 “namel43” " n
C070  “name70” Y Cl144  “ne null n
Cor ; null namel44” null
1 name71” n Cla5  « y
Cor . null namel45” null
2 name72” n c146  « n
Cor . null namel46” null
3 name73” y c147  « n
C « null namel47” nul
C874 name74” null n €148 “namel48” u M
7. » null
5 “name75 null ; ore (hameld97 DEH a
C150 “namel50” null ;
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Table C.4: U150 Location Table

ID Address x-coordinate y-coordinate
L001 “depot” 0 0
L002 “addrl” 0.538671377 0.003049718
L003 “addr2” 0.82858205 0.005913712
L004 “addr3” 0.295861225 0.7976533
LO005 “addr4” -0.842058054 0.541947787
L006 “addrb” 1.970032959 -0.153264068
L007 “addr6” 0.647380496 -1.414584214
L008 “addr7” 0.644549627 0.048573065
L009 “addr8” -0.135501397 -0.131232113
L010 “addr9” -1.353336878 -1.617206768
L0111 “addr10” -0.511723594 -0.058041737
Lo12 “addrll” -1.868745815 -0.672849874
L013 “addr12” 1.755203404 1.8599475
L014 “addr13” -1.974996023 0.824697371
LO015 “addr14” -1.269010391 0.042495778
L016 “addrlbs” 0.125553072 -1.707788058
LO17 “addrl6” -1.490946478 0.994357625
L018 “addrl7” 0.169734523 -0.78850788
L019 “addr18” -1.230985848 -1.562731095
L020 “addr19” -1.670501027 0.520936634
L021 “addr20” -0.914553121 1.893399755
L022 “addr21” 1.863682957 1.325593978
L023 “addr22” 0.959191801 1.873226955
L024 “addr23” -1.451702247 0.36965138
L025 “addr24” -0.249462437 1.559061815
L026 “addr25” 1.027554395 1.266114536
L027 “addr26” 1.525631272 -1.7612511
L028 “addr27” -0.627634663 -1.345789788
L029 “addr28” 0.284500026 1.732335461
L030 “addr29” -0.097402273 1.255825328
L031 “addr30” -0.87890193 -0.332211611
L032 “addr31” 0.723885916 -0.771923017
L033 “addr32” 0.572826106 0.70012052
L034 “addr33” -1.550663553 -0.740109955
L035 “addr34” -1.250999578 -1.3684322
L036 “addr35” 0.220997486 -0.463761455
L037 “addr36” -1.215219567 -1.121260541
L038 “addr37” -1.584510464 1.994490057
L039 “addr38” -0.25090487 1.845945842
L040 “addr39” 0.312728921 1.22307286
L041 “addr40” 1.342138821 1.5021893
L042 “addr41” -0.473793385 -0.09653357
L043 “addr42” 0.550039951 -0.177415845
L044 “addr43” -1.862185717 -0.12770242
L045 “addr44” -0.118664627 -1.256745566
L046 “addr45” -1.75025724 1.681105696
Lo47 “addr46” 1.891916336 -1.107962428
L048 “addr47” -0.939490997 1.95712286
L049 “addr48” -0.587857926 0.595605581
L050 “addrd49” 0.591697111 -1.080807792
LO051 “addr50” -0.778152247 -0.473106529
L052 “addrb51” -0.163466929 -1.921264679
L053 “addr52” -1.123992761 0.845010339
L054 “addrb53” 1.370941585 0.456453574
LO055 “addrb4” -0.034161236 1.79308453
L056 “addrb5” 0.362266133 -1.428763705
LO57 “addrb56” -1.692823387 1.45778013
LO058 “addrb7” -0.569635972 1.008523758
L059 “addrb8” -1.620040081 -0.242499166
L060 “addr59” -0.039680441 -1.448839688
L061 “addr60” -0.200276764 1.714578292
L062 “addr61” -0.764449919 1.65654824
L063 “addr62” 1.684003504 -0.319974487
L064 “addr63” -0.845389841 0.489699059
L065 “addr64” -1.516389997 1.417714277
L066 “addr65” -1.68546934 0.772557388
L067 “addr66” -1.819265487 1.818119024
L068 “addr67” 0.888061646 -0.614245176
L069 “addr68” 0.7129107 0.500049753
L070 “addr69” 0.991717826 -1.040267818
LO71 “addr70” -0.936137309 -1.32792221
L072 “addr71” -1.863942733 0.617949665
L073 “addr72” -0.330685781 -1.636359303
L074 “addr73” -0.130844209 -1.414312976
L075 “addr74” -1.38213961 -0.500908775
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Table C.4: U150 Location Table (continued)

ID Address x-coordinate y-coordinate
LO76 “addr75” -0.131230409 1.553713851
Lo77 “addr76” -0.415963095 1.276240593
L078 “addr77” -0.491789008 -0.5131041
L079 “addr78” -1.487249413 -0.075777387
L080 “addr79” 0.315492453 0.993580143
L081 “addr80” 0.78126818 -0.846209293
L082 “addr81” 1.76482676 1.422385709
L083 “addr82” -1.103008865 0.476439002
L084 “addr83” 1.484099718 1.528807861
L085 “addr84” -1.253725614 -1.942979628
L086 “addr85” 1.231467505 0.854822328
Lo87 “addr86” -0.008420322 -1.122184992
L088 “addr87” -0.111244 -1.109538162
L089 “addr88” -0.578714578 -0.269714574
L090 “addr89” 0.238877373 -1.36288626
L091 “addr90” -1.111496255 1.914034926
L092 “addr91” 1.439004337 1.368071898
L093 “addr92” 1.932290507 0.510766104
L094 “addr93” 1.870778201 0.182656602
L095 “addr94” -0.743337697 -0.285680464
L096 “addr95” 1.443355674 -0.624003253
L097 “addr96” 0.949866249 -1.063847324
L098 “addr97” 0.444631654 -1.302650051
L099 “addr98” 0.658382262 -1.731099303
L100 “addr99” -0.319494262 -1.754381215
L101 “addr100” 1.887163201 -1.621058354
L102 “addr101” 1.911591987 1.051501014
L103 “addr102” -0.820343529 -0.987829378
L104 “addr103” 1.491303348 0.321493205
L105 “addr104” -0.861824263 0.035468396
L106 “addr105” -0.371228499 0.869749628
L107 “addr106” 0.077226734 -0.700370254
L108 “addr107” 0.844595994 -0.560422263
L109 “addr108” 0.559420185 -1.402198436
L110 “addr109” -0.043052931 0.417134303
L111 “addr110” 0.145637745 0.60675784
L112 “addr111” -1.669922725 -0.134333006
L113 “addr112” -1.601854089 1.936623149
L114 “addr113” 1.136829942 -0.140573503
L115 “addr114” -1.492612988 0.277935161
L116 “addr115” 0.031261237 0.772157604
L117 “addr116” -0.12979531 1.123220459
L118 “addr117” 1.897026004 1.475856843
L119 “addr118” -0.470704928 -0.346463808
L120 “addr119” 0.231708739 0.331267346
Li121 “addr120” -0.409296457 -1.881285912
L122 “addr121” 1.246809597 1.402359877
L123 “addr122” 0.56822152 -1.596677151
L124 “addr123” -0.092369142 -1.497164478
L125 “addr124” 1.060565167 -0.541352884
L126 “addr125” -0.093163011 -1.51653983
L127 “addr126” -1.750747916 1.894261513
L128 “addr127” 1.959994052 -1.405172305
L129 “addr128” -0.587877521 1.261061182
L130 “addr129” -1.169074744 -1.189072957
L131 “addr130” -0.020518965 1.420888785
L132 “addr131” 1.139252261 0.674670499
L133 “addr132” -1.383129705 -0.113816837
L134 “addr133” -0.727981015 -0.472678492
L135 “addr134” 0.400513905 0.126350994
L136 “addr135” -0.384168595 0.909541999
L137 “addr136” 1.358501346 -0.424151029
L138 “addr137” 1.845472864 0.472560366
L139 “addr138” -0.517182671 -1.557757608
L140 “addr139” 0.149490052 -0.08625837
L141 “addr140” -1.225650722 1.400787751
L142 “addr141” -0.957227342 1.251623834
L143 “addr142” -0.034962254 1.875368113
L144 “addr143” 1.810682948 0.1812655
L145 “addr144” 0.268366089 -1.156106721
L146 “addr145” 0.648821772 -1.698470428
L147 “addr146” -1.158582716 -1.030445769
1148 “addr147” 0.207050544 1.681711664
L149 “addr148” 0.598756568 -1.652393861
L150 “addr149” 0.515916042 1.535700458
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Table C.4: U150 Location Table (continued)

ID Address x-coordinate y-coordinate
L151 “addr150” 0.600429488 -1.72936654
L152 “addrl51” -0.831838515 1.697640637
L153 “addr152” -1.556602768 0.153532577
L154 “addr153” -1.852466241 -0.856151035
L155 “addr154” 0.917761344 -1.877271355
L156 “addr155” 1.841631059 1.981515617
L157 “addr156” 1.646162095 -0.237575699
L158 “addr157” 1.545065014 0.125504784
L159 “addr158” -1.493234751 0.123959975
L160 “addr159” -1.846257422 -0.689651698
L161 “addr160” -0.652717078 -0.657355107
L162 “addr161” -1.229394497 1.135309602
L163 “addr162” 1.829507562 -1.930298093
L164 “addr163” -1.412305388 0.516174087
L165 “addr164” -1.799133655 -0.584752495
L166 “addrl65” -1.321060678 1.21820489
L167 “addr166” -1.628462852 -0.788487125
L168 “addrl67” 1.232601383 0.070483401
L169 “addr168” 0.882695864 -1.856211052
L170 “addr169” -1.728162894 1.01263672
L171 “addr170” -0.816499853 -0.340135172
L172 “addr171” 0.056368962 -0.699268155
L173 “addr172” -1.908559696 -1.442995091
L174 “addr173” -0.872207168 0
L175 “addr174” 0.392725006 0.758795677
L176 “addrl175” -0.644425461 -0.682943639
L177 “addrl176” -1.753603491 1.032471395
L178 “addrl177” 0.360325253 -1.62222849
L179 “addr178” 0.387903503 -1.73938906
L180 “addr179” 0.335471343 0.727321189
L181 “addr180” 0.084890287 -0.630621875
L182 “addr181” 0.557969382 -0.863517495
L183 “addr182” 0.379992482 1.128759891
L184 “addr183” -1.226752976 0.218618648
L185 “addr184” -1.637540033 -0.22146227
L186 “addr185” -1.8409187 -1.084720939
L187 “addr186” 1.042460878 1.797009027
1188 “addr187” 1.71765758 -0.916649536
L189 “addr188” 1.858948479 -0.882244012
L190 “addr189” 0.714583633 1.217572763
L191 “addr190” 0.934008194 0.713040924
L192 “addr191” 0.178164311 -0.231986198
L193 “addr192” -0.106371018 -0.299310632
L194 “addr193” -1.508225527 -1.437120203
L195 “addr194” -0.593121907 0.994600977
L196 “addr195” -0.243303074 -0.477182368
L197 “addr196” -1.447512284 -0.992687072
L198 “addr197” -1.127673604 -0.846351128
L199 “addr198” -0.296107414 -1.973681802
L200 “addr199” 0.175169003 -0.769746199
L201 “addr200” 0.830791293 1.624125174
L202 “addr201” -1.002400188 -1.364892736
L203 “addr202” 0.947332532 1.825324944
L204 “addr203” -0.348129192 -1.509251408
L205 “addr204” 1.894061179 1.742213728
L206 “addr205” -0.885604509 -1.473751161
L207 “addr206” 0.722788348 -0.99619966
L208 “addr207” 1.079862954 1.043519461
L209 “addr208” -0.339417893 1.541307962
L210 “addr209” 0.074271708 1.900090141
L211 “addr210” -1.038893323 -1.843437238
L212 “addr211” 1.960498144 -0.399239019
L213 “addr212” 1.908568134 -0.212057814
L214 “addr213” 1.439551258 1.891318754
L215 “addr214” -1.178442522 -0.498164157
L216 “addr215” -0.954806012 -1.826713077
L217 “addr216” 0.11111202 1.975856042
L218 “addr217” 1.649141941 -0.390540493
L219 “addr218” 1.279347146 -1.396686626
L220 “addr219” -0.361416161 -1.034247953
L221 “addr220” 1.202043334 0.33675538
L222 “addr221” -1.302702453 1.035682757
L223 “addr222” -0.879397863 -0.99835186
L224 “addr223” 0.516168039 1.919578421
L225 “addr224” 1.475818988 1.049560038
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Table C.4: U150 Location Table (continued)

ID Address x-coordinate y-coordinate
L226 “addr225” -1.221557337 -0.518619058
L227 “addr226” 1.047948332 1.583489921
L228 “addr227” 0.409593792 1.981712732
L229 “addr228” -0.175427609 0.976262744
L230 “addr229” 1.351186997 -0.813362618
L231 “addr230” 1.599811124 -0.483803789
L232 “addr231” 1.01268572 -1.82266199
L233 “addr232” 0.515446158 1.252524276
L234 “addr233” -1.92534535 0.636712179
L235 “addr234” 1.586561246 0.576343331
L236 “addr235” 0.461354229 1.564665892
L237 “addr236” 0.711331962 -1.938869863
L.238 “addr237” 0.070251973 1.174671648
L239 “addr238” 0.746631051 -0.299840223
L240 “addr239” 0.240504897 -1.850066877
L241 “addr240” -1.061855353 -0.083566503
L242 “addr241” 0.962000679 1.488284574
L243 “addr242” 1.325727141 1.584009738
L244 “addr243” -0.528924138 -0.1592703
L245 “addr244” 1.701754165 1.787909207
L246 “addr245” 0.148560034 1.549311451
L247 “addr246” -1.71773723 -1.836950443
L248 “addr247” -0.469673373 1.515780006
L249 “addr248” -1.542299376 -0.609055549
L250 “addr249” -0.239936596 -1.416688972
L251 “addr250” 0.822136704 -1.203816558
L252 “addr251” -1.041496367 -0.710693736
L253 “addr252” 0.136817419 -0.027009079
L254 “addr253” 1.752894694 0.648089655
L255 “addr254” -1.034017497 -0.014557178
L256 “addr255” -0.394991883 -1.951905071
L257 “addr256” 1.42988812 -1.076797493
L258 “addr257” 0.59552865 -1.601081931
L259 “addr258” 1.852013421 -1.542085151
L260 “addr259” 1.967190752 1.339395014
L261 “addr260” 0.034460805 0.533685264
L262 “addr261” -0.001438856 -1.381359339
L263 “addr262” -0.522411768 0.438343895
L264 “addr263” 0.674898677 1.687770179
L265 “addr264” -0.933053559 -1.759516919
L266 “addr265” -0.857946438 0.090802739
L267 “addr266” 0.582622516 0.940533104
L268 “addr267” 0.073898544 -1.580968635
L269 “addr268” -0.156875514 -1.327574997
L270 “addr269” -1.146683102 1.3939199
L271 “addr270” 0.377970893 -0.094331124
L272 “addr271” -1.138697532 -0.930625145
L273 “addr272” 1.230182828 -1.164041371
L274 “addr273” -0.811740175 -0.804984765
L275 “addr274” 0.821904842 -0.984305763
L276 “addr275” 1.726120487 1.45784978
L277 “addr276” -1.226585215 -1.235905042
L278 “addr277” 0.869427162 0.620548927
L279 “addr278” -0.852189033 0.009856619
L280 “addr279” 0.948064896 -1.499718829
L281 “addr280” 1.800700018 0.957589796
L282 “addr281” 0.033851723 -1.717134244
L283 “addr282” 1.346235567 -1.667446219
L284 “addr283” -0.092268127 0.842772779
L285 “addr284” -0.29210623 0.946485934
L286 “addr285” -1.256153909 1.54028486
L287 “addr286” -1.695600727 -1.059396054
L.288 “addr287” -0.538715395 1.392915152
L289 “addr288” 1.628248578 -1.69985769
L290 “addr289” -1.286140719 -1.431042876
L291 “addr290” -0.693692072 -1.901935352
L292 “addr291” 1.132764013 -1.173176077
L293 “addr292” -1.31100507 -1.586126078
L294 “addr293” -1.293478079 0.82461541
L295 “addr294” -1.403416311 -0.013274335
L296 “addr295” -1.922849449 -1.849867239
L297 “addr296” -0.941795382 0.40032856
L298 “addr297” 1.051006725 -1.527658233
L299 “addr298” -0.288857859 1.96040014
L300 “addr299” 1.767303898 -0.608933319
L301 “addr300” -1.014937239 -0.586275744
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Table C.5: U150 Request Table

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
RO001 Co001 L1002 L005 5/27/2003 7:24 D 5 1 7:18 7:28
R002 C002 L003 L006 5/27/2003 7:38 D 5 1 7:32 7:42
RO003 C003 L004 L007 5/27/2003 7:48 D 5 1 7:43 7:53
RO004 C004 L008 Lo11 5/27/2003 8:26 D 5 1 8:20 8:30
RO0O05 C005 L009 L012 5/27/2003 8:05 P 5 1 7:59 8:09
RO0O06 C006 LO10 Lo13 5/27/2003 8:16 P 5 1 8:10 8:20
ROO7 Co007 LO14 Loi7 5/27/2003 9:10 P 5 1 9:05 9:15
RO0O08 C008 LO15 L018 5/27/2003 9:18 P 5 1 9:13 9:23
RO009 C009 LO16 L019 5/27/2003 10:07 D 5 1 10:01 10:11
RO10 Cco10 L020 L023 5/27/2003 10:18 P 5 1 10:13 10:23
RO11 Co011 L021 L024 5/27/2003 11:03 D 5 1 10:57 11:07
RO12 Co012 L022 L025 5/27/2003 10:41 P 5 1 10:36 10:46
RO13 Co13 L026 L029 5/27/2003 12:02 D 5 1 11:57 12:07
RO14 C014 L027 L030 5/27/2003 12:09 D 5 1 12:04 12:14
RO15 Co15 L028 Lo031 5/27/2003 12:20 D 5 1 12:14 12:24
RO16 Co16 L032 L035 5/27/2003 7:03 P 5 1 6:58 7:08
RO17 co17 L033 L036 5/27/2003 7:13 P 5 1 7:07 7:17
RO18 Cco18 L034 L037 5/27/2003 7:52 D 5 1 7:47 7:57
RO19 Co019 LO038 L041 5/27/2003 8:31 D 5 1 8:26 8:36
R020 C020 LO039 L042 5/27/2003 8:44 D 5 1 8:38 8:48
RO021 Co021 L040 L043 5/27/2003 8:52 D 5 1 8:46 8:56
R022 C022 L044 Lo47 5/27/2003 9:49 D 5 1 9:44 9:54
RO023 C023 L045 L048 5/27/2003 9:15 P 5 1 9:10 9:20
R024 C024 L046 L049 5/27/2003 9:30 P 5 1 9:25 9:35
R025 C025 LO050 L053 5/27/2003 10:27 P 5 1 10:22 10:32
R026 C026 LO51 LO054 5/27/2003 11:13 D 5 1 11:07 11:17
RO27 Cco27 LO052 LO055 5/27/2003 10:46 P 5 1 10:41 10:51
R028 C028 LO056 L059 5/27/2003 12:12 D 5 1 12:07 12:17
R029 C029 LO57 L060 5/27/2003 12:23 D 5 1 12:18 12:28
R030 C030 L058 Lo61 5/27/2003 12:02 P 5 1 11:57 12:07
R031 Co031 L062 L065 5/27/2003 7:05 P 5 1 7:00 7:10
R032 C032 L063 L066 5/27/2003 7:48 D 5 1 7:43 7:53
R033 C033 L064 L067 5/27/2003 7:33 P 5 1 7:27 7:37
R034 C034 L068 Lo71 5/27/2003 8:41 D 5 1 8:36 8:46
RO035 C035 L069 L072 5/27/2003 8:21 P 5 1 8:15 8:25
RO036 C036 LO070 L073 5/27/2003 8:30 P 5 1 8:25 8:35
RO37 Cco037 LO74 Lo77 5/27/2003 9:12 P 5 1 9:06 9:16
RO038 C038 LO75 LO78 5/27/2003 9:50 D 5 1 9:45 9:55
RO039 C039 LO76 L079 5/27/2003 9:59 D 5 1 9:53 10:03
R040 C040 L080 L083 5/27/2003 10:47 D 5 1 10:42 10:52
RO041 Co041 L081 L084 5/27/2003 10:21 P 5 1 10:15 10:25
RO0O42 Co042 LO082 L085 5/27/2003 11:19 D 5 1 11:13 11:23
R043 C043 LO086 L089 5/27/2003 11:35 P 5 1 11:29 11:39
R044 Co044 L087 L090 5/27/2003 11:47 P 5 1 11:41 11:51
R045 C045 LO088 Lo91 5/27/2003 12:25 D 5 1 12:19 12:29
R046 C046 L092 L095 5/27/2003 7:06 P 5 1 7:00 7:10
R047 co47 L093 L096 5/27/2003 7:45 D 5 1 7:39 7:49
R048 C048 L094 L097 5/27/2003 7:20 P 5 1 7:14 7:24
R049 C049 L098 L101 5/27/2003 8:24 D 5 1 8:19 8:29
R0O50 C050 L099 L102 5/27/2003 8:05 P 5 1 7:59 8:09
RO51 Co051 L100 L103 5/27/2003 8:13 P 5 1 8:07 8:17
RO052 C052 L104 L107 5/27/2003 9:05 P 5 1 9:00 9:10
RO053 C053 L105 L108 5/27/2003 9:18 P 5 1 9:12 9:22
RO54 C054 L106 L109 5/27/2003 9:25 P 5 1 9:20 9:30
RO55 C055 L110 L113 5/27/2003 10:01 P 5 1 9:56 10:06
RO56 C056 L111 L114 5/27/2003 10:07 P 5 1 10:01 10:11
RO57 Co057 L112 L115 5/27/2003 10:57 D 5 1 10:52 11:02
RO58 C058 L116 L119 5/27/2003 11:38 D 5 1 11:33 11:43
RO59 C059 L117 L120 5/27/2003 11:46 D 5 1 11:41 11:51
R0O60 C060 L118 Li121 5/27/2003 11:58 D 5 1 11:53 12:03
RO61 Co61 L122 L125 5/27/2003 7:36 D 5 1 7:31 7:41
R062 C062 L123 L126 5/27/2003 7:20 P 5 1 7:14 7:24
R063 C063 L124 L127 5/27/2003 7:27 P 5 1 7:21 7:31
R064 C064 L128 L131 5/27/2003 9:04 D 5 1 8:59 9:09
R065 C065 L129 L132 5/27/2003 9:13 D 5 1 9:08 9:18
R066 C066 L130 L133 5/27/2003 8:51 P 5 1 8:45 8:55
R0O67 Co67 L134 L137 5/27/2003 9:34 P 5 1 9:28 9:38
R068 C068 L135 L138 5/27/2003 10:10 D 5 1 10:05 10:15
R069 C069 L136 L139 5/27/2003 10:25 D 5 1 10:19 10:29
RO70 Co70 L140 L143 5/27/2003 11:00 D 5 1 10:54 11:04
RO71 Cco71 L141 L144 5/27/2003 10:46 P 5 1 10:40 10:50
RO72 C072 L142 L145 5/27/2003 10:52 P 5 1 10:46 10:56
RO73 Cco73 L146 L149 5/27/2003 12:11 D 5 1 12:05 12:15
RO74 Co74 L147 L150 5/27/2003 11:41 P 5 1 11:36 11:46
RO75 C075 L.148 L151 5/27/2003 12:40 D 5 1 12:34 12:44
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Table C.5: U150 Request Table (continued)

1D Passenger From To Date Time Type Loading Time Load L-TW R-TW
RO76 C076 L152 L155 5/27/2003 7:38 D 5 1 7:32 7:42
RO77 co77 L153 L156 5/27/2003 7:55 D 5 1 7:49 7:59
RO78 Co78 L154 L157 5/27/2003 8:06 D 5 1 8:01 8:11
RO79 CO079 L158 L161 5/27/2003 8:13 P 5 1 8:07 8:17
RO80 C080 L159 L162 5/27/2003 8:27 P 5 1 8:21 8:31
RO81 Co081 L160 L163 5/27/2003 9:12 D 5 1 9:06 9:16
R082 C082 L164 L167 5/27/2003 9:29 P 5 1 9:23 9:33
R083 C083 L165 L168 5/27/2003 10:13 D 5 1 10:07 10:17
R084 C084 L166 L169 5/27/2003 10:24 D 5 1 10:18 10:28
R085 C085 L170 L173 5/27/2003 11:09 D 5 1 11:04 11:14
RO86 C086 L171 L174 5/27/2003 11:20 D 5 1 11:14 11:24
RO87 Co087 L172 L175 5/27/2003 10:58 P 5 1 10:53 11:03
RO0O88 C088 L176 L179 5/27/2003 11:39 P 5 1 11:34 11:44
R089 C089 Li77 L180 5/27/2003 11:51 P 5 1 11:45 11:55
R090 C090 L178 L181 5/27/2003 12:06 P 5 1 12:00 12:10
R091 C091 L182 L185 5/27/2003 7:31 D 5 1 7:26 7:36
R092 C092 L183 L186 5/27/2003 7:39 D 5 1 7:34 7:44
R093 C093 L184 L187 5/27/2003 7:56 D 5 1 7:51 8:01
R094 C094 L188 L191 5/27/2003 8:34 D 5 1 8:28 8:38
R095 C095 L189 L192 5/27/2003 8:43 D 5 1 8:37 8:47
R096 C096 L190 L193 5/27/2003 8:27 P 5 1 8:22 8:32
RO97 C097 L194 L197 5/27/2003 8:59 P 5 1 8:53 9:03
R098 C098 L195 L198 5/27/2003 9:36 D 5 1 9:31 9:41
R099 C099 L196 L199 5/27/2003 9:21 P 5 1 9:16 9:26
R100 C100 L200 L203 5/27/2003 10:38 D 5 1 10:33 10:43
R101 C101 L201 L204 5/27/2003 10:07 P 5 1 10:01 10:11
R102 C102 L202 L205 5/27/2003 11:11 D 5 1 11:06 11:16
R103 C103 L206 L209 5/27/2003 12:00 D 5 1 11:54 12:04
R104 C104 L207 L210 5/27/2003 12:06 D 5 1 12:01 12:11
R105 C105 L208 L211 5/27/2003 11:50 P 5 1 11:45 11:55
R106 C106 L212 L215 5/27/2003 7:39 D 5 1 7:33 7:43
R107 C107 L213 L216 5/27/2003 7:12 P 5 1 7:06 7:16
R108 C108 L214 L217 5/27/2003 7:23 P 5 1 7:18 7:28
R109 C109 L218 L221 5/27/2003 8:18 P 5 1 8:13 8:23
R110 C110 L219 L222 5/27/2003 8:26 P 5 1 8:21 8:31
R111 Cl111 L220 L223 5/27/2003 9:12 D 5 1 9:06 9:16
R112 C1l12 L224 L227 5/27/2003 9:26 P 5 1 9:21 9:31
R113 C113 L225 L228 5/27/2003 9:35 P 5 1 9:30 9:40
R114 C114 L226 L229 5/27/2003 9:50 P 5 1 9:44 9:54
R115 C115 L230 L233 5/27/2003 10:32 P 5 1 10:26 10:36
R116 C116 L231 L234 5/27/2003 11:14 D 5 1 11:09 11:19
R117 C117 L232 L235 5/27/2003 11:30 D 5 1 11:24 11:34
R118 C118 L236 L239 5/27/2003 12:19 D 5 1 12:14 12:24
R119 C119 L237 L240 5/27/2003 11:55 P 5 1 11:49 11:59
R120 C120 L238 L241 5/27/2003 12:41 D 5 1 12:35 12:45
R121 C121 L242 L245 5/27/2003 7:05 P 5 1 7:00 7:10
R122 C122 L243 L246 5/27/2003 7:48 D 5 1 7:42 7:52
R123 C123 L244 L247 5/27/2003 7:24 P 5 1 7:19 7:29
R124 C124 L248 L251 5/27/2003 8:20 P 5 1 8:15 8:25
R125 C125 L249 L252 5/27/2003 9:01 D 5 1 8:55 9:05
R126 C126 L250 L253 5/27/2003 9:10 D 5 1 9:04 9:14
R127 C127 L254 L257 5/27/2003 9:56 D 5 1 9:50 10:00
R128 C128 L255 L258 5/27/2003 10:04 D 5 1 9:58 10:08
R129 C129 L256 L259 5/27/2003 9:45 P 5 1 9:39 9:49
R130 C130 L260 L263 5/27/2003 10:26 P 5 1 10:21 10:31
R131 C131 L261 L264 5/27/2003 10:38 P 5 1 10:32 10:42
R132 C132 L262 L265 5/27/2003 10:48 P 5 1 10:43 10:53
R133 C133 L266 L269 5/27/2003 11:36 P 5 1 11:31 11:41
R134 C134 L267 L270 5/27/2003 12:19 D 5 1 12:13 12:23
R135 C135 L268 L271 5/27/2003 11:59 P 5 1 11:53 12:03
R136 C136 L272 L275 5/27/2003 7:04 P 5 1 6:59 7:09
R137 C137 L273 L276 5/27/2003 7:51 D 5 1 7:45 7:55
R138 C138 L274 L277 5/27/2003 8:08 D 5 1 8:02 8:12
R139 C139 L278 L281 5/27/2003 8:56 D 5 1 8:51 9:01
R140 C140 L279 L282 5/27/2003 8:31 P 5 1 8:26 8:36
R141 C141 L280 L283 5/27/2003 8:43 P 5 1 8:38 8:48
R142 C142 L284 L287 5/27/2003 9:33 P 5 1 9:28 9:38
R143 C143 L285 L288 5/27/2003 9:39 P 5 1 9:34 9:44
R144 C144 L286 L289 5/27/2003 9:48 P 5 1 9:42 9:52
R145 C145 L290 L293 5/27/2003 11:14 D 5 1 11:09 11:19
R146 C146 L291 L294 5/27/2003 10:51 P 5 1 10:45 10:55
R147 C147 L292 L295 5/27/2003 11:34 D 5 1 11:29 11:39
R148 C148 L296 L299 5/27/2003 12:27 D 5 1 12:21 12:31
R149 C149 L297 L300 5/27/2003 11:57 P 5 1 11:52 12:02
R150 C150 L298 L301 5/27/2003 12:55 D 5 1 12:49 12:59
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Appendix D

U150A Data Set

Table D.1: U150A Model Table

MRT FIXED 60 TW VARY WAIT 30 SPEED 20 ROUTE 480

Table D.2: U150A Vehicle Table

1D Capacity ‘Wheelchairs
Vo1 4 2

Vo2
Vo3
Vo4
Vo5
Vo6
Vo7
Vo8
V09
V10

B R R R R R R
NNDNNNNNDN N
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Table D.3: U150A Client Table

1D Name
A
C001 mamel” ddress ‘Wheelchair D
null Name Add
C002 “name2” ol n C076 Erep—— o ress Wheelchair
C003 “name3” n co77 « e, null o
004 igspys null v Pl “23111677” null n
C005 “namob” null n Co79 B ame78” null v
C006 “name6” null n C080 “namc79” null n
coo7 Pt nuﬁ v Cos1 “E:mcsow null n
C008 “name8” null n C082 “namcslh null v
C009 “name9” nun n 083 “namESQ” null >
C010  “namel0” T y Comi  mamenir null n
CO11  “namell” o n G085 “name8s” null y
C012  “namel2” T n Cose e null n
Cco13 “namel3” 2311 y co87 “nzzeggw null n
Co014 “nameld” n C088 . € null
p ; null name88” nul y
015  “namels” e n C089  “name89” ull n
C016  “namel6” nall Y G090 “name90” ot n
co17 e, u n C091 « € null
ol : null name91” null Y
8 namel8” null n €092 “name92” n
C019  “namel9” Y C093 « null n
<o . null name93” null
20 name20” n C094 « "
<o . null name94” nul Y
21 name21” null n C095 “name95” ull n
Co022 “name22” y C096 « €99 null n
C023 oy null n C097 “namegﬁ null
Co2 . null name97” null 4
4 name24” null n C098 “name98” " n
C025 “name25” " y C099 “na e null n
C026  “name26” m n G100« me99 null v
Goar  « null n namel00” null
name27” null C101  “namel01” n
C028 “name28” null y C102 “namel02” null n
C029  “name29” T n C103  “mame10ge null y
C030 “name30” nu“ n C104 “na-meloi” null n
Co031 “name31” null y C105 “namelo » null n
Coa e u n c106 €105 null
coa : null namel06” null Y
3 name33” null n C107 “namel07” n
C034  “name34” Y C108 « null n
Co3 ; null namel08” null
5 hame35” n C109  “ne ; y
Cos . null n namel09” null
6 name36” ciio o« n
C03 ; null namell0” null
7 name37” Y c1ir o« n
Cos . null namelll” null
8 name38” n Cc112 « y
Cos : null n namell2” null
9 name39” null C113 “namel13” n
C040 “named0” y Cl14 « null n
Coa : null namell4” null
1 name41” null n C115 “namell5” M
C042  “named2” | n Cl16  “n » null n
C043  “namod3” Euﬁ y Cc117 “nzzeﬂ6” null 0
C044  “namedd” o n 11y ame T null y
C045  “named5” ““11 n C119  “n met 18’ null n
C046  “named6” nun y C120  “mame1200 null n
Cco047 “name47” nun n C121 “namelgow null y
Co048 “name48” u“ n C122 “namel 177 null n
C049 “name49” :m“ Y G123 “namelg2” nut n
C050  “name50” u n c124  « el23 null
co ; null namel24” null Y
51 name51” null n G125 “namel25” " n
C052  “name52” Y C126 « null n
cos ; null namel26” null
3 name53” n c127 o« ) v
Cos : null n namel27” null
4 name54” null C128 “namel28” n
C055  “nameb5” y C129 « null n
Cos : null namel29” null
6 name56” null n C130  “namel30” Y
C057 “name57” 1 n C131 “namel31” null n
Co58 D nuu v G132 “namc131” null n
C059 “name59” nun n C133 “namc13[2” null y
060 80" nu11 n o134 “namcl33” null n
Co61 P nuu y C135 “nam9134” null n
Co62 o nu11 n C136 “namel35” null y
Co63 o nu11 n C137 “namel36” null n
G064 “name64” ull v G133 “na:elgn null n
C065 “name65” nzll n C139 “namelggw null y
C066 “name66” null n C140 “namel49n null n
CO67  “name67” o y Cray e, null n
068 “nameBs” nu n C142 «. meldl null
<o ; null namel42” null y
69 name69” null n C143 “namel43” " n
C070  “name70” Y Cl144  “ne null n
Cor ; null namel44” null
1 name71” n Cla5  « y
Cor . null namel45” null
2 name72” n c146  « n
Cor . null namel46” null
3 name73” y c147  « n
C « null namel47” nul
C874 name74” null n €148 “namel48” u M
7. » null
5 “name75 null ; ore (hameld97 DEH a
C150 “namel50” null ;
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Table D.4: U150A Location Table

ID Address x-coordinate y-coordinate
L001 “depot” 0 0
L002 “addrl” -1.538196555 0.223950404
L003 “addr2” 1.683537735 -1.981953296
L004 “addr3” 0.614200749 -0.993483745
LO005 “addr4” -0.415484199 -1.910197129
L006 “addr5” 1.879915136 1.304694884
L0007 “addr6” 0.820609016 1.23214828
L008 “addr7” -0.927593258 1.734326284
L009 “addr8” -0.307924563 -0.391765655
LO010 “addr9” -0.723973985 1.982970791
LO11 “addr10” -0.78019476 1.388825307
L012 “addr11” -0.175354644 0.611894078
L013 “addr12” -1.81490473 -1.497289202
L014 “addr13” -0.100077625 1.179253055
LO015 “addr14” 0.170954417 0.463750753
L016 “addr1l5” -1.642282369 -1.608362845
Lo17 “addr16” 0.16853601 -0.735088506
LO018 “addrl7” 1.082591071 0.588773302
L019 “addr18” -0.933795516 1.489803345
L020 “addr19” -1.013287414 -0.411139281
L021 “addr20” -1.782354297 -0.922609581
L022 “addr21” 0.710924283 1.769658721
L023 “addr22” -0.710660525 1.585696775
L024 “addr23” 0.152100145 -0.766896106
L025 “addr24” -1.283382864 0.335491336
L026 “addr25” 0.132356151 -1.001106867
L027 “addr26” 1.351434302 -1.524912273
L028 “addr27” -0.157932979 1.395121541
L029 “addr28” 0.263895575 0.792554806
L030 “addr29” 1.130055447 -1.838275453
LO031 “addr30” -0.836527838 1.011786899
L032 “addr31” 1.280722978 -1.744875107
L033 “addr32” -1.465237687 0.344040239
L034 “addr33” 1.609300577 0.940146148
L035 “addr34” -1.663450686 -0.773300879
L036 “addr35” 0.022800579 1.477907772
L037 “addr36” 0.99181738 0.466189524
L038 “addr37” -0.364339305 -1.433926579
L039 “addr38” 0.400293609 -1.587883323
L040 “addr39” -1.404526039 -1.339517929
L041 “addr40” -0.166010619 1.324856586
L042 “addr41” 0.465608529 0.404844466
L043 “addr42” 1.830120591 -1.241008956
L044 “addr43” -0.172077772 0.617848336
L045 “addr44” 0.574694171 -1.429872146
L046 “addr45” -1.78980978 -0.365333131
Lo47 “addr46” 1.773951833 -0.937191528
L048 “addr47” -0.99073828 -1.727474176
L049 “addr48” 0.639770188 -1.167641349
L050 “addr49” 0.7723765 -0.712362724
LO051 “addr50” 1.369022483 0.013693829
L052 “addrb51” 0.015472109 0.913467303
L053 “addrb52” 1.375812826 1.93525083
L054 “addrb53” -0.301279468 -1.082041871
L055 “addrb4” -1.460599859 -0.413632195
LO056 “addrb5” 1.545942362 0.589984241
LO57 “addrb56” 1.859535587 -1.158403356
L058 “addrb57” -0.414052814 -0.837023387
L059 “addrb58” -0.835156757 -1.954416598
L060 “addr59” 0.610260341 0.406305678
Lo61 “addr60” -0.101219326 -0.652687301
L062 “addr61” -1.316900469 -1.537329276
L063 “addr62” -1.488379095 -0.917335347
L064 “addr63” 1.405871576 1.482397982
L065 “addr64” -1.384194718 0.53939122
L066 “addr65” 1.329866558 1.20320818
L067 “addr66” -0.184078496 -1.401224701
L068 “addr67” -1.272767788 0.346668523
L069 “addr68” -1.996531624 0.03339096
LO070 “addr69” -0.128282648 1.550201693
LO71 “addr70” 1.910474073 1.65053987
L072 “addr71” -1.952918905 1.526179611
L0073 “addr72” -0.155057361 -0.993904449
L074 “addr73” 0.692467552 0.237287312
L075 “addr74” 0.785007155 1.073643785
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Table D.4: U150A Location Table (continued)

ID Address x-coordinate y-coordinate
LO76 “addr75” -0.589543681 -0.900003053
Lo77 “addr76” -0.612422888 1.03896159
L078 “addr77” -1.995098383 0.575649729
L079 “addr78” -1.02882896 0.300036859
L080 “addr79” 1.282080462 1.981298177
L081 “addr80” -1.838465286 1.787983513
L082 “addr81” 0.04007765 -1.04988031
L083 “addr82” 1.642547601 -0.115634497
L084 “addr83” 1.487739926 -1.306134509
L085 “addr84” 1.333830897 1.495599262
L086 “addr85” 1.275938105 -1.932531139
Lo87 “addr86” -0.679626915 0.255258015
LO088 “addr87” 1.390283994 -1.591410989
L089 “addr88” -0.011603055 1.360261849
L090 “addr89” -0.65414763 0.222527136
L091 “addr90” -1.924401176 -1.792911239
L092 “addr91” 0.440867339 -1.99439615
L093 “addr92” -0.277205728 1.779302338
L094 “addr93” 0.267716198 -1.152253479
L095 “addr94” -0.882085127 -0.352154252
L096 “addr95” 1.246062268 1.927688006
L097 “addr96” 1.952203353 1.480708264
L098 “addr97” 0.634232584 -0.388161542
L099 “addr98” -1.337638402 0.118726984
L100 “addr99” -1.708535404 -1.409455905
L101 “addr100” 1.311314171 1.559443561
L102 “addr101” 0.404999429 -0.666893096
L103 “addr102” -0.035846357 1.601089613
L104 “addr103” 0.462419043 -1.884408589
L105 “addr104” -0.455259064 -0.566065953
L106 “addr105” 0.94102828 -0.02689469
L107 “addr106” -1.587657493 -0.873621649
L108 “addr107” -1.497511275 1.150892721
L109 “addr108” 1.276587881 -1.261655361
L110 “addr109” -0.077679183 -0.02376075
L111 “addr110” 1.572941982 -0.295343017
L112 “addr111” 1.550293188 1.545840282
L113 “addr112” -1.950209892 -1.833728405
L114 “addr113” -0.210874139 -1.77905713
L115 “addr114” -0.927859649 1.087368877
L116 “addr115” -0.104658224 -1.354772339
L117 “addr116” 0.025854995 -0.718523183
L118 “addr117” -0.652496218 -1.151948633
L119 “addr118” -1.789772703 -1.120049804
L120 “addr119” 0.093484973 -0.031669964
Li121 “addr120” -0.26437097 -1.688712635
L122 “addr121” -0.820178119 -1.76800393
L123 “addr122” -1.803143125 -0.480077669
L124 “addr123” -0.417389579 0.038620473
L125 “addr124” 1.271714926 -0.061713822
L126 “addr125” 0.500807186 0.360447595
L127 “addr126” 0.898274928 1.636087552
L128 “addr127” 0.939208187 -1.870254868
L129 “addr128” 1.313164051 0.105919257
L130 “addr129” -1.900219622 -0.111970139
L131 “addr130” 0.987133254 1.30445337
L132 “addr131” -1.083570138 -1.306616446
L133 “addr132” 1.373069359 1.853643324
L134 “addr133” 1.009696132 1.129732606
L135 “addr134” -0.614482933 1.71650993
L136 “addr135” -1.595733065 -0.765381382
L137 “addr136” -0.340315904 1.197239709
L138 “addr137” -0.456383829 -1.74035466
L139 “addr138” 0.891810836 0.775486726
L140 “addr139” -1.547526698 -0.599558359
L141 “addr140” -0.058310318 1.069919217
L142 “addr141” -1.660762626 -1.019360893
L1143 “addr142” 1.882026093 -0.863787835
L144 “addr143” -1.503142999 -1.952983484
L145 “addr144” -0.191759137 0.339843
L146 “addr145” 0.052103004 -1.069379564
L147 “addr146” -1.023782187 0.204201638
1148 “addr147” -0.070433858 -1.94867053
L149 “addr148” 1.714409167 1.919684683
L150 “addr149” 1.338119762 -0.909018078
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Table D.4: U150A Location Table (continued)

ID Address x-coordinate y-coordinate
L151 “addr150” -1.439386467 -1.390400436
L152 “addrl51” 1.153993197 -0.367152344
L153 “addr152” -0.797346427 0.983858139
L154 “addr153” -0.233993541 -0.537123949
L155 “addr154” 0.056080042 -1.328400162
L156 “addr155” 1.264925145 -0.049186466
L157 “addr156” -0.309059638 -0.690963567
L158 “addr157” -0.699700107 -0.723064386
L159 “addr158” -1.176446614 1.368969358
L160 “addr159” 0.494560573 1.742798116
L161 “addr160” -1.781861075 0.753586608
L162 “addr161” -1.004458217 -0.997933483
L163 “addr162” -0.402943166 -0.667699495
L164 “addr163” -1.434977079 -1.229860591
L165 “addr164” 1.537317729 -0.108453729
L166 “addr165” -1.457727432 0.418938071
L167 “addr166” 0.334931065 0.373616998
L168 “addrl67” 1.087991429 -1.164109244
L169 “addr168” -1.052434099 0.816764998
L170 “addr169” -0.694542988 -1.976204556
L171 “addr170” -0.620097136 1.068958417
L172 “addr171” 1.152077027 -1.859096577
L173 “addr172” 1.254964818 0.132837356
L174 “addr173” 0.495966208 0.028219058
L175 “addr174” -0.181383302 0.90956792
L176 “addrl175” 0.238567083 1.743669828
L177 “addrl176” -1.746664392 1.144452536
L178 “addrl177” -0.88425875 -1.779543211
L179 “addr178” 1.93125379 0.537308533
L180 “addr179” 1.606164259 1.88955024
L181 “addr180” -1.884613303 -0.734216404
L182 “addr181” -0.682736446 -1.04604687
L183 “addr182” -0.378135817 0.579933504
L184 “addr183” -1.714655456 -1.024989314
L185 “addr184” 1.084886492 -0.338455946
L186 “addr185” 1.817957119 0.528700474
L187 “addr186” 1.720037224 -1.398165746
1188 “addr187” -1.177040254 -1.087505622
L189 “addr188” 0.860487336 1.136334952
L190 “addr189” 1.010146913 -0.768961775
L191 “addr190” 0.044534233 -1.314107086
L192 “addr191” -1.082291581 1.661554032
L193 “addr192” 0.061823763 1.287907611
L194 “addr193” -1.592800695 -0.702476657
L195 “addr194” -0.880490499 1.162062115
L196 “addr195” 0.08710159 0.691867757
L197 “addr196” -0.831488059 -1.060031913
L198 “addr197” -1.933531139 -0.931501087
L199 “addr198” -0.566056296 0.998299489
L200 “addr199” 1.506547431 -1.856234138
L201 “addr200” -0.67732557 -1.129852927
L202 “addr201” -1.370322773 -1.403015269
L203 “addr202” -0.865083875 0.369480086
L204 “addr203” 0.161179771 1.451891478
L205 “addr204” 0.38561455 0.848761138
L206 “addr205” 1.621347736 -1.021485328
L207 “addr206” 0.045338572 1.919912127
L208 “addr207” -0.548943652 0.197621703
L209 “addr208” 0.639267379 0.003989827
L210 “addr209” 0.645923087 0.667547492
L211 “addr210” 0.896778427 -1.764918046
L212 “addr211” -0.609649516 -1.044127078
L213 “addr212” 1.523050035 -1.470906048
L214 “addr213” 1.124188169 1.04607335
L215 “addr214” 1.667993186 -1.961748366
L216 “addr215” -1.458837301 -1.098083564
L217 “addr216” 1.796738051 1.747299633
L218 “addr217” 1.209625279 0.510043932
L219 “addr218” -0.08019561 -1.372464025
L220 “addr219” -1.17742443 1.943828089
L221 “addr220” -1.480008213 0.549973571
L222 “addr221” 1.52532628 -0.660750808
L223 “addr222” 1.016933162 -0.930917758
L224 “addr223” 1.335578604 0.14619865
L225 “addr224” 1.239158398 -0.776285748
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Table D.4: U150A Location Table (continued)

ID Address x-coordinate y-coordinate
L226 “addr225” 0.362085648 0.616266316
L227 “addr226” 1.127424782 1.661979064
L228 “addr227” -1.655513459 -1.789271814
L229 “addr228” -1.228025894 0.681984116
L230 “addr229” -0.021699301 -0.539893487
L231 “addr230” -1.109715136 -1.809481845
L232 “addr231” -0.444522609 1.779330513
L233 “addr232” -1.019208143 -1.883092092
L234 “addr233” -1.357696827 -0.159816954
L235 “addr234” 0.641954586 -1.520564454
L236 “addr235” -0.16712593 1.325372285
L237 “addr236” -1.075040627 -0.913138087
L.238 “addr237” 0.057747702 1.236227766
L239 “addr238” 1.092248281 -0.232244977
L240 “addr239” 0.493795508 -1.601327991
L241 “addr240” -0.217027113 1.055479312
L242 “addr241” 0.812681617 -1.590221004
L243 “addr242” -1.659621148 0.416861219
L244 “addr243” 1.321801943 1.989883822
L245 “addr244” 1.93503065 -1.602303782
L246 “addr245” 1.492921885 -1.447132979
L247 “addr246” -0.87830381 -1.531574087
L248 “addr247” 1.440159105 -0.220109258
L249 “addr248” 0.596612362 1.88846433
L250 “addr249” 0.100362771 1.079521882
L251 “addr250” -0.824236215 0.567812335
L252 “addr251” 0.185346658 -1.960166962
L253 “addr252” -0.606291117 0.68975387
L254 “addr253” -0.583158578 -1.674271875
L255 “addr254” 0.626397439 -0.231416428
L256 “addr255” -1.878564098 0.947396222
L257 “addr256” 0.270326983 1.851473327
L258 “addr257” 0.95418408 0.423452668
L259 “addr258” 1.264293085 1.733739287
L260 “addr259” -0.664038568 1.084983919
L261 “addr260” 1.118895347 -0.658070469
L262 “addr261” -0.868940896 0.614368282
L263 “addr262” -0.377134027 -0.150693942
L264 “addr263” 1.157911969 1.88539997
L265 “addr264” 1.524194554 1.623454225
L266 “addr265” -1.682737902 -1.731098415
L267 “addr266” 0.737929105 0.765905935
L268 “addr267” -1.56153445 1.790666248
L269 “addr268” -1.98856088 -0.211178692
L270 “addr269” 0.386057189 1.876225959
L271 “addr270” 0.481833857 -1.116071217
L272 “addr271” -1.464906556 -1.110400563
L273 “addr272” -0.810866547 -0.725919827
L274 “addr273” -0.584799785 -0.729171155
L275 “addr274” -0.637301327 -0.702066836
L276 “addr275” 0.139658661 -0.200227255
L277 “addr276” 0.177329313 -0.836569547
L278 “addr277” 1.17726844 -0.638725317
L279 “addr278” 1.679350532 1.715900637
L280 “addr279” -1.908866731 1.559488043
L281 “addr280” 0.711907959 0.101762103
L282 “addr281” -1.940078211 -1.373209209
L283 “addr282” 0.922604442 -1.131031742
L284 “addr283” 1.31356006 0.295381265
L285 “addr284” 0.315512756 -1.169513016
L286 “addr285” -0.943278775 -1.352699078
L287 “addr286” 1.313506116 -0.072734548
L.288 “addr287” 0.019882989 1.431289512
L289 “addr288” 0.92575767 0.362286377
L290 “addr289” -0.530871916 1.932530141
L291 “addr290” -1.630838682 -1.562521677
L292 “addr291” -0.677727385 -0.795998576
L293 “addr292” 0.371335778 -0.189600607
L294 “addr293” -0.039689498 -1.684192194
L295 “addr294” -1.613219954 1.297768562
L296 “addr295” 1.389569509 -1.748482335
L297 “addr296” 1.086652947 -1.111922393
L298 “addr297” 1.601381263 -0.82180779
L299 “addr298” 1.736556931 0.285669768
L300 “addr299” -0.707527359 -0.960552937
L301 “addr300” -0.544387602 -0.906169674
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Table D.5: U150A Request Table

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
ROO1 Co001 L002 LO005 5/27/2003 7:40 D 5 1 7:34 7:44
R002 Co002 L003 L006 5/27/2003 7:57 D 5 1 7:51 8:01
R003 C003 L004 Loo7 5/27/2003 8:05 D 5 0 7:59 8:09
R004 C004 L008 LO11 5/27/2003 8:15 P 5 1 8:10 8:20
RO005 C005 L009 L0012 5/27/2003 8:54 D 5 1 8:48 8:58
R0O06 C006 Lo10 LO013 5/27/2003 9:07 D 5 0 9:02 9:12
RO07 Co07 L014 L017 5/27/2003 9:22 P 5 1 9:16 9:26
R008 Co008 L015 L018 5/27/2003 10:03 D 5 1 9:57 10:07
R0O09 C009 L0116 L019 5/27/2003 10:15 D 5 0 10:09 10:19
RO10 Co010 L020 L023 5/27/2003 10:25 P 5 1 10:20 10:30
RO11 Co011 L021 L024 5/27/2003 10:33 P 5 1 10:28 10:38
R0O12 Co12 L022 L025 5/27/2003 10:49 P 5 0 10:44 10:54
R013 Co013 L026 L029 5/27/2003 12:03 D 5 1 11:58 12:08
RO14 Co014 L027 L030 5/27/2003 12:17 D 5 1 12:11 12:21
RO15 Co015 L028 L031 5/27/2003 11:56 P 5 0 11:51 12:01
RO16 Co16 L032 L035 5/27/2003 7:06 P 5 1 7:01 7:11
RO17 Cco17 L033 L036 5/27/2003 8:06 D 5 1 8:00 8:10
RO18 Co018 L034 L0o37 5/27/2003 7:36 P 5 0 7:31 7:41
RO19 Co019 L038 L041 5/27/2003 8:27 P 5 1 8:21 8:31
R020 C020 L039 L042 5/27/2003 8:34 P 5 1 8:29 8:39
RO021 C021 L040 L043 5/27/2003 9:18 D 5 0 9:13 9:23
R022 C022 L044 L047 5/27/2003 10:12 D 5 1 10:06 10:16
R023 C023 L045 L048 5/27/2003 9:43 P 5 1 9:38 9:48
R024 C024 L046 L049 5/27/2003 10:35 D 5 0 10:30 10:40
R025 C025 L050 L053 5/27/2003 10:42 P 5 1 10:36 10:46
R026 C026 LO51 L054 5/27/2003 10:50 P 5 1 10:44 10:54
RO27 Co027 L052 L055 5/27/2003 11:00 P 5 0 10:54 11:04
R028 C028 L056 L059 5/27/2003 12:19 D 5 1 12:14 12:24
R029 C029 LO57 L060 5/27/2003 11:59 P 5 1 11:53 12:03
R0O30 C030 L058 L061 5/27/2003 12:11 P 5 0 12:05 12:15
R031 C031 L062 L065 5/27/2003 7:43 D 5 1 7:38 7:48
R032 C032 L063 L066 5/27/2003 7:56 D 5 1 7:51 8:01
R033 C033 L064 L067 5/27/2003 8:11 D 5 0 8:05 8:15
R034 C034 L068 LO71 5/27/2003 8:22 P 5 1 8:16 8:26
RO035 C035 L069 Lo72 5/27/2003 8:29 P 5 1 8:24 8:34
RO036 C036 L070 L073 5/27/2003 9:23 D 5 0 9:18 9:28
RO037 Co037 L074 Lo77 5/27/2003 10:03 D 5 1 9:58 10:08
RO038 C038 L075 Lo78 5/27/2003 9:40 P 5 1 9:35 9:45
RO039 C039 L076 L079 5/27/2003 9:53 P 5 0 9:47 9:57
R040 C040 L0880 L083 5/27/2003 11:14 D 5 1 11:09 11:19
RO041 Co041 L081 L084 5/27/2003 11:23 D 5 1 11:18 11:28
R042 Co042 L082 L085 5/27/2003 11:04 P 5 0 10:58 11:08
R043 C043 L086 L089 5/27/2003 12:34 D 5 1 12:28 12:38
R044 C044 L087 L090 5/27/2003 12:43 D 5 1 12:37 12:47
R045 C045 L088 L091 5/27/2003 12:19 P 5 0 12:13 12:23
R046 C046 L092 L095 5/27/2003 7:46 D 5 1 7:40 7:50
R047 co047 L093 L096 5/27/2003 7:23 P 5 1 7:17 7:27
R048 C048 L094 L097 5/27/2003 7:37 P 5 0 7:31 7:41
R049 C049 L098 L101 5/27/2003 8:20 P 5 1 8:14 8:24
R0O50 C050 L099 L102 5/27/2003 9:10 D 5 1 9:05 9:15
RO51 Co051 L100 L103 5/27/2003 8:40 P 5 0 8:35 8:45
R052 C052 L104 L1o7 5/27/2003 10:10 D 5 1 10:05 10:15
RO053 C053 L105 L108 5/27/2003 10:21 D 5 1 10:16 10:26
R054 C054 L106 L109 5/27/2003 10:37 D 5 0 10:32 10:42
RO055 C055 L110 L113 5/27/2003 11:28 D 5 1 11:22 11:32
RO056 C056 L111 L114 5/27/2003 10:58 P 5 1 10:52 11:02
RO57 CO057 L112 L115 5/27/2003 11:08 P 5 0 11:03 11:13
RO058 C058 L116 L119 5/27/2003 12:27 D 5 1 12:22 12:32
RO059 C059 L117 L120 5/27/2003 12:12 P 5 1 12:06 12:16
R060 C060 L118 L121 5/27/2003 12:19 P 5 0 12:14 12:24
R061 Co061 L122 L125 5/27/2003 7:35 D 5 1 7:30 7:40
R062 C062 L123 L126 5/27/2003 7:16 P 5 1 7:10 7:20
R063 C063 L124 L127 5/27/2003 7:25 P 5 0 7:20 7:30
R064 C064 L128 L131 5/27/2003 8:07 P 5 1 8:02 8:12
R065 C065 L129 L132 5/27/2003 9:03 D 5 1 8:57 9:07
R066 C066 L130 L133 5/27/2003 9:20 D 5 0 9:14 9:24
R0O67 Co67 L134 L137 5/27/2003 9:27 P 5 1 9:22 9:32
R068 C068 L135 L138 5/27/2003 10:16 D 5 1 10:11 10:21
R069 C069 L136 L139 5/27/2003 9:50 P 5 0 9:45 9:55
RO70 CO070 L140 L143 5/27/2003 10:43 P 5 1 10:38 10:48
RO71 Co71 L141 L144 5/27/2003 10:55 P 5 1 10:49 10:59
RO72 Cco72 L142 L145 5/27/2003 11:08 P 5 0 11:02 11:12
RO73 Co73 L146 L149 5/27/2003 12:01 P 5 1 11:56 12:06
RO74 C074 L147 L150 5/27/2003 12:55 D 5 1 12:49 12:59
RO75 CO075 1148 L151 5/27/2003 13:08 D 5 0 13:03 13:13
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Table D.5: U150A Request Table (continued)

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
RO76 C076 L152 L155 5/27/2003 7:33 D 5 1 7:28 7:38
RO77 co77 L153 L156 5/27/2003 7:43 D 5 1 7:38 7:48
RO78 Co78 L154 L157 5/27/2003 7:26 P 5 0 7:20 7:30
RO79 C079 L158 L161 5/27/2003 8:34 D 5 1 8:28 8:38
RO80 C080 L159 L162 5/27/2003 8:11 P 5 1 8:06 8:16
RO81 Co081 L160 L163 5/27/2003 8:52 D 5 0 8:46 8:56
R082 C082 L164 L167 5/27/2003 9:39 D 5 1 9:34 9:44
R083 C083 L165 L168 5/27/2003 9:15 P 5 1 9:09 9:19
R084 C084 L166 L169 5/27/2003 9:29 P 5 0 9:23 9:33
R0O85 C085 L170 L173 5/27/2003 10:16 P 5 1 10:11 10:21
RO86 C086 L171 L174 5/27/2003 10:31 P 5 1 10:25 10:35
RO87 Co087 L172 L175 5/27/2003 11:12 D 5 0 11:07 11:17
RO0O88 C088 L176 L179 5/27/2003 12:02 D 5 1 11:56 12:06
R089 C089 Li77 L180 5/27/2003 12:11 D 5 1 12:05 12:15
R090 C090 L178 L181 5/27/2003 11:46 P 5 0 11:40 11:50
R091 C091 L182 L185 5/27/2003 7:39 D 5 1 7:33 7:43
R092 C092 L183 L186 5/27/2003 7:14 P 5 1 7:08 7:18
R093 C093 L184 L187 5/27/2003 7:25 P 5 0 7:19 7:29
R094 C094 L188 L191 5/27/2003 8:45 D 5 1 8:39 8:49
R095 C095 L189 L192 5/27/2003 8:26 P 5 1 8:20 8:30
R096 C096 L190 L193 5/27/2003 9:08 D 5 0 9:02 9:12
RO97 C097 L194 L197 5/27/2003 9:51 D 5 1 9:45 9:55
R098 C098 L195 L198 5/27/2003 9:32 P 5 1 9:26 9:36
R099 C099 L196 L199 5/27/2003 9:40 P 5 0 9:34 9:44
R100 C100 L200 L203 5/27/2003 10:56 D 5 1 10:51 11:01
R101 C101 L201 L204 5/27/2003 10:39 P 5 1 10:33 10:43
R102 C102 L202 L205 5/27/2003 11:13 D 5 0 11:07 11:17
R103 C103 L206 L209 5/27/2003 11:59 D 5 1 11:53 12:03
R104 C104 L207 L210 5/27/2003 12:06 D 5 1 12:00 12:10
R105 C105 L208 L211 5/27/2003 11:50 P 5 0 11:45 11:55
R106 C106 L212 L215 5/27/2003 7:42 D 5 1 7:36 7:46
R107 C107 L213 L216 5/27/2003 7:15 P 5 1 7:10 7:20
R108 C108 L214 L217 5/27/2003 8:15 D 5 0 8:09 8:19
R109 C109 L218 L221 5/27/2003 9:00 D 5 1 8:55 9:05
R110 C110 L219 L222 5/27/2003 9:15 D 5 1 9:10 9:20
R111 Cl111 L220 L223 5/27/2003 8:51 P 5 0 8:46 8:56
R112 C1l12 L224 L227 5/27/2003 9:57 D 5 1 9:51 10:01
R113 C113 L225 L228 5/27/2003 9:38 P 5 1 9:32 9:42
R114 C114 L226 L229 5/27/2003 9:48 P 5 0 9:42 9:52
R115 C115 L230 L233 5/27/2003 11:20 D 5 1 11:14 11:24
R116 C116 L231 L234 5/27/2003 10:48 P 5 1 10:42 10:52
R117 C117 L232 L235 5/27/2003 11:04 P 5 0 10:58 11:08
R118 C118 L236 L239 5/27/2003 11:56 P 5 1 11:51 12:01
R119 C119 L237 L240 5/27/2003 12:09 P 5 1 12:03 12:13
R120 C120 L238 L241 5/27/2003 12:54 D 5 0 12:48 12:58
R121 C121 L242 L245 5/27/2003 7:51 D 5 1 7:45 7:55
R122 C122 L243 L246 5/27/2003 7:20 P 5 1 7:14 7:24
R123 C123 L244 L247 5/27/2003 7:35 P 5 0 7:30 7:40
R124 C124 L248 L251 5/27/2003 8:22 P 5 1 8:17 8:27
R125 C125 L249 L252 5/27/2003 9:03 D 5 1 8:58 9:08
R126 C126 L250 L253 5/27/2003 8:42 P 5 0 8:37 8:47
R127 C127 L254 L257 5/27/2003 9:29 P 5 1 9:23 9:33
R128 C128 L255 L258 5/27/2003 10:15 D 5 1 10:09 10:19
R129 C129 L256 L259 5/27/2003 9:53 P 5 0 9:47 9:57
R130 C130 L260 L263 5/27/2003 11:07 D 5 1 11:01 11:11
R131 C131 L261 L264 5/27/2003 11:20 D 5 1 11:14 11:24
R132 C132 L262 L265 5/27/2003 10:59 P 5 0 10:54 11:04
R133 C133 L266 L269 5/27/2003 12:24 D 5 1 12:19 12:29
R134 C134 L267 L270 5/27/2003 12:39 D 5 1 12:33 12:43
R135 C135 L268 L271 5/27/2003 12:13 P 5 0 12:07 12:17
R136 C136 L272 L275 5/27/2003 7:24 D 5 1 7:18 7:28
R137 C137 L273 L276 5/27/2003 7:31 D 5 1 7:26 7:36
R138 C138 L274 L277 5/27/2003 7:38 D 5 0 7:33 7:43
R139 C139 L278 L281 5/27/2003 8:28 D 5 1 8:23 8:33
R140 C140 L279 L282 5/27/2003 7:59 P 5 1 7:53 8:03
R141 C141 L280 L283 5/27/2003 8:56 D 5 0 8:51 9:01
R142 C142 L284 L287 5/27/2003 9:37 D 5 1 9:32 9:42
R143 C143 L285 L288 5/27/2003 9:16 P 5 1 9:10 9:20
R144 C144 L286 L289 5/27/2003 9:58 D 5 0 9:52 10:02
R145 C145 L290 L293 5/27/2003 10:42 D 5 1 10:37 10:47
R146 C146 L291 L294 5/27/2003 10:52 D 5 1 10:46 10:56
R147 C147 L292 L295 5/27/2003 11:07 D 5 0 11:02 11:12
R148 C148 L296 L299 5/27/2003 11:47 D 5 1 11:42 11:52
R149 C149 L297 L300 5/27/2003 11:32 P 5 1 11:27 11:37
R150 C150 L1298 L301 5/27/2003 11:39 P 5 0 11:33 11:43
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Appendix E

U150B Data Set

Table E.1: U150B Model Table

MRT FIXED 60 TW VARY WAIT 30 SPEED 20 ROUTE 480

Table E.2: U150B Vehicle Table

1D Capacity ‘Wheelchairs
Vo1 4 2

Vo2
Vo3
Vo4
Vo5
Vo6
Vo7
Vo8
V09
V10

B R R R R R R
NNDNNNNNDN N
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Table E.3: U150B Client Table

1D Name
A
C001 mamel” ddress ‘Wheelchair D
null Name Add
C002 “name2” ol n C076 Erep—— o ress Wheelchair
C003 “name3” n co77 « e, null o
004 igspys null v Pl “23111677” null n
C005 “namob” null n Co79 B ame78” null v
C006 “name6” null n C080 “namc79” null n
coo7 Pt nuﬁ v Cos1 “E:mcsow null n
C008 “name8” null n C082 “namcslh null v
C009 “name9” nun n 083 “namESQ” null >
C010  “namel0” T y Comi  mamenir null n
CO11  “namell” o n G085 “name8s” null y
C012  “namel2” T n Cose e null n
Cco13 “namel3” 2311 y co87 “nzzeggw null n
Co014 “nameld” n C088 . € null
p ; null name88” nul y
015  “namels” e n C089  “name89” ull n
C016  “namel6” nall Y G090 “name90” ot n
co17 e, u n C091 « € null
ol : null name91” null Y
8 namel8” null n €092 “name92” n
C019  “namel9” Y C093 « null n
<o . null name93” null
20 name20” n C094 « "
<o . null name94” nul Y
21 name21” null n C095 “name95” ull n
Co022 “name22” y C096 « €99 null n
C023 oy null n C097 “namegﬁ null
Co2 . null name97” null 4
4 name24” null n C098 “name98” " n
C025 “name25” " y C099 “na e null n
C026  “name26” m n G100« me99 null v
Goar  « null n namel00” null
name27” null C101  “namel01” n
C028 “name28” null y C102 “namel02” null n
C029  “name29” T n C103  “mame10ge null y
C030 “name30” nu“ n C104 “na-meloi” null n
Co031 “name31” null y C105 “namelo » null n
Coa e u n c106 €105 null
coa : null namel06” null Y
3 name33” null n C107 “namel07” n
C034  “name34” Y C108 « null n
Co3 ; null namel08” null
5 hame35” n C109  “ne ; y
Cos . null n namel09” null
6 name36” ciio o« n
C03 ; null namell0” null
7 name37” Y c1ir o« n
Cos . null namelll” null
8 name38” n Cc112 « y
Cos : null n namell2” null
9 name39” null C113 “namel13” n
C040 “named0” y Cl14 « null n
Coa : null namell4” null
1 name41” null n C115 “namell5” M
C042  “named2” | n Cl16  “n » null n
C043  “namod3” Euﬁ y Cc117 “nzzeﬂ6” null 0
C044  “namedd” o n 11y ame T null y
C045  “named5” ““11 n C119  “n met 18’ null n
C046  “named6” nun y C120  “mame1200 null n
Cco047 “name47” nun n C121 “namelgow null y
Co048 “name48” u“ n C122 “namel 177 null n
C049 “name49” :m“ Y G123 “namelg2” nut n
C050  “name50” u n c124  « el23 null
co ; null namel24” null Y
51 name51” null n G125 “namel25” " n
C052  “name52” Y C126 « null n
cos ; null namel26” null
3 name53” n c127 o« ) v
Cos : null n namel27” null
4 name54” null C128 “namel28” n
C055  “nameb5” y C129 « null n
Cos : null namel29” null
6 name56” null n C130  “namel30” Y
C057 “name57” 1 n C131 “namel31” null n
Co58 D nuu v G132 “namc131” null n
C059 “name59” nun n C133 “namc13[2” null y
060 80" nu11 n o134 “namcl33” null n
Co61 P nuu y C135 “nam9134” null n
Co62 o nu11 n C136 “namel35” null y
Co63 o nu11 n C137 “namel36” null n
G064 “name64” ull v G133 “na:elgn null n
C065 “name65” nzll n C139 “namelggw null y
C066 “name66” null n C140 “namel49n null n
CO67  “name67” o y Cray e, null n
068 “nameBs” nu n C142 «. meldl null
<o ; null namel42” null y
69 name69” null n C143 “namel43” " n
C070  “name70” Y Cl144  “ne null n
Cor ; null namel44” null
1 name71” n Cla5  « y
Cor . null namel45” null
2 name72” n c146  « n
Cor . null namel46” null
3 name73” y c147  « n
C « null namel47” nul
C874 name74” null n €148 “namel48” u M
7. » null
5 “name75 null ; ore (hameld97 DEH a
C150 “namel50” null ;
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Table E.4: U150B Location Table

ID Address x-coordinate y-coordinate
L001 “depot” 0 0
L002 “addrl” -1.45972328 -0.296940752
L003 “addr2” -1.897003414 0.740732955
L004 “addr3” 0.309694716 1.547179731
LO005 “addr4” 0.804828713 1.488904837
L006 “addrb” -1.698943743 0.955019638
L007 “addr6” 1.755570238 1.720248611
L008 “addr7” 1.90149201 -1.588725706
L009 “addr8” 1.048930169 1.509285719
L010 “addr9” 0.743853581 0.300921028
L0111 “addr10” -0.227706456 -0.993722886
Lo12 “addr11” -1.076630451 -1.951668675
L013 “addr12” -0.509492665 -1.522486725
L014 “addr1l3” 0.121760874 -0.364691838
LO015 “addr14” -0.434346043 -0.74879721
LO16 “addr15” -1.85080782 -0.349973747
LOo17 “addr16” -0.667046869 -1.753674088
L018 “addr17” -1.909785413 0.975884201
L019 “addr18” 0.641215576 0.031354537
L020 “addr19” 0.540640335 1.811308205
L021 “addr20” 1.379552101 1.254266497
L022 “addr21” 1.348067121 -0.081421943
L023 “addr22” 0.350323731 0.80481935
L024 “addr23” -0.18044449 1.831780279
L025 “addr24” -1.788400347 -0.785425761
L026 “addr25” 1.535738209 -1.788981206
L027 “addr26” -1.799329443 -1.430304791
L028 “addr27” -0.28857119 1.612050868
L029 “addr28” -0.036553811 1.606079643
L030 “addr29” 1.468571014 -0.352456196
L031 “addr30” 0.052847947 -0.324092431
L032 “addr31” 0.438156833 -1.151820607
L033 “addr32” -0.477411365 1.919225387
L034 “addr33” 0.783519386 -1.511134628
L035 “addr34” 0.531010469 0.243716728
L036 “addr35” -1.96181005 -0.772655821
L037 “addr36” 1.982937383 -1.38966072
L038 “addr37” -0.922711357 -1.390480189
L039 “addr38” -1.02422428 0.642038679
L040 “addr39” 1.092198613 -1.672144645
L041 “addr40” 0.179380663 -1.282714798
L042 “addr41” -0.385941913 -1.42377451
L043 “addr42” 1.267485523 0.479705255
L044 “addr43” -1.56761833 -1.073361743
L045 “addr44” -0.86822634 1.08961461
L046 “addr45” 1.680907148 -1.139726641
Lo47 “addr46” 0.847953316 1.562789656
L048 “addr47” 0.41354284 -1.582686957
L049 “addr48” 1.226476031 1.186345727
LO050 “addr49” -1.330927233 0.38707632
LO051 “addrb50” 1.268823314 -0.728879408
L052 “addr51” 1.324059256 -1.958005318
LO053 “addrb52” 0.963563401 0.394494848
L054 “addr53” -0.04083911 0.626001632
LO055 “addrb54” -0.405334306 -0.192888859
L056 “addrb55” -0.485131768 -1.360061268
L0557 “addr56” -0.902162489 -0.178515921
L058 “addr57” -0.311561145 -1.5763889
L059 “addr58” -1.011067069 1.770027204
L060 “addrb59” 0.824595546 0.616157941
L061 “addr60” -0.998239372 -0.485448827
L062 “addr61” 0.478332146 -0.216565177
L063 “addr62” -0.189096753 1.508820376
L064 “addr63” -0.121047372 -1.166865833
L065 “addr64” 1.07843817 1.060286887
L066 “addr65” 1.200251947 1.795403526
L067 “addr66” -0.448265955 -1.29334998
L068 “addr67” -1.157474646 0.128751581
L069 “addr68” 0.052775634 0.517423345
L0070 “addr69” -1.142122767 0.918063187
LO71 “addr70” 0.937753364 -0.349780004
L072 “addr71” 0.201080344 0.163575182
L073 “addr72” -1.03106582 -0.363999885
L074 “addr73” -0.335983128 0.81669856
L075 “addr74” 0.529111005 0.637054859
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Table E.4:U150B Location Table (continued)

ID Address x-coordinate y-coordinate
LO76 “addr75” -0.847484889 1.300599913
Lo77 “addr76” -1.2777899 0.316031862
LO78 “addr77” -0.609822554 -0.03951012
L079 “addr78” -0.858082867 -1.026159596
LO080 “addr79” -1.815426006 -1.779404182
L081 “addr80” -1.046537159 0.258803017
L082 “addr81” -1.933039544 0.181827117
L083 “addr82” 0.421991798 0.018953949
L084 “addr83” -0.582542 -1.023826354
L085 “addr84” -0.865782499 0.763914603
L086 “addr85” -0.886584921 -1.599091655
Lo87 “addr86” 0.898350678 1.722308488
L088 “addr87” -0.710548071 -1.812303489
L089 “addr88” 1.67056531 -1.374792161
L090 “addr89” -0.026529314 0.718745744
L091 “addr90” -0.155447625 -0.884362981
L092 “addr91” -0.836306519 0.084161661
L093 “addr92” -0.146011363 -0.92131076
L094 “addr93” -1.662425563 -0.918295066
L095 “addr94” -1.723967996 0.206340684
L096 “addr95” -1.565789317 -1.907821506
L097 “addr96” -1.512765582 -0.244416008
L098 “addr97” -0.97234043 -0.279297623
L099 “addr98” 1.411545773 1.728026755
L100 “addr99” 1.7093517 -1.323832918
L101 “addr100” 0.013361747 0.593639549
L102 “addr101” -0.376432255 1.568186452
L103 “addr102” -0.07314753 -1.799138924
L104 “addr103” 0.650731784 -1.867097728
L105 “addr104” 1.976087672 -0.3401923
L106 “addr105” 1.909052171 -0.143974154
L107 “addr106” -1.671244099 -1.245140628
L108 “addr107” 0.04582361 -1.956471237
L109 “addr108” 0.639557807 -0.16257227
L110 “addr109” 1.215485872 -0.902567551
L111 “addr110” -0.222366461 -0.83075574
L112 “addr111” -1.307685714 -1.913828477
L113 “addr112” 0.595664868 0.33103646
L114 “addr113” -1.258600436 0.656041095
L115 “addr114” 1.686576943 1.580990257
L116 “addrl15” 0.672355677 1.912267441
L117 “addr116” -0.812958638 -0.058068852
L118 “addr117” -1.074025087 -0.894726673
L119 “addr118” 1.425268145 -0.684315686
L120 “addr119” 1.5948319 0.789741806
L121 “addr120” -0.426148757 0.067608083
L122 “addr121” -1.045382147 -1.418890721
L123 “addr122” 0.456717373 1.293824963
L124 “addr123” -0.616230605 0.716156756
L125 “addr124” -0.727494767 0.378204386
L126 “addr125” -1.525263315 1.331392312
Li127 “addr126” 0.234987464 -0.534313072
L128 “addr127” 0.19101514 -0.295045734
L129 “addr128” 1.994425067 1.123065513
L130 “addr129” -1.400149009 1.664792572
L131 “addr130” 0.192029056 -0.272125618
L132 “addr131” -0.988693705 -1.052079809
L133 “addr132” 1.61298141 -0.979434051
L134 “addr133” 0.280154721 -0.497446894
L135 “addr134” 1.141752482 1.774688586
L136 “addr135” -0.42214128 0.556994566
L137 “addr136” 0.086730649 0.684305912
L138 “addr137” 1.117660015 0.736144561
L139 “addr138” -1.570538816 -1.66256419
L140 “addr139” -0.883402729 1.588551817
L141 “addr140” -1.832924111 -1.461189487
L142 “addr141” -1.295954386 0.59395279
L143 “addr142” -1.845229223 1.264798857
L144 “addr143” 0.537153662 -0.946723066
L145 “addr144” -1.281523921 -0.822144523
L146 “addr145” 1.559335852 -0.779875003
L147 “addr146” -1.203860154 -1.102601515
L148 “addr147” -0.36124241 1.614762711
L149 “addr148” -0.520670436 -0.881454641
L150 “addr149” 1.749534485 -0.331301153
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Table E.4:U150B Location Table (continued)

ID Address x-coordinate y-coordinate
L151 “addr150” 1.565137522 -1.810330863
L152 “addr151” -0.090855454 0.679952247
L153 “addr152” 1.091656152 -0.095731722
L154 “addr153” 0.261338232 -0.483860113
L155 “addr154” 1.818571477 -1.96782576
L156 “addrl55” 0.494606752 -1.415447634
L157 “addrl156” 1.227703244 -0.490347237
L158 “addrl57” 1.212056224 0.295412097
L159 “addr158” -1.143397128 1.227485691
L160 “addr159” -0.080688302 0.576542601
Li61 “addr160” -1.358399679 -1.999348691
L162 “addr161” -0.027141101 -0.045293276
L163 “addr162” -1.565027522 1.572753112
L164 “addr163” -0.867987106 -1.699095109
L165 “addr164” -0.02581198 0.40287651
L166 “addr165” -0.7165182 -1.456045952
L167 “addr166” -0.680536952 -0.49791258
L168 “addr167” 0.458278472 1.488699379
L169 “addr168” -0.860854761 0.731313433
L170 “addr169” 0.436510266 0.332244046
L171 “addr170” 0.210723131 0.741884
L172 “addr171” 0.036362474 -0.446389685
L173 “addr172” 0.118540762 0.134534308
L174 “addr173” 1.609368559 0.559279442
L175 “addr174” 0.367577092 1.432209838
L176 “addrl175” 0.314843524 -0.200912192
Li77 “addr176” -1.004067013 1.106540072
L178 “addr177” 0.422138842 -1.97601274
L179 “addr178” 0.256946669 0.167380582
L180 “addr179” -1.809844372 1.939210802
L181 “addr180” -1.944855755 0.71935409
L182 “addr181” -1.200663509 -0.286586062
L183 “addr182” 1.558508442 -1.591147723
L184 “addr183” 1.362137817 1.63639501
L185 “addr184” 1.772833525 -1.170507614
L186 “addr185” 1.213763693 0.67502796
L187 “addr186” -1.14778664 -0.276448379
L188 “addr187” -1.514274993 0.759072096
L189 “addr188” 1.532992836 -1.788563733
L190 “addr189” -1.609430453 -0.664443613
L191 “addr190” 0.316791648 -0.699228277
L192 “addr191” 1.696907227 -0.93753575
L193 “addr192” 0.891492955 -1.42876823
L194 “addr193” 1.549639734 1.469479163
L195 “addr194” -0.232630252 0.200756773
L196 “addr195” 1.091081256 -1.004420318
L197 “addr196” -1.781197498 -0.606659231
L198 “addr197” 1.264441146 -0.979693334
L199 “addr198” -0.639676391 1.788100897
L200 “addr199” -0.26808049 0.337553626
L201 “addr200” 0.54900613 -0.426130431
L202 “addr201” -1.984553294 -1.022234423
L203 “addr202” -0.706507215 -1.196912682
L204 “addr203” -1.231117852 -1.633539811
L205 “addr204” -0.536753616 -1.206701214
L206 “addr205” 0.516265327 -1.485981957
L207 “addr206” -0.170119097 -1.475908891
L208 “addr207” -0.758503723 0.263719766
L209 “addr208” 0.835714531 -1.418158972
L210 “addr209” 0.890602032 -0.417961526
L211 “addr210” 1.972968461 0.474171856
L212 “addr211” 0.148527815 -0.542772545
L213 “addr212” 1.270315105 -1.969450464
L214 “addr213” 0.778172739 1.179274564
L215 “addr214” -1.878239491 0.124980742
L216 “addr215” 1.360170949 0.606326684
L217 “addr216” 1.056129146 0.101304942
L218 “addr217” -0.552300226 0.479715611
L219 “addr218” 1.033696705 -0.948893195
L220 “addr219” 0.951380181 0.931753996
L221 “addr220” 0.469801868 1.488802498
L222 “addr221” -0.004888311 -0.962505779
L223 “addr222” 0.423547034 0.987988138
L224 “addr223” 1.534470097 -1.406320478
L225 “addr224” -0.747021735 -0.012331984
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Table E.4:U150B Location Table (continued)

ID Address x-coordinate y-coordinate
L226 “addr225” -1.294926166 -0.734853483
L227 “addr226” 1.526419585 -1.753487831
L228 “addr227” 1.169107712 -0.179032491
L229 “addr228” 0.092913375 -1.68217597
L230 “addr229” -0.346026154 1.389655541
L231 “addr230” 0.953004051 1.937430179
L232 “addr231” 1.427821602 1.494783567
L233 “addr232” 1.934380572 0.361234328
L234 “addr233” 1.632486713 0.089402351
L235 “addr234” 0.165176378 -1.541287956
L236 “addr235” -1.804844856 -1.110328363
L237 “addr236” 1.951004622 0.76314945
L238 “addr237” 1.465845596 1.015150956
L239 “addr238” 1.900090692 -0.301035141
L240 “addr239” 1.778586024 1.275227624
L241 “addr240” -1.995857446 1.850979863
L242 “addr241” -1.190057494 -1.601808984
L1243 “addr242” -0.12911836 -0.589959254
L244 “addr243” 1.909338586 -0.918507333
L245 “addr244” 0.417439346 0.823920082
L246 “addr245” 0.501383822 -0.051236038
L247 “addr246” 1.072103477 1.201960018
1248 “addr247” -1.788785748 -0.668806801
L249 “addr248” -1.104818252 -0.83354857
L250 “addr249” -0.460374047 -1.752102865
L251 “addr250” 1.018030263 0.613272851
L252 “addr251” 1.715564412 -0.958049326
L253 “addr252” -0.5874241 -0.761155226
L254 “addr253” 0.77931661 0.835771508
L255 “addr254” 1.241942692 0.709986186
L256 “addr255” -1.999470089 -0.698412026
L257 “addr256” -1.093925638 1.997791788
L258 “addr257” -1.589034588 0.19974722
L259 “addr258” -0.615474105 1.666179336
L260 “addr259” -0.467325163 -0.28034419
L261 “addr260” -1.408123309 0.800287142
L262 “addr261” -0.691930067 1.865172193
L263 “addr262” -0.800496122 1.779434767
L264 “addr263” -0.210863913 1.958304915
L265 “addr264” 1.74072838 -0.756111445
L266 “addr265” -0.681178234 1.792099478
L267 “addr266” 0.80463527 0.374207857
L268 “addr267” -1.261582897 0.045629523
L269 “addr268” -1.262855525 1.996477527
L270 “addr269” 0.580517782 1.281037797
L271 “addr270” 0.506194943 -1.953738606
L272 “addr271” -1.742052062 0.174605736
L273 “addr272” -0.748818787 0.568648608
L274 “addr273” -1.065198494 0.590859335
L275 “addr274” -1.474932488 -1.298711038
L276 “addr275” -0.933461364 1.690751223
L277 “addr276” 0.350882035 0.981849432
L278 “addr277” -0.478141087 1.471991801
L279 “addr278” 1.952577075 -1.159146212
L280 “addr279” -0.250150139 -0.028369951
L281 “addr280” 0.383522361 1.285398002
L282 “addr281” -0.368304502 1.818018642
L.283 “addr282” -0.735822026 -1.45123398
L284 “addr283” -0.542993713 0.901328981
L285 “addr284” 1.453777772 -0.12449791
L286 “addr285” -1.10938277 -1.361188628
L287 “addr286” -0.280867951 1.631025219
L288 “addr287” -1.153522401 1.643028637
L289 “addr288” 0.3269417 0.569405711
L290 “addr289” 1.861042341 0.558321564
L291 “addr290” -0.025702703 1.362451617
L292 “addr291” -1.140648516 1.412796204
L293 “addr292” 0.585316157 1.387786931
L294 “addr293” -0.867231991 0.040154954
L295 “addr294” 1.240153103 1.293132518
L296 “addr295” 1.898125429 -1.042277114
L297 “addr296” -0.134097888 -1.001466467
L298 “addr297” 1.983816945 0.544054259
L299 “addr298” 1.307185894 1.567807617
L300 “addr299” 0.989139655 -1.558466991
L301 “addr300” -0.992487034 1.775019694
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Table E.5: U150B Request Table

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
ROO1 Co001 L002 LO005 5/27/2003 7:04 P 5 1 6:54 7:14
R002 Co002 L003 L006 5/27/2003 7:44 D 5 1 7:34 7:54
R003 C003 L004 Loo7 5/27/2003 8:00 D 5 0 7:49 8:09
R004 C004 L008 LO11 5/27/2003 8:15 P 5 1 8:04 8:24
R005 C005 L009 L0012 5/27/2003 8:57 D 5 1 8:46 9:06
R0O06 C006 Lo10 LO013 5/27/2003 8:38 P 5 0 8:28 8:48
RO07 Co07 L014 L017 5/27/2003 9:13 P 5 1 9:02 9:22
R008 Co008 L015 L018 5/27/2003 9:54 D 5 1 9:43 10:03
R0O09 C009 L0116 L019 5/27/2003 9:29 P 5 0 9:19 9:39
RO10 Co010 L020 L023 5/27/2003 10:17 P 5 1 10:07 10:27
RO11 Co011 L021 L024 5/27/2003 10:25 P 5 1 10:15 10:35
R0O12 Co12 L022 L025 5/27/2003 11:06 D 5 0 10:55 11:15
R013 Co013 L026 L029 5/27/2003 11:57 D 5 1 11:47 12:07
RO14 Co014 L027 L030 5/27/2003 11:36 P 5 1 11:26 11:46
RO15 Co015 L028 L031 5/27/2003 12:19 D 5 0 12:09 12:29
RO16 Co16 L032 L035 5/27/2003 7:45 D 5 1 7:34 7:54
RO17 Cco17 L033 L036 5/27/2003 7:58 D 5 1 7:47 8:07
RO18 Co018 L034 L0o37 5/27/2003 8:15 D 5 0 8:04 8:24
RO19 Co019 L038 L041 5/27/2003 8:28 P 5 1 8:18 8:38
R020 C020 L039 L042 5/27/2003 8:39 P 5 1 8:29 8:49
RO021 C021 L040 L043 5/27/2003 8:54 P 5 0 8:43 9:03
R022 C022 L044 L047 5/27/2003 10:16 D 5 1 10:06 10:26
R023 C023 L045 L048 5/27/2003 10:31 D 5 1 10:20 10:40
R024 C024 L046 L049 5/27/2003 10:03 P 5 0 9:52 10:12
R025 C025 L050 L053 5/27/2003 11:32 D 5 1 11:21 11:41
R026 C026 LO51 L054 5/27/2003 11:11 P 5 1 11:01 11:21
RO27 Co027 L052 L055 5/27/2003 11:20 P 5 0 11:09 11:29
R028 C028 L056 L059 5/27/2003 12:30 D 5 1 12:19 12:39
R029 C029 LO57 L060 5/27/2003 12:41 D 5 1 12:31 12:51
R030 C030 L058 L061 5/27/2003 12:53 D 5 0 12:42 13:02
R031 C031 L062 L065 5/27/2003 7:38 D 5 1 7:27 7:47
R032 C032 L063 L066 5/27/2003 7:45 D 5 1 7:34 7:54
R033 C033 L064 L067 5/27/2003 7:25 P 5 0 7:15 7:35
R034 C034 L068 LO71 5/27/2003 8:10 P 5 1 8:00 8:20
RO035 C035 L069 Lo72 5/27/2003 8:19 P 5 1 8:09 8:29
RO036 C036 L070 L073 5/27/2003 8:28 P 5 0 8:17 8:37
RO037 Co037 L074 Lo77 5/27/2003 9:31 D 5 1 9:21 9:41
RO038 C038 L075 Lo78 5/27/2003 9:39 D 5 1 9:28 9:48
RO039 C039 L0O76 L079 5/27/2003 9:47 D 5 0 9:36 9:56
R040 C040 L0880 L083 5/27/2003 10:27 D 5 1 10:16 10:36
RO041 Co041 L081 L084 5/27/2003 10:36 D 5 1 10:26 10:46
R042 Co042 L082 L085 5/27/2003 10:15 P 5 0 10:04 10:24
R043 C043 L086 L089 5/27/2003 11:44 D 5 1 11:33 11:53
R044 C044 L087 L090 5/27/2003 11:15 P 5 1 11:04 11:24
R045 C045 L088 L091 5/27/2003 11:32 P 5 0 11:21 11:41
R046 C046 L092 L095 5/27/2003 7:03 P 5 1 6:52 7:12
R047 co047 L093 L096 5/27/2003 7:11 P 5 1 7:01 7:21
R048 C048 L094 L097 5/27/2003 7:50 D 5 0 7:40 8:00
R049 C049 L098 L101 5/27/2003 8:38 D 5 1 8:28 8:48
R0O50 C050 L099 L102 5/27/2003 8:46 D 5 1 8:36 8:56
RO51 Co051 L100 L103 5/27/2003 9:02 D 5 0 8:51 9:11
R052 C052 L104 L1o7 5/27/2003 9:09 P 5 1 8:58 9:18
RO053 C053 L105 L108 5/27/2003 9:52 D 5 1 9:42 10:02
R054 C054 L106 L109 5/27/2003 10:03 D 5 0 9:52 10:12
RO055 C055 L110 L113 5/27/2003 10:11 P 5 1 10:00 10:20
RO056 C056 L111 L114 5/27/2003 10:54 D 5 1 10:44 11:04
RO57 CO057 L112 L115 5/27/2003 11:08 D 5 0 10:58 11:18
RO058 C058 L116 L119 5/27/2003 11:17 P 5 1 11:06 11:26
RO059 C059 L117 L120 5/27/2003 11:59 D 5 1 11:48 12:08
R060 C060 L118 L121 5/27/2003 11:37 P 5 0 11:26 11:46
R061 Co061 L122 L125 5/27/2003 7:34 D 5 1 7:24 7:44
R062 C062 L123 L126 5/27/2003 7:20 P 5 1 7:09 7:29
R063 C063 L124 L127 5/27/2003 7:28 P 5 0 7:18 7:38
R064 C064 L128 L131 5/27/2003 8:41 D 5 1 8:31 8:51
R065 C065 L129 L132 5/27/2003 8:13 P 5 1 8:03 8:23
R066 C066 L130 L133 5/27/2003 8:29 P 5 0 8:18 8:38
R0O67 Co67 L134 L137 5/27/2003 9:42 D 5 1 9:32 9:52
R068 C068 L135 L138 5/27/2003 9:50 D 5 1 9:40 10:00
R069 C069 L136 L139 5/27/2003 10:06 D 5 0 9:56 10:16
RO70 CO070 L140 L143 5/27/2003 10:55 D 5 1 10:44 11:04
RO71 Co71 L141 L144 5/27/2003 10:36 P 5 1 10:25 10:45
RO72 Cco72 L142 L145 5/27/2003 10:47 P 5 0 10:37 10:57
RO73 Co73 L146 L149 5/27/2003 12:13 D 5 1 12:02 12:22
RO74 C074 L147 L150 5/27/2003 11:47 P 5 1 11:36 11:56
RO75 CO075 1148 L151 5/27/2003 12:34 D 5 0 12:24 12:44
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Table E.5: U150B Request Table (continued)

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
RO76 C076 L152 L155 5/27/2003 7:02 P 5 1 6:52 7:12
RO77 coTr7 L153 L156 5/27/2003 7:40 D 5 1 7:29 7:49
RO78 Co78 L154 L157 5/27/2003 7:48 D 5 0 7:38 7:58
RO79 C0o79 L158 L161 5/27/2003 7:56 P 5 1 7:45 8:05
RO80 C080 L159 L162 5/27/2003 8:43 D 5 1 8:32 8:52
RO81 Co081 L160 L163 5/27/2003 8:54 D 5 0 8:44 9:04
R082 C082 L164 L167 5/27/2003 9:09 P 5 1 8:59 9:19
R0O83 C083 L165 L168 5/27/2003 9:52 D 5 1 9:41 10:01
R084 C084 L166 L169 5/27/2003 9:32 P 5 0 9:22 9:42
R085 C085 L170 L173 5/27/2003 10:11 P 5 1 10:00 10:20
RO86 C086 L171 L174 5/27/2003 10:42 D 5 1 10:32 10:52
RO87 Co087 L172 L175 5/27/2003 10:52 D 5 0 10:41 11:01
RO0O88 C088 L176 L179 5/27/2003 11:01 P 5 1 10:51 11:11
R089 C089 Li77 L180 5/27/2003 11:52 D 5 1 11:41 12:01
R090 C090 L178 L181 5/27/2003 12:01 D 5 0 11:50 12:10
R091 C091 L182 L185 5/27/2003 7:46 D 5 1 7:36 7:56
R092 C092 L183 L186 5/27/2003 7:57 D 5 1 7:46 8:06
R093 C093 L184 L187 5/27/2003 8:09 D 5 0 7:59 8:19
R094 C094 L188 L191 5/27/2003 8:18 P 5 1 8:07 8:27
R095 C095 L189 L192 5/27/2003 8:35 P 5 1 8:24 8:44
R096 C096 L190 L193 5/27/2003 8:50 P 5 0 8:39 8:59
RO97 C097 L194 L197 5/27/2003 10:07 D 5 1 9:57 10:17
R098 C098 L195 L198 5/27/2003 10:21 D 5 1 10:11 10:31
R099 C099 L196 L199 5/27/2003 9:53 P 5 0 9:43 10:03
R100 C100 L200 L203 5/27/2003 11:16 D 5 1 11:05 11:25
R101 C101 L201 L204 5/27/2003 10:54 P 5 1 10:44 11:04
R102 C102 L202 L205 5/27/2003 11:07 P 5 0 10:57 11:17
R103 C103 L206 L209 5/27/2003 11:39 P 5 1 11:28 11:48
R104 C104 L207 L210 5/27/2003 11:46 P 5 1 11:35 11:55
R105 C105 L208 L211 5/27/2003 12:25 D 5 0 12:15 12:35
R106 C106 L212 L215 5/27/2003 7:02 P 5 1 6:51 7:11
R107 C107 L213 L216 5/27/2003 7:55 D 5 1 7:45 8:05
R108 C108 L214 L217 5/27/2003 7:27 P 5 0 7:16 7:36
R109 C109 L218 L221 5/27/2003 8:41 D 5 1 8:31 8:51
R110 C110 L219 L222 5/27/2003 8:23 P 5 1 8:13 8:33
R111 C111 L220 L223 5/27/2003 9:05 D 5 0 8:54 9:14
R112 C1l12 L224 L227 5/27/2003 9:52 D 5 1 9:42 10:02
R113 C113 L225 L228 5/27/2003 10:02 D 5 1 9:52 10:12
R114 C114 L226 L229 5/27/2003 9:38 P 5 0 9:28 9:48
R115 C115 L230 L233 5/27/2003 10:27 P 5 1 10:16 10:36
R116 C116 L231 L234 5/27/2003 10:36 P 5 1 10:26 10:46
R117 C117 L232 L235 5/27/2003 11:10 D 5 0 10:59 11:19
R118 C118 L236 L239 5/27/2003 11:54 D 5 1 11:44 12:04
R119 C119 L237 L240 5/27/2003 12:04 D 5 1 11:53 12:13
R120 C120 L238 L241 5/27/2003 11:45 P 5 0 11:34 11:54
R121 C121 L242 L245 5/27/2003 7:06 P 5 1 6:55 7:15
R122 C122 L243 L246 5/27/2003 7:46 D 5 1 7:36 7:56
R123 C123 L244 L247 5/27/2003 7:55 D 5 0 7:45 8:05
R124 C124 L248 L251 5/27/2003 8:39 D 5 1 8:29 8:49
R125 C125 L249 L252 5/27/2003 8:18 P 5 1 8:07 8:27
R126 C126 L250 L253 5/27/2003 9:01 D 5 0 8:51 9:11
R127 C127 L254 L257 5/27/2003 9:48 D 5 1 9:38 9:58
R128 C128 L255 L258 5/27/2003 9:59 D 5 1 9:48 10:08
R129 C129 L256 L259 5/27/2003 9:35 P 5 0 9:24 9:44
R130 C130 L260 L263 5/27/2003 10:44 D 5 1 10:33 10:53
R131 C131 L261 L264 5/27/2003 10:29 P 5 1 10:19 10:39
R132 C132 L262 L265 5/27/2003 10:38 P 5 0 10:28 10:48
R133 C133 L266 L269 5/27/2003 11:21 P 5 1 11:11 11:31
R134 C134 L267 L270 5/27/2003 12:05 D 5 1 11:55 12:15
R135 C135 L268 L271 5/27/2003 11:43 P 5 0 11:33 11:53
R136 C136 L272 L275 5/27/2003 7:30 D 5 1 7:20 7:40
R137 C137 L273 L276 5/27/2003 7:44 D 5 1 7:34 7:54
R138 C138 L274 L277 5/27/2003 7:19 P 5 0 7:09 7:29
R139 C139 L278 L281 5/27/2003 8:39 D 5 1 8:29 8:49
R140 C140 L279 L282 5/27/2003 8:47 D 5 1 8:36 8:56
R141 C141 L280 L283 5/27/2003 9:02 D 5 0 8:51 9:11
R142 C142 L284 L287 5/27/2003 9:53 D 5 1 9:43 10:03
R143 C143 L285 L288 5/27/2003 9:26 P 5 1 9:15 9:35
R144 C144 L286 L289 5/27/2003 10:12 D 5 0 10:01 10:21
R145 C145 L290 L293 5/27/2003 10:21 P 5 1 10:11 10:31
R146 C146 L291 L294 5/27/2003 11:02 D 5 1 10:51 11:11
R147 C147 L292 L295 5/27/2003 11:14 D 5 0 11:04 11:24
R148 C148 L296 L299 5/27/2003 11:59 D 5 1 11:49 12:09
R149 C149 L297 L300 5/27/2003 11:38 P 5 1 11:27 11:47
R150 C150 L1298 L301 5/27/2003 11:50 P 5 0 11:40 12:00
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Appendix F

U150C Data Set

Table F.1: U150C Model Table

MRT FIXED 60 TW VARY WAIT 30 SPEED 20 ROUTE 480

Table F.2: U150C Vehicle Table

1D Capacity ‘Wheelchairs
Vo1 4 2

Vo2
Vo3
Vo4
Vo5
Vo6
Vo7
Vo8
V09
V10

B R R R R R R
NNDNNNNNDN N

137



Table F.3: U150C Client Table

1D Name
A
C001 namel” ddress ‘Wheelchair D
null Name Add
C002 “name2” ol n C076 Erep—— o ress Wheelchair
C003 “name3” n co77 « e, null o
004 igspys null v Pl “23111677” null n
C005 “namob” null n Co79 B ame78” null v
C006 “name6” null n C080 “namc79” null n
coo7 Pt nuﬁ v Cos1 “E:mcsow null n
C008 “name8” null n C082 “namcslh null v
C009 “name9” nun n 083 “namESQ” null >
C010  “namel0” T y Comi  mamenir null n
CO11  “namell” o n G085 “name8s” null y
C012  “namel2” T n Cose e null n
Cco13 “namel3” 2311 y co87 “nzzeggw null n
Co014 “nameld” n C088 . € null
p ; null name88” nul y
015  “namels” e n C089  “name89” ull n
C016  “namel6” nall Y G090 “name90” ot n
co17 e, u n C091 « € null
ol : null name91” null Y
8 namel8” null n €092 “name92” n
C019  “namel9” Y C093 « null n
<o . null name93” null
20 name20” n C094 « "
<o . null name94” nul Y
21 name21” null n C095 “name95” ull n
Co022 “name22” y C096 « €99 null n
C023 oy null n C097 “namegﬁ null
Co2 . null name97” null 4
4 name24” null n C098 “name98” " n
C025 “name25” " y C099 “na e null n
C026  “name26” m n G100« me99 null v
Goar  « null n namel00” null
name27” null C101  “namel01” n
C028 “name28” null y C102 “namel02” null n
C029  “name29” T n C103  “mame10ge null y
C030 “name30” nu“ n C104 “na-meloi” null n
Co031 “name31” null y C105 “namelo » null n
Coa e u n c106 €105 null
coa : null namel06” null Y
3 name33” null n C107 “namel07” n
C034  “name34” Y C108 « null n
Co3 ; null namel08” null
5 hame35” n C109  “ne ; y
Cos . null n namel09” null
6 name36” ciio o« n
C03 ; null namell0” null
7 name37” Y c1ir o« n
Cos . null namelll” null
8 name38” n Cc112 « y
Cos : null n namell2” null
9 name39” null C113 “namel13” n
C040 “named0” y Cl14 « null n
Coa : null namell4” null
1 name41” null n C115 “namell5” M
C042  “named2” | n Cl16  “n » null n
C043  “namod3” Euﬁ y Cc117 “nzzeﬂ6” null 0
C044  “namedd” o n 11y ame T null y
C045  “named5” ““11 n C119  “n met 18’ null n
C046  “named6” nun y C120  “mame1200 null n
Cco047 “name47” nun n C121 “namelgow null y
Co048 “name48” u“ n C122 “namel 177 null n
C049 “name49” :m“ Y G123 “namelg2” nut n
C050  “name50” u n c124  « el23 null
co ; null namel24” null Y
51 name51” null n G125 “namel25” " n
C052  “name52” Y C126 « null n
cos ; null namel26” null
3 name53” n c127 o« ) v
Cos : null n namel27” null
4 name54” null C128 “namel28” n
C055  “nameb5” y C129 « null n
Cos : null namel29” null
6 name56” null n C130  “namel30” Y
C057 “name57” 1 n C131 “namel31” null n
Co58 D nuu v G132 “namc131” null n
C059 “name59” nun n C133 “namc13[2” null y
060 80" nu11 n o134 “namcl33” null n
Co61 P nuu y C135 “nam9134” null n
Co62 o nu11 n C136 “namel35” null y
Co63 o nu11 n C137 “namel36” null n
G064 “name64” ull v G133 “na:elgn null n
C065 “name65” nzll n C139 “namelggw null y
C066 “name66” null n C140 “namel49n null n
CO67  “name67” o y Cray e, null n
068 “nameBs” nu n C142 «. meldl null
<o ; null namel42” null y
69 name69” null n C143 “namel43” " n
C070  “name70” Y Cl144  “ne null n
Cor ; null namel44” null
1 name71” n Cla5  « y
Cor . null namel45” null
2 name72” n c146  « n
Cor . null namel46” null
3 name73” y c147  « n
C « null namel47” nul
C874 name74” null n €148 “namel48” u M
7. » null
5 “name75 null ; ore (hameld97 DEH a
C150 “namel50” null ;
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Table F.4: U150C Location Table

ID Address x-coordinate y-coordinate
L001 “depot” 0 0
L002 “addrl” 1.842273266 -0.710622429
L003 “addr2” -1.219031388 -1.364926748
L004 “addr3” -0.364378217 -0.948889261
LO005 “addr4” 0.478238575 -1.239980474
L006 “addrb” 1.143153292 -1.581089811
L0007 “addr6” -0.51966714 -0.925793821
L008 “addr7” -0.948449157 1.737916556
L009 “addr8” 1.607275624 1.944511416
LO010 “addr9” 0.247565581 -0.44175238
LO11 “addr10” -1.59608252 -0.201077757
L012 “addrl1” -0.690204576 -1.025318231
L013 “addr12” -0.853132174 0.351321797
L014 “addr13” -0.684286299 1.108648991
LO015 “addr14” 1.100332761 1.158585899
L016 “addr1l5” -0.745890483 -1.988051673
Lo17 “addr16” -1.327653411 1.728861367
LO018 “addrl7” -0.662992499 -0.318234124
L019 “addr18” -0.810705818 1.372554559
L020 “addr19” -1.365960732 0.411726876
L021 “addr20” 1.198024375 1.085214604
L022 “addr21” 1.706147731 0.363867293
L023 “addr22” 0.521263533 -0.02584799
L024 “addr23” 0.294410478 1.031570483
L025 “addr24” -0.266557423 -0.91171009
L026 “addr25” 0.62367282 0.173668417
Lo27 “addr26” 0.290459262 1.983401483
L028 “addr27” -1.490408237 -1.164935952
L029 “addr28” 1.238300673 -0.047457724
L030 “addr29” -0.78840633 0.229387463
LO031 “addr30” -1.758138866 -1.425855857
L032 “addr31” 0.853157558 -0.455644898
L033 “addr32” -0.383307606 1.077892894
L034 “addr33” 1.234741675 -0.85934361
L035 “addr34” 0.112833955 1.001166657
L036 “addr35” -0.006423507 -0.849649474
L037 “addr36” -1.608726797 -0.293528428
L038 “addr37” -0.6815457 1.140909744
L039 “addr38” -1.550004817 1.552963768
L040 “addr39” 0.806551083 -1.703795769
L041 “addr40” -1.302015261 -1.137194185
L042 “addr41” 1.553223794 1.475877549
L043 “addr42” 0.941952241 0.295760749
L044 “addr43” 1.194631348 -1.450279246
L045 “addr44” 1.241960438 -0.156917435
L046 “addr45” -0.623066377 0.563806052
Lo47 “addr46” -0.591466669 1.374420564
L048 “addr47” -1.995269623 0.580300207
L049 “addr48” -0.144761455 1.519107163
L050 “addr49” 0.625307598 -0.556967479
LO051 “addr50” 1.587137635 -0.364139245
L052 “addrb51” -1.56583616 1.256048857
L053 “addrb52” 1.296905861 -0.277415519
L054 “addrb53” 0.641197563 -1.977461376
L055 “addrb4” 0.85683002 -0.659394902
L0056 “addrb5” -1.6841589 -0.323319081
LO57 “addrb56” -1.063701227 0.975347036
L058 “addrb7” 1.333333429 -1.348893401
L059 “addrb58” 0.040804492 -0.271904982
L060 “addr59” 1.673230935 -0.842163553
Lo61 “addr60” 0.959885839 1.831156172
L062 “addr61” 1.075160698 -1.479295247
L063 “addr62” -1.572158437 -0.798614303
L064 “addr63” 0.935727713 1.182439954
L065 “addr64” -1.257543294 -1.905300314
L066 “addr65” -0.665607652 -0.580274153
L067 “addr66” 0.153385403 -1.103147716
L068 “addr67” -1.794956348 0.334725429
L069 “addr68” -1.976757021 1.183412328
LO070 “addr69” 0.923896622 0.351704778
LO71 “addr70” -0.919135346 -0.595469568
L072 “addr71” 0.963250559 -1.76744807
L0073 “addr72” 0.527595562 -0.10225705
L074 “addr73” 1.764549757 -0.464861272
L075 “addr74” 0.323882465 1.404716782
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Table F.4:U150C Location Table (continued)

ID Address x-coordinate y-coordinate
LO76 “addr75” -1.386902576 -0.526364521
Lo77 “addr76” 0.674843738 -1.134505684
L078 “addr77” -0.949325306 1.3000368
L079 “addr78” -0.450099098 1.986454316
L080 “addr79” -0.758771472 1.611322212
L081 “addr80” -0.98703908 1.92586054
L082 “addr81” 1.708694121 0.39682253
L083 “addr82” -1.79395571 -0.586472673
L084 “addr83” -1.005073419 0.175526826
L085 “addr84” -0.979338244 1.718785681
L086 “addr85” -1.960379235 1.233215195
Lo87 “addr86” 1.807646347 0.103591254
L088 “addr87” 1.463006522 -1.245537265
L089 “addr88” -1.082443724 1.745270977
L090 “addr89” -1.563989485 -1.445285352
L091 “addr90” 1.430167581 -1.41393778
L092 “addr91” 1.451484471 -0.847211997
L093 “addr92” -0.877014502 -1.835746882
L094 “addr93” 0.064003704 -0.915685395
L095 “addr94” -0.45489467 -1.795608739
L096 “addr95” 0.544647438 -0.358208042
L097 “addr96” -0.995836464 1.591680809
L098 “addr97” 1.401079032 0.637069329
L099 “addr98” -1.659475894 1.328348583
L100 “addr99” -1.15785188 -1.682751465
L101 “addr100” 1.55425163 0.167412465
L102 “addr101” -0.479854036 -1.774860906
L103 “addr102” 1.66682976 -1.158057617
L104 “addr103” 0.262750017 -0.419440146
L105 “addr104” 1.640988636 -1.844437363
L106 “addr105” 0.010598914 -0.331061087
L107 “addr106” -1.251587636 1.672597256
L108 “addr107” 1.80534829 -1.241183514
L109 “addr108” -1.533497068 1.343919197
L110 “addr109” -1.573039527 -1.769984173
L111 “addr110” -1.19821625 -1.872782123
L112 “addr111” -1.842109145 0.879398344
L113 “addr112” 1.878931745 1.508058788
L114 “addr113” 1.155736816 -1.218719831
L115 “addr114” -1.299165852 1.800761945
L116 “addr115” -1.95517556 -1.385258577
L117 “addr116” -0.823528891 1.205784496
L118 “addr117” -1.408888784 -0.969785608
L119 “addr118” -1.170167482 -0.177051726
L120 “addr119” 1.703691986 -0.587103713
Li121 “addr120” -1.955516871 1.167509616
L122 “addr121” 0.510100447 0.310686221
L123 “addr122” -0.735203341 0.208724175
L124 “addr123” 1.881504302 0.829501751
L125 “addr124” -1.733715013 1.548215874
L126 “addr125” 0.537799248 -0.54100989
L127 “addr126” 1.423856837 -1.921881711
L128 “addr127” -0.258486847 -1.923199898
L129 “addr128” 1.848243536 1.306606624
L130 “addr129” 1.593337361 -1.710257763
L131 “addr130” 1.32723897 1.511102554
L132 “addr131” 0.071009018 0.805317827
L133 “addr132” 0.199803471 0.977083484
L134 “addr133” -0.792825464 0.187253762
L135 “addr134” 1.607491984 -1.196910913
L136 “addr135” -0.819230517 1.133838332
L137 “addr136” -1.990930344 -0.899829377
L138 “addr137” 0.600358512 0.328007734
L139 “addr138” -1.589416025 1.886687478
L140 “addr139” -0.113217041 -0.056710667
L141 “addr140” -1.545426514 1.577010166
L142 “addr141” -1.583628784 1.049864885
L143 “addr142” 0.328492599 1.685345453
L144 “addr143” 0.964873312 -0.549827602
L145 “addr144” -0.606155616 0.213555728
L146 “addr145” -1.003813085 0.883622223
L147 “addr146” 1.503915063 0.16450087
1148 “addr147” 1.468848618 -0.924842057
L149 “addr148” -0.830586675 1.720087824
L150 “addr149” -1.912830557 -1.23744905
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Table F.4:U150C Location Table (continued)

ID Address x-coordinate y-coordinate
L151 “addr150” 0.04772133 0.845867432
L152 “addrl51” 1.302802002 0.62247146
L153 “addr152” -0.327127054 1.431676897
L154 “addr153” 1.876431184 -0.074462827
L155 “addr154” 1.909777723 0.550480462
L156 “addr155” 0.438186368 1.78569544
L157 “addr156” -0.692380035 1.015218075
L158 “addr157” 0.239281083 -0.970548338
L159 “addr158” -0.656236559 -1.86387224
L160 “addr159” 0.166290457 1.995612869
L161 “addr160” 1.490902933 -1.571336263
L162 “addr161” 0.093384354 0.986372511
L163 “addr162” -1.893393221 0.994789471
L164 “addr163” -1.223260349 1.625716002
L165 “addr164” 1.335802818 -0.6019219
L166 “addr165” -0.250738899 1.041287166
L167 “addr166” 0.533165808 -0.924286238
L168 “addrl67” -0.947352053 0.571007041
L169 “addr168” -1.84623023 0.67813891
L170 “addr169” -1.852252773 -1.394102594
L171 “addr170” 0.626777417 1.199751288
L172 “addr171” 1.973044441 -0.784286069
L173 “addr172” -1.581658681 0.361711487
L174 “addr173” 1.875043558 0.364152697
L175 “addr174” 0.306301458 1.430574756
L176 “addrl175” -1.986799103 1.805547905
L177 “addrl176” -1.169332343 -0.495879271
L178 “addrl177” 1.845977414 1.165137506
L179 “addr178” 0.950282741 0.268408797
L180 “addr179” 0.433484427 -0.759873489
L181 “addr180” 0.12746799 0.327743966
L182 “addr181” 0.54610266 0.218937009
L183 “addr182” 1.378858732 -1.568106384
L184 “addr183” 1.947360334 1.301188016
L185 “addr184” -0.727955496 -0.727447562
L186 “addr185” -0.276737576 -0.888893965
L187 “addr186” -1.585965118 1.993709233
1188 “addr187” 1.159170834 1.332221648
L189 “addr188” 0.66897655 -1.841775737
L190 “addr189” -0.580760816 1.151366716
L191 “addr190” -0.841044595 -1.364415921
L192 “addr191” -1.837686075 1.385138833
L193 “addr192” 0.043122996 1.723454908
L194 “addr193” 0.232118814 0.572160033
L195 “addr194” -0.863207848 1.788313501
L196 “addr195” -0.311552695 -1.15038948
L197 “addr196” -0.376445228 -1.19191003
L198 “addr197” 1.699991304 -0.907324994
L199 “addr198” 1.429878252 0.422412988
L200 “addr199” -0.801656418 0.58069571
L201 “addr200” -1.726954344 1.443705122
L202 “addr201” -1.303384444 0.363982309
L203 “addr202” 0.959710598 1.255031025
L204 “addr203” -1.694980218 -0.459614689
L205 “addr204” 1.203742688 1.118258341
L206 “addr205” -1.270329029 1.810895612
L207 “addr206” -0.9515532 -0.861252912
L208 “addr207” 0.919767996 1.968688237
L209 “addr208” -1.080354442 -1.519560558
L210 “addr209” 0.032222754 0.386187277
L211 “addr210” -1.597479122 0.39787894
L212 “addr211” 0.511711211 -1.900118048
L213 “addr212” -1.973484575 -0.250657944
L214 “addr213” -0.661975255 1.75278175
L215 “addr214” 1.659003248 0.877925179
L216 “addr215” 1.871509555 -1.560444527
L217 “addr216” -0.450157947 -1.904917796
L218 “addr217” -0.768714765 -0.590446954
L219 “addr218” 1.635329948 1.473767004
L220 “addr219” -0.230158169 -1.381932408
L221 “addr220” 1.401491323 -0.744009853
L222 “addr221” 1.961520319 -0.723649682
L223 “addr222” 0.423025968 0.902255348
L224 “addr223” 1.901287329 0.836046169
L225 “addr224” -1.36433941 -0.342001462
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Table F.4:U150C Location Table (continued)

ID Address x-coordinate y-coordinate
L226 “addr225” 1.614121127 -1.746122667
L227 “addr226” -0.533952213 -1.515192924
L228 “addr227” 0.504233584 0.917553721
L229 “addr228” 0.134764752 -1.698146288
L230 “addr229” -0.472742641 -1.725949714
L231 “addr230” -0.235630404 0.70563679
L232 “addr231” -1.952566162 -1.013456296
L233 “addr232” 1.365879166 0.683773243
L234 “addr233” 0.84574556 -1.643540965
L235 “addr234” 0.343439285 -1.688752452
L236 “addr235” 1.373840344 0.782233204
L237 “addr236” 1.84836444 -1.984823209
L.238 “addr237” -0.89749638 0.186557117
L239 “addr238” 0.130128467 1.71680701
L240 “addr239” -0.30766212 1.629016432
L241 “addr240” 0.973297854 -1.992886469
L242 “addr241” 0.718219396 -0.268795005
L243 “addr242” 1.375800983 -0.514966942
L244 “addr243” -1.191997258 -1.923456088
L245 “addr244” -1.184663791 0.485012204
L246 “addr245” -1.690143714 -1.592808136
L247 “addr246” 1.767126513 1.643214017
L248 “addr247” 0.981511808 1.2255931
L249 “addr248” 1.577635201 0.099377998
L250 “addr249” -1.301377378 0.318361108
L251 “addr250” -0.634737432 -1.396010969
L252 “addr251” 0.808327737 -1.244644634
L253 “addr252” 0.310451041 -0.601937613
L254 “addr253” 0.508027972 -0.923035617
L255 “addr254” -0.48596877 -0.544487035
L256 “addr255” 0.508283793 1.66776283
L257 “addr256” 0.544048121 0.525729408
L258 “addr257” 1.242653305 -1.275131188
L259 “addr258” 1.857714113 -1.613368788
L260 “addr259” 1.016194095 0.764482344
L261 “addr260” 1.476538325 0.816145054
L262 “addr261” -1.261742037 -1.729756988
L263 “addr262” -1.390907209 -0.987311157
L264 “addr263” -1.735884815 -1.127799928
L265 “addr264” 0.357277578 -1.457086891
L266 “addr265” 0.873850844 -1.64465343
L267 “addr266” 0.20835723 -0.632399733
L268 “addr267” -0.954118338 1.831821977
L269 “addr268” -1.293556517 0.0942841
L270 “addr269” -1.563651891 1.571048077
L271 “addr270” 1.513508838 1.327802958
L272 “addr271” -0.145456776 0.26721536
L273 “addr272” 0.011419382 0.837660631
L274 “addr273” 1.028444909 -1.066303568
L275 “addr274” -1.337117548 1.233721476
L276 “addr275” 1.083326604 -0.850883333
L277 “addr276” 1.540611077 0.93942576
L278 “addr277” 0.910324252 0.039971016
L279 “addr278” -0.249586949 -0.525634518
L280 “addr279” 1.980748008 1.169829965
L281 “addr280” -0.084680953 -1.594282159
L282 “addr281” -1.334170962 1.415335241
L283 “addr282” 1.454270591 -0.199311078
L284 “addr283” -1.249498789 -1.055658186
L285 “addr284” -0.919706938 -1.390221321
L286 “addr285” 1.583722144 0.571718407
L287 “addr286” 0.759489929 -1.866667871
L.288 “addr287” 1.186745238 0.053476544
L289 “addr288” -1.686406931 0.571497987
L290 “addr289” -1.35534098 0.29005145
L291 “addr290” -0.084780521 1.630375418
L292 “addr291” 0.235418663 1.944718412
L293 “addr292” -1.083618249 1.254780614
L294 “addr293” 1.004498641 0.643280727
L295 “addr294” -0.23278623 -0.21927357
L296 “addr295” -0.127796785 -1.293676036
L297 “addr296” 1.223273843 0.148360668
L298 “addr297” 1.864576834 1.275486042
L299 “addr298” 1.606195945 -1.711232782
L300 “addr299” -0.312236752 -1.269649199
L301 “addr300” 0.573867272 -0.604311477
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Table F.5: U150C Request Table

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
ROO1 Co001 L002 LO005 5/27/2003 7:36 D 5 1 7:20 7:50
R002 Co002 L003 L006 5/27/2003 7:20 P 5 1 7:05 7:35
R003 C003 L004 Loo7 5/27/2003 7:53 D 5 0 7:38 8:08
R004 C004 L008 LO11 5/27/2003 8:07 P 5 1 7:51 8:21
R005 C005 L009 L0012 5/27/2003 8:52 D 5 1 8:36 9:06
R0O06 C006 Lo10 LO013 5/27/2003 9:01 D 5 0 8:45 9:15
RO07 Co07 L014 L017 5/27/2003 9:51 D 5 1 9:35 10:05
R008 Co008 L015 L018 5/27/2003 9:19 P 5 1 9:03 9:33
R0O09 C009 L0116 L019 5/27/2003 9:35 P 5 0 9:19 9:49
RO10 Co010 L020 L023 5/27/2003 10:50 D 5 1 10:35 11:05
RO11 Co011 L021 L024 5/27/2003 10:34 P 5 1 10:18 10:48
R0O12 Co12 L022 L025 5/27/2003 11:09 D 5 0 10:54 11:24
R013 Co013 L026 L029 5/27/2003 11:19 P 5 1 11:03 11:33
RO14 Co014 L027 L030 5/27/2003 11:29 P 5 1 11:14 11:44
RO15 Co015 L028 L031 5/27/2003 11:45 P 5 0 11:29 11:59
RO16 Co16 L032 L035 5/27/2003 7:03 P 5 1 6:47 7:17
RO17 Cco17 L033 L036 5/27/2003 7:48 D 5 1 7:33 8:03
RO18 Co018 L034 L0o37 5/27/2003 7:26 P 5 0 7:11 7:41
RO19 Co019 L038 L041 5/27/2003 8:45 D 5 1 8:30 9:00
R020 C020 L039 L042 5/27/2003 9:02 D 5 1 8:46 9:16
RO021 C021 L040 L043 5/27/2003 8:34 P 5 0 8:18 8:48
R022 C022 L044 L047 5/27/2003 9:21 P 5 1 9:06 9:36
R023 C023 L045 L048 5/27/2003 9:30 P 5 1 9:14 9:44
R024 C024 L046 L049 5/27/2003 9:41 P 5 0 9:25 9:55
R025 C025 L050 L053 5/27/2003 10:59 D 5 1 10:44 11:14
R026 C026 LO51 L054 5/27/2003 10:29 P 5 1 10:14 10:44
RO27 Co027 L052 L055 5/27/2003 10:45 P 5 0 10:29 10:59
R028 C028 L056 L059 5/27/2003 11:32 P 5 1 11:16 11:46
R029 C029 LO57 L060 5/27/2003 12:16 D 5 1 12:01 12:31
R030 C030 L058 L061 5/27/2003 12:29 D 5 0 12:14 12:44
R031 C031 L062 L065 5/27/2003 7:05 P 5 1 6:50 7:20
R032 C032 L063 L066 5/27/2003 7:19 P 5 1 7:03 7:33
R033 C033 L064 L067 5/27/2003 7:33 P 5 0 7:18 7:48
R034 C034 L068 LO71 5/27/2003 8:19 P 5 1 8:04 8:34
RO035 C035 L069 Lo72 5/27/2003 8:27 P 5 1 8:11 8:41
RO036 C036 L070 L073 5/27/2003 8:41 P 5 0 8:25 8:55
RO037 Co037 L074 Lo77 5/27/2003 9:23 P 5 1 9:07 9:37
RO038 C038 L075 Lo78 5/27/2003 10:13 D 5 1 9:57 10:27
RO039 C039 L0O76 L079 5/27/2003 10:20 D 5 0 10:05 10:35
R040 C040 L0880 L083 5/27/2003 11:03 D 5 1 10:48 11:18
RO041 Co041 L081 L084 5/27/2003 10:33 P 5 1 10:17 10:47
R042 Co042 L082 L085 5/27/2003 11:21 D 5 0 11:06 11:36
R043 C043 L086 L089 5/27/2003 11:29 P 5 1 11:14 11:44
R044 C044 L087 L090 5/27/2003 12:27 D 5 1 12:11 12:41
R045 C045 L088 L091 5/27/2003 12:41 D 5 0 12:25 12:55
R046 C046 L092 L095 5/27/2003 7:35 D 5 1 7:19 7:49
R047 co047 L093 L096 5/27/2003 7:45 D 5 1 7:29 7:59
R048 C048 L094 L097 5/27/2003 7:57 D 5 0 7:42 8:12
R049 C049 L098 L101 5/27/2003 8:10 P 5 1 7:55 8:25
R0O50 C050 L099 L102 5/27/2003 8:25 P 5 1 8:09 8:39
RO51 Co051 L100 L103 5/27/2003 9:19 D 5 0 9:03 9:33
R052 C052 L104 L1o7 5/27/2003 10:03 D 5 1 9:48 10:18
RO053 C053 L105 L108 5/27/2003 9:39 P 5 1 9:24 9:54
R054 C054 L106 L109 5/27/2003 10:38 D 5 0 10:23 10:53
RO055 C055 L110 L113 5/27/2003 11:29 D 5 1 11:13 11:43
RO056 C056 L111 L114 5/27/2003 11:42 D 5 1 11:27 11:57
RO57 CO057 L112 L115 5/27/2003 11:59 D 5 0 11:43 12:13
RO058 C058 L116 L119 5/27/2003 12:14 P 5 1 11:58 12:28
RO059 C059 L117 L120 5/27/2003 13:00 D 5 1 12:45 13:15
R060 C060 L118 L121 5/27/2003 12:39 P 5 0 12:23 12:53
R061 Co061 L122 L125 5/27/2003 7:02 P 5 1 6:46 7:16
R062 C062 L123 L126 5/27/2003 7:54 D 5 1 7:38 8:08
R063 C063 L124 L127 5/27/2003 8:04 D 5 0 7:48 8:18
R064 C064 L128 L131 5/27/2003 8:14 P 5 1 7:58 8:28
R065 C065 L129 L132 5/27/2003 8:30 P 5 1 8:15 8:45
R066 C066 L130 L133 5/27/2003 9:14 D 5 0 8:59 9:29
R0O67 Co67 L134 L137 5/27/2003 9:23 P 5 1 9:08 9:38
R068 C068 L135 L138 5/27/2003 9:36 P 5 1 9:21 9:51
R069 C069 L136 L139 5/27/2003 10:30 D 5 0 10:15 10:45
RO70 CO070 L140 L143 5/27/2003 11:12 D 5 1 10:56 11:26
RO71 Co71 L141 L144 5/27/2003 10:54 P 5 1 10:38 11:08
RO72 Cco72 L142 L145 5/27/2003 11:01 P 5 0 10:45 11:15
RO73 Co73 L146 L149 5/27/2003 11:41 P 5 1 11:26 11:56
RO74 C074 L147 L150 5/27/2003 12:32 D 5 1 12:17 12:47
RO75 CO075 1148 L151 5/27/2003 12:46 D 5 0 12:30 13:00
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Table F.5: U150C Request Table (continued)

1D Passenger From To Date Time Type Loading Time Load L-TW R-TW
RO76 C076 L152 L155 5/27/2003 7:04 P 5 1 6:49 7:19
RO77 co77 L153 L156 5/27/2003 7:45 D 5 1 7:30 8:00
RO78 Co78 L154 L157 5/27/2003 7:28 P 5 0 7:12 7:42
RO79 CO079 L158 L161 5/27/2003 8:48 D 5 1 8:33 9:03
RO80 C080 L159 L162 5/27/2003 8:15 P 5 1 7:59 8:29
RO81 Co081 L160 L163 5/27/2003 9:13 D 5 0 8:57 9:27
R082 C082 L164 L167 5/27/2003 9:21 P 5 1 9:05 9:35
R083 C083 L165 L168 5/27/2003 10:10 D 5 1 9:55 10:25
R084 C084 L166 L169 5/27/2003 10:18 D 5 0 10:03 10:33
R085 C085 L170 L173 5/27/2003 10:29 P 5 1 10:14 10:44
RO86 C086 L171 L174 5/27/2003 11:29 D 5 1 11:13 11:43
RO87 Co087 L172 L175 5/27/2003 11:39 D 5 0 11:24 11:54
RO0O88 C088 L176 L179 5/27/2003 11:51 P 5 1 11:36 12:06
R089 C089 Li77 L180 5/27/2003 12:36 D 5 1 12:21 12:51
R090 C090 L178 L181 5/27/2003 12:45 D 5 0 12:29 12:59
R091 C091 L182 L185 5/27/2003 7:42 D 5 1 7:26 7:56
R092 C092 L183 L186 5/27/2003 7:13 P 5 1 6:57 7:27
R093 C093 L184 L187 5/27/2003 7:26 P 5 0 7:11 7:41
R094 C094 L188 L191 5/27/2003 8:58 D 5 1 8:42 9:12
R095 C095 L189 L192 5/27/2003 8:31 P 5 1 8:15 8:45
R096 C096 L190 L193 5/27/2003 8:45 P 5 0 8:30 9:00
RO97 C097 L194 L197 5/27/2003 10:00 D 5 1 9:45 10:15
R098 C098 L195 L198 5/27/2003 10:11 D 5 1 9:56 10:26
R099 C099 L196 L199 5/27/2003 10:20 D 5 0 10:05 10:35
R100 C100 L200 L203 5/27/2003 10:32 P 5 1 10:17 10:47
R101 C101 L201 L204 5/27/2003 10:41 P 5 1 10:25 10:55
R102 C102 L202 L205 5/27/2003 10:49 P 5 0 10:34 11:04
R103 C103 L206 L209 5/27/2003 11:44 P 5 1 11:28 11:58
R104 C104 L207 L210 5/27/2003 12:41 D 5 1 12:25 12:55
R105 C105 L208 L211 5/27/2003 12:51 D 5 0 12:35 13:05
R106 C106 L212 L215 5/27/2003 7:44 D 5 1 7:29 7:59
R107 Cc107 L213 L216 5/27/2003 7:57 D 5 1 7:41 8:11
R108 C108 L214 L217 5/27/2003 8:09 D 5 0 7:53 8:23
R109 C109 L218 L221 5/27/2003 8:58 D 5 1 8:42 9:12
R110 C110 L219 L222 5/27/2003 9:05 D 5 1 8:49 9:19
R111 Cl111 L220 L223 5/27/2003 9:16 D 5 0 9:01 9:31
R112 C1l12 L224 L227 5/27/2003 9:26 P 5 1 9:10 9:40
R113 C113 L225 L228 5/27/2003 10:20 D 5 1 10:05 10:35
R114 C114 L226 L229 5/27/2003 9:56 P 5 0 9:41 10:11
R115 C115 L230 L233 5/27/2003 11:21 D 5 1 11:06 11:36
R116 C116 L231 L234 5/27/2003 10:53 P 5 1 10:37 11:07
R117 C117 L232 L235 5/27/2003 11:05 P 5 0 10:49 11:19
R118 C118 L236 L239 5/27/2003 11:53 P 5 1 11:37 12:07
R119 C119 L237 L240 5/27/2003 12:06 P 5 1 11:51 12:21
R120 C120 L238 L241 5/27/2003 12:55 D 5 0 12:40 13:10
R121 C121 L242 L245 5/27/2003 7:35 D 5 1 7:20 7:50
R122 C122 L243 L246 5/27/2003 7:09 P 5 1 6:54 7:24
R123 C123 L244 L247 5/27/2003 7:23 P 5 0 7:08 7:38
R124 C124 L248 L251 5/27/2003 8:47 D 5 1 8:31 9:01
R125 C125 L249 L252 5/27/2003 8:56 D 5 1 8:41 9:11
R126 C126 L250 L253 5/27/2003 8:36 P 5 0 8:21 8:51
R127 C127 L254 L257 5/27/2003 9:10 P 5 1 8:54 9:24
R128 C128 L255 L258 5/27/2003 9:18 P 5 1 9:02 9:32
R129 C129 L256 L259 5/27/2003 9:30 P 5 0 9:15 9:45
R130 C130 L260 L263 5/27/2003 10:39 D 5 1 10:23 10:53
R131 C131 L261 L264 5/27/2003 10:45 D 5 1 10:29 10:59
R132 C132 L262 L265 5/27/2003 10:56 D 5 0 10:41 11:11
R133 C133 L266 L269 5/27/2003 11:35 D 5 1 11:20 11:50
R134 C134 L267 L270 5/27/2003 11:12 P 5 1 10:56 11:26
R135 C135 L268 L271 5/27/2003 11:59 D 5 0 11:43 12:13
R136 C136 L272 L275 5/27/2003 7:34 D 5 1 7:19 7:49
R137 C137 L273 L276 5/27/2003 7:49 D 5 1 7:33 8:03
R138 C138 L274 L277 5/27/2003 7:59 D 5 0 7:44 8:14
R139 C139 L278 L281 5/27/2003 8:07 P 5 1 7:52 8:22
R140 C140 L279 L282 5/27/2003 8:16 P 5 1 8:01 8:31
R141 C141 L280 L283 5/27/2003 8:30 P 5 0 8:14 8:44
R142 C142 L284 L287 5/27/2003 9:28 P 5 1 9:13 9:43
R143 C143 L285 L288 5/27/2003 9:34 P 5 1 9:19 9:49
R144 C144 L286 L289 5/27/2003 9:49 P 5 0 9:34 10:04
R145 C145 L290 L293 5/27/2003 10:33 P 5 1 10:17 10:47
R146 C146 L291 L294 5/27/2003 10:43 P 5 1 10:28 10:58
R147 C147 L292 L295 5/27/2003 11:20 D 5 0 11:05 11:35
R148 C148 L296 L299 5/27/2003 11:28 P 5 1 11:13 11:43
R149 C149 L297 L300 5/27/2003 11:39 P 5 1 11:24 11:54
R150 C150 L298 L301 5/27/2003 12:21 D 5 0 12:06 12:36
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Appendix G

U250 Data Set

Table G.1: U250 Model Table

MRT FIXED 60 TW VARY WAIT 30 SPEED 20 ROUTE 480

Table G.2: U250 Vehicle Table

1D Capacity ‘Wheelchairs
Vo1 4 2

Vo2 2
Vo3 4 2
Vo4 4 2
Vo5 4 2
Vo6 4 2
Vo7 4 2
Vo8 4 2
V09 4 2
V1o 4 2
Vil 4 2
Vi2 4 2
V13 4 2
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Table G.3: U250 Client Table

ID Name Addres i
_— e o s ‘Wheelchair ID. Name Address ‘Wheelchai
oo Jhamel’ n C066 “name66” =
nut null
o Lhamed nun n Co67 “name67” null i
oo chamed o y C068 “name68” null n
o chamel o n C069 “name69” null
oo Lhamed o n C070 “name70” null i
coos Lhamed o y Co71 “name71” null n
oo _hameT o n Cco72 “name72” null
coos _hames o n Co73 “name73” null i
Co10 “namel0” null " Cors e o
oo chamel07 mu n C075 “name75” null v
oo (hamet]7 mu n C076 “name76” null "
Co013 “namel3” null . Core e e "
oo (hamel 7 mul n Co78 “name78” null Y
oo (hameld” mul n C079 “name79” null .
Cco16 “namel6” null n Cost et l "
oo chameld] mul n Co081 “name81” null v
oot chamel T ut n C082 “name82” null .
oo chamel¥] , y C083 “name83” null o
coso ameld nu n C084 “name84” .
nun null
coa chames0] o n Co085 “name85” null ﬁ
Cons amez? m y C086 “name86” null n
o (hames2’ o n Cco87 “name87” null
oo chamead] o n C088 “name88” null i}x
ot Damezd ! y C089 “name89” null n
oo (hameas? o n C090 “name90” null
cozs chamead? o n C091 “name91” null z
C028 “name28” null n Coos o o
oo (hameas” mul n C093 “name93” null .
ooz (hame3s] mul n C094 “name94” null "
C031 “name31” null i Cooe B mall :
ool (hamed]? mul n C096 “name96” null n
cosz (hamed2? mu C097 “name97” null
coas chamedd] mul y C098 “name98” null .
ot chamedd] n C099 “name99” n
ut null n
o (hameds] nut n C100 “namel00” null
oS chameds’ un y C101 “namel01” null K
ot amest ut n C102 “namel02” null n
Coas hamess m n C103 “namel03” null
oo amess m n C104 “namel04” null Z
o chamedl” o y C105 “namel05” null n
oo chamed]? o n C106 “namel06” null
oo (hamet?” o n Cc107 “namel07” null K
oo chamedd’ o y C108 “namel08” null n
oot (hametd” mul n C109 “namel09” null
oo (hamedd? mu n C110 “namell0” null "
coas (hamedt? ul y C111 “namelll” null n
oo chamedt? mu n C112 “namell2” null .
oo (hameds? mu n C113 “namell3” null .
oL (hameld? mu y C114 “namell4” null I[:
oo chamedd mul n C115 “namell5” null n
oo chamed )] ut n C116 “namell6” null n
oo (hamed?’ nu y C117 “namell7” null
coos chamedd nu n C118 “namell8” null K
coos amesd ut n C119 “namell9” null n
come hamess m y C120 “namel20” null
cozs hamess m n C121 “namel21” null Z
oot hamesT ! n C122 “namel22” null n
coos amess o n C123 “namel23” null
Cooo Damess ! n C124 “namel24” null i’l
coso chame607 o y C125 “namel25” null n
ool (hamet]7 mul n C126 “namel26” null
ooz (hame62” o n Cc127 “namel27” null "
coos Jhame637 ul y C128 “namel28” null n
oot (hame6d” mul : C129 “namel29” null .
C130 “namel30” null Z
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Table G.3:U250 Client Table (continued)

ID Name
LN ame Addrl'fss ‘Wheelchair ID Name
oot el nun > 2D e Address ‘Wheelchair
C133 “namel33” o . C1og : o o "
o namel92”
C134 “namel34” null n 101 B o -
C135 “namel35” 11 . 103 e 195 o y
C136 “namel36” u M 100 . : o "
cuas name1 36 e M namel95” null
o mut C196 “namel96” o
C138 “namel38” null . 108 B o y
C139 “namel39” null . 109 eyt i "
C140 “namel40” null n G200 00" o "
C141 “namel41” null v G301 e o y
C142 “namel42” null n Ca02 o o "
C143 “namel43” null n Ca0s o o -
C144 “namel44” null . Ca0s T m y
C145 “namel45” null n Ca0s e m "
C146 “namel46” null n Ca0s R i -
C147 “namel47” null . Ca0r e i y
C148 “namel48” null . Ca08 e m "
C149 “namel49” null n Ca09 . i "
C150 “namel50” null v ot o i -
C151 “namel51” null n a1t e o y
C152 “namel52” null n a1z et o "
C153 “namel53” null n Cals - o -
C154 “namel54” null . Cals -y o y
C155 “namelb55” 11 M Cats 5 o "
C156 “namel56” - n Cate . ; o -
u name215
C157 “namel57” null . Catr e o y
C158 “namelb58” null . Cars viperit i "
C159 “namel59” null o Cat Lo o "
C160 “namel60” 11 . Ca20 o0 o y
C161 “namel61” . . Cant . 220 i "
! name220”
C162 “namel62” 11 n Can2 niperet g "
C163 “namel63” n“ v Cans . : g y
m name222”
C164 “namel64” null . ot e m "
C165 “namel65” null n g e i "
C166 “namel66” null . Car " i y
C167 “namel67” null . s e i "
C168 “namel68” null n Caos e o -
C169 “namel69” null . oz a0 o "
C170 “namel70” null M Can0 B o -
C171 “namel71” null n Can - o y
C172 “namel72” null n Cas2 B o -
C173 “namel73” null n Cans e o -
C174 “namel74” null v Cans B o y
C175 “namel75” null . Cags a5 o "
C176 “namel76” null n Caa " o -
C177 “namel77” null . Caar e o y
C178 “namel78” null M oo et i "
C179 “namel79” null n Cag et i "
C180 “namel80” 11 ’ Cato 0 m y
C181 “namel81” "u . Cads . i g "
m name240”
C182 “namel82” null n otz i i "
C183 “namel83” null . Cats g g y
C184 “namel84” null n it e i "
C185 “namel85” null n ot e o -
C186 “namel86” null . ot B o y
C187 “namel87” 11 M oo B o "
C188 “namel88” - n Cats . o -
o name247”
C189 “namel89” null . Cato B o y
C190 “namel190” null z Cano Bt EEH "
C250 “name250” null 2
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Table G.4: U250 Location Table

ID Address x-coordinate y-coordinate
L001 “depot” 0 0
L002 “addrl” -1.495914137 0.198995339
L003 “addr2” 0.50315484 0.781868548
L004 “addr3” 1.874786555 1.398289229
LO005 “addr4” -1.474858978 -0.681457236
L006 “addrb” 1.778064222 -0.72846352
Lo07 “addr6” -0.867402745 -1.956911835
L008 “addr7” 1.47346635 1.642453541
L009 “addr8” -0.983226564 -0.846906925
LO010 “addr9” 1.126271065 -0.932471505
LO11 “addr10” -1.395749025 1.840237717
L012 “addrl1” -0.569649378 -1.481715028
L013 “addr12” 0.039152951 1.63068653
L014 “addr13” -1.496529913 -1.899219548
LO015 “addr14” 1.397322233 -0.079996545
L016 “addr1l5” 1.186000748 0.87789248
Lo17 “addr16” -0.172097634 1.035719299
LO018 “addrl7” 1.534187267 0.176349036
L019 “addr18” 1.540411399 0.539588885
L020 “addr19” 1.08426268 0.201868917
L021 “addr20” -0.096943513 1.985478928
L022 “addr21” -0.626140296 0.352181444
L023 “addr22” 0.390691726 -0.022264538
L024 “addr23” -0.757672806 1.309103081
L025 “addr24” -1.281520166 -0.871212832
L026 “addr25” -0.408287342 1.807253062
Lo27 “addr26” 0.219972554 1.393643343
L028 “addr27” 0.575330473 -1.08160148
L029 “addr28” 0.3759822 0.262855943
L030 “addr29” -1.409009202 1.756823525
LO031 “addr30” 0.373272831 1.424418124
L032 “addr31” 0.991121136 -1.297475892
L033 “addr32” -0.33024452 1.75898016
L034 “addr33” -0.917832681 1.555437787
L035 “addr34” 1.765528359 1.911667542
L036 “addr35” -1.229181406 -1.524679036
L037 “addr36” 1.726758733 -1.812305148
L038 “addr37” 1.124757028 1.128295706
L039 “addr38” -1.517939758 1.147873745
L040 “addr39” -1.849213222 -1.847508575
L041 “addr40” -0.491324915 1.034019058
L042 “addr41” -1.746642455 -1.128384007
L043 “addr42” 0.248426753 0.033165857
L044 “addr43” 1.121649233 0.126694073
L045 “addr44” 1.441065808 -1.606587111
L046 “addr45” -0.796455413 -0.837380822
L0o47 “addr46” -1.464714001 -0.466881998
L048 “addr47” 0.45997025 -1.302428977
L049 “addr48” -1.564653117 0.539073138
L050 “addr49” 0.753244857 -1.380244901
LO051 “addr50” -1.936107675 -1.171802232
L052 “addrb51” 0.008226859 -1.802668587
L053 “addrb52” 0.569212625 1.251190511
L054 “addrb53” -1.804786462 -0.746201091
L055 “addrb4” 0.477853708 0.545489771
LO056 “addrb5” 1.218696922 0.452516827
LO57 “addrb56” -1.308867977 1.798796198
L058 “addrb7” 0.956239478 1.650441719
LO059 “addrb58” -0.053227171 -1.536679765
L060 “addrb59” -0.02311157 -0.777426958
Lo61 “addr60” -0.785458444 1.46482017
L062 “addr61” 1.878704365 0.325000252
L063 “addr62” -0.532601419 0.079406135
L064 “addr63” -1.279865514 0.255853999
L065 “addr64” 1.367360944 -0.495012003
L066 “addr65” 1.680119926 0.389870486
L067 “addr66” 1.627911831 1.433155268
L068 “addr67” -0.133020839 -1.396318673
L069 “addr68” -0.83754419 -1.568819904
LO070 “addr69” -0.893730727 -0.324649206
LO71 “addr70” 0.6009716 0.572741964
L072 “addr71” -0.427019754 1.833086844
L0073 “addr72” -0.645326745 -0.490120242
L074 “addr73” -1.706423758 1.444458723
LO75 “addr74” -0.868854747 1.057582147
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Table G.4:U250 Location Table (continued)

ID Address x-coordinate y-coordinate
LO76 “addr75” 1.828551894 0.778860684
Lo77 “addr76” -0.349926591 -1.633667185
L078 “addr77” 1.856328752 -0.157632713
L079 “addr78” -0.717650689 1.886835109
L080 “addr79” 1.914474228 -1.524468395
L081 “addr80” 0.432984534 1.585046102
L082 “addr81” -0.785620191 1.221085315
L083 “addr82” 0.710923922 -0.755445271
L084 “addr83” 1.230693047 0.909903647
L085 “addr84” 0.276504946 -1.802751379
L086 “addr85” 0.676953134 1.48000704
Lo87 “addr86” 1.229968274 -1.547883727
L088 “addr87” 0.514036563 -1.76522523
L089 “addr88” -1.497923306 0.945940445
L090 “addr89” 0.798176384 0.562955431
L091 “addr90” -0.569439917 -0.481456013
L092 “addr91” -0.539527773 -1.915538498
L093 “addr92” 1.053757488 1.219154609
L094 “addr93” -0.480031421 0.252345108
L095 “addr94” 0.125484861 0.679363666
L096 “addr95” -0.232469666 1.632755957
L097 “addr96” -1.047186276 -1.457943181
L098 “addr97” -1.382094388 0.401089329
L099 “addr98” 0.381100092 1.314605466
L100 “addr99” 1.612517883 -1.966060829
L101 “addr100” 1.598262189 -1.481491928
L102 “addr101” -0.034310872 1.742875768
L103 “addr102” -1.097040603 -1.36341712
L104 “addr103” 0.582149163 1.887475841
L105 “addr104” 0.178982598 -1.887284707
L106 “addr105” 1.133844758 0.421436948
L107 “addr106” 0.540821007 1.538071323
L108 “addr107” 1.069217041 -0.632983785
L109 “addr108” 1.463028355 -1.838405191
L110 “addr109” 0.838272759 0.379439252
L111 “addr110” 0.678666192 1.991512251
L112 “addr111” -0.848069904 1.654329256
L113 “addr112” 1.229759203 0.008473683
L114 “addr113” -0.245722092 -1.252383116
L115 “addr114” -0.724647283 1.389868097
L116 “addr115” 0.971541078 1.31879243
L117 “addr116” -0.389578844 0.14875363
L118 “addr117” -0.788297133 0.374773715
L119 “addr118” -0.6784722 -1.780247915
L120 “addr119” -0.376108895 0.283063334
Li121 “addr120” 1.602799019 1.778163402
L122 “addr121” 1.286789576 -1.360719146
L123 “addr122” 1.478425567 0.457458903
L124 “addr123” -1.419504779 -0.984442151
L125 “addr124” -0.97443457 -0.865776126
L126 “addr125” -1.193605244 0.682691758
L127 “addr126” -0.335825197 -0.921479927
L128 “addr127” -1.34520636 1.590360049
L129 “addr128” -0.822046877 -0.478449409
L130 “addr129” 0.780183707 0.206102961
L131 “addr130” -0.646758501 0.071410753
L132 “addr131” -1.47080568 0.255188645
L133 “addr132” -1.529626381 0.911619902
L134 “addr133” -0.223572693 1.969882472
L135 “addr134” 1.354630244 1.346030812
L136 “addr135” -0.141469 0.148044926
L137 “addr136” 0.291608694 0.007622456
L138 “addr137” 0.757027869 -0.862606209
L139 “addr138” -1.165528235 1.927587134
L140 “addr139” 0.965562893 1.803167665
L141 “addr140” 1.378199187 -1.334970449
L142 “addr141” -0.11260116 1.603337861
L143 “addr142” 0.348619111 -0.173499135
L144 “addr143” 0.14414015 0.086919381
L145 “addr144” -0.048344738 1.558498119
L146 “addr145” -1.163177931 -1.55266021
L147 “addr146” 0.650879038 -0.025034815
1148 “addr147” -1.414339819 -0.795770426
L149 “addr148” -0.110884859 -1.014262525
L150 “addr149” 1.084909391 -1.346595265
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Table G.4:U250 Location Table (continued)

ID Address x-coordinate y-coordinate
L151 “addr150” -1.957496878 -1.379221423
L152 “addrl51” 1.944440052 0.416219056
L153 “addr152” -1.806924887 1.698964964
L154 “addr153” 1.749792569 -0.764132469
L155 “addr154” -1.971435976 -0.430921706
L156 “addr155” 0.557630313 0.10963175
L157 “addr156” 0.025817125 -0.345426055
L158 “addr157” -0.546333647 -1.087538254
L159 “addr158” 0.046840319 -1.337400863
L160 “addr159” 1.335294061 0.858696964
L161 “addr160” -1.425840756 1.571639743
L162 “addr161” -0.258689189 0.465132899
L163 “addr162” 1.034837898 1.89108313
L164 “addr163” 1.336277726 -0.879950448
L165 “addr164” -1.989848019 1.189888646
L166 “addrl65” 0.567216355 1.929220644
L167 “addr166” -1.399430745 -0.479535914
L168 “addrl67” -1.954502314 -1.798668979
L169 “addr168” -1.186651627 1.117754577
L170 “addr169” -0.633062242 1.751635354
L171 “addr170” 1.562719228 -0.367547433
L172 “addr171” 0.368267388 0.1440971
L173 “addr172” 1.720270529 -1.838851015
L174 “addr173” -1.771698248 0.058653457
L175 “addr174” 0.625819121 1.465146625
L176 “addrl175” 1.357291377 -0.838342404
L177 “addrl176” -0.433301392 -0.976431809
L178 “addrl177” 0.678092446 -0.826042715
L179 “addr178” 0.956056327 1.945292562
L180 “addr179” -1.312050432 0.272472373
L181 “addr180” -0.711593242 0.268163996
L182 “addr181” -1.400158311 -0.472456116
L183 “addr182” -0.576656256 1.802821176
L184 “addr183” 1.897498024 -0.230270811
L185 “addr184” 1.34597211 -0.567597944
L186 “addr185” 0.798346018 0.096128084
L187 “addr186” -1.724726339 -1.341715304
1188 “addr187” -1.596189524 1.16772806
L189 “addr188” 0.839280232 1.185932922
L190 “addr189” -0.273461036 1.51566444
L191 “addr190” 0.008581594 -0.526181489
L192 “addr191” -0.680714113 1.265697422
L193 “addr192” -0.422646754 -0.577698549
L194 “addr193” 1.890340737 -0.99338627
L195 “addr194” 1.203744703 1.758253731
L196 “addr195” -0.924452728 1.969666889
L197 “addr196” -0.630874858 1.175118631
L198 “addr197” 0.447111469 1.252577987
L199 “addr198” 0.088340194 1.917005255
L200 “addr199” -0.125443921 0.513021355
L201 “addr200” -0.199210797 -0.75067826
L202 “addr201” 1.51333383 0.372930557
L203 “addr202” 1.594788484 -1.86264024
L204 “addr203” 0.981768295 -0.283637745
L205 “addr204” 0.765343109 1.45814672
L206 “addr205” 0.697148115 -0.869935579
L207 “addr206” 0.678105703 0.199789366
L208 “addr207” 1.876955458 0.927300087
L209 “addr208” -0.990044207 1.35643933
L210 “addr209” -0.62863345 -1.488114934
L211 “addr210” 1.659291756 -0.39408426
L212 “addr211” 1.278318194 -0.719196322
L213 “addr212” 0.966781855 0.360928492
L214 “addr213” -0.797409232 1.830172647
L215 “addr214” 0.35997738 -1.586250539
L216 “addr215” -0.944485855 1.920731054
L217 “addr216” -0.867151624 0.1480879
L218 “addr217” -1.547941878 0.475437805
L219 “addr218” 0.793956346 0.170829788
L220 “addr219” 1.047228274 -1.176832812
L221 “addr220” 0.264638347 1.220210168
L222 “addr221” -1.436159214 -0.531102778
L223 “addr222” -0.818772599 -0.664110063
L224 “addr223” -0.201091724 0.862192904
L225 “addr224” -1.347002563 0.530319495
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Table G.4:U250 Location Table (continued)

ID Address x-coordinate y-coordinate
L226 “addr225” -1.443975503 1.952192637
L227 “addr226” 1.050170865 -1.420327323
L228 “addr227” 1.236291573 0.758711092
L229 “addr228” 0.743987031 -1.943453737
L230 “addr229” -0.269510101 0.755479933
L231 “addr230” -1.806514861 0.355521011
L232 “addr231” 0.29034778 1.552953646
L233 “addr232” 0.371309992 -0.783409416
L234 “addr233” 0.216922587 -1.81548874
L235 “addr234” 1.243507906 0.130369927
L236 “addr235” 1.489262971 -1.75870387
L237 “addr236” 0.865933489 1.012898184
L238 “addr237” -0.133322816 0.167337064
L239 “addr238” 0.632546917 1.666763061
L240 “addr239” 1.533088993 -0.781996609
L241 “addr240” 1.308534642 -1.200826294
L242 “addr241” 1.012119 -0.098747883
L1243 “addr242” 1.703846134 -0.253480433
L244 “addr243” -0.133315313 -0.837468458
L245 “addr244” 1.190392479 -0.441142051
L246 “addr245” -0.392929685 -0.859389427
L247 “addr246” 0.738810642 0.726677147
L1248 “addr247” 0.266572404 0.013012593
L249 “addr248” -1.251647072 0.586192534
L250 “addr249” -1.736016034 0.266135023
L251 “addr250” 1.666117398 0.318334432
L252 “addr251” -0.542663906 1.666544813
L253 “addr252” -0.760508908 1.460496949
L254 “addr253” 1.703471904 -0.723654863
L255 “addr254” -1.781664928 -1.020980354
L256 “addr255” -0.226814819 1.04691506
L257 “addr256” -1.578905011 -1.795715819
L258 “addr257” 0.131810601 -1.158269937
L259 “addr258” -0.698321224 0.309209241
L260 “addr259” -0.119690728 -0.819622134
L261 “addr260” -0.498402395 1.515839113
L262 “addr261” -0.937948817 1.562289956
L263 “addr262” 0.344524744 -1.156378006
L264 “addr263” -1.424350807 0.920115878
L265 “addr264” -1.171919607 1.966884582
L266 “addr265” -0.905641841 0.569072157
L267 “addr266” 0.390309598 0.627913396
L268 “addr267” -0.322291168 0.960007232
L269 “addr268” 0.575974444 -1.944039752
L270 “addr269” -1.828799638 1.610325514
L271 “addr270” 1.700439358 0.971395625
L272 “addr271” -0.974966678 -1.221675722
L273 “addr272” 1.706583805 0.008139858
L274 “addr273” 1.82302194 -0.237099938
L275 “addr274” 1.632833456 0.76640797
L276 “addr275” -0.402022473 -1.848010528
L277 “addr276” 1.458056357 -0.78828899
L278 “addr277” -0.079984208 -1.090485013
L279 “addr278” -0.438271659 -0.23503782
L280 “addr279” 1.779391585 -0.117987988
L281 “addr280” -1.36457382 -1.817557336
L282 “addr281” 1.445626353 -0.877479128
L.283 “addr282” -1.395634454 -1.796711465
L284 “addr283” 0.769846201 1.370732128
L285 “addr284” 0.965354194 0.946065871
L286 “addr285” -0.192595123 -1.905218554
L287 “addr286” -1.07980966 -0.835092325
L288 “addr287” 0.173025295 1.691495962
L289 “addr288” -0.218809789 0.729592675
L290 “addr289” -1.799155548 1.758299011
L291 “addr290” 0.34818435 1.072852059
L292 “addr291” -0.233091258 -0.208611447
L293 “addr292” 0.303982758 -1.14790321
L294 “addr293” 1.541817258 0.231209461
L295 “addr294” 1.147958267 -1.298336696
L296 “addr295” 0.476371331 -1.532353516
L297 “addr296” -1.21493883 1.705583539
L298 “addr297” -1.516758416 -1.766229157
L299 “addr298” 0.610229179 0.099789706
L300 “addr299” -1.43717707 -0.241620826
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Table G.4:U250 Location Table (continued)

ID Address x-coordinate y-coordinate
L301 “addr300” -1.224185488 -0.283428377
L302 “addr301” -1.968398742 -1.886028211
L303 “addr302” -1.697691933 -0.186990457
L304 “addr303” -1.953485603 -1.611779761
L305 “addr304” -0.209706866 1.179013383
L306 “addr305” -1.721055626 -1.376616523
L307 “addr306” -0.285778421 1.799503933
L308 “addr307” -0.622864964 0.90953638
L309 “addr308” 0.626257584 -1.1508221
L310 “addr309” 1.765985325 1.583881122
L311 “addr310” -0.928906129 -1.57279364
L312 “addr311” -0.631674976 -0.820182024
L313 “addr312” 0.61029931 0.193121475
L314 “addr313” 0.991934838 -0.414140634
L315 “addr314” -0.9225868 0.944051203
L316 “addr315” -1.588269687 -0.184124568
L317 “addr316” -0.967340726 1.177371519
L318 “addr317” -1.413315443 -1.14143297
L319 “addr318” 0.358807723 1.811748269
L320 “addr319” -0.013778021 0.265468227
L321 “addr320” -1.96263179 0.493448569
L322 “addr321” -0.339030884 0.453185645
L323 “addr322” -1.633042829 -1.706291362
L324 “addr323” 0.477908074 -0.863010276
L325 “addr324” -0.766665598 0.106850322
L326 “addr325” -1.149867783 -0.120722508
L327 “addr326” -1.486736707 -0.312256058
L328 “addr327” 0.326560179 1.42783448
L329 “addr328” 1.292004097 -0.978875885
L330 “addr329” 1.567121338 -1.664772116
L331 “addr330” 1.296905688 1.594167587
L332 “addr331” 0.514081947 0.292071332
L333 “addr332” -1.202781508 0.147652479
L334 “addr333” -0.0196642 -0.326694197
L335 “addr334” -1.80709339 -0.390079037
L336 “addr335” 1.410643196 1.988048783
L337 “addr336” -0.387106707 -0.828223738
L338 “addr337” 1.231953117 0.239969833
L339 “addr338” 0.065831652 -0.160650224
L340 “addr339” 1.994105075 1.646556645
L341 “addr340” -0.965853956 1.305880584
L342 “addr341” -1.587640894 -0.267957758
L343 “addr342” 0.874749416 0.612256096
L344 “addr343” -1.541638741 -1.499830448
L345 “addr344” 1.987494639 0.820068901
L346 “addr345” -0.193693319 -1.790622359
L347 “addr346” 0.435076111 0.799850547
L348 “addr347” -1.773779805 0.214396857
L349 “addr348” 1.545754169 -0.758950101
L350 “addr349” 0.926428019 1.404650823
L351 “addr350” -0.99707017 -0.88077002
L352 “addr351” -1.617546445 -1.038735505
L353 “addr352” -0.976744668 -0.890137667
L354 “addr353” 0.849724602 1.470888704
L355 “addr354” 1.447620037 1.817005866
L356 “addr355” -1.457364863 -1.124046636
L357 “addr356” -0.08298951 -0.810937619
L358 “addr357” 1.372662361 1.307371224
L359 “addr358” 1.777896236 1.122707093
L360 “addr359” -0.826603738 -0.462881128
L361 “addr360” 0.95945193 -1.9900005
L362 “addr361” 0.500493211 -0.395473471
L363 “addr362” -0.212418272 -0.137415238
L364 “addr363” 1.379722429 1.111518148
L365 “addr364” 0.548366996 1.650804668
L366 “addr365” 0.786432229 -1.251554564
L367 “addr366” -1.41378295 -1.375559613
L368 “addr367” 1.174915177 1.8035681
L369 “addr368” 1.819656081 0.63571702
L370 “addr369” -1.963688288 -1.274360489
L371 “addr370” 0.780338382 -1.135893342
L372 “addr371” 0.248845398 -0.749540107
L373 “addr372” -1.371462325 1.846372505
L374 “addr373” 0.894339563 1.168669237
L375 “addr374” -1.928984686 0.344201551
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Table G.4:U250 Location Table (continued)

ID Address x-coordinate y-coordinate
L376 “addr375” 0.250123072 0.503456107
L377 “addr376” -0.295174639 -1.664318393
L378 “addr377” 0.825586185 0.683265312
L379 “addr378” -1.966726305 0.295784076
L380 “addr379” 0.597807291 -1.7640064
L381 “addr380” -0.752097583 0.934918775
L382 “addr381” 1.010824383 1.59756958
L383 “addr382” 0.843028221 -1.306464655
L384 “addr383” 0.838282887 -0.180781671
L385 “addr384” -0.772981109 0.544650823
L386 “addr385” 1.669348452 -0.725879834
L387 “addr386” -0.282850421 -0.964910535
L388 “addr387” 1.562927449 0.905576767
L389 “addr388” 1.652535102 -0.999872567
L390 “addr389” 0.325396258 -1.874794331
L391 “addr390” -0.167708234 -0.984859719
L392 “addr391” -1.097804819 0.161089385
L393 “addr392” -1.916261515 -0.598240424
L394 “addr393” -1.466199879 -0.527786747
L395 “addr394” -0.511896569 -1.515051895
L396 “addr395” 0.611740841 0.786929787
L397 “addr396” 0.638856883 -0.198688123
L398 “addr397” -0.419509029 1.389596246
L399 “addr398” -1.719549861 1.087872651
L400 “addr399” 0.766210694 1.470936592
L401 “addr400” -0.227105667 -0.865568939
L402 “addr401” -1.326518676 1.674085749
L403 “addr402” -1.949729949 -1.03844479
L404 “addr403” -0.923676476 0.409681179
L405 “addr404” -0.911085444 1.290138985
L406 “addr405” 0.139951592 0.07977111
L407 “addr406” -0.62630944 -1.102622903
L408 “addr407” -0.155131627 1.041717489
L409 “addr408” -1.551604198 0.207912731
L410 “addr409” 1.145064928 0.959675136
L411 “addr410” 1.359028819 1.347818262
L412 “addr411” -1.422757096 1.132638293
L413 “addr412” 1.646283941 1.892977471
L414 “addr413” -1.55186454 -1.545552172
L415 “addr414” 1.51630266 0.672341047
L416 “addr415” 1.262157849 -0.147436908
L417 “addr416” 1.916367133 0.240437733
L418 “addr417” -0.288224744 -0.631195395
L419 “addr418” 1.464875755 0.012424673
L420 “addr419” -1.661867351 -1.513317158
L421 “addr420” -0.467401889 0.558871365
L422 “addr421” 1.87964503 -0.123666372
L423 “addr422” 1.244863014 -0.81362519
L424 “addr423” 0.361406949 -0.580514004
L425 “addr424” -1.228011453 1.684011014
L426 “addr425” 0.138432289 1.193297111
L427 “addr426” 1.997920481 -1.005466142
L428 “addr427” -0.609106802 1.033291495
L429 “addr428” 0.504700816 0.573139075
L430 “addr429” -0.020315303 -1.637947925
L431 “addr430” 1.783044878 -1.67448363
L432 “addr431” 1.105794991 -0.838286818
L1433 “addr432” -0.323038112 0.27082023
L434 “addr433” 1.877120255 1.28471471
L435 “addr434” -1.706991512 1.45409492
L436 “addr435” 1.671516856 -1.261319003
L437 “addr436” 1.95242463 -0.863403214
L438 “addr437” 1.095042198 0.147694747
L439 “addr438” 1.23705271 1.921361414
L440 “addr439” 0.369489845 0.283643861
L441 “addr440” -1.222398731 0.22527204
L442 “addr441” -1.856518183 0.377722905
L443 “addr442” -1.844532054 -1.612211246
L444 “addr443” 0.006537825 -1.136420934
L445 “addr444” 1.136994413 0.710406848
L446 “addr445” 0.39569503 1.269998292
L447 “addr446” -1.56831839 -1.150182046
1448 “addr447” 0.119410782 -1.827566909
L449 “addr448” 1.263549437 -1.758346781
L450 “addr449” 0.383637129 1.429079734
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Table G.4:U250 Location Table (continued)

ID Address x-coordinate y-coordinate
L451 “addr450” 1.267482045 -1.38940442
L452 “addr451” 0.990107661 -0.631380238
L453 “addr452” 0.570055564 0.126551882
L454 “addr453” 1.287041635 -0.836854062
L455 “addr454” -1.612998106 -1.604513535
L456 “addr455” 1.487616645 1.311199235
L457 “addr456” -0.93288205 -1.772583162
L458 “addr457” 1.131727292 0.97225017
L459 “addr458” -0.764913982 -1.997012807
L460 “addr459” -1.248304634 1.835364025
L461 “addr460” -1.466672426 1.463933205
L462 “addr461” 0.212758374 0.27119416
L463 “addr462” -0.564330934 1.881664569
L464 “addr463” -1.265682105 -1.292143033
L465 “addr464” 0.703253435 -1.187906849
L466 “addr465” 1.258084055 1.487645435
L467 “addr466” -1.72421121 -1.97625535
L468 “addr467” -0.385587688 1.902945172
L469 “addr468” -1.261118155 -1.309905676
L470 “addr469” 0.848280664 1.676124747
L471 “addr470” -0.019142154 0.565977175
L472 “addr471” -0.898485428 1.839575831
L473 “addr472” 1.250128191 -0.378173788
L474 “addr473” -0.391976977 -1.211513087
L475 “addr474” -1.453179144 -0.511599698
L476 “addr475” 1.643962929 -0.779660733
L477 “addr476” 1.130045521 0.068569704
L478 “addra77” -0.315090921 0.741521308
L479 “addr478” -1.105178098 1.801631036
L480 “addr479” -1.442740913 -0.887137369
L481 “addr480” -1.529643837 0.319534353
L482 “addr481” -0.968737017 -1.577704063
L483 “addr482” 0.114005542 1.613305397
L484 “addr483” -0.911780304 0.914260976
L485 “addr484” -0.177070471 -1.668141636
L486 “addr485” 1.004541577 -1.228128814
L487 “addr486” -0.441921291 1.464294888
L1488 “addr487” -0.569456073 0.839269668
L489 “addr488” 1.072833485 -1.589303122
L490 “addr489” -1.198030062 -0.911992548
L491 “addr490” 1.561256607 0.325322432
L492 “addr491” 1.70742293 0.572683586
L493 “addr492” -1.811418093 0.620022689
L494 “addr493” -0.754970564 0.687492042
L495 “addr494” -0.460781203 0.64460425
L496 “addr495” -0.063185948 0.726727819
L497 “addr496” -0.884795109 -0.185234852
L498 “addr497” -0.57057442 1.06870985
L499 “addr498” 1.240700004 -0.162857746
L500 “addr499” -1.004993202 -1.256014952
L501 “addr500” -0.924233637 0.184911774
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Table G.5: U250 Request Table

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
ROO1 Co001 L002 LO005 5/27/2003 7:05 P 5 1 6:59 7:09
R002 C002 L003 L006 5/27/2003 7:16 P 5 1 7:10 7:20
R003 Co003 L004 L007 5/27/2003 7:25 P 5 0 7:20 7:30
R004 C004 L008 LOo11 5/27/2003 9:12 D 5 1 9:06 9:16
R0O05 C005 L009 Lo12 5/27/2003 9:27 D 5 1 9:21 9:31
R0O06 C006 LO010 L013 5/27/2003 8:55 P 5 0 8:50 9:00
ROO7 Co07 L014 LOo17 5/27/2003 10:30 D 5 1 10:25 10:35
R008 Co008 L015 L018 5/27/2003 10:41 D 5 1 10:35 10:45
R009 C009 L0116 L019 5/27/2003 10:21 P 5 0 10:16 10:26
RO10 Cco10 L020 L023 5/27/2003 11:24 D 5 1 11:18 11:28
RO11 Co11 L021 L024 5/27/2003 11:05 P 5 1 11:00 11:10
RO12 Cco12 L022 L025 5/27/2003 11:46 D 5 0 11:40 11:50
RO13 Co013 L026 L029 5/27/2003 12:28 D 5 1 12:22 12:32
RO14 Co014 L027 L030 5/27/2003 12:40 D 5 1 12:34 12:44
RO15 Co015 L028 L031 5/27/2003 12:19 P 5 0 12:13 12:23
RO16 Co16 L032 L035 5/27/2003 13:39 D 5 1 13:33 13:43
RO17 Co17 L033 L036 5/27/2003 13:57 D 5 1 13:52 14:02
RO18 Co018 L034 L037 5/27/2003 14:11 D 5 0 14:06 14:16
RO19 Co019 L038 L039 5/27/2003 14:25 P 5 1 14:20 14:30
R020 C020 L040 L043 5/27/2003 7:08 P 5 1 7:02 7:12
R021 C021 L041 L044 5/27/2003 7:54 D 5 0 7:49 7:59
R022 Co022 L042 L045 5/27/2003 7:35 P 5 1 7:29 7:39
R023 C023 L046 L049 5/27/2003 8:49 D 5 1 8:43 8:53
R024 C024 L047 L050 5/27/2003 9:03 D 5 0 8:57 9:07
R025 C025 L048 L051 5/27/2003 8:35 P 5 1 8:30 8:40
R026 C026 L052 L055 5/27/2003 9:27 P 5 1 9:21 9:31
R027 Co027 L053 L056 5/27/2003 9:41 P 5 0 9:36 9:46
R028 C028 L054 L0O57 5/27/2003 9:56 P 5 1 9:50 10:00
R029 C029 L058 L061 5/27/2003 10:41 P 5 1 10:36 10:46
RO030 C030 L059 L062 5/27/2003 10:56 P 5 0 10:51 11:01
RO031 C031 L060 L063 5/27/2003 11:03 P 5 1 10:58 11:08
R032 C032 L064 Lo67 5/27/2003 11:49 P 5 1 11:43 11:53
R033 C033 L065 L068 5/27/2003 12:02 P 5 0 11:56 12:06
R034 C034 L066 L069 5/27/2003 12:10 P 5 1 12:04 12:14
RO035 C035 L0770 L073 5/27/2003 12:49 P 5 1 12:43 12:53
RO036 C036 LO71 L0774 5/27/2003 13:33 D 5 0 13:27 13:37
RO037 Co037 LOo72 LO75 5/27/2003 13:09 P 5 1 13:03 13:13
R038 C038 L076 LO77 5/27/2003 14:08 D 5 1 14:03 14:13
R039 C039 L078 L081 5/27/2003 7:54 D 5 1 7:48 7:58
R040 C040 L0779 L082 5/27/2003 7:20 P 5 0 7:15 7:25
R041 Co041 L080 L083 5/27/2003 7:38 P 5 1 7:33 7:43
R042 Co042 L084 L087 5/27/2003 8:25 P 5 1 8:20 8:30
R043 Co043 L085 L088 5/27/2003 9:15 D 5 0 9:10 9:20
R044 C044 L086 L089 5/27/2003 8:54 P 5 1 8:48 8:58
R045 Co045 L090 L093 5/27/2003 9:42 P 5 1 9:37 9:47
R046 C046 L091 L094 5/27/2003 10:28 D 5 0 10:22 10:32
R047 co47 L092 L095 5/27/2003 10:02 P 5 1 9:56 10:06
R048 Co048 L096 L099 5/27/2003 11:19 D 5 1 11:14 11:24
R049 C049 L097 L100 5/27/2003 11:35 D 5 0 11:29 11:39
RO050 C050 L098 L101 5/27/2003 11:08 P 5 1 11:03 11:13
RO51 C051 L102 L105 5/27/2003 12:44 D 5 1 12:39 12:49
R052 C052 L103 L106 5/27/2003 12:12 P 5 0 12:06 12:16
RO053 C053 L104 L107 5/27/2003 12:28 P 5 1 12:22 12:32
RO054 C054 L108 L111 5/27/2003 13:48 D 5 1 13:42 13:52
RO55 C055 L109 L112 5/27/2003 13:26 P 5 0 13:21 13:31
R0O56 C056 L110 L113 5/27/2003 14:11 D 5 1 14:05 14:15
RO57 CO057 L114 L115 5/27/2003 14:34 D 5 1 14:29 14:39
R058 C058 L116 L119 5/27/2003 7:33 D 5 1 7:28 7:38
R0O59 C059 L117 L120 5/27/2003 7:44 D 5 1 7:39 7:49
R0O60 C060 L118 L121 5/27/2003 7:22 P 5 0 7:16 7:26
RO61 Co061 L122 L125 5/27/2003 8:43 D 5 1 8:37 8:47
R062 C062 L123 L126 5/27/2003 8:53 D 5 1 8:47 8:57
R063 C063 L124 L127 5/27/2003 8:37 P 5 0 8:31 8:41
R064 C064 L128 L131 5/27/2003 9:47 D 5 1 9:42 9:52
R065 C065 L129 L132 5/27/2003 9:28 P 5 1 9:22 9:32
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Table G.5: U250 Request Table (continued)

1D Passenger From To Date Time Type Loading Time Load L-TW R-TW
RO66 C066 L130 L133 5/27/2003 9:38 P 5 0 9:32 9:42
RO67 Co67 L134 L137 5/27/2003 10:39 D 5 1 10:33 10:43
R068 C068 L135 L138 5/27/2003 10:22 P 5 1 10:16 10:26
R069 C069 L136 L139 5/27/2003 10:32 P 5 0 10:27 10:37
RO70 CO070 L140 L143 5/27/2003 11:53 D 5 1 11:48 11:58
RO71 Co71 L141 L144 5/27/2003 11:28 P 5 1 11:22 11:32
RO72 Co72 L142 L145 5/27/2003 11:43 P 5 0 11:37 11:47
RO73 Cco73 L146 L149 5/27/2003 12:56 D 5 1 12:51 13:01
RO74 C0o74 L147 L150 5/27/2003 13:05 D 5 1 13:00 13:10
RO75 C075 L148 L151 5/27/2003 12:47 P 5 0 12:42 12:52
RO76 C076 L152 L153 5/27/2003 13:37 P 5 1 13:32 13:42
RO77 cor7 L154 L157 5/27/2003 7:42 D 5 1 7:36 7:46
RO78 Co78 L155 L158 5/27/2003 7:50 D 5 0 7:44 7:54
RO79 C0o79 L156 L159 5/27/2003 7:57 D 5 1 7:51 8:01
RO0O80 C080 L160 L163 5/27/2003 8:43 D 5 1 8:38 8:48
RO81 Co081 L161 L164 5/27/2003 8:57 D 5 0 8:51 9:01
R082 C082 L162 L165 5/27/2003 8:33 P 5 1 8:27 8:37
RO0O83 C083 L166 L169 5/27/2003 9:26 P 5 1 9:21 9:31
RO84 C084 L167 L170 5/27/2003 9:41 P 5 0 9:35 9:45
R085 C085 L168 L171 5/27/2003 10:26 D 5 1 10:20 10:30
RO86 C086 L172 L175 5/27/2003 10:35 P 5 1 10:29 10:39
RO87 Co087 L173 L176 5/27/2003 11:29 D 5 0 11:24 11:34
RO88 C088 L174 L177 5/27/2003 11:04 P 5 1 10:58 11:08
R0O89 C089 L178 L181 5/27/2003 12:22 D 5 1 12:16 12:26
R090 C090 L179 L182 5/27/2003 12:01 P 5 0 11:56 12:06
R0O91 C091 L180 L183 5/27/2003 12:42 D 5 1 12:37 12:47
R092 C092 L184 L187 5/27/2003 12:57 P 5 1 12:51 13:01
R093 C093 L185 L188 5/27/2003 13:37 D 5 0 13:32 13:42
R094 C094 L186 L189 5/27/2003 13:50 D 5 1 13:44 13:54
R095 C095 L190 L191 5/27/2003 14:09 D 5 1 14:04 14:14
R096 C096 L192 L195 5/27/2003 7:40 D 5 1 7:35 7:45
R0O97 C097 L193 L196 5/27/2003 7:15 P 5 0 7:09 7:19
R098 C098 L194 L197 5/27/2003 7:59 D 5 1 7:54 8:04
R099 C099 L198 L201 5/27/2003 8:33 D 5 1 8:27 8:37
R100 C100 L199 L202 5/27/2003 8:44 D 5 0 8:39 8:49
R101 C101 L200 L203 5/27/2003 8:24 P 5 1 8:19 8:29
R102 C102 L204 L207 5/27/2003 9:06 P 5 1 9:00 9:10
R103 C103 L205 L208 5/27/2003 9:46 D 5 0 9:40 9:50
R104 C104 L206 L209 5/27/2003 9:59 D 5 1 9:54 10:04
R105 C105 L210 L213 5/27/2003 10:40 D 5 1 10:35 10:45
R106 C106 L211 L214 5/27/2003 10:25 P 5 0 10:20 10:30
R107 C107 L212 L215 5/27/2003 11:08 D 5 1 11:03 11:13
R108 C108 L216 L219 5/27/2003 11:24 P 5 1 11:19 11:29
R109 C109 L217 L220 5/27/2003 12:03 D 5 0 11:58 12:08
R110 C110 L218 L221 5/27/2003 11:42 P 5 1 11:36 11:46
R111 C111 L222 L225 5/27/2003 12:53 D 5 1 12:48 12:58
R112 C1l12 L223 L226 5/27/2003 12:35 P 5 0 12:29 12:39
R113 C113 L224 L227 5/27/2003 13:20 D 5 1 13:15 13:25
R114 Cl14 L228 L229 5/27/2003 13:32 P 5 1 13:26 13:36
R115 C115 L230 L233 5/27/2003 7:36 D 5 1 7:31 7:41
R116 C116 L231 L234 5/27/2003 7:45 D 5 1 7:39 7:49
R117 C117 L232 L235 5/27/2003 7:24 P 5 0 7:19 7:29
R118 C118 L236 L239 5/27/2003 8:07 P 5 1 8:01 8:11
R119 C119 L237 L240 5/27/2003 8:52 D 5 1 8:47 8:57
R120 C120 L238 L241 5/27/2003 8:29 P 5 0 8:24 8:34
R121 C121 L242 L245 5/27/2003 9:34 D 5 1 9:29 9:39
R122 C122 L243 L246 5/27/2003 9:14 P 5 1 9:09 9:19
R123 C123 L244 L247 5/27/2003 9:25 P 5 0 9:19 9:29
R124 C124 L248 L251 5/27/2003 10:34 D 5 1 10:29 10:39
R125 C125 L249 L252 5/27/2003 10:47 D 5 1 10:42 10:52
R126 C126 L250 L253 5/27/2003 10:53 D 5 0 10:47 10:57
R127 C127 L254 L257 5/27/2003 11:50 D 5 1 11:45 11:55
R128 C128 L255 L258 5/27/2003 12:01 D 5 1 11:55 12:05
R129 C129 L256 L259 5/27/2003 12:11 D 5 0 12:06 12:16
R130 C130 L260 L1263 5/27/2003 12:20 P 5 1 12:14 12:24
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Table G.5: U250 Request Table (continued)

1D Passenger From To Date Time Type Loading Time Load L-TW R-TW
R131 C131 L261 L264 5/27/2003 13:05 D 5 1 13:00 13:10
R132 C132 L262 L265 5/27/2003 12:38 P 5 0 12:33 12:43
R133 C133 L266 L267 5/27/2003 13:32 D 5 1 13:26 13:36
R134 C134 L268 L271 5/27/2003 7:51 D 5 1 7:45 7:55
R135 C135 L269 L272 5/27/2003 7:17 P 5 0 7:12 7:22
R136 C136 L270 L273 5/27/2003 7:35 P 5 1 7:30 7:40
R137 C137 L274 L277 5/27/2003 9:00 D 5 1 8:55 9:05
R138 C138 L275 L278 5/27/2003 9:10 D 5 0 9:04 9:14
R139 C139 L276 L279 5/27/2003 9:18 D 5 1 9:12 9:22
R140 C140 L280 L283 5/27/2003 9:29 P 5 1 9:24 9:34
R141 C141 L281 L284 5/27/2003 9:45 P 5 0 9:40 9:50
R142 C142 L282 L285 5/27/2003 10:36 D 5 1 10:30 10:40
R143 C143 L286 L289 5/27/2003 11:21 D 5 1 11:15 11:25
R144 C144 L287 L290 5/27/2003 11:32 D 5 0 11:26 11:36
R145 C145 1L.288 L291 5/27/2003 11:13 P 5 1 11:07 11:17
R146 C146 L292 L295 5/27/2003 12:21 D 5 1 12:16 12:26
R147 C147 L293 L296 5/27/2003 12:01 P 5 0 11:55 12:05
R148 C148 L294 L297 5/27/2003 12:44 D 5 1 12:39 12:49
R149 C149 L298 L301 5/27/2003 13:30 D 5 1 13:24 13:34
R150 C150 L299 L302 5/27/2003 13:13 P 5 0 13:08 13:18
R151 C151 L300 L303 5/27/2003 13:24 P 5 1 13:19 13:29
R152 C152 L304 L305 5/27/2003 14:15 D 5 1 14:09 14:19
R153 C153 L306 L309 5/27/2003 7:42 D 5 1 7:37 7:47
R154 C154 L307 L310 5/27/2003 7:22 P 5 0 7:17 727
R155 C155 L308 L311 5/27/2003 8:13 D 5 1 8:08 8:18
R156 C156 L312 L315 5/27/2003 8:50 D 5 1 8:44 8:54
R157 C157 L313 L316 5/27/2003 8:31 P 5 0 8:25 8:35
R158 C158 L314 L317 5/27/2003 8:38 P 5 1 8:32 8:42
R159 C159 L318 L321 5/27/2003 9:56 D 5 1 9:51 10:01
R160 C160 L319 L322 5/27/2003 10:06 D 5 0 10:01 10:11
R161 C161 L320 L323 5/27/2003 10:19 D 5 1 10:13 10:23
R162 C162 L324 L327 5/27/2003 10:31 P 5 1 10:25 10:35
R163 C163 L325 L328 5/27/2003 10:40 P 5 0 10:35 10:45
R164 C164 L326 L329 5/27/2003 11:18 D 5 1 11:13 11:23
R165 C165 L330 L333 5/27/2003 11:25 P 5 1 11:20 11:30
R166 C166 L331 L334 5/27/2003 11:40 P 5 0 11:35 11:45
R167 C167 L332 L335 5/27/2003 12:19 D 5 1 12:14 12:24
R168 C168 L336 L339 5/27/2003 12:36 P 5 1 12:31 12:41
R169 C169 L337 L340 5/27/2003 13:24 D 5 0 13:18 13:28
R170 C170 L338 L341 5/27/2003 13:02 P 5 1 12:56 13:06
R171 C171 L342 L343 5/27/2003 14:00 D 5 1 13:55 14:05
R172 C172 L344 L347 5/27/2003 7:06 P 5 1 7:01 7:11
R173 C173 L345 L348 5/27/2003 7:24 P 5 1 7:19 7:29
R174 C174 L346 L349 5/27/2003 7:39 P 5 0 7:34 7:44
R175 C175 L350 L353 5/27/2003 8:31 P 5 1 8:26 8:36
R176 C176 L351 L354 5/27/2003 8:45 P 5 1 8:40 8:50
R177 c177 L352 L355 5/27/2003 9:20 D 5 0 9:15 9:25
R178 C178 L356 L359 5/27/2003 9:38 P 5 1 9:32 9:42
R179 C179 L357 L360 5/27/2003 9:47 P 5 1 9:41 9:51
R180 C180 L358 L361 5/27/2003 10:32 D 5 0 10:27 10:37
R181 C181 L362 L365 5/27/2003 11:08 D 5 1 11:03 11:13
R182 C182 L363 L366 5/27/2003 10:49 P 5 1 10:44 10:54
R183 C183 L364 L367 5/27/2003 11:00 P 5 0 10:55 11:05
R184 C184 L368 L371 5/27/2003 11:51 P 5 1 11:46 11:56
R185 C185 L369 L372 5/27/2003 12:00 P 5 1 11:55 12:05
R186 C186 L370 L373 5/27/2003 12:52 D 5 0 12:47 12:57
R187 C187 L374 L377 5/27/2003 13:41 D 5 1 13:36 13:46
R188 C188 L375 L378 5/27/2003 13:18 P 5 1 13:13 13:23
R189 C189 L376 L379 5/27/2003 14:08 D 5 0 14:02 14:12
R190 C190 L380 L381 5/27/2003 14:36 D 5 1 14:31 14:41
R191 C191 L382 L385 5/27/2003 7:38 D 5 1 7:33 7:43
R192 C192 L383 L386 5/27/2003 7:51 D 5 0 7:46 7:56
R193 C193 L384 L387 5/27/2003 7:28 P 5 1 7:22 7:32
R194 C194 L388 L391 5/27/2003 8:44 D 5 1 8:38 8:48
R195 C195 L389 L1392 5/27/2003 8:53 D 5 0 8:48 8:58
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Table G.5: U250 Request Table (continued)

ID Passenger From To Date Time Type Loading Time Load L-TW R-TW
R196 C196 L390 L393 5/27/2003 9:01 D 5 1 8:56 9:06
R197 C197 L394 L397 5/27/2003 9:08 P 5 1 9:02 9:12
R198 C198 L395 L398 5/27/2003 9:17 P 5 0 9:11 9:21
R199 C199 L396 L399 5/27/2003 9:30 P 5 1 9:24 9:34
R200 C200 L400 L403 5/27/2003 10:10 P 5 1 10:04 10:14
R201 C201 L401 L404 5/27/2003 10:22 P 5 0 10:17 10:27
R202 C202 L402 L405 5/27/2003 11:07 D 5 1 11:02 11:12
R203 C203 L406 L409 5/27/2003 11:17 P 5 1 11:11 11:21
R204 C204 L407 L410 5/27/2003 12:01 D 5 0 11:55 12:05
R205 C205 L408 L411 5/27/2003 12:07 D 5 1 12:02 12:12
R206 C206 L412 L415 5/27/2003 12:21 P 5 1 12:15 12:25
R207 C207 L413 L416 5/27/2003 13:18 D 5 0 13:13 13:23
R208 C208 L414 L417 5/27/2003 12:54 P 5 1 12:49 12:59
R209 C209 L418 L419 5/27/2003 13:38 P 5 1 13:32 13:42
R210 C210 L420 L423 5/27/2003 7:07 P 5 1 7:01 7:11
R211 C211 L421 L424 5/27/2003 7:47 D 5 0 7:41 7:51
R212 C212 L422 L425 5/27/2003 7:31 P 5 1 7:26 7:36
R213 C213 L426 L429 5/27/2003 8:47 D 5 1 8:41 8:51
R214 C214 L427 L430 5/27/2003 8:58 D 5 0 8:53 9:03
R215 C215 L428 L431 5/27/2003 9:09 D 5 1 9:03 9:13
R216 C216 L432 L435 5/27/2003 9:56 D 5 1 9:50 10:00
R217 C217 L433 L436 5/27/2003 9:28 P 5 0 9:22 9:32
R218 C218 L434 L437 5/27/2003 9:40 P 5 1 9:34 9:44
R219 C219 L438 L441 5/27/2003 11:00 D 5 1 10:54 11:04
R220 C220 L439 L442 5/27/2003 10:39 P 5 0 10:34 10:44
R221 C221 L440 L443 5/27/2003 11:18 D 5 1 11:12 11:22
R222 C222 L444 L447 5/27/2003 11:28 P 5 1 11:23 11:33
R223 C223 L445 L1448 5/27/2003 11:40 P 5 0 11:34 11:44
R224 C224 L446 L449 5/27/2003 12:21 D 5 1 12:15 12:25
R225 C225 L450 L453 5/27/2003 13:05 D 5 1 12:59 13:09
R226 C226 L451 L454 5/27/2003 12:50 P 5 0 12:44 12:54
R227 C227 L452 L455 5/27/2003 13:27 D 5 1 13:22 13:32
R228 C228 L456 L457 5/27/2003 13:45 P 5 1 13:40 13:50
R229 C229 L458 L461 5/27/2003 7:43 D 5 1 7:37 7:47
R230 C230 L459 L462 5/27/2003 7:20 P 5 1 7:15 7:25
R231 C231 L460 L463 5/27/2003 7:37 P 5 0 7:31 7:41
R232 C232 L464 L467 5/27/2003 8:19 P 5 1 8:14 8:24
R233 C233 L465 L468 5/27/2003 8:30 P 5 1 8:25 8:35
R234 C234 L466 L469 5/27/2003 8:43 P 5 0 8:38 8:48
R235 C235 L470 L473 5/27/2003 10:23 D 5 1 10:18 10:28
R236 C236 L471 L474 5/27/2003 10:00 P 5 1 9:54 10:04
R237 C237 L472 L475 5/27/2003 10:43 D 5 0 10:37 10:47
R238 C238 L476 L479 5/27/2003 11:24 D 5 1 11:18 11:28
R239 C239 L477 L480 5/27/2003 11:37 D 5 1 11:31 11:41
R240 C240 L478 L481 5/27/2003 11:15 P 5 0 11:09 11:19
R241 C241 L.482 L1485 5/27/2003 12:33 D 5 1 12:28 12:38
R242 C242 L483 L486 5/27/2003 12:12 P 5 1 12:06 12:16
R243 C243 L484 L487 5/27/2003 12:20 P 5 0 12:15 12:25
R244 C244 L488 L491 5/27/2003 13:03 P 5 1 12:58 13:08
R245 C245 L489 L492 5/27/2003 13:17 P 5 1 13:12 13:22
R246 C246 L490 L493 5/27/2003 13:29 P 5 0 13:24 13:34
R247 C247 L494 L497 5/27/2003 14:13 P 5 1 14:07 14:17
R248 C248 L495 L498 5/27/2003 14:19 P 5 1 14:13 14:23
R249 C249 L496 L499 5/27/2003 14:54 D 5 0 14:49 14:59
R250 C250 L500 L501 5/27/2003 15:16 D 5 1 15:10 15:20
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