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ABSTRACT

In this thesis, a simulation model used to simulate the running of buses on a single route,
OC Transpo rouie 95, is studied. The model is implemented on a platform different from its
original design at the University of Ottawa, and validation experiments are performed. For the
most part, the model seems valid, although some additional calibration is recommended.

New headway-based bus control strategies are presented and compared with other known
control strategies. The statistical analysis and comparisons of those control strategies are based
on the testing results obtained from the simulation model. The new headway control policies
(called "Message Board'i and "hybrid" policies) are shown to provide better service reliability in |
terms of less variable heé.dway for the high-frequency route 95.

Finally, a prototype of a knowledge-based system for real-time bus control purposes is
developed and tested on the simulation model. The prototype is shown to be an interesting
alternative for real-time bus control: it can effectively interface with the simulation model and
perform real-time service control. This prototype will be a building block in the development
of;\‘:g more complete knowledgg\-based system capable of implementing more complex real-time

service control policies in the hope of providing assistance to human controilers.
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1. Introduction and Literature Review

The goals of a transit agency are to provide good service to the public and to do so at the
lowest possible cost. Good service means, among other things, a minimum of waiting time at
stops and transfer points, reliable schedules, short travel times, uncrowded vehicles and safe,
courteous service. To achieve those goals, the running of the vehicles should be controlled
according to some useful targets. Traditionally, on-street supervisors have been used to check
schedule adherence of vehicles. The effectiveness of this method is reswicted to some extent
because of its labour intensive nature. In recent years, the advent of new technologies have made
it possible for public transit agencies to control the vehicles remotely in real time by means of
an Automatic Vehicle Location and Control (AVLC) system, a much more efficient and powerful
tool for on-street vehicle control. Furthermore, buses may be equipped with an Auromatic
Passenger Counting (APC) system, which can provide management with useful information about
passenger boarding and alighting activities, among other things, which may be used to facilitate
planning and improve schedules.

With the installation and the operation of AVLC and APC systems in transit agencies, the
important challenges of optimizing service reliability and minimizing the cost of operations of
the systems arise. The first task in this endeavour is to examine and analyze ways to improve the
control of vehicles on the street. Since both the AVLC and APC systems produce large amounts
of information, it is impossible for a human controller to process this much information and use
it effectively in a very short period of time (in an on-line environment reaction to incidents
should be almost instantaneous). Hence a knowledgc-baséd expert system that can assist
controllers in their decision making process could provide an interesting approach to bus control.
Such a knowledge-based system could be used to help controllers in taking on-line control
actions, could automatically perform dynamic re-scheduling, and could electroxiically
" communicate appropriate control actions to all drivers along the route.
| The purpose of this thesis is to provide the first step towards the development of such a

knowledge-based expert system that can provide on-line vehicle control assistance. In order to
_develop such a system, the necessary knowledge should be acquired from ail available sources.
~ We decided to work with a transit agency, the Ottawa-Carleton Regional Transit Commission
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(OC Transpo), to get beuer insight on the relevant issues and to base our analysis on their
expertise and real data.

With AVLC systems, which allow controllers to determine the relative position of all
buses along the route and to communicate control actions to drivers, typically through radio
channels, the implementation of more sophisticated real-time control sirategies becomes more
applicable in practice. Furthermore, the new technology motivates the study of new control
strategies that would otherwise be difficult, if not impossible to implement in practice. In this
thesis, we also propose new real-time control strategies and evaluate the effectiveness of these
and of other known real-time control strategies on providing quality service to users. As these
are new control strategies, no knowledge as to their effectiveness can be acquired from past
experience. So it is necessary 1o acquire knowledge through simulation experimentation. Our
analysis is made with the help of a sophisticated simulation model, which was developed by
CIGGT (Canadian Institute of Guided Ground Transportation), designed to accurately simulate
the 'movement of buses along a single route. The ultimate goal is to acquire knowledge,
understanding and insight into the effectiveness of various control strategies and actions which
can eventually be incorporated in a knowledge-based system that could be connected to the OC
Transpo AVLC system. |

The thesis is composed of six chapters. In the second chapter, we provide a brief
description of the simulation model. In the third chapter of this thesis, we report some
preliminary validation testing of the simulation model. In the fourth chapter, we present a new
real-time control policy whose purpose is to improve bus regularity bn a high frequency route
(more than 15 buses per hour) by reducing headway variability. The headway repreécnts the time
difference beiween the departure of two consecutive buses from a given stop. The effectiveness
of the new pblicy is compared to that of other known real-time control policies using the
simulation model, as part of the knowledge acquisition process. In the fifth chapter, we present
a prototype of a Knowledge-Based System for bus control purposes, and some testing results of
the prototype on the simulation model. In the last chapter we present some general conclusions
and suggest directions for future research. '



1.1 Description of OC Transpo

OC Transpo provides bus services to the public in the Ottawa - Carleton region. In 1992,
2,203 employees were employed by OC Transpo, 820 buses were in service, the service area
covered 138 routes and 5,000 stops and served a population 6f 603,800.
OC Transpo has implemented an AVLC system which provides real-time bus monitoring
and service control capabilities. The main functions of the system are:
« to monitor and track the location of all buses at strategic points throughout the service
region;
« to display to controllers exceptions or incidents
1) schedule violation on infrequent routes,
2) schedule and/or spacing violations on frequent routes;
« to assist in two-way communication between the bus operator and central control.
The APC system, which provides basic information on passenger loads, passenger
boarding and alighting, and travel times between stops, has been installed on approximately 10%
of OC Transpo’s fleet. Both the AVLC and APC data have been used for validation of the
simulation mode}, comparisons of the different control strategies and tests of the prototype of the

knowledge-based system for on-line bus control on the simulation model in this thesis.

1.2 Literature Review

The urban transit service literature is examined below; also, some applications of artificial
intelligence relevant to the proposed work have been reviewed. Specifically, the areas of research
reviewed include: |

1) - measurements of service performance,

2) - new technologies,

3) - control strategies, _

. 4) - applications of artificial intelligence/expert systems.

1.2.i. ‘Measurements of Service Performance

Abkowitz et al [2] presents an overview of the subject of transit service reliability, and .
proposes a formal definition of service rehabxhty as the invariability of service attributes which
influence the decisions of travellers and transportation providers, Shields [22] describes a system
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set up by London Transport to0 monitor the quality of its bus services. The service quality is
mainly measured by two types of indicators: indicators of regularity and indicators of punctuality.
Some of the results in [22] which are relevant to the current work are now described.

Service frequency is usually defined using headway: for example, low-frequency services
will be those with planned headway greater than 10 minutes (less than six buses per hour), mid-l
frequency services will have planned headway between 4 and 10 minutes, while high-frequency
services will have planned headway less than 4 minutes (more than 15 buses per hour). For a
frequent service, with planned headway less than 4 minutes, passengers are less concerned with
schedule adherence than with regularity of service. Assuming a Poisson arrival process for
passengers at each stop (which is reasonable for high frequency services), the passenger waiting
time is a function of the average and variance of the actual headway and is given by the
following equation derived by Welding {28] and Kulash [15]

.-
awr= 28 _ By (SDB)y (LD
2%k 2 &

where j and S.D.(h) are the mean and standard deviation of the observed headway. The
coefficient of variation of the headway is given by:

S.D.(h)

Coefficient of Variation (CV) = (1.2)

The regularity index is defined as

Regularity Index (RI) = i‘;‘l

(1.3)
Sheilds [22] also mentions that for an infrequent service, the punctuality of a bus is more

important than its regularity. To indicate the punctuality an Excess Wai‘ting Time (EWT) function

needs to be developed. OC Transpo uses the percentages of which buses arrive early, on time and

late at each stop to indicate the punctuality of its services. If a bus arrives at a stop carlier than
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its scheduled time, it is defined to be early. If a bus arrives at a stop three minutes or more later
than its scheduled time, it is defined to be late; otherwise it is defined to be on time.
1.2.2 New Technologies

Hed [11] provides an overview of the development of Automatic Vehicle Location and
Control (AVLC) systems in Europe and North America. The overview gives a clear indication
that hardware and software related problems of AVLC systems have largely been solved. The
problem is no longer the implementation of such a system, but rather with using it to maximize
the effectiveness of the transit system. Problems appeared to centre around control strategies, and
the repertoire of control strategies used seemed very limited, with only one city, Friedrichshafen,
Germany, varying strategies by time of day and location. The author also raised the question as
how one can best test alternative strategies. '

The systems planning department of OC Transpo [23] reported the development and
implementation of an APC system. Koffman and Gault [16] discussed ppssible ways of using the
AVLC and APC data more effectively. Owing to their careful pla:nning, a powerful data
processing system has been developed to produce usable information from AVLC and APC "raw"
data, which facilitate the usage of those data in this thesis work. Gault [8] summarized both the
technical and management aspects of international experiences mtl} AVLC. Furthermore,
Gault [9] discussed the research directions related to AVLC systems. F\uture research includes
the exploration of the possible application of artificial intelligence to enhance the service control
fuanction. \'.‘

The Canadian Institute of Guided Ground Transportation {7] descﬁibed the main features
of the simulation model developed for OC Transpo, which is heavily used in this thesis.

1.2.3 Control Strategies

Levinson [20] reviewed the various control strategies that have been studied in the
literature. There are: Schedule-Related strategies used to adjust the schedule to reflect the service
and to adjust the service to the meet the schedule; service restoration strategies, whose purpose
is to bring bus service back to normal after it has been disrupted; schedule control strategies
which attempt to return buses to their odginal schedule; headway control sﬁ'ategies which attempt
to obtain uniform headway; load control strategies \&hose purposes are t0 keep buses from getﬁng
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overcrowded and to reduce dwell times at busy stops; etc. These strategies can be adapted 10
improve the reliability of bus service, and to achieve uniform spacing.

Strategies suggested in the literature to improve bus reliability may be separated into two
classes: planning control smategies and real-time control strategies (Turnquist and Blume {25]).
Planning control strategies involve changes of a persistent nature to the bus route. Examples of
such strategies include restructuring the routes and the schedules, making changes to the number
and location of stops along a route, making provisions for exclusive rights of way, and arranging
for traffic signal light preemption. In practice, schedule adjustment problems are important and
require complex analysis; the feasibility of bus priority lanes depends upon many factors other
than bus volume; furthermore, traffic light preemption may be difficult 1o obtain and has a very
selective application (Levinson [20]). Further discussion of planning strategies exceeds the scope
of this thesis. '

Real-time control strategies are designed to act quickly to remedy specific problems as
they occur: their effect is immediate, and rarely has any influence on the general nature of
operations in the medium or long run. Examples of such strategies include adjusting with an
extra bus, which consists in adding an extra bus on the route when a vehicle is significantly
delayed or halted because of traffic congestion or a breakdown; skipping stops, used if no
passenger wants to alight at a stop, in order to make up for lost time and try to reduce the
possibility of bus bunching, with the understanding that another bus will follow shortly after to
pick up any passenger waiting and that stop; short-turning, (for example, a vehicle may be asked
to turn around before the end of the trip to catch up with the schedule); and vehicle-holding
which entails holding selected vehicles at pre-specified control points (stops) along a route for
purposes of schedule adherence or regularity.

~ Inthis thesis we focus mainly on real-time control strategies which may be divided in two
groups: schedule adherence (or schedule control) strategies, and headway contro] strategies. The
purposs of schedule adherence strategies is to maintain a service which is as close as possible
to being “on-time"‘, while the goal of headway control strategies is to maintain service regularity
by "spacing" buses to obtain uniform headway. The effectiveness of these strategies on a given) :
route will undoubtedly depend on the service frequency of that route, as passéngers will have
different expectations regarding the quality of the servicé provided. For low-frequency routes with
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headway 4 > 10 minutes, schedule adherence strategies seerm most appropriate. Passenger arrivals
will typically occur very close to the bus scheduled departure time as passengers will want to
minimize their wait time: passengers expect buses to arrive on time. The consequences of buses
not being on time, especially if the bus is too early, may be signiticant for the passenger. On the
other hand, for high-frequency service routes with headway & < 4 minutes, passengers typically
are not concerned about schedule adherence, but will usually expect te see a bus every 2 minutes
so that their wait time should be at most & minutes. Passenger arri\"als will normally be random
(and modelled as a Poisson process), and headway ontrol ‘strategi'es seem most appropriate for
these routes.

In practice, schedule adherence strategies are easier to implement as the driver of the bus
need not know or be concerned about the relative position of other buses along the route in order
1o adhere to his schedule. This is due to the static nature of & schedule. On the other hand,

headway is dynamic, and, as the relative position of buses is of essence, some means of

communication with the drivers must be available in order to 1mplement headway control actions.
The result is that in most cases, transit operators w111 elther follow schedule control strategies,
even for high-frequency routes, or implement a very simple headway control holding strategy
known as the "threshold" policy, where a supemsor located at a comrol stop will monitor the

headway and delay an arriving bus only if the headway between thls bus and the previous one

‘{s less than the threshold value. This value is often: set to be the planned headway. We have

|
1

'
\\‘
"w. Tumqmst and Bowman [26). One is the so-called “prefol” policy: at each control stop, the

found only one real application of this policy in the hterature, and the success of this experiment
seemed limited: this could be explained by the fact that there was only one control point on the
route, and that the reported effect of this policy may have been uderstated because street
supervisors did not appear to have held all vehicles whcre such action was warranted (Abkowuz
and Lepofsky [1]). This latter point could be explamed by the fact that the underlying way of
thinking and training of both supervisors and drivers was m terms of schedule adherence, and that
deliberately delaymg a bus past its scheduled departure time might have sm.emed counter-intuitive.
There exists other headway-based holding pohcles suggested| by Jackson [13] and

departure time of an amvmg bus is based on the headway with the g_\nous bus and that with
the followmg one. The headway with the previous bus is easy 10 obtam, in order to esumate
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headway with the following bus, one must calculate the expected arrival time of the following
bus at that stop, based on information regarding the current (approximate) position of that bus
and a projection of the time needed to reach the control point from that position. This implies
the use of technology such as an AVLC system. The departure time of the current bus is set so
that the previous and following headway are equal, and the current bus is delayed accordingly,
if needed.

The second policy, known as the “single-headway policy” is similar to the prefol policy -
except that the estimated arrival time of the following bus is based solely on statistical
expectation and not on actdal information about the current position of the bus on the route and
its current speed. Simulation studies (Yackson {13], Turnquist and Bowman [26]) have shown
the single-headway policy to be less reliable than the prefol policy, which however requires data
which is more difficult and expensive to obtain in practice.

Based on this review of the literature, we conclude that few researchers have studied the
effects of various control actions on bus performance, but that new technologies, such as AVLC
and APC systems now motivate such an analysis to be made.

1.2.4 Applications of Artificial Intelligence / Expert Systems

Lévine and Poverol [21] indicate that, to solve the problem of dispatching the cars in a
railway system, "there are two options - to produce a purely operational research optimization
model or a knowledge based decision support system." Comparing these two options, the authors
note that "the first approach has several limitations. First, modelling according to these traditional
techniques raise many theoretical questions. Second, the length of computation time often
prohibits on-line processing. Third, the expert’s experience can’t be used. The last but not least
difficulty is the question of what function to optimize. The problem intrinsically involves multiple
criteria. Dispatching involves various reasoning processes that combine three main criteria of
equal importance - minimizing running costs, complying with schedule and satisfying customers."”
They built a knowledge based decision support system for a subset of the railroad network, and,
based on this experience, conclude ghat "a knowledge-based system for a large, complex
allocation problem" is feasible, and th'ﬁt their system "more closely mimics distributors’ actual

]

_practice than a pure operational-research system”.
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Louis and Roswell made a synthesis of highway practice on "Knowledge Based Expent
Systems in Transporiation” {19]. In the synthesis, it indicates that "Advances in computing have
dramatically changed the transportation field in the last twenty years. The next twenty years may
see even more changes as computing technology continues to evolve. The widespread application
of expert systems may be the key to these changes. Expert systems can capture knowledge
currently. residing in the transportation work force and make it available to others through
knowledge based wtorials. They can automate mundane and repetitious tasks, and provide ready
access to information in manuals and codes. Knowledge based expert systems (or Knowledge-
Based Systems) can emulate expert colleagues to advise engineers in solving difficult problems,
and even assist in designing facilities.” Applications of knowledge based expert systems to
transportation issues are discussed, and two current expert systems applications are described in
detail.

Lamma and Mello [18)] presented the basic design guidelines of a system able o assist
a station-master in real-time planning and recovery of railway signalling systems. The system
uses the knowledge-based system technology heavily. Some of the features presented in the paper
had been implemented in a prototype way. Horellou C., Rossi C. and Sissa G. [10] reported a
knowledge-based system for scheduling and controlling underground rail traffic, which is the
implementation of a knowledge-based system most closely related to our research and approach.
The system uses the .cont'iguration of the knowledge base describing the network of the
underground railway to interpret the situation and then goes on to reproduce the expert’s
reasoning and provide one or more action plans to recnfy the situation, The system is expected
to be connected to the Rome underground installation in the future. Unfortunately, neither of the
papers present test results to show the effectiveness of the systems or its potential problems.

From the literature overview, it appears that our research represehts the first attempt at

developing a knowledge-based system for the purpose of on-line bus control assistance.
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2. Description of the Simulation Model

As the research contained in this thesis is heavily dependent upon the simulation model
designed by CIGGT, we now provide a general presentation of the capabilities and limitations
of the model.

The current version of the simulation model is ‘designed to replicate the movement of
buses on route 95. The simulation model is flexible enough to allow for any route to be
simulated. Route 95, operated by OC Transpo in Ottawa, has been chosen to be simulated
because it is the backbone of the transit network. Route 95 crosses the Ottawa region from East
to West and back, going through the downtown area. It operates largely on OC Transpo’s Rapid
Transitway, which is a roadway dedicated to the exclusive use of OC Transpo buses. Six
strategically located stops along the Transitway' are equipped with AVLC detectors fone in both
direction) to monitor the movement of buses, see Figure 2.1. Most routes are designed to have
at least one stop on the Transitway: only route 95 covers it entirely. Since almost all local routes
connect at some point to the Transitway, route 95 links almost all local routes together.

Service on route 95 is from 4:00 am to 1:00 am the following day during the week. The
service frequency of the 95 route varies with time of day: in the morning and aftemoon peak
hours, the route operates on a three-minute (3) headway. The rest of the day, the planned
headway is five (5) minutes, except after 7:00 pm when the service drops to fifteen-minute (15)
headway. A peculiarity of the route is that it runs two different patterns in each direction. The
westbound patterns either start at Place d’Orléans (the easternmost stop of the route) or at Blair
Station, and both end at Baseline Station, (the westernmost stop of the route). The two eastbound
patterns start at Baseline: the first pattern ends at Blir, and the second goes all the way to Place
d’Orléans. Every other bus runs the longer "Orléans" pattern, and the other half runs the shorter
"Blair" pattern. This implies that the planned headway for stops between Blair and Place
d’Crléans is always twice the planned headway for the rest of the route (for example, six (6)

minutes for the peak hours). These patterns were also incorporated in the simulation.

u

1 There are twenty-five stops in each direction along the Transitway.
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Flace D'Oleans
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Une Time Polnt Node Point

Route 95

Figure 2.1

Before proceeding any further, it is important to introduce certain definitions:

v trip; the specified section of the route to be travelled in one direction by a
single run of the bus. There are 4 types of trip (also called as trip patterns)

for route 95: Baseline to Blair, Baseline to Place d’Orléans, Blair
Baseline and Place d’Orléans to Baseline.
« Time Point: a stop equipped with an AVLC detector to monitor the movement

buses. There are scheduled departure times at the time point for each bus

for each trip. _
» Link: is the portion of the route between two consecutive time points.
* Node: is any bus stop. The first node of each link must be a time point, and is
called the start node; the last node of the link must also be a time point,
and is called the end node. 2
-« Line: is the portion of the route between two consecutive nodes. Therefore the

link is composed of at least one line.

5

to

of



2.1 Capabilities and Requirements of the Simulation Model
2.1.1 Capabilities of the Model

The simulation model was designed to simulate the flow of buses and passengers’
activities on a single route. It simulates the movement of buses to reflect the on-street conditions
and environment within which buses operate. An important feature of this model is that it
simulates a real bus route based on real empirical data. The model uses information collected
by buses equipped with an Automatic Passenger Counting (APC) system. As discussed earlier,
the APC equipped buses are capable of collecting data on the boarding and alighting activities
(how many people get on and off) at stops along any given route. Data collected by the APC
'system may also be used to determine trip start time, arrival and departure times at stops, the
total time spent at each stop, which includes the time spent boarding and alighting passengers,
and dwell time, (which is the time during which the vehicle is stopped but no boarding or
alighting activity is taking place), and travel times and distances between stops.

The model also uses information contained in OC Transpo’s AVLC system. Such
information includes the actual scheduled start time of every trip for every day of the week. The
scheduled departure times are also available for the time points. The AVLC system provides
information about the bus assignment to specific "blocks" which are collections of trips that must
be performed by the vehicle. Information is also available on the probability of breakdown of
buses and on traffic congestion in the various sectors of the route by time of day. All of this
information has been used to simulate the movement of buses along the route, the arrival of
passengers at stops, the boarding and alighting activities, etc., in order to replicate as closely as
possible the real operation of the route. |

The simulation model is flexible: provided the data is available, it can be used to simulate
any route operated by the transit property ( At present, only the data related to the route 95 has
been linked to the model). A future version of the model is being designed to be cdnnecte_d to
OC Transpo’s AVLC system, so that any change in schedule, for example, can immediately be

integrated in the simulation model. The current version does not yet have this capability, but can

be run on a stand-alone mode. The user interface was designed to replicate the AVLC screens |

that the controller would actually use in controlling the real system. This is so as to meet OC
Transpo’s first objective that the model be used for the training of controllers.‘ '
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A second no less important use for this simulation model, is to provide a means of testing
rapidly the effects of various planning and reai-time control strategies, which were discussed in
the first chapter.

The simulation has been designed to run buses according to one of three distinct real-time
holding control policies. The user may select the "No Control” (NC) scenario, the "Schedule
Control” (SC) scenario, or the "Headway Control" (HC) scenario. Under the NC and the SC
scenarios, the trip departure time of a bus is based on the schedule provided by the AVLC data.
If the bus is ready for departure prior to the scheduled departure time, it will leave exactly on
schedule. Otherwise, it will leave as soon as it is ready (i.e. buses never start a trip early). For
the other stops, no control action is taken under the NC scenario: each bus leaves the stop as
soon as the boarding/alighting activities are done. For the SC scenario, the user may select any
combination of stops as control points. At these control points, the bus will either leave the stop
on time, if it is ready to leave before or at the scheduied departure time, or it will leave as soon
as possible if it is late. No control action is taken at non-control stops. If no stop is selected as
control point, the SC scenario is equivalent to the NC scenario. Finally, under the HC scenario,
the user méy again select any combination of stops as control points. At the chosen control
points, bus departure time is based on headway using a threshold policy. When a bus is ready
to leave a control stop, the system checks the depanure time of the prévious bus. The threshold
value ¢ is often set to be equal to the planned headway, A, in seconds. If the previous bus has left
the stop less than 7 seconds prior to the current time, the bus is held long enough for the actual
headway between these two buses to be A at that stop. If the previous bus left more than ¢
seconds before, no delay action is taken. ‘

The states (queue length) and flows (bdarding and departure) of passengers at each of the
stops on the route can' be simulated. The states (loadingT malfunctions) and flows of buses along

I

~ with the effects of the conditions of route segments (congestion, closure) on bus transit times can
also be simulated. | ) ‘

There are two modes of operation of the Simulation, They are:
‘ « Simulation from the beginning of the day (No bus starts its scheduled runs prior
to the start of the simulation run). '
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« Simulation from the middle of a day. In this mode the user selects a simulation
start time. Any bus which starts its trips after that start time will be simulated,
Any bus which ends its trips before that start time will not be simulated. Buses
starting their trips before that start time and completing the trips during the
simulaton are called the phantom buses and are simulated as well. Statistics are
collected for the phantom buses but it is assumed that the phantom buses run
exactly on schedule.

Both simulation modes accept mid-simulation interruptions by the user, thus allowing
him/her to change parameters or to take control actions (rescheduling the buses, cancelling trips,
adding an extra bus, etc.). The simulation resumes with the updated information (if any)
whenever the user is ready.

There are two types of statistical output provided by the simulation model: run-time
screen displays and the final output reports.

Run Time Screen Displays

The typical run time screen display is shown in Figure 2.1.1. The scenario reflects the
control environment in which the simulation is running. There are three basic scenarios, namely,
the NC scenario, the SC scenario, and the HC scenario described previously.

The simulation time is updated in one minute simulation time intervals according to ihe
simulation clock rate. The clock rate displays the current rhuitiple of real time at which the
simulation is running. This clock rate ranges from 1 to 20, or may be set to 99 which indicates
a batch run. In batch mode all events will be processed in time sequence with na, real time
élapsing except for program execution time.

| The, incident section displays a rolling log of the five most recent incidents(eg. a link
delay) with the start time and a brief (25 characters) description. |

The radio message area is for reports of equipment failures which normally come to the
controller’s attention via voice radio. |

The stop performance afea shows the queue lengths at bus arrival time and the passenger
wait time averaged over the previous quarter hour interval. The left side presents the worst,
second worst and average of the worst 50% of stops on the route in relation o wait time or

queue length as specified by the user. The right side presents the wait and queﬁe states for
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Figure 2.1.1

preselected stops of interest as specified by the user.

Similarly, the link section presents loadings (% capacity of the bus) and transit times (%
of scheduled transit time) for the worst (has the maximum load) link and the total transit times
(in mmutes) for the route in both directions (left side), and loadings (% capacity of the bus) and
the transit times (% of scheduled transit time) for selected links (right side).

The sofi keys are displayed to show which keys are recognized during the simulation. For
an example, if F10 is pressed, the simulation clock and current state are frozen and the input
menu screen is displayed for the user. The LEFT ARROW key slows down the clock rate and
the RIGHT ARROW key speeds it up.

- The screen runnmg display is refreshed every 15 minutes of the simulation time, but the
messages in the “incidents” section and the “radio msg" secnon is dlsplayed at the time of

OCCUITCIICC.
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Output Reports
The simulation produces a standard report to a file at the end of the simulation time. The
standard report includes a log of the same information displayed on the screen during the run.
In addition there are summary performance tables included in the standard réport file. These
reports include:
- Route Transit Performance, which provides the average total travel times in both
directions;
- Bus Schedule Performance, which displays the proportion of buses which left early, on
time or late from each stop;
- Stop Headway Performance, which gives the average headway and the wait factor at
each stop along with the minimum, the median and the maximum headway, and the 10th
and 90th percentile of headway. Stop Queue Length, which shows the average, minimum
and maximum queue length at each stop along with the total number of the passengers
who arrived.
- Stop Load on Departure, which provides the minimum, average and maximum bus load
on departure at each stop.
For a more detailed description of those reports, refer to [7].
2.1.2 Requirements of the Model
Input State Parameters
In order to simulate the operation of a route, 2 number of "input state parameters"? must
be entered to the simulation model to describe each of the main influencing factors. The major
state variables used by the simulation model, which fully describe the simulated operating

environment, are as follows:

1) Bus State 2) Link State

3) Stop State (for the applicable bus route number)

4) Flow State 5) Regulation State
6) Detector/communication State 7) Bus Trip Pattéms
8) Block Assignments . ' 9) Trip Assignments

2 This terminology was introduced in [7). We use it throughout this thesis for consistency.

e



17

Requirements from 1) through 5) were obtained from the APC data, and the associated
parameters can be modified by the user via the user interface module of the simulation model.
The last four requirements were derived from the AVLC data. For detailed description of those
state variables and the associated parameters, refer to [7].
~ Running Environment

In order to compare and evaluate different control actions tested on the simulation model,
a multi-tasking environment must be provided to allow the interruption of the simulation, the
taking of a control action, and the resuming of the simulation run. More than 4 Megabytes of
working memory is needed 10 run the simulation. For example, we have installed the simulation
model on a Sun work station at the University of Ottawa. The operating system of the work
station is UNIX which provides a multi-tasking environment and dozens of gigabytes of working

memory.

2.2 Detailed Description of the Simulation Model
2.2.1 Structure of the Program

Data Structures

Dynamic double linked lists are heavily used to store the data for running the simulation
and collecting the results. These fall into the following categories:

1) Lists for storing AVi.C data, such as sRoute, sBlock, etc.

2) Lists for storing scenario data which drives the simulation, such as sRoutePoints,

sRunlnfo, sRegulation, sBusType, sStop, etc. \

3) List for storing the event table, sNextEvent.

4) List for storing statistical data, sStats.

'5) Lists for storing menu screen display messages, sScreenMenu.

Most of the lists are linked together by means of pointers between fields. A record in a
list may be able to access the data from other related lists. For example, the data record
associated with a single bus may access the data from the lists of Stops, Blocks, Trips, etc., as
showni in Figure 2.2.1. -
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1) A scenario to be simulated must be selected, and the appropriate data files such as
"R95_DAY*.DAT", ... (where "*" is either N, S or H for the NC, SC and HC scenario) will be
loaded into memory to generate the scenario link lists.

Logic Control of the Program

3)_The user starts the running of the simulation

-"AVLC data files such as "block.dat", "trip.dat”,

link lists.

2) The model waits for the user to modify the parameiers associated with the selected
scenario. o

... are loaded 10 generate the AVLC
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- If it is a middle day run, the system sets up a phantom bus list and runs the phantom

buses until the simulation start time.

- The bus entry events, which are associated with the buses with scheduled start times

greater than the simulation start time are added into the simulation event table.

- Other events are then added to the event table, such as End Simulation event, Link

Delay event, Bus Break Down event, Clock event, etc.

- The running of the simulation is started.

The order of events in the event table is soried according to the event time and the
priority of the event. Events are sorted based on earliest event time first. If there is a tie, the
event with highest priority gets processed first. A list of events ranked from highest to lowest
priority is given below.

Clock event

Bus event

bus entry

bus arrival

bus waiting

bus unloading'

bus loading

bus dwelling

bus adherence to the regulation rules
bus departing |

bus exit

Bus break down event

Extraordinary Link delay event
= delay start

delayend
delay message to display
* Statistic data output event

End simulation event
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4) Running of the simulation

The system constantly checks if a command key has been pressed. If so, the appropriate
command will be executed; otherwise the system always processes the next event in the event
table. The command keys and the respective commands are as follows:

- F10, interrupt the running of the simulation and return to the main menu;

- F9, interrupt the running of the simulation and let the user check the current screen

display of the simulation intermediate results;

- F8, interrupt the running of the simulation and let the user update the AVLC data files

resume the running of the simulation;

- Cursor_Right key (or key "+"), speed up the simulation clock rate;

- Cursor_Left key (or key "-"), slow down the simulation clock rate.

When the F8 key is pressed, the simulation time will be "frozen” until the user resumes
running of the simulation. When it resumes, the AVLC link lists and the simulation event table
will be updated to reflect the updated environment in which the events are simulated. The logic
relations are shown in Figure 2.2.2.

2.2.2 Passengers’ Activities
Passenger Arrival Rate

Passenger arrival rates at bus stops are derived as follows. The average passenger arrival
rates (number of passengers per minute) for each stop at discrete time points which cover the
time period starting from 5:00 AM to 3:00 AM the following day have been derived by the
model developer based on the APC data from OC Transpo for weekdays and weekends. These
actual rates R, R, ..., R, are only specified for certain points in time Ty, T, ..., T,. For any point
in time ¢, such that T, < ¢ < T,,,, the arrival rate at time ¢ is approximated by fitting a S-shaped
curve which links the specified arrival rates R, and R,,, for times T, and T,,, respectively, as
shown in Figure 2.2.3. The following equation is defined: -

. Gie-T)
G- 5]
L®=C +e 1170 2.1)

where the parameters of the function C,, ‘Cz a_nd'C, are estimated with the APC data as 1.0, 4.0
and 8.0 respectively, and T, ¢ < T,,.
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Next R, and R,,, (the discrete passenger arrival rate associated with the time T, and T,

respectively) are adjusted by multiplying the "multiplier” set by the user to give R . }—2‘ -

The default value of the modifier is 1.0 and can be changed by the user for the stops selected
by the user for the purpose of increasing or decreasing the passenger arrival rate at those stops.

In Chapter 3 where we did validation tests on the model, we changed the passenger arrival rate

by setting the modifier to a different value. The estimated arrival rate at time ¢ f:(‘) is an S-

shaped interpolation between the two data points R . and Tam as given by

. ®. R
=R, + SR‘?‘(;)—" 22)

A standard deviation, ©, is derived to take into account daily variability and variations

specific to the time period [T}, T;,,]. The final passenger arrival rate at time ¢ for the stop is equal

to ( E + Ny ), in which N, is a random number drawn from a normal distribution with mean

zero and standard deviation ©.
Number of Passengers Gelting off at Each Stop

Boarding passengers will be assigned a destination on the basis of APC stop unloading
distributions for the relevant time of day. Stops are divided into the specified stops and the
unspecified stops. Suppose there are N stops, with K specified stops and L unspecified stops.
Assuming that p percent of passengers go to specified stops and (1-p) percent of passengers g0
to unspecified stops.

The proportion of on-board passengers to alight at the stop will be determined as follows:

« For each specified stop i, there is a fixed unloading percentage for the various times of -
the day (AM peak, PM peak and day time off peak hours), denoted by |

Pawl@ Po@s PorelDs 15isK
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» For each unspecified stop j, suppose the remaining number of unspecified stops from

j 10 the end of the trip is 7, the sum of the alighting percentages at the remaining specified stops
is Py, and the sum of the alighting percentages at the specified stops of the whole route is Ps,

then the proportion of the on-board passengers to alight, denoted by Pecinear 1S given by

P,
Prpeciiad = T“uo- Ps] @3)

where

Px= 2 P (), and Pg= 2 P,
in which * = AM, PM or OFF depending the time of day.

The number of passengers to alight at the stop is determined by the proportion derived
above times the current load of the bus.
Number of Passengers Gelting on at Each Stop

The. number of passengers boarding at a given stop is determined by multiplying the
passenger arrival rate, which is described above, by the total time spent between the departure
of the previous bus and the departure of the current bus. This time includes the time between the
departure of the previous bus and the arrival of the current bus, the time needed for passengers
to board the bus, and if any, the time spent waiting for the proper departure time as given by the
schedule adherence or headway control scenario. |
‘ The total queue length is the total number of passengers waiting to board the bus, If that
length is less than or equal to the difference between the maximum capacity of the bus and the
current load of the bus, then all the passengers get on the bus. Otherwise only a number of
passengers equal to the difference between the capacity of the bus and the current load of the bus
will get on the bus, leaving the rest of the queue to wait for the next bus.
Passenger Boarding Time |

Boardmg times will include an initial dead time and a per-passenger boarding time
(boarding rate) for front door users. The percentage of the passengers using the front door , the

i T
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initial dead time, and the mean and variance of the boarding rate may be defined by the user for

peak and off-peak time periods. Default values are derived from the APC data, which can be
changed by the user.

Passenger Alighting Time

Passenger alighting times may be defined in a similar way to passenger boarding times,
with the exception that the rear door usage pattern (% of alighting passengers using the door) will
be considered instead of the front door usage pattern. The underlying assumption is that most
passengers board using the front door, while most exit through the rear door.
Stop Times

Stop times will include time allocations for alighting, loading and excess idle time. The
excess idle time will be determined based on schedule/headway targets. There will be no excess
idle time for the NC scenario: the bus departs the stop when it finishes loading and unloading
the passengers. For the SC scenario, if the time at which the bus finishes the boarding and
alighting of the passengers at the stop is greater than or equal to the scheduled departure time,
the bus leaves the stop right away, otherwise it will stay idle at the stop until the scheduled
departure time. For the HC scenario, if the difference between the previous bus departure time
and the current time when the bus finishes loading and unloading the passengers is equal to or
greater than the planned headway, the bus leaves the stop right away, otherwise it remains idle
at the stop until the actual headway equals the planned headway.
Transit Time across a Line | |

The calculation of the transit time across a line will take the following things into
account: |
| s Daily road conditions,

« Extraordinary Delays,

» Bypass a Stop,

» Running a phantom bus.

Given the scheduled hnk transit times, a linear mterpolanon is used to determine thc
average transit times of each lme of the link. As Traffic conditions may vary in the real system,
the model computes a congestion delay factor for each line, except cact_l line immediately

following a time point. The mean congestion delay factor and its standard deviation (either o,
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or o,, depending on the condition as the following) may be adjusted by the user. The default
values are derived from the APC data for different time periods. The actual congestion delay is
simulated by drawing a random number from a uniform distribution between O and 1. If the
random number is less than or equal to 0.5, another random number will be drawn from a normal
distribution with mean 0 and standard deviation &,. The absolute value of this random number
is subtracted from the mean congestion delay factor. Otherwise, the second random number 10
be generated will be drawn from 2 normal distribution with mean 0 and standard deviation G,.
In this case, the absolute value of this random number will be added to the mean congestion
delay factor. This procedure was designed to simulate a 50-50 chance of congestion being lighter
or heavier than average. The average line transit time will be multiplied by this mean congestion
delay factor to simulate the effect of the traffic congestion on the transit time. The.congestion
delays are not applied to the lines immediately following the time points. |

If the bus is late, the mean congestion factor will be reduced by a certain percentage
(20%), in an attempt to simulate the normal speeding up done by drivers when they realize they
are behind schedule. |

Extraordinary delays are not generated randomly by the system. To simulate extraordinary
delays, the meén delay time and the associated standard deviation as well as the delay start time,
delajr end time and the link(s) where the delay will happen should be defined by the user before
the running of the simulaﬁon. If the actual simulation time is between the delay start and end
times for such a link, the‘average transit time will be increased by the mean delay time plus a
random number generated from a normal distribution with mean zero and the user defined
standard deviation.‘A construction delay, for example, could be so modeled.

If the bus bypasses a stop, the current link will be joined to the next link to keep track
of the total distance, various transit times and detectors crossed. The average transit time will be
reduced by the time saved by not stopping, which is one of the bus regulation parametei‘s which
can be changed by the user.

For phantorh buses, the actual transit time is eqﬁal to the scheduled one, i.e., it is assumed
.- that all the buses running before the simulation start time are on schedule.



2.2.3 Movement of Buses
The simulated movement of buses along the route is done on a point to point basis: the
model does not perform a continuous simulation of each bus. The point to point times and

congestion delays will be based on the data available from the APC system. The movements of

buses includes the following activities:
« Bus Eniry into the System,
« Bus Exiting from the System,
» Bus Arrival at and Departure from a Stop,
» Bus Incident Initiated.

Bus Entry into the System

Buses which have a scheduled start time greater than the simulation start time will be put
into the event table under the event "Bus Entry”.

Bus Exiting the System
In either one of the following two cases a bus will exit the system:

1) the bus finishes all the scheduled trips and has no more trip to run,
2) the bus breaks down at a stop.

Bus Arrival at and Departure from a Bus Stop
There are five major events associated with the stopping of each bus at each stop: Bus
Arrival at the stop, Bus Unloading the Passengers at the Stop, Bus Loading the Passengers at the

Stop, Bus Dwelling at the Stop (staying excess time at the stop due to certain bus holding

policy), and Bus Departure from the Stop. The major activities associated with each of those five
events are shown in Figure 2.2.4 to Figure 2.2.8.
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Bus Incident Initiation .
There are two types of failure code associated with a certain type of equipment failure
of the bus: -
« code 1, 2, 5 and 39 which will have no effect on the simulation of the bus,
« code 3 which will lead to an inoperative state, accompanied by unloading of passengers
to join the queue at the stop and exit of the bus from the system.
One of the failure codes will be generated as following: '
i) Generate a random number from a uniform distribution between 0 and 1

ii) Define

24
T,

fealc =

- where §, is the current simulation time, L, is the last time when the bus had a failure, P,, is the
probability of having a break down (for a given type of bus) T, is the probability time frame,
which is a constant and equal to 6 hours. Given a breakdown occurs, let P, represent the
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probability that the breakdown is associated to code i, then E P =1 TheP,and P, may be

changed by the user.

iii) Check if the bus is a phantomn bus. If it is, no failure code will be generated. If it is
not, and "fCalc” is less than or equal to the random number generated, no failure code will be
generated. If it is not a phantom bus and "fCalc” is greater than the random number, then a
failure code will be generated. In this case , a second random number is drawn from the same
distribution to determine which failure code will be generated. If the second random number is
less than or equal to P, the probability associated code 1, then code 1 will be generated. If the
random number is less than or equal to P, + P, but greater than P,, then code 2 will be generated,
and so on. If the failure is code 3, then the bus breakdown flag will be set, which means the bus
will breakdown at the current stop.

There is a major short coming of this method of generating bus break downs. The method
is sensitive to the control actions, since the generation of the failure code depends on the time
at which the random number is generated. The simulation uses a single random seed for each
simulation run so that only one string of random number is used for all simulation events. If
control actions are taken, different additional dwelling times are added to the running buses and
the order of the event table are changed (compared to the simulation run with no control action).
Therefore, a given random number will not necessarily be used for the same purpose in the two
runs. In particular, the random number which will be compared to "fCalc" to determine whether
or not a second random number should be generated to determine the nature of the failure code
may not be the same in the "control action" run as in the "no action” run. Therefore, more or less
bus breakdowns may occur in the "control action” run than in the "no control” run. A change in
control policy should have no effect on the probability of bus breakdown: the use of a dedicated
random number string associated with bus breakdowns should be considered. Further
modifications of the program to insure that bus breakdown is independent of the control action
is desirable and recommended but it may be difficult to achieve. In order to go around this
difficulty, we set the probability of code 3 to zero when we tested the different control actions.
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2.3 Porting the Simulation Program to the Work Station

The original simulation mode! was written in VAX C and developed on a VAX machine.
Some functions of the program were machine dependent, especially the functions dealing with
user interface (screen displays, keyboard controls, reading and writing the data files, etc.). Given
the unavailability of a compatible VAX machine at the University of Ottawa and the delayed
installation of the simulation program at OC Transpo, our first task was to port the program to
another platform. There were two options available for us: either porting the program to a
Personal Computer such as a IBM PC/486 running MS/DOS, or porting the program to a work
station running UNIX. Given the simpler structures and a mono-user operating system of
MS/DOS, it is easier to manage the screen display, to get the control of a keyboard and to
manage the files than on a work station, making the porting of the user interface functions of the
program easier. Porting to PC allowed us to get familiar with the feature of the simulation
program and to make some preliminary tests to identify any potential problem with the model
‘more quickly. We tried porting the program to a IBM PC/486, but found that the working
memory of the system was too limited for the given size of the simulation program. Furthermore,
as the DOS system is a mono-tasking system, we realized that it would not be able to run the
simulation and to change the AVLC data files (to simulate a control action) at the same time.
Therefore, the only option left for us was to port the program to a work station running UNIX.
We thus ported the program to the Sun work station "ELCSparc Station” running UNIX V. The
porting activity involved two full weeks of very technical work. For reason of readability, we
differ the discussion of the porting of the program to Appendix A.
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3. Preliminary Validation of the Simulation Model

The simulation model has been designed to perform several tasks described in the first
chapter: of particularly interest for this thesis, is the testing of various on-line control strategies.
Before using the model to perform hypothesis testing and to draw conclusions on the operations

“of the real system, it is important to perform a certain level of model validation in order to
eliminate any system malfunction which may exist, and which could bias the results, and also
to provide some degree of confidence in the repeated outcomes of the simulation runs. Before
extensive validation is preformed, it is important to note the following:

+» "A simulation model of a complex, real world system is always only an approximation
to the actual system, regardless of how much effort is put into developing the model. Thus, one
should not speak of the absolute validity or invalidity of a model, but rather of th'e degree to
which the model agrees with the system. The more time (and hence money) that is spent on
validation, the closer the agreement of the model with the real system should be" [17].

« Simulation models are generally better at comparing alternatives than at determining
absolute answers. The model must be sufficiently valid to allow comparison, in a relative sense,
of different control strategies, even though it may not be possible to calibrate it accurately enough
to predict precisely the actual bus performance measures under the varibus control policies. The
trends observed from the simulation results should be valid even if the actual humbers may not.

« A simulation model should be validated relative to a specified set of criteria, namely,
the criteria that will actually be used for decision making, such as bus headway performance and
schedule performance in our case.

~ = The use of formal statistical procedures is only one part of the validation process; at
present most of the "validation” done in practice seems to be subjective. One reason for this is’
that most classical statistical techniques can not be directly applied in the context of simulation
model validation [17].

. The main focus of this thesis is not to perform a thorough validation and calibration of
the simulation model, but rather a limited validation to obtain a certain degree of confidence in
the model so that a valid comparison between varioﬁs control strategies can be performed using
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the model. Furthermore the validation should be sufficient to allow a prototype of a knowledge-
based bus control system to be tested using the model.

Keeping all of these factors in mind and given the time constraints for this research,
limited validation of the model has been performed, and reported in this chapter.

There is a so called "three-step approach” for validating a simulation model, widely used
in practice [17): Face Validating, Assumption Validating and Validating of Input-Output
Transformations. The first step of validation is to develop a model with high face validiry, i.e.
a model which, on the surface, seems reasonable to people who are knowledgable about the real
system under study. The goal of the second step is to test quantitatively the assumptions made
during the initial stages of the model development. The last step of the validation is to establish
that the model output data closely resembles theloutput data that would be expected from the real
system. The first step, face validation, is best performed by the experts who have commissioned
the system and who will eventually use the model. As we do not claim to have this level of

expertise or experience, the validation performed here is limited to the last two steps.

3.1 Model Assumptions 'Validating
Sensitivity analysis has been used to check the validity of the model’s assumptions. The

model should behave in an "expected" way if one or more of the main influencing factors (or the
input state parameters of the model, such as bus state parameters, flow state parameters, etc.) are
changed. The set of all such input parameters are listed in Table 3.1.1. Sensitivity analysis
could not realistically be performed on all input state parameters given the time allowed and the
scope of this thesis. Hence, only the most critical input state parameters have been selected for
testing (Table 3.1.1 lists the parameters chosen for sensitivity analysis testing).

| ‘The running time of a bus will be governed by the ﬁow of the passengers (i.e. the number
. of passengers boarding and alighting determines the time needed for those activities) and by the
states of the links and the stops. With this in mind, it follows that the flow state parameters, the
stop state parameters and the link state parameters are the most important input state parameters
for the simulation. Within the stop state parameters, the ‘passenger arrival rate is the most
important as it determines the number of passengers who will arrive at the stop, which will affect
'~ the time the bus needs to load and unload those passengers. The "% Rejection on 2nd Arrival”
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State

Flow

Parameter

Passenger Boarding Times {Secs)

Sclected for Sensitivity Analysis "

- 1

- Mean Dead Time

- Marginal Rate

- Siandard Deviation

Passenger Alighting Times (Secs)

- Mean Dead Time

- Marginal Rate

- Standard Deviation

Front Door Usage Patterns (%)

- Mean

- Standard Deviation

Stop

Passenger Amival Rate

% Rejection on 2nd Arrival

- when Queue length > #

-whenlL2/Ll<#

Congestion Factor (Delay Multiplier)

Probability of Extraordinary Delay

- Average Increased Delay Time

- Standard Deviation

- Delay Start Time, End Time

Predefined Bus Breakdown Incident

Regulation

Mean of the Bus Dwell at each Stop (Secs)

Standard Deviation of the Dweli (Secs)

Bypass Stop Conditions

Control Actions (Sch/Hdw/None, eic.)

Bus

Passenger Capacity

Probability of each Type of Breakdown

Breakdown Probability in ID Tag
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parameter represents the percentage of passengers in the queue who move to the second bus
when two busses arrive at a stop simultaneously. The "% of Rejection on 2nd Armrival” will be
zero unless two conditions are met (namely, the queue length for the first bus exceeds a user
defined number, and the ratio of the load of the second bus to that of the first bus is greater than
a user defined number). The "% Rejection on 2nd Arrival” was not viewed as a critical factor,
and was therefore not chosen for testing. OC Transpo analysts advise that the parameters
associated with the passenger boarding times (Mean Dead Time, Marginal Rate and Standard
Deviation) are the most important flow state parameters, based upon these considerations: (i) for
all stops (except perhaps a few stops at the end of each trip), passenger boarding tmes account
for the major portion of the time buses spend at each stop; (ii) boarding and alighting occur
simultaneously; however, boarding is more time consuming than alighting because time is needed
to pay the fees or show a pass, get a transfer, get directions from the driver, etc. For the link
state, the congestion factor is the most important input parameter: it determines road conditions
and will affect the time the bus will spend on the line, whereas the parameters associated with
extraordinary delays deal with infrequent situations (e.g., road construction) and are thus of
secondary importance. For the regulation state, the control actions are the most important
parameters: they determine the extra time a bus will spend at a stop to meet control targets {e.g.,
* schedule adherence or headway control). At the moment, there is no need to test different bus
types with the model; therefore, the bus state will not be of concern for the validation. For the
scl;cted input state parameters the assumptions are:

« If we change the parameters associated with the passenger arrival rate by a certain
percentage, the total number of passengers arriving during the simulation time period is expected
to change by about the same percentage. Due to the change in the passenger arrival rate, we
expect changes in the times needed to board and alight those passengers and that will result in
"a change in the total transit times. Changes to. the schedule performance measures (the
percentages of earliness and lateness), as well as changes in the headway performance measures -
(such as the wait factors) are also expected. |

* « If we change the parameters associated with the passengef boarding times, Wwe expect
changes in the same direction for transit performance, schedule performance and headway

performance.
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» If we change the link congestion factors, we expect changes in link transit times which
in turn will affect schedule performance. |

+ For the "control actions" parameter, we want to test whether or not buses are
controllable at the control points. If we select the SC "Schedule Control” scenario, i.e. the control
action is to hold early buses until the scheduled departure time, we expect to obtain the best
schedule performance among the three default scenarios, NC, SC and HC. As buses adhere more
closely to the schedule, we expect improvements in headway performance (as compared with the
no control case). If we select the HC “"Headway Control" scenario, i.e. the control action is to
hold buses which are too close to the previous bus in order to achieve the planned headway, we
expect to obtain the best headway performance of the three default scenarios, NC, SC and HC.
3.1.1 Testing Methods

To test the selected state parameters {except the regulation state parameters), the NC "No
Control” scenario has been chosen in all cases, based on the opinions of OC Transpo experts.
Furthermore we did not want the effects of the internal control actions related to either the SC
scenario or the HC scenario to interfere with and hide the true variations resulting from the
changes in the input parameters.

As described in the first chapter, there are different planned headway for different periods
of day for route 95. For peak hours, the planned headway is 3 minutes; this makes testing
different headway control strategies appealing, since it is believed the headway control strategies
will be more efféctive than the traditional schedule control strategy for high frequency services.
There are two peak periods: the AM peak (07:00 - 09:00) and PM peak (15:00 - 17:30). We
chose the AM peak hour to perform all the tests. This choice was motivated by preliminary tests
which showed that simulation results for the AM peak period are mofc consistent ~vith the real

(APC) data than those from the PM peak period.
| Sensitivity analysis performed oh the flow, stop and link parameters was performed in the
following manner. For each parameter chosen, three settings were tested: the default setting
which is the original setting of the parameter as defined by the model devéloper. the "increased
setting”, where we increased the value of the default setting by 50 percent, and the "decreased
setting"”, where we decrleased the default value of the para.métér by 30 percent. For each of the -
three parameter settings, 10 simulation runs have been performed for statistical analysis pumoaes.
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using 10 different random seeds. For each of the 10 runs for a given setting, we obtained the
average and the standard error (the standard deviation divided by the square root of 10) of the
10 simulation results. For example, for the stop state parameter "Passenger Arrival Rate", we
ran 10 replications for the default senting, 10 replications for the upper setting (+50%) and 10
replications for the lower setting (-30%). Table 3.1.2 summarizes the various experiments that

were performed.

H-’ Test SclectedTaramcter & Scenario | Setting runs
1 None, NC Default 10 I

|’> 2 Passenger Arrival Rate, NC Increased 10
|| 3 " Decreased 10
" 4 Passenger Boarding Times, NC Increased 10
.l 5 " Decreased 10
“ 6 Congestion Factor, NC Increased 10
" 7 " Decreased 10
“ 8 None, SC Default 10

Default . 10

Lastly, for the regulation state parameter, control actions, we use the default settings for
“all the input parameters except the selection of the running scenario. We first select the SC
scenario, run the simulation 10 times for the moming peak (07:00 - 09:00) with the control poirits
set at all the time poihts, using 10 different random seeds. The procedure is then repeated for
the HC procedure. - | '
3.1.2 Statistical Techniques Applied in the Analysis of the Resulis
In [17), the following procedure is suggested for comparing two systems on the basis of a

mean (or expected) response {performance measure). The apprbach isto consu'ué‘:t:-'é confidence
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interval for the difference in the two expectations, as well as performing a hypothesis test to see
whether the observed difference can be distinguished from zero. The confidence interval gives
us this information (according to whether or not the confidence interval contains zero) as well
as a measure of the degree to which the system responses are likely to differ, if at all. For
Ci=1, 2, let X, Xip - X be a sample of # 1ID observations (from simulation runs) from system
i, and let p; = E(X;) be the mean response of interest; we want to construct a confidence interval
for € = p,-u,. We can pair X,; with X; to define Z; = X;; - Xy; forj= 1, 2, .., n. Then the Z’s
are IID random variables and E(Z)) = £, the quantity for which we want to construct a confidence
interval. Thus we can let

n n
z, ?_: (z, - 2(m1?
= J=1 - s J9
Z(m = and o%[2{n)] A=) (3.1)
and form the (approximate) 100(1-o) percent confidence interval
2{n) = !:1_..,,_,\/0’ [2(n)] {3.2)

If the Z;'s are normally distributed, this confidence interval is exact; i.e., it covers £ with
probability 1 - o otherwise, we rely on the central limit theorem, which implies that this
‘coverage probability is near 1 - o for large n, or for distributions which are normal. An
important point here is that we did not have to assume that X,; and X, are independent; nor did |
we have to assume that Var (X)) and Var (X,) are equal. [17]

3.1.3 Analysis of the Resulits of the Testing

» Resulis of Changing Passenger Boarding Times

The simulation results show that for the transit performance (i.e., average travel time for

each one-way trip, eastbound or westbound) the effects of changing passenger boarding times on
total trip travel times are not as we expected. We only obtain relatively small changes for the
total transit times. Thas may be explained by the underlying adjustment procedure fqund in the
model, which we have discussed in Chapter 2, and which dictates that if a bus is behind schedule
‘at a stop, the program will reduce the transit time for the line following the stop by a certain
amount, thus simulating the accelerations made by the drivers. Since the passenger boarding

times only represent a small proportion of the total transit times for the route, it is possible that
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changes associated with the parameter(s) will be offset by the reductions of the transit times for
the lines resulting from lateness. The comparison of the results is shown in Table 3.1.2. We
performed the following statistical tests to see whether or not the changes in the passenger
boarding times affect significantly the total transit times.

Case 1: Comparison a 50% increase of the initial dead time, the marginal rate and the standard

deviation of the passenger boarding times with the default case. Let X, be the average total transit

time from east to west, and Y is the average total transit time from west to east, of the parameter
set i on the jth replication. Here i =1 represents the increase in the parameters, and i = 2
represent the default case. We made » = 10 independent replications for each setting of the input

parameters. Table 3.1.3 contains the resuts.

Ir-== East Bound West Bound “
“ j Xy X Zy; Yy, Yy Zy;
| 49.52 48.10 1.42 53.43 51.34 2.00
| 2 49.69 48.09 1.60 5270 51.09 1.61
" 3 4875 4807 | 068 52.26 5143 0.83
4 49.19 47.81 1.38 52.89 51.21 168 |
" 5 51.22 4806 | 3.6 55.73 51.56 417 |
6 50.25 4805 | 220 53.53 5177 176 |
7 5191 a7 | 34 54.28 52.58 170 |
8 50.78 4850 | 228 53.47 51.66 181
| o] suas| 4837 | 278 53.32 52.44 0.88
10 5166 4893 | 2713 53.73 52.64 109 |
abie 3.

Formally, we performed a statistical test of the null hypothesis
Hpy E@Z)=00
versus

H: E@2)>00, for Z = Zy, Zy



Step 1. Choose a level of significance a and a sample size n. Here we choose

o = 0.05, n=10
Step 2. Compute the sample means z; , 7z, and the sample standard deviation Sy, Sy
over the n replications

7, =2.137 Sx = 0.839 (East Bound)

7z, = 1762 Sy = 0.946 (West Bound)

Step 3. Get critical value of ¢ from the table of t-distribution. We have £, o = 1.833
Step 4. Compute the test statistic for Z = Z; or Zy, and S = Sy or Sy :

£ = Z-Bo
o = T
s/vn
where p, = 0.0, so that
2,137 | 1.762
b= —2222l __ = 8,490 (Fast Bound), boy =———=— =6.212 (West Bound)
" 0.796/y10 °r "0.897/J10

Step 5. For the one-sided test with H,: E(Z) > p,, reject H, if & > 1,4, Hy is clearly

rejected for both the east bound and west bound. Therefore, we can make the conclusion that by

increasing the passenger boerding times S0 percent the total transit times will be increased. With 527y = 0.252

(east bound) and §(Z;) = .284 {west bound), using Equation 3.1, we obtain the 95 percent

confidence intervals of the increment of the total transit times:
[1.68, 2.60] (East Bound), [1.24, 2.28] (West Bound)

One approach for verifying whether the increases are reasonable in practice might be
comparing 2.6 (upper confidence interval endpoint ‘for eastbound transit time) with 48.28 (average
eastbdund transit time), which results in the ratio 2.6/48.28 = 0.05, and comparing 2.28 (upper -
confidence interval endpoint for westbound transit time) with 51.77 (average westbound transit
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time), which results in the ratio 2.28/51.77 = 0.04. Thus, loosely speaking, the model yields at
most a 5 percent increase (at the 95% confidence level) in the total wansit times from a 50
percent increase in the passenger boarding times. To check whether these increases are
reasonable, we made the following estimations.

« Estimate the average of the total boarding times for each trip. From the queue length
report of the simulation, we find that the average queue length for the route (sum of the average
queue length of each stop) is about 219. Using the default passenger boarding rate, 2.7 seconds
'per passenger, and noting that 67 percent of the passengers use the front door, the average total
boarding time is about 219 x 2.7 x 0.67 / 60 = 6.6 minutes. The 50% increase should be about
3.3 minutes.

« Estimate the effects of the reduction of tae congestion factor when the bus is late. The
reduction of the congestion factor happens at each line that is not proceeding one of the time
points (as described in Chapter 2). The average total route transit time is about 50 minutes, and
the average total lines transit time is estimated at 50 - 6.6 = 43 minutes. Since there are 24 lines
and 6 time points for each direction, the reduction of the congestion factor will happen at 24 -
6 = 18 lines at most for each trip, which will roughly affect 18/24 = 3/4 of the total line transit
time. From the data used by the simulation model, we find the average congestion factor is about
1.72, whereas the effect of the reduction of the congestion factor would be around 0.12 times the
line transit time. From the simulation results (see Table 3.1.4), the average lateness would be
about 29 percent. Therefore a rough estimation of the effects of the reduction of the congestion
factor would be 0.75 x 0.12 x 0.29 x 43 = 1.1 minutes for the total line transit times.

Combining the above estimates, we estimate that the increment in the total transit time
should be around 3.3 - 1.1 = 2.2 minutes. The simulation results show that the average increment
is ( 2.137 (east bound) + 1.762 (west bound) ) /2 =~ 2 minutes, which agrees with the estimate.
From these rough estimates it appears that the increase in the total transit time due to the 50%
increase in the passenger boarding times is reasonable. _

~ Next we would like to check whether the sample sizé "6f n = 10 is large enough for our
purposes. Suppose we would like to accept a type II crrof of at most 10 percent. We make the
following test, as described by Kelton and Law [17]. Let 8 be given by:
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TElZ) - ! 2.137
3= X ] = Ll =2,
5 5756 2.68 {East Bound)
5 - LE(Zy) - Be) _ 1.762 _ 1.56 {West Bound)
S, 0.857 :

For the one-sided t test for a level of significance a = 0.05, from the chart of the Operting
Characteristic Curves [17] we obtain

B(%) =pl2.s8) = 0.05 for n=4 (Easc Bound)

B(S) =P(1.68) = 0.05 for n=6 {West Bound)

which reveals that a sample size of n = 10 is sufficient to guarantee the type H error be less than
0.10 as intended.

Case 2) Comparing the default case with a decrease in the initial dead time, the marginal rate and

the standard deviation of the passenger boarding times. Let X;; and Y;; be the average total

westbound and eastbound transit times respectively. Here i = 1 represents the default case, and
i = 2 represents the case of decreased parameters. The simulation results are shown in
Table 3.1.4.
As in the previous case, the null hypothesis is

Hy: E@)=00
but now we use

H: E@Z)<00, forZ=2Z,,2Z,
For o = 0.05, and using the same steps described in Case 1), we obtain ¢, = -3.105 (East Bound)
and ¢, = -5.010 (West Bound). Since they are both less than -1,,, = -1.833, we reject Ho.
Therefore, we reach the conclusion that by decreasing the péssenger boarding times 30 percent
the total transit times will be decreased. The 90 percent confidence intervals of the decrease of
the total transit times are: ._

[0.19, 0.74] (East Bound), [0.55, 1.19] (West Bound)



East Bound West Bound
] Xy Xy Z; Yy Yy Zy;
NIE) 810 | 078 50.15 5134 | -119
2| 4765 48.09 0.44 50.16 5109 | -093
| 3| w6 48.07 038 50.89 5143 | -054
4| @70 4781 0.1 51.39 5121 0.18
l> 5| 4829 48.06 023 5139 5156 | -0.7
6| 4184 4805 | 021 51.04 5177 | 013
7| 413 2877 064 50.86 5258 | -172
| 8| 472 4850 | 070 50.72 5166 | -094
| o] 43 4837 0.06 50.97 s244 | o147
L] 4136 4893 -157 51.42 s264 | -122

- Tabe3ld

_ Using the same heuristic argument as Case 1), we reach the conclusion that the decrease

in total transit time due to the 30 percent decrease in passenger boarding times is reasonable.
The results show that the effects of changing the passenger boarding times are on average
reasonable for bus schedule performance and headway performance. By ipcreasing the mean dead
time and boarding time, lateness increases and on-time and earliness decreases (as expected),
since each bus will spend more time at each stop. The wait factor is also larger due to the larger
variations of the passenger boarding times. By dccfeasing the passenger boarding times, we get
more earliness and less lateness (as expected), since each bus will spend less time at each stop
to load the passengers. The wait factor is also smaller due to the smaller variations of the
passenger boarding times. The summarized comparison of the schedule performance is shown in
Table 3.1.6, which gives the average percentage of earliness, on time and lateness over all the
stops. The summarised comparison of the headway performance is shown in Table 3.1.7, which

gives the average passenger wait factor over all the stops.



46

Default Setting Increased Setting Decreased Setting
Average Std Err Average Std Err Average Std Err
E Bound 48.28 0.108 50.41 0.328 47.81 0.104
" W Bound 51.77 0.173 53.53 0.287 50.90 0.139

ary the passenger boarding tmes

Table 3.1.5 Comparison of the Transit Times (min.}

FSetﬁng _Earliness % On Time % Lateness %
“ Average | Std Err | Average Std Err | Average | Std Err
" Default 5096 | 1979 | 4461 1.994 451 | 1654
Increased 30.04 2.863 41.07 2776 28.92 3.774
“ Decreased 60.75 1.610 38.33 | 1.604 0.95 0.359 |
ary the passenger boarding times - -

Table 3.1.6 Comparison of the Schedule Performance

Default Setting

Increased Setting

Decreased Setting

Average | Std Emr Average Std Emr Average | Std Err "
Wait Factor% 160.47 4984 237.02 13.616 146.82 2.786 “

ary the passenger

g

nmes

Table 3.1.7 Comparison of the Wait Factor

* Results of Changing the Passenger Arrival Rate

For the same reasons, the effects on transit performance of changing the passenger arrival

rate appears to be small. The comparison of the average total transit times and the standard errors

for the tests are shown in Table 3.1.8. The effccts of the change of the passenger amrival rate are o

quite reasonable for schedule performance, for headway performance and for the passenger queue

length report. By increasing the passenger arrival rate, we get more lateness and less carliness,

as expected, since each bus will spend more time at each stop to load and unload more
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passengers. Also, the maximum passenger wait times and the wait factor are increased in this
case because of the longer boarding and alighting times, and the larger standard deviations of
passenger boarding and alighting times. Conversely, by decreasing the passenger arrival rates, we
get less lateness and more earliness since each bus will spend less time at each stop. Maximum
passenger wait times and wait factors ‘are also decreased because of the smaller standard
deviations of the passenger boarding and alighting times. The comparison of average schedule
performance over ali the stops and the standard ervors of the tests are shown in Table 3.1.9. The
comparison of the average wait factors over all the stops as vrei as the standard errors of the
tests are shown in Table 3.1.10. By increasing the passenger arrival rate by 50%, we get
approximately 50% more passengers arriving over all the stops. By decreasing the passenger
arrival rate by 30%, we get approximately 30% fewer passengers arriving over all the stops. The
comparison of total passengers arriving at all stops as well as the standard errors of the tests are
shown in Table 3.1.11. More detailed comparisons based on each stop are shown in Figures 3.1.1
to Figure 3.1.4.

 Default Setting Increased Setting Decreased Setting “

Average Std Err Average Std Err Average Std Err
| EBound 4828 | o0108| a908| ome| 4779|0046

W Bound 51.77 0.173 53.37 0.255 51.07 0.114

ary the passenger arrival rate

Table 3.1.8 Comparison of the Transit times (min.)

" Setting Earliness % On Time % Lateness %

“ Avemge StdErr | Average Std Emr Average | Std Err “
Default s096| 1979] 4461 | 1994 as1| 1065 |
Increased 3345 | 2728| 442s| 332| 232 408 |

60.26
ary the passenger arnval rate

1.542 38.80 1.516 1.00

Table 3.1.9 Comparison of the Schedule Performances
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Default Setting

Increased Setting

Decreased Setting

Average

Std Err

Average

Std Err

Average

Std Emr

Wait Factor%

160.5

5.00

2004

9.717

149.6

3.51

*Vary the passenger armival rate

Table 3.1.10 Comparison of the Wait Factors

Default Setting Increased Setting Decreased Setting
' Average Std Err Average Std Err Average Std Err
“ # Passcngers 7822.5 3429 12526.2 713.8 5424.8 223.8

*Vary the passenger arrival rate

Table 3.1.13 Comparison of the Total Number of Arrived Passengers

Earliness %

Comparison of Eariiness
Change of Passenger Arrival Rate

8

ik

afssssssnnnansrcsansedie

Stops (EastBound)

| [ | Decreased [__| Default i Increased I

Figure 3.1.1 A
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Earliness %

Comparison of Earliness
Change of Passenger Amrrival Rate

P o B |5 | e - .
o I . i 11l
20' """""""" I \ l
26 a5

Stops (WestBound)

I || Decreased [ ] Defauit | ] Increased I

Figure 3.1.1 B

Comparison of On Time
Change of Pyassenger Armrival Rate

On Time %
g 8

------------------------------------------

Stops' (EastBound)

|- Decreased [__| Default Pl Increased I

Figure 3.1.2 A
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100

Comparlson of On Time
Change of Passenger Arrival Rate

OnTime %
8

Stops (EastBound)

|_ Decreased ]:1 Default - Increased I

Figure 3.1.2 B

Comparison of Lateness
Change of Passenger Arrival Rate

Latensss %
8

2 12 o 22
Stops (EastBound)

I- Decreased [:] Deafault e Increased I

Figure 3.1.3 A
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Comparison of Lateness
Change of Passenger Arrival Rate

N
[4:}

Lateness %

Stops (WestBound)

I- Decreased |:| Daefault - Increased I

Figure 3.1.3. B

240

Comparison of Wait Factor
Change of Passenger Arrival Rate

220+

V/att Factor %
8

1604erecmenc e dorfeede oo R e R el R e e

U PN B PO T PRY FER TRS XNy T IE

140

---------------

120

100

Stops (EastBound)

|-'Dacreased [ Defaut Il Increased I

---------

---------

Figure 3.1.4 A



Comparison of Wait Factor
Change of Passenger Arrival Rate

260

180+

Wait Factor %

140

25 38 ] ] 1 L) ] ]
Stops (EastBound)

I- Decreased [__] Default B \ncreased l

Figure 3.1.4 B

* Results of Changing the Link Congestion Factors

The effects of the change of the congestion factors are quite reasonable. By increasing the
link delay caused by congestion, we get longer travel times to complete the trip, more lateness
and less earliness, as expected, since each bus will take more time to travel each link. Conversely
by decreasing the congestion factor modifier, we get shorter times to complete the route, less
lateness and more earliness, since each bus will take less time to cover each line. The
summarised comparisons are shown in Table 3.1.12 to Table 3.1.13.

Default Setﬁng

Increased Setting

Decreased Setting

Average Std Eox Average Std Err Average Std Err
E Bound 48.28 0.108 58.54 0.170 39.81 0.171

W Bound 51.77 0.173 61.56 0.228 43.93 0.167
ary the congestion factor

Table 3.1.12 Comparison of the Transit Times
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Setting Earliness % On Time % Lateness %
Average Std Err Average Std Err Average Std Err
Default 51.0 1.98 44.6 1.99 4.5 1.07
Increased 1.1 0.21 21.6 1.16 77.4 L.11
Decreased 90.5 0.93 9;5 0.93 0.0 0.03

e}

. Uary the congestion factor

Table 3.1.13 Comparison of the Schedule Performances

» Results of Changing * Control Actions

We compared the NC, HC and SC scenarios with the control points set at the time points
for schedule performance (measured by the percentage of earliness, on time and lateness) and for
headway performance (measured by the wait factor). Results show that the SC scenario yields
the best schedule performance (the largeét percentage of the buses on time) and the HC scenario
yields the best headway performance (the lowest wait factor) as expected. Furthermore, with the
SC scenario, the percentage of earliness is O (i.e. no busses leave early) for the control points;
with the KC scenario, the minimum headway is equal to or greater than the planned headway at
the control points. The results show that the model has the capability or effectively holding
busses according to schedule adhemﬁce or to headway control pelicies. The summarised
comparisons are shown in Table 3.1.14 - Table 3.1.15, which contain the average values over all

runs and over all the stops, and the related standard errors.

Earliness % On Time % . Lateness %
Average | StdEr | Average | Std Err | Average | Sud Err
NC Scenario 51.0 1.98 44.6 1.99 4.5 1.07
| moscemaio | 429) o 216f 381 350 191 272
. SC Scenario 32.4 103 643 1.57 33 0.87

. *Vary the control actions

Table 3.1.14 Comparison of ~Schédule Performances



54

NC Scenario HC Scenario SC Scenario

Average Std Emr Average Std Err Average Sud Emr
Wait Factor% 183.0 5.56 146.0 2.17 152.0 3.17

*Vary the control actions

Table 3.1.15 Comparison of the Wait Factors

3.2 Validating Input-Output Transformations
"In this phase of the validation process, the model is viewed as an input-output - that is,
the model accepts values of the input parameters and wransforms these inputs into output
measures of performance, It is this correspondence that is being validated.” (Banks and Carson
[6]). Banks and Carson also recommend that instead of validating the model input-output
transformations by predicting the future, the past historical data can be used for validation
purposes. Thus the accurate "prediction of the past" may replace predication of the future for the
purpose of validating the model.
Banks and Carson indicate that to conduct a validation test using historical input data, it
is important that all the input data and all the system response be collected over the same time
| period, otherwise, the comparison of model responses to system responses could be misleading. .
All the input state parameters of the model are derived from the APC data collected during the
Spring of 1992 (January 1 to April 30). We expect that the simulation results will match the “real
system" results, i.e. the simulation results will be reasonably close to the same set of APC data
for the period of interest. Law and Kelton [17] question whether hypothesis testing is an
appropriate statistical approach for this step of validation. Since the model is only an
approximation to actual system, a null hypothesis that the system and model are the "same" is
clearly false. They believe that it is more useful to ask whether or not the differences between
~ the system and the model are significant enough to affect any conclusions derived from the
model.



Comparisons of the Transit performance

The total transit performance obtained by simulation were compared to the available APC
data. We were interested in determining the average travel time and its standard deviation, in
both directions, for the whole route, and also for the downtown section of the route (stops
between and including Lebreton and Campus). As the model could only report the average transit
times for the whole route, we had to modify the program slightly so that the required statistics
could be computed. Again the NC scenario was chosen as it was judged important not to bias
the results with the underlying conirol actions found in the two other scenarios. 10 runs were
generated for each of the time period: AM peak (07:00 - 09:00), daytime off-peak (11:30 -14:00)
and PM peﬁk (15:30 - 17:30). As shown in Table 3.2.1 to Table 3.2.3. the simulation results seem
to be consistent with APC data.

" 07:00 - 05:00 I Simulation Result APC Data
“ Route Average Std Dev " Average Std Dev
EB Whole 48.91 2.37 47.00 | 2.50
WB Whole 52.67 2.62 57.00 4.63
EB Down Town 10.84 0.81 10.57 1.04
| " WB Down Town 9.72 1.14 11.03 1.28

Table 3.2.1 Comparison of the Transit Times (min.)

11:30 - 14:00 ' Simulation Result - APC Data
“ Route Average Deviation - Average Deviation
|  EB Whoie 47,0 1.8 50.0 29
| w8 whoe 450 22 410 26 |
| EB Down Town 102 | 1.1 11.0 13 |
WB Down Town - 84 07 10.1 |

Table 3.2.2 Comparison of the Transit Times (min.)
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15:30 - 17:30 Simulation Result APC Data
Route Average Deviation Average Deviation
EB Whole 52.1 24 57.0 2.7
WB Whole 522 45 53.0 23
EB Down Town 12.2 1.1 12.6 1.%
WB Down Town 10.6 1.7 12.3 1.4

Table 3.2.3 Comparison of the Transit Times (min.)

Comparisons of the Bus Load on Departure

We then compared the simulation results with the APC data for the bus load on departure
of each stop. Again, the NC scenario has been chosen to run the simulation. The simulation was
run 10 times by using 10 different random seeds for both the morning peak hour (07:30 to 08:30)
and the afterncon peak hour (15:15 to 17:15), as the APC data was available for these time
periods respectively. We took the average of the 10 simulation results to compare with the APC
data. Since the route 95 has two running patterns for each direction as described in Chapter 1,
we use the appropriate APC data for each of the running patterns. However the simulation only
gives a single bus load on departure report, i.¢. it mixes the data of the two running patterns. This
makes the comparison with the APC data difficult. In order to make the comparison, the two sets
of APC data (short and long running patterns) have been aggregated into a single set. The major
items of the simulation load on departure report for each stop are: minimum load, maximum load
and the average load (the APC data has the same type of information). We made following
aggregation of the two sets of APC data: take the minimum of the minimum loads of the two
running patterns at each stop; take the maximum of the maximum loads of the two patterns at
each stop; and take the average of the average loads of the two running patterns at each-stop.
This approach is required for all of the 95 route except for the sectiqn between "Blair" and "Place-
d’Orleans", where aggregation is not necessary, since theré is only one pattern which occurs over
this segment of the 95 route. The comparison for the morning peak hour is shown in Figure

3.2.1. From the figures we can see that on average the simulation results follow the pattern of
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Comparison of Load on Departure
Time Period: 07:30 - 08:30

Load (# of Passenger}

Stop

[JAPC Data i} Simulation

Figure 3.2.1

Comparison of Load on Departure
Time Period: 16:15-17:15

Load (# of Passengers)

o 10 20 30 4
- Stop

_]ArPCDar Simuilation

Tigure 3.2.2
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the APC dara, with a difference ranging between -31 and 15. Using the APC data as the
independent variable and the simulated average load on depariure as the dependant variable,
linear regression analysis gives a slope (x-coefficient) of about 1.0 and an R Squared is about
0.7, which shows the simulation result is moderately to highly correlated with the APC data. The
regression slope was tested for significance, and yieided a p-value of 0.0. The comparison for the
afternoon peak is shown in Figure 3.2.2, which reveals a relatively larger discrepancy between
the simulation results and the APC data. The regression analysis gives an R Squared of about 0.2,
which shows a weak correlation between the PM simulation results and the APC data, although
the regression is significant at the 0.0 level (p-value). These results suggest that further

calibration of the simulation model will be useful, especially for the afternoon peak time period.

3.3 Brief Conclusions of the Validation

From the above limited validation testing, we can see that the model in general yields the
expected trends for sensitivity analysis, which shows that the model can be used 10 compare
different control strategies in a relative sense. However, further calibration of the model is needed

for the PM peak hours, before using this time of day for further experiments. Thus, further
testing was restricted to the AM peak period only.
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4. Testing of Real-Time Control Policies on the Simulation Model

The major goal of our experiment was to study the effectiveness of a variety of real-time
control policies to improve service reliability, and to use the knowledge acquired as the basis for
developing a knowledge-based system for the purpose of on-line bus control assistance. Until
recently, most public transit agencies have been using schedule adherence control policies where
drivers are given a timetable showing scheduled departure times for specific stops along the route
and are asked to adhere to this schedule. Such a policy has traditionally been enforced by street
supervisors. As discussed previously, schedule adherence control is reasonable for low frequency
routes. However, jor high frequency routes, headway control seems most appropriate
(Barnett [5]). In particular, route 95 has the characteristics identified by Abkowitz and Tozzi (2]
for headway-based control to be effective: it is a cross-town route with high-frequency service
so that random passenger arrivals to bus stops are to be expected. As headway changes
dynamically in a real system, it has been difficult in the past to implement such a policy without
the help of electronic systems such as AVLC. For this reason, only a simple headway control
policy has been implemented in practice: the threshold policy, described in Chapter 1 (for an
example, see Abkowitz and Lepolsky [1]).

As part of the knowledge acquisition process; it is reasonable to study both the headway
threshold policy and the schedule adherence policy, and to measure their effectiveness in
improving service reliability. However, as new technology (such as AVLC and‘,‘;lmowledge-based
systems) are being developed and implemented, more sophisticated real-time centrol policies can
now be considered and implemented. In section 4.1, we describe such a new real-time control
policy, the "message board" policy which will also be evaluated in this chapter. A hybrid policy
which is based on both the “niessage board" policy and on the threshold headway control policy
- will also be tested. For the sake of compﬁrison, we also decided to model a policy which closely
ressembles that recently used by OC Transpo controllers.

This chapter is composed of five sections. In section 4.1, we describe the new message board
policy as well as an hybrid policy based on the concepts of the message board policy and of the
" threshold headway control policy. In section 4.2, we provide the experimental design of the tests

we will perform on the various control policies. The technical modifications that needed to be
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made in the simulatdon model to allow such experiments to be undertaken will be described in

section 4.3. The results and analysis of the experiments are provided in section 4.4, A brief

discussion and conclusions follow in Section 4.5.

4.1 New Headway-Based Control Policies

We now propose a new headway-based policy which we will refer to as the "message
board" policy. This policy combines ideas from the threshold and prefol policies described in
Chapter 1. When bus i + / is ready to depart the control stop, if the difference between the
current time and the departure time of the previous bus, £, is less than a threshold value, ¢, bus
i + 1 is delayed long enough so that the actual headway between these two buses at that stop will
be equal to the planned headway A (in seconds). We let the threshold value be ¢ = A - 20, for
practical reasons: this provides a certain degree of flexibility in the application of the policy as
it implies that headway between 160 and 180 seconds is acceptable: a bus will be delayed at the
control stop only if the deviation from the planned headway is "significant”, i.e. more than 20
seconds. However, if bus i left more than & seconds before the current time, bus i + / is released.
Since the actual headway between these two buses is greater than A, the system next considers
delaying bus i by sending a delay message. Delaying bus i would increase the gap between i and
i - 1. Before sending the message, the system checks the headway between i and i - I when i left
the control stop. If that headway was already larger than A, the system will not try to delay bus
i since this would likely increase the already "large” gap between i and i - 1. However, if the gap
between i and i - I was less than or equal to & when i left the control point, then a message will
be sent to bus i asking it to delay its departure from the next stop it leaves. The delay time for -
bus { is set to be half the difference between the actual headway between buses i + I and i, and
h, the planned headway (which is similar to the prefol idea of "splitting the difference"). More
precisely, the procedure is in fact designed so that a delay message is only sent if the headway
~ between i and i +  is more than k + 20 seconds, so that a bus is never delayed by less than 10
. seconds: this makes sense from a practical point of view. Hence no control action is taken if the
headway is judged "reasonable", i.e. between k - 20 seconds and h + 20 seconds. Fufthermore.

the procedure has been designed so that buses would never be delayed by more than 90 seconds
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at a given stop. This is to ensure that the passengers on board will not be too much
inconvenienced by long delays, and will have a better chance at finding their connecting bus at
transfer points. This also prevents, to some extent, against bus bunching.

In practice, this method may be implemented by asking a sweet supervisor to take note
of the headway at a given control stop, and to send the delay message by radio when needed.
In the simulation model, the "radio message” was replacea by a "message board": each time a
delay message - consisting of the number of the bus to which it is destined and the amount of
time that bus had to be delayed - was sent, it was stored on the message board. Before leaving
any given stop, a bus would first look at the message board: if there is no message, and that stop
was not a control point, the bus would leave immediately. If there is a message, the bus would
be delayed by the required amount of time, and the system would erase the message before the
departure of the bus so that the same message is not executed twice.

Generalization of headway-based control policies may also be considered. The most
immediate is to increase the number of control stops along the route. Typically, a single control
stop would be chosen, primarily for practical reasons, as in the experiment described in Abkowitz
and Lepofsky [1]. With simulation, it is easy to maintain many control points: at the limit, all
stops could be selected as control points. Another way of implementing headway-based holding
was suggested in Koffman {14]: the th}eshold policy was aﬁplied at every stop provided there
was passenger activity: if no one was ;ﬂighﬁng or boarding, the bus would simply go on 1o the
next stop without any control action taken. This approach seems less desirable however as one
can imagine a case where an almost empty early bus catches up to its predecessor: it would find
no passengers at the various stops, and, if no passengers alighf, it would never stop so that no
holding action would delay it.

One of the risks of having many control points is that the positive effect of an action
taken at one stop may be reduced by an action taken at a future stop: making too many control
actions could be a source of variability. For the message board policy, maintaining many control
stops creates difficulties in managing the messages; t‘or example, before a message is generated
for a given bus, the system tmust ﬁrst determine whether there already exits a message for that
bus. (in which case, the new message should replace the old as it is based on a more recent

evaluation of headway). However, 1f there are no previous message on the message board, the
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system must be able to know when the last message was read so that the bus is not delayed
excessively.

Finally, it is also possible to combine policies to form hybrid policies. We now wish to
propose such a hybrid policy which combines ideas found in both the message board policy and
the threshold headway control policy. In this hybrid policy, a limited number of control stops will
be defined as "message board conirol stops”, where the message board policy will be
implemented. For practical implementation reasons, the number of message board control stops
will be limited to two (one in each direction). It is expected that the positive effects resulting
from the implementation of the message board policy will fade as buses move away from the
message board control stops. As the threshold policy is easier to implement, several other stops
strategically located along the route (in both directions) could be selected as threshold headway
control stops, where the threshold policy would be implemented. This would permit better
headway control all the way through the route. Thus, this Lybrid policy, as well as our basic

message board policy, and the more traditional threshold headway control and schedule adherence
policies will all be tested.

4.2 Evaluating the Effectiveness of Certain Real-Time Holding Policies

One of the goals of the experiments is to compare the effectiveness of the various control
policies, listed in the previous section, in particular the new "message board" policy, in providing
good service reliability. It is expected that service reliability will increase if the number of
control stops increases. Hence, a second goal of our experiments is to measure the extent to
which service reliability improves with the number of control stops. For this reason, we decided
to test the various control policies with different numbers of control points. At the minimum, one
control point is needed in each direction. Furthermore, given AVLC detectors are present at §ix
locations along the route (ie., the so-caﬂed “time-points") making real-time control actions
possible in practice, Wt;. decided to also test the policies when all time-points are chosen as
control points. Finally, even if this may be very difficult to implement in prabtice. we decided
to measure the effectiveness of the various control policies if all stops were used as control
points. ' |
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One more question needed 1o be answered: for the experiments involving only two control
points, one in each direction, which stogs should be selected as control points? As we specifically
wanted to gain insight into the new message board policy, we used this policy to identify which
stops should be chosen as cortrol points. Turnquist and Blume [26] have indicated that while the
major incentive for making headway more regular was to reduce waiting time of passengers who
board at or beyond the control point, the major cost of such a policy is borne by passengers on
board since they are delayed when the bus is held up. Based on a simple analytical model, these
authors suggest that headway control points should be located near the start of the bus route, at
a stop where it is known that the variability of headway is significant. In order to clearly identify
the impact of each candidate control point, for practical reasons we chose only one stop at a time
for the whole route. Again for practical reasons we decided to concentrate only on étops equipped
with AVLC detectors. Based on these observations, we tested three possible locations for the
single control point: we considered placing the single control point at Baseline Station (first stop,
eastbound), at Lebreton Station (eighth stop, eastbound), and at Blair Station (first stop, ("Blair
pattern”), and sixth stop ("Orléans pattern"), westbound). Another experiment considered placing
. two control points, one at Baseline Station, and the other at Blair Station (hence, one in each
dircction).l
From these cxpériments it became clear that if only one control point is to be
implemented for the message board policy, it is most effective to choose Blair Station,
Furthermore, maintaining two control points (at "Blair" and "Baseline" stations) was shown to
L%be marginally better than having only one at Blair.
~ Given the AVLC system maintains six time points in each direction, (including Baseline,
Lebreton and Blair stations), the SC scenario with the time points as control stops, & policy
resembling: that used by OC Transpo controllers, would have a total of twelve control points.
Hence we considered creating an hybrid policy also consisting of twelve control points, for
coxﬁparison purposes. Based on prior testing of the message board policy, our hybrid strategy was
desigm:d to have two of '.the time points (Baseline and Blair) to perform "message board"
headway control, and the remaining ten time points as threshold headway control points. The
message board policy was implemented by adding a sub-program in the simulation model to
perform message board headway control on the chosen stops: the hybrid policy was crei_lted by
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simply running the headway control (HC) scenario with Blair and Baseline as message board
control stops, and the other time points as threshold control stops. The hybrid procedure and the
SC scenario would then have the same control points (i.e. the twelve time points).

Our message board policy (with two control points) was also tested against both SC and
HC scenarios with the same two control points, again to compare policies having the safne
number of control points. ‘

Finally, since we decided to verify the effectiveness of SC and HC when all stops were
control points the hybrid policy was also modified to maintain threshold headway control at all
stops except at Baseline and Blair where message board headway control was performed.

Note that for the two hybrid policies discussed above, a message may be received by a
bus while that bus is at a threshold control stop. The delay time contained in the message will
simply be added to the delay computed by the threshold policy, if any. The possibility of overly
long delays being generated in this way will have to be examined in future research.

In summary, a total of nine (9) holding policies have been tested. Under the schedule
control strategy, the following policies were tested: S_2 (schedule control at two control points,
Blair and Baseline), S_TP (schedule control at the time points), S_Al (schedule control ﬁt all
stops). Under the headway control strategy, the following policies were tested: T_2 (threshold
poﬁcy with two control points, Blair and Baseline), T_TP (threshold policy with the time points
at control stops), T_Al (threshold policy where all stops are control points), M_2 (message board
policy with control at Blair and Baseline), M_TP (message board control at Blair and Baseline,
threshold control at all other time points), and M_Al (message board control at Blair and
Baseline, threshold control at all other stops). '

| For each control policy tested, we ran the simulation ten times for the morning peak
hours, from 7:00 am to 9:00 am where the planned headway is three (3) minutes (except between
Blair Station and Place d’Orléans, where the planned headwdy is six (6) minutes), using ten
different random seeds. The same seeds were used for eaf:h policy tested for statistical purposes.
The measure of performance chosen, also used by OC Transpo, is called the Wait Factor (WF).
It is based on the the regularity index and is defined as follows for each stop:



65

47 100% 4.1)

WF =2

where the AWT is the average wai: time of passengers at the stop, and 4 is the planned headway
for that stop. The AWT may be calculated using expression (1.1) (for the expected wait time),
where the expected headway is replaced by the average simulation headway at that stop, and the
headway variance is the sample headway variance of the experiment. The wait factor should
normally have a value close to 100%. To see this, note that given random (Poisson) arrivals of
passengers at the stop, if the variance of headway was 0, the expected waiting time would be half
the planned headway, and WF = 100%. The value of WF is an indication of how much, in
percentage, the actual waiting time deviates from the expected "ideal” waiting time (when
headway variance is 0). We computed the average wait factor over the 10 runs as well as the
wait factor variance for each stop.

The results of the simulation experiments are presented in Section 4.4,

4.3 Technical Modifications to the Simulation Program to Support the Testings

‘There is a routine called "Bus_Regulation" in the simulation program to determine if the
bus should be held at the stop for extra time according to the "No Control” scenario, the
"Headway Control" scenario or the "Schedule Control" scenario respectively. The routine will
be used twice each time a bus stays at a stop. The first time, it is called at the arrival of the bus
at the stop, and it is used to estimate the extra time the bus will dwell at the stop in order to
calculate the number of passengers that will be arriving during this extra dwelling time. The
second time this routine is called is after the boarding and alighting of the passengers at the stop.
It is then used to determine the actual extra time the bus should dwell at the stop before it can
depart from the stop, based on the chosen control policy. In order to test our "Message Board"
control policy as well as other hybrid control policies, a procedure has been added to the end of
the "Bus Re.gﬁlation" routine to implement the "Message Board" control policy at selected control
points. In this way, the pure "Message Board" control policy can be tested on the selected control
point(s), if the “No Control” scenario is selected. There will be no control at any other stops, but
there will be controls at the selected control point(s) using the added procedure. Hybrid controt
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policies can also be tested out, since for the control points, the bus will be regulated according
to the selected scenario, i.e. either "Headway Control" or "Schedule Control"; for the control
points where the "Message Board" control policy is applied, the added procedure will be used
to activate the "Message Board" control policy. For the added procedure designed to implement
the "Message Board” control policy, the detailed logic relations contained in the bus regulation
routine are shown in Figure 4.3.1, Note that in this flow chart, there can be only one message
at a time on the message board: if an unread message remains on the message board, no new
message will be generated. We were constrained to implement the message board policy in this
way because of major complications retated to modifying the original simulation source code to
allow more messages to be maintained simultaneously. However, as will be discussed in Chapier
5, we were able to implement a message board policy capable of maintaining as many messages

as required on the message board through the use of our prototype knowledge-based system.

4.4 Results of the Experiments

As we mentioned in Chapter 2, there are 50 stops in both directions (25 stops in each
direction) for route 95, and 12 of them are time points (equipped with AVLC detectors). There
are also two running patterns in each direction (Pattern 1 is from Baseline to Blair, Pattern 2
from Baseline to Place D'Orléans, Pattern 3 from Blair to Baseline and Pattern 4 from Place
d’Orléans to Baseline). To simplify the presentation of our results, we label the stops numerically.
Table 4.4.1 gives the labels of the time points. Stops with numbers between 6 and 16 exciusively,
and between 37 and 47 exclusively are in the downtown section (going east and west
respectively). Every second bus which starts at "Baseline” (#1) will run Pattern 1, i.e. stop at
“Blair EB" (#21) and go back to "Baseline"; the other one will run Pattern 2, ie. go to "Place
D Orléans” (#26, #27) and back through "Blair WB" (#32) to Baseline). Therefore, the headway
for the stops #22 - #31 will be twice the planned headway. If the planned headway over the rest
of the route is 3 minutes, the planned headway for those stops would be 6 minutes.
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Number Stop description
1 Baseline Time Point, Start stop for pattern 1 and 2
5 Westboro EB Time Point
7 Lebreton EB Time Point, terminal stop of Down Town section
15 Campus EB Time Point, terminal stop of Down Town section
21 Blair EB Time Point for pattern 2, End stop for pattern 1

26 Place D Orleans EB Time Point, end stop for pattern 2

27 Place D Orleans WB | Time Point, start stop for paitern 4

32 Blair WB Time Point, start stop for pattern 3

38 Campus WB Time Point, terminal stop of Down Town section
46 Lebreton WB Time point, terminal stop of Down Town section
48 Westboro WB Time point

Table 4.4.1 Descriptions of some of the stops

Our goal is to corhpare different control policies for all the stops of the route. In doing
this, the same statistical techniques described in the previous chapter were employed for
comparisons of those control policies. To compare one control policy with another, the
differences of the average and the variation of the wait factors of the results were computed for
each stop, from which 90 percent confidence intervals were derived and statistical hypothesis test
were performed. ‘

Another way used to compare two control policies is the range analysis. For each stop,
the average wait factor over all simulation runs was computed. We partitioned these average
wait factors into several groups according to the range of the wait factors. Since there is no
special importance or weight given to any Speciﬁc stop, i.e. all the stops are treated equally, we
expect all the stops to have the same range of wait factor. In some cases, it is ambiguous to
compare two control policies using only the average wait factors over all the stops. There may
‘be very small wait factors for some stops-and very large wait factors for other stops for one

control pollcy while there are relatively stable wait factors among all the stops for the other
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control policy, yet the average wait factor over all the stops could be almost the same for the two
control policies. Turnquist [24] suggests that service reliability may be defined as the variability
of a system performance measure over time: we argue that minimizing the variability of a
performance measure over all stops, while keeping the mean close to target, is also an important
element of reliable service. In those cases, the range analysis can often clearly show the
difference of the two control policies. For the range analysis, policy A is said to be better than
policy B if there are more wait factors in the smaller range group and fewer in the larger range
group for policy A than those for policy B. For the example shown in Table 4.4.2, where f(i)
represents the number of the stops in the range i and F(i) represents the cumulative number of
stops with the wait factor below the upper limit of range i, for the 50 wait factors related to the
50 stops, policy A would be judged to be better than policy B since there are more stops with

the wait factor in the smaller range for policy A.

Range B Interval Policy A ] Policy B
i min, max f@) F(i) (i) F(i)
1 0, 110 0 0 0 0
2 110, 120 30 30 10 10
3 120, 130 15 45 20 30
4 130, 140 5 50 10 40
5 140, 150 0 50 10 50 |
Table 4.4.2

~ As mentioned in the previous-section, if only one control pofnt is to be implemented for
the message board policy, it is most effective to choose Blair Station. Lebreton as a single control
point was shown to be least desirable, providing only marginal improvement over the no control
scenario (NC). As shown in Figure 4.4.1, which represents the result of a typical simulation run,
it is clear that vsing Blair (stop 31) as opposed to Baseline (stop 1) as the single control point
for the message board policy has two main advantages: it provides more stable and smaller wait

factors (on average) across all stops. As noted in Turnquist [25], the most effective location of
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a control stop is near the start of a trip (explaining the marginal success of Lebreton), where there
is a large variability in headway (this is where Blair had an hedge over Baseline). The larger
variability at Blair comes probably from the fact that the distance between the various stops
between Place d’Orléans and Blair are much larger than average, and because the headway of

that area is six instead of three minutes (only every other bus goes to Orléans).

Message Board Headway Control Policy
Comparing Stop Locations
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Figure 4.4.1 The x-axis represents the stops in both direction, starting with Baseline
(stop 1) and going eastbound towards Place d’Orléans, (stop 25). Stops 26 to
50 represent the stops for the westbound trip.

Studying our message board policy with on.e or two control points allowed us to measure
the impact of that policy and to obtain additional insight on the operation of route 95 (as
represented by the simulation). Given or experiments covered a two hour am peak period with
a planned headway of three minutes (for most stops), we simulated the départure of
approximately 20 buses per hour at Blair and Baseline. Approximately 80 bus departures were
subject to control. In a typical run, 25 buses would be delayed at one of the control points, and
most of these delays occurred at Blair. At least 9 and as many as 14 delay messages were sent.
Most originated from Blair, but the average delay was largest for the tﬁcsséges coming from
Baseline. The large majority of messages sent from Baseline were "executed” four stops later at

Westboro station: occasionally, the Baseline messages were exccuted at the third or fourth stop
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eastbound (i.e. Queensway Station and Lincoln Fields Station). It is much more difficult to
predict where a Blair message would be executed: in most cases, the messages were read at Train
Station (stop 35), three stops west of Blair, but messages could be read as early as Cyrville
Station (the stop fellowing Biair), and as late as Laurier Station (7 stops after Blair). All these
observations tend to point to a large degree of variability in running times between stops leading
to Blair, as argued previously, but alsc between the first few stops following Blair. This may
explain why controiling at Blair proved to be so effective in our expéﬁmems.

We have chosen to use the two control points policy, i.e. one control point for each
direction, for further testing and comparison. We choose “Baseline” (Stop 1} as the control point
for the east bound and "Blair" (Stop 32) for the west bound.

The effectiveness of our two control point message board policy, M_2 for brevity, was
next tested against two other holding policies which also maintained only two control points at
Blair and Baseline: a schedule control policy, S_2 for brevity, and a headway-based threshold
policy, T_2. The two headway-based policies clearly outperform the schedule control policy. The
message board policy seems to perform marginally better than the threshold policy. This may be
explained by the fact that the message board policy is somewhat more sophisticated than the
threshold policy: a control action is taking place not only at the control points, but also at the
stops where the messages are executed. When a bus arrives at the stop where the message is
going to be read and exccﬁtcd, the gap between that bus and the bus ahead may be subject to
change. The gap may reniain less than or equal to the planned headway, or become larger than
the planned headway. If the gap is larger than the planned headway, the execution of the message
(i.e. to delay the bus) will create a even bigger gap. The message board poiicy could be more
effective, if the gap would be subject to fewer changes. This is one of the reasons which
motivated the development of the hybrid control policy which combines the message board
control policy applied at the two points and the threshold control policy applied at some of the
remaining stops. The hope was to obtain a more constant headway at the stops where the
message will be read and executed. .

The compaﬁsoﬁs of the hybrid policy M_TP and the pure time points threshold control
‘policy, T_TP are shown in Table 4.4.3 10 Table 4.4.5. |



Stwop _ _ 90% c. i. Tcalc Best
z 52

1 6.66 2.15 3.69 9.63 3.10 B

2 2.36 3.35 -2.28 7.00 0.70 ?
3 4.07 3.13 -0.25 8.39 1.30 ?
4 4.57 2.10 1.66 7.47 2.17 B
5 12.83 2.85 8.88 16.77 4.50 B
6 5.47 1.89 2.86 3.09 2.89 B
7 4776 1.72 2.38 7.14 2717 B
8 4.05 1.78 1.59 6.52 2.27 B
9 3.49 1.87 0.91 6.07 1.87 B
10 3.86 1.93 1.20 6.53 2.00 B
11 344 2.00 0.67 6.21 1.72 B
12 4.58 2.54 1.08 8.09 1.81 B
13 3.70 3.11 -0.60 8.01 1.18 ?
14 6.23 2.9 2.37 10.08 2.23 B
15 7.15 2.98 3.02 11.27 240 B
16 3.82 1.54 1.69 5.66 2,47 B
17 3.72 1.47 1.69 5.75 2.54 B
18 3.13 2.38 0.16 6.41 1.32 ?

19 3.39 1.16 1.78 499 2.91 B -
20 6.67 1.50 4.60 8.75 4.45 B
21 8.37 i.64 6.10 10.64 5.10 B
22 -0.09 1.48 -2.14 1.96 -0.06 ?
23 0.56 1.24 -1.16 2.28 045 ?
24 5.46 6.05 -2.90 13.83 0.90 ?
25 -0.95 643 -9.85 7.94 -0.15 ?
26 -0.58 1.44 -2.57 1.42 -0.40 ?

ﬁmﬁﬁ—mmﬁw—

Table 4.4.3_A Comparisons of Two Control Policy (Time Points)
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*A = Threshold Control Policy

Stop _ _ 90% c. i. Tcalc Best
¥4 a(2)

27 -0.70 1.34 -2.55 1.16 -0.52 ?
28 0.43 1.47 -1.60 2.47 0.30 ?
29 1.19 1.31 -0.63 3.00 0.90 ?
30 -1.01 1.27 277 0.75 -0.79 ?
31 -0.72 1.11 -2.25 0.81 -0.65 ?
32 -1.20 1.34 -3.05 0.65 -0.90 ?
33 -1.07 2.09 -3.96 1.83 -0.51 ?
34 -1.68 3.94 2712 377 -0.43 ?
35 2.48 2.17 -0.51 5.47 1.15 ?
36 -1.01 4.14 -6.74 472 -0.24 ?
37 -0.69 3.64 ST 4.35 -0.19 ?
38 2.04 1.68 -0.29 437 1.21 ?
39 2.83 1.68 0.50 5.16 1.68 B
40 4.79 2.18 1.78 7.80 2.20 B
41 7.12 2.04 430 9.94 3.49 B
42 7.65 2.41 4.32 10.97 3.18 B
43 8.14 2.02 5.34 10.94 4.02 B
44 7.67 2.74 3.87 11.46 2.80 B

' 45 1.53 1.94 -1.15 421 0.79 ?
46 1.98 2,00 0.79 4.74 0.99 ?
47 2.35 1.78 -0.12 4.81 1.32 ?
48 -0.01 1.22 -1.71 1.68 -0.01 ?
49 0.83 1.55 -1.32 2.97 0.53 ?
50 -030 134 215 1.55 -0.22 ?
Avg 3.07 0.69 2.1 402 445 | . B

_ *B = "Message Board" Control Policy
Table 4.4.3_B Comparisons of Two Control Policy (Time Points)




74

Range interval Threshold Control Message Board
i min, max f@) F(i) f(i) F(i)
1 0, 110 0 0 0 0
2 110, 120 16 16 19 19
3 120, 130 22 38 28 47
4 130, 140 11 49 3 50
5 140, 150 1 50 0 50

Table 4.4.4 Range Analysis, all stops (Control at Time Points)

Table 4.4.3 shows the average and standard deviation of the difference of the wait factors for the
two policies over 10 runs, the 90% confidence interval of the difference and the result of the statistical
hypothesis testing (using the equation 3.1 of Chapter 3) for each stop. The M_TP policy provides better
average wait factor for almost half of the stops compared to T_TP policy. For the rest of the stops, it is
difficult to tell which policy is better. For the whole route, the M_TP policy gains un approximate 5%
decrease in the wait factor at the 90% confidence level compared to T_TP policy and the statistical
hypothesis testing indicates that M_TP policy is better than T_TP. Table 4.4.4 shows the range analysis
for all the stops, which indicates that for the wait factors larger than 130 there are only 3 stops for M_TP
policy while there are 12 stops for T_TP policy. Table 4.4.5 shows the range analysis for downlown.

Range Im;rval ) Threshold Control Message Board
i min, max _ fG) F(i) (i) F(i)

1 100, 120 2 2 5 5

2 120, 125 6 8 6 11

| 3 125, 130 3 1 5 16
“; 4 130, 135 5 16 2 18
5 135, 140 1 17 0 18

“ 6 140, 145 1 s 0 18

Table 4.4.5 Range Analysis, downtown (Control at Time Paints)

These two policies again clearly outperformed the schedule control policy with control at time
points, S_TP for brevity. The comparisons of S_TP and M_TP are shown in Table 4.4.6 t0 Table 4.4.8.
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Stop _ _ 90% c. i. Tealc Best
zZ o(Z)
1 15.06 2.33 11.83 18.28 6.46 ‘B
2 12.49 2.89 8.49 16.50 432 B
3 9.93 2.53 6.43 13.44 3.92 B
4 20.83 3.39 16.14 25.52 6.14 B
5 17.65 2.42 14.30 21.00 7.28 B
6 16.11 2.82 12.22 20.00 5.72 B
7 12.10 1.99 935 14.84 6.08 B
8 13.70 2.13 10.75 16.64 6.43 B
9 14.00 2.42 10.66 17.34 5.19 B
10 14.16 2.53 10.66 17.66 5.60 B
1 12.69 3.56 7.76 17.61 3.56 B
12 13.44 4.38 7.38 19.50 3.07 B
13 9.87 495 3.02 16.72 1.99 B
14 9.75 5.00 2.84 16.66 1.95 B
15 8.10 3.79 2.85 13.34 2.13 B
16 8.50 3.64 3.86 13.93 2.44 B
17 8.13 4.36 2.10 14.16 1.86 B
18 1.45 4.15 -4.29 7.19 0.35 ?
19 0.52 1.66 -1.78 2.82 0.31 ?
20 2.63 272 -1.13 6.39 097 ?
21 -0.08 1.86 -2.66 2.50 o0 | 2
22 -2.38 1.24 4.09 -0.67 -1.93 "A
23 2,75 1.09 -4.26 -1.24 -2.52 A
24 -9.45 3.61 -14.44 445 -2.61 A
25 495 3.63 -9.97 0.08 -1.36 ?
26 -1 1 -3, -027 -1.65 A
¥A = Schedule Conuolﬁsl’ﬁlicy ' '00' _3 04" ¥B = "Message Board" Control POLiCy |

Table 4.4.6_A Comparisons of Two Control Policies(Time Points)
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*A = Schedule Control Policy

Stop _ _ 90% c. 1. Teale Best
z a(2)

27 122 0.96 -2.56 0.11 127 ?
28 0.09 114 -1.66 1.48 -0.08 7
29 1.36 0.88 0.15 2.58 155 | B
30 -1.42 1.28 -3.20 0.35 L1 7
31 1.19 1.86 -1.38 3.77 0.64 ?
32 1.52 1.99 -1.24 427 0.76 ?
33 326 2.82 -0.65 7.16 115 ?
34 048 492 728 6.32 -0.10 ?
35 7.62 2.34 438 10.85 3.25 B
36 4.64 4.69 -1.84 1113 0.99 ?
37 4.06 4.52 2.18 1031 090 | 2 |
38 7.55 175 5.12 9.97 431 B
39 9.75 231 6.57 12.94 423 B
40 12.61 2.56 9.07 16.15 4.93 B
41 14.03 4.06 8.42 19.64 3.46 B
42 16.19 453 9.92 22.46 3.57 B

' 43 13.00 415 7.25 18.74 3.13 B
44 12.98 3.34 8.35 17.60 3.88 B
45 4.64 2.36 1.37 7.90 1.97 B
"46 4.18 224 1.09 728 1.87 B
47 6.90 1.08 540 8.40 6.36 B
48 15.89 222 1282 1897 715 | B
49 17.58 2.35 14.33 20.82 749 | 'B
50 W57 | 176 12.13 17.00 8.27 B
Avg 41| 12 572 9.10 6.08 B l

, *B = "Message Board” Control Policy
Table 4.4.6_B Comparisons of Two Control Policies(Time Polnts)
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M_TP is better than S_TP for most of the stops except for the section where the headway

is 6 minutes, twice the planned headway. Since headway conirol strategies are most effective for
high frequency services (planned headway is less than 4 minutes), for 2 6-minute headway

service, the headway control strategy was expected to be less effective.

Range Interval Schedule Control Policy Message Board Policy
i min, max f(i) F(i) f(i) F(i)
1 0, 110 0 0 0 0
2 110, 120 9 9 19 19
3 120, 130 15 24 28 47
4 130, 140 21 45 3 50
5 140, 150 5 50 0 50

Table 4.4.7 Range Analysis

Range Interval Schedule Control Policy [ Message Boa;d;)licy
i min, max f(i) FQ) f(i) F(i)
1 100, 120 0 0 5 5
2 120, 125 2 2 6 11
3 125, 130 1 3 5 16
4 130, 135 8 11 2 18
5 135, 140 4 15 0 18
6 140, 145 2 17 0 18
" 145, 150 1 18 0 18

Table 4.4.8 Range Analysis

We next wanted to determine how much improvement, if any, was achieved in increasing

" the number of control points for these three policies. They behaved similarly: as the number of
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control points increased (from two (2), at Blair and Baseline, to the twelve (12) time points, to
all fifty (50) stops, all the policies showed improvements in the average wait factor for most of
the stops. However, most of the total improvement came as a result of increasing the number
of control stops from two to twelve, thus suggesting that the investment associated with
increasing the number of control points yields diminishing retums. Table 4.4.9 shows the
aggregated statistical comparisons for each of the three control strategy: the mean of the related
statistical calculations over all the stops. Each row of the table represents the comparison of using
two different number of control points for the same control strategy. As a reminder, the symbol
for each policy is made of 3 characters, the first one stands for the control strategy and last one
represents the number of control points. For example, M_TP represents the "Message Board"

control using time points as control points.

AvsB Z,-Zy o 90% c. i. Tcalc Best
S_2 vs S_TP 24.64 1.30 22.84 26.44 18.92 B
S_TP vs S_Al 247 1.36 0.59 434 1.82 B
T_2 vs T_TP 12.07 0.67 11.15 13.00 17.98 B
T_TP vs T_Al 553 0.85 4.36 6.71 6.52 B
M_2 vs M_TP 12,95 1.38 11.05 14.85 9.41 B

M_TP vs M_Al 3.37 0.66 2.46 428 5.12 B _

Table 4.4.9 Effects of the Number of Control Points

To conclude our analysis of the simulation experiments, we have computed aggregate
statistics: for all stops, over all runs. The resuits appear in Table 4.4.10, in which each row
representé the comparison for one pair, i.e. Policy A vs Policy B. It shows that "Message Board"
control policy performed best in all the cases, either using the two control points or using the
time points as the control points, while the two headway control policies perform better than the
schedule control policies.

In future research, onelmay decide to give more importance to certain stops. For example,
stops where important boarding occurs should be treated with more attention in the control
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activities. These stops are likely to change with time of day. For instance, it is reasonable (o
assume that stops leading to downtown must be controlied tightly during the AM peak, whereas
the stops in the downtown core show be closely monitored during the PM peak. This suggests
the use of different contro! strategies, or even the choice of different control stops as function

of time of day. More research is needed in this area.

AvsB Z,-Zyg c 90% c. i. Tcalc Best

S 2vsT_2 16.91 1.55 14.76 19.05 10.90 B

S 2vsM.2 19.10 2.24 16.00 22.20 8.53 B
T_2 vs M_2 2.19 1.23 0.49 3.89 1.78 B
S_TPvs T_TP 434 132 252 6.17 3.29 B
S_TP vs M_TP 7.41 1.22 572 9.10 6.08 B

| T_TP vs M_TP 3.07 0.69 2.11 402 4.45 B
S_Al vs T_Al 7.41 1.88 482 10.00 3.95 B
S_Al vs M_Al 8.31 1.98 5.57 11.06 4.19 B
T_Al vs M_Al 0.90 0.50 0.21 1.59 1.80 B

Table 4.4.10 Effects of Control Policies
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5. Real Time Bus Control Using Knowledge-Based Assistance

Given the overwhelming amount of information that will be generated and communicated
in real-time by the AVLC system, it becomes almost impossible for human controllers to process,
analyze and use the data effectively for on-line bus control. Hence, a knowledge-based decision
support system becomes an interesting alternative for real-time bus control. In this chapter, we
provide a general description of knowledge-based systems, describe a structure for a prototype
system designed to assist in real-time control, and report on two experiments involving the
prototype system, namely the automatic switching of control strategies as a function of the

headway during different time periods and the testing of the message board control policy.

5.1 General Definitions and_Description of Knowledge-Based Systems
The contents of this subsection is largely based on [27], [19]. A Knowledge-Based

Systems (KBS) is a computer program that uses the knowledge and inference procedures of

human experts to solve difficult problems. This is in contrast to a conventional computer program
which is algorithmic in nature, using precisely defined, logical formulas and data. A Knowledge-
Based Systems approach works well when the problem to be solved is complex or ill-defined,
and when judgement and experience are useful tools in finding the solution. Real-time bus control
is an area where problems are very difficult or even impossible to describe with precise
mathematic models and must be solved in very short periods of time. Therefore, a Knowledge-
Based System might be a good solution approach for those problems since it solves problems as
a human expert would, based on the same logic, reasoning, and experiences, but more rapidly.

A typical KBS is made up of four primary components:

« A knowledge base containing the domain-specific facts and heuristics associated with

a particular field;

+ A rule interpreter, or inference engine, that can use the knowledge base to solve a

domain-specific problem;

« A system work area, or a global database or work space that maintains the problem

status, the input data;

« A user interface, which allows users to communicate with the system.
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« The Knowledge Base

The knowledge base contains the facts and rules that represent the expert’s knowledge and
experience. Facts and rules are used by the expert system 10 emulate the reasoning of an expert
and make an intelligent decision. Knowledge can be gathered from a multitude of sources, such
as interviews with experts, study of manuals or research reports, use of simulation, etc.
Knowledge can be represented in several ways. The rule-based knowledge representation is the
most popular method of representing domain-specific knowledge due to its simplicity. For the
rule-based knowledge representation, the domain knowledge is represented as a set of rules. Each
rule is made up of a condition part and an action part: IF (condition) THEN (action).

« Inference Engine

The inference engine is the component of an expert system that manipulates the
knowledge contained in the knowledge base to solve the problem at hand. Several different
methods can be used for applying rules. The two methods commonly employed by the
knowledge-based system are forward chaining (data driven) and backward chaining (goal driven).

In the first approach, the condition portions of the rules are checked against available facts
to determine whether or not they are true. All the rules whose condition parts are proven to be
true are fired (executed).

In backward chaining, the inference engine begins the search with a goal, or hypothesis,
and works backward through the rules in an effort to evaluate whether or not all the data support
the goal or hypothesis being considered.

» System Work Area

The system work area is a space containing information describing the problem under

study, such as user input data, the data derived through the application of rules, etc.
« User Interface
The user interface acts as a vehicle through which the user and the knowledge-based

system communicate with each other.



§.2 Description and Structure of the Prototype of the Knowledge-Based System

Qur prototype is a "first cut” attemnpt at applying a knowledge-based system approach to
the bus control problem. The prototype of a bus control system using a knowledge-based system

approach was developed for testing on the simulation model for the following two purposes:

» As part of the knowledge acquisition process, to test different control actions and control
strategies on the simulation model more effectively. We believe it will be more appropriate to
separate all the bus control actions from the simulation model. We let the simulation model only
simulate the bus running, road conditions and the passengers’ activities, and let the knowledge-
based system act as controller, guiding the running of the simulation model. Different control
strategies and control actions can be implemented in the knowledge base. To test different control
strategies or control actions, only the knowledge base needs to be modified not the simulation
model. In this way, the integrity of the test results can be guatanteed.

» A feasibility study of such a system for on-line bus control.

The main structure of the prototype and its relations with the simulaton model are shown
in Figure 5.2.1. Quintus Prolog has been used as the development tool of the prototype: it
provides the backward chaining mechanism, and capabilities to interface with external C
programs.

We made two tests with the prototype: using different control strategies for different time
periods and testing the message board control policy.

« Using Different Control Strategies for Different Time Periods

Route 95 has different headway for different periods of time:

* 3 minutes headway for moming peak and afternoon peak,

« 5 minutes headway for day off peak and,

« 15 minutes headway for the evening.
As discussed earlier, it is appropriate to use different control strategies as a function of headway.-
This implies changing from a 5 minutes threshold headway control (between 5:00 and 7:00) to
a 3 minutes threshold headway control (between 7:00 and 9:00), back to 5 iinutes threshold
headway control (between 9:00 and 15:00), followed by a 3 minutes threshold headway control
for the PM peak (15:00 to 17:30). The control then switches to a 5 minutes threshold headway
control until 19:00 and finally to schedule control from 19:00 to 0:30. As a first step, we built
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Figure 5.2.1

the prototype for controlling those switches to see whether or not the simulation prograi can
communicate with and be controlied by the prototype.

The simulation program has been modified to interface with the prototype. Every 135
minutes, the simulation model will report to the prototype the current simulation time and the
current control policy, and will receive the instruction from the prototype to maintain the current
control policy or to change to a different policy. If the simulation receives an instruction to
change the control policy, it will output the bus headway performance for the current control
policy and reset the control parameters related to a different control policy. For example, if the
instruction says to change the control policy from 3 minutes threshold headway control to 5
minutes threshold headway control, the variable that represents the threshold will be reset to 5;
if the inétruction specifies to change the control policy from the threshold headway control to
schedule control, the flags of the control points will be set for schedule control (which means that
whcthe; or not the bus will be held at the control point will depend on the bus schedule).

The knowledge used to determine when to switch from one control strategy to another
is implemented into a rule-base representation. For instance, the planned headway is a series of

rules which checks the current simulation time (in seconds) then gives out the appropriate value
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(the planned headway). In Prolog form, it looks like the following: (all times are expressed in
seconds with time O being 5:00 am)

planned(Time, Headway) :-

Time >= 25200, Time < 32400, Headway is 180, !.
planned(Time, Headway) :-

Time >= 54000, Time < 63000, Headway is 180, L.
planned(Time, Headway) :-

Time >= 18000, Time < 25200, Headway is 300, !.

switch(H, OldHdwy, OldPolicy) :-
H < 600, OldHdwy is H, OldPolicy is 2,
print("’0\n’),told, Headway is integer(OldHdwy/60),
format(’~s~d~n’,["Keep the ’, Headway, " minutes headway conirol."]),!.
switch(H, _, ) :-
H < 600, NewHdwy is H, Policy is 2, Headway is integer{NewHdwy/60),
print(’ IN"), print(NewHdwy), print("\t"), print(Policy), print("n’), told,

formai(’~s~d~n’, ["Switch to ", Headway, " minutes headway control."]), !.

Once the prototype finds a planned headway for the current simnulation time, then it
checks if the planned headway is small enough to implement the headway control, etc., by doing
that, the prototype will fire other related rules until it comes to a decision.

« Testing of the "Message Board Control" Policy

The simulation program is modified to report the current stop and bus number, the
departure time of the previous bus, and the time at which the current bus is ready to depart the
stop. The prototype will operate the "message board control” policy which was described in
Chapter'4, and communicate the bus departure time according to this policy to the simulation
program. | S
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The knowledge used for this control policy is implemented in two parts: the facis and the
rules. The facts include the control points, the message that says to delay a bus for a certain

amount of time and the records of the buses, which left the conrol points. In Prolog form, these
facts are represented as follows:

control_point(’SH935’).
~ control_point("EE915").

message(Busld, DelayTm).

busrecd(Stop, Busld).

The "message” and the "busrecd"” are defined as a dynamic clause in Prolog: for the "message”,
a new message needs to be inserted into the knowledge-base when it is generated, and an existing
message needs to be erased from the knowledge-base when it has been read; for the "busrecd”,
every time a bus leaves one of the control points, the related "busrecd” needs to be updated. The
rule part of the knowledge-base contains the rules used to decide what should be done if the

current stop is a control point and the current headway is greater than the planned headway, etc.
The rule-base looks like the following in Prolog form:

control(Stop, _, CurTime, PreTime) :-
PreTime =< 0, control_point(Stop), print(CurTime), print("n"), told, 1. °
control(Stop, Bus, CurTime, PreTime) :- v
control_‘point(Stop): clause(busrecd(Stop, PreBus), _R),
CurTime > PreTime + 200, X is integer((CurTime - PreTime - 180)/2), .
min(90, X, DelayTime), assert(message(PreBus, DelayTime)),
print(CurTime), print("n’), told,
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dispinfo(Stop, Bus, PreBus, CurTime, PreTime),

print(Issued delay message\n’), erase(R), assert(busrecd(Stop, Bﬁs)),!.
control(Stop, Bus, CurTime, PreTime) :-

control_point(Stop), CurTime > PreTime + 200,

print(CurTime), print("\n’), told,

dispinfo(Stop, Bus, _, CurTime, PreTime),

print("The first bus leaving control point.\n’),

assert(busrecd(Stop, Bus)),!.

5.3 Some Testing Results of the Prototype

In X Window (an environment in UNIX), we first created one window to run the
prototype: the prototype then waits 1o receive the call from the simulation. We then create
another window to run the simulation. During the running of the simulation, the simulation
program will issue a request to the prototype, pause the running and wait for the instructions
from the prototype, receive the instructions from the prototype and then resume the running and
modify the related parameters if the control policy has been changed. |

We first tested dynamically switching control strategies for different time periods. The
tests show thai the prototype can work correctly with the simulation. However the results show
that neither the schedule performance measures nor the headway performance measures improve
by switching control strategy for different periods of time compared to either running the
schedule control scenario or the headway control scenario for the whole day. One of the most
important differences of implementing dynamic control switching occurs at transition time
periods. For instance, a bus which is scheduled to run during the PM peak period and the evening
period may be delayed, accord{ng to the 3-minute threshold headway control policy: that bus
would then be late for its evening trips, under the schedule control policy; no holding action
would be taken on that bus and bus bunching may occur. This would almost be similar to
_running buses under the no control scerario. Changes in the holding policies of in the real system
~may need to be implemeﬁted. For example, the holding policies may need to be adjusted so that
there is a maximum amount of time that a bus which operates in two different control periods
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is delayed. From a planning point of view, the schedule may need to be set to allow more slack
(idle) time at the end of a control period for buses operating in two different control periods.
Alternatively, the transit agency may consider the idea of dynamic scheduling of the buses.

We then tested the "message board control” with the prototype and compared the results
" with those obtained when that policy was implemented using a subroutine within the simulation
program (in C code). Implementing the "Message Board" policy through our prototype provided
no worse results than when this policy was implemented directly in the simulation code. Further
testing will be performed to confirm how much better the results are using the prototype.
However, using the prototype model as opposed to performing control actions by changing
directly the simulation code has several advantages. First as suggested above, it is expected that
results from external (the prototype) control will be better than the results obtained from internal
(within the simulation) control, since the "message board" policy has been refined in the
prototype: befor= executing any given message, the current headway between the bus to which
the message is destined and its predecessor is re-evaluated to check if delay is still needed based
on a more recent evaluation of actual headway at the time the message is read. Second, as
described in the last Chapter, there is a restriction for implementing the control policy in the
simulation program that there can be only one message at a time to be on the board, but for the
prototype more than one message can be maintained. Third, many stops can be chosen as
"message board" control points, while it is difficult to-do so using the subroutine in the
simulation program, simply because it will be t00.complex to maintain those “"messages” using
the subroutine. Fourth, with the prototype, it will be much easier to test different control
strategies: this can simply be achieved by adding the related facts and rules into the prototype.
The simulation program does not need to be modified and ré-compiled again and again.
Furthermore, more sophisticated control strategies may be experimented. For exﬁrhple, one can
combine one of the headway control strategies with dynamic re-scheduling of qle buses (where
the scheduled start time for each trip is not iiredeﬁned, but scheduled dynamically according to
the planned headway and the current route situation) on the simulation for the‘p.eak hours. The
benefits of such complex strategies may then be compared with the implemenmﬁoﬂ difficulties
for the real system. The snapshdt of the running screen of the prototype and the simq!aﬁon is
shown as Figuré 53.1. ‘
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6. General Conclusions and Future Pesearch

In this thesis, we propose the use of knowledge-based systems to help service corlu'ollcrs
to provide real-time control of buses in urban transit agencies. While the development of such
a systemn exceeded the scope of the thesis, we nevertheless developed a prototype model to
provide insight as to the usefulness and the effectiveness of such a system. In order to test this
prototype, we have to rely on a simulation model used to represent the movement of buses along
a specific route. A simulation model commissioned by OC Transpo and designed by CIGGT was
heavily used in our experiments. The model was designed to simulate buses on OC Transpo route
95. Our first task was o validate the model. The validation results show that in most cases the
model yields reasonable results compared to historical data especially for the moming peak
period, but further calibrations of the model are needed. New headway control strategies were
then presented and compared to other known control strategies. The goal was knowledge
acquisition for future use in the knowledge-based system. The statistical tests show our new
headway control policies ("Message Board" and hybrid policies) performed better than other
known control strategies. Implementation issues related to the various control policies were
discussed. A prototype of a knowledge-based system for on-line bus control was finally

developed and tested on tﬁe simulation model. The results show the prototype 10 be a promising
|
alternative for real-time bus control.

6.1 Future Research I‘ ‘

As mentioned in Chapter 2, the simulation model which OC Transpo asked us to use in
this research seems to behave at times in a manner that is somewhat counter-intuitive.
Speciﬁcally, the implementation of a control action seems to affect the breakdown probabilities
for busses. Our best judgment is that we can use the model to get general comparisons of the
effects of alternative control policies by turning off the questionable function, i.e., bus
breakdowns. Through such simulations, we believe we can establish the relative performance
of various control stmtegies However, the actual numbers (e.g., time, percentage of early busses,
etc.) may not be too accurate. While this kind of behaviour typifies many uscful simulation,
models, we recommend that the breakdown module of the model be modified appropnately This
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is particularly important since bus breakdowns occur on a daily basis. It is precisely for these
reasons that we did not test intervention policies for breakdowns. The simulation model needs
further calibration and validation to yield more accurate and reliable results compared o the real
system.

Different control strategies should be examined, especially those that offer dynamic re-
scheduling synchronization, and that take into account factors such as giving more importance
(heavier weight) to certain stops at different times during the day.

More work is needed towards the development of the Knowledge-Based system that can
provide on-line bus control assistance. More knowledge needs to be gained from both the human
controllers and simulation experiments to identify which control action is most effective given
certain conditions, and under what circumstances a given action is most appreciate. Models and
algorithms are needed that will effectively integrate the facts (e.g. bus schedules), the decision
rules (e.g. the various control actions and their merits and weaknesses) and real-time information
gathered by AVLC to provide better recommendations as to the best course of action.

Rule-based reasoning is a method that can be used to represent the "common” knowledge
dealing with general cases. Recently, more and more researchers have been studying the case-
based reasoning mechanism as a new knowledge representation method dealing with each
particular cases. Apparently, a major part of a human controller’s knowledge is accumulated from
his day to day experiences, i.c. accumulated from all the cases he experienced. Therefore, a case-
based reasoning mechanism may provide a better way of representing a human controller’s
knowledge and the possible way of implementing it in the knowledge-based system needs to be
explored.
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Appendix A

The purpose of this Appendix is to provide more technical background behind the porting
of the simulation from the Vax platform to a Sun work station running Unix. This will be most
useful for future developpers of the simulation model. It is thus assumed that the reader of this
chapter wiil have sufficient technical background to follow the discussion. For the interested

readers of this chapter, the related information can be found in [4], [12).

1. Modifications of the functions dealing with the keyboard

For Sun "SPARC station ELC", the code sequence that represents the special keys on the
related keyboard are as shown in Table Al.

Key Code Sequence Key ) Code Sequence
’» F1 "E'T TP F2 | B\ A R M
F3 NE' P13 F4 NEC[ 1 4
L F5 NE[T 'Y 'S F6 1A S R S A
F7 NE''["'1" '8 F8 " NE' L9 T
|; F9 NE[P2 0 - F10 NE' [P '2N '
Page Up NE' [ S’ Page Down NE' [ 6 '~
“ Delete \27° Retun O’
Up Armow | . NE [P A’ Down Arrow "NE' [’ 'B’ '~'
Right Arrow NE' P C Left Arrow NE' [ D~

where "E’ means the Escape key: its ascii code is 27.
Table Al

The keyboan:l control actions are: check if a key is pressed, determine which key is
pressed and’ determine if the key being pressed is a function key or not. Those types of things
can be done only by a system call "iocti(fd, request, arg)” that requests the Kernel to perform the
desired actions. "idctlo;‘ performs a Spécial function on the object referred to by the open
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descriptor fd. Here fd is equal to 0, since for a default format, O means a standard input object
(normally it refers to a keyboard).

The request codes for particular functions used in the program are as follows:
FIONREAD: Get the length of the keyboard buffer, if the length is equal to zero, it
means there is no key been pressed. Otherwise, it gives out the number of
characters that have been stored in the keyboard buffer.
FIOCGETP: To get the system data structure sgttyb, which is used for manipulation of
the screen.
TIOCSETP: To reset the system data structure sgttyb.
The arg is a pointer to data :0 be used by the function or to be filled by the function.
The system head files <sgtty.h> and <ctype.h> should be added into the head file
"machine.h" and some of the constants declared in "machine.h" referring to the definitions of the
keys should be changed as follows:
#idefine CURSOR_UP 65
fidefine CURSOR_DOWN 66
#define CURSOR_RIGHT 67
#fidefine CURSOR_LEFT 68
#define PAGE_DOWN 14

#define PAGE_UP 16

#define F1 201
#define F2 202
define F8 208
gdefine =~ FO 209
fidefine F10 210

For different types of work stations the function-key codes are different especially for
function keys F1 to F10. In the head file "machine.h” F1 to F10 are arbitraﬁly defined as
constants 201 to 210. Once one of the function key F* (¥ is within 1 to 10) is recognized the
program will assign the constant defined in the head file "machine.h" to the key.

In the function "BOOL KeyBoard_Hit(BOOL _*IsCommand, INT2B *CharValue)”, the
program first uses the sysiem call "ioctl(0, FIONREAD, &inpchar)" to check if there is no input
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character in the keyboard buffer, in which case the function returns "false”. If the keyboard buffer
is not empty, the function reads in all the characters in the buffer consecutively and check if it
is a special key such as Delete Key, Return Key, Function Key, etc. . If it is one of those special
keys the function set the pointer *IsCommand to "true”, otherwise set it to "false”. In that case,
an appropriate value will be assigned to the pointer *CharValue and the function retumns "true”.

The detailed logic relations are shown in Figure A.1.

Keyboard Buffer Empty?
N

Get 1st Chamacter in Buffer

Is it a Control Character?

Is it Recognized? N ‘
/ Numerical &
azr \IT Y “E Alphabut Characters,
) ¥ ( Retumn 'False’ ) Command Key is Felse
Delste Return Get next Char
Key Key from the butter
+

Iait'y or'2?
‘N8’ 'C'l'D’
-
or ot
Fl, v, FB F9, F10 { s
Depends on Dapends on
Neaxt Character Next Charactar

rCommand‘Koy is True |

C nm: Tue' )

Figure A.1

2. Modifications of the functions dealing with the terminal
In the simulation model, a terminal is used for two purposes. One is to display different

menu windows to allow the user to select an option as well as'selections of various parameters
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used to run the simulation. The other purpose is to display the summarized intermediate running
results. The functions that need to be implemented are defining the screen, positioning the cursor
on the screen, writting a character at the cursor position on the screen, writting a line of
characters on the screen, erassing a character at the cursor position on the screen, erassing a line
of characters on the screen, clearing the screen and refreshing the screen, etc.

The screen-handling tool curses, which comes in the form of UNIX C libraries, has been
used to replace the screen-handling tool which comes in VAX libraries counterpart. "curses”
allows the programmer to generate a data structure called a window, which corresponds to all or
part of the physical screen. Characters can be *written’ into this window at any position. The
system head file <curses.h>, which defines the data type related to the window, must be included
in the main program "ops_main.c". The structure pointer *Win of type _win_st, where _win_st
is defined in <curses.h>, must be declared in the head file "variable.h" and also be declared in
the head file "external.h” as an external variable. The screen manipulations that are supported by
the system and will be usecl_\ in the simulation are the following:

Win *initscr() The first routine to be called. This will determine the terminal type

and initialize all curses data structures.

Win *endwin() The last routine to be called before exiting the program. This

routine will reset the terminal into the proper non-visual mode.

Win *newwin {nlines, ncols, begin v, begin x)

Create and return a pointer to a new window with the given

member of lines (or rows) alines, and columns, acols. The upper
left comer of the window is at line begin y, column begin x,

wrefresh(Win)0 This routine must be called to write output to the terminal, It
copies the named window to the physical terminal screen, taking |
into account what is already there in order to minimize the amount
of information that’s sent to the terminal.

wclear(Win) This routine insures that the screen will be cleared completely on

' the next call to wrefresh() for that named window, and repainted
from scratch.
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wmove(Win, y, x)  The cursor associated with the named window is moved o line
(row) y, column x. This does not move the physical cursor of the
terminal until wrefresh() is called. The position specified is relative
to the upper left corner of the window, which is (0, 0).
waddstr(Win, str)  This routine writes all the characters of the null-terminated
character string str on the named window.
Initializing the Screen
The terminal screen is initialized and defined in the function "VOID
OpenVinDisp(VOID)" as follows:
initscr();
Win = newwin{24, 80, 0, 0);
where the size of the screen is defined as 80 (columns) X 24 (rows).
Writing characters and strings
Writing a character to a specified position on the screen is done by first calling the routine
"wmove(Win, y, X)" to move the cursor to the position y (row), x (column), then writing the
string (a string ended with a null character) to the screen, and finally calling the routine
"wrefresh(Win)" to display the character on the physical terminal. To erase a character at a
specified position oﬁ the screen involves the same procedure as writing a character on the screen
but letting the character be a blank. | |
Mode Setting
The terminai can be put into and out of CBREAK mode. In CBREAK mode, characters
typed by the user are immediately available to the program and erase/kill character processing
is not performed. Wﬁen in NOCBREAK mode, the tty driver will buffer characters typed until
a NEWLINE or RETURN is typed. Interrupt and flow-control characters are unaffected by this
mode. |
| At the beginning of the program, the terminal should be set to the “"echo off” mode by
calling “ioctl(0, TIOCSETP, &my_sgb)" in the function "VOID OpenKeyBoard( VOID )". That
will enable the user’s pressed keys to be buffered and processed separately. Before exiting the
program, the terminal should be set back to echo on mode and the routine "endwin()" must be
called to restore the original screen, Those functions willlbe realized in the subroutine "VOID'.
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ErrorMsg( BYTE cModule[], BYTE cEmorDesc{], INT2B nEmorType )". One case of JOBFIN
is added to the subroutine to handle the case where the simulation job is finished and the terminal
should be restored. If a fatal error occurs in the simulation or the simulation run is completed,
the main program will call this subroutine to finish the program properly.

Every time one of those screen manipulation routines is called, the terminal should be set

to NOCBREAK mode to enable those screen manipulation routines to execute properly. After
calling those routines, the terminal should be set back to CBREAK mode to enable the user’s
pressed keys to be accepted by the program immediately and processed accordingly.

3. Modifications of the file manipulations
In order to run the simulation, one of the scenario files, which defines the scenario to be
simulated, must be loaded into the program. The original program displays the name of those
scenario files one by one to let the user choose one of those listed scenario files to be loaded into
the program by calling the VAX library functions to resolve the wild files that match the name
"195_day*.dat". Since there is no similar functions supported by the UNIX system, the names of
the scenario files must be stored in a separate file "scenfile.name” before the running of the

simulation, which will be read in the function “étruct sFileList *SelectFile( BOOL bSaveFile )".





