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The research undertaken in this study is related to the
investigation of bus priority measures in urban areas. The work has been
concentrated on.?he evaluation of the effectiveness of high-flow median
bus lanes prior to their suggested targe-scale field implementation in the

metropolitan areas of Brazil.

A comprehensive Literature review identified the exfent to
which bus priority schemes have been investigated. 1 included crificél
comments on previous studies. Simulation was adopted as the method of
approach. A microscopic model was formulated fo reproduce the traffic
behaviour of all classes of vehicles travelling on a section of a one
directional multi-lane urban roadway. The specially constructed computer
program, set in a modular format, enabled the representation of both
bus priority and non-priority configurations. The 'do-nothing'
situation was characterized by all vehicles sharing the use of the road
space while in the 'priority' situafion the median lane was reserved for

the exclusive use of bus:s.

Parflcular emphasis has been given to the calibration and
vaL1daf|on sfages of the model. Traffic -data was mainly obfained from
“time lapse films taken in Brazil. Comparisons between predicted and
observed measures of effectiveness showed that the simulation model
could adequafely descrlbe traffic behaviour over a wide range of

condlfions

The effects of geomeTrlc and bus operational aspecTs have
been examlned by appLyanq The model fo alTernaflve configurations. The; .
cases sTudied |nctuded such measures as the adoption of bus platoons, o

dufferenf;slgnay progressaon techniques, bus stop locations and cycle_jimes;.

Ty




1. INTRODUCT ION

1.1 General background

fransportation plays an essential role in the process of
economic development. It is a complex activity, expressing the spatial
interactions between different elements of the sociceconomic system,
The growth of economic activities and population in most Latin
American countries in the last few decades, together with industriatization,
rapid urbanization and increasing levels of per capita income have
caused increased demands for faster, more reliable and more flexible
passenger transportation. At the same time, energy importing countries
have faced a growth in the real cost of energy relative to other factors
of production. Consequently, the transport sectors of these nations
have been increasingly concerned with the urgent need to improve urban

transport efficiency.

W|Th:n this context, the research reported in this study
is concerned with the operaflon of urban bus systems, Quite often buses
are the only means of public transport avallabie and therefore the
traffic engineer must become invelved wlfh mefhods that encourage

' efFIC|enf and rational bus operaflon

. The most common technique used in urban areas to giVe bus
priority over other traffic is to allocate special lanes for their |

exclusive use,

1.2: 0Objectives

Over the pasT years most of the reserved tLanes |mptemenfed

have been of the 'with-flow' type where buses travel in the same

~ direction as the general traffic. In this thesis, the work has been

confined to the investigation of the operation of buses on urban median =

'with-flow' bus tanes. The importance of this area of study arises from é:_"

-Braz:l|an governmental POl|C|es which have recommended the 1mp{emen+af|on§

- of such Lanes fo traffic situations usually encountered in mefropotifan _* .

..areas, i. e, high flow of buses travelling on multi-lane radial ar+er1es




Y

Initially, the objeclives of this study were defined as:

a. the identification of the adequacy of bus lanes aspriority
measures,
b. the investigation of the extent to which bus priority

schemes have been examined by previous studies.

A comprehensive and critical literature review was therefore
undertaken and gaps in the existing knowledge were identified with
specific regard to the aforementioned Brazilian conditions, |1 was
concluded from the review that the potential for median bus lanes

in urban areas had not been adequately established.

1.3 The study

This step involved the selection of simulation as the method
of approach to investigate the effectiveness of high—fléw bus lanes.
A computfer based microscopic model, capable of simulating the behaviour
and response of traffic undef a wide range of bperafional conditions,
was férmuLafed. The main measures of effectiveness compiled by the

model were travel time and energy consumption. The model was

.caLibrafed;and validated with the help of field data collected in
- Brazil. This tool was then applied to the evaluation of alfernaflve

geomefrac and bus operational conflguraflons




2. REVIEW OF BUS PRIORITY TECHNIQUES

Z2.1 Introduction

Providing priority treatment for public transport is not
a new or revolutionary concept. Young {1} reported that as early as
1914 a dual carriageway road was built by the city of Liverpool which
incorporated median sfrip reservations for trams. At that time,
companies providing public transport were frequently allowed special
operating privileges to compensate for the public service they
offered and the regulated fare consfraint under which they were
obliged to cperate. Where bus service replaced tram service, and
competition for roadway space emerged between buses, cars and lorries,

various traffic engineering measures were applied to provide bus

priority.

In the United States, the Clean Air Act of 1970 that
fequired the reduction of vehicular emissions in large urbanized
areas has been the major force used to expand public transport funding.
Also, as a consequence of the 1973-74 energy crisis, policies and
technologies to make the movement of goods and persons more energy
effiéienf received considerable legislative attention because the
transportation sector accounted for about 60 percent {2} of petroleum
use in the US. In 1975 the Urban Mass Transportation and Federal
Highway Administirations regquired regional Transportation Improvement
- Plans to include and thoroughly consider any possible low-cost,
“short-run methods of expanding the effective capacity bf existing
hiqhways transit and related networks. Priority techniques for
hlgh*occupancy vehlctes was one of the ma_jor potlcy ‘options under the
‘recommended guidelines {3}. The combined effects of environmental
: cohéérn enerqy conserva%lon and planning requlremenfs has produced
:a +remendous expansion. of the use of preferenflal bus lanes within

American urban:zed areas in the Last decade.

In Britain, the Road Traffic Regulation Act 1967, as
_"reV|sed under the Transpor+ Act 1968, provided legislation whlch
'.‘S!mpllfIEd procedures .and w:dened the powers of highways aufhorl+|es

tfo resfrlcf the ‘use of streets or lanes to speclf:ed cLasses of




vehicles. in 1969, the Minister of Transport set up a working group
to look into urban transport problems which recommended the introduction

of a series of Bus Demonstration Projects {4}.

A number of studies have been undertaken to describe the
"state-of-the-art' of bus prioriiy fechniques as a result of the
appreciable number of schemes that have been introduced throughout
the world during the last two decades. In 1966 brief details of bus
priority schemes then known to be in operation in Britain were
published in a circular {5} by the Public Transport Association,
Constantine and Young {6} contacted local authority engineering
depariments to ascertain the extent of priorities in Britain. The
survey reported 35 instances where reserved bus lanes had been
institued or were in the development stage. Brower {7} mentioned a
number of examples of traffic lane separation in 10 European countries
and in the USA. A circultar from the Public Road Transport Association
{8} tisted 45 British towns and cities where bus priorities were in =
operation in 1969. In 1972, Merin {9} presented reports on the status
of projects involving exclusive or preferential treatment of buses on
highways. Bus priority was acknowledged fo be a measure of extreme
imporfance by the NATO Committee on the Challenges of Modern Society
and was included as one of the five projects in the Urban Transportation
Pilot study which commenced in 1973. Among the objectives of the
study {10} were: to produce a State-of-the-art' of the various types of
échémes {including practical examples), to give quidance en the suitability
' of the différenf priorities, to identify gaps in the avaitable knowledge_
~and to make recommandations. Levinson et al {11} documented more fhan _
200 existing and proposed preferential bus facilities world-wide. AparT
from recommending needed research, economic and social benefits and
costs were also identified. In 1974 in the United States, the Urban
'_*Mésé Transporfafion_Admﬁnisfrafion {12} described its research,

;Hévelopmenf qnd demdnﬁffafion projects in several areas including

those on bus priofify sysTems; The United States Department of
Transportation {13} pfesenfed an overview of priority techniques
~designed to make more accessible the body of knowledge that consflfued
‘|n 1975, the 'state-of-the-art' in priority technigues for buses,
" The Organisation for Economic Cooperation and Development {14} produced

an inventory of bus lanes and accompanying measures in member coum‘riés.r.?E




A bibliography {15} that comprised 350 references of studies on bus
.briorify Llanes was compiled by the tnterrnaliconal Union of Public
Transport, Richardson and McKenzie {82} provided an assessment of
techniques for priority lane projects with a view to defining methods

of providing priority lanes under Austraiian conditions. Various bus
system improvement projects are included in the reference source
compendium {16} assembled by the LEA Transportation Research

Corporation in 1977. A report {17} by the National Bus Company described
briefly the 725 schemes operating in Britain at the Autumn of 1977. The
features of the schemes are summarized in fiqure 2.1, Runnacles {115}
reviewed selected approaches to bus priority in a number of West
European countries noting how they differ from each other and from the
British experience. Bennett and Elmberg {49} conducted a study whose
objective was to review the extent to which different types of

priority were used in various parts of the world., The purpose of a
report by Fisher and Simkowitz {18} was to describe, summarize the
results and draw implications of high occupancy vehicle preferential
projects in the United States. Crowell {2} Limited his review to

high occupancy vehicle lanes within central city locations. His report
represenféd an analysis of the questionnaires responded by traffic
engineers employed in 54 cities in North America. May and Westland {22}
provided an inventory of Transportation System Management projects,
including bus_priorify treatments, which have been implemented,

'evatuaféq and documented in six selected European countries,

2,2_ Objectives of the schemes

Objectives for the introduction of bus priority schemes include

the fulfilment of social, political, economic and environmental aims:

a. they supply means of improving mobilffy by enabling & more

efficient use of the existing roadway system,

Hb.'_%hey provide motorist with a reasonable alternative to their

| 'privafe vehicles. Although isolated schemes may not lure
drivers from their cars, composite schemes incorporating
bus priority as part of the package may cause appreciable

iransfer from car to bus.




c. they enable economic benefits to arise when, along the
road, maximum person flow with minimum net person delay
is achieved. This is likely to cccur when the bus
passenger flow is high and the method of giving priority

to does not penalise other vehicles to a great extent.

d. reductions in bus operating costs can also be experienced
by & possible reduction in the number of buses and staff
required during peak periods. !t is also reasonable to

expect bus fuel consumption improvements.

.e. they provide a better service for those citizens who depend
on buses,

In some cases more limited cobjectives, such as the improvement of the

image of public tranmsport, have been quoted.

2.3 Different bus pricorities

Most bus priority treatments consist of reserved bus
lanes and are implemented on city centre roads. A typical example of -
~a major metropolitan area system is shown fn figure 2.2, Freeway-rel ated |
treatments are relatively few in number and are, in most of the cases, R

found or proposed in large American citfies.

Longitudinal priority separation of travel ways can be

provided in a variety of forms with respect to {23}:

E-F  §ype of way - type, method and degree of separation of bus
~ travet way _ :
:_ i. mixed traffic lanes - no special arrangemenf for buses
- i1. exclusive bus lanes - physical separation from ofher
| traffic Is used 3
'incLudes:‘median lanes, bus sfreets and busways,
" jii. bus lanes - no physical separation is used

“inctudes: kerb lanes and contra-flow lanes

.{:élignménf - the characteristic that influences the type of é;:Hﬁgé
: service ' o
i. city roads and arierials

ii. freeways




iii. independent alignment

c. travel direction - vary depending on the availability of space
i. one way - only one direction is chronicat ly congested
i1, reversible - can be used for opposite directions during

the two peaks

iii. two way - provides priority treatment for both directions

d. duration - time of priority operation
i. single peak period
ii. both peak periods

iii. permanent

e. vehicles - classes alLowed on the priority faciltities
i. all classes of vehicles - refers to mixed traffic
1. buses and high occupancy vehicles
iif. buses

For the purpose of this work it may be useful to describe the
characteristics of the most common bus priority schemes adopted on
arterial and city roads: bus tanes and priorities in mixed tfraffic flow.
Although bus streets, busways and freeway related Techniques are more

briefly mentioned, references relating to them are also included.

'2.3.1 Bus lanes

Bus lanes, in general, serve major concentrations of buseS:
in areas of frequent congestion. They are a common form of priofify '
treatment and many cities have implemented them on central-area and
radial:kOads. According:fo the definition of the Institute of
Traffic Enginecers {24}5 '

© MA'transit lane is that portion of the roadway devoted
 eniirely fo the use of transit vehicles (1) in motion

- {2} in the act of receiving or discharging passengers,
-and (3) when sfopped in response to street traffic
controts. Other vehicles may enter, leave and cross
fhis Lane only when permitted but may not substantially
inferfere with the fransit vehicle movement in the lane.
Trensit vehicles may use other street Lanes on a
street where a transit lane is established only when




permitied but under no circumstances may they make

service stops outside the Trangi Lone. The purpose
of the transit Lane is to segraqgale fransit fraifie
from other vehicles and 1o pravent inierference of

one by the othar."

Bus lanes operate in either normal-flow or contra-flow

mode. The different types of busg Lanes are illustrated in Figure 2,3.
2.5,1.1 Normal -f Low
Cefinition

Normal~flow Lanes permit buses to operate in the same
direction as the adjacent normal flow lanes and act as queue jumping
devices by which buses are allowed 1o by-pass the non priority vehicles
waiting at traffic signals. White the reserved lane is normally the
kerb lane, median bus lane schemes are an alternative possibility,
Also, normal-flow bus lanes are sometimes used to create bus-orientated
‘one-way sireet pairs. Figure 2.4 includes typical American kerb and
median bus lanes with the appropriate marking and signing. The layout
of a typical UK kerb tane, including signing, is presented in figure
2.5,

'_ 2.3.1.1.1 Kerb lanes

Applica+ion,.design and operating features

- Kerb lanes are the most common measures used to provide
cpriority for buses in urban areas. They have the following

. main design:and opefafing features:

a. Parking and loading - have to be prohibited during

.the hours.of bus Lane operaticn.

b. Hours of operation - kerb lanes can be reserved during peak

hours ‘only or throughout the whole day,

e, Width -~ a minimum of 3 metres is normatly required.




d. Sethack - the length of the setback (illustrated in figure 2.5)
is selected in order that {10}:
i. the kerb ltane carries, under nearly saturated conditions,
the same pcu flow as each of the offside lanes
ii. all buses pass through the junction during the first green
period.
Priority tanes with setbacks fend to be used with short
secfions of priority lane where the main objective of the tane.
is to allow priority vehicles fo jump the gueue caused by
isolated intersection iraffic signals and other bottlenecks,
On the other hand, priority lanes which are continuous through
signalized intersections are usually related to long priority
lanes {82}. More details on the selection of the appropriate :

setback are given in section 3.4

e. Taper - to allow & safe manoeuvre to non-priorlity vehicles
merging into a smatler number of lanes. A minimum taper valué:‘

“of 1 in 10 is recommended for use in the UK {10}.

f. Lane use - apart from emergency vehicles, taxis may be al lowed
to use the priority Lanes where total bus volume is under 60 |
buses per hour {19}. In the normal UK practice bicycles may
also use kerb bus lanes, Buses are only recommended to leave

1 the bus lane if they are reguired fo pass a stalled vehicle
| {19}. Careful consideration must be given to non-priority

 ] turning vehicles as they may disrupt the bus lane operation.

Where pedesfﬁian crossings are heavy, the prohibition of righf.{? s

‘ turns -(left in UK), for vehicles other than buses, improves
 bus efficiency. On fwo-way streets, left fturn (right in UK)
?\movemenfs may have to be banned in order to increase lane

'éfficféncy Left turn {right in UKf by buses require bus
weavung from kerb to median lanes and some special sign confrols

o {1 1} may be adopted (see figure 2,

:g:’TraffIc separation -~ solid white lines and clear siqning of
‘bus lanes are necessary both for safety. reasons and operaf:ona[

: eff:caency




Advantaqes and disadvaniagns

Kerb bus lanes, oparating in Ihe same direction as Ihe traffic
ftow are relatively easy to implement. fhey involve minimum changes
in road routing and are, therefore, cheaper to implemen! than median
and contra-flow lanes. Their use can be restricted to peask periods
only, atlowing the lane to be used by mixed traffic during non- prlorlf)
hours. However, they are often difficult to enforce since non-
priority vehicles are aftracted to the kerb lane due to its free-

running conditions.

Loading and unloading, as well as parking, may have to be Limit
to non-operational hours. In some occasions, the adoption of such a
bus lane may cause an increase in traffic congestion for non-priority
vehicles {I0}. This congestion may induce diversion and further congest

10 neighbouring streets.

Kerb bus lanes are usually slower than other types of Llanes
due *o marginal friction caused by closeness to kerb, trees, poles and
pedestrians, Furthermore, they have their effectiveness diminished whe!
used in cities with inadequate enforcement of iraffic controls and

chaotic street conditions {23}.

2.3.1.1.2 Exclusive median !anes

Application, design and operating features

ExCLUS|vo median bus lanes are located in the middle of two- way,é
multi-lane roads, often using the median right-of- -way formerly reserved
for tram operation. They are well suited for express bus services
”'operafing atong wide multilane arterials. Buses in such Lanes,

N operaflng nonsiop or limited stop, could exceed peak-hour car speeds
' {19} Median lane projects should include the fol[owung design and

'operaf:ng features:

a. Pedestrian istands - at bus stops, islands separating the median-<
bus Llane from the adjacent traffic lanes must be wide enough
for passenger safety. It is recommended to maintain a minimum

island width of 1.5 metres {19}, Access to these safety islands’




must be provided at the stopping place for passengers

boarding and alighting.

b. Hours of operation - although median Lanes are usuatly in
effect throughout the day, parl-time lanes can also be

orovided,

c. Widih - a minimum lane width of 3 metres is recommendad

for one-way operation {19}.

d. Lane use - even if a median bus lane is adopted for parit-
time use only, it is recommended fo keep the transit vehicles
operating in the shared centre lanes during the off-hours
with stops being still made at the designated loading
islands {26}. There is no reason to restrict right turning
(left in UK) by general traffic since these movements do not
affect the operation of the bus lanes. Left turns (right in
UK) by non-priority vehicles must be prohibited, if two-way
centre lanes are established, and replaced by three right
turns. Buses leaving the bus lane can merge directly with
general traffic. Special traffic signals have to be adopted

where left or right turns by major bus flows are reguired.

e. Traffic separation - solid white lines can be adopted in the -

separation of the bus lane from the general traffic lane {i9}.

Advantages and disadvantages

_ The location of bus lenes in the middte of -a roadway resuLTs |n e
'jfhe removaL of bus conflicts in the kerb lanes due to commercial _' |
delegrles, parking and right turns (leff in UK)? Such Lanes are fasfér
than kerb lanes {23}. in some situations they may be used in conjuncfibn
with a bus preemption system of signal control. The capacity of a median
bus lane can be further |ncreased by raising it over critical anfersecflons
{25} Median bus Llanes can bedesigned to allow future conversion to

raJL:pr:other fixed guideway systems.

OnLy reLaflveLy wnde streets can be used because of the
'7nece551fy of accommodafing the median pedestrian refuge. Bus sTop

'placemen+ requires passengers to cross lanes to reach the buses ‘Thé




alleviation of the right furn Cleft in D<) traific problom, that oxists
with the kerb lanes,is replaced by the prohitition of left furns (right
in UK in order to minimize fthe interfereonce from users of the median
lane pricrity facility, but, where lafl tarng {right in UK) where
previously prohibited this ceases to be o problem.  Either buses must
be adapted for leff-side (right in UK) passenger loading and unloading
or separafe loading islands must be installed {(see figure Z.4).

The speed of non-priority vehicles may be increased both along the

priority and on adjacent sireets,
2.3.1.2 Contra—flow
Cefinition

Contra-flow bus lanes enable buses to operate in the opposite
direction of fhe normal traffic flow. In the great majority of the
cases, they are installed in one-way streets and make use of the kerb
lane, being separated from the other traffic by a continuous
pavement marking. [n some cases, fthe reserved bus lanes are atso made
available to faxis. An example of a contra-flow bus lane with typical
UK signing is shown in figure 2.6. Typical American contra-flow bus

lane markings and signs are included in figure 2.4.

- Application, design and operating features

Contira-flow bus lanes are usually found in town centres which
contain a targe element of one-way traffic. The bus lane should not
Ccause an unreasonable reduction in the peak-direction capacity for other
“tratfic, unless such reduction is an integral part of regional

transporfation policy objectives {19}.

some design and operating features of the contra-flow bus

Lanes include:

a. Parking and loading - kerb parking and standing have to be

prohibifed during hours that bus lanes are in effect,

b, Hours'of operation - normally they operate 24 hours a day.




c. Width - geperalty aboul 5 metros wide, wilh o max imum widlh

of 4 m where only paint separation is usad.

d. tane use - buses and emargency vehicles only,although texis
may be permitted in the lanes where peak bus volumes are less
than 60 buses per hour {19}, Buses should only leave bus

lanes in emergencles caused by stalled vehicles.

e, Traffic separation - the most fréquently adopted practice, in
order of popularity {20} are:
i. a confinuous white Line of width between 15 and 20cm;
ii. a2 double white line
iii. continuous concrete kerting
The physical separation should be mountable to permit buses to

pass stalled vehicles,

Advantages and disadvantages

Unlike the normal flow lanes, the conira-flow technique

is largely self enforcing, Contra flow bus lanes permit the retfention
or restoration of bus services along the routes used prior to
implementation of a iraffic management scheme. By permitting more direct
bus routing, considerable savings in journey distance can be achieved,
and therefore, much greafer benefits than normat flow lanes may arise |
from their application. Also, it is generatiy desirable, from the

 poinT of view of the bus passenger, fo keep together the inbound

and outbound routes of -a bus service.

A major disadvantage is that the pedestrian accident
hazard is increased by buses running in the opposite direction to the
.normal :one-way flow. This problem seems to be most acute during the
inifial-months -of operation. Also, the lanes may complicate loading -
-and access to adjoining properties since the simple solution of

allowing loading and unloading to take place in the lane at certain

times of the day is rarely possible due to physical separators,

accident risks and statutory requirements. Some furning ' - é
..conflicts -with opposing traffic are reFInTroduced,,and, on one-way . %
streeis with frequent signals, buses may have fo operate against the %'.

~signal progression. The delays of buses travelling against a "green Wa%e"ﬁ:'J




can be minimised by selecting & convenient sequence of near-side and

far-side stops {23},

The instaltation of a conira-flow bus lane requires
special junction design, signs, signals, pedesirian barriers,
Therefore, its implementation is considerably more expensive per
unit length than that of a normal kerb lane {10}. in practice,
modification of the junctions at the two ends of a contra-flow lane
may cause extra delay to non-pricrity traffic and even, in some

cases, To the priority traffic itself {21}.

2.3.1.3 Practical applications and results

A large number of bus priority schemes and traffic management
schemes which include an element of bus priorify have been put into
practice throughout the world. The National Bus Company {17} have
listed more than 700 schemes operating in Britain alone. However,
not all schemes have been quantitatively assessed and in some cases
fhe complexity of the schemes has been so great that true assessment

-has been virtually impossible.

Space does not permit an extensive documentation of the
many prlorlfy projects implemented, but tables 2.1 and 2.2 provide
@ summary of the main results found by the adoption of bus priority

Lanes in several cifies_of the world.

~2.3.2 Bus priorities in mixed urban traffic flow

_ Bus priority treatments in mixed traffic flow include
'.priorlfy at traffic signals, priority manoeuvres at Junctions and the

| lmproved location of bus stops. They are usually applied in s:Tuaflons,j
'where bus flows do not justify the allocation of a whole lLane to buses,
"or_where for other reasons, such treatment is not appropriate.
'Nevéffhetess these preferential measures can be used in combination

wnfh 1he bus priority schmes described in previous sections,.

S ~ Comprehensive traffic schemes combine town and traffic
plannrng measures with pubtic transport improvements. Some of the
fmeasures adopted in the creation of such schemes are also menfioned
in this section, ‘
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2.3.2,1 Priority at traffic signals

Traffic signals represenl one of the major causes of bus
delays. |t has been found that delays caused by traffic signals account
for more than half of the overall bus delay time in urban areas {11,38},
In some instances these delays can be substantially reduced by

controlling traffic signals to favour buses.

In order to improve the operational performance of the
buses, the priority at traffic signals canbeprovided in area traffic
control schemes or be limited to isolated intersections. Results
obtained in some European cities have been briefly presented by May and
Westltand {22}. Bus signal adjustments include passive and active

systems,

2,3.2.1.1 Passive system

Passive bus priority fechniques at traffic signals only
acknowledge the presence of a bus in terms of the timing pattern. The
predetermined timing pattern is not affected by the presence or
absence of buses. Such techniques require the retiming and re-phasing
of signals, giving priority to buses in area wide timing plans |

~and metering of vehicles,

Adjustment of cycle length. The provision of sﬁor% cycle . |

times at intersections carrying an appreciable flow of buses_wi[t
generally benefit the buses {10}. If reduced cycle lengths increase
congesfion tfo the point of affecting bus operation, this measure will

" be counfer -productive. The introduction of a bus Lane on the approach
fo ‘the Junc#ton will benefit buses from the queue-jumping aspect of
the bus lane and. from the shorter delay the buses will face due to

. the shorfer cycle fime.

- Santhng of phases. Phase splitting is a way of reductng ;?.

‘ The effective cycle length for buses without: necessar|ty changsng ‘the

_ overali cycle length, - This Technlque requires a minimum of two nonbUS‘7f.
' _Trafflc S|gnaL phases for each bus phase or, as a m:nrmum a fhree—

phase operaflon with buses on only one of the phases.




In figure 2.7 a three phase operalion with ihree phases
A, B and C is represented. Buses travel on the main street and make
use of phase A only. The normal phasing would be ABC. A bus arriving
at the end of phase A would be delayed during phases I3 and C.
However if phase A is split in fwo, a new phasing system ABAC could be
achieved. Buses would, now, not have to waif longer than phase B or C.

The net result is & reduction in cycle length for vehicles on phase A,

This technique was successfully used in Bern, Switzerland
{40}. Field experiments were conducted in New South Wales to test
the applicability of this form of bus priority to Austratian conditions.
A statiscally significant reduction in delay to buses caused by

traffic signals was reporfed {41}.

Areawide timing plans. |In areawide traffic control

timing plans, priority to buses can be achieved by:

a. converting buses in passenger car equivalents in order to

give more green time fo phases being used by buses;

b. fraffic signal coordination where progression of buses is

~ taken in consideration.

_ It is common practice to cocordinate on a fixed-time basis
the fjmings of signals at adjacent junctions. The benefits arising
from cpofdinafion are considerable. The reduction in detag to
vehicles using the network gives savings in passenger, driver and
yehfgle fime,énd fuel and maintenance costs. Benefits in terms of
fuel efficiency result from a decrease in the number of vehicle stops

"_ and some evidence points to a decrease in accidents {42},

Manua[ and graphicat methods are the least sophisticated
“%echnlques of deT@rmin;ng the progression for the signals. Although
'these_methods may. be difficult when applied to lLarge networks, they can
"_effecfively_be used in a grid of one-way streets. On the other hands
_éeveraL.off—Line computer optimization techniques, such as SI1GOP,
TRANSYT and COMBINATION, are increasingly being used to generate

areawide timing plans which minimize vehicle delay,
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TRANSYT is regarded as ithe most successful of the off-
line programs. While TRANSYT {42} ireals all classes of vehicles
identically, buses behave in a differenl mannar from other vehicles.
Figure 2.8 exemplifies & fypical progression of bus and other vehicles
between two signals operating on a common fixed-time cycle, The dotted
band represents the movement of the platoon. After crossing signal 1 in
the centre of the platoon, the bus stops. The relatively slower
average bus speed furiher delays the bus and, as consequence, the
bus arrives at signal 2 after the main platoon. In the fiqure, the
green indication at signal 2 is retarded to reduce the delay to the |
bus. However, fhis procedure causes some delay to the ptatoon of :

non-priority vehicles,

BUS TRANSYT {43} was developed to take particular account

of buses and when used in Glasgow {44}, produced substantial

community benefits by reducing the average delay per person travelling
in the central area of the city; the disbenefits to vehicles other
than buses were too smatl to be measured reliably. The program uses

a special 'bus dispersion' formula that takes account of the variation
in the journey time of buses along a link. Once delays have been
calculated separately for buses and for other traffic, the total
passenger delay is estimated based on the average number of passengers
of each class. The optimizing routine then attempis to find signat
settings which minimise total passenger delay. The BUS TRANSYT
method is likely fo be most effective when the average timg spent aft
'bué-sfops is considerable less than the cycle time of the signals and _
bus flow rates are relatively hfgh (more than 10 fo 20 buses per : _i_é :; 1;5;
'hour)f{42}. LoLE

Mefering of vehicles., Metering, also known as gaflng or

'Thro?TLing, is a form of traffic control technique fthat regulates ‘
fhe flow of traffic Through an intersection from one or more dlrecflons
. The ba5|c principle is analogous to freeway ramp meferlng During B
" peak traffic times it is not always possible to avoid the formation

of dueues on the approaches of critical in+eréecfions. Widespread
'.cohgeéfiqﬁ may result from queued vehicles blocking adjacent
L:TnférSééfions' The metering technique consisfs of removing the qUEUIﬂg  £ .
from closely spaced intersections and transforming them to other i :

signal-controlied intersections where queues can be allowed fo,forﬁ;
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without affecting other traffic. Its applicalion is Uimited o areas
where sufficient space is available 1o slore the queucing vehiclos.
Therefore its inlroduction is usually roulvicted lo perimeters

of central areas of fowns. Careful consideration should be given to
possible deterioration of the environment by queues of traffic

transferred tonew areas.

I't is dangerous to apply the metering technique at an
isolated intersection since alternative routes would allow traffic
to divert around the infersection avoiding the restraint measure.
This technique would therefore be most applicable to areawide control
where central computer control exists. Detectors could monitor the
volume of traffic in the system and control green times at the

perimeter 7o limit volumes fo below congestion levels.

In order tfo give priority to buses, it is necessary to
provide them with means of avoiding the metered signal phases. This

can be achieved by providing exclusive bus lanes on the traffic

-signal approaches, providing a special phase for the buses, diverting

the bus route which bypasses the gating intersection and re-routing

non-bus fraffic fo tead to a gating signal.

A mefering technique was successfully applied along
Bifferne Road a major arterial leading to the central area of

Southampton. No special bus lanes were provided on the ma jor

~ thoroughfare. Free-flowing conditions were achieved on the main road

by a series of linked traffic signals which were also used to Limit

.the flow of traffic from side roads at periods of peak demand.

Other traffic management techniques were used to separate different

" traffic movements and to give buses priority. The results of the

“‘evaluation of the Bitterne Bus Demonstration project {53} demonstrated -

that substantial improvements in person movement can be obtaihed by

' metering of vehicles,

The NATO/CCMS report {10} points out that despite traffic

metering techniques are used in several cities in Europe, comprehensive

 }befofe and .after’ studies of such schemes are limited to the one

carried out in Southampton.
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“vehicle, some cities use a system where detection is restricted to

2,3.2.1.2 Active systen

Active system, or preempiion, is an alternalive method
of giving priority fo buses al traffic signals. Preemption is
provided by using selective vehicle detection equipment which can
extend or recall the green phase on a particular approach once a bus
arrival is detected. Therefore, buses approaching a green signal can
extend the green beyond the normal maximum in order to allow the
bus through. |f the detection occurs during the amber or red time
for the bus phase, a special demand can be given to recall the bus
phase green as soon as possible, subject fo minimum and intergreen
Limitations. Such procedure is graphically displayed in figure 2.9,
These methods assume that the bus is not cbstructed between the
detection point and the stop-Line. (f this is substantially incorrect
a bus lane musi also be used., At those intersections with three or
more signal phases, further facilities {inhibit period and compensation)
may be included fo reduce disbenefifs fo non-priority fraffic. An inhibit
period is provided when for a pre-set period following a priority '
change, alt phases may run to their normal maxima it there is
sufficient demand, i.e., priority changes cannot occur, Compensation
is given if during an inhibit period, a phase which was previously
curtaited or omitted can be given additional green in excess of ifs

normal maximum green, subject to there being sufficieni demand.

Actuation of bus signals can be done either by-a radio

signal from the bus, or'by an inductive loop in the pavement,

* Whenever trolley buses are used a sensing device may be adapted on the

trolley wire. Whereas standard loops react fto the presence of any

SSpepia{ly eqUiphed vehicles. An example of bus—preemption of traffic

signat is given in figure 2.10.

b ;{fﬁ;52¥3;2.1.3‘Progression VS, preempffon

The provision of signal progression involves no significaﬁ}

'vcépijal expenditure and requires only engineering and support services.

"~ A preemptive system is a more expensive fechnique. |t requires considerable

modification of the signal controller and the mounting of transmitters!:

on all buses which are to receive priority. Therefore, signél ne
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maintenance costs are likely fo increasc., In Australia, Moore (41}
concluded that priority lanes and passive bus priority at signalized
intersections return considerable community benefits for the relatively
small investment required for these schemes while active bus priority
schemes at signalized intersections are a poor investment of public

funds if the aim is to minimise person delay.

While improvements in bus journey speed {47} and regqularity
can be achieved by using preemption techniques at isolated intersections,
a preemptive system adapted in a network of interacting signals with
heavy bus flows (e.g., less than one-minute headways) might not provide
any benefit over signal progression {45}. E{-Reedy and Ashworth {46}
(further details in section 3.3) found that the bus-actuated system of
control best suited a low flow of buses while fixed-time control gave
a better performance index with a higher bus flow. Cottinet et al {80}
observed that, in a group of intersections, preemptive methods seem
better than fixed strategies in light traffic and worse in heavy traffic

(also refer to section 3.3 for further details).

Fisher and Simkowitz {i8} pointed out that signal progression
appears 1o be nearly ss effective as preemption for express bus
operation on reserved arferial lanes at a significantly lower cost
since many cities already have interconnected traffic signals. They
also observed that signal priority techniques, whether preemption or
:progression, are not as effective for local buses or buses in non-
reserved lanes that have to stop frequently for passenger service or
because of traffic congestion; the most effective application is. in
.+he_case of express buses or buses in a reserved lane. Vincent {48}1E
mentioned that the important limitation when dealing with co-ordinated
signals is that the cycle time is not freely variable as in the case of
' fsolafed Jjunctions. He also observed that it is difficult to decide
where and when to use active systems in such conditions and that parfLy %
due to this dlfficulfy it was deC|ded in Bern, to make the best :
pOSSIbLe use of passive systfems of network control before: conT|nU|ng

_w:fh acflve systems.
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. other frafflc but may be a disadvantage to buses if lf is d|ff1culf‘f:

2.3.2.2 Other priority schemes

This section describes some of 1he other priority schemes

that can be adopted to improve bus movemenis on urban roads.

2.3.2.2,1 Junction priority manoeuvres

Allowing only buses to turn right, left or proceed straight
on, at junctions where these manoeuvres are not otherwise al lowed,
can enable buses to retain their traditional routes and/or save them

from making lengthy detours.

A different solution is provided by a special designed
signat instatlation called 'bus gate' {23}, shown in figure 2.1%. In
the example, & set of presignals are located at the end of the kerb bus
lane prior to the main signals forming the so calted 'bus gate'. In
order to empty the gate area prior to the red phase (| in the figure),
the phases of signals 1 are advanced by several seconds in relation
to signals 2. During the red phase the kerb bus lane signal 1B is kepf.
green. Buses are thus allowed to proceed to signat 2. Phase 1|
starts by changing 1B to red, 1 to green, and a few seconds later,

2 to green. Buses are then the first vehicles to enter the intersection
and weaving maneouvres are reduced. Progression is provided through
signals 1 and 2 and the only disadvantage occurs to buses arriving at
the pre-signals during phase It which then must wait untit ‘the

beginning of next phase || to cross the intersection,

This design, introduced in Wiebaden, has been also in

operation in a few other German cities for several years {23},

 ” 2.3.2.2.2 Priority at bus stops

Much attention is given in this section to the location of L

the bus stops and ways of easing the passage of buses at bus stops -

are briefly described:

Bus bays. Buses are removed from the traffic stream whi{e'f

loading and untoading their passengers. Bus bays reduce delays for
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them to regain the moving traffic stream. Loong {107} described
warrants for the provision of a bus bay, wilth particutar application

to Hong Kong.

Kerb and pavement marking and signing. Occasionally, buses

are faced with a situation where bus stops are partially or totally
occupied by other vehicles. In this instances, buses have fo elther
let passengers on and off on the street or find some other undesignated
place to load and unload passengers. Bus delays and potential safety
hazards may result. The solution fo this problem usually involves

improved kerb and pavement markings and signing.

Bus stop location. The major factors affecting the choice

of stop locations are:

a. bus routing patterns
i. through
il. right
iii. left

b. convenience to passengers
i. proximity to destinations

~ii. fransfer access from other routes

c. type of traffic control
i. signat
it. stop
il yield

. iv. traffic signal coordination

d. safety .
i. effect of stopped bus on sight distance for pedestrians
ii. conflicts in the traffic stream caused by bus entering o
or leaving a stop IR

iil. loading and unloading of passengers

@ e. furning movements
i. geometry of bus turning

i turning vbtumes of other fraffic

22




f. direction of intersecting streets
i. one-way

i1, two-way

g. width
i. sidewalks

il. roads

In determining the proper location of bus stops, fthe choice
Lies between near-side, far-side and mid-block stops. Due to the
several factors mentioned above, a fixed policy on the selection of a
particular bus stop location is difficult o establish {19}. Typical
examples of urban bus stops are shown in figure 2.12. In 1967 the
Board of Direction of the Institute of Traffic Engineers approved
'A Recommended Practice for Proper Location of Bus Stops' {50}.
This document contains good descriptive guide Lines for the selection

of one of the types of bus stop tocations.

The description and a summary of the general characteristics
of the three bus stop locations are mainly based on references
{50,51,19 and 78} and are included here:

8. Near-side bus stops - located at an intersection
before passing the cross street. They are preferable where bus flows
are heavy but traffic and parking conditions are not cr|+|caL Bus
drivers prefer them because they make it easier to rejoin The traffic
stream. Near-side bus stops are generally applicable where buses
operate in median lanes, where signalized intersections are frequénf and
where Kerb parking is permitted throughout the day. Crowell {2} poinfed'

out that, when pLanning a median bus lane,near-side stops should be used

~exclusively. If right turning (teft in UK} non-priority traffic

- exceeds 250 vehicles per peak hour, kerb bus stop should be located

prior fo the intersection, possibly at mid-block.

Near-side bus stops may offer the advantage to buses of
combining delays due to red signals with loading and unloading detays.
~This potential advantage depends on buses con515+enfly arriving at fhe
‘intersection at the beglnning of the red signal lnterval Kraft and
Boardman {52} observed, in a real-life experiment in the US, no
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advantage in the relocation ol a bus siop Trom the near-side to the

far-side of 2 signalized interseciion (sce fiqure 2.13). Bus stop

operation minus passenger service fime increased by 25% during the peak
period. They concluded that this increase is logical because signal
delay time at the near-side tocalion could be used for passenger

service time and that this was not possible al the far-side {ocation.

Near-side bus stop characteristics include:

i. aminimum of interference is caused at locations where traffic

is heavier on the far side than on the approach side of the

intersection.

ii. there is less interference with traffic furning into the bus

route street from a side street.

iii. heavy vehicular right (left in UK) turns can cause conflicts,
especially where a vehicle makes a right turn from the left

of a stopped bus.

iv. buses often obscure stop signs, fraffic signals, or other
control devices, as well as pedestrians crossing in front

of the bus,

v. a bus standing at a near-side stop obscures sight distance of

a driver entering the bus street from the right (left in UK).

vi. where the bus stop is foo short for the heavy demand the

cverflow will obstruct the fraffic lane.

b. Far S|de bus sfops - located at the intersection

:lmmed:afety passed the cross street. They are preferable where elther
'5|ghT distance or signal capazcity problems occur, where buses have the use
of kerb lanes dur;ng peak fravel periods, and where right or left turns
by gehera[ traffic are heavy. Where buses furn left (right in.UK), they
allow sufficient ménoeuvreing disfance.from‘kerb tfo left lanes. Among

its characteristics are:

il a minimum of jnferference is caused at locations where traffic
is heavier on the approach side than on the far side of the

“intersection.
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vi,

vii.,

viii,

I,

They are usually applied in situations where long loadlng and untoadlng

_characferlsftcs include:

. waiting passengers assembte aft less crowded secfions of

they reduce conflicts between right-furning (left in UK)

vehicles and buses.

. where kerb parking is not prohibited, they require shorter

manceuvring distances for buses to enter and leave moving
traffic and make it easier to buses to regain the mov ing

traffic stream at signalized intersections.

buses in the bus stop will not obscure traffic control
devices or pedestrian movements at the intersection and will

encourage pedestrian crossings at the rear of the bus.

. stops on a narrow street or within a moving lane may block

fraffic on both the street with the bus route and one the cross

street,

a bus sfanding at a far-side stop obscures sight distance,

o the right (left in UK) of a driver entering the bus

street from the right (left in UK},

intersections may be blocked if other vehicles park IL{egaLLy
in the bus sfop, thereby obstructing buses and causing

traffic to back up across the intersection.

where.the bus stop is too short for the heavy demand, fhe:
overflow will obstruct nct only the lane but also The cross

street.

c. Mid- block bus stops ~ located away from |nfersec1|ons

'areas are required. They are also used when traffic, .physical or
environmental conditions prohibit near or far-side stops and where major f}
" bus passenger generators are located in the middle of The block Thqlrﬂﬁj:;

a minimum of |nferference with sight distance of bofh

vehicles and pedestrians is caused by buses

the side-walk.

the removal of considerab[e Kerb parking may be required,
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Alternate stop patleras (o, noar-gide, Far-side, near-side,
far-side) may be preferable lo all-near-side or all-far-side patterns

specially where the traffic signals are courdinaled.

2.3.2.2.3 Geometric and marking improvements on the road

Three different strategies that can be effective in

improving bus flow are described:

a. Centretine and/or stop line relocation ~ involves reducing the
width of a left turn lane and/or setting back the automobile
stop Line on the cross street to allow buses sufficient

clearance to turn info the street., Figure 2.14 shows an example

of such strategy.

b. Increasing kerb lane width - involves widening the kerb lane,
at the expense of other traffic lanes, by repainting the lane
detineators. More manoeuvring space is provided to buses

required to pass stopped vehicles as shown in figure 2.15,

¢. Provision of 'no stopping' areas in an intersection -
fnvotves determining junction 'boxes' or cross-hatching in
intersections. Figure 2,16 shows the use of such priority
to keep queueing traffic away from the area between two sections

of a bus lane,

2.3.2.3 Comprehensive schemes

Priority to buses can be achieved through comprehensive Traff|c=
sﬁhemes. These schemes normally define an area or areas in the city
wheré_access by private traffic is discouraged, through- journeys are
made”more.inccnvenienf than journeys circumscribing the 'prohibited! area,
_.and the use of public transport is encouraged by esfabtishing reserved
lanes, bus streets, pedestrian streets, diverting through-traffic
and providing park-and-ride facilities. The adoption of any
particular scheme of this Type will partly depend on the historic

and geographic developments which have occurred in the city,
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Two comprehensive systems are described here:

a. The traffic collar system. Iis aim is to Limit the amoun! of

traffic entering a town centre by means of controls applied at
alt enfry points along one or more cordons around the centre.
Traffic signals are provided al each control point designated

to meter traffic into the city at a rate which would not allow
congestion to build up inside the controlled area, Bus
priorities are provided to minimise delay to buses through the
control points and car travellers are provided with park-and-ride

facilities as an alternative to queueing.

b. Cell system. The downtfown area of the city is divided into
isolated sectors, with a system of pedestrian streets, one-way
streets, bus streets, bus lanes and turning prohibitions that
prevent cars travelling between sectors. These schemes rely on
a ring road around the cells to carry the private traffic
while buses are allowed to travel directly between the various
zones, in some cases this concept is expanded to cover all
the urbanized area of the city. In such cases the ob jective
Is to create a uniform area within which no particular sector
is predominant and in which the various services, facilities

~and infrastructure are equal[y allocated between all the

sectors.
'2.3.3 Bus streets

A bus street normally has its use restricted to buses and

_pedes%rians In some cases bicyctes, taxis, emergency vehicles and
vehrcles reqUIrrng access: to adjacent buildings are also allowed. There

_are fwo Types of. bus only. streets; one is where a properly defined

carrlageway is reserved for bus use only and the second is where buses

'are lnfroduced into a pedestrian precinct.  In the first case

pedesfrians give way to vehicles whereas in the second vehicles are
requnred to give way to pedestrians. The success of such prlorafy is

very much. dependant on local conditions, and it is reported that

‘the use of bus streets has been decreasing in poputarity {10}.°
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Implementation is difficult because this type of preferential
treatment must be limited to sireets where access to local business by
reqular traffic is not required. Another problem is created when
parking garages are present in an ofherwise suitable location. Design
and operating features including lane requirements, roadway width,
sidewalk width, fraffic controls and ancillary features have been

described by Levinson et al {19},

When a single bus street is expanded to include a series
of streets or major portions of a downtown area, it is generally
feferred to as a traffic-restricted zone. Widespread implementation
of these traffic restricted zones has not taken place in the United

. States, although they exist in several major European cities.

The two best-known American bus street examples are

Nicollet Mall in downtown Minneapolis and the 63rd and Halsted
-“ bus streets in Chicago. Washington has one block section of a downtown
street reserved for buses. One of the best known European schemes
is Oxford Street in London {37}. The NATO/CCMS report {10} briefly
described the experience in Granville Street in Vancouver and the
traffic restricted zone of Trier, West Germany. May and Westland {22}
identified eight bus only streets projects in selected European countries:.
~one in Denmark (Copenhagen), one in Sweden (érebro), two in West
| Germany (Trier and Monchen-Gladbach) and four in the UK (London, Derby,

Reading and Coventry),

2.3.4 Busways

) Essentially, busways are exclusive bus roadways where buses :?

5 operafe on their own specralLy consiructed rights-of-way. Buses can |

' circulate through residential communities providing a high quétify of
sérvice. .Busways may be constructed at, above or below grade,

While little used or abandoned rail lines may provide relatively cheap
busways, a new development, that involve the construction of a :
Separafe roadway, is both slow and costly. The greatest advanfage of 'jg % ;
.éu¢h system is the maximization of bus speeds since interference is o
minimjzed. - The énty delays on a true busway are bus stops. The

convenience busways offers also rivals that of the automobile as the




former is designed %o serve The commuter with slmost door-to-door

service,

tevinson et al {19} discussed 1he applicability of such

systems, listed design criteria andprovided typical examples including
cross sections, ramps, and station design. Ball and Brooks {27}
suggested some geometric designs for exclusive busways. Construction
standards were also recommended by Parsons et al {111}, lHoey and
Levinson {88} identified parameters, principtes, and procedures

for estimating the capacity of a downtown busway. De Leuw Chadwich

Oh Eocha {63} studied five different methods of central area distribution,
The discussion was made using Manchester as a setfing. NATO/CCMS {10}
stated that very few busways, excluding freeway reserved lanes, have been

constructed,
Busways schemes have been proposed for: Runcorn {28,74}
Redditch {29}, Curitiba {25}, Eury {31}, Atlenta {32}, Boston {33},

Memphis {34}, Porttand {35}, Halmstad {36} and Pittsburgh {113},

2.3.5 Freeway related schemes

Freeway bus priorities exist almost exclusively in North
America. They are the result of the general provision of urban
freeways and consequent growth of express bus services feeding |
downtown working areas. May and West(and {22} did not identify such

projects in European countries.

Freeway related schemes include: the consfrucfion of
separated roadways where buses obtain exclusive rights-of-way, reserved
bus lanes on freeway, and preferential treatment at freeway ramps.
FoLLOWIng the introduction of freeway priorities in the early 1970s, there
has been a trend fowards atlowing high occupancy vehicles also to use '
the fac:Llfles {13}, '

Separated roadways are constructed within an existing
"freeway rtghf -of-way, either in the freeway median or along one side of
the freeway. The two major types of bus lanes on freeways are

normal~flow and contra-flow lanes. Due to safety reasons
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high occupancy vehicles are nol normally ollowed to use contra-ilow
schemes. The preferential trealment al ramps may consist of

providing buses with a ramp where access is denied to all other classes
of vehicles. In cases where ramp metering techniques are used

(see figure 2.17), & bypass lane facility wilt allow buses and/or car
pools fo avoid the delay caused to other vehicles., Tabte 2.3

contains a summary of the advantages and disadvantages of these various

priority fechnigues.

Examples and figures of such schemes are found in references
{10,11,13 and 18}. Design criteria is presented in detail by
Levinson {19} and more briefly by Vuchic {23}.
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Table 2.1  Results achieved by urban normal-Tlow kerb bus priorily tanes
{source: ref. 10 and 11)
. length peak hour effect on effect on other
Ltocation bus volume o
(m} busecs road users
(buses/h)
BELGIUM
Brussels
Rue Beillard i140 122 2-3min saved
CANADA
Ottawa
Albert/Slater 2400 120 0-15% reduction in 0-10% decrease in
Sts. travel time speeds
(0-70 seconds)
Rideau St, 3050 170 5-25% reduction in 30% increase to
travel time 5% decrease in
(15-80 seconds) speeds
Toronto
Eglinton Ave, 5150 80 7% reduction in 110sec, reduction
travel time in fravel time
(30 seconds)
ENGLAND
London
Brixton Road 320 100 2 min saved, 0.5 min | 0.5min saved
lost on cross streets
Park Lane 165 140 0.5 min saved 1-2 min lost
Vauxhall Bridge 675 60 7 min saved 1-2 min saved
Westminster
Bridge Rd 130 60 0.75 min saved
FRANCE '
Paris speed increases of:
Rue Beaubourg/ 885 35 peak 3.4km/h
Rue de Renard of f-peak 0.8km/h
Rue du Faubourg 400 52 peak 2.7km/h
- of f-peak 1. 1km/h
Ave de Wagram
1. Rue Beau jou 225 30 peak 4.6km/h
to Place des off-peak 4.6km/h
Ternes ,
2. Rue Cardinet 50 18 peak 1km/h
to Rue Courcelles - of f-peak Q.3km/h
Blyd.5t.Germain 145 47 peak 3. 7km/h
: off-peak 1,6km/h
Blvd.des 450 34 peak 7.4km/h
Invalides off-peak 1.6km/h
atgd. Sf.MicheL 660 62 peak 3.2km/h
. : _ off-peak 3.4km/h
Quai de 670 95 peak 7.2km/h
Louvre - ' off-peak 3.7km/h’
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T Table 2.1 {continued)

effect on olher
road users

peak hour b o
location Lin%Th bus volume €J;Qf;P(”]
™| (buses/h) e
B M;pééd“fncfeas@s of:
Quail de la 350 a7 pealk 7.2km/h
Magisserie off-peak 3, 7km/h
Quai des 400 20 peak 8 km/h
Orfevres of f-peak 3.%km/h
Marseille
Blvd., Longchamp 480 120 speed increased from
1.6-6.4km/h to 16km/n
Blvd. Michelet/ | 1660 70 speed increased from
Ave.de Prada 1.6-6.4km/h fo 16km/h
IRELAND
Dubtin
North Strand Rd 3360 170 2min. saved
SPAIN
Madrid speed increases of:
Ones imo 530 51 peak 2.6km/h
Redondo off-peak 2. 1km/h
Serrang 540 g3
Pasec del 240 46
Prade
Paseo de 540 103 peak 6.2km/h
Calvo Sotelo of f-peak 5.6km/h
Faseo 2270 110 peak 1.6-8km/h
Castellana off-peak 1.6km/h
Calle de 270 127
Alcala
THE NETHERLANDS
The Hague 190 ~ Imin. saved
Li jnbaan during peak hours
UNITED STATES
Baltimore,Md, _
Chartes St. 2400 . 38 21% increase in speed
' : during AM peak 37%

increase in speed
during PM peszk

Z2.5min, lost

speed changes: :
no change during peak;
increased 6.4km/h

of f-peak

decrease 5.3km/h
during peak and
decreased 12.8km/h
during of f-peak

decreased 2.7km/h
during peak and
decreased 6.4km/h
during of f-peak

increased 4.8km/h
during peak and
increased 6.4km/h’
during off-peak

increased 5,9m/h
during peak and
increased 6.4km/h
during off-peak

17sec increase in =
travel time on one
direction and

| decrease of 23sec. on:

the other direction, *
both off-peak P

39% increase in speed
during AM peak 22%:
increase in speed
during PM peak
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Table 2.1 {continued)

FAERINE LA Fruavpeczeeea

Location

length
(m)

peak hour
bus volume
{buses/h)

clioct on
buseas

Birmingham,Ala.

Third Ave,

Nashville, Tenn.

Capitol Blvd.

Newark!N.J.
Market St,

New York
Madison Ave,

2nd Ave.
st Ave,

Feoria

FeL,

Adams St.

“Vancouver, B.C.

West Georgia

1290

400

550

1750
3040
3060

4
blocks

800

ef fect on other
road users

44 27% decrease in bus
travel time

- 5% reduction in bus
travel time

00 Imin. time saving
reduction in travel time

95 42%

110 22%

110 27%

- 25% increase in

speeds

40 20% reduction in

bus Travel time

29% decrease in
travel time

10% increase in
speeds
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Table 2.2 Results achieved by urbon condro-ftow bas priorlty Lanes
(source: refl, 10 and 11)
B location L%ng%h gif%g}ﬁ;; effec!ﬁon effe;? on o?her
m) (buses/h) buses read users

CANADA

Calgar speed changes: speed reduced by 15

FRANCE

Paris

Avenue 660 33 56% increase during

Montaigne peak and 44% over
whole day

8d. St. Michel 630 68 30% increase

Marseille

Rue de Rome 700 .70 200% increase

Cours Gouf fé 700 20 180% increase

Rue de Paradis 1000 - 230% increase

Toulouse

Rue d'Alsace-

Lorraine 800 135 10% increase

Lille

Rue Fatdherbe 240 - 25% increase

{TALY

Bologna

Via Saraqozza 2250 18 204 increase

SPAIN

Delicias 230 100 20% - increase speed increased by

‘ 20%

UK

London

Tottenham High

Road 780 73 33% increase

Reading

King's Road 920 50 48% increase

USA

San Juan 17600 149-67 45% increase

Louisville, Ky, _

3rd Street 2400 12 25% reduction in
travel fime
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Table 2.3

techniques

Advantages and disadvantages of various freeway priority

e e e
(source: rof. 13)
Techaigue Example At aney (haamtvant e
| - Construction ot Exclusive Shirluy Bupway, 31 Py vebneloy can opor ate a4 FE Mo ennsinctinn tee intativety
Fights-of Way Washungron, D.C. tigh spardls 1o Luna lor implementanen
San fernarding Butway, 2} Efficwenny o) axssting highway 20 Capital cotts ae (elatively High
Loe Angeles, CA wot ot .
Putstiorgh, PATways 35 Operatimg eosls aee low Jb Communily o ban gy
fuader genstiuction) (veiugp
4] Easiby enforeeahie
11~ Normal-Flow Reserved San Franciscn Qaktand 1] Invoivas imomim consiiuction 1 Weawing grolshume,
Lanes Bay Bruigu. CA 21 Can be rapidly implemented 20 Takes lanes away Jrevn ik
Marin Couniy, ilivgenion
Frauciseo, CA
San Frad : 31 Entorcrmant rmay be muie
Moanalua Freoway, diHicutt
Hunelulu, Fi
11 = Contra-Flow Reserved 14495, Lincala Tunnal, 13 Cagracity in paak direction is 11 Showld nel be imptumestsg o
Laney NY/NJ inerged £angestion would occur is off.
rs.unq Ir.l.mcé Expressway, NY 21 Capital outiay is low peak direetion
outheast Expressway, X . o
Barton, MA 31 Such lanes are rapidly o I‘:::;’I:'“'"U CoskE e 1elkively
Marin Couaty, San implemanted L
Francisea, CA 31 Bus speads are relativety Tow
W - Preferentsal Treatment at 1-5 Blue Strvak, Snaltle, WA B Low eonsliughion costs TE Vivlations may b bhgh
Fresway Ramps Los Angeles Arvg . 21 Causes avinimun delay 10 non. 21 May not always be physically
Freeway Ramps .
) usars possible
[-35W, Minneapolis, MN .
3) Pronlem of freaway under- ) Prioiity vehicles subject 10
utitization is avoided dolays cince they are on freeways
4 Specd ditference is diminished during days with sccidents or
10 sofety is enhancad incidonts

Table 2.4

{source:

ref, 19)

Summary of the state of the art of bus priority
treatments, 1974

TYPE OF TREATMENT

SKNIICANT BXAMFLES O
EXISTENG TAFATMENTY

L

5

Freeway Related:

A, Busways:
1. Busway on special right-of-way
2. Busway on freeway. medish or right-

of-way .

3. Huaway in caitrosd rightol-way

B. Rexerved Yurmes and rampy
1. Bus Lancs on freeways, nermial flow
3. Bus lanes on (reeways, contra-flow

3. Buslane bypass of tolf plaza
4, Exclusive bus accets to non reserved
freeway (oc artecial) lanes
8, Metered freenway camps with bus
bypass laqes :
6. Bus stops sleng lreawayy
Aeterial-Reluted:
A. Reserved lanes and sirects:
1. Bus sifccts
2. CBOD curb bus lanes, notraal flow
3. Arterial curb bus lancs, normal flow

4. CBD median bus lanes. normal flow

3. Artcrial median bus lanes. normal
flow -
. 6. CBD curb bus lanes, contsa-Row
7. Acretial curb bus lanes, contra-flow
B Miscellanzous:
1. Bus signal preemption
2. Special signulization
3. Special turn permission

Terminals:
A Central-area bus termtinals
B. OQutlying transfer termunals

- €. Ouilying park-and-ride Lerminals

Ruscorn, England, Musway

Shirley Binway, Washington, D.C., area
San Acrnacdine Bawway, Los Angeles
None

9th Slicet Expressway, Washingtoa, D.C,
Sousheast Expressway, Hoston: 1495, New
Jemey: Lang Bland Expressway, New
York; US 101, Matin County, Calif, |

San Francisco -Oukland Bay Bridge

Scatle Blug Strenk express bus service and
bus ramp.

Harbor Freenay, Las Angeles

Hullyw.ood Freeway, Los Angeles

Nicatlet Mall. Minneapolis; 63rd and

Halited $1s. Chicago

Washington, D.C.: Bultimore, Maryland

Hillside Avcnuz, Queens, New York Chy;
Connecticut &ve.. Washington, D.C,

Canal Sirzet Newtral Ground, New Orleans;

Washington Street. Chicaga;
L4th Street. Washington, D.C.
None

Alamo Plaza. San Antonic

Pance de Levn. Fernander funcos, San Juan

Kent, Ohio

Cermad Road, Chicago

“No Left Turn, Buscs Excepled,” Los An-
geles

Midtown Terminal. New Ynrk City

Dan Ryan—&%h Sireer bus bridge, Chicago:

Dan Ryan—91th Street bus bridge, Chi-
cago; Eglinten Terminal, Taronto

Linceln Tunnel approach at [-435 camra-
flaw bus lanc
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Figure 2.1

Feéfures of priority schemes in Britain
(source: ref. 17)
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BUS BYPASS AT METERED i RAIL TRANSIT IN
FRELWAY RAMPS ALTERNLFIVE CORRIDOAS

FEEDER BUS \ EXPRESS
WHERE VIABLE AN ’ _BUS SERVICE
: AN }‘w;.r / ON FREEWAY 1
pJ (A c BUS BYPASS AT 4
o A _SPLCIAL RAMPS ;- .
~ a\'\. FOR BUSES METERED RAMPS  conrpa- FLOW DUS LANES
ARTERIAL BUS [N ALY ON ARTERIAL STREET
SERVICE N HIGH Sl pm EXCLUSIVE ONE - WAY SYSTEM
b Y DET_\ISITY . ,-—:ﬂ.—. - ...._B.wan\‘ .{}' gt g 0 1
- T i Lt o T Lotmatborin B A o e
- AT r\« RN, TERMINAL POSSIBLE
O LEFT TUR ) CONTRA - FLOW LANES BUS SUBWAY
PEALE—ZOUH NS ?ﬁ;#‘gﬁu OR BUSWAY A3 APPROPRIATE
BUS EXCEPTED STREET OUTLYING TRANSFER el
AN TERMINAL WITH CAR I' 3MILEST Ll 3-8 MILES
OUTLYING CENTER PARK _
WITH PARK-AND-RIDE 5-10 MILES
STATION I
8~15 MILES

Figure 2.2 Bus priority sysfem in metropolitan areas

(source: ref. 19)

m[ l Dimertsions are meters
B-bis
Aliowed it not heavy

/
, T
4 i s T,
- T e e e e e
[i]
L
@ | bem—
gt = S
. B— e
| I Signal phases: @ ‘T @
H' B {a) Curb bus lanes {most common)
4.00 3 x .50
i & - ,
1 !
; :
' 1) ® @ @

e} Curbed modian bus lanes (o applications yet}

Figure 2.3 . Different types of bus lanes

{source: ref. 23)
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[Nata: signg thown with a shaded backiyround
haya whita symbnls on Dtue; alher signs have
Llath ayilibuiy On wiiiin)

Figure 2.5

UK signing of a norval-flow bus lane

{source: ref, 109

5 e
e pheysd

BUS LANE

ezt
L

LOOK RIGHT

[Note: signs shawn with shated background
have white symbols on biug; ather Signs have
black symboi on white} :

Figure 2.6

UK signing of a contra-flow bus lane

{source: ref. 10)
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Figure 2.9

Figure 2.11

NORMAL START OF
|ARTERY GREEN

Bus preemption signal cycle

CONTROL CENTER

)

ey Wil 7

EXampLe of bus

13)

(source: ref, 19) Figure 2.10
preemption of traffic signal
(source: ref,
O, ~ Y pr—
—— - P
T
AN ' TT 1 I ‘
- [ T— ; -~ p—mr
=N ~e |
1
| |
|
X t
4 . ‘ X .
T T ~Bus signal Ia T ] I I b TT
1
‘ }'lo E {b) Signal phases (I1a and I1b are alternates).
NE
! ]
e
{a) Intersectian layout
I
Phaset u Ma | b
Signals |
1 AR Gy RR : RA
18 GY RR Ri : GG
2 RR GG 6Y ! Gy
3 GY RA RR ! nr

{¢} Signal face indications plan

'Bus gate' intersection approach

({source:
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Figure 2.14

Figure 2.15

Figure 2.16

e

BUS HAS [NADEQUATE
SPACE FOR TURN
MOVEMENT

NARROWER LAHES AND
STAGGERED STOP LINES
ALLOW BUS TO TURN

o

Centreline and/or stop line relocation

(source: ref. 30)

Increasing kerb lans width

(source: ref., 10)
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5. PREVIOUS ASSESSMENT OF URBAN BUS PRIORITIES

3.1 Infroduction

There are five main methods of assessing the suitability

of bus priority schemes:

a.

Broad warrants - provide a rough indication of the minimum

flow of buses required to produce berefits.

. pre-evaluation models - those designed to give a set of

warrants for priority measures in terms of bus and other traffic.
The warrants obtained are general and do not apply to any

specific priority measure location.

- survey and simulation models ~ these models are similar to

those in the previous category except that they are develOped to.
o
represent s specific location in question. Recatibration is

required if the model is applied to another Location,

track experiments - controlted experiments carried out on a

- test track, enabling traffic and road layout factors to be

altered in a controlled manner. The results of track
experiments cannot directly predict the effeet of providing bus
lanes in a real-life situation but they are valuable in
providing the basic data to enable reat situations to be studied

by mathematical modelling and by simulation {651.

.- studies of actual schemes - not all the schemes implemented

have been quantitatively éssessed and in some cases tfhe

- complexity of the schemes has been so great that true

assessment has been virtually impossible.

'PFéVJOus sections have dealt with actual schemes; tables 2.1

and 2.2 give a brief summary of data relating to bus tane schemes.

The evatuation of implemented schemes is the subject of Chapter 4 and

table 4.1 provides a summary of the area of interest of before and

Vrepresenfafive*SfudTes related to the first four methods described

+ --above;

: ;affef studies. "This chapter reviews the most significant and
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2 Broad warronds
In the NATO/CCMS report {101 The validity of the warrants
is discussed:

“"So far, few countries have specified official warrants for
with-flow lanes; most leave the maticr io be decided by the
tocal authorities concerned. In any casc, it would be
undesirable to specifiy rigid warrants: they should be
sufficiently flexible to permit adaptation to the local
conditions."

The Institute of Traffic Engineers {24} developed warrants
and operating criteria for the establishment and operation of bus priority
lanes. Nevertheless ifs Technical Commitiee stated:

"It should not be conciluded that the commitfee does not
recommend the establishment of a transit lane under
circumstances that do not meet the suggested warrants

if such establishment may be otherwise justified
with official and public support."

Several "rules of thumb" were uved in the past to Jusflfy
the implementation of priority technigues. One such rule was that
reserving one lane for buses is a justified procedure when buses
carry as many people as private vehicles carry per lane in the remaining

lanes. The volume of buses required for this warrant is {23},

where 9, and gy, are hourly volumes of private vehicles (including Lorries:
as passenger car equivatents) and buses respectively, N is the total
number of lanes per direction and X is the ratio of average car to bus
'occupancy. Figure 3.1 shows the bus volumes that Justify bus lanes for

several values of N and X.

_ However this rule does not differentiate among the vakious'.
- priority techniques available. A set of general ized applicabitity
criteria, or warrants, for the implementation of various priority

5 +echntques has been deveLOped on the basis of a review of priority

":'Technlques for h|gh occupancy vehicles {19}. These warrants affempfed:

to ‘achieve 5|mptacx+y unlformlfy, applicabitity, measurabil ity

‘repL.caanrfy and fteX|b|ts+y The warrants, presented in table 3.1,
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are expressed in peak hour buses and passengers but other relevant
factors are also identified. Levinson and Hoey {57} suqgested that a
'bivariate approach' be taken in the application of these warrants.,
Transportation demands for a fuiure design year as well as the base-
year conditions should be used as 1he bases for implementation decisions,

in the following manner:

a. warrants should apply to design year conditions
b. seventy-five percent of the warrants should apply to base

vear or current condifions.

Gererally accepted minimum installation criteria for bus
lanes are 30 to 90 buses per hour {61}. Such criteria assume af

least one bus present in each city block during the peak hour {193}.

The Greater London Council established several criteria
for assessment of the feasibility of a bus tane scheme. Accoraing to
Alten {58} & bus lane: ‘

a. should give a significant advantage to buses;

b. should not seriously reduce traffic capacity or cause
secondary congestion by developing excessive queues;

c. should give a net benefit to the community and should have
a reasonable cost/benefit ratio;

d. should be reasonably easy to enforce;

e. frequency and occupancy of buses should be high. enough to
encourage compliance by other drivers;
f. must be practicable to prohibit waiting and loading during
the hours of_operafion of the bus lane;
| g, should not increase accident potential;
h. should minimize any detriment to the environmenf;

. i. should have a sufficient Life prior to being superseded by

redevelopment or other changes in the situation.
' Thé:insfifufe of Traffic Engineers warrants {24} require:

' 'q; a mlnlmum of 60 buses per peak hour or 400 buses per 12 hour .
per|od to Justify a kerb bus Lane;
bﬂig.mjnzmum of 75 buses per peak hour and 500 buses per 12 hour

period to justify a full time median bus Lane;
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c. a minimum of 60 buses per peak hour to justify a part time
median bus lane;

d. when considering a fult time medion loane, the nusber of bus
passenqers in a 12 hour period should be equal or greater than
the number of occupants of oiher vehicles in the street;

e. in all the situations above the number of bus passengers during
the peak hour should equal or exceed 1.5 times the number of

drivers plus passengers of other vehicles using the street,

Bakker {81} considered the suggested warrants of the
Institute of Traffic Engineers too restrictive. He mentioned that other
criteria should be considered:

"... what is the total people delay now, and what will it
be if traffic is segregated into bus and car lanes?...
can this delay be reduced with a revised signal timing
plan?"

3.5 System simulation models

Pre-evaluation models produce sets of warrants that are
more detailed than the broad warrants described above. The results

produced are intended to be applicable to a variety of siftuations.

3.3.1 Pre-evaluation models

Oldfield et al {55} observed that:

~"The wiltingness to give buses priority appears to vary
considerably from place to place and though this may

. reflect reat differences in policy towards bus priority

it is equally possible that it results from the lack of
a standard method for judging whether or not priarity is
Justified in any particular situation. Some attempts have
been made to establish warrants for the installation of bus
lanes, but these have tended to be rather arbitrary and not

. based on any rigorous economic footing."

While discussing the role of warrants, Riftchie {56} wrote:

"...1t is suggested that the use of retatively simple person-
time or economic warrznts permits a rapid and more rafional
determination of potential priority lane sites and strategies,
particularly amongst a targe number of competing alternatives.
Resources can then be directed more efficiently into
detailed studies of schemes which might be most beneficial,

in the broadest sense, to the community." '
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In France, a theorelical simolation study was conducted
to quantify the balance of fime savings experienced by users of
private and public transport on the establichmonl of a reserved bus
tane. In that study fthe minimum number of buses per hour Justifying
a reserved lane was related to the number of iraffic lanes available,
their level of saturation and averaae his occupancy.  The results of

the study by Delgoffe {60} are shown in table 3.2.

A study by Frebauii attempted to assess the operation of
a bus lane running in the same dircciion as gencral traffic and
replacing a general traffic lane. A summary of his work was reported by
Richardson and McKenzie {82}. Simulation was used as the method of
approach. He employed the assumpticns that motorists did not change
route or mode, a bus was equivalent to 3 pcu and car occupancy was
1.2 persons/vehicle. With these assumptions fthe model was run and
a collective time advantage was then estimated as,

y=w[qb(+b te) +n(’r~1')) |
where y is the collective time advantage, W the weighting coefficient
for time saved by travel on each mode, iy the number of affected bus
passengers, fb the bus passenger fravel time before, fé the bus
passenger travel time after, n, the number of affected car passengers,
t_ the car fravel time before and Té is the car travel time after. The
vatue of W was reported to be dependent on the saturation level.
The resuliing warrants, shown in table 3.3, are those bus flows which
result in a positive collective time advantage if buses are given

priority under certain specified conditions.

.Theore}icaL work was carried out by Otdfield et al {55}

whfte'examinihg'fhe economic justification of normal-flow lanes in

~a variety of situations. Their model represented a section of a road

with a suqna[ confroLted intersection at each end (see figure 3.2),
sters:on fo the parallel system of minor roads was allowed. The
appendtx of their report contains a manual which permits the results

of the study to be_generatlzed_fo particular situations.

Warranfs have been deduced for a bus-only kerb Lane and for

a bus/faxis kerb Lane Installed on either a fwo lane or a three-lane

approach *O.fhe traffic signals. Two types of situations were considered:
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W'parficular site for The implementation of a contra-flow Lane,

an 'easy' situation in which diversion was short and the diversion
routes had plenty of spare capacity, so thal the diverted vehicles did
not cause the speed of traffic on the diversion route fo fall
appreciably; and a 'hard' situation, in which the diversion was tong
with routes which had Little spare capacity, so that congestion
increased greatly and the effect cn the other traffic was severe.

The warrants provided in table 3.4 are also function of a constant
bus occupancy of 60 passengers and of providing a setback of optimum

length or nof providing a setback.

The table shows that when no setback is provided, benefits
are possible only at high degrees of saturation with a high bus flow
and with conditions that allow 'easy' diversion to take place. However,
the NATO/CCMS {10} report pointed out:

"It must be emphasized that these calculations relate

fo hypotetical situations and are based on a number

of assumptions not backed up by very concrete evidence.
Consequently, the detailed predictions must be -
considered to be unreliable and treated as a guide : A
rather than as a warrant..."” SR

o

While reviewing these bus lane warrants with respec+ to
Australian conditions, Ritchie {56} observed that the priority lane
bus operating speed of 35km/h used in the model by Oldfield et al
suggested that only express bus operaiions were considered. He also
" stated that the delay equations for random arrivals, used in the model,
- underestimated average delays for arrivals downstream from a signal
- (250-600m) which are bunched or in platoons. This underestimate was
particularly acute during high avera@e'ftow rates. Néverfheleés; he
.presenfed 3 geneza[:zafnon of Oldf:etd s warrants for lower bus

occupanCIes and the results of his study are presented in table 3.5.

- While trying fo establish a set of warrants to be used, in

practice, 'fﬁ order to assess the suifability or otherwise of a

“Bly and Welbster {54} found that:

"... the resulting warrants were so sensitive fo the

' characteristics of the networks, and in particular

to the properties of the main Juncfions, as to render
'such a selection procedure almost unworkable in
practice, unless the situation being reviewed happened
~to coincide, in the network design and the values of the
relevant paramefers with one of the cases tested."
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t_ service and general traffic performance of implementing candidate bus
. i pr!orlfy sfrafegles This program is the amalgam of +two computer
”hf'programs UTCS 1 (urban fraffic control sysfem) and DAFT (dynamlc

They concluded that there was no substitute for a detailed

'écohémic assessment related specificatly io the particular contra-

flow site being studied and therefere, provided a manual with an

assessment methodology.

fn the studies conducted by the Transport and Road
Research Laboratory {21 ang 55}, warrants for the adoption of a bus
lane were defined as the minimum flows of priority vehicles which
were necessary to produce a positive overall benefit. While no
consideration was given to environmental or social effects of priority
lanes, it was acknowledged that it might not be desirable to use a set
of warrants based only on economic considerations because other non-

quantifiable aspects could make bus priority worthwhile,

5.3.2 Survey and simulation models

Having established, by means of a general warrant, that
a location appears to require a priority measure, it is then advisable
to conduct a more specific study. Since the development of the high
speed automatic computer there has been a growing tendency to use
digital computer simutation as a method of modelling a variety of

situations.

The studies described within this section are intersection |

and Link specific models, employing macroscopic (speed-flow reza[a‘rlonshlp)i:‘:'E
'or m|croscop:c methods, updated either by event or time scanning
:'Technlques Models that have attempted to incorporate aspects of fravel?
:' demand tn their analyses of what is, basically, a change in the Lo ‘ _
“supply of traffic facilities, are only briefly described at the end.of'- ' B
‘jfhe Secffdn.'-: ' _ - :

- Muzyka {70} reported that a computer model, SCOT

'(Slmulaflon of COrridor Traffic) to simulate fraffic flow within a

specified traffic system, was used 1o predict the effecf on bus

anatys:s of freeway Trafflc)
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The urban and microscopic par! of lhe model was used in
order to simulate the fraffic flow within part of central Minneapolis,
a rectangle of 10 by 11 sireats. This study ares was modelled by a
grid consisting of a set of links representing the sireet roadway and
a set of nodes representing fhe intersections. The information
required to describe the study area traflic system was divided into
four sets: geometric, traffic demand, control system, and bus
service data. The output included bus routes and network performances

(table 3.6) and plois of bus trajectories (fiqure 3.3).

The extremely detailed oufput given by SCOT helps to
identify bottlenecks and underutilized streets for each candidate
contfrol strategy. The strategies can then be changed, another
simulation run made, and the performance observed until it merits
field implementation. However an enormous amount of data has to be
cotlected and a lot of storage and computer time is required to
simulate the microscopic behaviour of all vehicles within a network.
Richardson and McKenzie {82} discussed the weakness in the simulation
assignment process of this model and stated that because of it,

SCOT was incapabie of truly assessing area wide impacts of the

“provision of a priority scheme.

Salter and Memon {67} simulated the operation of a two-way,

four-lane road. 1.1km long with three signal-controlled Junctions in
Bradford, England. in order to investigate the overall travel effects
of & kerb with-flow bus tane both the nonpriority and the priority

conditions were simulated during the morning peak.

Right turning vehicles (left in UK) were not considered
.Tn the model because the number of these vehicles in the traffic
flow was small. Also a vehicle assigned to a lane at the entry of the
secflon was no? allowed fo change lanes or to overtake vehicles in
';fs own- Lane However, at the traffic-signal approach, the bus- -
f€pr|orify tane terminated 60m from the stop line to atlow vehicles
'fravelllng sfraight ahead to bypass vehicles Turn|ng teft (rlghf in UK),
.'The sh:ffed negative exponential distribution was used for the headway
' dISTFIbUTEOH and the normal distribution was noted as an adequafe

| descrrpfion of the velocity dlsTrlbuflon

52




‘.ﬁwhnch has been developed to test the effectiveness of a variety of

';-measures which give priority to buses over a considerable length of

. The |nvesflga?=on of effecfs of the priority scheme on non-bus

fboarding and alighting, the total journey time under high bus flow

simulation of bus priority schemes on a radial highway in the city of
geffecfs of kerb with flow bus tanes on buses and fhelr passengers

< vehicles was restricted to The intersections,

A vehicle-following procedure and a uniform time scanning
increment  was adopted. Buses and nonbus vehicles were assumed fo
have similar character n;ltct2 during the simalatod conaested flow =~
conditions, No provision was made for the time Lost for passenyers
alighting or boarding because this time was considered to be similar
for both non-bus-priority and bus-priorily conditions. The traffic
signals along the route operated on a fixed-time basis without
cocrdination. The validation of the model was made by comparing the
delays at the signal controlled interseciion atong the route given by
the model with those delays obtained by using the expression derived

by Webster {39}.

A comparison was made between the travel times of buFes and
other vehicles by running the priority and nonpriority models under
identical traffic ftows and signal settings. Under bus priority
conditions an increase in journey fime was found as well as a décrease
in overall speed for nonbus vehicles compared to nonpriority |
conditions, This was explained as being a consequence of the fact
that nonbus traffic was confined to a single tane under bus priority
conditions. Speed-flow relationships were derived for bus and nonbus

traffic under priority and nonpriority conditions as shown in

figure 3.4, It can be seen in fiqure 3.4 that for a wide range of
bus flows the travel time during the priority situation may be
regarded as almost constant. Nevertheless the model does not

include the time spent by buses at the bus stops. With passengers

conditions will be influenced by factors which include the number of

buses Thaf could be simuttaneously serviced at the bus stop.

Salter and Shahi {68,69} describted a computer simulation modeL

their route. The model was a development of earlier work on the

Bradford {67}. The primary purpose of the model was fo measure the




The model followed the progress of each bus in service
along a particular route as it moved from stop to stop on the service
route. The running speed for buses belween intersections was determined
from & speed-flow relationship appropriate to the section of the service
route on which the bus was travelling. A uniform fime scanning
microscopic simulation was employed only in the immediate vicinity of

the intersections.

lnput to the model included an activity index to describe
the fraffic characteristics of fthe route and influence the speed-
flow relationship. The output information of the program included bus
travel time between successive bus stops, the number of passengers
boarding and alighting at each stop, the maximum passenger gqueue
length at the bus stop, bus occupancy atong each part of the ‘
service route, a measure of the variation of actual bus time schedule
from the input schedule, delays as shown in figure 3, 5, and queue lengths

. for buses and other vehicles at intersections.

Eriksen {72} developed a computed simulation modet capable
of testing alternative transit disfribution systems in ceniral areas.
_The model simulated a number of buses running through a central area
during the afterncon peak hour. He felt that the afterncon peak hour
would be more critical than the morning peak hour, since boarding
consumed more time than alighting. His model is event-advanced, the
time between events being calculated and added to the total
accumulated time for each bus as they move through the area. The
test route was 12 blocks long, having 12 signalized intersections and
from four to eight bus stops. The flowcharl of the operation of buses,

as they procecded along the route, is shown in figure 3.6.

A total of 20 different systems were tested (table 3.7).
' Figure 3.7 shows the journey time along the route for each system.
'The increase in efficiency that can be expected from various transit

: 'tmprovemen%s is presenfed in figure 3.8,

While the validations of the frequency distributions such aé

" bus headways, passenger arrival rates and passenger boarding'+imes

were based on field observations, litileeffort was blaced on modelling ;. . .
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travel time between intersections. However, the Link condi!ions
depend on the amount of interference from other traffic and represent
more than 50% of the total bus time in atl the alternatives tested

as demonstrated in figure 3.7. From a planning viewpoint, the Eriksen
model is of little use, since as no car traffic is simulated, no

indication of overall benefit can be obiained.

Bowes and Mark {71} described a simulation model that was

developed during the course of a study to simulate bus behaviour of

a downtown kerb normal-flow bus lane in Cttawa, Canada. The bus

lane operating strateqgy simulation model, SLOSSIM, simulates bus
movements only; the effects of other traffic cemponents are introduced

by means of coefficients. At each time interval of one second, buses
must either accelerate, if travelling at a speed less than the maximum
cruising speed, or decelerate, depending on the bus in frent, the

state of the traffic lights, and the need to pick up passengers. A bus
will stop for a red traffic signal, to load passengers, and for' |

the bus in front.

The road system simulated consisted of six blocks, each
180m long, A block was measured as shown in figure 3.9. There were
three stops per block and these were located midblock, near side, or
far side. The model had 18 bus routes divided equally into the three
_ groups of bus stops, A, B and C. The A route buses stopped at all A
bus stops, and so on. The frequency of the routfes varied., Passengers
were generated for each route at each stop as a function of roufe
frequency, which in practice was determined by demand. Each
infersection was signal controlled and each cycle length was 80s -
with 40s green and 4s amber in the direction of travel., Variable offséfs '

-were ‘set at 15, 25, 40 and 65s in the model.

x - The output data consisted of data relating to each bus,
queues: at setecfed time points and comprehensive tfraces of
individual or groups of buses during a time period. Three different
operating strategies were tested, the summary of results is shown in
table 3781‘ The most effective strategy tested consisted in alternating
~bus sfops:by increasing the average bus stop spacing from 180 to 360m.
'BUS'plafoons-were also 1es+ed the order of arrival at a bus sTop was

- automatically given in. advance to waiting passengers by means of a




scanning system which allowed passengors to queue and board more

efficiently. In this strategy buses were nol permifted to overtake,

In the third strategy buses were allowed 1o ovorfake but other vehicles
were not allowed fto make right furns (Lebt in UK) (rom the common
section, even though, some of these turns would he required in the

downtown area.

The auihors concluded by recommending refinement, validation
and some modification in the model. Their bus platoon system required
an advance bus arrival sign system that would be very expensive for
practical use, No effects on the non-priority iraffic were reported

for the different strategies.

Radelat {73} developed a simulation model, SUB (Simu}afion
of Urban Buses), that was used as a evaluation tool in the formulation
of new schemes to improve bus operation on signalized arterial §Treefs.
He created a special bus simulation model to represent in detail urban
bus operation ignoring the effect of variations on bus per formance
on other traffic. He pointed out that even if this effect was
significant on traffic operation, the changes in traffic flow induced
by variations in bus flow would not cause a significant feedback
effect on the bus system. Only the kerb lane and its ad jacent lane
were simulated since he assumed that urban bus operation was confined

to these two lanes.

. The model consisted of links and nodes and a max imum of 20
blocks could be simulated. The arterial street representation used

in %he modeL is shown In figure 3.10. General traffic was simulated
_macroscoplcalty by a time-scanning procedure. Non-bus vehicles were
assumed to travel within a tink at a constant speed specified by the user.
Bus simulation was microscopic and preceeded according to an event-
~scanning scheme. These events were the arrivals of buses at stop lines .
and bus sfops; the departures from them, and the completion of a passengér
seryice_operaiion. The buses were moved along a link according to a

speed-flow relationship,

”_; Radelaf concluded that although the prediction of the
effecfs of an exclusrve bus lane on bus travel times appeared to be
'reasonable a Long series of applications of the model was reqUIred fo

fhoroughty valldafe it.
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with fixed-tengih phasing, where ane of the approaching lanes could be
designated as a priorily lana., This model was used in order o study
complementary situations to the ones investigated by the track experiment

at TRRL, described in section 3.4.

The aim was to identify the oplimum setback of the bus lane
with respect o the stop-line of the junction, and to determine bus
Jjourney time savings, changes in delays to other traffic, apart from
overall net benefits. The model was calibrated for fully saturated
traffic flows using parameters obtained from the track experiment and
validated against both the experimental data and an existing bus lane
signal approach in London. The suggested selbacks are shown in table

3.9.

Bty observed that the saturated intersection condition
was so complicafed'fhaf no simpte rutes could be laid down fo determine
the optimum setback. He also mentioned that even more complex was the
situation where the incoming traffic flow varied with time fhrohgh some
‘maximum flow. The disbenefits caused by queues buitding back from
one intersection and blocking the previous intersection, a situation
that might occur when the junction was working under saturated conditions,

were not considered in the model.

The simulation considered only vehicle delays at one
intersection and nothing was said of the benefits or disbenefits arising
from the bus lame on the Link between intersections. He considered
that, for flows much less than capacity, the Link travel times of
1 pridrify and non-priority vehicles were more important than the effect -

. of the bus lane on passenger delay at the intersection.

Gaham {76} used a computer simulation study developed in The
_Unrfed States {84} 1o make a theoretical evaluation of the effect of
Jlnfroduc:ng a bus lane arterial route in Dublin. This model was

“originally formulated to enable the assessment of the fotal 5assenger

o timespent on a section of a motorway under normal and priority

;Qndjfions.' Spead-flow relafiqnships were required as input. The
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advantages and disadvantagas of adopling priority lane operation
were obtained by comparing the rosults ol the 'do nolhing' and the bus

priority operation.

Several important assumptions had to he made to apply this
motorway operation Program to urban conditions. |t was assumed that
there was ne turning for vehicles either onto or off the roadway
section under consideration, no provision was made for the +ime lost
either in stopping or in the picking up or setting down of passengers
at bus stops, and the capacity of the road was assumed as constant
over its entire length and also over fime. Ihe program indicated that
a reserved bus lane solely for buses would be Justified if one-third of

existing car users would transfer fo buses,

EL-Reedy and Ashworth {46} carried out an investigation fo

determine the possible lmprovemenf to the overall performance of a
traffic signal controlled infersection when a bus-actuated system was
superimposed on fixed-time control. A section of a road was identified
downstream from a signal-confrotled intersection and data concerning

flows, journey times and arrival patterns of vehicles were recorded.

The TRANSYT models, described in section 2.3,2, were run fo
‘obtain basic offsets ang green splits for the hypothetical Junction,
These were ‘input into a simulation program in order to calculate the
respective performance indexes. The program was then altered to
represent a bus-actuated system where the signals would change at the
detection of buses according fo a predetermined policy, but subject %o

overradlnq consfralnfs imposed by the fixed-fime settings,

" With the flows observed in practice, 17 buses/hour, bus

'acfuafed pOLICIeS showed an |mpr0vemenf in the calcutated performance

“index over the fixed-1ime system with offsets and splifs given by

'-BUS TRANSYT.  This result was reversed when the number of buses was

':-doubLed as the extra delay encountered by the side road frafftc

overcame any benefit garned by the major road vehicles.
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Vincent et al {47} used BUSPAS (RBUS Priority Assessment

Simutation) reported by Wood {87} to estimate benefiis to buses and
disbenefits to other traffic when using various forms of priority
control superimposed upon the normal UK vehicle-actuated signal
operation., All cases considered were for two-stage signals controlting
crossroads-type intersections with buses travelling on the major road

only.

Buses were given priority by extending an existing green
signal or regaining a green signal sooner than normal, The extension
of the green curtailed the green time on the non-priority stage, and
various methods were considered for alleviating disbenefits to
this traffic. Bus flows were varied between 20 and 80 buses per hour

for both directions on the main road,

Different traffic flows, saturation flows, cycle times,

and priority control methods were studied. For the conditions examlned'

the researchers concluded that it was usually possible to achieve a

‘reduction in total passenger delay at the intersection by gliving

priority to buses. However, benefits were difficult to attain if the
high time-value of non-priority vehicle occupants was taken into

account.

Yedlln and Lieberman {109} modified the NETS!M modet, the

Federal quhway Admlnlsfraflon s network flow simulation, fo compare the

: performance of bus systems operating with and without bus signal

~ preemption. Their simulation study showed that this’ priority strategy ';QE"”

applied at an isolated intersection reduced bus detay for bus headways j;

of 3 mih in one d!recflon and 5 min. in the opposing direction. In -

‘a second ‘experiment the pricrity was extended to several Junctions of

“the simulated arterial road. Alfhough the two cases were not directly '

‘--;omparabte, the reduction in bus travel time was substantially greater

than in the first experiment. The conditions tested corresponded to ‘a

effJC|enT when bus arrlvaLs are less frequent than one per minute

volume/capacity ratio of approx|mafety 0.33 for each intersection

approach

The aufhors conc[uded that bus signal preempfaon is most |
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and fthat providing a bus tane should bo oiven strong consideration for

periods when bus volume is very heavy,

Ludwick {116} modifind the UICS-1 urban network traffic
model to study bus preemption fechniques on 18ih and 191h Slreets in
Washington (figqure 3.11). Local traflic data was usod as input. Bus

headways of approximately %, 1, 2, and 4 minutes were adopted. The
results of the simulation runs were given in terms of mean travel time
per vehicle-mile and stop per vehicte-mile for different time headways
between buses and atso for different distances of the bus stop from

the intersections.

ft was found (figure 3.11) that substantial benefits to
buses were provided by the preemption algorithm, regardless of the
headway or bus stop location. Nevertheless, bus frequency was
confined to a maximum of one per half minute. While non priority
vehicles on bus streets were also benefitted, a penalty was imposed
to cross-street traffic. The greatest penalty occurred with short

'headways and near-side bus stops.

Lieberman et al {75} described a sfhdy o evaluate the

effectiveness of two bus priority strategies using the same microscopic
simulation model of urban traffic developed by Muzyka {70} previously
described in this section. Their test network included two major
arterials, each with a contra-flow bus lane (figure 3.12)." The first

| control strategy consisted of a fixed-time traffic signal pattern
generated by the SIGOP-11 model, which was designed to minimize
‘passenger delay rather than vehicle delay. The second alternative

was a real~iime policy which preempted the fixed-time control to prOV|de
'-preferenflat treatment for approaching buses. The simulated results

for each strategy were compared with those reflec+|ng the existing

“fixed-time signal control.

For this single application, the study indicated that the
_reduction in delay for bus passengers, as predicted by the simulation b
program, provided by both strategies, outweighted the addlf:onai delay e

.experienced by passengers in private vehicles,
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Papacostas {54} described a microscopic intervat-scanning
simulation model, BUSMALL, that was developed for the purpose of
simulating an exclusive central business district bus street. |t
emptoyed car-foltowing rule similar to that adopted in the UTCS~1
Network Simutation Model {59}. BUSMALL was validated using data
collected at Hotel Street, the main transil corridor in Honolulu, and
was applied ih order to determine the effect of various operational,
control and structural strategies on capacity and average system speed

at capacity.

The model enabled the simulation of a single bus lane with
or without bus stops where bus overiaking was permitted only in the
vicinity of bus bays. No bus preemption techniqgues have been model led,
and fhe consideration of alternative offset and signal timing pa?ferns
was not tested due to time and resource limitations. s

| N
Capacity was found to range from 83 to 215 buses per hour

with corresponding speeds at capacity varylng from 2.4 to 5, 6km/h
Evidence was found in favour of adopting mid- -block stops over near or _
far-side stops since they enjoy the dual advantage of affording storage f
lengfh at both ends of the dwell phase. Among other findings, o
Papacosfas observed that system operation was consistently Improved

by Lengfhensng bus stops from two: to three loading positions. -

May et al {79} developed an arterial model , TRﬂNSYT6B, and i
apptled it to assess the impact of different traffic management, | ;!
sfrafegies Their model consisted of the prevxous[y devetoped "" :j‘
;.TRANSYTG which was extended to include energy and air- potlufion impacfs
_jas well as spatial and model demand responses. The sfrafegles i

‘|nvesf|ga1ed fnctuded arterial design features (preferential Lanes

. :‘or con%ra flow lanes) with or without improved signat se%flngs EThe.:

.'€ cufpuf of the model consisted of short' term and long term pred'Cf'Oﬂs

of Travel T:me energy, and air pol luticn,
TRANSYT6B was applied to an 8-km section of an Americah:J:

_;;Boulevard durang the afternoon peak period. Table 3.10 Presenfs +he =

’resulfs for atl setecfed frafflc managemenf sfrafegles7
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was predicted to cignificantly increase lravel lime, fuel consumption
and air pollution in the short lterm, The greates! shorl-term beneflits
woere due To optimiziog signal conliol on cilhoer o passengor bosis

or on a vehicle basis. Their future resecarch directions included,
among others, field validation and further relinement of both spatial

and modal demand shifts and eneray and air-poallation impacts,

Coltinet et al (80} conducied research related to preemptive

traffic signal command by buses on differen! French cities. |t

included observation at different sites and theoreticat studies with

a simulation model. Theobservations covered isolated intersections with
and without bus lanes and & series of five coordinated intersections.
The latter permitfed comparison of different modes of bus preemption

at coordinated fraffic lights with fixed time strategies given by
TRANSYT 5,

As Tt was difficult to cover all cases found in practice by
observation, an existing microscopic simulation model was adapted,
Their model, called SITRA B, was validated by compar ing sumulafed and

measured travel times of buses and cars.

By comparing the different strategies at different flow
tevels, the authors showed that bus preemption was always better for
buses. Prforify strategies were considered to be valuable when bus
demand was light or moderate. In such conditions the improvement in
bus Tfavél time was significant and general traffic was not overly
disturbed. When bus demand was high (more than 40 buses per hour) they
found ‘that priority improvemen1é for buses were not important when
compéred with the perfurbation caused to general traffic. 1t was also
ménfioned that, within a network, fixed traffic signal plans taking
buses into account might improve bus travel times while only slightly

 :¢151urb}ng general traffic,

The Greater London Council used the model by Coombe et al

{85} to evaluate bus priority schemes strategies in Inner London. The

model attempted fo evaluate both localized and far- reaching effects
.of fhe measures. The locatized effects covered the benefits and

:'dlsbenefifs occurring at the site of the bus Lane while the far-

reach@ng effects included the changes in traffic flow due to diversion =
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of traffic around the bus Lane. The model structure is shown in

figure 3.13.

The Link travel times for buses and on-bus traffic before
and after the implementation of fhe schome were calculated.  Several
strategies were considered varying from introducing short bus lanes
on roads with heavy bus flows to & series of bus and taxi only streets.
The model has been used in formulating bus priority policies, despite

the weaknesses in its formulation {10},

furner and Giannopoulos {86} studied the Oxford Street

bus precinct experiment that involved the closure of this London

street to all traffic except buses and taxis. In their model, vehicles .
were assigned to a path through the network at the beginning of a '
simulation which traced their movement through the network. Their

matrix of excess trips was simply the 0-D matrix of all non—gfﬁqrifyl
trips originally using the street. Traffic detays and queue Lengfhsl
were obtained from the model for both before and after condif[dn%.

3.4 Track experiments

Coburn and Cooper {77} described a full-scale experiment

carried out on the central area of TRRL's test track in 18970, The

experiment was mainly concerned with the effect of reserving the
nearside tane for buses and fhe Layout used was a signal-cantrolled

cross-road, as shown in figure 3.14, Tests were confined to one main

road through the Junction, but sufficient traffic was maintained on Tﬁeng;

~side road to give an air of realism. The bus lane was originally

. éxfended to the stop-tine on the two main approaches, and subsequently

stopped short of the Junction in successive stages. Bus flows varied:

from % to 4 per minute; control changes were also made in the turning
- proportion of cars and buses and the signal settings (15, 30, 45 seconds -
of ‘green time). ' ' | |

Fofffhe_gondifions fested the results showed that mov ing
‘the end of the bus lane back from the stop-line increased fhe;gl |
,saiqrafion'flowﬁbuf tended to increase bus travel times. An example of
this effect is.shown in figure 3.15. In this case the favourable ‘

poéffi@n'for the end of the bus lane is around 60m from the sfoplline;
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An approximate exprossion for The minimon ol wh”ﬂ\’fhnén' aof 1ho bus

Lane, to ensure ihat buses pass heough The june Lion during the noxt
green period affer dheir arrival won givear Ly,
nt{c-q)
b = 5 - mE
min 60

where s is the saturation flow (veh/lane/s}, g the green time (s),
¢ the cycle time (s}, n the bus flow (veh/min), L the effective length

of cars and L is the effective length of bus.

information was also obtained on the pcu vatues of laden
and unladen buses and about the effect of left turning vehicle
{right in UK) on saturation flows. The lests showed the advantage of
siting bus bays adjacent to the junction so that they run into the
stop-line. Webster {65} mentioned that information was also collected
regarding fhe effect of allowing right-turning (teft in UK) cars to
use the bus lane and of giving priority fo buses by providing am, early
" green time or an advanced stop-line, but the results were not ve}y
' encoUragihg. He also mentioned that the experiment was vaLuablg in

'providing basic data to enable real situations to be studied,

Experiments were conducted during 1963 and 1968 on a 2.5

mile freeway-type siraight test track at the General Motors Proving

Ground in Michigan, USA,  Herman et al {89} reported the results of

8 series of investigations carried out to determine the transient

- characteristics of a platoon of buses starting and stopping along an
exclusive right of way. Such platoons, or 'bus trains' would start
and stop at sfauaons along the way similar to the operation of subway
trains. This scheme proposed the operation of buses on an exclysuve

lane "in order to organise and facilitate the movement of buses,

The effects of such factors as platform spacing, station
spacing, speed as well as delay on platoon dynamics were investigated,
Flgure 3.16 shows the time and motion of a bus operation between two

stations. Theoretical car-following mathematical models were found to

'“3'provide a good representation of the detailed manner in which one bus

follows another {66}. Figure 3.17 presents the speed-flow curves
wobtained from the experimental results for platoons of different

sizes. The curves show that {91}:
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a. a maxtmum flow of 1450 buses/h is attainable for a
continuous stream of buses operaling on an exclusive Lane,
b. a safuration effect appears fo take place when platoon

size is increased beyond about seven buses.

The 1968 experiment demonstrated that capacities ranged
from 350-400 buses per hour and system speeds ranged from 13 to 15 mpeh
whenplatoons of six buses were used at a cruise speed of 30 mph between
stations 0.3 miles apart using a 30 second dwell fime {92}, 1t was
also found that the transient characterisitcs of a bus platcon on
starting are related to the inter-vehicle spacings at the platform,
the delays of starting between successive vehicles and the acceleration
performance of the buses. However, further experiments woutd be requrred

fo determine the exact trade-off between these factors {91}.

From the summary of the inter-station travel times of the f:
platoons, shown in table 3.11, it is apparent that only smatL gains
J

in the average speed can be achieved by using larger inter- sfaflon

“spacing. Traffic signals were mentioned for situations where' exctusuve

lanes could not be grade separated from cross-street traffic buf They were

not included in the experiments.

While discussing bus capacity on busways, Vuchic ‘and Day
{94} observed that the General Motors experiments guoted much hsgher

“capacity figures than actfusl systems could ever achieve since:

 §. the uninterrupted flow tested did not determine capacity

.3s stops, terminals or ramps form the bottlenecks.

b. the conditions prevailing during the tests were artificial,

and did not exist on any freeway.

~C. an analysis of the quoted flow of 1450 buses/hour at 35
miles/hour showed, through the application of equafions:of
i~_vehic{e traction and dynamic behaviour, that under these
:condlfsons safety was well below the minimum required for a

i transit system.
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Table 3,1

(source:

ref. 13)

Applicability criteria for various priority lechniques

General Applicataliry

Devnn Year Conditions

Ranges in peak.
Ranges in peak.] bour one way
Lacal bus Limited-exprass Planning hewr aneway [ Bus passengm Retated land-use and
Type of teatment $ervice bus service pened, i yoars bus volumes volumes lransportation facters
( 12} (3 ta) {5} {6 n
1
fa) Freeway Related

Busways on speigal X X * 1020 40 GO 16002400 | thihan popuiation ~750,000

tight-of-way ' CBD vrptoyment -50 000
20.000,000 sq It {2,000,000m?} -
floor space

Busways within frge. X 10-20 10 60 1,600 2,400 Frnewavs i corridor congested
wedy right-ol-way in peak hour

Busways on railroed X X 510 4060 1.600-2,400 |  Not welt located in relation 10
night-ol-way sefvice area, slauons required

Freeway bus lanes x 5 60-80 2,400.3,600 Applicable upstream trom téne.
normal-fiow drop, bus passenger tma

saving shoutd exceed other
road-user detays o 4
Freewav bustanes | M B TARERT T T1600.2,400 | Froeways sin of more lanns
confra-tiow where imbatance in tratfic
voiumes peemits level of
servick D in off peak travel
directiony i

Bus Tane bypass at voll X 5 20.30 800-1,200 Adequate leservmf an approach|
plaza to toll $tahon

Exciusive bus accesy X X 5 10.15 400 Goo e .
13amp 1o nonreserved sl
freeway or arteriat i
fane ! .

Bus bypass lane a1 X 5 1015 400-600 Alternate surface route avaitable
metcred freewsy for metesed traffic, enpress
ramp huses Icave freeways to rnake

intermediate stops

Bus stops along X 5 &30 50.100 Generally provide ai surface
fresways boarding or level 1n conjunctian with

alighting pas- metered ramp
tengers in peak
hout

{b] Arteriat Related

Bus streets X X 510 20130 800-1,2001 Commerciatly orented frontage

CBD curb bus tanes - : )
man streat X 5 20 30 BOO.1.200 | Commerically oriented frantage

Curb bus lanes X 5 30-40 1,200.1 600 Al least two lanes available for

’ other tathe in same
direction _

Mechan bus lanes X X 5 60-90 2.400-3,600 | At least two fanes avarable for
ather trafhe 1n same
direclion: ability to separate
vehicular turn conflicts from
buses i

Conlra-ttow bus lanes X ‘5 2030 800-1,200
short SEQNMIENS

Contra How bus lanes X X 5 4060 1,000.2.400 Al least two lanes avaitahle tor
¢xtended other 1eatlic in opposite

direction. Signal spacing
greater than 500.11 {160.my)
intaryais

Bus wouts | X 5 10:15 400600 Paints of major passenger loadings
on streets with more than 500
peak -hour autos using curh

| tane
‘Bus pre emption of X 1.5 - 10-15 404)-600 W_hernvnr nol canstramned hy
traft signats petiestran tleatance or sigpal
. network constraints
+. Special bry signats X 15 510 200-400 A1 access poirts 1o bus ianas,
and bus actuated busways, or terminals or
5G4l phases wheze special bys turming
mavements miyst be
. sceommodated
* Special bus turn . X .5 510 200 400 Whnerever vehicular turn
pravisians prohititions are located
along bus routes
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Table 3.2 Minimum number of buses per hour
Justifying a reserved lane

(source: ref. 19)

A. Same Direction: Buses Replacing a Table 3.3 Bus volume warrants
Normal Traffic for exclusive normal-
Lane £l :
i . ow lanes on arterial
NUMBER OF NONSATURATED roads
LANES FROM  oyER-SATURATED ROAD RoaD ¢ S o
wicine 0 UTIRRORD o PR vsource: ref. 82)
BUS-ONLY 50— 70— 90— 30— 50— 'Muiw.-r of Linga Thomushfam Kat Mharmhfarg fiver
LANE IS PASS. PASS. PASS. PASS, PASS. theaerve Lany  Satarted Scuraied
nelmml) ISlack Prrjeds) 1Peak ue Gty
TAKEN BUS BUS BUS BUS Bus Funning L Same Bus Load Ry Papjagy)
Vircetian (tuslber of fusranaers) {Sucbice of Tassengery)
2 60 45 35 45 30 0 0 50 I R I
3 45 30 25 40 25 7 " S v
4 40 30 25 is 25 3 . 0 % 05 45 0 s
5 40 30 25 30 25 4 - 35 2% [1 PN 0 18
: - 3 - 3 5 11 40 M0 25
B. Reserved Lane: Tn Same Direction -
* Replacing Packing
Lane: 15-20 buses/
hr
C. Reserved Lane: In Opposite Direc-
tion on Oue.-Way
Streets: 15-20,
buses/hr
TabLe 3.4 Critical hourly bus fiows for a bus lane
o ' (source: ref, 55)

Critical hourly bus flows for a bus lane on s Zdane approach road
(e bus Nows required for priocity benefits 10 equal disbenefits to non-priority traffic)

Bus occupancy = 60 passengen

setback of no sethack provided
. optimum lenath ‘easy' diveniion “hard” diversion
Frapaniien of 3. 704 |05 o3 [ 04 | o5 | oz 04 o3
green time, A
" Dugree of
. matusation
0.7 65 | 65 {65 T oo |ros Puss | oo §o130 | 1so
08 so | ‘e0 0 1 95 {120 [u3s |30 |ies | oo
09 25 L se | 7a | 85 | 120 |50 { 130 { 180 | 270
035 10 | 20 a0 f s oo frof s | ies | 20
Co0er ) H 5 15 5 85 | tro f 105 | 150 [ 195

Critical houtly bus Aows for  bus lane on 4 34ane approach road .
{in. bun flowa required for priosity benefits to equal disbenafits ro non-priority teaflic)

Bus vecupancy = 60 passengers

. sethack of ne scthack provided
aptimum length ‘easy” diversion *hard” diversion
Fioportion of 03 04 05 Jo3 o4 ] os |os |os | os
pieen time, A
: Regree of
sataration - .
07 5. 55 ss foso} 5 fwos f o0 | 95 { 105
08 45 50 60 §no 125 | 145 [fazs | se | oars
0% 30 45 60 4105 | 145 | 175 |luss | 200 | 240
095 .0730 45 } 90 {130 [ 170 fj1a0 | 195 | 245
097 - H 15 25 5 115 150 LFi] 185 35
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Table 3.5

Critical hourly bus flows for bus (anes

{(source: refl,. Y6)

Critical Minimum Hourly Bus Flow for a Bus Lane on o Two-lane
Approach with Satback ot Optlimum Length (s0e text), and for

Varlous Bus Occupancies and Degrees of Saturation

Degrae of Graen Bus Qecupancy
Salvration Proportion 60 50 40 J0 0
03 €2 68 T4 B2 92
o? 0.4 63 &9 17 pe @B
0.5 83 70 ta 88 yo2
03 43 64 80 o7 e
[1] 04 58 €5 vr 82 4
['1] 68 76 84 P AN
©.3 25 28 82 Ay a4
0e 04 46 5% ez N 83
05 63 O 85 9 113
03 10 12 13 18 19
LE-H) G4 20 23 A M a
3] 0 45 81 8 0T
K] 8 L} ? L} 10
our 04 8 [} H [ 10
0.6 L1 TN T - T L S

Table 3.6 Qutput of SCOT

{(source: ref. 70}

Critica) Minimum Hourly Bus Flow for a Bua Lane In a Three-lane
Approach with Setback of Optimum Length {see text), and for
Various Bus Qccupancles and Degrees of Saturation

Dogreoe of Qroon Bus Oceupency N
Saturation Proportion 60 60 40 30 20
¢ B4 50 or 74 83
07 a4 64 &80 60 78 82
] 54 "M 83 20 g4
03 44 60 50 84 -]
oa 04 23] 55 o3 73 a8
05 fig a0 8 ar 104
R ] 30 34 39 4% 54 ;
1] 0.4 45 50 5 6T 80 .G
0.8 59 er 6 8a 108
na W 20 M 2
0.93 o4 3 44 30 4 B8
0.5 45 5y GG @8 82 .
03 5 [} r 8 10
097 [:X 15 1T 20 24 1]
i 05 2B+ 29 . a3 30 40

Bus route and geneeal traffic pecformance for 8:00 to 8:15 a.m. peak,

Direct-Flow Counterflow

Traftic . Statistic Base Case  Pus Lane Bus Lane
Bug Average travel time per bus route, :
minutes 8.14 8.00 7.29
Average awell time per bus route,
mlnutes 1.28 1.16 1.06 b
Average speed, mph 5.8 6.1 6.6
Automobile- Averapge speed, mph 11.1 12.0 10.9
truck - Average delay per vehicle, seconds 44 35 46
Average stops per vehicle 112 0.96 1.20
Stopped deday per total delay 0.71 0.67 0.7t
Cycle tailures at link location T at 48, 58 1 at 58, 59 3at 79, 69
: 6 at 79, 69 4 at 58,59
. 1 at 58, 59
Spillback Nane None Noae
Bus route and general traffic performance for 4:30 to 4:45 p.m. peak.
Direct-Flow Counterflow
Trallie Statistic Base Case Bus Lane Bus Lane
Bug JAverage travel time per bus route, : '
" minutes 2.7% 5.91 9.65
Average dwell time per bus route, o
minutes 4.02 .89 4.19
Average speed, mph 4.9 4.8 5.2
Automoblle-" " “Average speed, mph 1.1 9. L8
truck Average delay per vehicle, seconds 36 41 46
: Average stops per vehicle 1.16 113 1.29
Stopped delay per total delay 0.73 077 .76
Cyele [ailures at Yink location 1at 38 39 2 at 48,58 3 at 48,58
' : o 4 at 58, 63 2 at 79,59
‘ N 23t B9, 79 § at 69, 59
[ 10 at 49, 39 1 at 59, 4%
Spillback at link loeation, seconds None 24 at 48, 58 70 at 48, 58
D 10 at 49, 39 )
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Table 3.7 Alterngtive o

sfems fosted by Frizoen
source: ref, 12

®rpiag Comiigura on s
Lhacsace b wasm b i

e e e Far Callnconm
ey ap iy e ——
Berray oy M B Mwaeer W
Buion Lavrst  Fach 4l madt amd ) Doors Forn
Eie- o Bl Ealioes Najm MAMMR e Lakt ol
waisd  Rapy L] Toi tor tor Vier  XTlr Fue  tum
by M Emcles om0 @ " Trary Rwsiy  Erery Every Back Lath W Wem e ™
- wa Teals wier Rub- TRrount Mus Taies 3 1 1 Move:  Mners Toard: foards Oyl Adusied e 1% [t
ye. T Mrew  wer Lase Wiy Mok Mincts Morka Niois mond el ing i~y ki Kyals Eeuair bvsl bednd
T % z [ % x x H
I x x X 1 L3 X
I X I X ) X X
¢« K X x A a X X
P x x X X Fl b x
M b x x x x a X
7 I I x X X x x
" X x x* x X x x
[ X x x x X X x
10 I z 3 x x I X
1 x H X x x x x
a x X x X ) x X
e x x x b x x X
" H x x 1 x x x
" I T X X X r x
1 H x r x X 2 X
" x x r x x X x
" x x 3 X x x x
" x I X X x x x
» I x X X x x ]
FH Birtrt P W b o st by VNS vy

Tabte 3.8 Summary of simulation results from BLOSSIM

(source: ref. 71)

Operaling Conditions

Model Resula
Nusen Allowed
. Bus Dtop Automohdle Righid Turna  Traflic 1o Avg
————  Fiom Common Section Sizanl Cvertake Duysey Bus
Far Oflset Avg Bua Speed,
Stratepy . Midblock  Sida  Yes No s} Yes Ko Buses/t  Passcrgers/h  Cecupaney  {m/al
Altee natang bay
stap spacing x X 5 X 160 2570 8 2,85
Butrs opctating
i plal s of
thive X x 85 x 1 vioo 5t 114
Pus oredaling
alivaed, no
12 lures by
siner vehicles x x 28 x 170 200 53 L
¥analwas In X X Varlous X 129 ta T613 10 54 to 1.8
: Lz aflie gienal 113} 8pe 57 1.5%
i olisct
i %5 Lus oenake
i g atloved x X 25 X 128 1980 4] .27

Satr Ime N

Table 3.9 . Summary of

recommendafion for bus lane setback
{socurce: ref. B83)

" FLOW CONDITION RANGE OF SETBACKS*
- " ; - " P -
UNSATURATED FLOW 50m _— incressing degree of saturation lw?mm
- Short dwation,
at full '
L : ¢ saruration ——>p
FLOW W1TH PEAK | . .
AT FULL SATURATION oy increasing equitiboium queae lengih 0m
e . = ~decressing hos pavsenges Nlow 'f
leng daration at
- 77 full aatwation B
DONTINUOUS o 4 . ereasing equilibsrun quese leneth e
SATURATED FLOW Som T asing hiny passeger T »0m
: S . 5000 OO0
passengers/b passengers

other condriwms mutuply by 3g/P.

= Serbacks gven are for a green me (g of 30 seconds and a packmg featwn () of Y0 per cent. For

T
0




Table 3.10 Effects of arterial traftic-managenent strateqies
(source: ref, 79)
Travel Time {h) Adr Poltutants (hg)
Fuel ———s
Yehicle Passenger Consumption (L)  HC co NO. Total
Per- Per- TPee- Per- Per- Pers’
srategy Yehicle* Amount  cent Amount cent Amound  cent Amount  cent Amount  cent Ameount  cont Amount  cent’
fignal contrel
Sworl term .
Vehicle basis  Nompriority  ~81.8 -84 976 .83 231407 -59 -9 <83 S109.8 -10.6  -4.5 49,7 231
Priority -1.1 5.0 493 49 =13 -7 .01 SR IL S - S XS 0.0 -1
Both -82.9 -2.3 ~146.9 -1.2 2413 -5.9 =91 -9.3 =111.2 -10.6 -4.5 -9.8 «124.8
Passenger Nenprierity  -78.5 -9.6 -93.6 -8.9 -215.8 =54 -8 -8.6 ~98.2 3.5 AT 8.0 «110.1
basis FPriority 14 0.9 _-654 .12 100 .92 .01 -8 .20 -84 -0 111 2.9
Both -79.9 -89  -158.0 -1.9 -225.8 -85 -B3 -8.5 ~100.2 =45 A ~B.1  -)2.4
Lorg term ’
Vehlcle basis Nanpriority 8.0 0.8 12.7 0.8 157 KR - - - - - - - -
Priority 01 0.0 63 0.3 -2 0.0 - - - - - - - -
Both 8.1 0.8 19.0 0.9 155 3.4 - - - - - - - =
Passepger Nonpriarity 1.0 o7 1.3 0.9 119 2.6 - - - - - - - _;f
basis Priority -0.2 -0.7 -11.8 ~1.2 -4 -39 - - - -~ - - - -
Both 5.8 0.7 -0.5 0.0 115 2.5 - - - - - - - -
Signal contro} and
design :
Bhort lerm
Bus lanes Nonprierity  508,1 8.2 601.% 5T7.6 1318.0 33.6  d46.8 19.0 532.9 5L.7 {1 8.9 5e3.8 42.8
Priority L2290 -1y o103 -134 =24.6  .22.6 .03 -14.3 4.0 <188 -0.2 ~22.2 I T
Both 505.2 . 56.4 $03.8 FER 1313.4 2.1 46.5 41.7 528.9 50.3 3.8 8.3 579.3 18,_'4
Reversible Nonprlerity  -66.4 -T.6 -18.6 ~7.5 -131.9 «3.3 -6.3 -6.6 =78.0 -T.4 -2.5 =54 .pd8 -'.r."."'
lanea Priority -0.2 -0.9 -12.8 0.2 -0.8 -0.T 04 0.0 -0.4 -5.6 =0.4 0.0 =0.4 =11
Both -65.8 -T.4 -91.4 -4.5 -332.1 -31.3 6.3 -4.5 ~746.4 -1.3 =2.5 -5.5 -.95.2 -';_i
Long term . :
Bus lanes Nonprinrity 8.6 2.1 19.8 1.8 168 4.1 - - - - - - - -
Priority __'_?j -13.2 S138. -4 =25 =23.0 - - - - - - - -
Bath 15.7 1.7 -119.9 5.8 141 3.4 - - - - - - - -
ficvaraible Nonpriority 6.4 0.4 9.4 0.8 106.2 .2 - - - - - - - -
lanes Priority Lol 0.5 24 0.2 2.0 -14 - ~ - - - - - -
Both 8.5 0.0 ne 05 @iz 44 ' '
Nom 1 L= 026 gl tum < 0.6 mile, | kg= 22 1b,
“Totel drstance aveled: nangriority vehictes, 18 554 R ki Briofity vehicles, 340.2 km, .
Table 3,11 Intersection running times of plafoons
(source: ref, 93)
. Inrer-station spacing (miles) 03 06 09 _
Loading time (sec) 0 ' 10 20 30 0 10 20 , 30 0 , 10 , 20 30
Running timq . 61-3 ' 7134 81-3] 91-3 112:7 [ 122:7 1 132-7 | 1427 i
20 Standard deviation | 22 2.2 i
Average s_peed 176 151} 133! 118 192 176 16-3{ 151
= Running timc: . 470 570 67-0| 770! 823 923 102-33112-3 ) 118-3 | 1283 1383 148-3
= 30 Standard deviation 21p ' 1-7 2.1 s
" Average speed 2301 19-07 1611 140| 262 234 21 19-2) 27-4| 25:3| 23-4| 210
z A
] Running ume 69-3] 793 8931 99.3] 0s5-7 105-7 | 115-7 § 1257
40 Siandard deviacion 19 1-8 . :
“ Average speed 31-2) 27-2) 2421 21-8] 339 307 28-0( 258
Running time’ 86-6| 966
50 Standard deviation 13 :
“Average speed 37-4| 336
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4. EVALUATION OF 'MQLFM”ﬂUfLQfJUﬂﬂE
4.1 ln%roducfiqﬂ

It is dasirable to monitor priority schemes 1o assess 1he
extent 7O which objectives have boen met and to determing the extent
to which other road users have been affectod. Within any evaluation
process, benefits are compared with dishbencfils, either in moeney ferms

or by subjective judgment.

Lane {95} stated that a bus lane is worthwhile when one can
be reasonably certain that the benefits sufficiently outweigh the
disbenefits to provide s satisfaciory economic return, On the other
hand, the Report of the International Collaborative Study of the Factfors

Affecting Public Transport Patronage {96} considered:

public fransport ... is now generally treated as a
social or community service whose development cannot be
left wholly at the mercy of market forces, but which
should be moulded, at some public expense, 1o encourage
the spread of its wider benefits ... overall
transportation efficiency, protection of the environment,
safety, improved mobility for disadvantaged sections of
society, and energy conservation.”

4.2 Effect of bus priorities

The effects caused by the introduction of a bus priority

scheme can be divided into {10}:

a. tconemic changes

| . in cperation costs of buses and other vehicles
ii. in the number of accidents

iii. in travel times of priority and non-priority Vehictes
iv. in walking and waiting times of bus passengers and other
 road users ' _
Q. in consumer surplus (benefit from tfravelling above peréeived
R costs of travel) arising from generated and suppressed

Journeys,

" b. Environmental changes

i. in atmospheric polluticn




ii. in noisc levels

iit. In visual scone

c. social and polifical chanaes
i.oin the distribution ol costo and bonel iy bobwoon
different seclions of the communiiy
Pt in dhe modol-split
iti. In the fuel conservation
iv. in attifudes towards the bus rank, area or lown
v. in job, educalional, social opportunitios elc,
(second-round impacts) directly attributable to the

scheme

4.5 Difficulties in costing effects

For the purposes of comparison, it is desirable to express
all costs and benefits involved in the implementation of a scheme in

monetary ferms. However, in some cases this is not practical.

In the economic evatuation of priority schemes, it is a
normal procedure to guantify the time saved by 1he priority vehicles
and the losses, if any, to other road users. These time values can then
be converted into monetary terms by applying appropriate 'values of time'
for each class of vehicle. Another factor usually included in the
evaluation is the saving in fuel consumption that may arise from the
introduction of & specific scheme. |Its inctusion is justified by fthe
present ‘concern over energy conservation. Environmental changes
invofving the al+erafion of noise and air pollution levels are very
difficult to express in monetary terms although some guantitative

analysis can bs carried out,

- Problems also arise in the assessment of fhe political and
sociat impLicaTidns of a proposal. it may well be the case that one
~group in the community pays for the project while an entirely separate
group enjoys the benefits. An'example of this is where the cost of a
scheme is met from the general taxation while the benefits acrue ic
commuters to a city centre, it is largely a political decision as fo

whether benefits 15 some groups should be valued more highly than
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benefits to other groups, atthough il is casontial to Iry lo identify
the scope and extent of such benefits for o sound polilical decision

to be made.

4.4 Dimension of evaluation

Richardson and McKenzie {82} proposed a framework within which
bus priority systems may be evaluated. This evaluation framework,
shown in figure 4.1, considers various evaluation methodologies as
lying within a three-dimensional space. This space, with dimensions

termed breadth, widith, and depth, defines the complexity and

completeness of the evaluation procedure. Breadth refers to the number
of groups in the community included in the analysis. For bus priority

systems, appropriate groups might include bus passengers, car. drivers

and passengers, pedestrians, and non-users of the facility. Width

refers to the geographic area over which the evaluation extends and, fof-f

bus pfiori%y studies, might consist of a link, a route, or a network.

Depth refers to the number of effects considered in the evaluation.

The evaluation of an exlsfsng scheme can be anywhere

wrfhln Thls three~-dimensional framework

o 4;5 Evéluafion methods

The most common methods used for assessing a bus prlorlfy
scheme is a 'before and after' study. The alternative method is called
Efai-'p@s‘:’reimp{emen’raﬂon' sfudy and consists of conducflng a quesf|onna|re

vey after the |nTroduc+|on of the priority measure.

'54;51]'8e%ore and after studies

o In These sfudles condlflons Wthh occur after the

:impLG 'dfafron of some priority measure are compared with %h05e whlch

‘;we'; ‘have been occurring if the scheme had not been lnfroduced The-:

o re! period must end prior to any material alteration to fhe [ocafion
the 'after' period must follow a transition period during WhiCh . ”

avel habits are adjusted. The more comprehensive The scheme, +he more.ﬁ‘

xiensrve w|LL fhe assessmenf need to be and The Longer The perlod




at lowed for people 1o adjust Lo Thee change b fore moasuring The

effects {141},

A before and after assessment of a scheme is only valid if
its implementation is the only change allacling faclors measured as
sart of fhe evatuation {82}. However it oftfen happens that the
priority scheme is introduced al the same fine as other traffic
management measures.  bven I (he implomentalion is phasaed, some
uncontroiled changes take place during fthe assessment period, such
as changes in income and cost of Lliving, wilh consequent elffect

on the modat split and journeys to work.
Table 4.1 presents a summary of the review of some of the
relevant before and after studies related to bus priorities in urban

areas.

4,5.2 Post implementation studies

They are undertaken by conducting a questionnaire survey,
after the implementation of the priority measure, in which respondents
are guestioned as to their fravelling habits before and after

implementation of the priority measure. |11 is a less valid evaluation

technique than a before and affer study since i1 is subject to non-response

and other bias.
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Table 4.1 - Tabulalion of beloreo and allor oiadios (Literalore roView)
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CONCLUL THG Cor I of sbe tToep o

The objective of 1his first soclion has been to review

priority measures which may be used o improve Phe performance of
bus operations in urban arcas. The procodurs ydoplod in the Literature
review was to:
a. identify and define the different bus priority schemes
{(Chapter 2.
b. describe the characteristics of 1he weasures adopted on
urban roads with spocial attontion 1o advantaages and
disadvantaqes resulting from the adoplion of alternative

schemes (Chapter 2).

c. collect information related to the impact of implementad

urban pricrity schemes (Chaplers 7 oand 4),

d. investigate the different methods of assessing the suitability
of urban bus priority schemes (Chapier 3).

e. identify the extent to which the impacts of bus priorities ‘
have been evaluated in the past (Chapter 4}, ;?

f. identify areas for worthwhile research, particularly those 1

with specific application to the situation prevailing in Brazil.

The review of the available Literature showed that a
considerable amount of work is stilirequired fo fill gaps in the
existing knowiledge of bus priorities operations. With specific

relation to item f above, the following main points were found:

a. Few bus lanes have been thoroughly evaluated {14}. While thousands

of schemes have been implemented throughout the world, there

have been few scientific studies of the impacts of bus priority

facilities, especially 'before and after' measurements pertaining

to arterieal bus priority treatments {il}. Due to the difficulties

in placing & monetary value to environmental, social and
political effects, the majority of the studies have been
concerred With travel time benefits to users of priority
vBhicles aténg a specific road or Link. It was also found that
-most of fhe studies on the implementation of schemes have

nét considered the effects of the scheme on non-bus traffic

{see tables 2,1 and 2.2).

84




o. Tho Jolon1|dl for urban bus Lanes has not been fghkx

investigaled,

i This stalemont Ts particularly cotovanl To arlorial
median bus tanes whoere applications had not been repor Fed
{see tigure 2.3 and table 2.4).

ii. Only a few track experiments have hoen undertaken to study
bus priority measures. Although track experiments have
enabled traffic and road layout factors lo be allered in
a controlled manner, there is a practical limitation to the
range of experiments which can bomade in this way,

The interpretation of their results deserves careful
consideration since they cannot, directly, predict the
effects of providing bus priorities in a 'real Life'
situation {65}.

iTi. The measures simutated by computer programs include

| combinations of bus lanes and signal priorities. However

there is a lack of simulation studies in areas such as
the combined use of progression and preemption {118}
and the adoption of bus platoons along arterial bus lanes.
Moreover, none of the simulation models reviewed have

examined high flow median bus lanos.,

With regard Yo the Brazilian conditions this study
concentrates in investigating the effectiveness of median arterial bus
Lanes - Thé technique that has been recommended, by existing criteria,
for Locafions presenting a high flow of buses and passengers. As
median bus lanes are amongst the most expensive priorities fo implement,
alter ahd disconiinue, apart from being the least common form of=

'urbanhbus lanes, research effort is requlrcd to lmprove fhe knowledqe ofi

fhear operaflonaL capabllsfy before lmplomen1af|on




study.

5.3 Steps in simulation

Fruz succossive slopa o The preparalion of o fraffic

simulation proagram may bo suammay izod an:

a, formulation of the model - deline The traffic sifuation 1o be
simulated, specify the deaqree ol complexity 1o be included and
once having formulated the logic of lhe problem, reduce it fo

a language acceptable by the computer.

b. pregram checkout and intfernal verificalionof the model -
determine if the program is working and correctly representing
the model as defined by checking oul cach asubrroutine as it
is writien. This procedure requiraes special test routines
that supply data and print the output of the subroutine being

tested.

¢, estimation of parameters - select The best values for model
parameters by direct measurement and statistical fests or
~by indirect techniques in which parameter values are inferred
by comparing model outputs and ohservation of the outputs, The
procedure  of selecling the best values for model parameters

is called calibration of the model {119},

d. validation - test the agreement between the behaviour of the
" simulation model and & real system by comparing data

fgenerafed by ihe cdmpufer with actual traffic data.

e. design of ‘experiments - the objective of an experiment is
cusually either related to-finding the combination of factor

levels at which the response variable is optimized or to-

explaining the relationship between the response variable

cand the controllable factors in the experiment.

f. analysis of_simULaTion data - the analysis of simulated data
consists of the ccllection and processing of simulated data,

'compufaTion of test statisfics and interpretation of the results.

These steps are further discussed in the following chapters of this
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& MODEL FORMULATION

fh\f

6.1 Introduction

This chapter describes ithe main features of the traffic
simulation model SIBULA (Simulation of Bls LAne) which was developed
to represent in defail the coperation of priority {(buses) and non-
priority vehicles travelling along one direction of a section of an
arterial road. The primary objective of the simulation model is to
test and evaluate the efficiency of exclusive median bus lanes under
different configurations. A significant amount of data was collected

and used for calibration and validaticn procedures.

SIBULA was deveLoped in several phases.. Ih the firs} stage
a model was formulated to represenr mixed vehicle operation on a S|ngle
traffic Lane featuring a three berth bus stop and one rrafflc signal.
Thns early model served as basis for the development of the presenT
versnons of the vehicle response subroutines descr|bed in chapfer 9,
At Thaf |nt+|aL sfage pilot experiments were conducred by comparunq reaL

tife and SImuta+ed fime- dlsfance profiles of successive foLLOW|ng

vehlcles Traffic data was collected from ftime lapse films that were‘
analysed using the Techn|que described in Appendix 1. The site se[ecfed

for the measurements consnsfed of a traffic signal approach on ; :
_BursLedon Road, Soufhampfon (UK) where incomlnq vehicles were res?rlcfed

to The use of a S|ngle Lane

"

The research efforT was then +0TaLLy concenTraTed ln The';

._|nvesT19a?|on of vehlcte foLLowsng behaV|our A variefy of assumpflons

' were Tesfed by conducf:ng 3 Large number of compu%er runs to assess fhe¥

_senS|TEVITy of Journey ?|me fo the changes in The assumed reLeflonshfps
Car follow1ng procedures were thus developed fo enabLe 51muLa+ed veh:c e
to underfake reaL:sflc and sTabLe deceLeraT|on and accelerafton manoeuv

whlie elfher approachlng fhe end of a, sfandsfltt queue of vehlcles

'c_or sfarfung at %he onsef of The green perlod 1t was. found fhaT
parflcutar comblnaflon of free fLow1ng and car.. foLtOWing reacflons'
described in secflon 9 6 produced headways a+ +he sTopgline ThaTH ere

in cLose aqreemenf with S|Te observaTtons (see‘secflon 11 2)

“Adehe second s+ep of the S|muLaf on.

ln|T|aL

of The mixed fLow muLTi—{ane modeL




cope with three unidiracticnal lanes whero no ﬁauo chanae was al lowed.
Turning vehicles were indroduced and special sibroulines were wrilten
to evatuate travel times and process the removal of vehiclaes from the
system. The sensitivity and conceptual validity of the model was
checked by ohserving the direction of chance in the output caused by
modifications in specific inpuf parameters. The greatest variation In
average Travel fimes was caused by incremenis in input flows. However,
no attempts were made, af fhat staas, to determine which form the
variations fook (i.e,, if response curves were (inear, quadratic or
cubic in nature). On the same grounds, it appeared that output
saturation flows at stop lines wera more sensilive to variations in the
characteristic speed than tfo alterations in the magnitude of the free
flowing acceleration behaviocur of gqueueing vehicles. This large number
of tesis, undertakep before dats collection in Brazil, enabléd The
definition of the extent to which the various input parameters needed io
be identified from the data. Some parsmeters had only minor effects

on the measures of effectiveness. For example, the average travel time
of kerb lane vehicles was almost insensitive fo changes in the gap
acceptance model as under artferial road conditions only a minor
proportion of the total flow is inserfed through latersl roads. Such
results led to the introduction, in the model, of some distributions

and parameters obtained in previous studies,

tn the third phase, & lene changing model was incorporated
to the program. Several generations of lane changing routines were
developed. A sophistficated model had to be formulated in order to
cope with complex forced lane changing manoeuvres. Sensitivity tests
were ‘carried out to investigate the effect of varying the parameters
involved in the determination of the kerb lane vehiclte that allows the
merging of a forced lané changing unit, For a description of ?he model

and the sensitivity analysis, see section 9.9.

During the fourth stage, the length of road simulated was
extended to enable the representation of vehicle movements atong a |
series of arierial blocks. Research effort was also concentrated in
developing random generation routines as up fo that stage randomness
could onLy be incorporated by using alien NAG libraries. Such. extra
subroutines added flexibitity to the model by turning the program

codlng totally independent of the compuf|nqsysfembe|ng used
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This was achieved with no signilicanl Toctowenl in program
processing time. A fuel consumpiion model was also developad in
order to increase the extent of evalualion fhal could be conducied
by the model. Individual characterictic. were aonigned lo vehicles
based on disfricutions and parameters (see chapter 8) obtained from

the traffic data collection conducted in Brasil.

fn the fifth and final stage, fthe main framework of
SIBULA was altered as to allow the simulation of both the 'do nothing'

and the 'priority' situation.

The model is written exclusively in FORTRAN [V and runs

on an ICL 2970 computer. it is set in & modular format, incorporating

the following major festures:

a. microscopic simulationof individual vehicles by type,

utilizing a cer-following model and fime-scanning methods.

b. representation of a 3 lLane section of an artery with up to 6
traffic signals together with associated input (4) and output
(5) links. It is possible fo extend the study section to
any desired {ength. However any alternative configuration

may be restricted by available computer facilities.

.c.'provision of a series of output prlnToufs |nctud|ng bofh.
g':defalled |nformaflon after each time increment, i.é. fhe

:fifdynamlc charac?erlsflcs of any parflcular vehlcle queue.
'iﬁleanh during red phases Link volumes and bus sTop
':occupai|on and overaL{ results such as average Journey

flmes per cLass of vehscle ‘and fuel consumpfncn
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d. detailed and equal draalmenl of both interseclion and Link
traffic behaviour Including gueue discharge, furning
performance, free-flow accnleration and deceleration, traffic
response fo stop signs and iraffic signals, qap-acceplance and

free/forced lane changing manceuvraos,

e. defailed treatment of bus iraffic including bus-stop dwetl

Times, bus/vehicutar traffic interaclion ('do nothing' situation)

and response to slternative bus stop location and configuration.

f. simulation of both bus priority and non-priority situations.

While in the 'do-nothing' situation buses inferact with the other
vehicles, one lane may be reserved for the exclusive use of

tuses durian the 'priority' situation.

6.2  Qverall structureof the model

This sub-section describes the model in broad terms

including its overall structure,

The model specifies vehicles entering the simulated system
et entry lanes. Traffic is discharged from the system via exit Lanes.
Each vehicle being inserted into the system is uniquely identified in
tzms of its performance characteristics. These characteristics are

¢ «domly drawn from specific distributions and infltuence the

selection of reactiohs such as furning performance, lane change and
free-fiow accelefstion and deceleration. Car-following routines are
employed fo update constrained vehicles. Such procedures enable the
model to generate microscopic vehicle trajectories sensitive to changes
in the traffic composition, fo the impedance caused by other vehicles

and to changes fn fhe traffic signal control policy.

A dFiver may change lanes when his lane is obstructed by
buses hatted at 8 bus stop or an excessively long queue in the Llane in
which hé ig travéiling: He will also attempt to change lanes if a higher-i
speed céfi be athieved in the adJacent lane. The actual comptefioﬁ |
of & laré chandé fianoeuvre |s condltionat upon the availability of an
acceptable lag in the ad jacent lane,
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As a vehicle approachos an inlecaection, 00 may furn,
proceed through or stop. The response of a moving vehicle to the onset
of The amber phase s based on ils apead and poximily 1o the
infersection. The model élso caters for the effecls of vehicles blocking

entry tanes.

Buses are generated according to pro-specified flows and
are processed along the system stopping at their assigned stations.
Their dwell times are based on the number of passenqers beoarding
obizined from a statistical distribution. Provision is made for
evaluating the effects of adopting different bus-stop confiqurafions

and a variety of alternative high-flow bus operation techniques.

6.5 Components of the model : o ; 3

The traffic simulation model, which was developed, Is ‘E*T ﬁ
formed by two main and two secondary processors (fuel consumption and ' Jl
rendom number) as shown in figure 6,1. A pre-simutation processor is
used to define the fraffic stream. Vehicle units are generated based

on traffic parameters, and the results stored for subseguent use by

the ofher processors. Other functions of the pre-simulation processor :
include obtaining, processing and storing all the geometric and Traffic;ﬁ

details that are held constant throughoutf the simutation run.

The traffic simulation processor carries out the
repefffious computations thet are required for simulating the movement f?5.
of each vehicle through the main lanes of the system. It also caters i

for the inser?ion and removal of vehicles from the system.

Most of the calculations performed by the pre-simulation

processor involve the generation of random variates of defined

probability distribution functions. The random number processor

i lso used by The traffic simulation processor, The fuet consumpfioﬁ?i  fa

'pritessor is linked to the traffic simutation processor, evaluating

T

e total fuel consumed during each simulation run. 2

- The foL[owing four chapters describe in detail sach of

these processors,
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G, 4 Simulal fon modulos

The four processors are formed by compulter modules. The
operational relationships of all subroulines aro schemal ically
illustrated in figure 6.2 and a qlossary of module names is
provided in table 6.1, The Listing of the proagram is included in

appendix 2.
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Table 6.1: Glossary of simulation modulos

name doscription
COMPQS set vehicle Type according to input lane
YEHCHA assign characteristics 1o vohicles
TEMOFF determine generation times and calculale signal offsels
SIHPRO perform Time sequencing and poriodic scanning
RORDER update main List of vehiclas
ELACHA evaluate possibility of Lane chanqge
WCHLAT check forcad lanme change and lane changing conflicts
WCHLAZ check time gaps and lane changing conflicts
LACHDE calculate decelerations involved in lane changing manoeuvre
LACHAN perform lane changing
LALIST assemble ordered Llist of vehicles and control amber reaction
PROUPD process updation in a per lane basis
L INKPO determine number of units in each main Link
WVEHRE determine the insertion time for next main lane vehicle
UPDATE update the dynamic characteristics of each vehicle
STOFOS determine turning or stopping position
BSTIM1 select bus stop time (conventional bus service)
BST M2 select bus stop time (buses operating in platoons)
TSPAHE determine the position of next siqnal ahead
KSPACC keep vehicle speed or accelerate i+
WDECST determine if deceleration to stop is required
RELVEH release main lane vehicle through oriqgin
WDECLE determine if deceleration to leader is required
DECSTO decelerate vehicle to stop
WOSTLE decide if vehicle reacts to stop or to leader
DECLEA ~ |  decelerate vehicle according fo car following
INSVEH check insertion of new units through origin
WOECTU [ determine if deceleration to turn is required
WOTULE decide if vehicle reacts to turn or to leader
DECTUR decelerate vehicle to turn
REMOTU - removeé turning vehicle
REMOST |- remove straight vehicle
SIGIND | determine traffic signal indications
UPDELA  updaTe minor 'T' lane vehicles
EVAGAP evaluate existing gaps in major traffic stream

93




Pablo o1 cond i

riome

Ve ;[\f in

EVALAG
IHarRT
PG
P0G G
POOLTR
WIHCON
FLELCO
NORMAL
RARDNU
SHNEXP
MEGEXP

evaluate  existing Laas b mojor brabrie siraam
fncerd gwinor fPanc o veliis beer Do mada oot ie e
apdato and rolegse minos gl Lo vl bes
update the dynamio characteciolion o minor gl
transior venicle charaotoriclies B wmal Lor AUTays
write initial geomelric and (low conditions
getermine instanfaneous fuel consumption

obtain a normally distributed random deviate
generate a random numbar (0, 1)

obtain a shifted negative cxponential deviate

obtain a negative exponential deviate

Lane: vohicles

G4




start

v

traffic qeometric :
parameters choracteristics
ol pre-simulation
processor < ™
R
. . ran
vehicle signat : num§2T i
units offsets : =
i processor;
b ms e o e e ol
“g T
traffic simulation po o em mm e an
processor PR fuel !
sconsumption
| ‘processor
V Lo mtt mer mie iy i e
end

Figure 6.1: Components of SiBULA

a5

e 1 2 e et et PO




—{%00Ls |-
[15220w]—

Ni33om

31LSAM

ErEm

—y13adn I

L

H3ISN]

_, Oudis _l

[05733] HIAGNT
[3vasi}—  fnnanve |

OdANIT

TwrHON

Iy
Fi

NYHIV'T

_zouz_:Tl

3HYJSL

J0HIYT

VHIY Y

_:zoz¢m *l

a ewreisaeng.

lf*<4:m“m“

95

Y]
@
—
>
3
Q
E
E
!
=
[xa]
vy
U
O
L
O
i
O
=
c
=
L

figure 6,7




7. RANDOM NUMBLR

7.1 Introduction

The simulation requires o mechanism tor generat inag random
events from a variety of continuous and discrete probability disiributions.
Variates can be aenerated for a wide varioly of Jistridbutions providad
only that a sequence of random numberrs, uniformby distributed on the
interval (C,1), can be aenerated. These values are then associated with
both continuous and discreie disiributions to provide the required
random variates. Figure 7.1 presents the flowcharls of the modules used

by the random number processor.

/.2 Generation of random numbors

An adequate method of producing random numbers should satisfy .
stafistical tests designed to evaluate the randomness of fhe sequence,
It is also desirable to have a minimum utilization of computer storage.
the efficiency of a particular algorithm is also related to the computer
time it requires fo produce a seaquence of numbefs. in practice, some

compromise must be made between the several roquirements.,

One form of generating random numbers on a diaital compu ter
is to prepare and store a table of random numbers {196}, Apart from
- computer storage requirements, the main disadvantage of using such a

method is the possibility of exhausting the table.

The movT commonly employed random number algorithm produces
sequence of numbers whare each number is determined by its predecessor'
and all numbers d@formlned by an initial number. Such random numbers,
due to thelr norrandom nature, are called pseudo-random numbers, The use
of a pseudo-random number generator shoutd thus be dependent on its first:

passing a series of diverse stafistical tests.

The pSeudo=random technique is usually stated as,

ZE = a4 +ctmod m)
where a, ¢ and m are chosen In accordance with the characteristics of The
computer being used and Zi is the iih random number distributed on the |

interval (0,1). Generators of this form are called congruential
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generators.  Generation s allowad to be inlorroptod and rostarled without
toss of order in the seguence simply by soving The last number.

Fishman {197} pointed oul some Theorelle Tuadequecion in the ulilization
cf the congrusntial generators and sugqested The use of an "almost

full period multiplicative congruential aeneralor’,

. oA Zi l(mmd ini
, .

where a = 14°7 or 7 and m o= 27 - 1 satisiios the condition for
maximum period on a sysiem of 31 bils available for computation, These
perameiers have porformed favourably on o variely of slatistical tests

{198, 199}.
The initial random number, or sced, is provided as input
data to the model. The generation of tho irh random number is performed

by module RANDNU.

7.3 Statistical tests for the seads

The series of numbers producad by each selected seed has to

be checked against eventual departures from randomness.

7z

1301 The freguency fest

A chi-square goodness~of-fit lest is used fo check the
uniformity of a sequence of n consecutive pseudo-random numbers Z], 22,
23, cee, Zn‘ The unit interval (0,1) is divided into r equal subinferyats
so ihat the probatility that a number Zi falls in a particUlar interval .

is 1/r.

I Z 1s a sequence of independent, uniformly distributed random

: variables, the sfafiéfic,

has a chi=square disfribution with r-1 degrees of freedom, where f. is
the frequency which numbers fail in the interval J=1/r, i/,

I'r: large samples, X? has mean r-1 and variance 20r=1), WhenT is
sutficiently tarqe the quantity,

X 5= (e
Q' =
v2{r ~ 1)

approximstes to the
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normal distribution with mean ARG i o varionee ue thal,

Probﬁ}ﬂ (iW"W/{J ey

where P s the point on 1he NOrmaL curye corresponding to

-0/ 2
provabiliiy 1-a/2,

the resuli of the frequency tost carried out by Lewis, Goodman
and Miller 1199}, for ton different seeds, using g multiplicative
congruential generator, Is shown in fable 7.0 A test size of
@ = 0.05 gives PO.975 = 1.96.  Since 1ho Largest deviation gives
max [Q'] ~ 1.92, Fishman {197} indicated that the hypothesis of @
being normal Ly distributed NCD, 1) wag accepled for each of these 10

seeds,

7.3.2 Other tests

The numbers aenerated in the interval (0,1) were also tested

against the requirements that,

N3
™~
1l
O
n
o

1
n

and

H
jo
N
L

ZZ
: j

The results of these tests are also presented in tahle ‘.1, The seeds*l

1
no.
|

T !

used in the program were selected from these 10 values.

7.4 Obtaining random deviates

The inversion technique is fhe'usuat procedure adbpfed Toﬂ
convert random rumbers inte random deviates fhaf satisfy the désired '
frequency distribution. The method relies on the possibility of
integrating Hxaprobabflify density function, fix), that describes
the distribution of g variable x. An analytical fnvertion of the

resultant cumulative distribution is also required,

The poinf—disfribufion method may be used ipn situations whe;é
. probab![ify density functions are difficult to integrate and the E

inversion is either impossible or impractical .
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in order to qgenerate deviatos from NOLo?), Uj and “jri are

generated and a random deviate is obtainod by ailhor,
[}

iﬂtj.)ﬂﬁﬂﬂ Amoan,
J gt

X 5o« (=207

or
X = g0 (=9g7 lnl{i)%gin 2n N

Usually i1 is desired to generale a random doviate from a spacified

interval (a,b) although the probability densily function is defined over

a larger interval, This process involves |he Irancation of x.  One

approach 1o sampling from a truncated disiribuiion is to generate deviates

from the unrestricted distribution and te accopl only the variates that

fatl in (a,b). This process is mos! appeat ing for fruncating the tails

of a distribution {197}, A loss of 0.1 probability in the tails raises

the expected number of iterations to only 1.11; a loss of 0.2 raises

the number to 1,25,
Module NORWMAL produces normally distributed random deviates.,

7.5.4 Lognormal random deviates

'fothe logarithm of a random variable has a normal
distribution, then the random variahle has g positively skewed
continuous distribution known as the lognormal distribution. Suppose
that x s drawn from N(ux, Ui). Then vy = ex has the lognormal

disfribution with mean and variance,

+g? -
My, ox/2
L= e
b
2ux+oi Oi
g? = e {a - 1}
Y

respectively. Whenever N and 0; are specified, instead of K, and oi,
the equa%idns above yield, '

I

u

_ ] Y
By =5 ERTES
y
&
g2
2 _ Y
O-—lﬂﬁ*‘]
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No special module is employed for the qenoralion of Lognarmal random
deviates. Module NORMAL, atready described, is used in order to sample
a normally distributed Logaridtm and The oxponenlial funclion

calculates the deviate.

7.5.5 Discrele random deviates

In the case of a discrete variable the probability distribution
gives the probability of each value occurring, plly. When the
summation of the probability distribution is taken over all DOSSIbLe

values of the variables the result Is,

n

) pCl) = 1
=1

where n is the number of discrete classes. The discrete probability

density function is,
fl1)y = pCl)

The cumulative density function for the discrete distribution is

expressed by,

J
FlJy = ) pth)
P=1

where F(J) is in the range from 0 to 1,

The cumulative density function is not represented by an
equation but by tabular data. As the funciion cannol be analytically

solved, the generation of a deviate is performed by a 'table-look up'

operation. In figure 7.2 tabular vatues of the distribution are
indicated by points. A random fraction, Z, is compared with the

ordinates of the various points until fhe flrsT p0|n+ saflsfy|ng the

'foLLOW|ng condlflonis found,

F(U=1) < 7 < F(D)

This procedure is performed in the program whenever necessary.
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PREZIMULATTON PROCT 5501

8.1 introduction

The purpose of 1he pre-simulallon processor is o generate
individual vehicles by assiqning fhem characteristics taken from
traffic stream distributions. The input paramelers of such distributions
were, in the majorily of the cases, obtainod trom dala collocted on
site. The pre-simulation processor also requires, as input, engineering
information describing the physicat Layout of 1he systen being simulated.
The output of the pre-simulation processor consists of a series of
stored arrays for subseguent use by the other processors., A random
number processor, described in Chapter 7, is cmployed in sampling
vehicle characteristics. The flow chart of the pre-simulation processor

s given in figure §.1.

8.2 Input requirements

The traffic stream and physical layout data required by

the pre-simutation processor consists of: i

a. geomeiric data
. stop line position at traffic signals (main lanes)
ii. position of bus stops

iii. number and stop Lline position of enfry and exit lanes

tv. length of main traffic Lanes
v. exiting path radii

vi. entry path lengths and radii

b. ‘entry lane information
i. traffic flow
i, traffic composition
Tii. lane distribution
iv; percentage of turning vehicles

v. headway distribufion

c. traffic signal data
i. cycle time
ii. phase splitting

I, signal offsets
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d. vehicle characleristics
i bype, Length and widlh
i1, desired speod
Pil. desired acceloaration
iv., deslred deceleration
v. maximun deceleration
vi. stopping error

vil. gap ecceplance

8.3 Geometric data

The road system being simulatod is typical of an urban
arferial in Brazit. Along the road system, shown in fFigure 8.2,
there are major, minor and auxiliary lanes. A lane is defined by
painted carriageway markings spaced in such a way as to allow the
passage of only one row of vehicles. Lanes are numbered according to
their functions within the simulated system. The lanes along the main
flow of traffic (no. 1 - 3) are called major lanes. Major lanes are used
both for insertion and removal of vehicles. Fach minor Lane (no. 4 - 12)
performs a unique function: some are used for insertion (no. 4 - 7)
while others are used for vehicle removal (no. 8 - 12). An auxiliary Lane
(no. 20) stores data on vehicles that leave the system. In the 'do- nofhlng
situation buses and other road vehicles share the use of the 3 main
lanes. The median lane (no. 3} is reserved for the exclusive use of
buses in thepriority situation. The number of traffic signals is
dependent on the circumstances being studied. 1f mid-block bus stops
are adopted in thepriority sifuafién, it is necessary to insert extra
traffic signals 1o cater for the pedestrian crossing movements. Further

discussion related fo vehicle operation is found in Chapter 12.

ALL positicns are expressed in ferms of distances from the
main generation point, defined as the arigin. The current version of The
program allow a maximum number of 6 fraffic signal lights to be.
introduced. The model was also built to cater for traffic arrivals
through 2 minor entry lanes located at 2 different road infersections
with traffic signal lights and through 4 other stop signed minor entry
lanes. Although traffic removal is allowed fo oceur along 5 drfferenf
minor exit lanes, the majority of fhe simulated vehicles, lnctudlng alt

buses, are both inserted and removed through the major ianes. The
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number of bus berths in a bus stop is relalad to the bus operational
situation being fested. fFurther details are also prosented in Chapter

12.

Site observalion indicated that Ihe averane palh radii of
vehicles leaving the system Through minor oxi! Lanes did nol coincide
with the geometric radii of the curves, «ince drivers londed to alier
their tateral displacement in relation 1o 1he kerbside between the
beginning and the end of the turning manceuvre. Fstimates of the average
paths were obtained by measuring these displacements. By approximating
circular paths to the estimates, the path radii were determined from,

T

Tan-% o

where the variables are as shown in figure 8.3. The input radii values

influence the selection of the desired turning speed (section 9.4.3).

R =

A simplifying procedure is used in the model to simulate
vehicles entering the main lanes through minor entry lanss at signalized
intersections. Entering vehicles travel, in reality, along a non-linear

‘merging path, b, as shown in figure 8.4. However, for practical purposes,
insertion through these types of lanes can only be performed through
section AA, defined by the location of the stop line of the traffic
signals at the main lanes. Therefore, entering vehicles must travel an
extra few metres, x, before insertion occurs. These extra distances

are also required as input by the prewsimulafion processor. A

Ccurvilinear approximation of the average path radius is used in

defermininé the dynamic characteristics of the entering vehicles.
Further details about vehicle updation along minor entry lanes are

described in section 9,10.7.2.

8.4 Entry lane information

8.4.1 Traffic flow, composition and lane distribution

In order to simplify the data inpuft requirement of each :
: d?fferenf fun it was decided tfo express the entering flow of each main '*
traffic Lane, no I -3 in figure 8.2, in terms of the hourly fotal

number of buses, Classified hourly flow counts during the 'do nothing'

situation prOVIded means of estimating the relative proportions (in

- percentage) of vehicle types, ki, along the main entry lanes. Fiqure -
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8.5 shows‘fhe oboarved avaraage variation in the traffiec stroam
composition along differont poriods of the dav,  The results prasentod

in table 8.1 wore considored lo be roprosenlalive of The artery road
conditions and were kept constant during all siaulalion runs, Therefore,
once a desired bus flow, Viy? is dnput,  The total number of a given

type of vehicle, fi, being inserted Ihrounh The main Llanes is caleul ated

by,
k.
b=y
i k., b
o
where i is the index of the vehicle type, 1:1 represents a car,

i=2 a taxi, i=3 a bus and i=4 indicates a lorry.

The typical lane distribution of major lane vehicles is
shown in matrix form, cij’ in table 8.2, for both the 'priority' and
the 'do-nothing' situations. The fotal flow of each of these tanes, fJ,

for each of the operational situation being studied, is obtained by,

3
X ¢ . =1, for m=1 to 4

where index | represents the main lane number, | indicates the vehicle

“type, and'cii_represenfs the percentage of vehicles 1 in lane j.

.

The composition of each main entry lane, L{J’ is determined

by,

The composition of the remaining entry lanes (no. 4 - 7} is given in
table 8.3,

8.4.2 Assigning exit {anes

The following procedure is adopted in order to determine

the exit tane of a turning vehicle: -

. check if the possible destinations of the vehicles in the Lane

being evaLuaTed include one of the minor exit Lanes; vehicles
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being inserted throuagh a minor entry Tane always Leave The
simulaeted system through one of the major lanes and Turning
movements are never assigood 1o vehictes eniering the system

through the median Lane (no. 3).

b. if the vehicle is a turning one, select its minor exit Lane.

The percentage of turning vehicles, vy, is another input
value required by the pre-simulation processor. The parameter y is
expressed as a percentage of the fotal main flow. |f a vehicle is being
generated through one of the main entry lanes where turning movements
are defined (lane no. 1 or 2), a random number within the interval (0,1)

Y is sampled (chapter 7) and compared to zj,

3
z.o=w.| ) f {y/u
J JJF=3 m
with u = fj’ bus traffic is restricted to the median Lane
U =

(]_LBJ)fJ’ all vehictes share the use of the main Lanes

where Zj is a number within the range (0,1), wj is obtained from tabie
8.4, representing the distribution of furning vehicles atong each of the
main enfry lanes, and j is the index of the lane where the vehicle is

being inserted. The parameter y is usually input as 0.10.

tf r is smatler or equal to z,. the vehicle is considered as

a turner and a second random number, r_. (0,1) is generated-fo determine

2
its exit lane (no. 8 to 12). The exit lane, n, will be the one fhat

satisfies . the expression,

n=g

‘“‘where_gnjgis the pefcenfage of turning vehicles of lane | leaving the

system at lane n (table 8.5).

8.4.3 Headway distribution

There are. two possible ways of generating traffic headway

dafa as, input to a simulation model :

aﬂ'by reading real data collected from fhe observed range of vbluméé




b by allowing the compulor 1o gonerage T owin dala O om

mathomalical description of headwoy.

The first method not only demands more compu e s taorae bul also doos
not permit the Simulobion fo Tovest foade itaalione dillorond [han The

ones observorl,

Mradway distributions in itho tralfic shream can be described
by & wide range of ecuations. Howovar, in most of the cases these
equations yield the estimation of complex paramelors in order to provide
some improvement in the overall goodness-of-fif. Moreover, as Buckley
{120} pointed out, headways observed from the roadside, reqgardless of
the traffic homoqeneity, can be extrenely dissimilar, even during a
short period of cbservation. While most the headway studies concentrate
on uninterrupted flow conditions, the headway pattern of urban traffic

is bound fo be influenced by interrupiions caused by nearby traffic signats.

In this study headways were collected in a per lLane basis
from time lapse films at sites apbrOximaTely 200 metres downstream of
a signal controlled junction. An initial observation of the headway data
showed that the traffic stream could be reqarded as composed by a
hixTure of free (unimpeded) vehicles and consirained (impeded) vehicles.
This non-random naturc of traffic arrivals on arterial roads was also
observed by Ritchie {56} while collecting headways 250-600m downstream
from traffic signals. The formulation of a mixed headway distribution
model incorporating the distributions of both free-flowing -and

constrained vehicles was therefore attempted.

Considering a tane of traffic as a succession of moving gaps,
a stream of vehicles influenced by traffic lights is composed by gaps
between impeded/unimpeded vehicles and gaps between successive 'green
‘phase gueue leaders', as shown in figure 8.6. Adopting a criteria for
defining which vehicles in a lane are unimpeded and which are impeded
would involve examining the association hetween successive vehicle
speeds and/or using properties of the headway distribution {121}. As
“such details would be outside the scope of this study, a distinction was
“éade, for data collection purposes, between 'green phase queue Leéders'
and vehicles in general, Therefore, two distinctive distributions of the

headWays were obtained from the analysis procedures,
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The data analysis showed that the average headway value
be tween consecutive 'green phase queue leaders' was very close to That
of the cycle time for the observed range of flows. Table 8.6 and
figure 8.7 also indicate that a normal distribulion is a qood approximation

to the headway distribution of successivo "groen phase gueue leaders'

Shifted negative exponentials and log-normal distributions
were tested for goodness-of-fit against real distribulions of the
headways between the remaining vehicles of Ihe traffic stream in &

per lane basis since:

2. they are amongst the easiest disiributions to reproduce

digitally on electronic computers.

b. each requires the estimation of only two parameters, the
displacement and the average headway for the shifted negative
exponential and the average of the natural logarithm of the
headways and its standard deviation for fhe Lognormal
distribution {chapter 7).

€. there are acceptable grounds based on the nature of driver
behaviour within platoons to consider the lognormat distribution
{122 and 123},

Although none of the distributions fested produced
'accepfabte results by the chi-square test standards, the best fits were
obtained with the lognormal distribution. Reasonable visual fits
resulted by the application of the lognormal distribution tfo data
collected along the exclusive priority lanes as demonstrated by flgure
8.8. Nevertheless, as stated by Wohl and Martin {64} -
' " it may still be better to use some apprOXImaflon

even though it may not be as good statistically as one
would Like, than to do no analysis at all."

: The combined use of the ndrmaL and lognormal distributions
is employed in order to generate headways for vehictes entering the
system through the major lanes. |n one hour N bunches of vehicles are
formed according to the total number of cycles of the signal downs+ream
- The average size of each bunch is defermined by dividing the total tane‘{i

‘flow by N. -Each bunch leader, i.e., a 'green phase queue leader', obfains._-'
Cits headwéy, relative fo the last generated vehicle of its kind, from SO
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the normal distribulion doweribod betore with aas Imom and min oo
values separatad by lwo standard deviallons from e mean. Otherwise,
a headway is oblalned by sampling a value Trom The normal distribution

of the natural loaarithms of fhe hrradwiays,

This procodire has, g advantane, e capabilii y of
allowing cyclic bunches of vohiclos 1o b inpod Throtgh the main
qeneration point, as ii is found in a nolwork of closely situated
tratfic signals. Any discrepancy belweon ubaorvoed and 5imulated
Nsadvway data should b dissipated by the adaption of a settling down

distance as described in chapler 12,

The pre-simulation model alsoc allows vehicles to be generated
according Yo shifted negative exponential distribufions. This
provision is particularly useful to cater for the insertion of Light
traffic flows through the major lanes. The shifted (1 second) negatlive
exponential is also adopted in the representation of the distribufion of
minor road vehicle headways, since this distribution has been previously
shown to provide satisfactory fits to ohsorved vehicle arrival patterns

on side roads {46},

tnorder to Limiil Ahe maximum hacadway allowed belween
consecutive vehicles, X sampled by the shifted negative exponential,
a truncation {124} at 97% is introduced by the pre-simulation processor,
(xm~a)

T

Px 0.03
whare B is the mean headway and x is the shiff. Under such conditions,
the value of 8 to be used in the determination of x (section 7.5.2) is

expressed by{_'
B =a -+ Bf + ((xmpx - o)/ (1 - px})

where_Bf_represenTs the mean headway based on a particular rate of
arrival, An interactive process is employed until both equations are

satisfied,

8.5 " Traffic siqgnal data

A traffic signal installatiorn requlates fhe traffic flow by

displaying areen, amber and red indications. In the control of traffic
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~atd signats along the road. This sysfem is considered useful for closely

at signalized intersections, iraffic conflicl, are provented by a
separation in time. The procedure by which the slreams are separated

is known as phasing. A phase has boon dolinad as The part of The traffic
signal time cycle allocated 1o any combinalion of tralfic movemerts

receiving right of way simultanecusly {129},

It is desirable fo reduce the number of phases employed at
any intersection to a minimun compatible wilh safety (39}, otherwise
the flow of fraffic can be seriousiy refarded. The arterial roads
being investigated are characterized by normal cross intersections
where only two major traffic conflicis occur. tn such conditions

traffic sfream movements are solved by two phases,

The period between one phase losing right of way at the
termination of green and the next phase gaining right of way at the
commencement of green is termed the intergreen period {39}. In every
intergreen period there is a Loss of running fime for both approaches
where the signal aspects are changing. Therefore such periods are kept

to a minimum consistent with safety.

An arterial signal system consisis of several individual signal
installations functioning under either unlinked or linked control.
Unlinked systems allow each intersection to function under isolated
confrol. Linked systems are used to reduce overall vehicle delays
and/or vehicle stops. Several types of signal-control systems are
used for solving linking systems, including the simul taneous system,

the alternate system and the progressive system:

simuttanecus system. With a simultaneous system, att

signals. aLonq the coordinated length of the artery show The same

‘indication at the same time. 1% requires an idenfical cycie tength for

- spaced * tnTersecTrons where Turn|nq traffic is Light since it offers
=advanfage for pedestrian movements 1126}, Advantages may also occur under
‘extreme loading conditions, when theprogressive system often breaks down,
.since_+he traffic at all blocks moves together {64}. The relationship
.befween The _progression speed (in both directions) and signal spacing

in a S|muLTaneous system can be expressed as,




5 . __B__
i .o7ar
% where S is the speed of progregsion Qo la/h 1 b The spaging of sianals
= in metres and C is the cycle lenglh in soconds {1271,
:
&3
‘ Alternate system, With an allornale aystom oach traffic

signal or group of signals along the road lows opposile indication fo
that of the next sianal or group. A single aliernale syslem occurs
where each signal alternates with those Tmeedialely aljacent.  If pairg
of signals alternate with adjacent pairs, the system is termed double
alternate, efc. lnder heavy Loading, an allornale sysben may operate
more effectively than progressive systems 61}, The best results arise
if the road present equal distances betwaeen sianals. The progressive

speed in a single alternate system is given by,

s
0.739¢

where in a double alternate systemD is the distance between mid points

5

of adjacent pairs {127}.

Progressive system. With a progressive system, green

indications at adjacent interseclion are displaced relative to each olther
accerding to the desired speed on the road. This time displacement in
relation to some fixed point in fime is lermed fhe offsef. The

operational efficiency of the progressive signal PyGTem.increases in

proportion to the increase in the mean operating speed {128} Newel
{129} observed that the usual progressive timing of lights may cause

'greafar delays than & random synchronization, for tong distances between
traffic lights and under low traffic density.

The signal light indications, generated by the simulation
medel, follow the pattern green, amber and rod ihat is characieristic |
éf the study sites. The program requires, as inpuf, the specification of . éﬁT

3 éémmoh éyc[e time and signal indication times for each traffic signal. :
Within the pre-simulstion model the signal offsets for a particular run

can be calculated by selecting one of the following alternatives:

- a. progressive system for two-directional flow., The signals along

the artferial are assigned offsets to maximize bandwidth, the
amount of green time available {o a platoon of vehicles

travelling along the road. In the earliest form of this method,"
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green bands were conslrucied by 4 araphical procodure,  Cxcept
in the simplest cases, this manual produclion of a signal
setiing plan may become a very Laborious procedure. A detalled
description of IThis method is aivon in lThoe Transporiation and
Treffic Engineering Handbook {127). With the advent of ihe
electronic computer a number of computational atgorithms were
developed for this process. Morgan and Litite {131} firgt
computerized the setting of arferial signals for maximum
bandwidth. The widely distributed program of Little, Martin and
“Morgan {130} 1s efficient for finding offsets for maximal
bandwidth given cycle time, red timcs, signal spacing, street
speed, saturation flow headway and average fraffic volume in each
direction. Although their approach allows the tofal bandwidth
attained to be allocated betwsen directions on the basis of

flow, in fthis study only bands of equal width are used.

Consider a two-way arterial having n traffic signels. The
traffic signals are denofed Pl’ P2, cee, Pn’ according to
figure 8.9, The red times, Fys Tos wvv, T oare specifiad

in fractions of the common cycle, C. The outbound speed, Vi
and the inbound speed, Vi, are defined cither by the journey
time of free light vehicles or fhe Journey time taken by free
heavy vehicles while travelling befwegn Pi and Pi+l' The
Latter case occurs when progression is used to favour the

‘movement of buses. The average bus running time, w is

i, e

the component of the journey time that allows for accelaration

and deceleration time tosses caused by buses stopping at bus

stops. It is evaluated from,
I S
WL =————, for b = 0 (no bus stop}
i, i+ v
' i
: (xi+}*xi—60}
W.o = 16 + , for b >0
i, i+ V.

- where x; is the position of P. in mefres, b is the average
time spent stationary at a bus stop and where both b and
W are expressed in seconds {132}. The bus speed is calculated

by, .
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The calculation steps that lead fo the determinatlion of the signal
offsets are described in detail by a MIT repart (136}, This model

was incorporated into the main framework of the current version

of 5IBULA due to its free availability and computer coding simplicity.

However the bandwidih method for signal progression presents
shortcomings when compared to the more comprehensive area-wide signal
optimization techniques which minimize the overall cost of

traffic congestion. The introduction of signal offsets calculated
by speciatly developed computer optimization packages (see section
2.3.2.1.1) would therefore provide a more realistic indication of
the optimum signal progression. However, an enormous number of
simulation runs would be required in order to achieve *he 'true'
optimum of each alternative system tested. As such extensive
optimization experiments were regarded as being outside the scope
of this present study, a decision was made to adopt the equal
bandwidth method to evaluate signal offsets during the comparative

analyses described in chapter 12.
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b. progressive system for one-direclional flow. When fhe model

is applied lo simulate iraffic movement along one-way roads,

the traffic signal offsets can be determined by the speed of
progression along cach link and The distances between the signals.
The computalion procedure consisls ol calerlaling the tink

speed, Vi of the type of vehicle being favoured (item a above).
is

The offset between successive fraffic signals, Si e
E

expressad by,

where x. is the position of signal i.

¢. other systems. The programn atlows fraffic signal offsets to

be input as data. The purpose of this facility is to enable fhe
investigation of alternative systems such as those previously
described. A random determination of offsets is the last of
the permitted configurations offered by the current version

of the program,

8.6 Vehicle characteristics

:Vehicular tfraffic streams are usually composed of Two:broad
classes of vehicles, those carrying people and those carﬁying goods.
Passenger vehicles are bicycles, motorcycles, cars, taxis and busés.
Commercial vehicles may include the full range of vehicles desigheﬂ

.

To:carry gopdé of any sort.

For the purpose of this study, the vehicles were divided

into. four fepresenfafive vehicle groups, taken as:

a.:Type | - passenger car and vans
| b;wType 2 - taxi |
'L'¢:1Typé 3 - bus
d. Type 4 - torry

8.6.1 Type, length and width

A survey undertaken by the local iraffic au%horiTiesﬁ'?:

de%érmined the proportion of the different vehicles within each group

(table 8.7). Once the vehicle type has been determined according to its
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enfry tane composition, ifs length and width are generated using an
empirical discrete probability distribuiion. Chapter 7 describes the

technique used to generale empirical discrele rindoem variates,

8.6.2 Desired speed

The dosired speed is The spoed o driver would prefer o

travel in the absence of fraffic., F[ach driver/vehicle combination in

the modet is assigned a desired (frea) speed randomly sampled from
a distribution according to vehicle type, 1o order to oblain an
estimate of both distributions and parameters, 11 was assumed that

desired speeds could be approximated by the speeds at which free

flowing vehicles and leaders of platoons travel.

The manuat timing of vehicles over a specified distance was
thought to be the most appropriate methed of cotlecting speed data
as radar speed-meters would be difficult to conceal from the view of
drivers. £&lectronic stopwatches were used during the data collection

precedure,

It was necessary to defermine a section of where vehicles
travel, on average, at their maximum free speeds. During a preliminary
survey, three sections were marked on the road pavement. A baseline
tength of 20 metres {133} was adopted for each section. The section
selected for the final survey was determined based on the comparison

.of the results obtained at each of the preliminary sites, -

It is often assumed thal desired speeds are normally

distributed {126}, Ovbservations carried out by Leong {134} have indicated - -

that although speeds at a given site may vary considerably, the
dfsfribufion of speeds for different vehicle types could be represented
by a normal distribution. Results provided by chi-square (x?) and
Kolmogorov-Smirnov {K-5) tests confirmed the assumption that the
observed speed distributions may be represented by normal disfributions,
The values of the parameters used in the simulation model are found

in table 8.8 and figures 8.10 and 8.11. Maximum and minimum input values
have been limited by the mean plus two standard deviations and by the

mean minus two standard deviations respectively.
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8.6.3 Desired acceleration

The acceleration behaviour of a queue leader discharging

from a traffic signal is an Imporfant factor o any urban microscopic
simulation. A comparison of existing acceloralion models {139 ) showed
that:

a. the uniform acceleration medel, which is frequently used, does
not accurately match observed behaviour on a microscopic

scale.

b.-the linear acceleration model indicated excellent agreement

with cbserved data (figure 8.12}.

While the uniform acceleration model assumes a constant acceleration
rate until the desired speed is reached, the linear acceleration model
hypothesizes use of maximum acceleration when vehicular speed is Zero,

zero acceleration at desired speed, and a linear variation of acceleration .

over time {(figure 9. 1)

A microscopic investigation of vehicular acceleration

was demanded in order fo obtain average acceleration slopes for local
drivers .of both heavy and light vehicles. The intersection selected
for data coLLec+|on had the median lane reserved for the exclusive use
of buses :The sample included only the leading vehicles (51 ngh+s
~and 40 hegyies) of each approach queue accelerating at the onset of
green. The distances travelled by these vehicles during each oﬁe
second lncremenf of time were obtained by analysis of time-lapse films
as described in appendix 1. Average accelerations, a, were exfracfed

from The dafa by a process of numerical differentiation {156}

v - v'
n Nn-

Tn con=t

*where V |s +he |ncremenf of distance during unit ftime in m/s, t is the
Tume in 5 and n is a positive integer. Plots of average acceleration-:.
Ttme vatues are shown in figure 8.14. A linear regression Line was o
'flffed for each matn class of vehicles being sfudled The resulting

_equaflons were

'f;"fﬁpy for heavy vehicles
o '5‘;‘a = 1,11 - 0. 08t m/sz)




ii. for Light vehicles
a = 1.91 - 0.171 (m/s?)
By assuming the average acceleration-iime lincar slope, s, as constant for
each type of vehicl.:, fhe intiial acceleration value, a;, was determined
as function of the desired specd of the driver by the cquation (figure

9.1

?

where both the final acceleration, T and the ind Tial speed, V., are

equal to zero and Ve represents the desired specd of 1he driver.
The validity of these assumptions is demonstrated by the
good agreement obtained between the observed and the predicted headways

at the stop-line as shown in chapter 11,

8.6.4 Desired deceleration

I+ was concluded in previous study {135} that the uniform
deceleration model does not reproduce fthe observed behaviour of actual
drivers when considered on a microscopic scale. A comparison between
data points and both uniform and the linoar deceleration models as
plotted in figure 8.13, demonsirated that the uniform deceleration
model yields a higher speed during the initial stages of the deceleration
manoeuvre and, as the speed approaches zero, the values become less than

those observed. The tinear deceleration model assumes a Linear

wvariation of deceleration over time while deceleration varjes from

zero at desired speed to the maximum value at The moment the vehicle

stops.,

The deceleration performance of free vehicles stopped by
the traffic tights has been also measured at an urban intersection
sitfe. The method of approach adopted for collecting time-deceleration
data for vehicles stopping first in gueue at fhe infersection is

basically the same as that used for obtaining the acceleration

performance. A filming speed of 2 frames per second was adopted since

these same films were also used for analysing amber reactions. Every
vehicle in the sample (37 heavies and 38 Lights) had its travelled distance
recorded at one second infervals. Average decelerations were

evaluated from changes in the average increment of distance. Plots of
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average time-deceleration values, d, are presented in fiqure 8.14.
Regression lines were fitted to each group of data. The resulting

equations, by vehicle type, were:

i. for heavy vehicles :ﬁ
¢ e 0.7 v 0.091 (in/s?) '
ii. for Llight vehicles
d = -1.31 + 0.15t (m/s*)

The desired deceleration value assigned to each vehicle
inserted in the simulation model is also calculated by assuming the
average deceleration-time slope, s, as constant for each type of vehicle,

The procedure adopted for the calcutation is similar to the one described

in the previous section. The final deceleration value, df, is isolated
from,
1
N _ ‘%
dg = [di . 2s(v, vf)] |
where both final speed, v_, and initial deceleration, di’ are equal to

]c’
zero and v, represents the desired speed of the vehicle.

8.6.5 Maximum deceleration

Studies have shown that deceleration rates of 2.5m/s?® were

sub jectively accessed as comfortable whereas a deceleration of

4.2m/s? woutd be regarded as an emergency stop 1137}. Hammond {138}
and Witson {139} suggested that deceleration rates up to 4.8m/s? could
be used without severe discomfort to ithe drivers. Dramatic changes in
deceleration, in a short period of time, are restricted within the

simulation model to 4.7m/s?

.8.6.6 Sfoppinq error.

When a vehicle is requlred fo stop at an intersection or
“when it approaches the end of a queue, it decelerates up to a certain
stopped DOSITIOH. As vehicles do not all stop at the same pOS|+aon a
sfopplnq error is introduced. The stopping error is defined either as

the d:sfance back from the sfop Line by queue leaders or as the safe

d|s+ance between the rear and front bumpers of successive vehicles.

Sfopptnq error data was coLLecTed at a signalized |n+ersec%ionj:
of RUGO (appendix 1), A normaL dlsfrlbu+;on was developed from The
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4 il

analysis of these field measuremenls CHiagure 5,090 For simulalion
nurposes, the parameters of the distribulion are shown in table 8.9
where maximum and minimum values are Liniled {rom The mean by 1.5

times the standard deviation,

8.0.7 Gup acceptance

Gap acceptance is an importont charactaristic of the
reaction of drivers wishing 1o merge inlo the major fraflfic stream at
the stop signal controlled iniersections,  The decision made by the

driver to either procesd or wait al the priority junction will depend on

the size of the gap between successive vehicles in The major sftream. The
gap acceptance approach used within this model is based on the hypothesis
that the driver is able to make a precise estimate of the arrival time

of the approaching vehicle. Consistent driver behaviour is also assumed,
i.e., each driver has a fixed gap and he will always accept gaps

larger than this and always reject smaller gaps. Different drivers,

however, may have different critical gaps.

The variation of gap acceptance is usually described by
trapezoidal, normal, exponential or lognormal distribufions. Observations
carried out by Bissel {140}, Ebbesoen and Haney {141} and Uber {142}
indicated gap accepiance to be lognormalty distributed. Salter {143}
found out that the best fit to his data, collected alt a number of
priority intersections, was obfained by a cumulative lognormal
distribution. The majority of observations nolted by him where lags,
where a lag is defined as the time interval thal is available to a
mincr road vehicle approaching a priority junction before the arrival of
the next major road vehicle. A lognormal distribution was chosen to
be used in the selection of a fixed gap for each minor inbound Llane

vehicle, The parameters of the distribufion are given by an average of

4.27 seconds, with a standard deviation of 1.4 seconds, according to
“Salter {143}, where maximum and minimum values were also Limited by

two standard deviations from the mean.

8.6.8 Desired turning speed

The speeds of vehicles neqofiating turns at urban intersections
are influenced by the radii of the inifersections. A éimple speed-radius '

relationship used in previous studies {144, 145 and 146} assumes the form, - -

124




5 = kv/R
where s is the average turning speed, k is a constant and R is the

radius.

For the purpose of this study it has been assumed that
vehicles decelerafe up to the start of a lurn and then maintain a
constant speed throuah the turn until discharqed from the system.
Detaits of how to determine the turning speed for a particular vehicle

and intersection are presented in section 9.4.3

Field measurements were conducted at urban signalized
intersections. Speeds were obtained by using stopwatches and by painting
reference marks on the pavement. As the speed of each vehicle variates
while it moves along the curve {147}, the baselines allowed the
collection of average turning speeds. Only free-moving ?urning cars
approaching each intersection during the green signal indication were
iné{uded_in the sample, The observations were also timifed to vehicles
negotiating the curves according to average turning paths. TabLe?8.10
indicates that the average speeds obtained at each site compared
favourably with the speed-radius relationship where the cons+én+ k is
equal to 1.61, following the value recommended for urban intersections
by the Ministry of Transport {144}. S

8.7 - Pre-simulation modules

The pre-simulation processor is formed by three modules:
COMPOS,;VEHCHA, TEMOFF. The simplified flowcharts of fhesé
~subroutines are shown in fidure 8. 16, As an aL+ernaT!ve to readlng a
data file, most of the paramaters requ:red by the processors are

inserted through a block data routine. Subroutine COMPOS defermlnes
the flow of each lane for- the period of time being simulated. I? also
performs'fhe function of setécfing an exit tane, a bus stop group and a
type for each vehicle that will be inserfed during the run of the
sumulaflon processor. Other vehicle characteristics, such as vehicle
Lengfhjand width, desired speed, stopping error, desired free fLoQi

acceleration and deceleration rates, are assigned through VEHCHA. .

‘Module TEMOFF uses headway dlsfrlbuflons to calcu{afe a

,_proposed flme of oeneraffon for each parflcuiar Gr:ver in a_perrlane

s_ff25




bases., TEMOFF 1o also cmployod lor ovaloaling traffic signal
offsets and for assigning gaps to vehicles arriving through minor
'T type' inbound Lanos.
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Table 8.1

Average tfraffic stream composition (ki)

fype of car taxi bus lorry totat
V eh — — — - - - . S
% 55 22 21 7 100
Table 8.2 Lane distribution of main lane vehicles (CE‘)
- "PRIORITY' :
J -
Lane
type 1 2 3 fotat
of veh
car 0.49 0.51 - 1,00
taxi 0.60 0.40 - 1.00
bus - - 1.00 1.00
lorry 0.50 0.50 - 1.00
"DO NOTHING!
=
lane o
type 1. 2 3 total
of veh :
~car 0.15 0,45 0.40 1.00
taxi O.iQ_ .60 0.30 1,00
bus 0.93 G.07 - 1.00
lorry - Q.70 0,30 1,00
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Table 8.3 Composition of miner eniry Lane, (lii)

BOTH "PRIORITY" & "O0 NOTHING!

-
type Lane 4 5 $ 7
of veh
i car 0.85 0.33 0.8% 0.83
' taxi 0.12 0.12 0,17 012
bus - - - -
lorry (.05 0.0% 0.05 0.05
total 1.00 1,00 1.00 1.00
Teble 8.4 Distribution of the origin of turning vehicles (Wj)
Lane 1 ? 3 total
situation
"priority' 1.00 - - 1.G0
"do nothing' 0.70 0.30 - 1.00
Table 8.5 Distribution of the destinationof turning vehicles (gnj)
Jje= 'do nothing' "priority’
entry entfry
] oxit tane 3 2 oxil Lane 1 2
V lane Lane
8 0.35 - 8 0.245 | -
G 0.35 - 9 £.245 | -
10 0.15 1 0.35 10 0.21 -
11 0.10 | 0.35 11 0.175 | -
12 0.05 | 0,30 12 0.125 1 -
tatal 1.00 | 1.00 total 1.00 -

Table 8.6 | Headways between consecutive 'green phase gusue leaders’

r— : -
't cycle | sample | average | standard | minimum | maximum | degrees of 2 | K-5
Jtime(s) | size (s) deviation (s) {s) freedom X

&0 68 59.7 31 53.5 65.9 4 1.910.51
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Tabte 8.7  Sire and percentual characterislics of simulaled vehicles
Type 1
type of vehicle | length (m) | width(m) | percentaqge | cumulative percentage
car (small) 4,03 1.54 40, 36
3,64 1.55 5.28 45,64
car (medium) 4,13 1.57 6.18
4.47 1.62 5.75
4.19 1.560 4,62
4,13 1.54 1.65 63,84
car {large) 4.70 1.76 4.52
4.52 1.66 5.17
4.56 1.79 1.52
4.96 1.81 0.76
4.69 1,69 0.36
5.41 2,00 0.33 74.55
van 4.40 1.77 10,67
4.01 1.60 8.32
5.16 1,98 2.25
4.47 1.62 1.75
4.32 1,58 1,39
4.63 1,76 1.12 100,00
" Type 2
taxi 4.03 1,54 100.0. -100.
Type 3
bus. . 9,40 2.753 80.0
10.70 2.73 20.0 100,
Type 4
lorry 10.70 2.73 100.0 . 100.
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Table 8.8 Desired speeds

type of |sample | average | standard | minimum | maximum | deqrees of ¥ K-S
vehicle size (m/s) deviation {m/s) (mia) freedom

tight 301 5.6 2.6 10.4 0.8 ¥ 22.2 | 1.04
vehicles

heavy

vehicles!l 118 10.5 1.4 7.7 15.% 6 3.6 10,58

Table 8.9  Stopping error

sample | average | standard | minimum | maximum | degrees of 2 K-S
size {m) deviation| (m/s) (m/s} freedom X
104 1.52 0.63 0.57 2.46 & 10.4 1.04

Table 8.10 Desired turning speed

site | @verage | radius no. of Kolmogorov/ t s = 1,6 1¥R P j{
(m/s) (m) | observations Smirnov (m/s) SR
B RaaamalEE R - sea] o [ . ! i
R 5.7 1.5 151 0.96 5.5
Z 6.2 15.5 155 0.62 6.3
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9. TRAFFIC SIMULATION PROCESSOR

9.1 Introduction

Crivers are constantly requirod o make decisions regarding
changes of aefion. Besides the unavoidahle Interrelation between
vehicles in the road there is alse fhe interaction between pedesirian
movements and vehicle flow, Actions and reactions -related to
pedestrian activities are usually inconsistent and therefore difficutt
to predict, While in some situations drivers adapt to' the presence
of pedestrians, in others pedestrians must adapt to the drivefs. Due
to the local conditions and to the existence of signal controlled
pedestrian crossings, _unpredictable mid-block pedestrian crossings are

not taken into consuderaffon by this study.

The computer can make only one single logical choice at a
time, Therefore it must process alt decisions sequen+|atly, i.e.,
it must process each decision for every vehicle in every tane' for every
elapsed interval of time. This dynamic activity of the traffic

simulation model is performed by the traffic simulation processor,

.2 Time increment

At each time increment all vehicles within the system have -
their position, speed and acceleration parameters evaluated. In
selecting the time increment, some considerations must be taken into

account:

M

a. e'*oo Lafqe time increment .may. lead to the impossibi[ffy of

: sumulaflng alt events that are occurring,

b..a small time increment causes additicnal compu+af|ons fo be

underfaken to represent a given event.

A time increment of 1 second was adopted In the model

since:

'g é;~reacfion time was stipulated as | second in accordance with the

o range (0.75 to 1.0s) recommended for design purposes in urban

1raffici{148}, and wrfh an esflmaied brake reaction f!me of
0.9s {149}
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b. traffic signal seftings are multiples of | second.

C. a 'start wave' speed in the region of 1 vehicte per second
is compatible with previously observed starling delays within

ptatoons {150},

9.3 Driver response

The basic premise of the modal is that all drivers have a
desired speed at which they would Like to travel, although fhis may be
constrained by the interaction with other vehicles and environmental

factors. The speed of the driver may be affected by:

a. the characteristics of the vehiclo
acceleration performance
stopping performance

turning performance

b. road geometry
obstruction to lane changes

bus stop requirements

c. fraffic signals

reaction to amber/red indications

d. the presence of other vehicles.

9.4 Free-flow reaction

A driver moving along a single-lane traffic stream is normal Ly
found to be either influenced by a leading vehicle (car following
reaction) or travelling freely, i.e., adopting an acceferafion/
deceleration Eafe as function onty of his own characteristics (desired
acteléféTion;:deéelerafion and speed). This second possibility leads
to free-flow reactions,

The fo{[ow?ng equations of motion were derjved for free-flowing
vehicles based on the Linear acceleration and deceleration models
(see chapter 8). o '

'a]c = a._f_g* | t . ' ' N : {(9.1)

Ve = vi + aif +
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T viJr + —-é——'w* . (9.3)

where a is the acceleration/deceleration, v is the speed, x is the
distance, t is the time, s is the acceleration/deceleration slope and
the indexes i and f represent initial and final values respectively,

These relationships are illustrated in figure 9.1,

9.4.1 Acceleration

A free flow driver will try to reach his desired speed by
accelerating at his desired acceleration rate. Assuming that at desired
speed, Ve the acceleration is zero, equations 9.1 and 9.2 will enable

the free-~flow acceleration slope to be determined,

d

The initial acceleration rate of a vehicle is reset to,

s = =0.5 a? /(v V) (9.4)

a, = {-2s (vd*vi)]é (9.5)

whenever conditions allow it fo start pursuifing its desired speed.

G.4.2 Deceleration to stop

Desired deceleration slopes are atso obTalned from the

equaf:ons of motion 9.1 and 9.2,

‘« = Braq 2 _ ’
s = 0.5(d,* - d By/v, | - (9.6)

~where d, is the desired deceleration rafe attained at the moment the g.fﬂ%'”:‘

vehicle sTops

A vehicle reacts to a free-flow stop whenever dssfance from
N the required stop position is shorter than Xo» the value obtained by
,SUDST’*U199 equation 9.6 in-equations 9.1 and 9.3 and solving for X,

- minus X

s d

'Thls equafion can also be wrlffen as,

25 = -0, 667v ?(2- d,/(d, +d )]/(d c+d ) | (9;8),¢

I'f the vehicle is accelerating at the time it is required to start a
 "'deceperafing to stop’ manceuvre, a reaction time, equal to one time
increment, is included in the calculations during which acceleraflon:*

is reduced to zero.
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The final deceleration rato, dm, i obfained from equations
9.7 and 9.8 where dm replaces dd,

di)ﬁ]/(ﬁx ) (9.9)

d = —di—[4vi2+2vi(4vi2+6x £

m f

and the required deceleration slope is now obltained by inputing dm as

dd in equation 9.5,

This deceleration to stop procedure is Limited to drivers
not required to decelerate at higher rates dictated by car-following
rules. If a deceleration to stop is demanded at a time a driveriis
decelerating at a 'higher than desired' rate for his current speed, his

initial deceleration is reset to,

d, - m(dd2+2svi)ﬁ (9.10)

the equation that expresses the speed deceleration relationship of

the linear deceleration model .

9.4.3 Deceleration 1o turn

A driver will check if a deceleration fo turn manceuvre is

required only when all the conditions below are fulfilled:

a. his exit approach is one of the minor Lateral roads

b. he is close to his exiting position, Py situsted at a point
approximately midway through the turn.

c. his approaching speed s greater than his- desired furnlng

~

Speed, Vi obtained from

vy = (vd/vd)vc : (9.1
where Va is defined as the average desired speed of the fype of
vehicle under consideration and Ve is the average desired speed
for the curve obtained as function of the radius path (section
8.3). This assumption is based on the fact that a fast

moving vehicle is also g fast turning vehlcles.

The final deceleration to turn rate, dT’ assumed by the vehicle at Py
is obtained as a function of its free-flow desired deceleration rate,

d Based on equation 9. 10,

4
' : 2 ' ' ' B o
-df =—(dd +2z V+) - (9.12)
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where z is the deceleration slope of the type of vehicle being

examined (section 8.6.4),

By evaluating fhe deceteration slope, v, required to bring

the vehicle from vy to Vi and by calculating the time, required

t’
to achieve df, it is possible to determine if a deceleration to turn
is required. After the necessary substitutions, v is obtained from

equations 9.1 and 9.2, Thus,

y = O.5(di2—dfz)/(vi—v ) (9.13)

f.
The time, ’r1L is isolated from equation 9.1,

TT = (df - di)/y (9.14)

A critical distance, Xar is determined based on equation 9,3,

- b - -1 2 1 3
Xo = Py v.ff 5 difJr g ff (9.15)
A vehicle will decelerate to tuyrn if its position is greater than X
When this condition is satisfied, the real time, t_, that the vehicle
will fake to reach Py is isolated from 9,2 and 9.3,

- (-betb®-ga¢) ) /(2a) (9.16)
with
o
a——6~di
_ 2 W
b=gvi gy
¢ =d, - Py

The s[ope for the manoeuvre, St is obtained from 9.2,
_ _ - 2
sf‘— 2(Vf Vi_aifp)/+p. (9.17?

If a vehicle is_acce[erafing at the time a 'deceleration to furn' is
reguired, its aéceleraffon is reset fo the rate given by equation 9.12,

in one time increment.

9.5 Car following reaction

_ Car fol lowing models attempt to describe the reaction of
ﬁ_driver_fo the motion of the vehicle immediately preceding him in the
traffic stresm. The following driver is taken to respond by either

.achlerating or braking in proportion to the magnitude of the stimulus,_:




The general form of this relationship is,
response (t+§) = MBI

where XA represents the sensitivity and 8 is 1he stimutus both at time
t, and T is the response fime lag, a combination of the time taken by

the driver to observe, process the information, decide and act.

Early car-following models were based on a simple Uinear

relation with driver résponse dependent only on relative velocity {151},
Sar (T = Al (1) - Vo ()

in which an+1(?+T) represents the response (acceleration) of vehicle

n+l after 7, vn(f) s the speed of vehicle n (the lead vehicle) at

fime t, Vi is the speed of vehicle n+i (the following vehicle) and
where A is the sensitivity taken asg constant in the linear car following

mode(, The corresponding macroscopic medel isg expressed by {152},
q = qm(l—k/kj)

where q is the flow, G indicates the maximum flow, k represenfslfhe
mean fraffic density and RJ Is the jam density or density at which all
vehicles are stopped. As the mode! assumes max imum flow when density
is zero, a sityation #hich is not observed in real world Operations,

its adoption is considered to be inadequate {153},

[n order to make the vehicle following model s more accurate,
a number of nonlinear models have been formulated In which sensitivity
is taken to be a function of mutuai separation and speed. of fhe:vehic[es
-being studied. The generalized form of the non-Llinear caﬁ‘Fqugwing

c v? o (h)

e . n+l
an+?(f+T) e [vn(f)wv

(1)
[ k
(e (1) - X (1)

n+l
.ﬂ_in_which¢xh+f(1) is the coordinate of the foltowing vehicle n+] at

time t, xn(f) s the coordinate of the leading vehicle at time t and

C, mand | are constants,

m, L plane based on several expressions of,macroscopic Speed-density




Greenberg's model {156}, based on a macroscopic fluid flow
analogy approach, expresses speed and density by the following
relationship,

K .
g =kcln LE%J

with ¢ = Vo the speed at which flow rate is at the maximum {164},

Since speed, flow and density are related,

q = Vk
the maximum flow occurs when,
C kj
“n T e

Van As {157} assumed 30km/h as the speed at which flow rate is a% the
maximum. Inserting this value in the previous equation and replacing
kj by the density of a stopped queue of cars, a maximum flow of the
order of the safuration flow for a single 3.65m traffic lane width, I.e.
1900 veh/h {39} is obtained. |

The results of an experimental evaluation conducfedéby
Ceder and May {158} in 1976, gave significant support to the earlier
work of Greenberg {156}. Greenberqg's equation was alsa given a.vaLid
connecflon with vehicular fraffic flow by the work of Gazls et al {159}
&N sfudytng equaticns of interaction between two vehlcles when one is
following the other at a ctose enough distance to be affected by the
velocity changes of the leader. Furthermore Rothery et al, {65},
when applying vehicle foltowing theory to the anaiysls of slngLe Lane
flow of buses, showed that the best fit to their data was achleved by
the recnproca[ spacing model (m = 0 and L =1). An inspection of the
% genera[rzed vehicle following model revealed that Greenberg s model
IS also obtained by m = 0 and L = 1 {155}, :

Greenberg's model has thus been cons idered satlsfactory for .:éi?:

use in fhls sfudy to describe vehicle following behaviour. The
-response stimulus relationship can then be written as,

v {t)-vy {t)
n

n+
(t+T) = ¢
n+] X (f) n+1(f}

a

Car folLow1ng equations usually have to be modified in order fo

-describe precesses such as the rapid approach of a vehlcle Towards the
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preceeding vehicle, the starting up from standsfitl of a quoue of
vehicles, and the forced slowing down 1o a standstill of a line of
vehicles {I16G}. Then, in order to keep with physical reality, a
stabitization constant, o is introduced to medify the sensitivity

factor in the response equation {157},

alt+1) = aA(t)B(1)
Assuming the stabilization constant to be independent of the
reaction time, this relationship may also be expressed as,

dv(t)
dt

Multiplying both sides of the equation by d1 and differentiating,

= aAalt)Bct)

the stabilization equation is solved for q,
Tf g
Qo = (Vf"vi)/ ‘ )\(}‘)B(’r)dJr

T,
|

is
.'.
the speed of the leader {target speed), fi is the time at the start of

where v, is the speed of the following vehicle (initial speed), v
manceuvre and ff represents the fime at the end of the manoguvre,

By inserting the reciprocal spacing equation and by

integration {161} the stabilization constant is determined,

. vn(f)*vn;1(f) |
: i t .
¢ m_h (<% 1D |
, n n+| _ :
with '
. v (f)/c
n
X = X .e
T J

where xJ is the individual Jemmed spacing between vehicles n and n+1
and Xy is the desired spacing at the prevailing condltion also referred
in the text as the zone of . influence of vehicle n. The modified car

'fo[lowang equation is therefore expressed as,

(v (Hrv_ (1))?

a (14T = ne
+

n+l Xf
&’[; (F1—x ;J[xn(f)—xnkl(f))
f rn+} N
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Fox and Lehman {162} stated that in actual driving

experience people do not continuously adher to acceleration and

.deceleraffon rates obtained by car-following rules. |t was suggested

{163} that a driver cannot even detect relative velocity until the
rate of change of angular moiion of the image across the relira is
above a minimum threshold value. Considering the diagram of figure 9.2,

the visual angle, 8, between vehicles n and n+1 Is expressed by,
-1
& = 2 tan (W/Z(x -X

n n+l)J
where w is fhe width of the car being foltowed. The rate of change
of the visual angte, Gr, is obtained by differentiating this expression
with respect to time {164},
wily -v )
n+1 'n
Br =
+ —_ 2 -
[1 (W/Z(xn xn+])) J(xn X

2
n+1)

and as in practical cases,

(w/2ex -x )% << 1

the equation is simplified to

wlv =v )
6 - n+l 'n

(xn-xn+])2
As a result of a carefully controlled experiment in human perception of
motion, Michae{s and Cozan {165} indicated that it is reasonable to
use 6X]O rad/sec as a mean value for the threshold Br' Whenever a
driver is found to be reacting to a leading vehicle his dynamlc
characteristics are computed by the equations of moTlon for consfanf
acceleraflon

AR S T
C

X, = X + v.# +
f. i

where 3. is deTerm|ned by either the generallzed or the modlfled car

foLLOW|ng equaflon

9.6 _ Vehicle reaction

The vehicle reaction logic, used in SIBULA, assumes that a

driver may face six possible alternatives while selecting his own

acceleration/deceleration rate with regard to the front vehicle., The

Wi
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development of such a 'six-state’ confiquration, best represented by
figure 9.2, was based on a long series of computer runs in which traffic
was confined to a single lane and dynamic characteristics of vehicles
were printed at each time increment. The adoquacy of its application
is further demonstrated by the results oblained by comparing observed

headways at stop Lights with simulated conditions (chapter 11).

The determination of the fol lower's state is based on the
relative speed and distance between the vehicte under consideration and
its leading unit, on the speed of the leading vehicle, and on the rate
of change of the visual angle. A driver travelling in states A, B or
C is allowed to accelerate. In state A, his acceleration rate is
Limited fo the minimum value obtained by applying either the modified E
car following equation or his free flow acceleration behaviour. If l:
found to be in either state B or C, a vehicle is allowed to accelerate
fo its desired speed according to its own free-flow acceleration
capability. The boundary between regions C and D, i.e. between:
acceleration and deceleration, is given by the rate of change of the
visual angle that enabies the driver to detect relative velocity, In
states D and E a decision is made between adopting the generalized or
the medified car following equation. The modified car fol lowing
equation may be used in state [ where the distance between vehlcfes is
greater than the distance determined by the zone of influence of the
ieading vehicle., State E is characterized by the appl:caflon of the

qenerallzed car following equation.

The modified car following equation will ejther reduce or

increase the speed of the follower to the speed of the leader while

approximating or separating both vehlclea. A merging situation, i.e,,
a follower travelting at the same speed of its leader is said to be

achieved whenever,

lv

, n+1~vn]-§ 0.2m/s

and
< X4 2 Im

This situation is represented by state F in figure 9.2,
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9.7 Amber reaction

In traffic signals, the amber phase is used to alert drivers
to the imminent change of phase. A drivor approaching an intersection
is faced with the binary decision of stopping or continuing Thrdugh the
intersection upon observing the onset of amber. A review of previous
research {166} suggested that the percentage of drivers sfopping
depends on their approach speed and distance from the intersection
when the signal changes. |t is assumed, in the modet, that a driver
will stop at the intersection if the time to arrive at the stop Lline,

at the onset of amber, is smaller than a critical time.

Data was collected to provide the probability of drivers

- stopping as a function of the 'potential time'. 'Potentisl time' is
that required for a vehicle fo reach the stop line after The'sjénal
furns amber, assuming that it keeps a constant valocity. This;iime is :
not necessarily the actual time, due to acceleration (in case of a decasuon ;fia'
to go through) and deceterat ion (in case of stopping). SlmILar 3
fnvestigations were also conducted by Olson and Rothery {167} and
Williams {168},

An urban intersection along RUS0 {appendix 1) provided a good
view of the approaching traffic and the stop line. Time-lapse fitms
exposed at a rate of 2 frames per second enabled the determination of
the speed of the first approachlng vehicle on each lane at the onsef

of amber.

Assuming that both time perception and critical Tlme are
normalty distributed, a probit analySIS was conducted, in order to
evaluate the mean crifical time and its standard deviation. The

3anaLysns of the small sampte of 216 observations where 95 vehicles

stopped, yielded a mean value of 3,75 seconds. A f:gure of the order
of'4'éeconds the length of the prevailing amber period, was expected
to be obfalned sfnce the mean critical time was previously defined
{169} as the average driver's expectancy of the length of the amber
period. The observed mean critical time was also close to the va{ue..
. obtained in a recent and comprehensnve study undertaken in USA {169}
‘under 51mllar conditions. Therefore, the amber reaction paramefers

i e fhe mean critical flme and aTs standard dev:aflon,_were adopfed _   .
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as 3.47 and 1.28 seconds respectively, accerding to these American
resulfs. Maximum and minimum values were Limited to the mean plus and

minus one standard deviation.

9.8 Bus stop-time

There are two ways of studying the stopped time of buses
The first, and most widely used, employs field surveys of buses in
daily operation. In the second, experimental studies are undertaken
in simulated conditions in which variables that affect boarding and

alighting events can be separately investigated.

_ The objective in this study was o obtain a means of
simutating the fime spent by buses at a bus stop. Only two-door

buses, where a flat fare is paid to a seated conductor, have

been used. The typical internal layout of a bus is shown in figure

$.3. Both morning and afternoon peaks are characterized by boardrng

and alighting events., The great majority of the stop time occurrlng
during the afternoon peak was governed by boarding passengers,

while the opposite situation was found during morning peak hours. As
boarding consumes more time than alighting, only boarding events occurring

during the afternoon pesk were investigated.

A tinear regression technique was applied to the measured
stop times, the time spent by buses at a bus stop between wheel stop and
wheel start, and the number of passengers boarding. The cobservations
were carried on a typicat stop of RUBO (appendix 1), Figure 9.4
shows the results obtained for a total of 206 observations. The

- resulfing equation was,
= 6.0Z2 '+ 1,55N

:where T is the stop time in seconds and N is the number of’ passengers
boarding. Similar linear relationships have been applied before by
‘several authors lnctudrng Cundilt ‘and Watts {170}, Oliver and Uren {171},
and Bowes and Mark {71}

: The constant term of the Linear regression is usually
associated to the dead Time, the time spent between the wheel stop
cand the boardlng of the first passenger plus the time spent between the

-boardlng of the last passenger and the wheel starf. The marginal
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boarding time, i.e., the average time taken by an extra passenger to
board; is related to the slope of the line. A review of sludies
conducted by Chapman {172} indicated a varialion in repor ted marginal
boarding times for on-bus ticketing between 1.2 seconds for one door
London buses {173} and 6.3 seconds for one wan operaled buses wilh
electric ticket issue {174}. Cundill and Watts {170} found that dJead
time varied between 1 second for single doorway buses without
interlock and 6.5 seconds in the case of a two door bus with more

restrictive interlock.

In June 1981, the local fraffic authority conducted a
survey in which the number of boarding passengers at one of bus stops of
RU60 was recorded. This data base was used in order 1o provide
parameters for the determination of the number of passengers boardlng
a simulated bus. The resulting probability of picking up passengers

is shown in figure 9.5.

Two relationships were fitted to the data on figure 9.5, The
first was an empirical relationship between the probability, P, and
the number of persons boarding, N, described by Cundill and Watts
{170} They obtained a good fit to data collected in Reading., It is
expressed by,

4

[y

where both a and b are constants. The fwo constants are .obtalned by

equalllng to one the sum of the probablllfres l.e.,

]
P=a f e
o (BN

N [y 3

N

where x is the maximum number of passengers boarding and by expressing
the .mean number of persons boarding, M, as,

X
= PN
N=0

TN

.
NEo (B

From The expressaons above a give value of M defines the two consfanfs
a and b, From the observations, a maximum value of 30 was given to x.
Table 9 1 was then constructed for the defermlnafion of the constants.

The. second dlsfrlbuflon fitted was a negative exponential of the form,
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- N
] b

P .
i " Ox[)
The tatter provided a better it 1o fho data and was thorefore selectod
to be used in the modol . By generating a raondon number, R, within

the interval (0,1}, the number of bassengers boarding a simulated bus

is obtained by, 2 
No= =M In (R)

where the parameter M is fixed as 5.62, the average value based on the
observation of 1542 bus boarding avents, and N ig expressed in a non

integer format.

9.9 Lane changing

N The desire to achieve a higher speed, local traffic density,
The proximity of interchanges and bus stops, and lane preference are
among the variety of reasons used fo explain why a driver changes lanes.
The formulation of 3 lane changing model including all the causes for a
lane change is, therefore, a very complicated process. The microscopic
Lane changing procedure used distinguishes between forced andg optional
lane changes. A driver witl attempt an optional lLape change If one

of the following conditions is satisfled:

~a. the speed of the vehicle s being constrained by a slower
moving leader and one of the lane changing gap leadsrs is

moving faster,

b. the queue length of one of the adjacent lanes is shorter than

the lane under consideration,

¢. the vehicle is not a bus and is travelling at the kerb Lane

' while_approaching a bus stop.
A forced lane change will be considered if:

a. the vehicle is a bus fravelling at the middie tane and close

- to its bus stop.

b. the vehicle is 4 turning one close to its exit intersection
and where the current Lane, different from the kerb one,

_ does“noT_provide access 1o its exit Lane,

_A driver attempting to change lanes will make his decision

based upon speeds and positions of the lead and lag vehicles of the
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gap info which he considers merging. The elements invelved in the
procedure are shown in figure 9.6. A lane changing manceuvre is sub ject

to the availability of a gap between the vehicles in the ad jacent lane

which can accommodate the lane change vabicle. 1 is very difficult to
formulate a lane-change gap acceplance function since it is not possible
to identify a rejected gap in this situation., Limited information exists

for minimum acceptable lead and lag times. Field observations have
given values of | and 3 seconds respectively {175}, Matson {176}
suggested a value of 3 seconds as the minimum qap into which a lLane
change vehicle should enter, allowing 1.% seconds for boih lead and lag
gaps affer the completion of the manceuvre. Within the model developed
in this study, a lane changing opportunity may be considered if lead

and lag gaps at the adjacent lsne are greater than 1.5 seconds.

Lane changes are further constrained by the deceleration
rates imposed on the vehicles involved in the Lane changing process.
The model checks if a fast vehicle is able to reduce its spead To the
current speed of the slower leader within the distance that separafes
them. The procedure adopted is similar to the one used by vehtcles
decelerating to turn (section 9.4.3). Once the time that will take
to the fast vehicle to reach both the current position and speed of the
front vehicle is determined, the deceleration slope is obtained, The
maximum'dece[erafion rate required is then calculated, if this
deceleration value does not exceed the desired deceleration rate of the
driver under consideration, the condition is satisfied and. 1he Lane

-changer is aLLowed to move into the ad Jacent lane,

When a forced lane change is rejected, the driver starts
“slowing.down according to its desired free-flow deceleration while
continuing to check for a possible lane change. Occasionally,
especially under high flow condffions the vehicle js unable To move

~to a-lane from which its turning movemen is altowed or boardlng and

- alighting events take place. The driver is then forced to stop some
_d:sfance before the intersection or the bus stop until a lane changing
opporfunify is available. The lower limit of the tane changing length
{176}, 30 metres, determines this stopping position., When fhis situation

roceurs, a vehicle is chosen in the kerb Lane according to a cumulative

density function.  This selection is Limited to kerb vehicles whose

retaflve dnsfance from the forced lane changer is less than 60 mefres.ifﬁii"

157




This selected vehicle decelerates in order to allow the forced {ane

changing unit to merge in fron! of it. The sensilivily of this
assumption during the 'do nolhing™ silualion s demonstraled in Flaure
9.7.

Once all the required conditions are metl, the vehicle is
immediately transferred to the adjscent lane. Altso, a particular vehicle
is allowed to undertake only one (ane changing manceuvre per reaction tipe.
These simplifications of the real lane changing process eliminate T
neec for evaluating many interactions between all the vehicles involved
during the iransient period of manoceuvre completion. Such procedures
are commonty used in simulation programs, bhased on the fact that a
perfect simulation of lane changing would Little contribufe to the
realism of a model,

9.10  Structure of the iraffic simulation processor

The main subroutine of the traffic simutation processor is
SIMPRO, shown in figure 9.8. SIMPRD is used for time sequencing and
controtling the periodic scanning of the model. |t Prepares the
fiecessary parameters by initializing both simulation and time related
variables. This module also controls the writing of intermediate and
final reports on vehicle and system characieristics and on measures of

effectiveness,

By calling a series of key medules, SIMPRO ensires that
during each sacnning of the system, the following activities are

performed:

a. SIGIND selects the indications of all traffic signals.

b. RORDER order main tane vehicles according to their position
in retation to the origin,

c. ELACHA performs atl required lane changing activities,

d. PROUPD'evaLuafes,'in a per main lane basis, the new dynamic
'characferfsfics of the vehicles (position, speéd, acceleration/

.1decelerafibn), determining bus stop times and removing from the
system the units that have travelling further than their
respecfivé'exi} coofdinaies.“ |
- e UPDETL inserts minor “T" entry tane vehicles.
f.IUPDSIL'gpdates:and inserts vehicles through minor signal

'confrdliéd'enfky lanes.
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g. INSVEH inserfs in the system, through the origin, the vehicles
whose generation time is within the boundaries of the lLast
time increment interval.

h. WINCON writes initial geometric and flow conditions.

The simulation run ends when time is qreater 1han the specified fotal

simulation time,

9.10.1 Vehicle and lane tLists

The arrays that contain the characteristics of the vehicles to
be inserted during the simutation run are formed during the previous run
of the pre-simulation processor, described in chapter 8. Each vehicle
is identified by an order number that relates io its inbound approach
This number is the key for Joining, from different arrays, all The
characteristics of a particular vehicle. In order to reduce dafa
storage within the traffic simulation processor, active and lafenf pools
are used in the model. Active pools contain data arrays of vehicles
.currently within the boundaries of the simulated roadway, while latent
pools hoid atl data arrays of vehicles outside the sysTem An index
number, ranging from the value one to the maximum number of vehfc[es
Likely to be found inside the network at a given time infervét, is

assigned. to a vehicle once it is due to be inserted in the system.

When the vehicle enters the system, its file is taken from
the lafenf and inserted in the active arrays under its |ndex number
As soon as the vehicle leaves the network, through any of The outbound
approaches, its index number is made available to another |ncoming
driver. Both the transfer procedure and the selection of an index

number is performed by module POOLTR, shown in figure 9.9,

For each major lane of the roadway there is a list of vehlctes
where veh:cle index numbers are kepT ordered according to the dlsfance
befween, each vehicle and the main generation point (origin). Therefore,
the vehicle sequence in each of these lists is identical to the sequence
on fhe‘acfual lane of the road. The first vehicle in each List is the
one posifioned further away from the origin in the particutar lane.
Whenever a vehicle leaves the system, either by a major or a minor
oufbound?lahe the total number of vehicles using the major tanes, af fha?
parfucular f:me is decreased, The opposlfe consideration applies

i
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when a vehicle is inseried either throuch a minor or a major

inbound lanc.

Once the time is incremented all major (ane list values are set
to zero and a special vehicle list, that includes all indexes of vehicles
currently in the major lanes, is re-ordered, according to the updated
positions of the vehicles, by subroutine RORDER, also shown in figure 6.9,
The application of such time consuming procedure of data movement is

restricted, within the model, 1o 1his special (ist,

The re-ordering process is followed by the evaluation of

lane changing reactiocns.

9.10.2 Lane changing modules

Five modules, ELACHA, WCHLA1, WCHLAZ, LACHDE and LACHAN are
used for the development of lane cheanging desire, the evaluation of
confl:cfs and the transfer of a vehicle from one lane to the ad jacent

lane. The function of the modules is demonstrated in figure 9.10.

The lane changing process is the first reaction assessed by the
model after ‘the simulation time is incremented. The desire for this

manoeuvre is available to vehicles travelling atong the main lanes.

~The procedure is initialized by ELACHA, where starting with the first

vehicle, each vehicle on the special List re-ordered by RORDER,
evaluates and performs, whenever possible, a Léne changing manoeuvre.,
ELACHA staris by checking if the vehicle_is allowed to change lanes.

If this is the case, it searches for the lane lLeader and the front lead
gap vehicles at the adjacent lanes. Modute WCHLA1 caters fornfhe Torced
lane changed process apart from checking if a lane change is both
possible and necessary. Module WCHLA? starts by search[ng for the

ad jacent [ag followers and conflnues by exam1n|ng if right and/or Eeff
movements are-allowed. Deceleration rates required by lag and lead
gap -followers are calculated by LACHDE. |f one of these vehtcles is
not able to reduce its speed within its destred deceleraf:on rate,

the tane changlng processor to the lane under conSIdera%lon is

interrupted.

If a lane change is indicated for a particular véhicle, LACHAN

performs the transfer by ‘ncreasing or decreasing the lane index of the
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vehiclte. Before moving to the next vehicle on the special list, the

index of the last vehicle to consider lane changing is placed, by

s

SEMSEEE T ey

module LALIST, on its correspondent destinalion tane list. LALIST also
controls the reaction to amber associated with the tane changing
process by keeping track of the first vehicle of cach major tane due

to stop by the amber/red traffic lights. The flowchart of LALIST

is included in figure 9.11.

At the end, after all the main lane vehicles have been
investigated for lane changing purposes, all major lane Lists of
vehicle indexes are automatically completed and ordered for the time
interval under consideration. The main advantage of adopting this
procedure is obtained in simplyifying the logic within the simulation
model. Also, less data storage is required since no speciatl computer
arrays are employed for storing leading and following indexes of

adjacent lane vehicles for each driver.

9.10.3 Traffic signal indications

The traffic signal indications, for main lane vehicles, are
determined once the ftime is incremented. Subroutine SIGIND performs
fhe calculation based on the signal offsets and green times provfded
by the pre-simulation processor, The flowchart of SIGIND is shown in

figure 9,11,

9.10.4 Traffic reacfﬁon modules

'As the tane changing process is isolated from the acfuat

'updaflng of the vehicles, subroutine PROUPD is able fo deat with

.'ordered veh:ctes in a per lane basis. Therefore, starting with the
;furfhesf vehicle from the origin (main generation p0|n?) on The medlan N

*Elane until the nearesf to the origin fravelling on The kerb Lane, all
main lane vehicles have their dynamic characteristics re-evaluated.

.The flowcharf of PROUPD is shown in figure 9.12.

‘ When updating a vehicle, a decision has to be made as to

whefher it reacfs to the leading vehicle, stops by the traffic: lights

(or bussfop if the vehicle is a bus), undertskes free flow reaction or

~decelerates to turn (if the vehicle leaves the system by one of the minor ; lH3‘}-~
outbound lanes). Subroutine UPDATE (figure 9.13) decides which of s
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these actions is taken by the driver. Module STOPOS (fiqure 9,14}

s called by UPDATE in order to determine the exact position, X where
the vehicle being examined is required lo stop. ligure 9,14 also
illustrates the range of values that X Mmay assume. STOPOS uses

either BSTIMI {for conventional bus sorvice) or BSTIM2 (when bus
platoons are adopted) in the selection of the length of time a bus
remains stopped at iis bus stop. The flowcharts of these two modules,

represenfed in fiqure 9.15, are similar in their general structures.

While a bus is being serviced at its bus stop, the value
of X, remains equal to the bus pasition and Ibe number of the bus is
kept in an array of queued buses. A default value s assigned to X
when there is no obstructiion or desire requiring the vehicle fo stop.
An obstruction is likely to be either a vehicle already stopped
downstream or a red/amber Llight requiring a stop at the traffic signal
position, A desire includes stopping at a bus stop as well as the

necessity to atlow or to accomplish a forced lane change.

Affer a position to stop is determined, UPDATE makes use of one
of the following modules, in deciding the reaction of the driver under

consideration (figure 9.16):

" a. WDECST - calcutates if a vehicle will be required to react to
stop (section 9,4,.2). It is used when X. indicates that the
vehicle is the first to stop at a bus stop ar at a trafflc
Light. )

b, WDECLE - checks whether the driver is constrained by a slower
moving fronf'vehicte. A resction will be indicated if the
driver is travelling within the zone of Influence of the leading
unit or 1f the rate bf change of the visual angle is perceived

{section 9.5).

c. WOECTU - determines whether the vehicle requires a deceleration
to turn {section 9.4.3). . It is applied only for vehicles that

leave the system through one of the minor intersections,

d. WDSTLE - decides whether a driver reacts to a stop or to

a front vehicte,

"df = min (d_, d )
s’ v’
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where df s the deceleration adopted, d. is The deceteration
required to stop and dV is the deceleration required by the
froni vehicle, all neqgative values.  This siualion may QCeur

under the following circumstances:

i. a bus reacting to a leading vehicle also requiring fo
stop at its bus stop,
ii. adriver reacting fo a leading vehicle and either required
to allow a forced lane changer merge in front of him or

unable himself fo perform a forced lane change.

e, WOTULE - selects a deceleration value from the deceleration
required to the turning manosuvre and the deceleration required

by the slower moving front vehicle,

df = mln(df,dv)
where d1r is the deceleration required to turn. This decision
is restricted to turning vehictes already close to their

outbound approaches (section 9.4.3}.

Once the reaction of the driver is determined, the action
procedure in UPDATE, i.e. the updation of the dynamic characteristics

of the vehicle, is performed by one of the following modules;

a. DECSTO - uses the value of required stop position, X, In order

to calculate a deceleration slope for the next time lnferval
{(section 9.4.2).

b. DECLEA - computes the deceleration rate that will be applied to;
a vehicle travelling in either state D or E (section 9.6). ._
1t incorporates the decision between using the generalized, the B
. modified form or both of the car following equations. ‘The :
deceleration rate is timited to the maximum allowed deceleration
~rate (section 8.6.5). DECLEA also investigates if a merqing

-sifua%ion, state F, has been achieved.

"c.‘DECTUR = applies the deceleration value previously calculated by
. WDECTU in the updation of the dynamic characteristics of the
'f_H 1urn|ng vehicle.

 'd.‘KSPACC -~ takes info consideration all the vehlcles which are"
3:-nof required to decelerate, including:
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i. vehictes Travelling al their desired speed, 3 situation
where both lhe acceleration rate and the stope remain
equat to zero.

Fi. o leader of a stopped queue of vehicles accelerating
during the given phase of the cycle. The acceleration rate
is evaluated according to the desired acceleration slope
of the vehicle (section 8.5.3),

iii. a vehicte positioned within the zone of influence. The
acceleration rate is obtained from the rules that govern
state A (section 9.6).

iv. vehicles travelling at a distance where they do not suffer
interference from their respective leaders. Desired
acceleration is used in evaluating the value of the
acceleration slope.

Merging situations, i.e. state F conditions, are also taken

intfo account by KSPACC,

Module TSPAHE is used in order to determine which is the
next traffic signal ahead of the vehicle. Module LINKPO, was introduced
in the model to keep frack of the number of vehictles travelling along

each tink of the main lanes.

9.10.5 Vehicle removal

After PROUPD has catled UPDATE, it checks whether the vehicle
~under investigation has left the system. There are two possible alternatives
~to leave the simulated roadway:

‘a. by one of the major lanes
b. by performing s turning movement into one of the minor outbound

lanes.

Whenever a vehicle reaches Ihe end of the major lanes, it
must be removed from the system. This is accomplished by placing its
vehicle number on a ficticious tane. The real fime taken by the
vehicle thte inside the boundaries of the sysiem is calculated and
stored. The same basic procedure is used for vehicles whose destination
'ES'one=of_fhe turning outbound lanes. A furning vehicle is considered
to be out of the simulation system whenever its position is greater than

a point approximately midway through the turn. The required checks and
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transfer activities are undertaken by modules REMOST for straight

vehicles, and REMCTU for turning vehicles. [Both flowcharts are represented

in figure 9,15,

9.10.6 Inserting vehicles through the oriqin

The insertion of new major Lane vehicles through the origin
(main generation point) is the last procedure to be evaluated after
the time has been incremented. It is performed by a main subroufine
INSVEH (figure 9.17) that commands three modules: POOLTR, WVEHRE
‘and RELVEH. A vehicle is due to enter the fraffic simulation system
when [ts proposed generation time, Tg, previcusly obtained by the
pre-simulation processor from headway distributions with paramefers

described in section 8.4.3, is within the last time interval, i.e.,

t <t <t
s-1— g 5

where fs is the actual simulation time.

_ The dynamic characteristics of the last vehicle, ffavetljng
in the lane where the vehicle under consideration, n+1, is due to arrivé,.
are calculated for the proposed time of generation by modu{e.WVEHRE. This
module also evaluates the minimum headway, *m’ required by the Leading.
vehicle,

L _+h +d
+oa n n+t n

m v
"where n is the index of the leading vehicle, L is the length, h is
“the sfop‘disfance d is the distance travelled in one seco;d and v - -
is the speed. |If the actual fime headway between veh:cles Is greafer |
.fhan Tm, the vehicle is generated at %r = fg' therwrse the new vehlcle

is not allowed to enter the system at fg and its generation time is :
. delayed to fr, the real generation time, that Cafers for the minimum
headway consideration. This requirement does not significantly affect

':the generation of fhe remaining vehicles in the lane, since:

a. as fhé pcposed generation times for all vehicles were
determined before starting the actual run of the model,
an increase in the proposed time of generation of a vehicle
decreases on[y the time headway be*ween +h|s vehicle and

f'fhe nexf belng qenerafod in this Llane.
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b. under normal volume conditions the need for delaying the

proposed time of generation is Liflle used.

Once the real generatfion timo, has been obtained hy WVEHRE,

the vehicle will be inserted when,

A driver will fry to enter the roadway while travelling at his
desired speed. However, shori headways and previously developed gueues

of vehicles sometimes make entry at the desired speed impossible.

Only the first vehicle to be generated in each major lane
may enter at the desired speed without having to evaluate a Limiting
max imum speed to avoid collisions. |If the desired speed of the vehicle
to be inserted is smaller than the actual speed of its leader, the vehicle
is inserted at its desired speed. For atl other situations, an entry
speed is compufed by RELVEH so that the entering vehicle can reduce its
speed, without exceeding its desired deceleration level, to the current
speed of the leader. When a vehicle enters the system shortly after
another has arrived, its speed is determined as the minimum value
among the driver's own desired speed, the speed of the teadihg unit

and the speed determined by the relative distance between vehlcles, Vi

X

Vv, = ¢ Un-—i
i X .
J

‘where the parameters are defined as in section 9.5, .

The adoption of a settling down distance (see chapter 12)
enabkes vehlcles to further adjust their dynamlc characferlsftcs before

measures of effecfaveness are obtained.
Module POCLTR is called Just before The'vghiclg is Inserted
in the system. Its fuhcfion has been previously discussed in section

9.10.1.

- 9;10,7 Inserting minor lane vehicle

. The traffic simulated network is formed by major and minor
~roads as shown by figure 8.2. Within the particular situation being

studied, i.e. Brazilian high fiow two way urban avenues, two different
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fypes of control are used at the junctions:

a. stop signs - every driver is required to stop before entering
the intersection. This condition is tenally enforced by the
presence of siop signs. Parked vehicles, pedesirian crossing
movements and sight distance restriclions (buildings) also

act as physical reinforcements to the stop requirement.

0. traffic signals- the vehicles react not only to the signal
indication but also to intersection conflicts whenever the
signal aspect is displaying the initial seconds of green for
the approaching minor road traffic. As no left turn (right in
UK) is usually altowed to vehicles travelling along these
avenues traffic signal controlied minor roads provide the only

possible way of crossing the major road traffic stream.

While the main interest of the model is to study the behaviour of
vehicles travelling along the major road, minor lLane vehicles are
inserted for the sake of realism. Therefore more simp[ifyiné assumptions
were used in updating minor road fraffic before entering the major roadway

system,

9.10.7.1 Stop sign controlled approaches

After the time has been increased and the major lane vehicles
have been updated, subroutine UPDELA checks the first vehicle placed.
in each of the minor lane arrival queues. A vehicle is placed in the
queue once its proposed generation fime is within The lasf TIme lncremenf

intervat,

If the arriving vehicle is the only vehlcte in the gueue by
'The time the above condition is fulfilled, module EVALAG evaluafes the
existing lag in the kerb lane of the major lane, The vehicle enters
the major lane once the existing lag Is bigger than its flxed Lag value

_prevnously determined by the pre-simulation processor. f this condl?ioh

is notf met, the vehicle remains stopped by the intersection and the queue Ei.

counting index Is increased, Another search for an available Time
gap will be conducted again, for the first vehicle on the gqueue, once

- the time is incremented and the major road vehicles are updated.
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Where IThe qap or Lag i accepboed, T il dyrnamic
characteristics Copeed, acceleration ond diotanee) are evalualed according
1o the free-flow accolaralion rutes,  he veiic to i inaea bod in the
kerb Lane of the main road by module T e ptovided Phial g sale
distance is avaitable. A vehicle index 0. ooloctod For [hes driver
and his files are broogh! to the aciive oo Dy mewdn b POOLTIR, The
second vehicle in the waiting queue is livn Lrovahl e the head of the
queue but an entry opportunity will Onby b evaluabad anain by EVAGAP
cnce another incremental time inferval i elapsed,  The llowcharts of
the modules used for aap and Laq deeeplance ovatuation, ov well as

for updating minor Lane units, are reprosenlod in Tigure 9,18,

9.10.7.2 Traflic signal appr

aches

The leader of a minor lane queue will only be able to start
moving from its siill position once the fraffic Light is green for
Its approach and the junction is free of conilicie. Modute UPDSIL
(figure 9.19) ensures that the leader of a MEnor approach queue remains
stopped until the last major Lane vehicle, positioned shead of any of
the vehicles required to stop by the traffic signal, has cleared the
intersection. At each time increment minor {ane vehicles arrive at the
back of the queue according to generation times previousty obtained by
the pre-simulation processor from shifted (1 second) negative exponential

distributions.

Module UPDSIG, also shown in figure 9.19, determines the entering
speed of an arriving vehicle as a funciion of lhe dynamic characteristics

of the last vehicte in the queue. When The signal indication is

d;qplaV|nq a red light for the approach under conrlderaflon the .  ‘ L

i

enfering speed is set equal fo zero.  The roaction model included in
UPDS1G, for updating and discharging each individual queued vehicle,
jncorbarafes both the car following and 'he freo flowing features
already ‘described in previous sections of ihis chapter. The desired
speed on the epproach iy, however , Uimited by the radius of the

Jurning movement and is calcuiated as i seclton 9,43,

A .minor Llane vehicle ‘is inserted in one of the major traffic
lanes once its updated position is qgrealter 1han a fiXPd distance

value, The insertion process ceases at the first second of the amber
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indication while all the vehicles still to be inserted return to the

original stopped queue with speeds reset to zero. The model caters

only for the generation of minor lane vehicles whose destination

s the major, simulated, traffic stream.
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bus stop time in seconds
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Figure 9.4 Relation between bus stop time and number of

Passengers boarding
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10, FUEL CONSUMPTION PROCFSSOR

10,1 [ntroduction

the need To use available peiioleun fo The besl possible
advanfage has became a major concern in roconl years throtghou ! the
world. Car manufacturers have tmproved engine performance, reduced both

overall vehicle mass and aercdynamic resistances. The progress over the
last five years, in vehicle design, has led to a saving of between 10 and
30 percent in fuel consumption over the wide range of vehiclos built in

different countries {177},

The evaluation of vehicular fuel consumption under real
traffic and operating conditions is an essential element when developing
programs to save enerqy. Estimates of fue!l consumption have been used
for the justification of new facilities or +he implementation of

different transportation system management sirategies.

The fuel consumption of a road vehicle is determined largely
by the driver, the type of vehicle he drives and the traffic conditions
{178}. A complex interaction of these factors gives the overall fuel
consumption of vehicles operating in urban traffic. Variations in desfgn
between vehicles produce different on-the-road performances. Vehicles
operating in urban traffic undergo frequent changes in speed due tfo

traffic flows, regulatory resfricfions and fraffic Lights. Consequenfly,

- a detailed mathematical description of such a system is not a simple task,

. 10.2 - Average journey speed modets

"1t has been previousty shown {179} that, for urban trips
Cwith an average speed less than 60 km/h, fuel consumption per unit
distance, ¢, could be expressed approximately as a linear function of

the reciprocal. of the average irip speed, v. That is,

k
. 2

v

9 = kl (v < ~ 60 km/h)

The parameters k] ard k2 are vehicte depéndenT and are approximately

proportional fo vehicle mass, m, and idle fuel flow rate, |, respectively

{180},
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where < and G, are conslants of proportional ity that can be estimated

from figure 10,1,

Evans and Herman {181} stated that such a simple relationship
explained over 70% of the variance in fuel consumod per unit distance.
They noted that the unexplained variance was probably due to variations
in such factors as roadway systems and driver behaviour. The OECD study
{177} stated that 83% of the variance could be explained by the inclusion
of the acceleration, a, and the Jjourney distance, d,

$ =k, + E3—+ Kov? ¢k, T avdt

1 M 3 4 d .

where T is the Journey distance and k5 and k4 are parameters,

In the United Kingdom, Everall {182} studied the fuel
consumption of several types of vehicles as a function of their ave}age
Journey speed under 3 variety of conditions including travel in urban
areas. His relationship is of the form,

209
v

where C is the consumption in Litres per 100 km and V is the average

+ 0.0004v2

C=6.11+

Journey speed in km/h.

‘ The majority of the mathematical models were developed to
compﬁfe fhe fuel consumpfion<3fpriva+e vehicles., While estimafing the
“effects of fuel sévinQS‘To be expected from changes in bus operation
stratfegies, Muzyka et al {183} adopted the fuel rate paraméfers shown
in table 10.1, Balassiano {184} studied fuel consumption of Brazilian
_buses.opera#ing in urban areas. His retationship, which explained 78%

of the variance, is given by,

C = 0.44 + 128 0007y + 0.00008v7 0.001P

where C is the diesel consumption in L/km, V is the average speed in

km/h and P is the average number of passengers inside the bus.

10.3 De[ay and stop model

‘lRoberfson et al {185} incorporated delays and stops to the -
quantification of fuel consumption. They expressed the total fuel

consumption in an urban area as,
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Fr=al « bS + D

where, in a specified period of Fime, " is the totatl fuel consumed in
Litres, L is the total distance travelied in vehicle-kilometres, D s

the total delay in vehicle hours, and S 15 the tolal number of stop/starts,
The coefficients a, b ¢ depend upon such characteristics as traffic
composition, cruising speed and road gradionls.,  The values of these

coefficients were determined from measurcments of fuel consumption made
on the test track at TRRL. This fuel model was inserted in TRANSYT
version 8 and good agreement was obtained befween the predicied and the

observed fuel consumptions of survey cars in Glasgow,

10.4  Fuel consumption model

n order to evaluate the effects of different road tayout
designs along the study section, it was necessary fo develop a model
capable of predicting additional fuel consumption due to traffic

interaction.

The fuel consumption model, used in this study, takes in
detailed consideration the various forces that act on a vehicle that
is being driven on the road. The vehicte propulsion must provide the force
necessary to overcome resistance. The forces resisting the movement

of a road vehicle are:

©a. rolling resistance - produced by the contact of the tyres wffh
the road surface. 1+ s caused by such factors ae deformations
on the surfaces of the tyres and the road, friction at the tyre
contact patches and underpressure effects af the separation of
the tyre and the surface. For passenger cars travelling on

Ppaved roads it is expressed as,

2.
Rr = [}o + 3.24 fS(V/Téo) i] W

where Rr is the totat roliing resistfance for the car in
kg, fo 's the basic coefficient of resistance at zero speed,
fs fs the coefficient to account for the speed effect, v is
the vehicle speed in km/h and W is the weight of the car in kg
{186}, Both f, and f, are related to the tyre inflation. For
3 pressure of 24-psi, the suggested coefficients, are

'fo = 0.0112 and fs = 0.0068. The expression for a transit bus




has the form,

R [Eo e, f] W/ 1000

where the constants recommende by The Society of Automolive

Engineers {187} assume the values, ¢, 7 7.6 and ¢, = 0.056.

air resistence - related to the fronfal area of the vehicte,
the tength, shape and smoothness of ihe surface, the density of
the air and the relative velocity of the vehicle. The equation

that takes in consideration atl these effects is,

R, =0.005C Avy 2
a a I

where Ra is the air resistance in kqg, Ca is the coefficient

of air resistance for a particular vehicle, A is the projected
frontal area of the vehicle in m? and Vr represents the speed
of the vehicle relative to the air in km/h {188}. The constant
Ca is selected according to average values reported by Taborek

{188}, l.e., 0.45 and 0.65 for cars and buses respectively,

gradient resistfance - derived from the analysis of forces acting
on & vehicle placed on a road incline. |+ is equal to the
component of the vehicle's weight acting down the grade and is

expressed as,

R = Wi/100
g
where Rg is the grade resistance in kg and i is the slope in
% {186}.
curvature resistance - fgnored in this study due fo fact that

it is difficult fo measure it for highway vehicles since
curvature resistance varies with such factors as type of vehicle,

actual vehicle path and road surface {23},

inertia resistance - caused by accelerating the vehicle to achieve
a speed increase, |t is very difficult to measure acceleration

effect on fuel consumption since it is never constant and occurs

- for short periods only. It is normal procedure in fuel

consumption models to express the force necessary to accelerate

a vehicle as,

: Ré = (W/g)a
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where R_ is the acceleraling force in kq, q is the acceleration
BIRAL A B
of the gravity and a is the acceleralion of the vehicle, both

in m/s? {186},

f. power transmission resistance - produced by the transmission
system which transfaorms the engine speed into road speed. The
total power loss, caused by several components of the transmission
chain, is of the order of 7 to 13 percent and the average figure
of 10 percent {186} for passenger cars with manual fransmission

is adopted.

The power required by the vehicle to overcome the effect of

all these resistances is expressed by,

r-¢ N N . : .
Pf = [} + RT/IOé}[? V/273.69 + Rs d/76.0%] R

where PT is the power for traction in HP (metric), R is given by
Rr + R + Rg’ RJr represents the power transmission resisfance in
percenfage and d is ihe distance travelled during one second, expressed

in metres {1861}.

The conventional braking procedure adopted by drivers is
reported to have no influence on energy consumption {23}, Within the
model it Is assumed that for decelerations less Than -0.3 m/s2 fhe engine_;f

operates at a no-load condition which results in the fnsfanfaneOUS

idling-consumption rate {189 and 183}.

~ The 1n?ernal combustion engines use the po+enf|at energy
stored in the fuel. The total power produced can be expressed as-

”fuhcfion of the density and calorific power of the fuel betng used,

P =FC
. P :
where.Pp Is the total power produced by the fuel in HP (metric), C is

the energy consumption of the vehicle in L/h and F Is a cOeffiéienT that

incorporates the conversion factors and the product of The calorlflc powerg}
and density of each fuel {190}. The values of F are assumed equal to
12,65, 16f59, 7.45 and 10.35 for diesel, petrol, alcohol and a:mixture
_Qf_pefrdt (80%) and alcohot (20%), respectively. ‘ o

- By defining the efficiency, n, of the internal combustion

engine as,




= P
i P*/ &

energy consumption is expressed by,
C = Piﬂ(n [

De Menezes {190} determined the efficiency curves for both a passenger
vehicle and a fypical Brazilian bus. The results obiained by him and

adopted in the fuel consumption processor ore shown in figure 10.2,

Fuel consumption for stopped vahiclos is compuied by using
idling fuel consumption rates, Ci in L/h, also based on measurements
undertaken in Brazil {190 and 184). These values as well as other fuel

consumption parameters used in the model are given in table 10.2.

there is considerable room for improvemen! in the fuel
consumption model developed for SIBULA, since a crude macraoscopic
relationship was adopted in order to express anerqgy efficiency as
function of speed. While interpreting an engine efficiency map, Watson
{205} observed that engine efficiency is a complex funciion of the speed,
torque and gear of the engine. The insertion of such relationships
in fuel consumption models of manual transmission vehicles is only
pcssible after the estimation of probabilities of upshifits or downshifts,
at particular regions of engine torque or speed, consistent with

observed driver behaviour,

n a recent study, Akgelik {203} described a simple
instantaneous fuel consumption model,

aF

F= 3

= k]+k2v+k3v3+ k4av+k5a?v 0
where F is The'fuel consumption in ml, t is the time and hence

f = dF/dt is the instantaneous fuel consumption pef unit time In ml/s,
v is the insfantaneous speed in km/h, & = dv/dt s the insTanTaﬁeous _
acceleration rate in km/h/s, ki is the constant idling fuel consumpfion;-'
rate in ml/s, kz'and k3 are constants representing fuel consumption
retated to rolling and air resistance and k4 and RS are constants

' related fo fuel consumption due to positive acceleration.

_ - Akcelik’s model was used in order to provide the basic
.reLaTionships from which more macroscopic fuel consumption models
such as the elemental {204} and the PKE model {205} could be derived.
The parameters k] to k5 were found by separate analyses of constant-

_speed_cruisé and acceleration fuel consumption data. Although a high
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corretation was observed botwenn prodic o and meanured fuet
consumption data, the information was only available for a single 6
cylinder, 4100 cn? Australian fesf cat wperating under a Limited

range of constant acceleration rafes,

The utitization of this equalion would lead to a more
adequate approach +o the evaluation of fuel consumption at a
microscopic level . However jig application would only be possible
affer extensive fuel consumption measurements with a wide range of
vehicles and test conditions. For thig simulation appropriate data

on typical Brazilian carsg and buses would bhe required,
10.5 Simulation modul e
gt 190 modute

Fuel consumption is determinated by the program unit

FUELCO. Fuel consumption is evaluated, in the present version of

the program, only for ma jor lane vehicles generated at the main
generation point that exit the system through one of the major lanes,
As each of these vehicles is updated (module PROUPD), its instant fuel
consumption, in Litres, is calculated and added to a total based on

the vehicle type. FUELCO determines the average acceleration and

calculates the Power required to overcome the resistances, and based on
The efficiency index of the engine, that varies according to the
dverage speed, obtfains an incremental fuel consumption that is added

1o the previous fotal .

_ The procedure is repeated once the time is Tncremenfed.
At the end of the simulation run, average values are obtained for each
class of vehicle Under consideration, The flow chart of the module

s presented in figure 10.3.
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Table

Tabte 10.2  Fuel consumption parameters for simulated vehicles

1G.1 Fuel rate parameters for diescl buses
(adapted from ref. 183)

vehicle vehicle fuel rate
acceteration speed
{m/s?) (km/h) {t/n)
0.9 0 - 22 i6.3 ~ 28
0.61 22 - 40 21.6 - 34.8
0 40 12,1
-C.30 40 - 20 1.6
-2.13 20 - 0 1.6
0 0 1.6

car bus
parameter YW 1600 Mercedes
Ca 0.45 0.65
A 2.309 6.6
W 1000 11700
F 10.35 12.65
Ci 0.72 1,59
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FUELCO

[ set poranaters |
v

4 '_""“\ - ot et i i 1 e
is vehicle sfapped\\ Y evaluate idle
or decelerating at >— fuel consumption

high rate?
N
quant i fy resisfanceé
to the movement 7

calculate power
required

v

evaluate veh, fuel
consumption for
time interval

increment fotal

fuel consumption
of vehicle type

for time interval

F

Figure 10.3  Flowchart of the fuel consumption processor
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T VALIDATION

11.1 Infroduq}ion

The main objective of ihig study is to develop a simulation
model that enables the determination of 1{he elfficency of alternative
designs of median bus lanes before field implementation. Such a model
can only be considered operational when il hag been subject to tests
designed to analyze and verify its performance according to the rules
of knowledge and logic, and to assess its results by comparing them

with those from real situations,

Most of the traffic parameters input to the model have been
calibrated with data collected from urban sites along arterial roads,
Statistical distributions and the vatues of the traffic parameters were
obtained from the data analysis procedure described in previous chapters.
Refinements and 'improvements in the modelling of the process were
achieved by using ploting routines and introducing writing statements
to the program, These procedures allowed the possibility of Trécing
individual vehicles as they travelled through the system. This was of
particular importance in the development of an adequate combination of

car following and free flowing reaction models,

The model performance has been assessed by comparing

predicted results with measured traffic data and other available and

comparable information. As will be seen, the model adequately represents o

the traffic behaviour at urban roads. The methods which have been used
for validating the model are described in the following secfions of

this chapter.

11.2  Discharge headways at stop lines

The cépacify of a given approach of a signal confrotted
intersection is given by the amount of traffic that can pass through it
during the period of one hour. I+ depends on the green time available
to the ¥raffic and on the maximum flow of vehicles passing the stop Line

during the green period, i.e. the saturation flow {39},

One of the several procedures employed in the estimation

of the safurafson flow is the 'average headway method' {191} . This
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_cottecfed, for every headway, during saturated cycles:

method is based on the collection of the average discharge headway of
a traffic lane. The saturation flow is obtained by the inverse of

this average value.

There are indications thal 1ho delay in accelerating away
at the onset of the green indication can be a critical factor in the
accuracy of urban network models {192}, Furthermore, Briggs {193} recoqnized
that no micro-simulation of traffic could be regarded as satisfactory if

the discharge headway at stop lines was not correctly modelled,

While procedures for determining saturation flows vary
between different countries, most of the variability in the observed
Capacity is attributable to the characteristics of the passenger cars
{194}, Therefore, in order to obtain Local field values as a mean of
comparing simulated and reat queue discharge conditions, observations

were conducted in signal intersections of RUSO and RUSI (appendix 1),

The selection of the sites to undertake investigation on-

saturation flow was based on the following ideal features {195}:

perfectiy flat
exit arms exactly aligned with entry arms
ne blocking back from other intersections
.. complete parking restrictions

absence of pedestrian crossings and bus stops

~+~ 0 a 0 o o

restrictions on turning movementis, i.e. straight ahead

movements only

S —

g. fully saturated cycles for at least thirty minutes in peak
' periods
M. goed site characteristics such as visibility and road surface

- condition

The stop Line was chosen as the location to record headways

“For each Lane of the approaches, the tollowing information was

Position in queue
b. type of vehicle

C. headway to previous vehicle, measured from rear axle to rear axle -+
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The car following model was ovaluatod by o simulation of

35 gueues, each consisting of passenger cars only. The comparison between

simulated and obsarved headways, hy posilion in queas, 15 shown in
figure 11.1. The t-test applied to pairad observations showed that at
the 5% level of significance there is no difference between simulated

and observed average values.

11.3 Travel time

The validation of iravel time, i.c. the varification of the
accuracy with which the model can predict the characieristics of fraffic
flow on a real section of road, was undertaken by comparing the outputs

of the model with surveyed information from a section of RU60Q.

Measurements were made on & section of road operating under
bus priority conditions. Figure 11.2 shows a representation of the
study section. The surveys included the determination of the signal
settings of the three sets of signals. Traffic flows and compositicns
were recorded during the afterncon peak hours in fifteen minute time
intervals at position X in figure 11.2. The amount of traffic entering
and exiting the system through minor lanes was estimated from previous
hourly counts. The geometry of the site, including length of main lanes,
position of bus stops, location of traffic signals, was extracted from

1:500 scale ptans.

The northbound Journey speeds of non-priority vehicles between
points Y and Z of figure 11.2 were calculated from Journey times
collected by a number plate technique. A comparison between the results
obtained during each ohservation period showed a small varlaf|on in
traffic flows and average Journey speeds. The 0veratt result was compared
with samples obtained by running the simulation model under different
initlal conditions. This was achieved by changing the random seeds for
each of the runs., A close agreement was found between the observed and

simulated average journey speeds as shown by figure 11.3,

An alternative approach was adopted to investigate the
agreement between real and simutated conditions for buses running on the
exclus:ve lane. [t would be a very complex task to collect bus iravel

time along section XY of figure 11.2 since it would invotve recording,
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apart from entry and exit times, the exact stop location of each bus
within the bus stop area and the time each bus remained stopped while
boarding and alighting events were occurrinag. This requirement is
due to the fact that, for example, bus 2 in figure 11.2 causes an
exfra delay to buses 3 and 4 as they will only be able to reach their
respective berths once 2 clears 1he bus stop. Also, a difference in
input headways and relative speeds of buses 4 and 5 may or may not

reflect on the total travel times of buses 6, 7 and so on,

Even if such a detailed data collection procedure were to be
undertaken, it would be extremely difficult to reproduce exactly the
Séme average observed journey time since a small variation between
simulated and real reactions would have 3 compounded effect on
subsequent vehicles, specially under high bus flow conditions.

Therefore it was decided to investigate the validity of the vehicle
reaction (section 9.6) assumptions applied for buses starting from bus
stops. The time taken by each bus of three-bus platoons to reach
pre-determined roadway positions was obtained from time-lapse analysis.
This headway datas was then compared with time-distance plots produced by
running the simulation model for a bus platoon composed by three
identical buses, where all buses had equal characteristics taken as the
average parameiers of the previously calibrated distributions of the
model. A comparative representation of the results of thig

investigation is shown in figure 11.4,

11.4 Fuel consumption

It is not the objective of this section to compare, in
absotuie terms, the output of the fuel consumption model with predlcilons'
| rosulflnq from the application of simple average Journey speed model s '
of 1he'fype descr:bed Jin section 10.2., Such attempts would be

rmposs;bte, in practice, due to a series of reasons:

| ea._everage:journey speed models do not explain the total variance

of fuel consumed

b. these studies have been undertaken over routes designed to

include a wide variety of traffic conditions

' c. stop/start manoeuvres, one amongst the major factors affecflng_iﬁ

vehlcle fuel consumption in urban areas, are nof expressed

‘.{'JS




in the equations

d. ofher factors, such as the size of vehicle, fype of fuel, bus
boarding Times, and vehicle Loading aparl from different driving
instructicns

poAre atso roporbedd to influonea fhe toral amount

of fuel being consumad.

Therefore, a comparative analysis betwsen sinulated results and

previously developod expressions, as shown in Figure 1.5, is only valid
in ferms of general trends,
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12, APPLICATION

12.1 Introduction

A microscopic model of traffic flow at urban arferfats
has been formulated, calibrated and validated. The considerable degree
of flexibility included in the formilation of this 'tool' enables the
investigation a wide range of geometric dosigns, traffic managemeant
and bus operation schemes. Particular arcas of application include
the evaluation of:

3. bus lane priority conditions

b. bus operation schemes by
i a[fering the bus stop confiquration
. introducing ordered and non-ordered bus platoons
iii. changing the location of bus stops

iv. reducing or increasing average bus dwell #ime

c. flow changes by modifying
I. volumes
ii. lane composition

iii. turning percentage

d. different signal controt options by altering

i. cycle lengths and splits

ii. traffic signal Linking

€. roadway geometry changes by
i. adding or deleting input and exit lanes

i1, altfering the location of traffic signals

It was concluded from the Literature review (section |) that

meny elements involved in the design of median bus lanes at urban areas

were still to be evaluated. In an experiment to assess the full effects
of potential variation, all the combinations should be taken into
consideration. Sueh an approach in which n values are designed to every .

“element k, a fotal number of nk design points would be required,

However, due to time and, computer budget constraints, as well as

common Sense 't was neither possible nor desirable to simulate such

" 8 number of alfernatlves n this study the concentration has only been

on the |nvesf|gaT|on of single and joint effects on measures of effec+|veness*- 

caused by chanQ|nq the elements marked in table 12, 1,
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12.2 Quiput capabilities

As the model updates all vehicle dynamic characteristics

at each time incroment, it Is possible lo prodace a comprehans ive
Listing of the microscopic vehicular behoavionr during o apocifiod time
interval. Such information was particutarly usetal in identitying the
source of errors during the development slages of the program. However,

under normal running conditions, three iypes of outputs are produced by
the present version of SIBULA: display of input data, measures of

effectiveness and time~distance plots.

12.2.1 Display of input data

The standard output for the mode! includes a printed summary

of the main geometric and low parameters specified for the entire

simulation run. The display of such data, an example of which is shown :./{ff_:“
fin figure 13.1, enables a quick identification of the alternative being _[;af .

simulated. It also permits the identification of any possible input error -
not detected during the running of the program. A special printout, |
including the initial characteristics of all simulated vehicles, can

atso be produced on request.

12.2.2 Measures of effectiveness

Measures of effectiveness or figures of merit are the
parameters used in the evaluation of the per formance of a specific
fraffic situation. Average travel time and average fuel consumption,
for both Light vehicles and buses travelling on the maln lanes were

selected. They can express the effectiveness of the entire sysfem

being tested, whereas such measures as intersectlon delays can only tndicafe b

- the effects on parts of the system {64}. Atternatively, more detailed
information such as lane disfribution, headways at a specified point,

Link dens:fy and quete lengths during red perlods can also be obfalned

12.2.3 Time—disfance plots

A special ploting routine using the CALCOMP ptoffer soffware ? f?7:;

{201} was developed to enabte the production of time-distance plots for:
buses travelling under bus Llane priority conditions, as shown in
figure-12 2. The graphical display of trajectories enables an lmmedfaTe

| observaflon of the performance of atfernaflve bus strategies,
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12.3

Time and space sampling interval

Where a

measurements made on

5
simutation run starts, 1he system s empty and

measures of affectivonees are nel

representative,
This problem is mosi simply fackled by oxcluding an initial start-up

period from the system evaluation {202)

A winimum equilibrium time

of 10 minutes (figure 12.3) was adopted for all alternatives tested.

This selction was based on simulation runs conducted under two different

geomeiric and traffic conditions as shown in fiqure 12.3,

't is normal procedure, in computer simulations of traffic

systems, to permit vehicles to travel an initial distance before reaching

the fest section. Where traffic flow is controlled by sets of traffic

signals the introduction of such an initial

o
=]

ettling down (ink fbaf
includes a3 signal controiled intersection will enable vehicles to
adjust their initial fnput conditions to car following behaviour
without affecting the figures of merit.

12.4 Cases studied

Each of the cases studied was specified by a combination of

~the conditions described next (refer to figure 12.4 for iltustration):

a. The 'do nothing' situation in which buses and other types of

vehicles share the use of the main Lanes.

The 'priority' sutuation in which vehicles fravelling along the

kerb and middle lanes are physically separated from the bus

fraffic,which_is confined to the median Lane.

‘Bus stops are varied by lication (mid~block and near-side) and
length (number of bays).. The length of 3 bus stop refers to
 fhe number of buses allowed t6 lead and unload passengers
simqltaneousty._ When-buses'operafe under mixed traffic

:condifiqns, the number of loading bays in the bus stop is limited

to three, as passengershave to search for their respective buses

within. the boarding area.

Bus platocns within which buses are restricted to a single

exclusive lane, and
The

ssengers fo assemble

no overtaking manceuvres are allowed,

therefore no alieration occurs in their initial order .

“ridered siatoon fechinigue allows bus ol

at
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the proper bus stop bay (A, Bor C in figure 12.4) prior to
the arrival of the platoon. Aparl frem a nossible reduction of
boarding times, the designation of . specitic bay for each bus

erables more than three buses 1o be servicad al the same time.

e. Signalization in which signal offsels are caleulated lo give

progression for two-directional fraffic flows (section 8.5)

within the context of a common cycle 1ime,

f. The roadway'geomefry which represents the section of an urban

arfery that conforms to the existing conditions of RUGO. This
fest section, schematically reproduced in figure 12, 5, provides
three lanes in one direction for the vehicles Trave[tlnq atong

the major road.

The alternative systems selected for testing are described

in the text below and displayed in figure 12.6

Alternative 1. ALl vehicles were simulated in mixed traffic

conditions. Although buses were not allowed to use the median
traffic lane, bus overtaking manoeuvres occurred via the middle
tane. The bus stops were located at the mlddle of the btocks

and signal offsets calculated In order to provide a two-directional
progressive system for light vehicles. A common cycle time of

60 seconds was adopted with 50% of green time a[[ocafed to main

Lane fraffic,

-

- Alternative 2. Bus traffic was confined to the excluslve use

of the median Llane. Bus stop operation was not altered In
relation to alternative 1, i.e., a total number of 3 bus
tbays were provided at each bus stop. As bus péssengers had to-
cross two traffic lanes to assemble at the bus stops, mid-block
pedesfrnan traffic signals, effective only to non- prlorify Lane
vehicles, were introduced, Signal progression was calcutafed as
in alferna?|ve 1 but different offsefsrosu[fed1%0m+he adoption
of these extra traffic signals, where green indications for .

vehicles were displayed for 36 seconds.
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Atternative 3. Differs from alfernalive | since buses were not

allowed to leave the kerb lane.

Alternative 4. Similar to alfernative 2. The only alteration

was in lhe location of 1he bus stops,  Near-side bus stops were
intfroduced 7o enable pedestrian crossimgs at the signal conlrotled
intersections with the consequent ramoval of the mid-block

traffic signals.

Alternative 50 This was derived from al lornal ive I, the difference

being in the shifting of bus stops to %0 metres (near-side) of

the major infersections.

Alternative 6. The geometric characteristics were identical to

alternative 1. The common cycle time was increased o 90 seconds

but & 50% green light indication was stilt guaranteed fo the main

lane traffic.

Alternative 7. The change with respect to alternative 2 was only

expressed by fthe initroduction of a common cycle fime of 90

seconds since the rnew signal seftings were proportlonally increased,

In the remaining combination of cases tested, alternatives 8 to
12,the geometric configuration was kept as that in alternative

2. The bus platcon concept, i.e. intfroducing one ordered group

of m buses during each cycle, was tested against fhe alternative
of having buses inserted in a non-ordered (first come first

service) basis. In both ordered and non-orderedcases a total of

m bays was provided at each bus stop. The operaticnal differences

of these two alternatives is exemplified in figure 12.7.

Atternative 8. Non-ordered platoons were adopted.

 :AtTerna+ive 9. Buses were inserted in ordered platoons,

. Alternative 10. Boarding fime was reduced to 85% of the previous

.alternatives, Only ordered platoons were simulated.




Alternative 11. Buses operafed in orderad Plaloons as in

alternative 9 buil sigral offsels were calcutated lo provide a

two-directional progressive syslom lor buses

Alternative 12, Similar 1o altornalive 11 bul in s CAase a

fixed stop time, equal to The meon boarding time, was assigned

fo each bus,

The simulation of all these different cases was performed
with minor atteration of the input dala as alternative logic mechanisms
were already incorporated into the main framework of the model., In order
to reduce the bias in comparing alternatives, the length of the study
section was kept constant and similar traffic conditions were input,

The total number of vehicles entering the system was always calculated
as a function of the specified bus ftow (section 8.4) which itself

varied from 60 to 420 buses per hour.

Figures 12.8 to 12,10 present results of the medel runs
in which the procedure adopted was to increase the bus flow until
system saturation was achieved, i.e. until the traffic queues reached
the main generation point (origin). Each point represents the average
travel time of all vehicles leaving the system during 15 minute time
intervals and a maximum of two points were obtained from each computer
run. Because of restraints on computer time, it was only feasible to
obtain a relatively small number of points for each alternative tested
and therefore an 'eye-fitting' procedure was adopted in drawing curves.

These curves represent the general form of the relationship between fravel

s o e

time and traffic flow and were interrupted, in the figures; aft regions
where the maximum oufput flow condition inherent to the system was
achieved, The thin dashed Lines and arrows in figures 12.8 to 12.10 and

12.13. only indicate travel time trends at oversaturated condlflons as,

under such. regime, traffic behaviour may not be fully described by
SIBULA (refer to Appendix 3 for discussion). Apart from discussing some_é_[

Limitations of the model, Appendix 3 describes further studies fha+

were underfaken to investigate the fravel time-flow retaflonshbp and fhe
extent to which different random streams of vehicles affect the output
of the model.

Atthough in all alternatives tested Light vehicle fléws have.

never reached capacity, it is stitl possible to observe relative trends.

Low flow nghf vehicle points were not included in these curves as only.

small relative differences in travel times were observed at such input

flow levels,
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12.4.1 Effect of introducing a median bus lane

The travel time-flow points produced by alternatives 1 and
2 were similarly spread around a single filled curve (fiqure 12.8).
ft is therefore apparent that the adoption of a bus priority measure
that onty allocates the median traffic lane for the exclusive use of
buses does not exhibit a good potential for improving the performance

of urban arterial buses,

. The introduction of mid-block pedestrian signals {alternative
2) interferred with the average travel time of vehicles on the remaining
non-priority lanes. [t seems that only at high flow conditions the gains
derived from the physical separation of buses outweight the effects

caused by these extra signals.

12.4.2 Effect of restricting bus traffic to the kerb lane

The poticy of banning bus overtaking in the 'do nothing'
situation, as simulated in alternative 3, produced an overall increase
of the order of 15 seconds in the average bus travel time when compared
to the results of alfernatives 1 and 2 (figure 12.8). On the other hand,
the results also show that light vehicles benefited, in ferms of fravel
time, ffom the adoption of su:h a policy. These benefits probably arose
as, under slternative 3, Llight vehicle trajectories were generally free

from the interference caused by bus Lane-changing manoesuvres,

The relative (alternative 3 vs. alternative 2) reduction in
average travel time, resut*fng from alternative 3, was most probably
related fo the minimization of the overall effects caused by furning

vehicles. In both atternatives the non-priority traffic had the

exclusive use of two main lanes. However, in alternative 3, further benefits

arose to straight ahead traffic as turning vehicles were enabled to
perform the deceleration stages of their exitingmanoeuvres along a
third lane. |

12.4.3 Effect of introducing near-side bus stops

Figure 12.9 shows that the introduction of near-side bus
~stops, ‘located just before the traffic signats (alternative 4), produced

disastrous results in terms of toth capacity and bus travel fime along
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the exclusive median tane. These resulis are relaled to the inexistance
of & bus storage length between the bus stop and 1the next traffic
sigrat. Oncoming buses ware delayed as clearance of loading positions

could only occur during qreen periods .

The results obtalned from atlernative 5 in which bus stops
were located 50 metres before ouibound intersections in a 'do nothing'
situation are also shown in Fiqure 12,9, 11 was assumed that the
adoption of such a configuration would reduce the turning conflicts that
would otherwise arise if bus stops were positioned nearer to the
intersections, The curves superimposed on the results of alternative 5§
are the same ones fitted in figure 12.8.

The observed points lie close to those superimposed curves.
Therefore, it is reasonable to conclude that no significant alteration
occurred, in terms of average travel times and overall capacity, between

alternatives 5 and 1 & 2,

The geometric configuration of alternative 2 differs from
alternative 4 as no mid-block pedestrian signals were introduced in the
latter. In the bottom graph of figure 12.9 the curve superimposed on
the results of alternalive 5 was obtained from alternative 1,

Therefore, the displacement between this curve and the one fitted tfo the
resutts of alternative 4 reveals the single effect, on the average fravel

fime of light vehicles, of confining all bus traffic to the median Lane,

12.4.4 Effect of increasing the cycle time

The results obtained by simulating alternatives 6 and’ 7, in
which cycle times were increased to 90 seconds are shown in figure 12.10.
A comparison befween these results and the superimposed curves of figure
12.8 (cycle times of 60 seconds) demonstrates that shorter cycle times
decreased fhe overall average bus travel time by about 35 seconds for -

'flows well below system capacity,

The changes observed were as expected since it has been prev10usly
suggested {10} Thaf Long cycle f|mes at ‘successive rnfersecflons may

produce variable Journey times causung buses to bunch so that services

“become irreguiar These results also relnforced what has been prevuously g

- concluded from secf:on ]7 4, i.e. that no apparent advanfage for buses
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seemed to result from the single infroduction of an exclusive median

bus lane.

The trends observed for the Light vehicles were also similar
to the ones observed while simulating alternalives 1 and 2. Above a certain
flow input, the average travel speeds produced by the 'priority’
sifuation (alfernative 7) were nhigher than the ones attained under
the 'do nothing' confiquration (aliernative 6). In qgeneral, the
results indicated that the average travel time of Light vehicles also

increases with cycle time.

12.4.5 Effect of infroducing buses in platoons

Buses were introduced in the system in ordered platoons of
different sizes (alternative 9), and travel times were compared to
situations in which non-ordered platoons were simulated (alternative 8).
A computer program was written to evaluate the average relative delays
involved in forming ordered platoons of different sizes. The following

assumptions were used in the formulation of the model:

a. bus arrival times were sampled from negative exponential

functions,

b. an identical rate of arrival was adopted for each dlfferent bus
{(A,B,C,...) of the ptatoon.

c. only delays arising from the ordering process were-taken in
i considerstion. ALl buses in a platoon were delayed untilt the
arrival of the last bus to complete fthe ptatoon or, If the lLast
bus arrived during a red period, until the onset of the
following green period. However, when a bus arrived during a
red period, the remaining red time was decreased from the delay

evatuation. This procedure is exemplified in figure 12.11.

d. implicit to the previous condition is the assumption that during
the non-ordered alternative all buses arriving during a red
signal indication would be inserted into the system immedia}ety

after the onset of the following green period,

e. a maximum total of one ordered platcon was allowed to be

released .during each green period,
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f. if the arrival of the las! bus to form a plaloon oceurrad during

a green indication where no previous platoon was due to be

inserted, chocks were made 1o ensure that the whole platoon
could be released during the remaining groen oriod,
The delays in forming ordered platoons of diffaront sizes vary with

traffic flow as iltustrated in figure 12,12 tor a typical case, i.e.
cycle time of 60 seconds and effective areen time of 30 seconds.
Each point represents the average of resulis obtained from a total of

W simulation runs with different random 500ds,

Figure 12.13 demonstrates that the adoption of ordered platoons
{alternative 9) enabled the achievement of much higher system capacities
than under the non-ordered situation (alternative 8). These resul ts
showed the influence of bus stop operational configurations in the
overatl travel time. |t should also be noted fhat the application of
alternative 8 to non-ordered ptatoons of 3 buses (left upper curve in
figure 12.13) caused a considerable reduction in capacity in re{afion
te the results obtained from alternatives 1 & 2 (upper graph in
figure 12.8). This change in system capacity is solely due to the
alteration in the bearding operation aft the bus stfops. In alternative N
8 each bus was assigned to one of the available toading bays while in ¢ J{f“
the previous alternatives the same bus would be servlced at any

vacant bay.

In dectdlng the flow levels at thCh buses would benefi+ from
‘being lnserfed in ordered plafoons it is important to consider the

followtng -

.é. a prlorijy scheme may consist of several sections as the
' .one simulated in this sTUdy :
B :bﬁ‘fhe initial delays related to the ordering process should be
.d|v1ded by this number of sections.
...C. yery high bus flows can only be achieved when a bus ordering
- iprocess is adopted.
Ec_i. ingreases In system capacity are directly related fo increases

In the size of the ordered platoons. This was consistently

observed until platoons of 7 buses were adopted. Furfher

increments in the pLaToon srze were Limited by capaCIf' C néfral

« ‘Q
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as the specified system was unable to cope with longer platoons

at input frequencies of the order of  platoon per cycle fime,

12.4.6 Effect of reducing boarding time

Once buses are assigned to specific bays at the bus stops
i1 is reasonable to expect a reduction in average loading times mainly
due to a decrease in dead times as passengers may assemble at their
respective bays prior to the arrival of the buses. In alternative 10
the effects of reducing bus boarding times by 85% in relation to alternative
9 were Investigated for a range of bus platoon sizes. The result in
table 12.2 show that such a reduction causes significant increases in
mean bus speeds and that these percentual changes tend to Increase with

platoon size.

12.4.7 Effect of introducing signal progression for buses

A signal progression system calculated to give priority to
buses travetling along the median lane (atternative 11) caused increases
in average fravel times for other vehicles. In figure 12.14, the
travel fime-flow results are compared to the superimposed curve obtained
from alternative 2. The increment in average Journey times was of

the order of 12 seconds for the observed range of flows.

An examination of the results obtained for buses (table
12.2) shows that alternative 11 produced no benefits in terms of average
speeds, when compared to alternative 9. This is probably due to the
fact that the variability in individual bus dwell times masked any
effect produced by the bus progression system. Therefore, in alternative
12, all dwell times were fixed to a mean value based on the average
number of boarding passengers (section 9.8). The bus stgnal timing
plan then succeeded in reduzing average bus speed. The percentfual incfease' i;f
in average speeds obtained by comparing alternatives 12 and 11 is o
statistically significant for all input flow conditions tested,
Furthermore, this evidence suggests that the Joint adoption of a bus
signal progression and a reduction in the variability of dwell times
is capable of .significantly enhancing the performance of high-flow

arterial bus lanes.
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The percentual variation of (uol consumplicn in relation to
alternative !, in which a 'do-nothing' confiquration was adopted, is
representfed in figure 12.15 for bolh buses and Light vehicles at
different input flows. The changes in fuel consumption should be
accounted for in atterations in average Journey speeds as well as to
variations in the number of stops and speed change cycles resulting
from the different cases studied. |t can be observed in figure 12.15
that the effects of the different aliernatives on fuel consumption

vary with the input flow of vehicles.

When analysing the relative fuel consumption results for

buses it is possible to note that:

a. the reduction in the number of stops arising from the adop?aoné;
of near side bus stops (alternatives 4 & 5) at Low fLow
conditions has led to substantial decreases in fuel consump+ion}
However, as flow built up, the extra fuel consumed by queuing
buses waiting for the clearance of the bus stops overcame the
aforemenf|oned benefits causing a steep rise in the volume of

fuel consumed.

b. longer cycle times always resulted in positive percenTuaL 5;;- 
variations in fuel consump*ion. These increments ware found o
to be more pronounced during the 'priority' situation
talternative 7) than under the 'do- nothing' conflgurafion

{alternative 6}.

C. operational measures in which buses were introduced In ordered
platoons (alternatives 9 - 12) consistently reduced the total :
fuel consumed, This is not surprising giving the significant
increases in average speeds achieved under such conf:gurafions
(figure 12.13), '

- With regard fo straight ahead moving Light vehicles:

a. the adoption of a signal progression system that favoured the i}

- movement of buses produced the worst relative fuel consumption
results. However, these effects tended to be minimized aft

high input flow conditions. A possible explanation is fhaf Théfﬁﬁs'
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efficiency of progressive systems is tikely to docrease with

increases in input flows (seclion 8.4,

the effects arising from the removal of o lraffic Lane from
the general traffic and the inserlion of extra padestrian
signats (alternative 2) were similar to the previously
discussed travel time results. The disbenasfits of such a
geomeiric confiquration only disappeared at high flow
conditions where fuel consumption reached the level of

alternative 1.

cycte length effects ware found lo ho legs pronounced at
high inpuf flows. However, increases in fuel consumption

were consistently produced within fhe flow range tested,

the only situation in which general fraffic achieved lower
fuel consumption levels than in alternative 1 occurred when buses
fravetiing on the kerb lane were not allowed to perform lane |
changing manoeuvres. These results were expected since this
configuration was also the one that produced the lowest
average travel time for Llight vehiclos leaving the study
section (fiqure 12.8). Relative advantages would probably
also have arisen fromalternative 4 had the gecmetric
configuration allowed the insertion of flows of the order of

300 buses per hour.
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Table 12,1  Elements investigated

element DO NI, "EfjJSLl‘:j-;\'NVEE
BUS STOP POSITION v/ /
CYCLE TIME LENGTH v v
SIGNAL PROGRESS}ON v
SIZE OF BUS PLATOON v E‘
ORDERED  PLATOONS 4
BUS DWELL TIME %
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Table 12.7 Reosolts of altarnalives O - o

average bus speod (n/o), and S doeviadion (m/n),

for an input frequency of 1 platonn por cycle tima

size of ordered

bus platoon: 3 4 4 6 7 l
alternative
NS SR R F —
9 95,70, 008 19,69, geqn 1971, 5o .66, 003y 4.04,0.33_
10 5.88, 0024 | 5.76, s 516, o149 | 4.61, 0022
]1 5.72,00“5 5.68,0-1'1‘ 5.20,()-55 4.7:.5,0‘39 3.97,0'3(,
12 5.86,0-19 5.87,0-2q 5.70,0-33 5.63,0-35 4.78,0-37
range of 140-141 | 184-187 | 233-236 | 278-280 | 318-325

sample sizes

percentual change in bus speeds of alternative X in

relation to alternative Y

size of ordered
bus platoon: 3 oy 5 6 g
X ¥ i
10 9 3, 0% #1.9% 6, 5% S10.7% | +14.1%
1 9 +0.4 +0.5 0.2 +1,5% -1, 7%
12 11 £2. 4% +3 3% +9 . 6% 19.0% +20. 4%

*the change is statistically significant at the 5% level
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PRIORITY SITUATION

SIZE OF BUS PLATOONS AT BUS STO0P= 4
ORDERED BUS PLATOONS USED

HEADWAYS

TAKEN EROM PLATOONS IN LANEY WHERE €51, =1
L R | I R O ¢
GEOMETRIC CHARACTERISTICS
POSITION OF INTERSECTIONS (1)
0> - - - " fi i il a i
0 » * *
0> 205. &05. 6CC. 900. 3C0. 700. 806. 1150, 1255,
T~ MINOR INBOUND LANES
A = MINOR OUTEOUND LANES
* = INSERT DURING RIGHT $1GNAL FHASE
POSITION OF TRAFFIC SIGNALS
200. 420. 800. 102G, 0. 1250,
SIGNAL INT FOR MINOR INEOUND 7TRAF
. 1 30 | ,
"TRAFFIC SI6 NOT EFFECTIVE FOR BUSES S
POSITION OF BUS STOPS (M) R RN |
486,75 474,50  462.25 450,00 437,75 1.
425.50 1086.75 1074.50 1062.25 1053.00
1037,75 1025.50 0.00 0.00 0,00
0.0C 0.0C 0.00 0.00 D.00
FLOW CHARACTERISTICS
OFFSETS CALCULATED BY RANDWIOTH FOR CARS
f | 5.0  10.0  45.0 10,0 0.0 15,0 .
NOLSIGNAL= 1 CYCLE= 60. GREEN= 26. AMBER= &4, RED= 30,
NOLSIGNAL= 2 CYCLE= .60, GREEN= 36. AMBER= 4, RED= 20, -
“NOLSIGNAL= 3 (YCLE= 60. GREEN= 26, AMBER= 4. RED= 30. .
NO.SEIGNAL= 4 CYCLE= 60, GREEN= 36. AMBER= 4. RED= 20.
NOLSIGNAL= 6 CYCLE= 60. GREEN= 26, AMBER= 4. REp= 30. g
INPUT FLOW OF BUSES= 260
CUM. FLOWS AT INPUT LANES IN VEH/H
704 1352 1712 1917 2122 22907 2292
COMPOSITION OF INPUT LANES IN % o PN TR
~ TYPE1 C.65 0.74 0,00 0.83 0.83 0,83 0.837 " 1
TYPE2 0.32 .23 0.00 C.12 0.12 0.12 0.12 0
TYPE3 - 0.00 C.00° 1.00 0.00 0.00 0.00 -0.00
TYPESL - 0.02- €.03 0,00 0.05 0,05 0.05
Figure 12,1  Disnlay of input data (an example)l
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Bus trajectories (an example)

Figure 12.2
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13, SUMMARY_ AND CONCLUS 10N’

The rosearch descoribed in Ihis thesin has beon concerned with
the investingation of priority moasares 1o jmprove high-Flow bus
operation in urban areas with particulaor applicalion o Brazitian
conditions. As part of the national urban Trovport policy, the
Introduction of median bus lanes on radial arterial routes has been
recommended by the Brazilian Government to several metropolitan regions,
Therefore, it was decidad to concaniraie the work on the investigation
of geometric desian and operalional aspecls rolated 1o such bus priority

measures,

The study consisted of three disfinct parts, the first being
a comprehensive literature review of bus priority schemes. The second
pert involved the formulation, calibration and validation of a model of
a section of an arterial road suitable for the evaluation of a range of
bus priority alternatives. |In the third part of the work the model was

applied to fest the effectiveness of aliernative configurations,

The titerature review described in section | (chapters 2-4)
provided a broad view of bus priority measuras. |t was also useful in
the identification of the extent to which elements/concepts common to |
different schemes, such as signal preemption or bus stop location have
been previously investigated. Based on this review, it was observed that,
although existing criteria tended to indicate the value of exclusive

“median bus lanes, the potential for the introduction of such Lanes in

turban areas had not been property esiabtishaed,

The adoption of a computer model was justified since the
complexity of the system would make an accurate analytical approach an
aLmosT'impossibLe task. Simulation also has distinctive advantages over
field experiments which lack flexibitity as they are Limited in the : B
“extent to which operational aspects and geometric designs can bea[fered E
A periodic microscopic model was developed as only this type of tool 1.
could represent the fraffic stream with the degree of detait required . |
for the intended investigations. Further discussion of the dlfferenfeﬁ

‘methods of approach is found in chapter 5.
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The modet simulates T delail e fraffie Flow on a three
tane section of an urban arfery with up 1o o Iraffic signals with
associated inpul (4 and oulput (%) Links, 11 may alternaiively ropresont
both bus priority and nen-priority situations, During 'priority’
conditions the madian lane can be rosceyved for the exclusive use of
buses. The "do-nothing' situation is characterized by buses inferacting
with other vehicles on the main Lanes. Al ternalive signal progression
techniques are incorporated to the main framework of the model .
Car-following and free-flowing routines are cmpluyed in the vehicle
updation process. Drivers react o traffic signal indications, perform
Lane changing manoeuvres and/or decaleralo lo perform exit turns.
Different bus stop configurations and bus platoon operations may be

represented.  The main freatures of The model are described in chapter 6.

The model is set in a modular computer program formed by

four processors;

a. a random number processor fhat generates random variates

from probability distribution functions (chapter 7),

(3,§

b. 2 pre~simulation processor that defines the geometric configuration,

traffic signal progression and traffic stream vehicles (chapter 8).
C. a simulation processor that simulates the movement of each

vehicle in the system (chapter 9).
d. a fuel consumption processor thal evaluates the total fuel

consumed during each simulation run (chapter {0},

An extensive program checkout was adopted to ensure that the program

correcily represented the model |

Particular emphasis has been given to the calibration and
validation of the proposad model. Most of the parameters used in the
brogram have been estimated from statisticat awatysxs of fraff|c field
dafa The data collection pProcedure was mainly based in the use of
time— lapse filming technigues. Sites were selected among radial urban
ravenues of the city of Porto Alegre Brazil.. The photographic technique,

the -study area and the method of film analysis are described in Appendix
1. The data base allowed the determination of both macros scopic etemenfs
such as flows and vehicle composition, and mlcroscoplc elements such as’
headways, speeds, acceterafions/decelerdf|ong, amber reaction, stopping
error, vehicle lengths and bus stop times. These elements are described

in chapters 8 and 9.
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The model performance has been assessed by the validation fosts
described in chapter 11, Good accuracy was oblained belwean average
travel times predicted by the model and fFisld neasuremsnts undor ) aken
at the corresponding section. Oueue discharage at stop Lines was
also adequately simuleted. A comparative anilvsis belween predicied
and previousty devaloped expressions rolalbing lusl consumplion to average
vehicie speeds revealed that, in overall lerms, similar lrends were
obtained. The modetl was subsequently applicd to simulate traffic
cperation under alternative geometric and opoeratlional configurations
in order to examine the significance of certain design elements,

The effects on the measures of effectivencss are presented and

discussed in chapter 12,

Section 2 of this study has led to the following major

findings and conclusions:

a. The microscopic simulation model was found to be an appropriate

design fool. The success experienced in applying fthe model o
the evaluation of alternative road and operational configurations
was mainly related fo the possibility of deriving effective

resutts from relatively short time and inexpensive computer

* runs.

b. The sole introduction of a median bus lane did not improve bus

traffic operation, No -advantage in terms of system capacity

and operational speed of buses was derived from a priority f?‘
measure based on the single assignment of a lane for the HE
“exclusive use of buses at high-flow input conditions. o
" These conctus:ons applied to both short (60s) "and long (905)

' cycLe Times (Sections 12.4.1 and 12.4.4).

‘c. Light vehicles did not always benefit from being physically

‘separated from bus fiow. When the priority scheme being

tested reguired the introduction of extra mid-block pedesfrlan5 

csignals, improvements in travel times in relation to the mixed
+réffic'configurafion were only achieved above input conditions
determined by flows of the order of 220 buses per hour. This
'concluSion was found fo be relevant to both short and

long cycte times, (Sections 12.4.1 and 12.4.4)
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d. The system capacily and lhe averago speods could be

substantially increased by operati inq huses in ordered

plafoons. A comparison between ron-ordered and ordered

bus platoon cperation in exclusive median Lanes revealed

that bus system capacities could be increased from around 200
to 420 buses/nour (platocns of 7 buses). The corresponding
average speeds at capacities were 10.7 and 14.5 km/h.

(Section 12.4.5)

e. The sysfem capacity could be substantially decreased by

opersting buses in non-ordered platoons.  When buses

assigned to specific bus bays were allowed to operate
under a non-ordered fashion, the systom capacities fetl
quite significantly in relation to the results achieved
by configuraticns which permitted buses to be serviced at

any vacant loading bay. (Sections 12.4.1 and 12.4.5)

f. Increases in bus platoon size consistently improved

sysiem capacity. This observation was valid to bus

platoons consisting of wup to seven ordered buses, The f
simutated system could not cope with Larger platoons. g
(Section 12.2.5)

‘g, The provision of stgnal progression to benefit buses was

~ shown to be a very effective measure when fixed bus

boarding times were adopted. When a fixed averaqertoadlng

Ctime was. assigned to every bus operating on the bus lane,

- speed rmprovemenfs ‘in comparlson to the values observed ‘
during usual boarding condiffons .ranqed from 2.4% (platoon
of 3 ordered buses) to 20.4% {(platoon of 7 ordered buses).
‘This. squesfs fhaf variability in bus boarding times is

’ capable of dlsrupflnq the benefits that would arise
from signal offsefs specsatly adjusted to give progression

to buses ' (Jec1|on 12.4.7)
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: sfops at low bus flow conditions. (Section 12.4.8)

economies resulting from large increments in average speeds

platoons were not as significant as the relative economles

The effectiveness of reducing bus buarding was increased

with bus ptatoon size. Reductions in average travel

times ranging from 3,24 to 14.1%, [or plaloons of 3 and

T orderad buses respect fvely, ocourrod whim hoarding
times werercduced 10 85¢ ofprevious volues.  (Section
12.4.6)

The lengfh of the priority schome is impoertant in the
defermination of bus flows that justify the adoption of
ordered platoons. The initial delays involved in the

process of forming buses into ordered platoons of different

sizes and the travel time advantages achieved over non-
ordered configurations should be jointly considered in the
determination of the bus flows that would benefit from

such operational measure. (Section 12.4.5)

Evidence favoured the adoption of short cycle times. Cycle

times of 60 and 90 seconds werc tested. The latfer one

caused a relafive increase in bus travel times of the order

‘of 35 seconds per kilometre over different input flow

levels and cperational confiqurations. Light vehicles
alsc benefited from the shorter cycle time, {Sections
12.4.1 and 12.4.4)

Atterations in bus fuel consumpticn were found to he more

related to variations in the number of stop~start cycles than

To changes in average travel speeds. The relative fuel

such as the ones achieved through the adoption of ordered

arising from the reduction of stop-start manoeuvres such as

the ones resulting from the Introduction of near-side bys




Dircction for fulure work

The following areas have been identified for lurlher research:

a. detailed examination of Ithe behaviour of buses malk ing
forced lane changing manceuvres in The vicinity of bus

stops in mulii-lane mixed traffic operations,

b. investigation of the feasibility of a preemption technique
that would ensure the avoidance of bus platoon disruption

at traffic signals.
c. improvements in the microscopic fuel consumption model .

d. assessment of the performance of bus priority measures

under variable traffic flow compositions.

e. incorporation of parameters in fhe measures of effectiveness
to enable the evaluation of alterations caused to the

.envircnment,

Alterations in the main framework of the simulafion tool
formulated in the course of this study would allow the modelling
of traffic systems requiring a detailed microscopic representation

of vehicular behaviour.

244




REFERENCS

YOUNG A P, A general review of bus priorilies in Greal Britain,
Proceedings of a Symposium on Bus Friority, held at TRRL 1972,
Departmen! of the Cnvironment, TRR| Boport IR570. Crowthorne, 1973

(Transport and Road Research Laboraiaryi,

CROWELL Wt Preforential bos Lanen on o arban ar len lals:
selected sludies on thoir Teasibilily and per formance, U S Departnent
of Transporfaiion, UMTA-78-D-1. Washington 0C, 1978 {Urban

Mass Transportation Administration).

U S DEPARTMENT OF TRANSPORTATION. Transportation improvement
program, part Il. Federal Register, 1975, 110, (181), 42976-81.

GOODE A P. DOE bus demonstration projects. Proceedings of a
Symposium on Bus Priorty, held at TRRL 1972, Department of
the Environment, TRRL Report LR570, Crowthorne, 1973
(Transport and Road Research Laboratory),

Circular Letter No. 58/66 Ref. 737. Public Road Transport
Association, 1966, London.

CONSTANTINE T and A P YOUNG. Existing and proposed bus priority
schemes. Traffic Engineering and Control, 1969, {57, 36-39, ‘

BROUWER P. Separatfe traffic lanes for buses: what is Thé presenf'
stato of affairs? UITP Revue, 1969, 18, (3}, 225-31,

Circular Letter No. 144/71 Ref. 737/UTC. Public Road Transport
Association, 1971, London.

MORIN D A, Status report on highway-related public fransborfafion
projects in the United States. Transportation, 1972, 1, o,
69-78.

COMMITTCE ON THE CHALLENGES OF MODERN SOCIETY. Bus prioriity
systems. NATO/CCMS Report No. 45, Crowthorne, UK, 1978
(Transport and Road Research Laboratory?},

LEVINSON H S, HOEY W F, SANDERS D B and F H WYNN. Bus use of
highways: state of the art. National Cooperative Highway Research

Report 143, 1973 (Transportation Research Board, Washington DC). . .

U 5 DEPARTMENT OF TRANSPORTATION. Innovation in pubtic
transporation: a directory of research, development and.
demonstration projects. Washington DC, 1974 (Urban Mass
Transportation Administration).

U S DEPARTMENT OF TRANSPORTATION.  Priority Techniques for high

occupancy vehicles. Washington, 1975,

.. OECD ROAD RESEARCH GROUP. Bus lanes and busway systems.
~Organisaticn for Economic Co-operation and Development.

- UNION INTERNATIONALE DES TRANSPORTS PUBLICS. Research Lanes for .

Paris, 1977.

motorbuses. Brussels, 1972,

245




Fesaer
£ -

.

%
&
¥
&
=<

20,

21,

22.

23.

24,

25,

26,

27,

28.

CEATRANSPORTATION RITSEARCH CORPORATION.  1aa transif
compendium,  Hunisville, USA, 1977,

NATIONAL BUS COMPANY .  Bus priovily schomes. Marketing and
Operational Research Report 19, Peterborouqgh, UK, 1978,

FISHER R J and H J SIMKOWITZ. Priority freatment for high
occupancy vehicles in the United Siates: a review of recent and
forthcoming projects., U 5 Department of fransporlation,
UMTA-MA-06-0049-76~11, Washington 0C, 1978 (lirban Mass
Transpertation Administration).

LEVINSON H 5, ADAMS C L and W F MOFY. Bus use of highways:
planning and design quidelines. National Cooperative Highway
Research Report 155, 1975 (Transpor talion Research Board,
Washington DC),

UNION INTERNATIONALE DES TRANSPORTS PUBL ICS. Special enquiry
info the signalling and marking on the roadway of reserved bus
tanes, and the signing of park-and-ride instalation. Enquiry No.
194, 1972 (UITP, Brussels).

BLY P H and F V WEBSTER. Contra-flow bus tanes: econcmic
Justification using a fheoretical model. Department of the
Environment, TRRL Report LR918. Crowthorne, 1977 (Transport

~and Road Research Laboratory).

MAY A D and D WESTLAND, Transportation system management :

- TSM-type projects in six selected European countries.

supplement to the 2/79 issue of Traffic Engineering and Control, 1979.

VUCHIC V R. Urban Public Transportation: Systems and Technology.
Englewood Cliffs, USA, 1987 (Prenfice-Hally.

COMMITTEE 3-D OF THE INSTITUTE OF TRAFFIC ENGINEERS,  Reserved
transit lanes. Traffic Engineering, 1959, (7), 37-40.

FOURACRE P R, The development of public transpert In Curltiba,

Brazil. Department of the Environment, TRRL Report SR 197 UC.
- Crowthorne, 1975 (Transport and Road Research Laboratory).

PIGNATARO L J. Traffic Engineering: Theory and Practice,

Englewood Cliffs, USA, 1973 (Prentice-Hall),

BALL R R and R J BROOKS. Flanning and road design for bus

services. Chartered Municipal Engineer, 1976, 103, (7, 117-23.

VINCENT R A, LAYFIELD R E and M D BARDSLEY. Runcorn busway study.

Department of the Environment, TRRL Report LR597. Crowthorne, 1976
(Transport and Road Research Laboratory). :

. REDDITCH DEVELOPMENT CORPORATION. New fown master plan,

(Redditch Development Corporation, UK).

AUSTIN T W and D S T HSU. Aiding bus performance through traffic
operations techniques. Transit Journal, 1980, &, {4}, 13-28.

246




57,

33,

34.

36.
37.

38.
39.
40,
41,
43.
s

.l 25

46.

FERRAGU H and C RAT. Le rdseau de lranaporis en commun de L

Cville nouvelle d'tvry (Public gransporl nefwork in Lvry New

Town). Revue des Transports Publics Urbains et Reqgionaux,
RParis, Januvary 1971,

ATLANTA TRANSIET SYSTEM, INC.  Rapld hirways. 1007,

SIMPSON & CURTIN,  Old colony rapid busway system between Boston
and south shore communities. 1904,

ALAN M VOORHEES & ASSOCIATES, INC. Transit for 1990 Memphis. 1966.
SIMPSON & CURTIN.  Portland-Vancouver mass transit use study., 1966.

WHITE P R, Sweden's smali-scale busways. Traffic Engineering
and Control, 1973, 15, (10), 306.

CARSTENS R €. Oxford Street experimental fraffic scheme.
Traffic Engineering and Control, 1973, 15, {6).

EVANS H K and G W SKILES. Improving public transit through bus
preemption of traffic signals. Traffic Quarterly, 1970 24,
(4), 531-43.

WEBSTER F V and B M COBBE. Traffic signats. Ministry of
Transport, RRL Road Research Technical Paper NG, 56, London, 1966.

(Her Majesty's Stationery Cffice).

VINCENT R A and K HOPPE. Public Transport Priority at a Signal-~
confrolied junction: an experiment in Bern, Switzerland.
Traffic Engineering and Control, 1970, 12, (8}, 417-20.

MOORE S. Some experience of preferential trestments for high
occupancy vehicles. Proceedings of 1the 9th Australian Road
Research Board Conference, 1979, 9, (5), 128-137,

VINCENT B A, MITCHELL A I and I} | ROBIRISON,  User quide to
TRANSYT verslon 8, Department of Ihe Lnvironment, TRRE Report
LRB88. Crowthorne, 1980 (Transport and Road Research Laborafory)

PEIRCE J R and K WOOD. BUS TRANSYT - a user's guide.
Deparitmant of the Environment, TRRL Report SR266. Crowthaorne,

1977 {Transport and Road Research Laboratory),

ROBERTSON D | and P GOWER, User guide to TRANSYT Version 6.

Department of the Environment, TRRL Report SR255, Crowtharne, !976

{(Transport and Road Research Labora%ory)

URBAN]K T. Priority treatment of buses at fraffic slgnats

- Transportation Engineering, 1977, (11}, 31-3,

'TransporTaflon Research, 1978, (12), 337-42,

EL-REEDY T Y and R ASHWORTH The effect of bus detection on
the performance of a traffic signal controlled InTersechon

247




47.
48,

49,
50.

51.
52.

53,
54,

55.

o6,
57.

58.

59.

VINCENT ROA, COOPLR B 1R and K Wool Bus-actuated signal controt
at isolafed interseciions - simulalion studies of bus priorities.
Department of the Enviroment, TRRL Report LRB14. Crowthorne,
1978 (Transpori and Rond Resaarah 1Tahar Tary)

VINCENT R AL Junction priority for public transport.  Proceedings
of a Symposium on Bus Priovity, held ol TRRL 1972, Department of
the Environment, TRRL Report IR570.  Crowthorne, 1973 (Transport

and Road Rosoarch Laborafory).

BONNETT Hoand © M LLMBERG. Priorily tor surflace public fransport.
Proceedings of the 42nd International Congress of the UITP,

Montreal, 1979 {UnTon Tnlernalionale i lransports Publics).

COMMITTEE 30D(83) OF THE INSTITUTE OfF TRAFFEC ENGINFERS,
A recommended pracfice for proper Location of bug stops.,
Traffic Engineering, 1967, {12y, 30-4,

HIGHWAY RESEARCH BOARD. Highway Capacity Manual . Washington DC,
1965 (National Research Council), 61h edition.

KRAFT W H and T J BOARDMAN. Location of bus stops.
Transporiation tngineering Journat, 1972, (2), 103-16,

TRANSPORTAT ION RESEARCH GROUP DEPARTMENT OF CIVIL ENGINEERING.
An evaluation of the Bitterne bus priority scheme, Southampton.
Southampton, UK, 1974 (Southampton University Press).

PAPACOSTAS C S. Capacity characteristics of downtown bus streets.
Transportation Quarterty, 1982, 36, (4), 617-30,

OLDFIELG R H, P H BLY and F v WEBSTER. With-flow bus lanes:
economic justification using a theoretical model. Depar tment of
the Environment, TRRL Report LR809, Crowthorne, 1977 (Transport

and Road Research Laboratory).

RITCHIE S 6. Arterial bus lane warrants. Proceedings of the

8th Austratian Road Resesrch Board Conference, 1978, 8, (4), 63~7.

LEVINSON H S and W F HOEY. Optimizing bus use of urban highways,
Transportation Engineering Journal, 1974, (4}, 443-59,

ALLEN B L. Bus priority measures in London. Proceedings of a

Sympos ium on Bus Prioritfy, held at TRRL 1972, Department of the
Environment, TRRL Report LR57C, Crowthorne, 1973 (Transport and

Road Research Laboratory).

LIEBERMAN € B, WORALL 8 D and J M BRUGGEMAN, Logical design and
demonstration of UTCS-1! network simulation model . Transpartation
Research Record 409, 1972 (Transportation Research Board),

DELGOFFE L. Guidelines for improving the transit of street-level

public fransport in towns  L{TD Revue, 1972, (3}, 155-60.

'WJLBUR SMITH and ASSOCIATES. Bus rapid options for densely

developed areas. New Haven, USA, 1975,

248




£2.

64,

66.

68.

69.

70.

AR

73,

76,

CROOK A D 0. Fliect on accoidonls ol area Iraflfiec conlrol in
Wesl London.  Tralfic Cngincering and Confrol, 1970, 12, (1),
30-1,

DETEUY CHADWLCE CHEOCHA . B capdd Trans T i contral areas.
Depar foent of The Foavironment . Tondon, 19771,

WOHL M oand BV MARTIN.  Traffic sysiom analysis, New York,
1967 (McGraw-Hill).

WEBSTER F V. Priority to buses as pard of traffic management,
Cepartment of the Environment, TRRL Repor! LR448. Crowthorne, 1972
(Transport and Road Research Laboratory).

ROTHERY R, SILVER R, HERMAN R and C TORNER. Anatysis of
experiments on single-tane bus flow. Operations Research, 1964,
12, (6), 913-33,

SALTER R J and A A MEMON. Simulationofa bus-priority tane.
Transportation Research Record 626, 1977, 29-32, (Transportation
Research Board).

SALTER R J and J SHAHI. Prediction of effects of bus-priority
schemes by using computer simulation fechniques. Transportation
Research Record 718, 1979, 1-5 (Transportation Research Goard).

SALTER R J and J SHAHI. The prediction of the effects of bus
priority schemes using computer simulation technigues.
international Conference and Exhibition on Public Transport
Systems in Urban Areas, Goteborg, Swaeden, 27-30 June, 1978, 65-73.

MUZYKA A. Bus pricrity strategies and traffic simulation.
Transportation Research Board Special Report 153, 1975, 39-49
(Transportation Research Board, Washington DC).

BOWES R W and J VAN DER MARK., Smutation of bus lane operations
in downitown areas. Transportsation Research Record &4, 1977,

41-4 (Transportation Research Board).

ERIKSEN A R, A central ares transit simulation model.

U5 Depariment of Transportalion. Washinglon NC, 197%, (Urban
Mass transportation Administration).

RADELAT G. Simulation of bus operation on signatized arferials.
Federal Highway Administration, FHWA-RD-74-6, Washington DC, 1973

(Traffic Systems Division).

HARRIS M.  The Runcorn busway. Modern Transport, 1978, (3)

]

- 18691,

. LIEBERMAN E B, MUZYKA A and D SCHMEIDLIR,  Bus priority signal

control: simulation analysis of two strategies. ransportaiion

‘Research Record 663, 1978, 26-8 (Transportation Research Board).

GAHAN E. A bus tare on a major artery in Dublin. Proceedings of
a Symposium on Bus Priority, held at TRRL 1972, Department of

the Environment, TRRL Report LR570. Crowthorne, 1973 (Transport
and Road Research Laborafory). : v

249




7.
78,
79.

20,

82.
83.

84.

8.

87,
89.

- 90,

COBURM T " and 2P COOPEE,  TRRE bay o dorily axperimosnt on

teot track.  Tocondings of a Symposiom on Bus Priorily, heled

at TRRL 1977, Deparimsnt of 1he Enviroonment, TRRL Report LR %70,
Crowthorne, 1973 (Transpori and Road Hescarch Laboralory) .

TRANSPORTAT FO HESEARCH BOARD.  Intor im Malerials on itighway
Capacily. Transporiation Pevcarch Chrontar 2120 1980,

MAY A D, ®RUGER A J and T 0 CLAUSEN.  Dovolopsent and
application of traffic-managonent models, Transpartation Research

COTTEUT M, D LA BRETLOUE LA, HIENRY 0 and I GARBALD,

Assessment by observation and simulalion sludics of fthe inlerest of
different methods of bus presmplion ol iraffic Lights.

Proceedings of the International oymposium on Traffic Control

Systems held af Berkeley 1979, 7A, 92105,

BAKKER J J. Public transit right-oi-way. Transportfation Research
Recorc 546, 1975, 13-21 (Transportalion Research Board) .

RICHARDSON A J and H P McKENZIE., fCurrent techniques for planning,
evaluating and implementing priority lanes, Comnonweal th Bureau of

Roads, 1976.

BLY P M. Use of computer simulation 1o examine the working of
a bus lane. Department of the Environment, TRRL Report LR509,
Crowthorne, 1973 (Transport and Road Research Laboratory),

SPARKS G A and A D MAY. A mathematical model for evaluating
priority lane oparations on freeways. The institufe of Transport
and Traffic Engineering, Univerisity of California, 1970,

COOMBE R D, BUCHANAN C M, RICHARD | F, GOWER J E and P BROWN.
Bus priority in inner London: 2. the inner London bus priority
model. Traffic Engineering and Control, 1974, i5, (4}, 575-80.

TURNER E D and GA GIANNCPOULOS.  Pedestrianisation: London's
Oxford Sireel experiment. iransportation, 1974, 3, (2),

WOOD K. Bus-acluated siznal control at isolated intersections:
a sitnulation modet. Depariment of the nvironment, TRRL Report
SR373. Crowlhorne, 1979 {(Transpor ! and Read Raesearch Laboratory),

HOEY W F and H S LEVINSON. Bus capacity analysis.
‘Transportation Research Record 546, 1975, 30-43 (Transportation

- Research Boardy.

CHERMAN R, LAM T and R FOTHERY. Further studies on single~lane

bus flow: fransient characteristics. Iransportation Science,
1970, 4, (2), 187-216.

SCHEEL J W and J E FOOTE. Bus operation in single lane platoons
and their ventilation needs for operation in tunnels.

Transportation Research Publication GMR 808. Warren, USA, 1968

(General Motors Corporation).

250




91.

93.

Q4.

95.

926.

97.
98.

99.

100.

1102,
103.

104

HERMAN R, LAM T and R ROTHERY. Experiment on bus platoon

dynamics: an investigation of the flow characteristics of
BUS RAPID TRANSYT operations. Transportation Research Publication
GMR 1052, Warren, USA, 1970 (General Motors Corporation),

SCHEEL J W and J E FOOTE. Comparison of experimontal results
with estimated single lane bus flow Through a series of stations
along a private busway. Transportation Research Publication

GMR 888. Warren, USA, 1969 (General Motors Corporationd.

HERMAN R, LAM T and R ROTHERY. Expariments in bus platoon
dynamics. Traffic Engineering and Conirol, 1971, (4), 612-615.

VUCHIC V K and F B DAY, Discussion ol the paper: Bus capacity
analtysis., Transportation Research Record 546, 1975, 41-3
(Transportation Research Board).

LANE R, Bus priority in Greater London. Traffic Engineering and
Control, 1973, 15, (5}, 45-7.

INTERNAT IONAL COLLABORATIVE STUDY OF THE FACTORS AFFECTING PUBLIC
TRANSPORT PATRONAGE. The demand for pubtic fransport. Crowthorne,
UK, 1980 (Transport and Road Research Laboratory). : :

MICHALOPCULOS P G, Bus priority system studies. High Speed
Ground Transportation Journal, 1978, 12, (3}, 45-71,

COX M. Reserved bus lanes in Dalltas, Texas. Transportation
Engineering Journal, 1975, (11), 691-705.

FREEMAN J.D. Assessing bus priorities in London. Preceedings
of the 5th Annual Seminar on Bus Operation Research at the

“University of Leeds, 1973,

MARLER N W. The performance of high-flow bus lanes in Bangkok...
Departmenti of the Environment, TRRL Report SR723. Crowthorne, 1982
{Transport and Roac Research Laboratory). . Do

_DEPARTMENT OF THE ENVIRONMENT. Contra flow bus Lane:wifhin a. f

one-way traffic scheme. Bus Demonstration Project, Summary Report
No 2: Tottenham 1972 (Department of the Environment, London).

OWENS D. The Glasgow experiment: the effect of Sigop;éﬁd Trané?f
on bus journey times. Department of the Environment, TRRL :
Report LR535, Crowthorne, 1973 (Transport and Road Resegrch

Laboratory).

POLUS A and J L SCHOFER. Contraflow bus priority Lane performance: &

a case study. Transportation Engineering Journal, 1979, (5),
297-305, '

COOPER 8 R, VINCENT R A and K WOOD. Bus-actuated traffic signaLs-%'

initial assessment of part of the Swansea bus priority scheme.

- Depariment of the Environment, TRRL Report LR925, Crowfhorne;i198D'
{Transport and Road Research Laborafory). : Do

251




107.

108.

110,

il2.

115,

116,

VEOSTE U Foo Bus lane exporiments in tarseilies.  Proceedings of

a Symposium on Bus Priority, held at IRRL 1972, Oepartment of the
Environment, TRRL Repord LR570. Crowihorne, 19783 (Transport
and Road Research Laboralory).

BLOWS J W, Bus priorilics in comprohonsive frafFic manaqgemneant,
Proceedings of a symposium on Bus Priority, held at TRRL 1972,
Department of fhe Environment, TREL Report LRY70. Crowthorne, 1973
(Transport and Road R@searcﬁnlﬁﬁﬁﬁiﬁiﬁﬂﬁwm‘

LEONG H J W. Warrant far the provision of 4 bus bay.
Proceedings of the 4th Austratigﬂjgkgtfﬁgearch Beard Conference,
1968, 4, (1), 645-666.

FOLEY S P, HALLTON J V and B B 1IN0, A bus study In Adelaide,
Proceedings of the 10th Australian load Research Board Conference,
1980, 10, (5), 175-19%,

YEDLIN M and E B LIEBERMAN. Analytic and simulation sfudies
of factors that influence bus-signat-priority strategies.
Transportation Research Record 798, 181, 26-9 (Transportation
Research Board).

BERG W D, SMITH R L, WALSH T W and T N NOTBOHM. Evaluation of
a confraflow arterial bus lane. Transportation Research Record
798, 1981, 45-9, (Transportation Research Board).

PARSONS -8R I NKERHOFF-TUDOR-BECHTEL . Geometric design criteria for
busway and bus stetion. Metropolitan Atlanta Rapid Transit
Authority.

HALLAM C £. The Sydney transit lane: an experiment giving priority
to buses and multi-occupancy vehiclos. Traffic Engineering and
Control, 1977, (2), 70-1.

Public Transit in Pittshurgh. e Journal, 1980, 50, (i0), 25-6,

ROBERTS A E and R CARR. Bus priority in Greater London: 4,
implementation of bus lanes and their effect. Traffic Engineering

and Control, 1973, (2), 482-5,

RUNNACLES T V. A European view. PTRC course on Bus Priority
schemes. London, 1977 (Planning and Transportation Research

~and Computation L1d.),

LUDW]CK J 5. Simulation of an unconditional preemption bus
priority system. Report nc. MTP-400. Washington DC, 1974
(Mitre Corporation). ' "

DEPARTMENT OF THE ENVIRONMENT. Bus detection. Bus Demonstration
Project, Summary Report No 1, 1972. (Department of the
Environment, London). ‘ . '

_1JACOBSON-J:and Y SHEFFI. Analytical model of traffic deleys

under bus signal preemption: theory and application.
fransportation Research, 1981, 158, 127-38.

252




LMY 213 JLoF

119.

12C.

122.
123.

124.
125,

126,

127.
- 128,
129,

130.

133,

134,

. TRANSPORTAT{ON RESEARCH GROUF DEPARTMENT CF CIVIL ENGINEERING.
-Effects of road curvature on vehicle/driver behaviour, 1982

tane two-way rural highways in New South Wales. Proceedings of

TAYLOR M A P, Evaluating the performance of a simulation model,
Transportation Research, 1979, J3A, 15975,

BUCKLEY D J. Road and traffic headway distributions., Proceedings

of the fst Australian Rosd Research Conferonce, 1962, 1, 155-87.

BRANSTON U, Esltimating free speed disiribution for a road.
Transportation Science, 1979, 13, (2), 130-45,

HAtGHT F. Mathematical Theories of Traffic Flow. New York, 1963
(Academic Press),

DAOU A, On flow within platoons. Proceedings of the 2nd Australian
Road Research Board Conferance, 1966, 2, (7), 4-15,

CHIN H C. Microscopic Simulation of Traffic Operation at
-8 Roundabout. PhD thesis in preparation, 1982 {University

.of Southampion),

TECHNICAL COUNCIL COMMITTEE 4M-1, [TE. Tentative recommended
practice: traffic signal system definitions. Traffic
Engineering, 1976, 42-51.

SALTER R J. Highway Traffic Analysis and Design, London,
1976 (MacMiltan Press).

CASS 5. Traffic signals, Transportation and Traffic Engineering
Handbocok chapter 17. Institufe of Traffic Engineers, 1976
(Prentice~Hall).

TREITERER J, VOUGVICHIEN P, GERHART R and T TING, signal Proqressibn:
on Routes in Suburban-to-Rural Areas, lngineering Experiment :
Station. Columbus, 1976 (Ohio Gfate University),

NEWELL G F. The flow of highway traffic through a sequence of

- synchronized traffic signals. Operatfions Research, 8, 1960,

390-405.

LITTLE J © C, MARTIN B V and J T MORGAN. Synchronizing traffic
signals for maximal bandwidth. MIT Research Report R6408,
Cambridge, 1964 (Depariment of Civil Enginesring). o

CMORGAN J T and J D C LITTLE. Synchronizing traffic signaLs.for
- maximal bandwidth. Operations Research, 12, (6), 1964,

ROBERTSON D | and R A VINCENT. Bus priority in a network of
fixed-time signals. Department of the Environment, TRRL Report

 LR666. Crowthorne, 1975 {Transport and Road Research Laborafory).é%

(University of Southampton).

LEONG H J W. The distribution and trend of free speeds on Two-

fhe 4th Australian Road Research Board Conference, 1968, 791-808.

253




135,

138,

142,

143,

144,

150.

LEE C E, RIGUK T W and C R COPELAND. The Texas Model for
intersection Traffic Dovetopmant. Agstin, 1977 (University of
Texas). o T

DOCKERTY AL Accelerat ton of queus leaders from stop Lines,
Traffic Engineering and Control, 1o, /), 150-2 & 155,

WEBSTER IV and P B ELLSON.  Traffic niqnals for high-upeed
roads.  Miniciry of Traveport R Rood Recearch Tochnical Paper

No. 74, London, T9EYT T THer Ma ety S aT onery OfFice ).

HAMMORD 1F L Report of commitlee on salo approach speads at
infersections.  Procendings of the Highway Research Board, 1940,
20, 847,

WHLS0N £ £, Deceleration distances tor high spead vehicles.
Froceedings of the Highway Rescarch Board, 1940, 20, 393-93,

BISSELL H H. TJraffic Gap Accentance from a Stop Sign.  M.Eng.
thesis, 1960 (University of California af Berkeley).

EBBESEN € B and M HANEY. Flirting with death: variables affecting
risk taking at intersections, Journal of Applied Social Psychology,
1973, 4, (3), 303-24.

UBER C B. Comparison of acceptance of gaps and lags.
Proceedings of the 9ih Australian Road Research Board Conference,

T978,79, (57, 61-8.

SALTER R J.  Capacity of priority intersection. Traffic Engineering
and Control, 1968, (7), 134-6 & 140.

MINISTRY OF TRANSPORT. Advisory manual: the Layout of roads in
rural areas. lLonden, 1968 (Her Majesty's Stafionery Office).

AMERICAN ASSOCIATION OF STATE HIGHWAY OFFICIALS. A policy on
qeometfric design of rural highways. Washington, 196?.

TRANSPORTAT ION RESEARCH GROUP DEPARTMENT OF CIVIL ENGINEERING.

.. Determination of delay at large Junctions. Unpublished report,

1980 (University of Southampton).

McLEAN J R, Driver behaviour on curves - a review,
Proceedings of the 5th Australian Road Research Board Conference,

1974, 5, (57, 76-91.

BAERWALD J €. Traffic Engineering Handbook. Institute of Traffic
Engineers, 1665,

HULBERT S, Driver and sedestrian characteristics, Transportation

:;énd Traffic Engineering Handbook Chapter 3. Institufe of Traffic
- Engineers, 1976 (Prentice-Hally.

HERMAN R, LAM T and R W ROTHERY. The starfing characteristics of
automobile platoons. Proceedings of the Fifth International

. Symposium on iraffic Flow and Transportation. Berkeley, 1971,

254




155.

156.

157.

158.

159,

160,

161.

162.

163.

164 .

165,

166.

of Traffic Engineers (ITE} Journal, 1980, (11), 22-8.

CHANDLER R E, HERMAN R and [ W MONTHOLL. Traffic dynamicsi.
studies in car following., Operalions Bosoarch, o, 1958, 165-84.

WATTLEWORTH J A, Traffic flow theory, Iransportafion and

Traffic Engineering Handbook chapter 7. Tnaiiiute of Traffic
Enginecers, 1970 (Prentice Hall),

TOLLE J £, Composite car 1ol lowing modol, Transportalion
Research, 1974, 8, (2), Gl-0.

GAZIS D C, HERMAN R and R W ROTHERY. Non-Llinear follow-1he-
leader models of traffic flow., Oparations Research, 1961, 9,
(4), 545-67.

r

MAY A D and H £ M KELLER. Neon-integer car-following models.
Highway Research Record 199, 1967, 19-32 (Highway Research Board).

GREENBERG H. An analysis of traffic flow. Operations Research,
1959, 7, (1), 79-85.

VAN AS S C. Traffic Signal Optimization: Procedures and Techniques,
PhD thesis, 1979, (Universify of Scufhampfon).

CEDER A and A D MAY. Further evaluation of single- and fwo-regime
traffic ftow models. Transportation Research Record, 567, 1976,
1-15 (Transportation Research Board).

GAZIS D, HERMAN R and R B POTTS. Car-following theory of
steady-state traffic flow., Operations Research, 1959, 7, (4),
499-505.

INSTITUTE FOR ROAD SAFETY RESEARCH (SMOV). Probiems of
instrumentation in car following research. Voorburg, 1974,

-HARBAND J,  The existence of monotonic solutions of a nonlinear
- car-following equation. Journal of Mathematical Analysis and

Applications, 1977, 57, 257-72.

FOX'P and F G LEHMAN. A digital simulation of car following
. and overtaking. Highway Research Record 199, 1967, 33-41

(Highway Research Board},

MICHAELS R M. Perceptual factors in car following., Proceeding
of the 2nd International Symposium on the Theory of Road Traffic

Flow.  Tondon, 1983 (Joyce Almond, Ed).

PIPES L A. Car fo([éﬁfﬁg models and the fundamentat diagram of
road fraffic. Transportation Research, 1967, 1, 21-9,

MICHAELS R M and L W COZAN, Perceptual and fietd factors causing

tateratl displacement. Highway Research Record 25, 1963, 1-13

_(Highway Research Board}).

STIMSON W A, ZADOR D'L and P J TARNOFF. The influence to the time
duration of yellow traffic signals on driver response. Institute




165,

174,

175,

178.
179,
180.

181.

OLSON P L oand ® W ROTHERY .,  Driver response oo the ambor phase of
fraffic signats. Oporations sarch, A0 90 (5) 0 650-3,

WHLLTARS W L. Oriver behavioor dining The yorllow inlerval ,
TrQﬂﬂﬂiﬂi@iﬂi@.@e?ﬁﬁiﬁifﬂﬁfﬂli“44: A Cransportation Researceh
SBcard).

SHEFF L ' and Y MAHMASSANY. A model of driver bertiav iour of_hiqh
speed sianalized intorsoctions. ”I:UYHNHJ:UEfNLJELHEEE{» 1981,
15, (V) 50-61,

CUMDILL 0 A and P T OWATIS . Ous boordiag and al iahiing times,
dopartment of fhe Faviconmoend HES Bopor | T by Crowthorne, 1973
(Transpor T and Vaad Reseorch Lalor ot oryr)

OUIVER A M and M 8§ UREN, A compator sinnlal Ton model of [he E3

bus route: a detailed description, Feonomie and Operational
Research Office, Technical Note TN47. Tondon. 1972 {London
Transport Executive).

CHAPMAN R A.  3us boarding times - a review of studies and
suggestions for interpretation. Transport Operations Research
Group, Research Report no. 8, 1975 (University of Newcastie Lpon
Tyne).

JOWETT D and D A QUARMBRY . Boarding rates and stop times on one-
man cperated buses. FEconomic and Operational Research Office,
Operationsl Research Repart RI&7. London, 1972 (London Transport
Executive).

FISHWICK F. One-man operation in municipal transport,
Institute of Transport Journal, 1970, 33, (9}, 41%3-25,

SALTER R 0 and F | H EL-HANNA. Highway ramp merging examined by
simutation., Australian Road Research, 1976, 6, (2), 30-9.

MATSON T M, SMITH W S and F HURD. fraffic Engineering. New York,
1955 (McGraw-Hill),

;  QECD ROAD RESEARCH GROUP, Automobile fuel consumption in actual

traffic conditions. Organization for Economic Co~operation and
Oevelopment, Paris, 1982,

WATERS M H L and | B LAKER. Research on fuei conservation
for cars. Department of the Envircnment, TRRL Report LR9Z1.
Crowthorne, 1980 (Transport and Road Reésearch Laboratory),

'EVANS_L and R HERMAN. A simplified approach to catculations

of fuel consumption in urban traffic systems, Traffic Engineering
and Conirol, 1976, (8), 352-4.

CHANG M F, EVANS L, HERMAN R and P WAS IELEWSK] Gasoline
consumption in urban traffic. Transportation Research Record 599,
1976, 25-30,

EVANS L and R HERMAN ~Automobile fuel economy on fixed urban
driving schedules, Transportation ocience, 1978, 12, (2},
137-57. o

256




182.

190.

1691,

192.
193,

194.
495,
196.

197,

EVERALL P F. The effect of reoad and traffic cgndifionﬁ on fuel
consumption. Departmeni of the Environment, RRL Reporl LRZZG.
Crowthornng, 1068 (Transpori and Road Researclh Laboralory).

MUZYKA A, FANTASIA J £ and J M GOODMAN,  Bus operations and
encrgy conservation. Traffic Fngincering, 1975, (11, 18-27.

BALASSIANO R, A Function of Bus Fuel Consumplion in Urban
Traffic (Ums Funcao de Consumo oe Gombus!livel para Onibus em

Tratego Urbano). MSc thesis, 1980 (COPPE/UFRJ - Ric de Janeiro,

Brazil).

ROBERTSON D 1, LUCAS C F and R T BAKER. Coordinating ftraffic
signals to reduce fuel consumption. Departmeni of the Environment,
TRRL Report LR934. Crowthorne, 1980 (Transport and Road Research
Leboratoryl,

WINFREY R. Economic Analysis for Highways.Pennsylvania, 1969
{International Texthook Company).

SOCIETY OF AUTOMOTIVE ENGINEERS. Truck ability prediction
procedure, TR-82Z. New York, 1957,

TABOREK J J. Mechanics of vehicles. Machine Desiqgn, 1957,

HURLEY J W, RADWAN A E and D H BENEVELLI., Sensitivity of fuel-
consumpticn and delay values from traffic simulation.
Transportation Research Record 79%, 1981, 14-21.

DE MENEZES G F. Fuel consumgfion (Consumo de combustiveis)
Instituto Mititar de Engenharia, unpublished report, 1981
(Ric de Jameiro, Brazil}.

BRANSTON D and H V ZUYLEN. The estimation of saturation flow,
effective green time and passenger car equivatents at traffic

signals by muliiple linear regression. Transportaiion Research,
1978, 12, (1}, 47-53,

RO5S P. Review of road traffic network simulation medels,
Transportation Research Record 644, 1977, 36-41 (Transportation
Research Board). '

BRIGGS T. Time headways on crossing the stop-line affer queueing:
at traffic tights. Traffic Engineering and Control, 1977, 18,

(5), 264-5.

'STEWART G N and B SHIN. Effect of small car on infersection

capacity. Transportafion Science, 1978, 12, (3), 250-63,

WHITE P A, Capacity of Signalized Intersections. M5¢ thesis,
1977 (University of Southampton).

RAND CORPCRATION, THE. A Million Random Digits with 1,000,000

Normal Deviates. New York, 1955 (Free Press).

FISHMAN G S. Concepts and Methods in Discrete Event D|g|fal
Simulation. New York, 1973 (John Wiley). :

257




HUTCHITS v A e M b e Ff.!l[ff'{n{_l(irrfpgtfil{lfili.

SUrbana, S (e iy o e

LEWS DA COOAN A v ond MM, A pwnudn-randowAnumhor
LI e dournal 1969, 8,

aenerator tor dne syslom 3w, L.

(2Y, 136-a9,

BOX G BB aped O MITEIL A nole o T aeneralion of random
normat doviates. Annals ol Modihematical Statistics, 1958, 29,

Gl3-1.
CALCOMP Plotiar Software. University of Southampton Computing
Sarvice

SCONWAY R W Some tactical problems in digifal simulation.

Management Sciance, 1903, LS I A

ACEL Y R, Formulae Tor prodicling Lol consumption of cary,
Iraffic Engineering and Conirol, 19835, (3), 115-18.

AKCELIK R, Fuel efficiency and olher objectives in traffic
systzm manogement, Tratfic Engincering and Controt, 1981, (23,
54-65.

WATSON H.C. Sensitivity of fuel consumption and emissions
fo driving patterns and vehicle design.  Proceedings of the
first SAE-A/ARRB Conference 'Can fraffic managemnent reduce

vehicle fuel consumption and emissions?'. Melbourne, 1980,

258




14, APPENDIX 1: DATA COLLECTION

Thee i of The dala colloclTon el omalysts procedut o,
adopted in this study, was to obifain information on the wide range
of traffic paranicters required for the simulalion model. Data varied

from simple classified counts of flows al a particular location to more

complex studies involving the analysis ol 1ime lapse fitms,

Whilst most of ihe dala was collected using film techniques,
electronic stopwatches were alsc used., Computer programs and techniques
were adopled fo help in the interpretalionof the information collected,
as well as in classifying data obtained from the local traffic

authorities.
14.1 Study area

Sites were selected along the urban avenues, RUGO and RUG1 of
the city of Porto Alegre, Brazil, where median bus priority lanes were
infroduced. A plan of the road network within the centrat area of
the city is shown in figure 14,1 which also indicates the bus lane

priority schemes imptemented.

14.2  Site geometry

A sef of 1:500 scaie plans, covering the whole length of.
RU6G,was obtained from fthe local traffic authority. 1|1 enabled the

exfraction, at the reﬁuired level of accuracy, of geome%ric‘défaTLs

such as the location of bus stops, intersections and trafficg Ligh?sq' ' f;ﬁf?

14.3  Photographic technique

Most of the traffic paramefers were obtained using fime
lapse photography, with a camera pointing at a fixed direction. The
camera was activated by a built-in intervalometer fo ensure film
exposures at regular time intervals. There is a number of reasons for

selecting this technique:

a. films are a continuous and permanent record of events.

' b. the availability of tall structures, as in densely populated
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urban areas, can provide an inconspicuous vantage point {1}.
c. this technique helps in minimizing errors {that can result
from continuous manual collection {2},
d. photographic procedures allow the use of a minimum of
personnel to collect daia.
e. the use of time-lapse photography provides, specially in
complex traffic situations, more detailed dafa than Is normally

available by conventional means [3}.

Due to the availability of sites, all the films were faken from fixed

positions at roofs of differenl high buildings.

4.4  Method of film analysis

There are two basic methods of obtaining data from the

frames.

14.4.1 Perspective grid

An analysis grid is constructed based on roadside marks drawn
on the screen. !f more than one direction of travel ig involved a
parallactic grid, such as the one shown in figure 14,2, may be |
superimposed on the screen. Data is obtained by retafing‘fhe_movemenfs
of the vehicles to the grid. However, this method presents g series of

-disadvantages {4}:

a;.fhe grid is not easy to establish since numerous control
points have to be painfed and identified on the roadway,

b. & new grid may be needed i1f the camera or projector is moved

C. analysis of the film is siow because each frame has 1o

be positioned on the perspective grid,

d. visual interpretation has to be used and scaling is
diff|culf due to the non-linearity of the grid scale,

‘l4n4.2 Rectanguiar coordinates

The coordinates of the vehicles in the film image are converted
into £a+era[ and longitudinal position by making use of a numerical

roqune {5} and a number of reference poinis. " The planimetric positions
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of these points are providad by a ground survey.  The relafion be twoen

“road and film points is acconpl ished numoer ically rather Fhan
physically, as required wilh 1he perspective arid. s procedure al Lows
movement befween frames «inee |he coardington ol only four points are
necessary to establish the relalionsihip between the Film and fhe

roadway ptane. The origin and The rectangular coordinalte system are

arbitrarily determined.

The relafionship belweon poinls in the roadway and Film plane
is diagramaticatly shown in figure 14.3, The following pair of

eduéfions carries out the transformation {6}:
) C!+C2Xf+C3Yf
v C4Xf+CSYf+I

66+C X +CY

v - 7 8 f
v C4Xf+C5Yf+1
wheré
Xf, Yf = X and Y film plane coordinates of any point
Xv’ YV = X and Y transformed ground coordinates of the same
point
C = coefficients calculated from & set of eight equations

making use of the four reference polnts,

The quadrilateral formed by the set of four reference points requires
interior angles between 7¢° and 1109 and sides of approximately equal
length {7}.

The method of the rectangular coordinates was selected for
'ana[ysing'fhé films. The films were exposed at speeds of 1 and 2 frames
per second according to their purposes, I.e. the data to be extracted.
In crder to simplify the process, all the positions of The're[eyanT
vehicles on one frame were recorded before moving to the next, A
computer program.subroufine {4} was used for making the transformation

from the rectangular film coordinate system to a rectangular roadway

coordinate system. The reference points were usually painted on S
existing pavement and centre road reference poinfs at a height approximéféty
equal to the one that separates, on average, car bumpers from the o

road pavemenf. The exact angles and distances between the reference
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points were obtained through planimetric surveys conducted at each site

studied.

14.5 Instrumentation

The camera usedwas the b4 medot by TIMELARPSE . 1T is a
fulty-automat ic Sankyo super-8 camera with a built-in crystal-
controlled intervalometer which provides for filming at exact,

repeatable intervals. Specificafions of ihe model 1240 include:

3. time-lapse intervals of .5-99.5 seconds in .5 second intervals

providing an accuracy wilhin .0t% of a second.

b. /1.2 Sankyo zoom lens, 9.2mm - 37mm, aperture range
- f/1.2 - £/45, auiomatic or manual exposure control,
telephoto converter to 5imm, wide~angle converter to
&.38mm,

The data analyser projector usedwas the 3420 model also assembled by
TIMELAPSE, USA. Some of the fealures of the projector are:

a, quiet operation in atl speeds.

b. pushbutfon selection of interval speeds - 1,2,3,6,9,18
frames per second.

C..accurate frame counter with four-digit LED display, zero

counter reset button.

Digifal electronic stopwaiches were utilized for the collection of

speeds and headways at the stop Llines.
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. APPENDIX 3. FURTHLS CUR TUERATIONS INTO

THEAPPLICABIT TTY 0 1301 A

6.7 The Limits of the invn:iiu&ljuu

Fiomas b be emphasised Thal STRIA has been ortly applied to
obtain estinates of the travel time amd ool consumplion of vehicles
travelling along a represerdalive soction of an orban orterial road,
ihese measures ol cloct lveness have boon oaod i the comparalive
assessmant of aliernative qeometric confinm alions under variable
traffic demand as described in chapier 17, Although investigations
conducted in section 12.4.% have inciuded indicalions of the average
delays involved in forming ordered bus platoons of different sizes, the
delays occurring in the settling down distance before vehicles are
inserted into the sampling section have nol heen included (refer to
section 12.3 and figure 12.5 for definitions). Such delays are only
relevant for input flows above system Capacity when they would rapidly

exceed the running fimes over the sampting secticon.

The relationship between travel time and flow, produced by
the investigations described on section 6.2 and represented by the
cluster of points in Figure 16,1, foltows The pallern normal Ly
observed in travel time - flow sludies. increments in traffic demand
at tow flow condifions lead to relatively small increases in average
travel times. As_inpuf flows approach'ihe maximum flow that can be
discharged from fthe sysiem (t.e., system capacity), average travel times
increase rapidly. Travel time - flow relationships can adequately
express the traffic conditions on a simulaied section of a road
operating beltow capacity. They also provide a means of estimating
The capacity inherant to a pariicular syslen. However, during
IOVersafurafed-condiTions, where the average arrival flow exceeds
the capacity of the system, traffic condifions over the simutated
sections are not fully represented by this model. Under such traffic
demands, steadily increasing gueues would be tormed at the bottlenaecks,

_Because the simulation is only being used io evaluate travel times
'on_a seciton of a read, such bottlenecks would not be frully describing
overall delays as the main delay build up would occur cutside the

syslem. In addition, Ihe mechanisms, togic and perameters used in the
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model were calibrafed during non saturated conditions and may fherefore

also be unrepresentative of the radical changes which may occur in

fectors such as gap acceplance. Furiheroore, TU is reasonable to expect
that, in 'real arterial road condifions', au vehicle density increases,
the behaviour of accelerating vehicles discharging from the section would
be affected by queues faiting back from seciions ol the road beyond

the simutated one. This effect has not been represenled by SIBULA.

On the other hand it is also reasonable fo assume that, in practice,

when long queuss are formed, approaching drivers may divert to some
atternative route. However such divertion is not applicable to

buses since Ttheir frequency is dependent on scheduling.

6.2 Performance of different sireams of vehicles

By using computer simulation techniques alternative systems
under identical traffic conditicns can be fested. Whenever a
microscopic model is adopted as a ftool fo investigate different
road configurations, it is commen to use an identical combination of
vehicle and driver characteristics for different runs. The effect
of different road configurations on selected measures of effectiveness

witl be best reflected by such a procedure.

Preliminary investigations are required to evaluate the
extent to which different combinations of vehicle and driver
characteristics affect the cutput of the model. The method of
approach adopted consisted of selecting three different se}s of

random seeds and running SIBULA under a bus priority configuration

for five levels of flow: 100, 173, 250, 275 and 300 buses per hour.

For these fifteen runs output flows and average bus travel times over
the study section (represented in 12.5) were sampled at five minute

intervals. SIBULA is automatically terminated when queues tail back

“to the main generation point. Hence at input flows higher than 300

. buses per hour, the simutation runs were interrupted before the one

hour simulated period had elapsed.

The results are plotted in figure 6.1 and in figure 16.2

for each set of random seeds. It is possible to observe that a

similar pattern of results is produced in each case. Therefore it

is reasonable tc use a single random stream of vehicles to compare _E;jf

the different alternatives described in chapter 12.
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Figure 16.2
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