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72 TRANSPORTATION

MODEL FOR SIMULATING the be-
haviour of traffic along a heavily
travelled roadway whose curb lane is re-
served for buses has been developed and
programmed in the GPSS computer simu-
lation language. Its accuracy of repre-
sentation and sensitivity to changes in
inputs have been demonstrated by appli-
cation to the Eglinton Reserved Bus Lane
System between Bathurst and Yonge
Streets in Toronto. This programme can
be used to study the relative effects of
various reserved bus lane strategies.
Measures of effectiveness can be quoted
in terms of such factors as bus time,
car time, total passenger time, and/or
adherence to bus schedules. Vehicles in-
tending to make right turns can be al-
lowed to enter the bus lane in a common
bus-car section, of some specific length
just upstream of the intersection. The
simulation model can be applied to de-
termine an optimal length for this com-
mon section. In addition, the effects of
bus bays, left turning storage areas, al-
ternative bus stop locations, various
turning movement percentages, and
tx&aﬁic signal operations can be estimat-
e

Application of the model in simulating
various combinations of bus stop loca-
tions, bus volumes and right turning
movements has led to a set of tentative
general guidelines for planning and de-
sign of a reserved bus lane system.

Introduction

We appear to be moving back in the di-
rection of partial dedication of road
lanes to transit. We are, in fact, on the
verge of completing the circle which has
gone from streetcar to bus to private au-
to, gradually returning to bus and mov-
ing increasingly to reserved bus lanes,
even back to streetcars. In the past, bus-
es replaced streetcars due to their flexi-
bility and the nuisance of tracks to the
freferred private auto. The bus in turn
argely gave way to the automobile, a
consequence of affluence and urban
sprawl. However, increased congestion
and shortage of parking in our larger
cities, along with the threat of fuel short-
age, are causing us to reconsider the
relative advantages and efficiencies of
transit. The dominance of the auto has
diminished, and there seems to be an in-
creasing tendency to give preferential
treatment to buses, at least in the down-
town areas, and especially during peak
periods of traffic low. An example of this
is the comeback being made by the street-
car in Toronto. Compared to buses oper-
ating in mixed traffic, streetcars have ad-
vantages in capacity and a right-of-way
relatively free of cars.

In an attempt to make buses emulate
the streetcar without the expense of a
guideway, a lane is often reserved for
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their use. Reserved bus lanes are pres-
ently operating in Toronto and Ottawa,
with more streets planned for such oper-
ation in both cities. Other cities are us-
ing and/or planning reserved bus lane
operation. Buses on a reserved bus lane
operate somewhat similar to streetears.
The major difference is that the reserved
bus lane has generally been the right
hand lane while streetcar tracks are
placed in the left lane. The streetcar
conflicts with vehicles which must bear
left to turn left, while the bus must at
some point share its reserved lane with
right turners. Since left turn restric-
tions are generally easy to implement,
the streetcar can conceivably be given an
almost, if not completely exclusive right-
of-way, except for crossing traffic. In
contrast, it is not very likely that right
turns could be banned along a roadway
in favour of dedicating the right-hand
lane for the exclusive use of buses.

Therefore, buses, even in a reserved
lane, will generally have to interact to
some extent with cars. Right turning ve-
hicles will have to be allowed into the
bus lane at some distance prior to cer-
tain intersections. But what distance and
at which intersections? Prior to setting
up a reserved bus lane system along a
roadway, the traffic planner should have
the answers to such questions. For exam-
ple, he should have some indication of
the extent to which this car-bus inter-
action will delay both cars and buses
and their respective passengers. If he can
estimate the effects of the various pos-
sible operating strategies on the cars
and buses, he can weigh their respective
delays under each strategy and choose
the best one.

This paper describes a methodology de-
veloped to aid the traffic planner in
weighing the relative merits of various
alternative operating strategies. Includ-
ed is a GPSS simulation model developed
to simulate the operation of a roadway
with a reserved bus lane, and in par-
ticular, the above car-bus interaction.
This model can quantitatively estimate
car and bus travel times, speeds and de-
lays for each of the various combina-
tions of strategies and data inputs. Each
strategy can be evaluated and the opti-
mal one found. If the predicted results
indicate that implementation would be
worthwhile and advisable this optimal
strategy would then be implemented.

The Simulation Model

The requirement for accurately mod-
elling phenomena such as car-bus inter-
action and the operation of bus stop sec-
tions dictated that computer simulation
be used as opposed to a strictly mathe-
matical approach combining flow theory
and queuing analysis. The selection of
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computer simulation is discussed in ref-
erence (1).

The simulation model has been pro-
grammed in the GPSS (General Pur-
pose Simulation System) computer sim-
ulation language (2, 3), which was de-
veloped by 1.B.M. to aid computer simu-
lation. The programme can simulate the
operation of a roadway with two lanes
in each direction in addition to a reserved
bus lane in one direction. Other config-
urations would involve straightforward
programming modifications. Basically,
the simulation model consists of the fol-
lowing three major components:

(1) Generation of the individual vehi-
cles into the traffic stream.

(2) Movement of the vehicles through
time and space.

(3) Registering the traffic statistics.

The generation of cars for entry into
the network is a stochastic process. In
this case exponentially distributed head-
ways were used at all points of entry.
Once vehicles are in the network their
travel patterns are governed by the traf-
fic system and interactions with other ve-
hicles. For example, traffic signals filter
the arrival patterns from one intersection
to the next and queues affect the move-
ments of individual cars. Bus arrivals
are generated according to a schedule
}l:‘ie-determined by the transit authority.

ere is also provision for some random
variation in the schedule. The simulated
behaviour of a car depends on its in-
tended movement (left, thru, or right) at
the immediate downstream intersection.
The behaviour of a bus depends on the
bus route that it must follow (i.e., where
it enters and leaves the network).

Various traffic phenomena such as
turning movements, gap acceptance, bus
stop location, delays at intersection and
lane queuing discipline have been includ-
ed in the model to simulate in detail the
traffic movement in the network (1). In
particular, separate routines were devel-
oped to represent sections with near side,
far side, and mid-block bus stops. There
is also a routine for sections without any
bus stop. Each of these types of section
can be simulated in conjunction with a
signalized or unsignalized intersection.

To accommodate right turning move-
ments, vehicles intending to make right
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turns are allowed to use the bus lane
only in a specified car-bus section, re-
ferred to as a “common section,” just up-
stream of the intersection. It was felt
that the car-bus conflicts associated with
the common section would have a great
influence on the performance of a re-
served bus lane system. Consequently,
considerable effort has been devoted to
describe the operation of this “common
section.”

To simulate the interference caused by
vehicles entering and leaving the main
stream of traffic, the minor street traffic
at each intersection is also simulated.

The data required by the model are
generally available from traffic or tran-
sit authorities. The output of the model
includes detailed descriptions of the de-
lay statistics at each intersection such
as average delay and maximum queue
length. Average travel time by vehicle
type over the entire reserved bus lane
network and/or between any pair of sig-
nalized intersections can also be obtain-
ed. Average travelling speeds can be cal-
culated quite simply from these. The
number of right turners accepted by and/
or refused entry into the bus lane can
also be identified (see Assumptions be-
low). In addition, a timing routine is
included at the end of the network to
record the individual bus arrivals. These
times can be compared to the bus sched-
ules to determine how well the sched-
ules are adhered to for each transit
route with reserved bus lane operation.

Assumptions Used in the Model

(1) All right turners will try to enter
the bus lane at the beginning of the com-
mon section. If the common section is
full of vehicles when a car reaches that
entry point, it will be forced to go
straight through at that intersection
and attempt to turn right at the next
intersection.

(2) The reserved bus lane operation
can be strictly enforced, i.e., no non-
priority vehicles will attempt to enter
the bus lane.

(3) Through vehicles choose the lane
with the shortest queue.

(4) All queued automobiles have a
fixed space headway of 20 feet; buses re-
quire 40 feet.

. (6) Pedestrian interference is not con-
sidered in the model.

(6) All left turns are made from the
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inside lane and all right turns are made
from the curb lane.
(7) Buses use only the bus lane.

Validation of the Simulation Model

The model was validated against field
results from the Eglinton Avenue re-
served bus lane experiment in Toronto.
The Eglinton reserved bus lane operates
in the east bound direction only, i.e.,
from Bathurst Street to Yonge Street
from 7:00-9:00 A.M. and from Yonge
Street to Brentcliffe Road from 4:00-
6:00 P.M. The roadway has been restriped
to allow the curb lane to be reserved
for buses plus two lanes for cars in each
direction. The model has been applied to
simulate the 7:45-8:46 A.M. peak hour
traffic between Bathurst Street and
Yonge Street. Bus route #8382 runs the
entire length of the reserved bus lane,
while route #33 and #61 enter the net-
work at Vesta and Avenue Road respec-
tively and terminate at Yonge Street.

The field results were obtained by a
floating car survey covering the section
of Eglinton Avenue between Bathurst
Street and Duplex Avenue. For compara-
tive purposes, the model gathers car sta-
tistics as far east as Duplex Avenue
which is about 540 feet west of Yonge.
Buses travel a further 200 feet after
leaving Duplex to enter the subway ter-
;xlxli.nal area, and the model simulates

is.

The simulation run produced average
travel times for cars and buses of 294
seconds and 538 seconds respectively.
The corresponding average speeds are
16.3 and 9.1 m.p.h. From field observa-
tions, travel times for cars and buses
are 276 seconds and 495 seconds, with
average aPeeds of 18.3 and 10.3 m.p.h.
respectively.

The simulation results indicate higher
travel times for both cars and buses than
were observed in the fleld. This is due
to the fact that the simulation used flow
rates corresponding to the 7:45-8:45
A M. peak hour whereas the field survey
was performed from 7:00 A.M. to 9:00
AM., during which lower average flows
were encountered.

On the basis of the above results the
model was tentatively accepted as valid.
However, to further test whether the
model can indeed desecribe the operation
accurately, a second validation procedure
was carried out. The delay at each sig-
nalized intersection and travel time be-
tween each pair of intersections, as esti-
mated by the simulation model, were
comparJ to theoretical values obtained
from a simple fluid aﬁproximation queu-
ing analysis in which arrivals are ap-
proximated at their average rates. New-
ell (4) discusses analysis by fluid ap-
proximations.

In the fluid approximation queuing
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analysis, traffic movement is considered
as a fluid rather than a stream of indi-
vidual vehicles. To illustrate how this
can be used to represent traffic move-
ment along the simulated roadway, the
cumulative car arrivals and departures
at each intersection were plotted over
time in Figure 1. The arrivals of cars
into the network are approximated as
having a constant average rate (i.e., cu-
mulative arrivals to Bathurst are linear
with time). The departures from each in-
tersection are determined by the signal
timing scheme at that intersection. The
departures from an intersection, shifted
by average travel time to the next inter-
section, represent arrivals at the down-
stream intersection. The departures from
the latter intersection aiam depend up-
on its signal timing. The procedure is
repeated to obtain arrival and departure

tterns from one end of the system

Bathurst) to the other (Duplex). The

path of a car can be traced by a hori-
zontal line in Figure 1. The total delay
at an intersection is the area between
its cumulative arrivals and departures.
To obtain average delay, divide by the
number of vehicles that contributed to
this total delay.

Table 1 compares the simulation re-
sults for car delay and travel time to es-
timates from fluid apfroximation queu-
ing analysis. The total delay and travel
time estimated by simulation are respec-
tively 3.8% and 3.29% higher than the
corresponding fluid approximation val-
ues. The simulation results include dela;
due to randomness while fluid approxi-
mations do not. For a series of intersec-
tions with platoon behaviour the
portion of delay attributed to random-
ness would be relatively small. The 3.89%
excess therefore seems to be a reason-
able measure of this added delay, so that
the model’s predictions are very encour-
aging.

COMPARISON OF SIMULATED RESULTS
TO FLUID APPROXIMATION QUEUING
ANALYSIS

AVIDAGE INTERSECTION DELAY | AVERAGR TRAVEL TR m‘l
POR CARS (Becomds) INTERSRCTIONS POR CARS

(Secands) {

SDWLATION RUID QUITING SINULATION notos U.I'.XIJ

AMALTSTS amaALYSIS
Bathuret 3.0 u - -
Spadtns 0.4 1 4.2 L}
Chaplin 0.1 1n 1.3 pY}
Castlamoch 1. 1 34,0 52
Beddington 3.6 ] . 1e
Avewss 8,1 " 3.0 | X
Ortole 3.0 a a [T
Deplex .0 13 519 | s
Yotala: 131 107 L H [

TABLE 1}
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of increased bus and car flows respec-
tively. The purpose was twofold; to il-
lustrate the model’s applicability for this
type of purpose and to quantitatively es-
timate the effects of growth in demand
on the viability of reserved bus lane op-
eration. The model predicted that a 50%
increase in the volume of cars on Eglin-
ton Avenue would increase the car travel
time for the 1.4 mile Bathurst to Yonge
section by 60 seconds or 209 and the bus
travel time by 10 seconds or 2%. It was
judged that a reserved bus lane system
would have even greater merit with the
higher car volumes. For a 100% increase
in bus volume, from 60 per hour to 120
ger hour, the average travel time for

uses was predicted to increase by 134
seconds, or 25% from the present 538
seconds. This corresponds to a decrease
in average speed for the 1.4 mile section
from 0.1 to 7.4 m.p.h. This indicates that
effective reserved bus lane operation is
limited to somewhat less than 120 buses
per hour under present operating condi-
tions.

Determination of Some General
Guidelines for Reserved Bus Lane
Operation

One of the objectives of the paper is
to develop some guidelines for the plan-
ning and evaluation of reserved bus lane
strategies. To accomplish this objective,
the operation of a hypothetical section
containing an isolated signalized inter-
section was simulated employing the
logic of the model, and the assumptions
and lane configuration described above.
Volumes of 60 and 120 buses per hour
were considered. Cars were assumed to
enter the system at exponential head-
ways with an average of 4 seconds. The
effects of near side and far side bus stops
on the right turning movements and bus
stop interactions were estimated by si-
mulation of the corresponding routines.
10%, 209, 36%, and 50% right turners
were each used with common section
lengths varied from 100 feet to 400 feet.
These simulations were used to obtain an
optimal length of common section corre-
sponding to each combination of average
bus headway and right turning percent-
age. The criterion for optimality was
minimum total passenger delay (assum-
ing bus and car occupancies of 40 and
1.4 passengers respectively). Although
car arrival distributions and signal oper-
ations will vary with specific locations,
these results should provide some initial
guidelines prior to more extensive inves-
tigations. In Figure 2, the total delay to
bus passengers is plotted as a function of
common section length for each of the
simulated right turn percentages, using
a near side bus stop and 60 buses per
hour. The similar case, but with 120 bus-
es per hour was simulated but not plot-
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TOTAL BUS PASSENGER DELAYS VS,
COMMON SECTION LENGTHS
(Near-side bus stop,
average bus headway = 60 sec.)
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FIGURE 2

ted. The curves for total passenger delay
are similar to those for bus passengers
only and are not plotted. For a near side
stop with 60 buses per hour and 10% or
209 right turners, total passenger dela
decreases slightly with increased len

of common section. For higher right
turning percentages of 35% and 50¢%,
total passenger delay increases dramati-
cally with increased length of commeon
section. For 120 buses per hour, total
passenger delay increases with common
section length for 10-509% right turns.

The above results are converted to
suggested lengths of common section as
fl}nctions of right turning percentages,
Flven a near side bus stop. These are il-
ustrated in Figures 3 and 4 for bus vol-
umes of 60 and 120 per hour respective-
li. Figures 3 and 4 are summarized into
the following guidelines. For 120 buses
per hour the common section should not
exceed 100 feet. For 60 buses per hour
the common section should be kept at
200 feet for 10% to 209 right turning
movements. For higher right turn per-
centages, a length of 100 feet shoultfe be
used. The optional paths shown dashed in
Figures 3 and 4 provide some alterna-
tives for those traffic planners who may
wish to accommodate all desired right
turns, as far as possible.

Total bus passenger delays are plotted
against common section length in %‘igure
6 for a far-side bus stop and 60 buses
per hour. As before the curves of total
delays to bus and car passengers are
similar to those for just bus passengers
and are not shown. For both bus vol-
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OPTIMAL COMMON SECTION FOR
VARIOUS RIGHT TURNING PERCENTAGES
(Near-side bus stop,
average bus headway = 60 sec.)
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FIGURE 3

umes, delays increase with common sec-
tion length. Figures 6 and 7 given rec-
ommended common section lengths as
functions of right turning percentages
for 60 and 120 buses per hour respec-
tively. As in Figures 3 and 4 optional
dashed paths are included for trading off
delay savings in favour of accommodat-
ing additional drivers wishing to make
right turns.
Discussion

The accuracy and sensitivity of the
simulation model have been tested and
validated against field data from the Eg-
linton Avenue system in Toronto. The

OPTIMAL COMMON SECTION FOR
VARIOUS RIGHT TURNING PERCENTAGES
(Near-side bus stop,
average bus headway = 30 sec.)
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TOTAL BUS PASSENGER DELAYS VS.
COMMON SECTION LENGTHS
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average bus headway = 60 sec.)
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model has then been used to develop
some guidelines for locating bus stops
and defining the common sections where
right turners can join the bus lane.
These guidelines can aid the traffic plan-
ner in developing one or more alterna-
tive designs for operation. Any designs
can then be tested using the GPSS com-
puter programme of the model. It is
noted that the above guidelines were de-
veloped for a specific section and should
only be considered as initial guidelines.
Final desi decisions should be made
with considerations to specific traffic re-
quirements and characteristics.

OPTIMAL COMMON SECTION FOR
VARIOUS RIGHT TURNING PERCENTAGES
(Far-side bus stop,

average bus headway = 60 sec.)
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FIGURE 6



78 TRANSPORTATION RESEARCH FORUM

OPTIMAL COMMON SECTION FOR
VARIOUS RIGHT TURNING PERCENTAGES
(Far-side bus stop,
average bus headway = 30 sec.)
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Although it was outside the scope of
this paper, the model could be used in
further analyses. For example, the pre-
dicted service levels for bus and car under
reserved bus lane operation could be used
as input data to modal choice models for
estimating the amount of modal shift of
travellers from car to bus due to the im-
proved bus operation. The operation of
the system could then be re-simulated
with the new levels of bus and car de-
mands. In a similar way, the model
could be used to predict operation for
growth in demand of either car, bus or
turning movements.

The operation of a roadway without a
reserved bus lane has not been modelled
and programmed. Although this would be
a straightforward offshoot of the bus
lane model it was not considered essen-
tial to the requirements of this paper,
as existing operation can be readily ob-
served.

There is provision for easy inclusion
of special geometrics such as bus bays
and left turn storage areas.

Conclusions

A simulation model and some opera-
tional guidelines have been developed to
aid in the planning and operation of re-
served bus lane systems. The computer
mgramme for application of the model

demonstrated an ability to predict

travel times and delays with reasonable
accuracy. The model is also capable of
responding quite accurately to changes in
various input parameters or data such as
signal phasing operations and traffic de-
mand growths. Some tentative guidelines
for the planning of a reserved bus lane
system are as follows:

(1) Bus stops should be located at the
far side of a signalized intersection
wherever possible.
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(2) For near side bus stops and 60
buses per hour, common sections should
be 200 feet long for right turning per-
centages of up to 20%. For higher right
turning movements the common section
should not be longer than 100 feet.

(8) For near side bus stops and 120
buses per hour, common section lengths
should not exceed 100 feet.

(4) For far side bus stops and be-
tween 60 and 120 buses per hour a com-
mon section length of not more than 100
feet should be selected.
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FOOTNOTES

1 Suppliers coopera-
tives, private entrepreneurs or the wbllc transit

authority.

2 Useful life means the time before traffic den-
sity requires the addition of more physical ca-
pacity to the highway.
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8 Development t{muy—ﬂu concentration of

business or resid served by one
link of the highway network.
4 Tennessee determines the property tax base

(the valuation) at 55 peremt of market value on
public utility property and 25 percent on residen-
tial property.



