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into the estimation process. 
5. A process of contingency table analysis that in

corporates vehicle exposure is desirable to allow more 
detailed investigation of the impact of exposure on im
portant interactions among accident variables and thus 
on accident causation. 

6. A process of contingency table analysis that in
corporates the economic costs of accidents more directly 
than it was possible to do in this study should also be de
veloped. 
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Analysis of Bicycle Delays at 
Intersections and Crossings 
by Computer Simulation 
Thomas C. Ferrara, Department of Civil Engineering, 

California state University at Chico 
Tenny N. Lam, Department of Civil Engineering, 

University of California, Davis 

Computer simulation models were developed to analyze the delay to 
bicycles and motor vehicles at crossings and intersections where the two 
types of vehicles interact. The objective was to generate some understand
ing of the level of delay to each type of vehicle under various methods of 
traffic control and combinations of traffic conditions. Observational 
experiments on bicycle traffic behavior and interactions between bicycles 
and motor vehicles were carried out in the field , and the models were 
structured based on these data. The basic elements and assumptions of 
the simulation models are presented, and the behavior of bicyclists ob
served in traffic in the field is reported. Results of the simulation of 
traffic delays to bicycles and motor vehicles under various traffic con
ditions and controls are discussed in relation to traffic control 
strategies . 

In areas where there is relatively heavy use of bicycles 
as a mode of transportation, it is often difficult to de
velop traffic control plans that will satisfy both bicyclists 
and motorists. The problem lies in trading off the time 
and safety of the bicyclist for the convenience, fuel 
economy, and time of the motorist. 

In the city of Davis, California, a situation in which 
a bicycle path crossed a one-way street generated heated 
debate and was not resolved for a period of more than 
twoyears. In the end, motoristswerecontrolledbyastop 
sign and bicyclists were not controlled. The use of bi-

cycles has been promoted in Davis by provision of safe 
and convenient bicycle facilities because the bicycle is 
more energy and transportation efficient than the motor 
vehicle. On the other hand, it is undesirable to stop 
motor vehicles unnecessarily because they consume 
fuel and emit more pollutants when stopped. Guidelines 
and standards would be useful in similar future situations. 

In 1974, a survey was mailed to 45 individuals whose 
work was connected with bicycle traffic. The objective 
of the questionnaire was to determine what considera
tions were given to bicycles in traffic control. Twenty
five responses were received. The respondents were 
unable to report any specific warrants in use that gave 
consideration to bicycle traffic . Two of the respondents 
commented that bicycles should be treated as pedestrians, 
and one alluded to the concept that a bicycle is a vehicle 
and should be treated as a motor vehicle when warrants 
for traffic control devices are established. Neither ap
proach is satisfactory, however, because of differences 
in the traffic behavior of motor vehicles, bicycles, and 
pedestrians. 

A more satisfactory basis needs to be established to 
resolve issues of traffic control at intersections and 
crossings where motor vehicles and bicycles interact. 
Although it is desirable to construct bicycle facilities 



that are completely separated from motor vehicle traffic, 
the high costs are prohibitive except in rare circum
stances and in communities that have a strong bicycle 
orientation. There are a number of less expensive traf
fic control methods for maintaining safe and convenient 
crossings for bicycles and motor vehicles. These re
quire separating conflicting traffic streams by allocating 
the use of the crossing area and therefore result in de
lays. Where a bicycle path crosses a motor vehicle 
path, stop or yield signs can be posted on either path. 
For a crossing at which traffic is heavy, a traffic signal 
can be installed. Where bicycles and motor vehicles 
share the same roadways, as at most urban intersec
tions, stop sign or signal control can be used. 

Few studies have sought to provide data on the rela
tions between motor vehicle delay and bicycle delay un
der various types of traffic control. Controlled experi
ments and field studies were limited by the availability 
of sites and conditions that cover the full spectrum of 
the variables. Suitable sites that have a wide range of 
bicycle flows are not common, especially sites that 
have heavy bicycle flows. Instead of relying wholly on 
field data, this study uses computer simulation to in
vestigate the relation between bicycle delay and motor 
vehicle delay at intersections. After simulation outputs 
have been adequately verified by field data, the com
puter models allow the extrapolation of the field data to 
cover all conditions that affect intersection operation. 
This approach has been shown to be useful in a prelimi
nary study (1). 

The objective of this study was to develop a simula
tion model for studying bicycle and motor vehicle delays 
at crossings and intersections. The simulation model 
should be useful for quantifying benefits and trade-offs 
for various schemes of separating bicycles and motor 
vehicles. Because the data used in calibrating the vari
ous model parameters were data observed in Davis, 
California, for bicycle traffic composed of the general 
population of the city, care must be used in interpreting 
the results presented here for situations that may in
volve only child or adult bicycle traffic. 

The basis of the computer simulation models is pre
sented, and the simulation results are discussed. Vari
ous traffic control strategies have been studied, and 
their performances for different mixes of bicycle and 
motor vehicle traffic are compared. Field data collected 
to validate the simulation models are also reported. It 
is hoped that the simulations and field observations re
ported here will provide information that will be useful 
in planning bicycle crossings and intersections that have 
substantial bicycle traffic. 

SIMULATION MODELS 

Two simulation models have been developed in FORTRAN 
by using the Burroughs 6700 computer at the University 
of California, Davis. One model is used to study the 
performance of an intersection controlled by stop signs; 
the other model simulates delays at a signalized inter
section. Both models simulate 1 h of traffic at an inter
section by using common, simple geometry and four ap
proaches. Symmetrical traffic inputs are assumed for 
opposite traffic flows on the same roadway. One lane 
of motor vehicle traffic is provided on each approach. 
The remaining space of the approach is assigned to bi
cycle traffic that is moving to the right of the motor ve
hicles. By not allowing motor vehicle traffic on one 
roadway and not allowing bicycle traffic on the other, 
the models represent a bicycle crossing situation. 

The detailed mechanical aspects of the simulation will 
not be discussed here. Emphasis is given to those ele
ments in the models that are important in interpreting 

37 

the simulation experiments. Simplifying assumptions 
are made to facilitate the computer operations and anal
ysis. Although it is believed that these assumptions 
would not affect the reality of the outputs, an understand
ing of the assumptions used is essential in any simulation 
study. 

Model for Stop-Sign Control 

Assumptions 

The basic assumptions for the model for a two-way stop
sign-controlled intersection are that 

1. Bicycles in crossing streams do not delay one 
another. 

2. Most bicyclists treat a stop sign as a yield sign, 
stopping only when conflicting motor vehicle traffic is 
present. 

3. When right-of-way is not clearly defined, motor 
vehicle traffic will yield to bicycle traffic. 

4. The delays to side- street traffic caused by cross
ing conflicts with other side- street traffic may be ne
glected since the delays caused by cross conflicts with 
main-street traffic are considerably larger. 

5. Bicycles are not susceptible to queueing delays. 

There are two major components in the simulation 
model. The first determines a service time distribution 
for vehicles when they come to the head of a queue. Ser
vice time is defined as the time between the arrival of 
the vehicle at the intersection and the start of its move
ment through the intersection. The other component in 
the model combines service time, queueing time, and 
time lost in stopping and starting to estimate the delay 
time for each simulated vehicle. Breaking down the com
plex stochastic process that governs the operation of the 
entire intersection into a series of simpler processes 
greatly reduces the computer storage requirement for 
bookkeeping purposes and makes the computer operation 
more efficient. 

Service Time Distributions 

Different service time distributions are determined for 
each vehicle type (bicycle or motor vehicle), approach 
(main or side), and directional movement of the simu
lated vehicle (through, left turn, or right turn). When 
the elements that govern service time are known, it is 
possible to determine the traffic streams with which the 
simulated vehicle must interact while passing through 
the intersection. The selection of these conflicting 
streams is based on the assumptions that govern the 
model. Arrivals in the conflicting traffic stl'-eams are 
generated by headway distributions, which are described 
later in this paper. These conflicting streams of ar
rivals are then combined into a single sequential series 
of arrivals for the various circumstances experienced 
by a delayed vehicle. Service time for delayed vehicles 
is determined from the process of arrivals in the com -
posite conflicting stream by using the gap acceptance 
function. The gap acceptance function gives the minimum 
time gap that a simulated vehicle operator is willing to 
accept in crossing conflicting traffic streams. 

The arrival of the delayed vehicle for the purpose of 
establishing the service time distribution is generated 
randomly to occur with uniform probability within the 
simulated hour of arrivals. If the time between the ar
rival of the vehicle to be serviced and the next arrival 
in the conflicting traffic exceeds the minimum gap, the 
vehicle is allowed to pass with zero delay. Should this 
first gap be unacceptable, the vehicle is held until an 
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acceptable gap in the conflicting traffic stream exists. 
The service time is then calculated by subtracting the 
vehicle arrival time from the first time an adequate 
gap exists. 

This process is repeated until 500 service times have 
been determined. These service times form the cumu
lative distribution for that particular vehicle type, ap
proach, and direction of movement. A total of 12 such 
distributions are required for a case in which there is 
combined motor vehicle and bicycle traffic on all ap
proaches. Second-order polynomial fits of the cumula
tive service time distributions are then used in esti
mating delays in subsequent steps of the simulation. 

Headway D1strlbutions 

A shifted exponential distribution is used to generate 
random (stochastic) arrivals of both bicycles and vehi
cles. The general form of this headway distribution is 

P(h ._ t) = I - exp [-(t-r)/(h- r)] for r.,;; t 

= 0 otherwise (I) 

The left-hand term [P(h ,; t)J is the probability that a 
headway his less than or equal to time t. Average head
way h is a function of the desired arrival rate, and T is 
a minimum allowable headway. The value of T causes 
the distribution to be shifted. A value of 1.3 is used for 
motor vehicles, and no shift is assumed for bicycles. 
Thus, it is possible that several bicycles may arrive at 
nearly the same time. The shifted exponential arrival 
function has been widely used in traffic simulation and 
has been found to represent headway distributions of real 
traffic. Groth (2) has found good agreement between 
exponential arrivals and observed arrivals for bicycle 
traffic. However, Groth's data show that for low rates 
of flow there is a greater proportion of short gaps than 
would be expected from the exponential distribution. 
Figure 1 shows the behavior of the bicycle arrivals ob
served in Davis in comparison with the exponential dis
tribution. 

Gap Acceptance Functions 

The gap acceptance function for motor vehicles that is 
used in the model is derived from existing literature. 
Here, a gap is defined as the interarrival time between 
two vehicles in a traffic stream. The term "lag"is often 
used to define the time from an arbitrary instance to the 
arrival of the first vehicle in the traffic stream. In 
these models, lags and gaps are treated as synonymous. 
Most studies have indicated that a linear function can be 
used satisfactorily to describe gap acceptance behavior. 
If P(A) denotes the probability that a gap of size G or 
less will be accepted by the driver of a vehicle, then the 
linear gap acceptance function is given by 

P(A) = (G - Gmin)/(Gmax - Gmin) for Gmin..; G.,;; Gmax 
= 0 for G < Gmin 

= I for Gmax < G (2) 

The minimum gap Gmin and the maximum gap G max define 
the entire function. 

For motor vehicles that are crossing a motor-vehicle
only traffic stream, a Gmin of 3.0 s and a Gmex of 8 s are 
used. Data were collected in Davis to determine the 
gap acceptance behavior of motor vehicle drivers as 
they crossed bicycle traffic. The data were collected 
at intersections or crossings of two-lane streets. Street 
widths varied between 8.5 and 10.4 m (28 and 34 ft), 
which excluded the width allocated to parking. The data 

Figure 1. Cumulative distribution of arrival gaps in bicycle 
traffic in Davis. 

= v, 
a._ 0.4 

0,1 

0 
0 10 

1.0 

0.8 

0.6 = v, 
a._ 0 4 

0 1 

D 
0 10 

ii O 5 61 Seconds 
161 Bicycles in Sample 
15 Minules ol Dala 
644 Bicycles 'Hou, 

10 30 

P(I1 SI)" I-el/ii 

10 

ii 0 4,35 Seconds 
106 Bicycles in Sample 
15 Minules ol Dala 
814 Bicycles/Hom 

30 

TIME, I in Seconds 

40 

40 

were collected for different directional movements of 
gap-accepting motor vehicles. Figure 2 shows the data 
and the functions used in the simulation for motor vehi
cles in bicycle traffic. 

Two investigations were made to study the gap ac
ceptance behavior of bicyclists as they crossed motor 
vehicle traffic. One involved moving bicycles and the 
other stopped bicycles. In both cases, the motor vehi
cles were moving at right angles to the bicycle move
ments and the street had two 4.3-m (14-ft) lanes. As 
Figure 3 shows, there is little difference between the 
behavior of moving and stopped bicycles. In a study 
carried out in East Germany by Saitz (3 ), the critical 
gap size (the gap size with an equal number of accep
tances and rejections) for bicycles crossing two-way 
vehicle traffic was found to be 8.25 s. That study was 
done at an urban intersection that had crossing distances 
of 7.0 and 25.0 m (22 and 82.5 ft). 

In reality, it is often necessary for a motor vehicle 
to accept a gap in several traffic streams that are com
posed of both bicycles and motor vehicles. A model for 
this gap acceptance situation was used in the simulation. 
This gap acceptance takes the form of Equation 2, but 
the Gmin and Gm,x used are averages of the values in the 
motor vehicle and bicycle gap acceptance functions, 
weighted by the vehicle proportions in the combined traf
fic stream. For example, Gmin = 0.33 sand Gmax = 4.93 
s for motor vehicles crossing a bicycle stream and 
Gmin = 3.00 s and Gm,x = 8.00 s for motor vehicles cross
ing a motor vehicle stream. 

If the combined conflicting traffic stream has 40 per
cent bicycles and 60 percent motor vehicles, the model 
uses a gap acceptance function for motor vehicles that 
has the following parameters: Gmin = (0.40)(0.33 s) + 
(0.60)(3.0 s) = 1.93 s; Gmex = (0.40)(4.93 s) + (0.60)(8.0 
s) = 6.77 s. This procedure is a simplification of reality. 
The simplification was done to maintain the simple linear 
gap acceptance function in the model. Theoretically, the 
resulting gap acceptance function tends to underestimate 
the delays of motor vehicles. In most cases of mixed 



Figure 2. Gap acceptance criteria for motor vehicles in bicycle 
traffic. 
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Figure 3. Gap acceptance criteria for bicycles in motor vehicle 
traffic. 
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traffic, however, bicycles generally make up only a 
small portion of the traffic stream and generally yield 
the right-of-way to crossing motor vehicles. The size 
of the underestimation would probably be small. 

Motor Vehicle Delays 

The second component of the model determines total de
lays by including waiting time in queue and starting and 
stopping delays in service time. Queueing time is de
termined from the difference in cumulative service times 
and cumulative arrival times by the order of arrivals. 
The time lost by a main-street motor vehicle in ac
celerating or decelerating is 3.65 s or half the service 
time lost in starting from a stopped position and 
reaching 40.23 km/h (25 mph) at an acceleration of 1.52 
m/s2 (5 ft/s2

). The smaller start-up loss associated 
with a short service time accounts for the fact that the 
vehicle may not be required to come to a complete stop 
so that less time is lost. For a queued vehicle, a mini
mum lost time of 1.3 s is assumed because that is the 
minimum headway for successive vehicles that are de
parting from a stop sign. The basis for the computation 
of delay is shown schematically ·in Figure 4. 

A side-street motor vehicle that is turning right must 
accept a gap in both the main-street motor vehicle traf
fic stream and the bicycle traffic stream that is advanc
ing on the approach to its left. Side-street motor vehi
cles that are turning left must, in addition, accept gaps 
in the opposite main-street motor vehicle stream. Motor 
vehicles that are proceeding straight through the inter
section must accept gaps in all main-street traffic 
streams. Three distributions of service time are es
tablished by the model so that the crossing requirements 

Figure 4. Delay to second or subsequent motor vehicle in a 
queue (no traffic control). 
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The delay encountered by each side-street motor ve
hicle when it arrives at an intersection first in a queue 
is its service time plus its lost times for stopping and 
starting. The time lost in starting is 3.0 s. This is the 
time lost in coming to a stop from a speed of 40.23 km/h 
(25 mph) at a braking deceleration of 1.82 m/s2 (6 ft/s 2

). 

The time lost in starting is the same as that for motor 
vehicles on the main street. 

Delay for a second or subsequent vehicle in a queue 
is determined by first calculating the earliest time the 
vehicle can arrive at the stop line. This arrival time 
is 1.3 s later than the time at which the preceding vehi
cle initiates its movement through the intersection. 
Total delay for the second vehicle is determined by sub
tracting its desired arrival time from its actual arrival 
time at the stop line and adding the service time and a 
penalty for starting delay. 

Bicycle Delays 

Bicycles that approach an intersection on the main 
street are not delayed unless they intend to make a left 
turn. The left-turning main-street bicycle must accept 
a gap in the motor vehicle traffic on both main-street 
approaches. 

Delay to the bicycle depends on which of two ways the 
turning movement is executed. The bicycle may emerge 
through a gap in the motor vehicles in the same approach 
and then cross the motor vehicle traffic that is advancing 
from the opposite direction. Alternatively, the bicycle 
may proceed to the far side of the intersection and cross 
both motor vehicle streams at a right angle. In both 
cases, gaps must be accepted in two motor vehicle 
streams. The delay is computed based on the time spent 
waiting for an acceptable gap. In addition, a starting 
penalty of 2.0 s or half the service time, whichever is 
less, is added to the delay time. A bicycle that starts 
from a complete stop has been observed to suffer a time 
loss of this amount in comparison with a bicycle that is 
moving at a constant speed of 19.3 km/h (12 mph). 
Shorter penalties are allowed for bicycles that encounter 
short service times since they are not required to come 
to a complete stop. 

When a yield sign controls the bicycles on the side
street approach, right-turning bicycles are not delayed. 
Observations indicate some slowing down, but this is 
caused by the right-turn maneuver and not by the traffic 
conditions or the controls. Left-turning and through 
bicycles are delayed by the absence of acceptable gaps 
in motor vehicle traffic on the main street as determined 
by the service time functions. A start-up penalty identi
cal to that for main-street bicycles is used. 
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Some special treatment is necessary for stop-sign 
control. Reported data (4) indicate that only 17.5 percent 
of the bicyclists observed came to a complete stop at 
stop signs by placing at least one foot on the ground when 
there was no motor vehicle traffic conflict. The model 
applies a 3. 5- s stopping and starting delay to a random 
sample of 17. 5 percent of the bicycles that are not de
layed by other traffic at the stop sign. 

Model for Signalized Intersection 

Assumptions 

Fewer simplifying assumptions were used in developing 
the signalized-intersection model than in developing the 
model for stop-sign control. Under signalized opera
tion, a major part of the delay is caused by the traffic 
signal. The signal condenses the traffic flow so that at 
certain periods there are few conflicting movements and 
at other times flows that may conflict with a particular 
turning movement are considerably higher than the aver
age hourly input flows modeled. 

The basic assumptions in the model structure are the 
following: 

1. Through bicycles and motor vehicles are served 
on the green at uniform rates. 

2. Right-turning bicycles proceed without delay un
less the queue of bicycles exceeds six. When the queue 
exceeds six, the right-turning bicycle is served as a 
through bicycle. 

3. Left-turning bicycles are served after the motor 
vehicle queues on their approach have cleared. Once 
the queues are cleared, the bicycles must accept gaps 
in the adjacent and opposite motor vehicle streams. 

4. Left-turning motor vehicles wait for vehicles 
queued in the opposite approach to clear and then accept 
a gap in that stream of combined motor vehicle and bi
cycle traffic. 

These assumptions are based on personal observation 
and are necessary to the formulation of simpler simu
lation models. For example, the third assumption is 
based on the observation that bicyclists usually stay in 
a bicycle lane on the extreme right-hand side of the 
travel way rather than mix with motor vehicles. 

On each of the four approaches to the signalized inter
section, bicycle traffic moves to the right of the motor 
vehicle traffic. Only one side-street and one main
street approach are simulated in a standard model run. 
In the presentation of summary data on intersection 
operation, the delays experienced in the simulated ap
proaches are considered to be representative of the 
respective opposite approaches. 

Service Time 

In this model, service time refers to the earliest time 
in a particular signal cycle at which a vehicle may pro
ceed. The rules of operation of the model require turn
ing vehicles to yield to through vehicles; thus, service 
time applies only to turning vehicles. The model calcu
lates a queue length for opposing vehicle flows at the 
beginning of their green time based on the Poisson dis
tribution, the specified flow rate, and a pseudorandom 
number. While the opposing queues are served, the 
turning vehicle is delayed. Once the queues are served, 
the turning vehicle is allowed to proceed when an ac
ceptable gap in the opposing traffic is available. The 
gap acceptance criteria applied are identical to those 
described in the model for an unsignalized intersection. 

Three assumptions are implicit in this procedure for 

generating service times for turning vehicles at a signal: 

1. Opposing turning vehicles are treated as through 
traffic by the vehicle that intends to turn. The turning 
vehicle then yields to the opposing vehicle. 

2. Vehicles that arrive during the time required to 
dissipate an opposing queue do not add significantly to 
the time required to dissipate that queue. This assump
tion least distorts the true situation when the time re
quired to dissipate queues of opposing vehicles is short 
compared with the average arrival headway of vehicles 
that are moving into that queue. 

3. Turning vehicles that arrive after their service 
time has passed are allowed to be served as through 
vehicles. 

These assumptions seriously inhibit the ability of the 
model to predict operations when there is a high propor
tion of turning vehicles. The first of these assumptions 
tends to increase delay to a turning vehicle, and the 
other two assumptions decrease the delay. Model re
sults should be interpreted cautiously whenever there 
is a high proportion of turning vehicles. 

Motor Vehicle Delays 

The simulation is performed from the viewpoint of the 
delayed motor vehicle. If there is a queue ahead when 
the vehicle arrives, the vehicle waits until the queue has 
been served. If it is a turning vehicle, it waits until the 
service time passes and then proceeds. Should the 
earliest time in the cycle at which the vehicle can leave 
.exceed the cycle time, the vehicle is delayed until the 
next signal cycle. 

The critical parameters in calculating motor vehicle 
delays are the signal settings, the demands of other 
motor vehicle traffic in the same approach, and the rate 
of service to motor vehicles. The first two parameters 
are inputs to the model, and the third is contained in the 
model structure. The service rate varies depending on 
the position of the motor vehicle in the queue. The first 
vehicle is served 2. 7 s after the signal turns green, the 
second vehicle is served 2. 5 s after the first, and the 
third and subsequent vehicles are served at 2-s head
ways. 

The service rate is derived from data collected at a 
signalized intersection in Davis, where motor vehicles 
travel in a single-lane approach and bicycle traffic 
travels in a bicycle lane. This data set is compared 
with a previous study (5) for the middle lane of a three
lane approach to a signalized intersection in Santa 
Monica. The results from the two studies agree for the 
first and second vehicles in a queue. For the remaining 
vehicles, the values chosen for the model are compro
mises of the two studies. 

Bicycle Delays 

Bicycles are handled in much the same way as are motor 
vehicles. One difference is that, if a bicycle intends to 
turn right and the queue ahead of it numbers fewer than 
six bicycles, the bicycle is allowed to proceed around 
the corner without delay. If the queue is six bicycles or 
more, the path of the right-turning bicycle is deemed to 
be blocked and that bicycle must wait until the queue dis
sipates to proceed. Another difference is that turning 
bicycles that are waiting to be served do not inhibit the 
flow of other bicycles. 

In the model, a headway of 0. 67 s was used for through 
bicycles. This value was based on considerable research 
into bicycle operations on urban streets. The headway 
used corresponds to a saturation flow rate of 1.5 bi-



cycles/a. This flow rate is typical of a 2.13-m (7-ft) 
wide bicycle lane. 

MODEL VALIDATION 

The model outputs were validated by checking them 
against field data. Average travel times predicted by the 
model for vehicles moving through intersections were 
compared with average travel times measured in the 
field. Travel time was chosen for validation purposes 
because it could be more precisely measured in the field 
than delay (it is often difficult to define exactly when a 
vehicle begins to be delayed). Travel time was chosen 
over stopped time because stopped delay is only one 
portion of total delay. Considerable delay is experienced 
by bicycles that move slowly to avoid stopping. 

In Figures 5 and 6, the mean travel time observed 
in the field is plotted as a function of mean travel time 
determined from the model for bicycle and motor vehi
cle traffic, respectively. The lines plotted in the graphs 
have a slope of one, which indicates equality between 
field observations and simulation outputs. A visual in
spection would indicate generally good agreement be
tween model results and field data. Linear regressions 

Figure 5. Comparison of field and model travel 
times for bicycles. 
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Figure 6. Comparison of field and model travel times for 
motor vehicles. 
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of the data give intercepts of 0.13 (±1. 59) s and 5. 71 
(±3.91) sand slopes of 1.08 (±0.11) and 0.78 (±0.16). The 
intercepts are not statistically significantly different 
from zero, and the slopes are not statistically signif
icantly dl[[erent from one at the 5 percent level of signif
icance . A regr ession that forces the fits to go through 
the origin of the axes yields s lopes of 1.08 (±0.04 ) and 

Figure 7. Mean delay at bicycle crossing controlled 
by yield sign (no motor vehicle control). 
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Figure 8. Mean delay to motor vehicles at bicycle crossing 
controlled by stop sign. 
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with 60-s cycle time. 
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1.00 (±0.04) for the data shown in Figures 5 and 6, re
spectively. These slopes indicate excellent agreement 
between the model results and the field data. On the basis 
of this evidence, one can conclude that the models are 
good representations of crossing and intersection situa
tions for delays to both bicycles and motor vehicles. 

Figure 10. Mean delay to motor vehicles at stop sign: no 
bicycles on main street. 
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Figure 11. Mean delay to motor vehicles at stop sign: 100 
bicycles/h/main-streat approach. 
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Figure 12. Mean dela1 to motor vehicles at stop sign: 200 
bicycles/h/main,street approach. 
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SIMULATION RESULTS 

Traffic Delays at Bicycle Crossings 

An exclusive bicycle path is considered by many to be 
the best type of bicycle facility whenever it can be con
veniently and effectively located. But, because grade
separated crossings are expensive, bicycle traffic and 
motor vehicle traffic must occasionally cross or mix. 
Bicycle crossings may be uncontrolled or controlled for 
bicycles only, for motor vehicles only, or for both types 
of vehicles. Clearly, selection of the method of control 
depends on traffic volumes. As traffic volume increases, 
the crossing hecome1, le1,1, $l!Je. and de.ll!_y be.comes 
longer. 

Figure 7 shows average delay to bicycles that are con
trolled by yield signs when there is no control for motor 
vehicles. This situation also approximates the situation 
of no control. The average delay to bicycles is shown 
as a function of the volume of motor vehicles. The re
sult shows that average bicycle delay increases linearly 
with an incr easing volume of motor vehicles up to about 
300 vehicles/h/ dir ection. Beyond this level of vehicle 
flow, the mean delay to bicycles increases rapidly with 
increasing motor vehicle volume. There is no motor 
vehicle delay in the situation studies because it is as
sumed that bicycles always yield to motor vehicles. 
Furthermore, it is assumed that bicycles delayed at the 
same approach do not interfere with each other. So the 
average delay to bicycles is not dependent on bicycle 
volume. Field studies indicate that this assumption is 
valid up to a flow of 600 bicycles/h/dfrection . 

An alternative method of control is to control motor 
·vehicles with stop signs and give the right-of-way to 
bicycles. Average delay to motor vehicles as a function 
of bicycle volume and motor vehicle volume is shown in 
Figure 8. Mean delay to low volumes of motor vehicles 
does not vary much when there is a bicycle flow of less 
t han about 400 bicycles/h/dir ection. As the flows of 
motor vehicles and bicycles increase, however, the 
average delay to motor vehicles increases rapidly. 

Mean delay to bicycles and motor vehicles when both 
are controlled by a traffic signal with a cycle time of 60 
s is shown in Figure 9. Mean delay is shown as a func
tion of the green time (in seconds) allocated to bicycles. 
The case of zero green time is identical to that in which 
the bicycle crossing is controlled by a stop sign (Figure 
8). Clearly, a reduction in the delay to bicycles is at 

Figure 13. Mean delay to bicycles at stop sign. 
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the expense of delay to motor vehicles and vice versa. 
In comparison with the previous cases in which only one 
type of vehicle is controlled by a stop or yield sign, the 
average delay to controlled vehicles is generally less 
under the signal control. Vehicles that previously were 
not controlled by stop signs, of course, suffer increased 
delay under signal control. Signal control is, therefore, 
more appropriate for high volumes of traffic and for 
safety considerations . 

Bicycles at Urban Intersections 

Bicycles on urban streets are separated from the motor 
vehicle travel way when they are assigned bicycle lanes 
striped near the curbs of the roadway. This situation 
is quite different from the case of multiple-lane motor
vehicle-only traffic in that bicycles and motor vehicles 
conflict only on turning movements. Existing informa
tion for intersections with motor vehicle traffic only is, 
therefore, not suitable for evaluating the performance 
of an intersection where there are high volumes of bi
cycles . 

Two control strategies for combined traffic are ana
lyzed. The first is a stop-sign control for which all 
vehicles on the side-street approaches are required to 
stop. Bicycles are modeled so that only a fraction of 
them will stop if there is no conflicting main- or side
street motor vehicle traffic. The second control alter
native is the traffic signal. Only the case of a fixed
time operation on a 60-s cycle is presented. Delay en
countered by bicycles at a signalized intersection is 
predominantly caused by waiting for the green light. 
Traffic conflicts add only marginally to the total delay 
when there are few turning movements. The simulation 
results reported here are for a case in which there are 
30 percent turning vehicles on the side street and 10 
percent on the main street. The proportions of left- and 
right-turning vehicles are assumed to be equal. 

The results for the side- street stop- sign case are 
shown in Figures 10-13. Figures 10, 11, and 12 show 
mean motor vehicle delays as a function of motor vehi
cle and bicycle flows on the main street. It can be seen 
that the presence of bicycles on the main street causes 
a significant increase to side-street motor vehicle de
lay. Further increases in bicycles on the main street, 
however, add less to the average delays to side-street 
motor vehicles. The results also show that bicycle flow 
on the main street has a pronounced effect on the sensi
tivity of side-street motor vehicle delay to the increases 
of main-street motor vehicle flow. 

Bicycles at a stop sign are delayed considerably less 
than are motor vehicles for several reasons. Most bi
cyclists do not stop unless there are motor vehicles in 
or near the intersection. In addition, bicycles do not 
queue as do motor vehicles, so several bicycles can be 
served by a single gap in the main-street traffic stream. 
The mean delay to bicycles is shown in Figure 13. This 
delay is not sensitive to main-street bicycle traffic since 
a basic assumption of the simulation model is that bi
cycle delay caused by conflicting bicycle movements is 
negligible. The data presented in Figure 13 show widely 
varying delays for one given set of traffic conditions. 
Bicycle delay is generally sensitive to the volume of 
main-street motor vehicle traffic. However, bicycle 
delay is so low (less than 5 s/bicycle at 400 motor vehi
cles/h on each main-street approach) that delay to bi
cycles at a stop sign is rarely excessive when it is com
pared with delay for another type of traffic control. 

Main-street traffic is given priority by the placement 
of the stop sign on the side street. The only delay im
posed on main-street traffic is caused by conflicts en
countered during a turning movement. Because turning 
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movements were held in the simulation to 5 percent of 
the main-street volume, delay to main-street traffic was 
low. In addition, the sample sizes of turning vehicles 
were too small to show relations between delay and other 
intersection or traffic characteristics. 

A total of 118 h of simulation was done on the 
signalized-intersection model to generate the data shown 
in Figures 14 and 15; These two figures show mean de
lay at a traffic signal for motor vehicles and bicycles, 
respectively. Mean delay is plotted versus the green 
time displayed to the traffic in question. The combina
tions of traffic volumes simulated range from 50 to 400 
motor vehicles/hf appr oach and from Oto 200 bicycles/hf 
approach. Under signal control, it is not necessary to 
distinguish between main- and side-street traffic. 

Many factors affect the performance of a signalized 
intersection. It is difficult to enumerate and analyze all 
of these factors individually. One is signal splits. In 
the simulation results presented here, green time was 
apportioned between the intersecting approaches to ob
tain an equal degree of saturation. This commonly used 
method of setting signal splits is explained by Webster 
~). 

The data were analyzed to determine the effect of 
bicycles on delay at a signalized intersection when bi
cycle flow varies. No conclusions could be drawn. 
Under the low turning percentages investigated in the 
simulation, which is typical of most intersections, the 
presence of bicycles does not significantly increase de
lay. However, because of the large number of factors 
that affect the operation of a signalized intersection, a 

Figure 14. Mean delay to motor vehicles at traffic 
signal. 
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Figure 15; Mean delay to bicycles at traffic signal. 
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more extensive investigation may be required to explore 
the extent of the influence of bicycles on motor vehicle 
delay. 

Bicycles are delayed considerably less by a traffic 
signal than are motor vehicles. There are two reasons 
for this lower delay. First, the saturation flow rate 
for bicycles is so high (5400 bicycles/h/approach) that 
there is no observable increase in delays as bicycle de
mand goes from O to 200 bicycles/h/approach. The 
second factor that makes bicycle delay relatively low is 
that the bicyclist is more aggressive than the motorist. 
The bicyclist will proceed on the amber phase more 
often than the motorist will, and the right-turning bi
cyclist will often proceed without first stopping when the 
signal is red. The simulation model reflects these 
characteristics by extending the effective green time and 
allowing bicyclists to turn right on red without delay. 

In the model, individual left-turning bicycles were 
occasionally predicted to be delayed more than 60 s at 
the traffic signal. In reality, however, left-turning bi
cyclists are rarely willing to accept such a long delay 
and will use unusual maneuvers to make a quick left turn. 
Most of the maneuvers observed were extremely unsafe. 

DISCUSSION OF RESULTS 

The simulation models developed in this study give a 
fairly good representation of delays at intersections and 
crossings. The simplicity of the model structure allows 
the use of simulation to extrapolate limited observations 
of bicyclist behavior in traffic to many situations of in
tersection and crossing controls. In the development of 
the models, emphasis was placed on representing traf
fic characteristics observed in the field, and simplifica
tions and idealizations were made in the mechanical as
pects of the simulation process. This trade-off has 
resulted in efficient programming and computer opera
tions and little sacrifice in validity in the i-esults. 

These models are useful in the study of delay to bi
cycles and motor vehicles at intersections under various 
methods of traffic control. Establishing appropriate 
criteria and warrants, however, is beyond the scope of 
this paper and the simulation models. Values and other 
subjective bases play an essential role in determining 
the trade-off between bicycle delays and motor vehicle 
delays and between safety and efficiency. The data ob
tained from the simulation are helpful in providing a 
quantitative basis for exploring standards. For exam
ple, stop-sign control of bicycle traffic may be the most 
efficient control for a bicycle crossing in relation to 
delay. But this type of control may make it impossible 
or unsafe for bicyclists to cross a busy motor vehicle 
traffic stream. On the other extreme, a traffic signal 
would positively separate the flows at a bicycle crossing 
and offer safer and more convenient conditions for bi
cycles. This solution is costly, however, and may lead 
to larger aggregate delays, especially for motorists. 

The results of the simulations offer some quantitative 
indications on the level of delays involved for various 

combinations of traffic flow. A discussion on how the 
simulation data may be used to select proper traffic con
trol at bicycle crossings has been presented by Ferrara 
(7 ). Accident records and operational experiences for 
significant bicycle flows have not yet been extensively 
documented. As bicycles become a more important mode 
of transportation, better understanding will be forthcom
ing to guide the decisions. In the meantime, the simula
tion results discussed here provide some information 
that can be useful in resolving the difficult and often con
troversial problem of traffic conflicts between bicycles 
and motor vehicles. 
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