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Macroscopic Traffic Delay Model of Bus Signal Preemption 

A. ESSAM RADWAN AND JAMIE W. HURLEY, JR . 

Productivity enhancement of public transportation is an essential goal, and bus 
signal preemption at intersections is one of the trarisportation system manage
ment strategies that strives for this goal. Improvements in bus speed and reduc
tions in delay are the anticipated benefits accrued from such strategy. A mac
roscopic traffic delay model, which applies stochastic procedure, is presented 
to evaluate different bus preemption signal strategies at an isolated intersection. 
The model permits the user to evaluate a certain operational strategy provided 
for bus traffic on both main and cross streets. The signal controller modeled 
in this paper has a green extension and red truncation capabilities. A compari
son between preemption on both main and cross street and preemption on 
main street only is provided to validate the model's logic. Sensitivity analyses 
were implemented and it was found that the delay savings due to signal pre
emption are sensitive to saturation flow rate and to bus passenger load. Poten
tial applications and further enhancement are suggested. 

Transportation and traffic engineers realize the 
importance of system productivity and its major role 
in minimizing passenger delays and maximizing pas
sengers throughput. Several transportation systems 
management (TSM) strategies have been identified to 
achieve such a goal, and one of those is the provi
sion of bus priority treatment at urban intersec
tions by means of signal preemption strategies. The 
federal government currently can fund the capital 
costs of TSM projects and it is necessary to in
vestigate the worthiness of bus preemption. 

Bus preemption demonstration experiments were 
conducted in Los Angeles, Miami, and Melbourne, 
Australia (1-3). All studies concluded that bus 
signal pre;mption could reduce total passenger 
delay. Two bus signal preemption studies (.!,il, one 
in Sacramento, California, and the other in Concord, 
California, reported similar results and showed 
th':lt, with low bus frequencies, the added delays to 
automobile occupants are negligible. 

Two computer simulation models were developed and 
tested for bus signal preemption (6,7). These 
models are of a microscopic nature in - which the 
status of the vehicle with regard to its location, 
speed, and delay is updated every small time inter
val. The Urban Traffic Control System-Bus Priority 
System (known as UTCS-BPS) and the network simula
tion-bus priority system (NETSIM-BPS) computer 
programs are, perhaps, the only packages available 
that provide bus preemption at urban intersections 
(~,.2_). 

The complexity and high cost involved in develop
ing and validating such software packages lead to 

the consideration of other macroscopic approaches. 
An analytical model of bus preemption, by using a 
deterministic vehicle arrival process, was developed 
for the purpose of evaluating pretimed signal prior
ity treatments at isolated intersections (10). Delay 
values derived from this model are believed to be 
underestimated due to the deterministic nature. 
Another analytical model, which uses a stochastic 
approach, was developed to evaluate and assess 
priority treatment of buses at signalized intersec
t ions (11). The model provides green extension and 
red tr~ation signal strategies, however, it is 
limited to one direction signal capability (preemp
tion on main street only). 

Evaluation of signal strategy effects on traffic 
flow requires, in general, a detailed analysis of a 
vehicle's speed, location, acceleration and decel
eration capabilities, and the status of the signal. 
Use of microscopic computer simulation packages for 
system evaluation and justification can be an accu
rate way. However, the time and cost involved in 
running the program constrains and sometimes prohi
bits the completion of an extensive analysis. A 
solution for this problem is to use macroscopic 
analytical models that can reasonably do the job 
with possibly 10 percent the price of the micro
scopic model. The analytical models cited in the 
literature lack the ability to evaluate the bus 
signal preemption option on both main and cross 
street approaches. 

DELAY MODEL AT AN INTERSECTION 

Several models have been developed for estimating 
queues and delays at signalized intersections. 
Winsten and coworkers were the first to use the 
binomial distribution in an analysis of delays at 
pretimed signals (12). The Poisson distribution 
that describes the arrival of vehicles at intersec
t ions has been used by Adams, Webster, and Wardrop 
(13-15). Newell used a model in which the arrival 
headways were assumed to have a shifted exponential 
distribution (16). Most models assume depar ture s at 
equal time intervals, provid ing a queue ex i s ts and 
the first departure is at the start of the effective 
green time. 

One of the better known models for delay is the 
one developed by Webster (.!!) by using data result-
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ing from computer simulation of intersection opera
tion. Because Webster's delay model has been tested 
at several locations in England and the United 
States and has been proven to be reliable, it was 
adapted for this paper. The average delay per 
vehicle as given by Webster is determined from the 
following formula: 

cl= (C(l - X)2 /2(1 - AX)] + (X2 /2q(l - X)] - 0.65 (C/q2 )
1

/
3 x<z+s~) (1) 

where 

d average delay per vehicle on the particular 
intersection approach; 

C = cycle time; 
A= proportion of the cycle that is effectively 

green for the phase under consideration (g/c); 
q flow; 
S saturation flow; and 
X degree of saturation; this is the ratio of 

the actual flow to the maximum flow that can 
be passed through the intersection from 
this approach and is given by X = q/AS 
(if d and care in vehicles per second). 

The third term of Equation 1 was found to range 
from 5 to 15 percent of the total mean delay, and 
Allsop suggested (17) that the average delay may be 
taken as 

d= 9/10 {[C(l - :>..)2/2(1-AX)] + [X2 /2q(l -X)]} (2) 

Equation 2 was used to develop an analytical model 
described in this paper. The basic concept of the 
model was to investigate all possible bus detection 
events at an intersection and list the corresponding 
signal cycle lengths and splits. Cycle lengths, 
proportions of the cycle that were effectively 
green, degrees of saturation, and flow rates were 
substituted in Equation 2 to determine the total 
delay per approaching vehicle. Appropriate adjust
ments and assumption were made to calculate passen
ger car delays and bus delays. For each bus detec
tion event, the probability of signal preemption was 
estimated by assuming a Poisson distribution of 
vehicle arrivals. The expected delay figures were 
then calculated and compared with the initial delay 
figures for no preemption. 

MODEL ASSUMPTIONS 

The following are the assumptions made to formulate 
the analytical model: 

1. Pretimed signal controller with a two-phase 
plan and a cycle length determined from Webster's 
optimum cycle formula (_!!): 

C0 =(I.SL+ 5)/(1 - Y) (3) 

where 

C0 s optimum cycle time (s), 
L total lost time per cycle (5 s/phase), and 
Y sum of the maximum ratios of flow to satura

tion flow; 

2. Minimum red phase durations for main and cross 
streets are determined from Webster• s minimum cycle 
formula: 

Cm = L/(1 - Y) (4) 

3. Absolute minimum cycle length of 40 s and 
absolute maximum cycle length of 120 s; 

4. Minimum green phase duration of 12 s; 
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5. Detectors set up around 250-ft upstream of the 
intersection with average time required for a bus to 
clear the intersection of 7 s; (The location of the 
detector does not allow for nearside bus stops.) 

6. Green extension and red truncation strategies 
are provided; 

7. Saturation flow rate of 1800 passenger car 
equi\"alent per hour per lane; 

8. Bus weight of 2.25 passenger car equivalent; 
and 

9. Average bus load of 35 passengers and a pas
senger car load of 1.4 passengers. 

MODEL DEVELOPMENT 

Probability Expressions 

The general case of bus preemption (preemption on 
main and cross streets) was developed first. Some 
assumptions concerning preemption priorities were 
made: 

1. Main street green extension, 
2. Cross street green extension, 
3. Main street red truncation, and 
4. Cross street red truncation. 

The minimum red phase constraints, estimated from 
Webster's minimum cycle length, combined with the 
green detection time period within which green 
extension is requested (last 6 s of green) created 
four possible operational scenarios, as shown in 
Figure 1. The four possible scenarios are as fol
lows: 

Rlmin > (G2 - 6) and R2min > (Gl - 6), 

Rlmin > (G2 - 6) and R2min < (G1 - 6), 

R1min < (G2 - 6) and R2min > (G1 - 6), 
and 

R1min < (G2 - 6) and R2min < (G1 - 6). 

In general, a total of 10 operational cases exist 
for any signal cycle: 

Case 1: No buses in a cycle, 
Case 2: Buses arrive but there is no preemption, 
Case 3: Main street green extension, 
Case 4: Cross street green extension, 
Case 5: Main street red truncation with red 

phase = Rlmin• 
Case 6: Main street red truncation between (G1 

+ Rlminl and (G1 +A+ G2 - 6), 
Case 7: Main street red truncation after (G1 + 

A+ G2 - 6), 
Case 8: Cross street red truncation with red 

phase= R2min• 
Case 9: Cross street red truncation between 

R2min and (G1 - 6), and 
Case 10: Cross street red truncation between 

(G1 - 6) and G1, 
Each of these cases has unique characteristics 

that may include cycle length, splits, saturation 
flow rates, and special bus delay terms. The 10 
cases listed are the possible operational cases that 
can occur for scenario 4. Examination of Figure 1 
would reveal that the number of cases for Scenarios 
1, 2, and 3 is 8, 9, and 9 cases, respectively. 

To develop the probability of each of these cases 
it was necessary to divide the cycle into six appro
priate intervals: 

Interval 1: 
(R2minl; 

Interval 2: 
Interval 3: 
Interval 4: 

from (C' - A) to C', and from Oto 

from (R2minl to (G1 - 6); 
from (G1 - 6) to G1; 
from G1 to (G1 + R1minl; 
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Figure 1. Four possible signal operation scenarios. 
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SCENARIO 2 

C' 
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SCENARIO 3 

SCENARIO 4 

G1 : Green phase on rmin street 

G2 : Green phase on cross street 

'1 min: 

8:i min: 

Mininum red phase on rmin 
street 

Mininun red phase on cross 
street 

A: Anber phase 

Interval 5: from (G1 + R1min> to (G1 +A+ 
G2 - 6) i and 

Interval 6: from (G1 +A+ G2 - 6) to (C' -
A). 

The probability of no arrivals during each of the 
six intervals was developed by assuming a Poisson 
arrival distribution. The probability expressions 
are presented in a matrix format (Figure 2) with the 
element Stj as the probability of interval i from 
approach j. Main street approaches and cross street 
approaches are subscripted land 2, respectively. 

The probability expression for each case that 
corresponds to each scenario was then derived as a 
function of the X-matrix components. A summary of 
the probability terms is shown in Figure 3. The sum 
of all the probabilities of each scenario is equal 
to unity. 

Cycle Lengths 

The cycle lengths that correspond to the 10 opera
tional cases are given in the list below. 

Case 1, 

C=C' (5) 

Case 2, 

C=C' (6) 

C' : Webster's optinun 

Case 3, 

Case 4, 

3 
C = ~ (P2 q~-l)z + C' 

n-1 

Case 5, 

C=G1 + A+ R1min 

Case 6, 

C = G1 +A+ R1 min + (G2 - R1 min - 6)/2 

Case 7, 

C = G1 +A+ G2 - 3 

Case 8, 

Case 9, 

C = G2 +A+ R2min + (G1 - R2min - 6)/2 
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(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 
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Figure 2. Probability of no bus arrival [ ] 
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where: B1 and B2 are bus flow rates for main street and cross street, respectively. 

* Napierian exponent 

Figure 3. General probability expressions. 
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Case 10, 

where 

C' Webster's optimum, 
P1 exp(-7 Bi/3600), 
ql 1 - P1, 

Y (n-1) [(3600/B1 ) - 7 exp(-7 
(3600/B1 ) exp(-7 B1/3600)] 

P2 exp(-7 B2/3600), 
q2 1 - P2, and 

z (n-1) [ (3600/B2 ) - 7 exp(-7 
(3600/B2) exp(-7 B2/3600)J 

B1/3600) 
+ 7, 

(14) 

The cycle length expression of cases 3 and 4 (green 
extension logic) was attained by adding the expected 

green extension to Webster's optimum cycle length. 
We assumed that no more than three buses can request 
green extension in any cycle. The expected green 
extension period was calculated by summing the 
product of the probability of exactly n arrivals to 
produce one headway greater than 7 s times the 
expected extension of n arrivals. The probability 
term is explained by a geometric distribution: 

PI (n) = PI q\n-I) 

where q 1 equals 1 p and 
B1/3600] = probability of headway 

As for the expected extension 
following derivation describes it: 

(15) 

Pl equals exp(-7 
> 7. 
of n arrivals, the 

Expected headway/(all headway < 7) = f; Y Xexp(-X Y)dY 

= 1/X -7 exp(-7A) - 1/X exp(-7A) (16) 
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Table 1. Bus delay terms used on model. 

Case Number 

l. No buses in a cycle 

2. Buses arrive, no preemption 
3. Main street green extension 
4. Cross street green extension 
5. Main street red truncation (R = R1 min) 

Main Street 

Webster; Sis adjusted for 
no bus arrivals 

Webster 
Webster 
Webster 

Cross Street 

Webster; S is adjusted for 

6. Main street red truncation (G 1 + R1 min< R < G1 +A+ G2 - 6) 
Compound delay model l" 
Compound delay model 2' 
Compound delay model 3' 
Webster 

no bus arrivals 
Webster 
Webster 
Webster 
Webster 
Webster 
Webster 7. Main street red truncation (G 1 +A+ G2 - 6 < R < C') 

8. Cross street red truncation (R = R2 minl 
9. Cross street red truncation (R2 min < R < G1 - 6) 

lO. Cross street red truncation (G 1 - 6 < R < G1 ) 

3 Shown in detail in Figure 4. 

Figure 4. Red truncation compound delay models. 
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Where: D1 and o2 are delay figures of buses arriving during the time periods indicated by arrows. 

---ibtal bus delay = o
1 

+o
2 

NC= Nurber of Cycles per hour. 

63 

(17) 

from Equations 16 and 17 the expected extension of n 
arrivals is defined as: 

+ passenger car time lost due to accel
eration and deceleration+ total bus 
stopped delay+ bus time lost due to 
acceleration and deceleration. 

Y = (n - 1)((3600/Bi) - 7 exp(-7B 1 /3600) 

- (3600/Bi)exp(-7Bi/3600)] + 7 

Delay Estimation 

(18) 

Webster's delay model, shown in Equation 2, provides 
the average delay per approaching vehicle at a 
pretimed signalized intersection. The model does 
not differentiate between passenger cars and buses, 
therefore, some assumptions and adjustments had to 
be made to count for the difference. The average 
delay per vehicle was divided into stop time delay 
and delay due to speed change cycles. The deriva
tion of both delay components is as follows: 

Total delay= Total passenger car stopped time delay 

The time lost in the queue was neglected in this 
derivation, and the speed profile adopted for esti
mating time lost due to acceleration and decelera
tion was as follows: 

seeed 
Rate of 

Vehicle Initial Final Change 
TYEe !ft£'.'.sl llli.& !ft£'.'.s 2

) 

Passenger car 0 20 +8 
20 V +4 
V 0.90V -1 
0.90V 0 -7 

Bus 0 V +2 
V 0 -4 
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Table 2. Saturation headway and bus passenger load sensitivity results. 

Item 

Saturation headway 
1 800 vehide5/h 
1980 vehicles/h 
2160 vehicles/h 

Passenger bus load 
20 
35 
50 

3 Delay was increased. 

Total Passenger Delay Savings 
(passenger-s) 

Main Street 

19 769 
18 747 
17 353 

II 572 
19 769 
27 965 

Cross Street 

-2442~ 
1651 
2083 

-2755" 
-2442" 
-2127" 

where V is the target speed in feet per second. 
This unimpeded speed profile was borrowed from the 
UTCS-BPS computer program (9). 

It was assumed that the- average target speed of 
heavily traveled urban streets is 25 mph. The time 
lost per passenger car speed change maneuver based 
on the same distance was found to be 5.56 s, and the 
corresponding value was 13.78 s/bus. 

The probability of stopping more than once, as 
defined by Webster, was applied for the delay esti
mation. The breakdown of the delay components is 

Total delay per approach= X + p(stop)[5.56V 1 + 13.78Bi] 

where 

total stopped delay, 
hourly passenger car flow, 
hourly bus flow, and 
probability of stopping= (1 - A)/ 
(1 - Y) and A and Y were defined 
earlier in Equation 7. 

Total delay per passenger car per approach= [X(Vi)/(V1 + Bi)) 

(19) 

+ p(stop)(5.56Vi) (20) 

The delay term defined in Equation 20 applies 
only for passenger cars and buses that operate under 
normal cycle length and phase splits with no preemp
tion. The delay terms of buses for all possible 
signal cases are listed in Table 1 and detailed in 
Figure 4. As for passenger cars, Webster's model 
was assumed to apply to their delay estimation, and 
their benefit from signal preemption is reflected in 
the (G/c) term. The probability expressions and the 
delay equations were then coded into a computer 
program. The program calculates internally the 
total delay of passenger cars and buses under both 
preemption and nonpreemption strategies and provides 
the total delay saving (or losses) due to preemption. 

Model Testing and Sensitivity Analyse.s 

The model was applied to the following hypothetical 
setting: 

Main street passenger car volume= 500 cars/h, 
Cross street passenger car volume= 500 cars/h, 
Main street buses= 40 buses/h, 
Cross street buses= 10 buses/h, and 
Saturation flow rate= 1800 vehicles/h. 

The hypothetical setting resulted in operational 
strategies of scenario 1. The total delay per hour 
of passenger cars and buses for no preemption and 
preemption and the total passenger delay gains are 
given in the table below. 
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Main Street 

Results 
Vehicle delay, 

no preemp
tion (s) 

Passenger 
Cars 
8887 

Vehicle delay, 8425 
preemption 
(s) 

~ 
991 

445 

Cross Street 
Passenger 
Cars 

9 583 

11 855 

~ 
263 

242 

Savings (losses) attributed to signal preemption 
were 19 769 passenger-s for main street traffic but 
a delay of 2442 passenger-s was found for cross
street traffic. Total intersection savings were 
therefore 17 327 passenger-s. The results proved to 
be consistent and as expected in the sense that bus 
signal preemption helped both main street and cross 
street buses, with more benefits to main street. The 
main street bus delay saving amounted to 122 percent 
due to the preemption and the corresponding cross 
street saving was 9 percent. The bus delay saving on 
cross streets did not offset the passenger car delay 
loss, hence a total passenger delay loss was 
observed (2442 passenger-s). 

A set of sensitivity analysis were implemented on 
the saturation headway and bus passenger load and 
they are given in Table 2. The increase in satura
tion headway caused less savings for main street and 
higher savings to cross street. As the results 
show, the model proved to be sensitive to cross 
street passenger delay savings between saturation 
headways of 1800 and 1980 vehicles/h. 

An increase in the passenger bus load of 15 
passengers caused a delay savings increase of 8197 
passenger-s of main street passenger delay. This 
shows the significance of improving the bus passen
ger load. On the contrary, the reduction in delay 
losses on cross streets were insensitive to the 
increase in the passenger bus load. 

The last step in the analysis was to test the 
model for bus preemption for main street only. This 
was attained by using a zero bus flow on the cross 
street. The total passenger saving for the basic 
hypothetical setting was found to be 21 549 passen
ger-s ( 4222 passenger-s higher than the preemption 
logic on both streets). This result is as expected 
because the zero bus flow on the cross street re
sulted in higher saturation flow rate, which pro
vided higher total intersection delay savings, as 
proved earlier in Table'-· 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

This paper presented an analytical model for eval
uating and testing a possible bus preemption strat
egy at an isolated intersection. Four possible 
signal operational scenarios were identified and 
their corresponding probability terms were fully 
documented. Webster's delay model was adopted to 
estimate the average delay per vehicle per approach. 
The model was applied to a set of hypothetical 
demand rates to further validate the logic. 

Sensitivity analyses were implemented, and it was 
concluded that the model was sensitive to an in
crease in the saturation flow rate from 1800 to 1980 
vehicles/hand that the delay saving was insensitive 
beyond that point. In addition, the model results 
were found to be sensitive to bus passenger load. 

The analytical model presented in this paper can 
be incorporated in the traffic network study tool 
(TRANSYT) computer package to develop signal splits 
and offsets in urban networks with provision for bus 
signal preemption on a main transit artery, an 
option that TRANSYT can not handle. The model can 
also be extended and enhanced to evaluate bus pre
emption strategies for a. muli..il""ha::;t:: ::;iyual ul:'t::1.a.1...i.u11. 
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Estimation of Average Phase Durations for 

Full-Actuated Signals 
FENG-BOA LIN 

A model for estimating the average green durations that result from full -actu
ated signal control is described. The model is developed primarily on the basis 
of probabilistic interactions between traffic flows and the control. It is struc
tured according to three flow and control conditions : (a) the control employs 
motion detectors, (b) right-turn-on-red is either prohibited or does not affect 
the signal timing, and (c) left turns are made only from exclusive left-turn 
lanes. The discussions are focused on the formulation of the model. Applica
tions of the model are also illustrated. The model can be used either manually 
or with the aid of a simple computer program. 

Traffic-related phenomena at a signalized intersec
tion, such as lane capacity, delays, queue length, 
and passenger car equivalent of left-turn vehicles, 
are influenced by the cycle splits and cycle length 
of the signal control. Under a full-actuated con
trol, the cycle splits and the corresponding cycle 
length vary from one !;,¥Cle to a not her . Conse
quently, it become s desirable to e stimate the aver
age cycle splits of a full-actuated control to fa
cilitate rational planning, design, and operation of 
signalized intersections. However, reliabie and 
convenient methods for estimating full-actuated 
cycle splits are currently not available. This 
weakness may become increasingly critical when more 

full-actuated controls are used for intersection 
control. 

To alleviate this problem, this paper presents a 
model that can be used either manually or with the 
aid of a simple computer program to obtain estimates 
of average full-actuated cycle splits. The model is 
structured on the basis of the following conditions: 

1. The control relies on motion detectors to 
obtain information on traffic flow, 

2. Right-turn-on-red is either prohibited or 
does not affect the signal timing, and 

3. Left turns are made only from exclusive left
turn lanes. 

In the following, a model for estimating the 
average cycle splits of a two-phase control is il
lustrated. The model is then expanded for applica
tion to cases that involve multiphase controls. 

CONTROL LOGIC AND FLOW CHARACTERISTICS 

A typical full-actuated signal control that employs 
motion detectors has the following control parame-




