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 Delay is an important traffic parameter in the evaluation of the signalized intersections. Estimation of 
delay is a very difficult task, as the delay is influenced by many variables. Webster and many others 
developed models to estimate the delay per vehicle at a signalized intersection under homogenous 
traffic conditions. The direct use of the Webster’s model for the heterogenous traffic conditions of 
developing countries like India will give underestimated delay values. So there arises a need to develop 
a model for delay estimation to suit the Indian traffic conditions. An attempt was made to develop a 
delay model by keeping the first and second terms as it is and modifying the semi-empirical term (third 
term) in Webster’s delay model. The data at different signalized intersections of Hyderabad city, India 
were collected by using video camera. For extraction of the various traffic parameters, cycle by cycle 
analysis was done. The field delay was estimated using a distance-time plot drawn for the extracted GPS 
data of the probe vehicle. A multiple linear regression model was developed for modifying the semi-
empirical term. 

1. Introduction 

The growth of traffic in the road network of large cities in developing 
countries like India is a serious concern. In India, the vehicular traffic 
comprises of different types of vehicles and there is lack of lane 
discipline. In heterogenous traffic, due to different types of vehicles 
having different shape and size they cause lateral and longitudinal 
gaps along them in the road network. At intersections due to lack of 
lane discipline and heavy traffic growth, there is notable lateral 
movement and vehicles tend to use lateral gaps to reach to the front 
of the queue. For the smooth operation and control of traffic and to 
reduce the congestion at the intersections, a system of signalized 
intersections is a critical element in the road transportation networks. 
When designing the signal parameters of a traffic signal, delay is an 
important factor. Delay is a traffic parameter that is mostly 
considered and very important in signal design as it is directly 
experienced by the vehicle driver. Delay at an intersection implies the 
extra time experienced by vehicles while passing through the 
intersections. Delay experienced by a vehicle at a signalized 
intersection includes delay due to de-acceleration, stopping and 
acceleration. The efficiency and quality of traffic operation on 
signalized intersections are assessed in terms of total delay caused to 
an individual vehicle at the intersection. Delay is a parameter that 
cannot be easily determined, due to the non-deterministic nature of 
the arrival and departure process of the vehicles at intersections and 
due to the influence of many variables that have uncertainties, 
especially for heterogenous traffic conditions. Under mixed traffic 
conditions, the available delay models including the classic Webster’s 
delay formula will not a produce realistic estimate if applied directly. 
Consequently, there arises a need to develop a new model or to modify 
the existing Webster’s delay model to cope with the traffic conditions 
in India and to produce a more accurate delay value. 

Many researchers have conducted delay studies at signalised 
intersections. Webster (1958) [1] developed a model for 
estimating the delay incurred by motorists at under saturated 
signalised intersections using deterministic queuing analysis. 

𝑑𝑑 =
𝐶𝐶(1 − 𝜆𝜆)2

2(1− 𝜆𝜆𝜆𝜆) +
𝜆𝜆2

2𝑞𝑞(1− 𝜆𝜆) − 0.65�
𝐶𝐶
𝑞𝑞2
�
1
3
𝜆𝜆2+5𝜆𝜆 (1) 

where d: average delay per vehicle on a particular approach of the 
intersection; C: cycle length; q: vehicle arrival rate; λ: effective green 
ratio; x: degree of saturation and c: capacity of the roadway 

In Equation (1), the first term represents the average delay due to 
uniform arrival of the vehicles. The second term represents the 
additional delay due to the randomness in vehicle arrivals. This 
additional delay is attributed to the probability that sudden surges in 
vehicle arrivals may cause the temporary oversaturation of the signal 
operation. The third term is a semi-empirical adjustment term that 
was introduced in the model to account for specific field conditions. 
The model is applicable for isolated intersections, and the permissible 
upper limit of traffic flow for the model to provide satisfactory results 
is slightly less than full saturation. Following this classic work, 
numerous studies were conducted in the field of estimating delays at 
signalised intersections. As a result of these studies, a few delay 
models based on deterministic queuing theory were proposed to suit 
different field conditions. Among these, the most notable are the 
models developed by Miller [2] and Akcelik et.al. [3] in Australia. 
However, these models were developed for homogeneous and lane 
base traffic. The use of these models might not suit for delay 
estimation under homogenous traffic conditions. Arasan and Naidu 
[4] developed a model to estimate delay for mixed traffic by 
considering cycle time, green ratio and degree of saturation as 
influencing factors. But the model overestimated the delay. Mousa 
(2002) [5] developed a model by establishing a relation between control 
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delay and stopped delay. Path tracing method was adopted to collect 
speed profiles of individual vehicles, but the drawbacks of path 
tracing reflected in the model formation.  Darma et al [6] carried out a 
research and indicated a significant correlation between cycle time, 
green time, number of phases and number of lanes with delay. Murat 
(2006) developed a model using multiple linear regression analysis 
and gave a relation between vehicle queue and vehicular delay at 
signalized intersections under homogenous traffic conditions.  Hoque 
and Imran [7] developed a model by modifying Webster’s model to suit 
the heterogenous traffic conditions. The model was developed by 
making modifications to the semi-empirical term of Webster’s model 
by using regression analysis. Percentage non-motorized vehicles was 
considered in addition to the parameters considered for the 
semiempirical term in Webster’s model for formulation of the 
adjustment term. However, the variability in acceleration-
deceleration delay component was not taken into consideration 
during model formulation. Raval and Gundaliya [8] developed a model 
using the data from Ahmedabad city. An attempt was made to modify 
the semi-empirical term of Webster’s delay formula, by using multiple 
regression analysis. Vehicle arrival rate, cycle time, degree of 
saturation, effective green ratio, and percentage two wheelers were 
taken as independent variables and a multiple linear regression 
model was developed. Arpita Saha [9] developed a model with data 
collected from various locations in India. Regression analysis was 
used to get a relation between incremental delay and platoon ratio. 
Rahul Sharma [10] regressed the field delay obtained by Simpson’s one 
third rule against flow rate, platoon ratio and capacity. 

In most of the previous work, average values of traffic parameters 
were considered for analysis while ignoring the variability in traffic 
parameters with time. Most of the studies considered only a single 
type of signalized intersection, i.e., crossroads. Some of the previous 
studies did not consider the variability of acceleration and 
deceleration component of delay. In this study, these limitations in 
the previous studies were given due consideration for the formulation 
of delay model. 

 

2. Data collection 

For this study, the Hyderabad city in the state of Telangana, India was 
selected as the study area. In Hyderabad city, there are several 
signalized intersections. A set of criteria were adopted for the 
selecting the intersections for this study. The criteria for selection of 
these intersections are as follows: 

• Vehicle arrival pattern is random. 
• Approach is as far as possible free from the disturbance of 
pedestrians and parked vehicles. 
• Proportion of large vehicles is not very high. 
• No central roundabout is present at the middle of the 
intersection. 
• Availability of traffic surveillance cameras at the 
intersection. 

 

Figure 1. Street view of paradise X road 

 

Figure 2. Street view of Bible House Intersection 

 

 

Figure 3. Street view of Patny Intersection 

 
Based on the mentioned criteria, a total of six links from four 
intersections were selected for data collection. The intersections 
selected for this study are Bible House Intersection, Paradise X Roads, 
Patny Intersection and Liberty Junction. The street view of these 
intersections is shown in figures 1 - 4. In some of these figures, due to 
the medians there is a distortion in image of the roads. 

 

Figure 4. Street view of Liberty Junction 
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Table 1. Description of vehicular movement at intersections selected 
for the study 

Name of the 
Intersection 

Name of the Approach Movements 
allowed 

Bible House 
Intersection 

Hyderabad-Mancherial 
Road 

Through and 
Right 

Amma Temple Road 
Through and 
Right with no 
Free Left 

Paradise X Roads 
Cost 2 Cost Road 

Through and 
Right 

Zam Zam Bakery Road 
Through and 
Right 

Patny Intersection Chandana Bros. Road 
Through and 
Right 

Liberty Junction 
Hyderabad-
Ramagundam Road 

Right and Left 

 

The Paradise X Roads and Patny Intersection are four branch 
intersections where the links are at right angle to each other. The Bible 
House Intersection is a four-branch intersection with one of the 
approaches not at right angle. The Liberty Junction is a three-link 
intersection. The approaches selected for the study and the traffic 
movements allowed during the green phase are mentioned in Table 1. 

For this study, traffic data was collected from video recordings. The 
morning peak periods at the selected signalised intersections were 
identified using the data mentioned on the official website of 
Hyderabad city Traffic Police. A 4 - 6 hour long video footage of traffic 
surveillance cameras installed at each of these signalised 
intersections, during the peak periods on a typical weekday (Monday), 
was collected. The video footage was stored in. icf format. 

A probe vehicle (two-wheeler) was used to traverse these intersections 
from 10 am to 12 pm. A mobile phone consisting of GPS feature was 
used to trace the trajectory of the probe vehicle which provides data 
like speed and distance travelled per second. This GPS data was used 
to determine the actual observed delay. 

 

3. Data Extraction and analysis 
 

3.1. Determination of peak hour of traffic 

From the captured 4-hour video graphic data, 15-minute classified 
traffic volumes at each signalized intersection were extracted. The 
classified count was converted into PCU as per the guidelines given 
by IRC 106- 1990 [11]. The PCU values of 15-minute classified counts 
were calculated.  A plot was drawn between time periods on the x-axis 
and PCU value on the y-axis. The time period corresponding to the 

four consecutive peak points of the graph gives the peak hour for a 
particular approach. 

 
Table 2. Peak hour of traffic at approaches considered in the study 

Name of the 
Intersection 

Name of the 
Approach 

Peak Hour 

Bible House 
Intersection 

Hyderabad-
Mancherial Road 

10.15 AM-11.15 AM 

Amma Temple 
Road 

10.00 AM–11.00 AM 

Paradise X Roads 
Cost 2 Cost Road 10.15 AM-11.15 AM 

Zam Zam Bakery 
Road 

9.45 AM-10.45 AM 

Patny 
Intersection 

Chandana Bros. 
Road 

10.15 AM-11.15 AM 

Liberty Junction 
Hyderabad-
Ramagundam 
Road 

11.45 AM-12.45 AM 

3.2. Field delay 

Total delay of a vehicle is the sum of deceleration delay, stopped delay 
and acceleration delay. In order to determine the acceleration, 
deceleration and stopped delays, the second-by-second profile of the 
vehicle was extracted from the GPS data and a distance-time graph 
was plotted. Tangents were drawn to the non-linear segments of the 
curve as shown in figure. The total delay is the difference between the 
abscissa of the two points of intersection as shown in figure 5. 

 
3.3. Signal timing parameters 

The cycle time was taken as the time interval between the starting of 
green for one approach till the next green starts. The cycle times were 
determined from the video. The green times were also calculated from 
the video data. It was observed that on numerous occasions, the 
vehicles started moving during the amber time. In such cases, the 
green time was taken as the sum of actual green time and the amber 
time. 

 
3.4. Traffic stream parameters 

In this study, cycle by cycle analysis was adopted for determining the 
vehicle arrival rate instead of using hourly traffic volume so that the 
variability of vehicle arrival rate in different cycles can be considered. 

A classified count of vehicles arriving between the start of red and the 
next start of red was done. The vehicle count was converted into 
equivalent PCU by using PCU factors given in IRC 106-1990. This PCU 
value was divided by cycle length to obtain the vehicle arrival rates.  

 

 

Figure 5. Determination of total delay from distance-time plot 
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The saturation flow was estimated by the taking the classified count 
of vehicles crossing the stop line as a continuous queue on receiving 
green. The saturated green time for each cycle was also noted down. 
The average headway was calculated by dividing saturated green time 
by the total of the mean number of different categories of vehicles, 
converted into PCU. 

𝐻𝐻 = 𝑡𝑡
∑ 𝑛𝑛𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖

                                         (2) 

where pi:PCU value in the ith vehicle group and ni:the number of the 
vehicles in the ith vehicle group 

The saturation flow is then obtained as 

𝑆𝑆 = 3600
𝐻𝐻

𝑃𝑃𝑃𝑃𝑃𝑃
ℎ𝑟𝑟

                                        (3) 

 

3.5. Model formulation 

This study focuses on modification of Webster’s delay formula for the 
heterogeneous road traffic conditions of Hyderabad city. In order to 
do so, the first term and the second term were kept as it is and the 
third term which is a semi-empirical term developed for UK traffic 
conditions was replaced with an adjustment term. The adjustment 
term (adj) can be calculated as follows 

𝑎𝑎𝑑𝑑𝑎𝑎 = 𝑑𝑑 −
𝐶𝐶(1 − 𝜆𝜆)2

2(1− 𝜆𝜆𝜆𝜆)−
𝜆𝜆2

2𝑞𝑞(1− 𝜆𝜆)                                                                   (4)  

where d:actual delay observed in the field in seconds; C:cycle length; 
λ:effective green ratio; x:degree of saturation and q:vehicle arrival 
rate 

In the model, the adjustment term was taken as dependent variable 
and regressed against the independent variables – vehicle arrival 
rate, cycle length, degree of saturation and effective green ratio, 
which were present in the semi empirical term of Webster’s delay 
formula. In addition, saturation flow, green time, % two wheelers and 
% right turning traffic were taken as independent variables.  

Firstly, the correlations between the dependent and all the 
independent variables were examined. Table 2 shows the correlations 
of dependent variable and all independent variables. If the correlation 
coefficient is too high, it could lead to multicollinearity. This 
multicollinearity must be avoided to develop regression models. To 
avoid multicollinearity, the independent variables with high 
correlation coefficient must be eliminated. 

For determining the variables that should be excluded, stepwise 
regression by backward elimination was done. For doing so, initially 
all the explanatory variables are considered and the model is fitted. 
The partial F-statistic for each regressor in the presence of other 
regressors is computed. The regressor with the smallest partial F-
statistic value is removed from the model if the value is less than the 
preselected value of FOUT. This step is repeated until the smallest 
partial F-statistic exceeds FOUT. At the end of stepwise regression only 
the independent variables q, S, C and λ were kept in the model, and 
the remaining (degree of saturation, % two wheelers, % right turning 
traffic and green time) were excluded. 

Multiple linear regression between the adjustment term as dependent 
variable and vehicle arrival rate, saturation flow, cycle time and 
effective green ratio as independent variables was done using R 
programming language. From the statistical results, the regression 
model is seen to provide fair to good predictions with a satisfactory 
value of adjusted R square. The t-statistics came out to be high enough 
with low p-values indicating that the independent variables are fairly 
significant. The F-statistic also came out to be high enough to ensure 
overall significance. 

The model obtained is as below 

𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 = 𝑃𝑃(1−𝜆𝜆)2

2(1−𝜆𝜆𝜆𝜆)
+ 𝜆𝜆2

2𝑞𝑞(1−𝜆𝜆)
− 0.017𝑞𝑞 + 0.012𝑆𝑆 − 0.308𝐶𝐶 + 145.956𝜆𝜆 (5) 

where C: cycle length; λ: effective green ratio; x: degree of saturation; 
q: vehicle arrival rate; S: saturation flow 

Table 3. Correlation matrix of variables 

  adj q S G C λ x %TW %RTV 

adj 
q 
S 
G 
C 
λ 
x 
%TW 
%RTV 

1 
0.2327 
0.5219 
-0.2515 
-0.6435 
0.1742 
-0.2674 
0.3578 
0.1636 

0.2327 
1 

0.0585 
0.4178 

-0.6003 
0.9142 
-0.0493 
-0.1049 
-0.1839 

0.5219 
0.0585 

1 
-0.2408 
-0.1651 

-0.15 
-0.2666 
0.6245 
0.3448 

-0.2515 
0.4178 

-0.2408 
1 

0.2598 
0.6068 
-0.2662 
-0.2822 
-0.1732 

-0.6435 
-0.6003 
-0.1651 
0.2598 

1 
-0.5175 
0.0746 
-0.0725 
0.0765 

0.1742 
0.9142 
-0.15 

0.6068 
-0.5175 

1 
-0.2249 
-0.2675 
-0.2726 

-0.2674 
-0.0493 
-0.2666 
-0.2662 
0.0746 
-0.2249 

1 
-0.0548 
-0.1618 

0.3578 
-0.1049 
0.6245 
-0.2822 
-0.0725 
-0.2675 
-0.0548 

1 
0.399 

0.1636 
-0.1839 
0.3448 
-0.1732 
0.0765 
-0.2726 
-0.1618 
0.399 

1 
 

Table 4. Statistical results obtained after regression 

 

Regression Statistics 
Multiple R 
R Square 

Adjusted R Square 
Standard Error 
Observations 

0.93359753 
0.871604348 
0.850929916 
24.29789833 

71 

ANOVA 

 df Sum of Squares Mean Square F-statistic Significance F 
Regression 
Residual 
Total 

4 
67 
71 

268522.8782 
39555.98684 
308078.8651 

67130.71955 
590.3878633 

113.7061307 7.38948E-29 
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Coefficients 

 Coefficients Standard Error t Stat P-value 

Intercept 0 #N/A #N/A #N/A 
q 
S 
C 

lambda 

-0.017040918 
0.01235243 

-0.308118678 
145.9564302 

0.004881904 
0.001044489 
0.037997115 
39.81795259 

-3.490629296 
11.82628553 

-8.109001949 
3.665593549 

0.000857331 
4.65133E-18 
1.53054E-11 

0.000489207 
  

 
3.6. Model Validation 

Once the model has been formulated, it is essential to validate it. 
Model validation is done to assess the adequacy of the proposed model 
and measure the error in the prediction. There are several techniques 
for validating a model. In this study, the validation was done by 
comparing the field delay and delay estimated by the model with 

another data set which was not included in formulating the model. 
The traffic data of an additional two intersections, i.e., Patny X Roads 
and Liberty junction were used. The absolute percentage error 
between the estimated and observed values was determined. The 
results of model validation are given in table 4. 

 

Table 5. Model validation 

Cycle time 
(seconds) 

Degree of 
Saturation 

Actual delay 
(seconds) 

Estimated 
delay (seconds) 

% Error 

199 0.984622015 159.7142857 183.358 -14.8038 
185 0.925853018 165.8333333 187.247 -12.9128 
148 1.005283021 160 203.654 -26.9663 
170 1.202117535 157.25 198.103 -25.9797 
218 0.995525727 162.75 184.333 -13.2614 
185 1.188505747 103.53 133.5490167 -28.9955 
167 1.157635468 164.85 212.3907811 -22.3836 
308 2.092465393 139.57 210.1127488 -50.5429 
158 0.957549287 90.2 88.3287258 2.074583 
332 0.682156585 85.4 108.5447669 -27.1016 
187 0.806074766 112.2 101.6488159 9.403907 
360 1.213799806 75.8 127.8701599 -68.6941 
221 0.983247423 140.7 159.390112 -13.2837 
283 1.282392027 75.6 133.5490167 -76.6521 
228 1.427611484 176.3 212.3907811 -20.4712 
190 1.194114318 183.8 289.2284347 -57.3604 
212 0.926200715 158.4 127.6421763 19.41782 
204 0.892050951 186.3 159.3030316 14.49113 
200 0.972319941 150.9 142.4403875 5.606105 
205 1.007381025 120.8 139.3302868 -15.3396 

 

 
2. Results and Discussions 

After step wise regression by backward elimination, only four 
variables out of eight were left for further analysis. A multiple linear 
regression model for estimating the adjustment term adj was 
developed.  

It was observed that in most of the cases, the delay is being 
overestimated by the model. In case of undersaturated cycles with a 
preferrable cycle length, the accuracy of estimated value is between 9 
– 16% with a few exceptions. For undersaturated cycles with long 
cycle lengths and oversaturated cycles with preferrable cycle length, 
the accuracy of estimated value has reduced to 20-30%. An error of 
more than 50% was observed in case of oversaturated cycles with long 
cycle lengths. 

 

3. Conclusions 

The proposed model is found to overestimate the delay in most of the 
cases. The relatively large positive coefficient for λ can be the possible 
reason for overestimation of delay. 

The model developed can be used for estimating delay in case of 
undersaturated cycles with preferrable cycle lengths, undersaturated 
cycles with long cycle lengths and oversaturated cycles with 
preferrable cycle length. But the model is not suitable for estimating 
delay in case of oversaturated cycles with long cycle lengths. 

The negative coefficients for vehicle arrival rate (q) and cycle length 
indicate that the value of adj decrease with increase in these values. 
From the coefficients obtained regression, it can be concluded that the 
value of adj increases with increase in the value of effective green 
ratio (λ) and saturation flow. 
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