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Previously on Traffic Engineering

When signals change from red to green, reaction times of travelers result
in start-up lost time.

Likewise, when the signal turns amber, vehicles avoid entering the inter-
section and some time is lost at the end, called clearance lost time.

The effective green gi = Gi + Yi − tL, where tL is the sum of the above
two lost times.
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Previously on Traffic Engineering

When a signal turns green, the time
headways between consecutive vehi-
cles decrease since the vehicles be-
hind the first one will take lesser time
to react.

236     Chapter 7     Traffic Control and Analysis at Signalized Intersections 

 

Figure 7.5  Concept of saturation headway and lost time. 
 

This amount of time remains fixed, regardless of phase or cycle length. Thus, for 
shorter cycle lengths, the lost time will comprise a larger percentage of the cycle 
length and will result in a larger amount of lost time over the course of a day 
compared with longer cycle lengths. However, longer cycle lengths usually have 
more phases than shorter cycle lengths, which may result in similar proportions of 
lost time. 

 
Effective Green and Red Times 
For analysis purposes, the time during a cycle that is effectively (or not effectively) 
utilized by traffic must be used rather than the time for which green, yellow, and red 
signal indications are actually displayed, because they are most likely different. This 
results in two measures of interest: the effective green time and the effective red time. 
The effective green time is the time during which a traffic movement is effectively 
utilizing the intersection. The effective green time for a given movement or phase is 
calculated as 

 Lg G Y AR t= + + −  (7.3) 

where 
 

g = effective green time for a traffic movement in seconds, 
G = displayed green time for a traffic movement in seconds, 
Y = displayed yellow time for a traffic movement in seconds, 

AR = displayed all-red time in seconds, and 
tL = total lost time for a movement during a cycle in seconds. 
 
The effective red time is the time during which a traffic movement is not 

effectively utilizing the intersection. The effective red time for a given movement or 
phase is calculated as 

 Lr R t= +  (7.4) 

where 
 

The saturation flow is the rate of vehicles that can pass through a move-
ment if it receives a green light throughout.

s =
3600

h

s is the saturation flow rate and h is the saturation headway.

Capacity of a lane or approach i can be computed using its saturation flow
and effective green time

ci =
gi
C
si

Lecture 14 Delay Analysis and LoS



4/33

Previously on Traffic Engineering

Two types of delay—stop delay and control delay are important in signal
design.

270     Chapter 7     Traffic Control and Analysis at Signalized Intersections 

from moderate to a level nearing the capacity of the intersection, the probability of 
having cycle failures, where not all queued vehicles get through during a particular 
cycle, increases substantially. These cycle failures are random occurrences for the 
most part, but must be accounted for in the estimation of overall delay to achieve 
reasonably accurate results under higher flow conditions. Whereas Eq. 7.21 is based 
on a purely theoretical derivation, the need to account for stochastic vehicle arrivals 
which lead to occasional oversaturation adds considerable complexity to the analysis 
of delay at signalized intersections. Numerous researchers over the last several 
decades have proposed delay formulas and refinements to meet this need, based on 
combinations of analytical, empirical, and simulation-based methods. The following 
formulation, denoted as d2, is one that has been adopted by the Highway Capacity 
Manual [Transportation Research Board 2010], given as 
 

 

Figure 7.20  Illustration of control delay for a single vehicle traveling through a 
signalized intersection. 
Adapted from Exhibit 31-5, p. 31-7, Highway Capacity Manual, Transportation Research 
Board 2010. 
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Previously on Traffic Engineering

To estimate the cycle time, we first estimate the critical flow ratio v/s
of each phase by considering the maximum flow of a through or turn
movement in that phase using peak-hour traffic counts.

The minimum cycle length recommended by HCM is

C =
NLXc

Xc −
∑

(v/s)ci

Xc is the critical v/c ratio of the intersection and is typically set to 0.9. It
indicates the utilization rate of the intersection.

L is the lost time in seconds, N is the number of phases, (v/s)ci is the
critical flow ratio for phase i .
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Lecture Outline
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Delay Analysis
Introduction

We can easily analyze delays at a junction in the case of deterministic
arrivals and departures. This is an example of D/D/1 queues. More
general settings will be discussed later in the course.

Suppose the arrival rate of vehicles at an approach be v and saturation
flow rate be s. If the cycle time is C ,

I The number of vehicles arriving at the junction in one cycle is vC .

I The maximum number of vehicles that can leave is sg , where g is
the effective green.
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Delay Analysis
Under-saturated Intersections

Suppose sg > vC . Calculate the following quantities:

254     Chapter 7     Traffic Control and Analysis at Signalized Intersections 

7.5.1 15B15B15B15B15B15B15B17B17B17B17BSignalized Intersection Analysis with D/D/1 Queuing 
The assumption of D/D/1 queuing (as discussed in Chapter 5) provides a strong 
intuitive appeal that helps in understanding the analytical fundamentals underlying 
traffic analysis at signalized intersections. To begin applying D/D/1 queuing to 
signalized intersections, we consider the case where the approach capacity exceeds 
the approach arrivals. Under these conditions, and the assumption of uniform arrivals 
throughout the cycle and uniform departures during green, a D/D/1 queuing system 
as shown in Fig. 7.13 will result. 

Note that this chapter will use the variables v (for arrival rate) and s (for 
departure/saturation flow rate),  rather than the variables λ and μ used in Chapter 5, 
as these variables are more commonly used in signalized intersection analyses. 

The “Arrivals v×t” line gives the total number of vehicle arrivals at time t, and 
the “Departures s×t” line gives the slope of vehicle departures (number of vehicles 
that depart) during the effective greens. Note that the per-cycle approach arrivals will 
be vC and the corresponding approach capacity (maximum departures) per cycle will 
be sg. Figure 7.13 is predicated on the assumption that sg exceeds vC for all cycles 
(no queues exist at the beginning or end of a cycle). 

 

Figure 7.13  D/D/1 signalized intersection 
queuing with approach capacity (sg)  
exceeding arrivals (vC) for all cycles. 
 

 
v = arrival rate, typically in veh/s, r = effective red time in seconds,  
s = departure rate, typically in veh/s, g = effective green time in seconds, and 
t = elapsed time since a reference time, typically 

the start of green or red, in seconds, 
 C = cycle length in seconds. 

tc = time from the start of the effective green until 
queue clearance in seconds,  

    

 
Given the properties of D/D/1 queues presented in Chapter 5, a number of 

general equations can be derived by simple inspection of Fig. 7.13: 

I The time to clear the queues
after the start of the effective
green.

tc =
vr

s − v

I The proportion of the cycle
time with a queue.

tc =
r + tc
C

I Total vehicle delay per cycle and average delay per vehicle.

Dt =
vr2

2(1 − v/s)
Davg =

0.5C (1 − g/C )2

1 − (v/c)(g/C )
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Delay Analysis
Over-saturated Intersections

Suppose s < v . Then, queues can last longer than one cycle and can grow
unbounded.

An approach to a pretimed signal has a saturation flow rate of 1700 veh/h.
The signal’s cycle length is 60 seconds and the duration of red is 40 seconds.
During three consecutive cycles 15, 8, and 4 vehicles arrive.260     Chapter 7     Traffic Control and Analysis at Signalized Intersections 

Figure 7.15  D/D/1 queuing diagram for Example 7.11. 
 

 
It is also possible to handle the case where intersection arrivals and/or departures are 
deterministic but time-varying in a fashion similar to that shown in Chapter 5. An 
example of time-varying arrivals is presented next. 

 
EXAMPLE 7.12 D/D/1 SIGNAL ANALYSIS WITH TIME-VARYING ARRIVALS 

 The saturation flow rate of an approach to a pretimed signal is 6000 veh/h. The signal has a 
60-second cycle with 20 seconds of effective red allocated to the approach. At the 
beginning of an effective red (with no vehicles remaining in the queue from a previous 
cycle), vehicles start arriving at a rate v(t) = 0.4 + 0.01t + 0.00057t2 [where v(t) is in 
vehicles per second and t is the number of seconds from the beginning of the cycle]. Thirty 
seconds into the cycle the arrival rate remains constant at its 30-second level and stays at 
that rate until the end of the cycle. What is the total vehicle delay over the cycle (in vehicle-
seconds), assuming D/D/1 queuing? 

SOLUTION  

 Vehicle arrivals for the first 30 seconds (again allowing fractions of vehicles for the sake of 
clarity) are 

30

0

 30 2 2 3

 0
0.4 0.01 0.00057 0.4 0.005 0.00019

21.63 veh

   t  t t  t   t

  

+ + = + +

=
 

The arrival rate after 30 seconds is 1.213 veh/s [0.4 + 0.01(30) + 0.00057(30)2] and is no 
longer time-varying. During the effective green, the departure rate is 1.667 veh/s 
(6000/3600). To determine when the queue will clear, let t′  be the time after 30 seconds 
(the time after which the arrival rate is no longer time-varying), so 

I Determine the total vehicle
delay over the three cycles
assuming D/D/1 queuing.

I Estimate the percentage of
flow that has to wait for more
than one cycle.

Lecture 14 Delay Analysis and LoS



11/33

Delay Analysis
Delay Components

The earlier examples makes a few implicit assumptions.

I Arrival rates are uniform, which is not always true. Vehicles at
isolated intersection usually follow a random arrival process. If the
signal is part of a coordinated network, then arrivals are in batches
or platoons.

I The queues are assumed to stack vehicles on top of one another.
This is also called a point-queue model.

Also, in practice traffic can switch between under-saturated and over-
saturated conditions. To address this issue, the delay is usually broken
down into uniform delay and overflow delay.

Lecture 14 Delay Analysis and LoS
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Delay Analysis
Delay Components

Lecture 14 Delay Analysis and LoS



13/33

Delay Analysis
Random Delay

To account for stochasticity in arrivals, Webster analyzed a model with
Poisson arrivals and deterministic departure rates and proposed the follow-
ing approximation of the average random delay.

RD =
(v/c)2

2v(1 − v/c)

However, the sum of average random and uniform delay overestimated the
actual average delay. The total average delay was hence defined as

D = 0.9(UD + RD)

where UD = 0.5C(1−g/C)2

1−(v/c)(g/C)

Lecture 14 Delay Analysis and LoS



14/33

Delay Analysis
Overflow Delay

The earlier expressions accounted for under-saturated scenarios where v/c <
1. For over-saturated conditions, the following formula can be derived.

OD =
1

2
T
(v
c
− 1
)

The total delay is divided by cT and not vT since the other vehicles have

not left and are still in the queue.
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Delay Analysis
Boundary Issues

When v/c ratios is less than 1, we can use UD and RD and when it is
greater than 1, we can use UD and OD (or all three of them). However,
these expressions at the boundary are not smooth.

Lecture 14 Delay Analysis and LoS
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Delay Analysis
Boundary Issues

Based on empirical and simulation studies, the following formula has been pro-
posed in US-HCM for average additional delay per vehicle due to random arrivals
and oversaturation.

d2 = 900T

[
(v/c − 1) +

√
(v/c − 1)2 +

8kI (v/c)

cT

]

I T is set to 0.25 if a 15-min peak hour traffic is considered for analysis.
I k is set to 0.5 for pre-timed controllers and is a function of v/c for

actuated signals.
I The metering factor I which accounts for the presence of an upstream

signal since it can reduce the randomness at the junction being analyzed.
It is set to 1 for isolated intersections.

The total average signal delay is estimated as

d = d1 + d2 + d3

where d1 is the uniform delay (same as UD) and d3 is set to the delay due to

initial queues that exist at the start of the analysis period.

Lecture 14 Delay Analysis and LoS
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Lecture Outline

Level of Service
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Level of Service
Introduction

The methods studied for setting signal timing plans and delay analysis for
an approach can be used to decide from candidate phasing schemes.

The overall delay is used to classify the performance of a junction into
different Level of Service (LoS) bins.

The Indo-HCM provides guidelines for this analysis taking some additional
features such as heterogeneity, presence of bus stops, and flare effects at
start of green.

Lecture 14 Delay Analysis and LoS
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Level of Service
Procedure

The manual suggests two methods including one where field data is avail-
able for saturation flows.

Signalized Intersections

CSIR - Central Road Research Institute, New Delhi Page 6 - 4

approach arms of the intersections as well as by intercepting the respondents at the parking lots / 
fuel stations located adjacent to the above 23 intersections selected for saturation flow and capacity 
analysis. 

6.5 METHODOLOGY
The methodology for the collection of field data (refer Annexure 6A) followed by the procedure 

for the estimation of capacity and LOS analysis of isolated signalized intersections is shown in Figure 
6.1. The analyst has the option of measuring the saturation flow in the field following the procedure 
prescribed (refer Annexure 6B) or estimating the saturation flow using the model given in this 
manual. Passenger Car Unit (PCU) values for converting the observed vehicle types into equivalent 
passenger cars are provided in this manual. 

The estimated base saturation flow is adjusted by applying adjustment factors to get the 
saturation flow under prevailing geometric, traffic and control conditions. The capacity of each 
approach and that of the overall intersection can then be calculated based on the saturation flow, 
effective green time and the cycle time. Control delay is prescribed as the measure of effectiveness 
for determining the level of service of signalized intersections. The analyst here again, has the option 
of obtaining the control delay using the calibrated delay model given in this chapter or directly 
obtaining the same through field measurement procedure prescribed in Annexure 6D. The stopped 
delay measured in the field is converted into control delay using the prescribed conversion factors.

Figure 6.1: Methodology for Estimation of Capacity and LOS for a Signalized Intersection

Lecture 14 Delay Analysis and LoS
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Level of Service
Input Parameters

CSIR - Central Road Research Institute, New Delhi

Signalized Intersections

Page 6 - 5

6.5.1 Input Parameters
The input parameters required for the estimation of capacity and LOS are listed in Table 6.1.

Table 6.1: Input Parameters

Parameter Type Parameter

Geometric Characteristics

1. Approach width, w (m)
2.  Presence/absence of exclusive lanes for an exclusive right turn 

phase/or free left turn
3. Presence / absence of bus bays or curbside bus stops

Traffic Characteristics

1. Classified peak hour traffic volume of all movements
2. Passenger Car Units
3. Unit base-saturation flow rate, USF0 (PCU/h/m)
4. Number of buses stopping at intersection, (bus/h)
5.  Presence or absence of approach flare and anticipated early 

movement and resulting initial surge

Control Characteristics

1. Cycle Time, C (seconds)
2. Green Time, G (seconds)
3. Change and clearance interval, Y (seconds)
4. Phase Plan
5. Analysis Period, T (hours)

6.5.2  Geometric Characteristics
The analyst needs to draw the layout of the intersection showing all the geometric features, 

especially, the ones listed in Table 6.1.
6.5.2.1 Approach Width

This is the width of the approach at the stop line that is being used by the discharging vehicles 
effectively. The unit base saturation flow obtained is multiplied with this effective width to get the 
base saturation flow rate of the approach.
6.5.2.2 Exclusive Right and Left Turn Lanes

In the absence of exclusive right turn lane and if both straight and right turning movements 
from an approach are allowed together in a single phase, these two movements are to be considered 
together as a movement group while carrying out the capacity analysis. By substituting the effective 
approach width shared together by this movement group in the saturation flow model, the saturation 
flow corresponding to this situation can be obtained. If left turn movement also shares the approach 
and is allowed in the same phase, causing friction to the through and right turn movements, left 
turning volume also needs to be included together with through and right turning volumes in the 
movement group for the capacity analysis. Movements operating through exclusive lanes need to 
be analyzed separately and independently. In the case of exclusive right turn movement from an 
approach having an exclusive phase but without an exclusive lane, adjustment factor for the blockage 
of through vehicles by the right turning vehicles is to be applied.
6.5.2.3 Bus Bays and Curbside Bus Stops 

If there are exclusive bus bays that do not hinder the intersection traffic movements, no 
adjustment needs to be applied to the base saturation flow. If the curbside bus bays are not present 
within the 75 m (from the stop line) vicinity of the intersection, no adjustment is to be applied to the 
base saturation flow for this factor. Appropriate adjustment factor needs to be applied only when a 
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Level of Service
Saturation Flow

CSIR - Central Road Research Institute, New Delhi

Signalized Intersections

Page 6 - 9

considered as separate entities and effective widths are allocated for the determination of saturation 
flow accordingly. The traffic, especially at the signalized intersections, being non-lane based this 
kind of grouping of movements needs to be adopted in analysis of saturation flow. The critical flow 
ratios i.e. volume to saturation flow ratios also needs to be worked out for each phase based on this 
approach. In situations, where there is an exclusive phase for right turning traffic, but without an 
exclusive right turn lane, during the green interval for the through movement on this approach, the 
vehicles waiting for right-turn will block the through movement. In such cases, an adjustment factor 
for reducing the saturation flow for the through vehicles is to be applied. The right-turn movement 
needs to be analyzed by treating it as a separate entity and by finding the effective approach width 
used by this right-turn movement.
6.5.4.2 Analysis Period

The analysis period, generally, is 15 minutes, i.e., T = 0.25 h. The traffic volume (or demand if 
volume to capacity ratio is more than unity), for all the movements is to be measured during the peak 
15-minute period and the same should be presented in the form of peak rate of flows (v) in PCU per 
hour for capacity analysis. If the 15-minute data are not known, peak flow rate, v is estimated from 
peak hour volume, V using appropriate peak hour factor (PHF).

6.6 ESTIMATION OF SATURATION FLOW 
The procedure used for determining the PCU values also resulted in determining the saturation 

flow for each of the approaches of base intersection. This procedure is explained in Annexure 6C. An 
attempt has been made to correlate this base saturation flow (in PCU/h) with the geometric and 
traffic characteristics of the approach. It has been found that there is a good correlation between the 
unit base saturation flow and the width of the approach. Unit saturation flow is the saturation flow 
per unit width of approach. As the approach width of the base intersections, for which extensive 
data was collected, varies between 7 m and 10.5 m, the relation developed is valid only within this 
range [IRC: SP-41 (1994)]. Based on the data collected in this study and expert judgment, separate 
relations are suggested for the approach width < 7 m and when it is above 10.5 m. Thus, the unit base 
saturation flow rate is presented in Equation 6.2.

  Equation 6.2

Where, 
 USFO = Unit base saturation flow rate (in PCU / hour / m) 
 w = effective width of approach in meters (m).

The prevailing saturation flow of the intersection approach for the movement group under 
consideration is then obtained as presented in Equation 6.3.
 SF = w × USF0 × fbb × fbr × fis Equation 6.3
Where,
 SF = Prevailing saturation flow rate in PCU/hour
 w = effective width of the approach in ‘m’ used by the movement group
 USF0 = Unit base saturation flow rate

Signalized Intersections
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 fbb = Adjustment factor for bus blockage due to curbside bus stop
 fbr =  Adjustment factor for blockage of through vehicles by standing right turning vehicles 

waiting for their turn.
 fis =  Adjustment factor for the initial surge of vehicles due to approach flare and anticipation 

effect.
Instead of estimating the saturation flow using this model, for an existing intersection, analyst 

has the option of measuring the saturation flow in the field. The measured saturation flow in vehicles/h 
can be converted into PCU/h using the PCU values given in Table 6.3. The field measurement method 
for determining saturation flow rate is given in Annexure 6B. No adjustment factors need to be 
applied to the field measured saturation flow if the intersection considered is conforming to the base 
conditions given in Section 6.3. On the other hand, adjustment factors are to be applied to the base 
saturation flow for getting the prevailing saturation flow if the signalized intersection considered has 
influence due to bus blockage, influence due to blockage by right turning traffic and also to account 
for the influence initial surge due to flaring at the intersection or anticipation effects or both. The 
details of these adjustment factors are discussed in the succeeding sections. 

6.6.1 Adjustment Factor for Bus Blockage 
Adjustment factor for bus blockage accounts for the reduction in saturation flow due to 

presence of bus stops within 75 m of the intersection.  This adjustment factor is computed as given 
in Equation 6.4.

  Equation 6.4

Where, 
 w = approach width in m,
 tb = average blockage time (s) during green and
 nB =  number of buses stopping in an hour (buses/hour). If there are more than 200 buses           

per hour, then   should be limited to a practical value of 200.
The adjustment factor for bus blockage is adapted from HCM (2010) with appropriate 

modifications. The average width of road section blocked by the buses is taken as 3 m and the value 
of the average blockage time  during green is taken as 18 seconds. This value is arrived at based on 
reasonably large data of bus dwell times collected at various locations having different land use in 
urban area. This factor is to be used only if the stops made by the buses at the intersections hinder the 
discharge during green interval of the signal, otherwise the factor is taken as 1. Also in cases where 
exclusive bus bays are present, the factor is taken as 1.

6.6.2 Adjustment Factor for Blockage by Standing Right-turn Vehicles
This adjustment to base saturation flow is applied when the through movement cannot use 

the full width of approach due to the presence of standing vehicles along the median lane waiting for 
their exclusive green phase. In the absence of field observed data, the default value for the width of 
approach that is occupied by the right-turning vehicles (wr) may be taken as 2.5 m. This adjustment 
factor is computed as given in Equation 6.5.

  Equation 6.5
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Level of Service
Adjustment Factors

An adjustment factor for bus blockage fbb is used if bus stops are located within
75 m of the intersection. It is set to 1 if there are exclusive bus bays.

fbb =
w − 3 (tbnB/3600)

w

where w is the approach width in m, tb is the average blockage time during
green, and nB is the number of buses stopping in an hour.

Similarly, another adjustment factor fbr is used for blockage due to right-turning
vehicles (for roads with no exclusive right-turn lanes and with width greater than
7 m)

fbr =
w − wr

w

where wr is the width of the approach in m along the median occupied by

standing vehicles waiting to turn right.
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Level of Service
Adjustment Factors

Flare effects are observed for two-wheelers while anticipation effect applies
to all types of vehicles.

CSIR - Central Road Research Institute, New Delhi

Signalized Intersections

Page 6 - 11

Where, 
 w = Approach width of the through movement, ‘m’.
 wr =  Width of approach in m along the median occupied by the standing vehicles waiting for 

the exclusive right turn phase.
This factor is to be applied only if exclusive lanes are not present for the exclusive right turn 

phase.  if exclusive right turns lanes are present. 
This factor is applicable to approaches which road width of 7 m or more.

6.6.3 Adjustment Factor for the Initial Surge of Vehicles
This adjustment factor is applied when flare effect or anticipation effect is observed at the 

intersection. Due to the presence of these effects, there will be higher discharge of vehicles during 
the first few seconds of green interval. The analyst needs to ascertain whether the initial surge is due 
to flare effect or anticipation effect or both. The adjustment factor for only the effect that is present 
is applied. The default values of adjustment factors for these situations are given in Table 6.5. The 
adjustment factor depends on the green interval (G) of the phase and the surge ratio (SR).  Surge Ratio 
(SR) is the ratio of the initial higher discharge rate due to either flare effect or anticipation effect or 
both to the uniform saturation flow. For practical purposes, the initial higher discharge rate or the 
surge flow is worked out based on the discharge rate observed during the first 5 seconds of green 
initiation. Instead of using the default values given in Table 6.5, the equations given in Annexure 6G 
may be used for accurate adjustment of saturation flow on these counts.

Table 6.5: Adjustment Factor for Initial Surge of Vehicles 

Green Time 
of Phase
(seconds)

Only
Anticipation

Effect

Only Approach Flare Effect Anticipation and
Approach Flare Effect

Low 
(SR=1.15)

High 
(SR=1.35)

Low 
(SR=1.15)

High 
(SR=1.35)

< 15 1.133 1.020 1.047 1.153 1.180

15 - 30 1.067 1.010 1.023 1.077 1.090

30 - 45 1.044 1.007 1.016 1.051 1.060

45 - 60 1.033 1.005 1.012 1.038 1.045

60 - 75 1.027 1.004 1.009 1.031 1.036

75 - 90 1.022 1.003 1.008 1.026 1.030

90 - 120 1.017 1.002 1.006 1.019 1.023

> 120 1.000 1.000 1.000 1.000 1.000

fis = 1 when no surge flow is observed on the approach
Based on the above, the factors applicable for the estimation of adjusted saturation flow are 

presented in Table 6.6. 
Lecture 14 Delay Analysis and LoS
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Level of Service
v/c Ratio Method

Signalized Intersections
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Table 6.6: Saturation Flow Adjustment Factors

S. No. Factor Formula Requirement Other Situations

1 Bus Blockage
(Ref. Equation 6.3)

fbb = in any of the following 
situations:
•	  Presence of bus bays
•	  Buses do not hinder the 

discharging of vehicles

2
Blockage by 

Standing Right 
Turning Vehicles

(Ref. Equation 6.4)
Where ‘w’ is given in 

terms of m.

fbr = 1 in any of the following 
situations:
•	  Exclusive right turning lane 

is present
•	  No right turning vehicles

3 Initial Surge (Ref Table 6.5) fis = 1 if initial surge is not 
present

6.7 CAPACITY AND v/c RATIO

6.7.1 Capacity
The capacity (c) of a movement group of an approach of a signalised intersection can be 

expressed as presented in Equation 6.6.

 Equation 6.6
Where, 
 Ci = capacity of movement group ‘i’ in PCU/hour,
 SFi = Prevailing (after adjustments) saturation flow of the movement group (in PCU/hour),
 gi = Effective green time for movement group ‘i’ (in seconds), and
 Cy_Time = Overall Cycle time (in seconds).

6.7.2 Volume to Capacity Ratio
Degree of saturation (X) or volume to capacity (v/c) ratio of a movement group of an approach 

can be computed as given in Equation 6.7.

  Equation 6.7

Where, 
 Xi = Degree of saturation or volume to capacity ratio of movement group ‘i’
 vi = Volume of movement group ‘i’ 
 ci = capacity of movement group i (in PCU/hour),
 SFi = Prevailing (after adjustments) saturation flow of the movement group (in PCU/hour),
 gi = Effective green time for movement group ‘i’ (in seconds) and
 CY_Time = Overall cycle time (in seconds).

Signalized Intersections
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Table 6.6: Saturation Flow Adjustment Factors

S. No. Factor Formula Requirement Other Situations

1 Bus Blockage
(Ref. Equation 6.3)

fbb = in any of the following 
situations:
•	  Presence of bus bays
•	  Buses do not hinder the 

discharging of vehicles

2
Blockage by 

Standing Right 
Turning Vehicles

(Ref. Equation 6.4)
Where ‘w’ is given in 

terms of m.

fbr = 1 in any of the following 
situations:
•	  Exclusive right turning lane 

is present
•	  No right turning vehicles

3 Initial Surge (Ref Table 6.5) fis = 1 if initial surge is not 
present

6.7 CAPACITY AND v/c RATIO

6.7.1 Capacity
The capacity (c) of a movement group of an approach of a signalised intersection can be 

expressed as presented in Equation 6.6.

 Equation 6.6
Where, 
 Ci = capacity of movement group ‘i’ in PCU/hour,
 SFi = Prevailing (after adjustments) saturation flow of the movement group (in PCU/hour),
 gi = Effective green time for movement group ‘i’ (in seconds), and
 Cy_Time = Overall Cycle time (in seconds).

6.7.2 Volume to Capacity Ratio
Degree of saturation (X) or volume to capacity (v/c) ratio of a movement group of an approach 

can be computed as given in Equation 6.7.

  Equation 6.7

Where, 
 Xi = Degree of saturation or volume to capacity ratio of movement group ‘i’
 vi = Volume of movement group ‘i’ 
 ci = capacity of movement group i (in PCU/hour),
 SFi = Prevailing (after adjustments) saturation flow of the movement group (in PCU/hour),
 gi = Effective green time for movement group ‘i’ (in seconds) and
 CY_Time = Overall cycle time (in seconds).
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corresponding control delay encountered are derived. Through this survey (refer Annexure 6F), 
initially the most important factor(s) considered by the user for assessing the LOS provided by a 
signalized intersection are obtained. As the time spent at the intersection waiting for the green signal 
has been found to be the most important factors from this rating survey, use of control delay is taken 
as an appropriate measure for arriving at the LOS. The users have been also asked to rate the LOS of 
the intersection on a qualitative scale of excellent (A)/ very good (B)/ good (C)/ fair (D)/poor (E)/very 
poor (F). The control delay and the corresponding Level of Service (LOS) thus evolved is presented in 
Table 6.7. These LOS ranges have been arrived based on the above referred extensive user perception 
survey. The analyst after computing the approach delay (vide Equation 6.15) and intersection delay 
(vide Equation 6.16) can find the LOS at which an approach or the entire intersection is operating. 

Table 6.7: LOS based on Delay Criteria for Signalized Intersections

LOS Control Delay (in seconds/ PCU)

A  20

B  20 and  40

C  40 and 65

D 65 and  95

E  95 and  130

F > 130

6.9.2 LOS Based on Volume Capacity Ratio (v/c)
Alternatively, an analysis has been done to find out v/c ratios corresponding to the above ranges 

of LOS and presented in Table 6.8. As the control delay depends on many other factors in addition to 
v/c ratio, it has been found that there is no definite existence of one-to-one correspondence between 
the control delay ranges and v/c ratio values derived in this manual. Moreover, it is to be reminded 
that the LOS ranges prescribed in this manual are arrived based on user perception. Therefore, it is 
even more difficult to establish any correspondence between LOS ranges of control delay and v/c 
ratio values. However, considering that v/c is an objective measure and is simple to compute, the 
following approximate ranges of v/c are also provided as a guide in working out LOS for any candidate 
intersection considered by the analyst.

Table 6.8: LOS based on v/c Ratio Criteria for Signalized Intersections

LOS Volume - Capacity Ratio (v/c)
A < 0.45
B 0.46 - 0.75
C 0.76 - 0.95
D 0.96 - 1.05*
E 1.06 - 1.10*
F > 1.10*

*This needs to be interpreted as demand - capacity ratio
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The critical volume to capacity ratio of the intersection can be determined using Equation 6.8.

  Equation 6.8

Where, 
 XI = critical volume to capacity ratio of intersection

  = summation of flow ratios for all critical movement groups ‘i’
 C = cycle length in seconds
 L = Total lost time per cycle.

6.8  DELAY ESTIMATION

6.8.1  Control Delay Model
As the control delay model of HCM (2010) of US is found to be in close agreement with the 

observed control delay of the study intersections in India, the same theoretical form has been adopted. 
The control delay has three components, viz., uniform delay, d1: that part when vehicles arrive at a 
deterministic uniform rate, incremental delay, d2: that part accounts for random nature of arrivals) 
and d3: that part which accounts for the presence of initial queue before the start of analysis period. The 
models calibrated based on the study of the candidate signalized intersections is given in Equations 
6.9 to 6.12.
 d = 0.9 * d1 + d2 + d3 Equation 6.9
Where,
 d = control delay, (in seconds/PCU)

  Equation 6.10

  Equation 6.11

  Equation 6.12

 The parameters, ‘t’ and ‘u’ are determined from Equation 6.13 and 6.14.

  Equation 6.13

  Equation 6.14

Where, 
 g = effective green period (in seconds)
 CY_Time = Overall Cycle time (in seconds)
 T = Analysis period (in hours)
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 X = Degree of saturation
 Qb = Initial Queue (in PCU) at the start of time period ‘T’
 t = Duration of the demand met during the analysis period ‘T’ (in hours)
 u  = demand parameter

 CSI  = Capacity of the candidate signalized intersection (in PCUs/hour)
It is to be noted that none of the isolated signalized intersections used for calibration of delay 

model in Equation 6.8 have initial queue delay component. The calibration resulted in an equivalent 
progression adjustment factor of 0.9. The details of calibration of the model are given in Annexure 
6E. The analyst can use Equation 6.8 for the estimation of control delay for a movement group i.e. 
Through or Through + Left or Through + Left + Right or only Right as the case may be allowed in a phase 
of an approach (entity) by substituting relevant parameters.

6.8.2  Intersection Delay
If there are movement groups that are operated in different phases on an approach, the delay 

for an approach is computed by aggregating the individual delays of these movement groups as per 
Equation 6.15.

    Equation 6.15

Where, 
 dA = Average control delay of a specific approach ‘A’ (in sec/PCU)
 di = Average control delay for movement group ‘i, (in sec/PCU)
 Vi = Volume of the movement group ‘i’

Intersection delay can be calculated as the weighted average of delay for each approach as 
given in Equation 6.16.

  Equation 6.16

Where,
 di = Average control delay of a specific approach ‘A’ (in sec/PCU)
 dA = Average control delay for movement group ‘i, (in sec/PCU) and
 VA = Volume on approach ‘A’.

The analyst has the option of measuring the control delay in the field, instead of estimating 
it using the above control delay model. The procedure of measurement of control delay in the field is 
given in Annexure 6D.

6.9  ESTIMATION OF LEVEL OF SERVICE
Level of Service (LOS) is determined based on the control delay encountered as well as volume 

– capacity ratio of the candidate intersections considered in this study and the same are discussed in 
the succeeding sections. 

6.9.1 LOS Based on Control Delay
The control delay is considered as the service measure for the estimation of Level of Service 

at signalized intersection. Based on the user perception survey (numbering around 6700 respondents) 
collected at 18 signalized intersections in Delhi, Mumbai, Kolkata, Navi Mumbai and Noida and their 
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corresponding control delay encountered are derived. Through this survey (refer Annexure 6F), 
initially the most important factor(s) considered by the user for assessing the LOS provided by a 
signalized intersection are obtained. As the time spent at the intersection waiting for the green signal 
has been found to be the most important factors from this rating survey, use of control delay is taken 
as an appropriate measure for arriving at the LOS. The users have been also asked to rate the LOS of 
the intersection on a qualitative scale of excellent (A)/ very good (B)/ good (C)/ fair (D)/poor (E)/very 
poor (F). The control delay and the corresponding Level of Service (LOS) thus evolved is presented in 
Table 6.7. These LOS ranges have been arrived based on the above referred extensive user perception 
survey. The analyst after computing the approach delay (vide Equation 6.15) and intersection delay 
(vide Equation 6.16) can find the LOS at which an approach or the entire intersection is operating. 

Table 6.7: LOS based on Delay Criteria for Signalized Intersections

LOS Control Delay (in seconds/ PCU)

A  20

B  20 and  40

C  40 and 65

D 65 and  95

E  95 and  130

F > 130

6.9.2 LOS Based on Volume Capacity Ratio (v/c)
Alternatively, an analysis has been done to find out v/c ratios corresponding to the above ranges 

of LOS and presented in Table 6.8. As the control delay depends on many other factors in addition to 
v/c ratio, it has been found that there is no definite existence of one-to-one correspondence between 
the control delay ranges and v/c ratio values derived in this manual. Moreover, it is to be reminded 
that the LOS ranges prescribed in this manual are arrived based on user perception. Therefore, it is 
even more difficult to establish any correspondence between LOS ranges of control delay and v/c 
ratio values. However, considering that v/c is an objective measure and is simple to compute, the 
following approximate ranges of v/c are also provided as a guide in working out LOS for any candidate 
intersection considered by the analyst.

Table 6.8: LOS based on v/c Ratio Criteria for Signalized Intersections

LOS Volume - Capacity Ratio (v/c)
A < 0.45
B 0.46 - 0.75
C 0.76 - 0.95
D 0.96 - 1.05*
E 1.06 - 1.10*
F > 1.10*

*This needs to be interpreted as demand - capacity ratio

Lecture 14 Delay Analysis and LoS



29/33

Level of Service
Example

Calculate the LoS of the following four-legged intersection using both delay
and v/c methods.

Signalized Intersections

CSIR - Central Road Research Institute, New Delhi Page 6 - 16

6.10  ILLUSTRATIVE EXAMPLES

6.10.1 Estimation of Capacity of an Intersection
The following section gives an illustration of the estimation of capacity of a signalized 

intersection having two major road approaches intersecting on a typical urban environment. The 
line sketch of the four armed intersection and the phase movements is shown in Figure 6.2. North 
Bound to South Bound (NB - SB) road and East Bound to West Bound (EB - WB) arms are categorized 
as major approaches based on the quantum of traffic handled and entry width. The details of the 
approaches of the intersection and phase plan are given in Table 6.9 and Table 6.10. The analysis 
period is 15 minutes. Determine the Capacity of the above Intersection.

Figure 6.2: Line Sketch of the Example: 6.9.1 Intersection

Table 6.9: Geometric, Traffic and Control Characteristics of 
Example: 6.9.1 Intersection

Details SB WB NB EB

Approach Width, w (m) 7 7 7 7

Demand Volume, PCU/h 935 856 756 587

PHF 0.9 0.9 0.9 0.9

Peak Hour Volume, PCU/h 842
(0.9 x 935)

770
(0.9 x 856)

680
(0.9 x 756)

528
(0.9 x 587)

Presence/absence of exclusive lanes 
for an exclusive right phase Absent Absent Absent Absent

Presence/absence of Bus bays Absent Absent Absent Absent

Number of buses stopping at 
intersections, nB (buses/h) 0 45 112 0
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6.10  ILLUSTRATIVE EXAMPLES

6.10.1 Estimation of Capacity of an Intersection
The following section gives an illustration of the estimation of capacity of a signalized 

intersection having two major road approaches intersecting on a typical urban environment. The 
line sketch of the four armed intersection and the phase movements is shown in Figure 6.2. North 
Bound to South Bound (NB - SB) road and East Bound to West Bound (EB - WB) arms are categorized 
as major approaches based on the quantum of traffic handled and entry width. The details of the 
approaches of the intersection and phase plan are given in Table 6.9 and Table 6.10. The analysis 
period is 15 minutes. Determine the Capacity of the above Intersection.

Figure 6.2: Line Sketch of the Example: 6.9.1 Intersection

Table 6.9: Geometric, Traffic and Control Characteristics of 
Example: 6.9.1 Intersection

Details SB WB NB EB

Approach Width, w (m) 7 7 7 7

Demand Volume, PCU/h 935 856 756 587

PHF 0.9 0.9 0.9 0.9

Peak Hour Volume, PCU/h 842
(0.9 x 935)

770
(0.9 x 856)

680
(0.9 x 756)

528
(0.9 x 587)

Presence/absence of exclusive lanes 
for an exclusive right phase Absent Absent Absent Absent

Presence/absence of Bus bays Absent Absent Absent Absent

Number of buses stopping at 
intersections, nB (buses/h) 0 45 112 0
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Details SB WB NB EB

Initial Surge Present Absent Absent Absent

(A) Anticipation effect Present Absent Absent Absent

(B) Approach Flare Effect Absent Absent Absent Absent

(C) Surge Ratio 1.15 - - -

Table 6.10: Phase Plan of Example: 6.9.1 Intersection 

Phase Number Phase Movement Green Time (sec) Amber Time (sec)

1 25 3

2 25 3

3 25 3

4 25 3

Solution:
Capacity Estimation

The capacity of the approaches is estimated after determining the saturation flow and 
capacity model by using the relevant equations given in the above sections. Accordingly, the estimated 
saturation flow and the capacity of intersection approaches are presented in Table 6.11.
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Details SB WB NB EB

Initial Surge Present Absent Absent Absent

(A) Anticipation effect Present Absent Absent Absent

(B) Approach Flare Effect Absent Absent Absent Absent

(C) Surge Ratio 1.15 - - -

Table 6.10: Phase Plan of Example: 6.9.1 Intersection 

Phase Number Phase Movement Green Time (sec) Amber Time (sec)

1 25 3

2 25 3

3 25 3

4 25 3

Solution:
Capacity Estimation

The capacity of the approaches is estimated after determining the saturation flow and 
capacity model by using the relevant equations given in the above sections. Accordingly, the estimated 
saturation flow and the capacity of intersection approaches are presented in Table 6.11.Lecture 14 Delay Analysis and LoS
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