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Abstract

The objective of this study is to ascertain the suitable level of service metrics for two-lane highways with
mixed traffic. The study utilises data obtained from 17 two-lane highway sections located in the Indian state
of Kerala. The Level of Service criteria that are evaluated include flow, speed, density, or a combination of
these factors. The vehicles that are in following condition are recognized based on two threshold values of
headway, with the lower threshold taking into account the non-lane discipline of mixed traffic. The
combined measure Follower Density, effectively serves as the Level of Service (LOS) metric for two-lane
roads with mixed traffic scenarios. The flow-related measures qualify as the second-best performance
measures. The range of LOS is the also proposed for Follower Density for various service levels. The study
results align with the findings of previous studies.
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1. Introduction

The emergence of motorized vehicles prompted the development of two-lane, two-way
roadways capable of accommodating traffic moving in opposite directions (McLean,
1989). Unlike other uninterrupted traffic facilities, two-lane highways require vehicles to
use the opposing lane for overtaking, depending on available gaps and sight distance. On
geometrically constrained roads, passing opportunities decrease and platoons form as
traffic volume rises, impeding the flow of oncoming traffic. Two-lane highways are
integral to transportation networks worldwide, supporting both domestic and interstate
movement of passengers and goods. In India, they constitute 48.76% of the total road
network (MORT&H, 2018-19), highlighting their critical role in economic and logistical
frameworks. Given their economic significance, assessing the operational efficiency of
existing traffic facilities is crucial before investing public funds in infrastructure
expansion. Furthermore, a comprehensive evaluation of traffic management strategies is
essential, particularly in the context of mixed traffic conditions with highly varying traffic
compositions.

The performance of any traffic facility is assessed using Level of Service (LOS)
indicators. NCHRP 255 (Washburn et al., 2018) recognises many categories of current
Level of Service (LOS) measures for two-lane roads, which include speed-related, flow-
related, density-related, and combined measures. The speed-related measures are Average

* Corresponding author: Sangeetha Madambi (madambisangeetha@gmail.com)



European Transport \ Trasporti Europei (2025) Issue 101, Paper n° 5, ISSN 1825-3997

Travel Speed (ATS), Percent Free Flow Speed (PFFS) (HCM 2010), Average Travel
Speed of Passenger Cars (ATSpc), and Percent Free Flow Speed of Passenger Cars
(PFFSpc) (Al-Kaisy and Karjala, 2008). The flow-related metrics, such as the v/c ratio,
Percent Time Spent Following (PTSF) (HCM 2000), Percent Followers (PF), and
Follower Flow (FF) (Van As and Niekerk, 2004), accurately reflect the phenomenon of
vehicle platooning on two-lane roadways. It is observed that most of the existing
performance measures are more suited for homogeneous traffic conditions. Penmetsa et
al. (2015) explored two metrics for mixed traffic condition, namely Number of Followers
(NF) and Number of Followers as Percent of Capacity (NFPC), among which NFPC was
adopted by Indo-HCM, 2017. Given the wide range of existing performance measures, it
is important to identify the most suitable one for the particular traffic scenario. Therefore,
the objective of this study is to establish a suitable Level of Service (LOS) measure that
effectively captures the characteristics of two-lane highways under the present mixed
traffic conditions.

2. Literature Review

The NCHRP 255 guidelines propose following considerations for selecting a Level of
Service (LOS) measure: perceptibility by road users, measurability, compatibility with
other transportation facilities, comprehensiveness in describing all traffic flow regimes,
and compatibility with other analytical applications. Building upon these guidelines, this
section provides a brief introduction to several LOS measures suitable for two-lane
roadways, as well as the criteria used by researchers to identify the following vehicles.
The discussion encompasses measures related to speed, flow, density, and their
combination.

Early speed-related measures such as Operating Speed and Average Highway Speed
were replaced by Average Travel Speed (ATS) in HCM 2000. ATS measures the mobility
of the traffic facility. The ATS is calculated by dividing the length of the segment by
average travel time of all automobiles traversing a stretch of the highway, including any
delays due to stopping. Despite its ease of calculation and interpretation, numerous
studies have found that ATS is not highly responsive to varying traffic conditions
(Luttinen, 2001; Brilon and Weiser, 2006; Al-Kaisy and Karjala, 2008; Al-Kaisy and
Freedman, 2010; Hashim and Wahed, 2011; Moreno et al., 2014; and Penmetsa et al.,
2015). Moreover, the composition of the traffic stream greatly affects the speed in India's
diverse traffic situations. (Mehar et al., 2013, and Manghat et al., 2017).

Researchers have proposed measures, such as Average Travel Speed of Passenger Cars
(ATSec) (Brilon and Weiser, 2006; Al-Kaisy and Karjala, 2008) and Percent Free Flow
Speed (PFFS) (Al-Kaisy and Karjala, 2008) to overcome the limitations of ATS. Since
the passenger cars are more sensitive to traffic, it was assumed that ATSpc could better
capture the fluctuations in traffic. The Average Travel Speed of Passenger Cars over a
segment (ATSpc) is determined by dividing the entire length of a highway segment by
the average travel time of all passenger cars in the traffic. PFFS is calculated by
multiplying the ratio of ATS to Free Flow Speed (FFS) with 100. It quantifies the extent
to which the speed reduction takes place. Further modification to PFFS namely, Percent
Free Flow Speed of Passenger Cars (PFFSpc), is calculated by multiplying the ratio of
ATSpc to Free Flow Speed of Passenger cars with 100 (Al-Kaisy and Karjala, 2008).
Speed variance ((Luttinen, 2001, Al-Kaisy et al., 2017), another speed-related measure,
calculated as the square of standard deviation of all vehicle speeds measured at a specific
location in direction of analysis was used to indicate platooning on two-lane highways.
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Researchers have proposed many measures related to flow, including the v/c ratio,
Percent Time Spent Following (PTSF), Percent Followers (PF), and Follower Flow (FF).
The v/c ratio, or degree of capacity utilization, was used as the main performance measure
on two-lane highways in Japan and China (Nakamura and Oguchi, 2006; Rong et al.,
2011). Percent Time Spent Following (PTSF) is the time that vehicles spend following
slower-moving vehicles in platoons due to their inability to overtake (HCM, 2000). As it
is difficult to measure PTSF in practical situations, HCM suggests PF as a surrogate
measure. PF is defined as the percentage of following vehicles, where the following
vehicles are identified based on threshold headway. FF, proposed by the South African
National Roads Agency (Van As, 2003) represents the hourly rate of vehicles in following
mode that pass a point along two-lane highways. This is estimated by the flow rate
multiplied by the PF. Penmetsa et al. (2015) used the metric Number of Followers as a
Proportion of Capacity (NFPC) to analyse the performance of two-lane intercity
highways under mixed traffic situations. It refers to the proportion of following vehicles
to the available capacity. It was later adopted by Indo-HCM, 2017 for India. Samadi et
al. (2023) also affirm that NFPC is an efficient measure for the traffic conditions in Iran.

Polus and Cohen (2009) introduced Freedom of Flow as the ratio of the time a driver
spends traveling without hindrance to the time spent in the first position of a slower
vehicle while waiting to overtake. This metric assesses the quality of traffic flow on two-
lane highways by comparing periods of free driving to periods of delay behind slower
vehicles. Germany uses the density, quantified as the ratio of traffic volume to ATSpc, as
the primary LOS parameter for two-lane highways (Brilon and Weiser, 2006). Jain et al.
(2021) introduced another density-related measure namely Density Ratio for the
performance analysis of mixed traffic condition in India. There was a breakthrough in the
research by introduction of the combined measure namely, Follower Density (FD) by The
South African National Roads Agency (Van As, 2003). FD is the number of following
vehicles in unit length of road, and is calculated as the product of density and PF. The
measure has been extensively examined in many studies (Van As and Niekerk, 2004;
Catbagan and Nakamura, 2006; Al-Kaisy and Karjala, 2008; Hashim and Wahed, 2011
and Moreno et al., 2014). On two-lane highway, FD provides a more precise assessment
of the characteristics of traffic movement.

One of the most critical stages in the performance analysis of two-lane highway is
identification of the vehicles which are in following state. Deterministic methods, such as
headway only and headway-speed methods, and probabilistic methods are used for
identifying following vehicles. In headway-only method, the time headway is used as the
criteria for identify a following vehicle. Comparative studies on headway and speed are
based on the assumption that vehicle-following behaviour is influenced by both headway
and speed. In reality, the following criteria are non-deterministic, which could be
approached by using probabilistic techniques too. The following section gives a brief
discussion on various studies for identifying a following vehicle.

Several studies (Guell and Virkler, 1988; Bennet et al., 1994; Dijker et al., 1998; Van
As, 2003 and Shiomi et al., 2011, Ibrahim et al., 2019) used a time interval of 3 to 4
seconds for identifying the following vehicles. According to Al-Kaisy and Durbin (2009),
the interaction between successive vehicles in the same travel lane mostly diminishes
when the headway range is within 5-7 seconds. In addition, many studies used a 5-second
time limit to detect constrained vehicles (Polus et al., 2000 and Hashim and Wahed 2011,
Leong et al., 2019). HCM 2022 proposed a critical headway of 2.5 seconds to identify
following vehicles. Van As (2014) categorized followers according to a speed difference
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of less than 20 km/h and a time gap of less than 3 seconds. Al-Kaisy and Freedman (2010)
used stochastic approaches to analyse car-following behaviour in the context of erratic
driving behaviour and unforeseeable road conditions. Penmetsa et al. (2015) observed
that due to significant variations in vehicle lengths, even within the same vehicle type,
time headway becomes an unreliable parameter for identifying following vehicles in
mixed traffic conditions. Instead, they used a critical gap of 2.6 seconds, based on a
relative speed threshold of 2 km/h.

Even though various performance measures exist for analysing two-lane highway
operations, including NFPC specifically designed for mixed traffic conditions in India,
their applicability to the present scenario poses several challenges. These challenges
primarily involve: 1) Accurate identification of following vehicles and 2) Appropriate
selection of a performance measure.

Existing methods for identifying following vehicles exhibit limitations when applied to
mixed traffic conditions. In scenarios such as those observed on Indian highways,
vehicles often travel alongside one another within the same lane due to variations in
vehicle sizes and a lack of strict lane discipline. Additionally, during overtaking, vehicles
may temporarily travel parallel to the leading vehicle. If following vehicles are identified
solely based on a single headway criterion, there is a high probability of misclassification
between free and following vehicles. Therefore, the methodology for identifying
following vehicles requires refinement to enhance accuracy.

Regarding NFPC, several challenges arise in determining the critical gap and capacity.
Moreover, gap data collection is more complex compared to headway data. Additionally,
the capacity estimation procedure for two-lane highways remains inadequate, particularly
due to the influence of platoon formation. Large gaps between platoons often remain
unutilised, causing a decline in facility performance well before reaching its theoretical
capacity. Consequently, NFPC estimation under mixed traffic conditions remains a
challenging task.

Given the limitations, the present study is conducted with two primary objectives: 1)
propose a simple yet effective method for identifying following vehicles under mixed
traffic conditions with lack of lane discipline and 2) develop a suitable LOS measure that
aligns with international studies while addressing the unique characteristics of mixed
traffic environments.

3. Methodology

The primary objective of this study is to identify an LOS measure that effectively
captures traffic dynamics on two-lane highways under mixed traffic conditions. To
achieve this, the methodology is structured into two distinct stages.

In the first stage, criterion for identifying following vehicles was established, as this is
a critical parameter for understanding vehicle interactions in mixed traffic. The second
stage involved estimating various existing performance measures, including ATS, ATSec,
PFFS, PFFSpc, FF, PF, D, and FD, to identify the most suitable measure.

The study began with the identification of suitable two-lane highway segments for data
collection. A total of 17 straight and level sections of National Highways and State
Highways in Kerala, India, were selected. Since following vehicles needed to be
identified through visual observation of traffic flow, video recordings were conducted at
four sites. The extracted data were used to establish the criteria for identifying following
vehicles.
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Traffic flow data required for estimating various performance measures and flow
parameters were collected using an infrared-based automatic traffic data logger. This
instrument gives details such as vehicle class, time of passing, speed, direction of travel,
and time headway, generating a large dataset with high accuracy in minimal time. The
geometric data were collected using rodometer and measuring tape. Data collection was
conducted under clear weather conditions for a total duration of 120 hours. The collected
data were analysed and the best measure was selected through analysing the scatter plots
and regression modelling.

4. Data collection

Traffic and geometric data data required for this study were collected from 17 straight
and level sections of two-lane highways in Kerala, India. Among these, data of four
sections were used for determining following vehicle identification criterion, while the
remaining sections were analysed for LOS assessment. Traffic data were collected using
a video camera and an automatic traffic logger, whereas geometric data were obtained
using a rodometer and measuring tape. In the first stage, a videographic survey was
conducted to determine the threshold headway.

To maintain non-intrusive data collection, video camera was strategically positioned on
a tall structure adjacent to the road, away from drivers' field of vision. A trap of length 60
meters was marked on the road to facilitate accurate observation of platoon movement.
Video recording was done at four sites, which are shown in Table 1. Figure 1 shows a
snapshot of the video recording at one of the sites (Pantheerankavu). Details of platoons
were extracted from the video footage. Subsequently, the crossing time of each vehicle
within platoons was extracted from the video footage, which resulted in the identification
of 2262 follower vehicles across 1228 platoons.

Figur 1: Screen shot of one of the study sections
Table 1: Details of the sites selected for determining the threshold headway criteria

Sl Name Type of Carriageway  Paved shoulder Length of straight
No. road width, m width, m section, m

1 Pantheerankav NH-66 7.00 1.50 1000

2 Anappara MDR 7.00 0.00 350

3 Chevarambalam NH-66 7.00 1.50 1000

4 Vavad0l NH-212 7.00 0.00 400

Traffic stream data for 13 sites was collected by using an infrared-based automatic
traffic logger and the details of sites are given in Table 2. Table 3 gives a summary of the
traffic data collected, which includes the location name, type of road (National Highway
(NH) or State Highway (SH)), duration (hh:mm:ss) carriageway width, paved shoulder
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width, and length of the straight section. Data was collected from two different locations
of the road at VVavad, which are named as Vavad01 and Vavad02.

Table 2: Details of the sites selected for LOS Analysis

SI. No Location Name Type of Duration Carriageway Paved shoulder  Length of straight

road (hh:mm:ss)  Width, m width, m section, m
1 Areekode SH-34  10:27:19 6.40 0.50 410
2 Attoor SH22  10:29:28 7.20 0.50 223
3 Chevarambalam NH-66  11:57:42 7.00 1.50 1000
4  Karanthoor NH-213  09:55:58 7.00 2.00 200
5 Korappuzha NH-66  09:39:53 7.20 0.00 393
6 Manissery SH-23  08:33:12 7.20 0.00 312
7 Ramanattukara NH-66  11:50:56 7.00 1.50 1000
8 Vavad02 NH-66  17:09:26 9.80 0.50 200
9 Cheenimukku SH-34  06:16:04 7.00 1.50 150
10 Engapuzha NH-766 05:07:20 9.40 1.40 448
11 Kathiyodu SH-34  06:57:17 7.30 1.00 310
12 S. Puthalam SH-34  06:59:18 7.10 0.75 246
13 Thachampoyil SH-34  04:09:00 7.40 1.20 226

Table 3: Summary of the Traffic Data

Flow Speed
SI.  Nameofthe (both directions), (both directions),  Traffic composition (both directions), %
No  Location v/hr km/hr

Min. Max. Min. Max. TW AR CAR LCV B TR TT

1 Areekkode 348 1500 35 54 42 12 32 4 9 1 0
2 Attoor 624 1476 33 57 34 15 41 4 6 1 0
3 Chevarambalam 420 2760 40 54 37 8 47 3 4 1 0
4 Karanthoor 912 2016 35 54 42 13 36 2 6 0 0
5 Korappuzha 264 1428 35 53 43 14 29 3 11 1 0
6 Manissery 708 2436 38 53 37 12 41 4 5 1 0
7 Ramanattukara 732 2604 36 53 35 9 47 4 4 1 0
8 Vavad02 420 1500 37 50 48 9 33 3 7 1 0
9 Cheenimukku 180 1140 28 46 47 9 33 3 8 1 0
10 Engapuzha 312 1644 34 45 39 11 39 3 8 1 0
11 Kathiyod 432 960 36 52 37 11 40 4 7 1 0
12 S. Puthalam 216 876 27 45 46 19 23 4 7 1 1
13 Thachampoyil 612 1224 30 43 39 12 4 2 6 O 0

Min.: Minimum; Max.: Maximum
TW: Two-wheeler, AR: Auto-Rickshaw, CAR: Passenger car, LCV: Light Commercial Vehicle, B:Bus, TR: Truck, TT: Tractor Trailer

5. Development of Following Vehicle Identification Criteria

In mixed traffic conditions, vehicles often travel side by side due to variations in size
and during overtaking manoeuvres. When data is collected using traffic detectors, these
side-by-side vehicles may be recorded as having small headways, leading to their
misclassification as following vehicles, even though they are actually free vehicles. To
correct this error, a lower cut-off value for headway is introduced to identify following
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vehicles accurately. By this method, a vehicle is considered as a following vehicle only
when its headway falls between the established lower and upper cut off values.

The threshold headways are determined through visual observation of field data
extracted from video graphic surveys. If a group of vehicles travels together with nearly
constant headway throughout the observation section, it is considered a vehicle platoon,
and each vehicle within the platoon is deemed a following vehicle.

Examination of the data collected from video graphic survey revealed that some drivers
maintained a relatively small headway, while another subset of drivers maintained a
comparatively large headway with the leading vehicle. Assuming that 5% of drivers fall
into the outlier’s category, the lower and upper limits of headway are determined as the
5t and 95" percentile values respectively. To check for the adequacy of sample, four sets
of mutually exclusive random samples of 500 each were formed from the total sample of
2262. The 5" and 95" percentile values of headway were determined for each set and also
for the full data set. The results are shown in Table 4. As can be seen from the Table 4,
there is not much difference in values and this confirms the adequacy of sample size.
Therefore, in the present study, a vehicle is considered as a following vehicle if the
headway falls in between 0.50 seconds and 2.70 seconds.

Table 4: Checking robustness of Lower and Upper limit for time headway

Sample Set Number of mutually 5 Percentile value 95" Percentile value
exclusive random samples (seconds) (seconds)
Setl 500 0.57 2.54
Set 2 500 0.53 2.84
Set3 500 0.57 2.63
Set4 500 0.53 2.78
Full sample 2262 0.50 2.70
6. Analysis

Data collected with automatic traffic data logger was used for estimation of various
traffic stream parameters and performance metrics. Each vehicle was classified as
following or free vehicle based on the criteria established in the previous section. Traffic
stream parameters and performance measures were estimated for each 5-minute interval
and expressed as per hour wherever applicable. Parameters and metrics were estimated
for each direction separately and for both directions together. Analysis considering each
direction separately is called as one-way analysis (directional analysis) and the analysis
for both directions together is called two-way analysis (bidirectional analysis). A new
measure, named FDatspec, Where density is calculated from flow rate and speed of
passenger cars, is introduced in the present study. Out of the data from 13 sites, data from
eight sites was used for the calibration and the data from the remaining five sites was used
for the validation.

Figure 2 and Figure 3 show the scatter plots of various LOS measures with respect to
flow rate or density were prepared for two-way and one-way analyses. The LOS measures
included four speed-related measures (ATS, ATSpc, PFFS, PFFSpc), two flow-related
measures (FF, PF), two density-related measures (k, karspc) and two combined measures
(FD, FDAaTspc), which are plotted against either flow rate or density. The flow rate and
density were expressed in veh/hr and veh/km respectively.
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Table 5 gives the minimum and maximum values for flow rate and various LOS
measures for one-way analysis.

Table 5: Range of values of LOS measures for one-way analysis

Variable Minimum Maximum
5-minute Flow rate, veh/hr 60 1980
ATS, km/hr 18.99 60.52
ATSpc, km/hr 10.69 74.86
PFFS, km/hr 0.26 1.03
PFFSpc, km/hr 0.14 1.01
FF 0.00 828
PF 0.00 78.57
k, veh/km 1.44 144.00
Katsec, veh/km 1.44 39.14
FD, veh/km 0.00 17.97
FDartsec, veh/km 0.00 20.95

6.1 Two-way Analysis

Figure 2 gives the scatter plots of various LOS measures for the two-way analyses. 12
scatter plots of various LOS measures are displayed where ten of them are plotted against
flow rate and two of them are plotted against density. The speed-related measures are
ideally parabolic in shape. But here they are found to be less responsive to change in the
traffic flow rate.

The flow-related measures exhibited better performance in comparison with that of
speed-related measures in two-way analysis. Among the flow-related measures, Follower
Flow (FF) shows a linear relationship with flow rate. It is a good indicator for preliminary
understanding of the performance of the facility. It is clear that as the flow rate increases,
the Follower Flow also increases linearly. The second flow-related indicator studied is
Percent Followers (PF), which has a parabolic relation with the flow rate. As the flow rate
increases the percent followers increased up to a particular flow rate and then started
decreasing. In the density—flow rate plots, three distinct groups of data points are observed
due to variations in traffic composition. This is further validated in the kartspc-flow rate
plot, where no such grouping is evident, as density in this case is based solely on the speed
of passenger cars.

6.2 One-way Analysis

Compared to the two-way analysis, the parabolic shape of the speed-flow curves is
more prominent in the scatter plots for the one-way analysis. Among flow-related
measures, Follower Flow is found to have a linear trend, while Percent Followers is
having a quadratic relation with flow rate. Traffic density is found to be linearly
increasing with the flow rate. The combined measures like FD and FDaTspc are also found
to be linearly increasing with flow rate. The Follower Flow-Density relations also show
linear trend.

Thus, the one-way analysis has been found to give better results compared to two-way
analysis. Speed-related measures, such as Average Travel Speed (ATS) and Percent Free-

10
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Flow Speed (PFFS), exhibit less sensitivity to traffic flow rates in both one-way and two-
way analyses. However, it could be observed that both ATSpc and PFFSpc demonstrate a
stronger correlation with traffic flow rates in one-way analysis. This increased sensitivity
is attributed to greater responsiveness of passenger cars to varying traffic conditions
compared to other vehicle types. Additionally, one-way analysis mitigates clustering of
data points.

Regression analysis was conducted, using the LOS measure as the dependent variable
and flow rate, density, and traffic composition as independent variables. Table 6 provides
the models for several measures of Level of Service (LOS) for both two-way and one-
way analyses. In these models, the variable q represents the flow rate in vehicles per hour
(veh/h), and the variable k indicates the density in vehicles per kilometre (veh/km). The
t-statistics and p-value are indicated in brackets. Data of eight locations was used for this
purpose.

To assess the impact of traffic composition, several model forms were tested for each
level of service (LOS) indicator, using flow rate and percentage of different classes of
vehicle as independent variables. The analysis revealed that the inclusion of the vehicle
composition in the model did not result in a significant improvement of the R? value.
Hashim and Wahed (2011) reported comparable findings as well.

Table 6: Models for LOS measures

Performance . .
Two-way analysis One-way analysis
measure
ATS -3E-05x q+ 46.125 -0.0002 xq + 46.27
R2=1E-05, (73.85, 0) R2=0.0002, (77.49,0)
ATS -0.003205 xq + 55.937 -0.0028 xq+ 54.157
FC R2=0.0724, (73.12, 0) R2 = 0.0186, (76.49,0)
PFES 6E-0605 xq + 0.5953 2E-0505 xq + 0.592
R2 =0.0028, (77.31,0) R2=0.0111, (83.19,0)
PFES -1E-0705 xq + 0.6356 -6E-0605 xq + 0.6463
FC R2 = 8E-07, (77.30,0) R2 = 0.0007, (83.19,0)
FE 0.52205 xq - 128.78 0.496505 x q - 64.784
R2=0.8595, (70.07,0) R2=0.8618, (92.21,0)
PE -2E-0505 xg? + 0.058905 xq + 0.2829 -1E-0505 xg? + 0.0432 xq + 15.093
R2=0.4231, (75.63,0) R2=0.3329, (79.8,0)
K 0.025805 xq + 1.7462 0.021705 xq + 0.098
R2=0.7432, (53.2,0) R2=0.9661, (83.25,0)
K 0.020205 xq - 0.9497 0.0204x g - 0.5033
ATsre R2=0.9485, (53.78,0) R2=0.9118, (83.34,0)
D -3E-0605 x g2+ 0.019905 x q - 5.858 -1E-06 xqg? + 0.0133 xq - 2.4624
R2=0.6917, (77.55,0) R2=0.8588, (83.44,0)
4E-07 xg? + 0.0111 xq - 2.6209 -9E-07 xqg? + 0.0122 xq - 2.3665
FDarsec R2=0.6882 R2=0.832
(77.79,0) (83.45,0)
FE 15.729 xk- 37.914 0.0375 xk + 4.562
R2=0.6997, (-77.43,0) R2=0.8269, (-61.1,0)
FE 24.61 xKkatsec - 81.047 0.0353 xkatspc + 3.6605

R2 = 0.8251, (-77.64,0)

R2 = 0.7853, (-61.33,0)
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7. Results and Discussions

7.1 Speed-Related measures

Plots of speed-related measures like ATS, ATSec, PFFS, and PFFSpc with flow rate are
shown in Figure 2a to 2d for two-way analysis and Figure 3a to 3d for one-way analysis.
Although speed-flow relationships are theoretically parabolic, the expected pattern was
not evident in the scatter plots, likely due to platoon formation and the effects of mixed
traffic. On two-lane highways, the large empty space left unutilized between the platoons
because of the lack of overtaking opportunity leads to reduction in the performance of the
facility much before reaching the capacity. Similarly averaging the speed of different
classes of vehicles of varying static and dynamic characteristics will mask the actual
speed variations in the field. These could be the reasons why speed-related measures are
less sensitive to varying traffic flow rates. It can be seen that the plot becomes slightly
more sensitive when only the speed of passenger cars is considered on the Y-axis. Studies
by Luttinen (2001), Brilon and Weiser (2006), Al-Kaisy and Karjala (2008), Al-Kaisy
and Freedman (2010), Hashim and Wahed (2011), Moreno et al. (2014), and Penmetsa et
al. (2015) also reported that the speed-related measures are not capable enough to reflect
the actual field conditions on two-lane highways.

In the case of one-way analysis, the total unutilized space between the platoons is lesser
when compared to two-way analysis, because in one-way analysis, the space between the
platoons will be smaller compared to that of two-way analysis, and a few data points
could also be captured in the uncongested regime. Hence, the speed-flow plots seem to
be less sensitive for two-way analysis than those for one-way analysis. Moreno et al.
(2014) observed that as the interaction with the platooned vehicles increases, the speed-
related measures will be slightly more sensitive to traffic flow rate. It can also be seen
from Table 6 that the R? value of models for the speed-related measures is generally low,
which is due to the averaging of the speeds of vehicles of different categories. This can
be verified by comparing the R? values of models for ATS and ATSpc. Models for ATSec
show better performance for two reasons: 1) only one particular type of vehicle category
has been considered, and 2) passenger cars are more sensitive to traffic conditions
compared to other types of vehicles. Even though PFFS is conceptually a better measure,
PFFS is also less sensitive to traffic than ATS. Similarly, even though PFFSec is a better
measure in comparison with PFFS, it can be seen that all the speed-related measures are
not good for measuring the performance of a two-lane highway under mixed traffic
conditions.

7.2 Flow-Related Measures

Figure 2e, 2f and Figure 3e, 3f show the scatter plots for the flow-related measures. The
flow-related measures considered in this study are Follower Flow (FF) and Percent
Followers (PF). It can be seen that FF and PF, both flow related measures, exhibit positive
association with flow rate, where FF shows linear association and PF shows non-linear
association. It can be noticed from Table 6, that the R? value of the models for the flow-
related measures is generally good indicating that the flow related measures are able to
reflect the field conditions.
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7.3 Density-Related Measures

Figure 2i, 2j and Figure 3i, 3] represent the density-flow relation for two-way and one-
way analyses respectively. Density (k) is estimated using two methods: one considering
the speed of all vehicles and the other considering only the speed of passenger cars
(katsec). This distinction helps to understand the effect of mixed traffic on density
estimation and its influence on performance assessment. In two-way analysis, it can be
seen that the data points formed three clusters when density was calculated considering
speed of all vehicles. This clustering is absent in the plot of katsec. Grouping of points is
absent in case of one-way analysis, which may be due to lesser influence of traffic
composition. From the Table 6, it can be seen that the R? value of the models for the
density is high. However, density is not widely used as an LOS measure because density
is calculated from the speed and flow.

Figure 2k, 21 and Figure 3k, 3l represent the FF-Density plots which are having a
positive slope. It is noteworthy that the plots are less dispersed in the case of one-way
analysis than that of two-way analysis. The R? value of models for FF in terms of flow
rate or density is better for one-way analysis compared to that of two-way analysis. But
the model for FF in terms of katsec has high R? value for two-way analysis compared to
one-way analysis. This could be because of the variation in the percentage of passenger
cars in various sites. Similarly, the model for PF also has better R? value for two-way
analysis.

7.4 Combined Measures

Figure 2g, 2h and Figure 3g, 3h show the scatter plots for the Follower Density (FD)
with flow rate. Two forms of follower density namely, FD and FDatspc are considered.
FD is estimated using the speed of all vehicles, whereas FDarspc is based on the speed of
passenger cars alone, with katsec as the corresponding density measure. The R? value for
one-way analysis is higher than that for two-way analysis.

Analysis of scatter plots and regression equations indicates that speed-related measures
fail to capture field conditions effectively. Among flow-related measures, FF and PF
show better performance, while the combined measure FD proves superior by
incorporating the features of both flow and density. Additionally, one-way analysis
generally yields better models. Thus, FF, PF, and FD are identified as the most suitable
LOS measures for evaluating two-lane highways under mixed traffic conditions.

8. Validation of the models

The models for FF (Follower Flow), PF (Percent Followers), and FD (Follower
Density) were validated using data from five sites that were not part of parameter
estimation. The validation results, shown in Table 7, include the Root Mean Square Error
(RMSE) values, which were normalised for easier comparison. It can be seen that the
normalised values of RMSE is lesser for FD, making it the recommended model for
assessing the Level of Service (LOS) on two-lane highways under mixed traffic
conditions. FD incorporates both flow and density aspects and is internationally
recognized as a suitable LOS measure. First proposed by the South African National
Roads Agency (Van As, 2003; Van As and Niekerk, 2004), FD has been validated by
several studies, including those by Catbagan and Nakamura (2006), Al-Kaisy and Karjala
(2008), Hashim and Wahed (2011), and Moreno et al. (2014). Additionally, FD is
considered the best LOS measure in HCM 2022.
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Table 7: RMSE values of LOS measures

LOS measure RMSE value Normalised value of

RMSE (%)
FF 107.54 1.97
PF 26.26 1.96
FD 0.88 0.28

9. Level of Service criteria

The scatter plot illustrates that the FD values span from 0 to 18 veh/km/In. From the
speed-flow plot, the capacity of a two-lane highway is considered to be 1700 veh/hr/In.
By utilising the v/c ratio values provided in Indo-HCM, the FD ranges for various levels
of service are computed and presented in Table 8.

A comparison of FD values obtained with those given in HCM 2022. HCM 2022 gives
two sets of values one for posted speed limit > 50 km/h and posted speed limit < 50 km/h.
Since there were no sign boards of posted speed limit in the present study sites, only one
set of values are given. It can be seen that the estimated FD based on the field data aligns
relatively well with the HCM 2022 values, though it tends to be slightly higher, especially
for the initial LOS categories. The results suggest that Follower Density (FD) is a reliable
performance measure, as it captures both flow and density, and can be used to assess two-
lane highway performance under mixed traffic conditions with accuracy.

Table 8: Values of FD for different levels of service.

Follower Density Follower Density
LOS Follower Density (HCM (HC™M
Range v/c Ratio estimated 2022)(veh/km/In) 2022)(veh/km/In)
(veh/km/In) Posted speed Posted speed limit
limit>=50 <50
A <0.25 <3.0 <2.0 <25
B 0.26-0.45 3.0-7.0 2.0-4.0 2.5-5.0
C 0.46-0.60 7.0-9.0 4.0-8.0 5.0-10.0
D 0.61-0.75 9.0-12.0 8.0-12.0 9.0-12.0
E 0.76-1.0 12.0-18.0 10.0-15.0 10.0-15.0
F >1.0 >18.0 >12.0 >15.0

10. Summary and Conclusions

This study explored the performance measures for two-lane highways under mixed
traffic conditions based on data collected from straight and level sections of National
Highways and State Highways in India. The various performance measures studied
include speed-related, flow-related, density-related, and combined measures. The
vehicles in the following state were identified based on two threshold headway criterion,
the lower value of which accounts for the non-discipline nature of the mixed traffic.

It was found that speed-related measures are less sensitive to mixed traffic conditions
and hence are not suggested as performance measures for the use in mixed traffic
conditions. Even though density shows good performance, it is not suggested as a LOS
measure because of some limitations associated with the estimation of the measure. it was
found that the flow-related measures like FF and PF are capable enough to reflect the
actual filed conditions, but FD outperforms them in terms of goodness of fit values,
international acceptability and reflecting the filed condition effectively.

While this study primarily focuses on performance measures based on the number of
following vehicles, it is important to note that the true dynamics of traffic go beyond just
the count of following vehicles. Factors such as platoon size, their arrangement across the

14



European Transport \ Trasporti Europei (2025) Issue 101, Paper n° 5, ISSN 1825-3997

road, the types of vehicles within each platoon, and their relative positions play crucial
roles in understanding traffic flow. Therefore, a more detailed and comprehensive study
is needed to better capture the traffic operational characteristics of two-lane highways
under mixed traffic conditions.
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