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Abstract This work focuses on minimising inaccuracies in

distributional assumptions of speed data on two-lane roads

with heterogeneous traffic to improve accuracy in capacity

and level of service analysis. Accordingly, field study was

conducted on a two-lane highway in India that exhibits

heterogeneity in its traffic composition. Two distribution

functions, namely, normal and logistic were examined for

the observed speed data. The appropriate function was

chosen using a methodology based on K–S test and field

validation. Logistic distribution function was found to

exhibit its aptness in describing speed under such traffic

and was, thereby, considered in estimating the limiting

speed of slower vehicles that tends to obstruct the flow of

traffic. Vehicles that move at or below this speed cause

delay to the faster ones resulting in formation of platoons at

moderate and heavy flow when passing is restricted. Since

the percent time-spent-following, a performance measure

to assess level-of-service of two-lane highways, considers

proportion of vehicles that are trapped inside platoons, it is

imperative to estimate the limiting speed of slower vehicles

correctly to approximate the delayed vehicles.

Keywords Two-lane highways � Heterogeneous traffic �
Speed distribution � Slower vehicles

Introduction

In most of the developing countries like India the pre-

vailing traffic is heterogeneous in character and comprises

of a wide range of vehicle category in terms of static and

dynamic characteristics. They share the same road space

resulting in an increased interaction between them which

eventually reduce mobility considerably. This is more

acute on two-lane roads where such interaction takes place

even with the opposing traffic. Vehicles, which are ‘less

mobile’, like non-motorized and also, low performance

motorized ones cause significant level of friction to the

movement of other vehicles in the traffic stream [1].

Accordingly, they create impedance to the movements of

faster vehicles particularly at moderate and heavy flow

when they have limited passing opportunities. As a result,

they are forced to follow impeding slower vehicles and

start moving in a platoon. Formation of such platoon is

frequent on such roads in the event of significant presence

of slower vehicles and absence of traffic segregation.

Vehicles that are entrapped inside platoons get delayed

and sometimes drivers become impatient [2]. A few drivers

take considerable risk to complete passing manoeuvre if

delay is long enough. At the same time, however, a few

vehicles in the traffic stream travel inside a platoon at their

desired speed i.e. their speed is not impeded by the slower

ones [1]. This attributes to their movement in a platoon by

choice as their desired speed is close to the speed of pla-

toon leaders. This reveals the fact that different types of

vehicles moving on the same road may enjoy different
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levels of service (LOS) even under the same operating

condition.

The highway capacity manual suggests the use of Per-

cent Time-Spent-Following’ (PTSF) as a major determi-

nant of LOS on two-lane roads [3]. Assessment of PTSF

considers the average percentage of total travel time that

vehicles must travel in platoon behind slower vehicles due

to inability to pass. However, both, risk taking behaviour of

drivers and their movement in platoons by choice under

heterogeneous traffic, have significant implications on its

assessment. Accordingly, such traffic poses a serious

challenge to traffic planners and engineers who are on the

lookout for establishing an indigenous method for assess-

ing LOS.

Theoretically, there would be no platooning and con-

sequent delays, if all the vehicles start travelling at the

mean speed. However, diverse vehicular characteristics

virtually lead to a possibility of wide range of operating

speeds in the traffic stream. These calls for an initiative in

identifying the limiting speed of slower vehicles that

tends to obstruct the flow of traffic and causes delay to

the faster ones. Proportion of vehicles that move at or

below this limiting speed is considered while assessing

PTSF. Typically, such speed refers to a threshold above

which 85% motorists’ travel [4] and thereby, could be

determined on the basis of appropriate distribution func-

tion. Conventionally, normal distribution exhibits its apt-

ness in describing speed data; however, it deviates

significantly in the event of heterogeneity in traffic mix

[5]. Thus, it becomes imperative to develop a compatible

model for such traffic as well in order to identify the

threshold.

Literature Review

There have been a number of studies that investigated

appropriate mathematical model to describe observed

speed data. The majority of the previous studies confirmed

that the spot speed data usually follow a normal distribu-

tion [6–10]. A study, however, indicates that car speeds are

approximately normally distributed if coefficient of varia-

tion is in the range of about 0.11–0.18 on low volume two-

lane roads [11, 12]. At the same time, some studies

reported the application of several other distributions to

describe the speed data. Gamma or log-normal was found

to have adequate compatibility with time speeds [13]. The

advantages that they offer are the same functional form is

retained even when the time speed distribution is trans-

formed into a space-speed distribution and avoid the the-

oretical difficulty of the negative speeds given by the

infinite tails of the normal distribution. Experience on

Indian traffic makes it clear that a normal distribution

describes the spot speeds of cars, heavy commercial

vehicles, light commercial vehicles, scooters, and cycle

rickshaws (pedal tricycles) well, whereas a log-normal

distribution holds good for bicycles [14–17]. A fairly

recent study in India clearly indicates speed deviates from

the normal curve in the event of heterogeneity in traffic

mix due to the large variation in speeds of faster and slower

particularly the non-motorized vehicles [5]. The study

introduced the concept of ‘spread ratio’ and suggested a

threshold of it for examining the normality of a distribution

curve.

Accurate measurement of speeds and their evaluation

based on in-depth statistical analysis, however, invite

further attention. Couple of international studies suggest

use of either moving car observer [18] or free gap

evaluation [19] method while determining free-flow

speed. An effort aimed at analysing such data reveals

that obtaining the 85th percentile speed from regression

modelling gives much better estimates than those from

the normal approximation model [20]. A study suggests

developing neural-network-based speed models to estab-

lish a relationship between the roadway characteristics

and the 85th percentile speed [21] and ensures reason-

able degree of accuracy of model predictions. By the

same token, a few studies suggest the use of several

other models: back propagation artificial neural networks

particularly while predicting speed of passenger cars on

two-lane rural highways [22], speed-profile model to

evaluate the design consistency for prediction of the

speed along an alignment [23], operating speed predic-

tion model for trucks on two-lane rural highways for use

in design consistency [24].

Most of the above studies have made it evident that

wide variation in speed under heterogeneous traffic would

cause the speed data to deviate from the normal distri-

bution. This is more acute on most of the two-lane roads

in India where the same road space is shared by a variety

of motorized and non-motorized modes of transportation

[25, 26] resulting in evaluation of operational conditions

challenging. Therefore, it is imperative to develop an in-

depth understanding of the distribution pattern of the

speed data and also to predict the percentile speed with

reasonable amount of accuracy. This would help in

arriving at the threshold of limiting speed, a major pla-

tooning variable of two-lane roads, which has significant

implications on PTSF.

Study Sites and Field Data

The limiting speed of slower vehicles that frequently cre-

ates impedance to the flow of traffic and causes formation

of platoons as a consequence could be assessed based on
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speed percentiles or quantiles. An analyst, therefore, has to

resort to field measurement in order to estimate the values.

Further, it is critical to keep out the faster vehicles that are

entrapped inside a platoon to explicitly explain such per-

centiles; otherwise, increased proportion of impeded

vehicles would eventually mislead the results. Thus, a field

study at low flow level when platoon formation is infre-

quent is imperative for the collection of speed data.

Field study was conducted on a two-lane national

highway (popularly known as Assam–Agartala road) in

north-east India. The study segment was selected close to

the capital city, Agartala of the state of Tripura where

platoon movements are frequent due to large volume of

city bound traffic. Also, it was free from the effect of

intersection, curvature, ribbon development and the pave-

ment condition was good and uniform (Fig. 1). The free-

flow situation was approximated when the traffic volumes

do not exceed 200 veh/h [3] and the hourly traffic variation

was, accordingly contemplated to identify it.

A longitudinal trap of 10 m length was made on the

carriageway and a video camera was placed away from the

trap in order to avoid any influence in the operating speeds

of vehicles. Further, it was mounted on a stand height of

which was adjusted in such a way such that it covers the

entire trap length keeping some margin on either side. The

recorded video files were then played in a computer and the

time taken to cover the trap length by each vehicle was

measured with an accuracy of 0.01 s. The spot speeds were

computed on the basis of lapsed times of vehicles passing

through the section [26].

A variety of vehicle categories including both motorized

and non-motorised modes were observed in the traffic

stream. The directional segments were studied separately

and presence of car (about 30–35%), bike (motorized two-

wheeler) (about 30–35%) and non-motorised modes of

transportation (about 10%) was significant when compared

to other modes of transportation. An informal opinion poll

of about 50 users indicates that lack of adequate public

transportation facilities to the commuters who live in city

outskirts, compelled them to rely more on their own

vehicles or para-transit modes like bi-cycles or paddle tri-

cycles.

Trends in Speed Distribution

Speed is a continuous random variable and, on highways,

normally it exhibits a symmetrical distribution about a

central value. Three distribution functions, namely, trian-

gular, normal and logistic could, therefore, be applied

while describing such data (Fig. 2). The basis of selecting

an appropriate one is, however, the extent of outliers in the

sample data; in a way that data points are further away

from the sample mean. Notably, occurrence of such out-

liers is very likely at the time of recording speed data due

to the measurement error and also variability in vehicular

characteristics. It exaggerates further in the event of

heterogeneous traffic composed of a wide range of vehicle

categories in terms of static and dynamic characteristics.

Accordingly, proportion of outliers increases considerably

under such traffic resulting in a heavy-tailed distribution of

the samples.

Statistically, speed data would follow a normal distri-

bution if the proportion of outliers is insignificant; this is

apparent when the traffic is more or less homogeneous in

character. The distributional choice, however, deviates

from the generally accepted normal distributions under

heterogeneous traffic with large speed differential [5].

Suitable statistical models should, therefore, be resorted to

in the event of such heterogeneity in traffic mix. The pre-

sent study considers logistic distribution as an alternative

of normal distribution in describing speed data as it has a

Fig. 1 A view of the study section on Assam–Agartala road (photos by the authors)
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quite similar shape. Besides, it has heavier tails, which

often increases the robustness of analyses based on it

compared to normal distribution.

Hypothetically, the logistic distribution offers advan-

tages over the conventional normal distribution by means

of its functional simplicity and mathematical accuracy. A

normal distribution needs numeric approximation, whereas

the proposed one can be solved analytically, thus, could be

used instead at the time of modelling speed data. Equa-

tions 1 and 2 demonstrates the probability density func-

tions of normal and logistic distributions which are applied

to the field data.
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where r, continuous scale parameter (r[ 0); l, continu-
ous location parameter.

Appropriate distribution function for the observed field

data is, however, decided based on goodness-of-fit tests. In

traffic engineering problems, two such tests namely Chi

square test and the Kolmogorov–Smirnov (K–S) test are

commonly used. The present study applied the K–S test

while identifying the best fitted models as it offers certain

advantages over the Chi square test; K–S test can use data

with a continuous distribution and there is no minimum

frequency per test interval [27]. The test statistic is calcu-

lated by determining the difference between the cumulative

percentage of the measured frequency and the cumulative

percentage of the expected frequency. The largest of these

differences over the entire measured population interval is

the test statistic ‘D’ [28] and it is computed for the

distribution models at the desired significance level in

order to find the best fitted one.

Statistical Investigation

The field data was grouped in the form of frequency dis-

tribution based on Sturges’ rule [29, 30]. According to the

rule, the width of class intervals should be equal to Range/

[1 ? 3.322 log10n], where, n is the number of observations,

and Range, the difference between maximum and mini-

mum values of observed speed data. However, if the class

interval is too small or large, the resultant histogram will

have either a ‘ragged’ or ‘block like’ shape. It would

subsequently mask the true shape of underlying density and

affect the statistical investigations at large. In such cases,

different class intervals may be compared, while choosing

the appropriate one that gives a smooth histogram [31].

A class interval of 9 kmph was accordingly obtained on

the basis of speed data analysis and used in frequency

distribution. The histogram shows that speeds of vehicles

tend to cluster about the mean value and frequency drops as

the speeds depart from the mean (Fig. 3). Probability

density functions of normal and logistic distributions

(Eqs. 1 and 2) were fitted to the field data and observed to

have symmetrical shape (Fig. 3). Table 1 provides the

descriptive statistics and goodness-of-fit details of the

distribution functions. A close look into the table reveals

that coefficient of variation decreases from 0.295, as

obtained respectively from field data and normal distribu-

tion model, to 0.163 when derived from logistic distribu-

tion model; this attributes to a reduction in standard

deviations. Further, Fig. 3 shows that the smaller standard

deviation as obtained from logistic distribution is largely

due to thicker tails and higher kurtosis than the normal.

The goodness-of-fit of the models was checked using

Kolmogorov–Smirnov (K–S) tests with 5% level of sig-

nificance (a). The null hypotheses for each test were as

follows: ‘The compatibility hypotheses of speed distribu-

tion with fitted model is rejected (P value\ a) or not

rejected (P value[ a)’. The statistic D value of K–S test

was calculated for the fitted models and compared in order

to determine the extent of fit to the observed data. Table 1

shows the model parameters estimated when it best fits the

data based on the minimum statistic value. The logistic

distribution is deemed to describe the speed data well as the

test statistic that represents the largest difference between

measured and expected frequency was observed to be

lower. Also, the observed P values were more than 0.05

which indicates that null hypotheses are accepted for both

the models.

With the aim of visual assessment of the goodness-

of-fit for logistic distribution model, P–P (probability vs.

Fig. 2 Statistical basis of distributional choices for speed data
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probability) and Q–Q (quantile against quantile) plots

are provided. In statistics, a Q–Q plot is a probability

plot, which is a graphical method of comparing the

distribution of sample data and the chosen theoretical

distribution by plotting their quantiles against each

other. Conversely, the P–P plot is the graph of per-

centiles of one distribution versus the percentiles of

another. If the proposed distribution is consistent with

the characteristics of the sample data, the plot will lie

on the 45-degree line. The illustration of the probability

plots obtained for the observed speed data with logistic

distribution model (Fig. 4) makes it evident that the data

points (considering both quantiles and percentiles) are

very close to the 45-degree line, thereby, signifying

satisfactory agreement.

However, it is imperative to test the validity of model

outcomes while representing the existing traffic system; in

a way that it reproduces the system behavior with good

amount of accuracy. A further attempt was, therefore, made

to assess the validity of the proposed model on the basis of

a pilot study conducted on a different study segment of the

same highway section. Theoretically calculated probabili-

ties of speeds were plotted against those observed at field in

order to compare how rational the outcomes are with

respect to field observations. Figure 5 illustrates that

Logistic distribution exhibits reasonably good agreement

when compared to Normal distribution. The variability of

predictions was determined for both the distributions and

expressed in terms of standard error of the estimate (SEE).

A ‘SEE’ value of 0.055 was obtained for Logistic distri-

bution, whereas it increases up to 0.113 in case of Normal

distribution.

Since the study aims to reduce measurement errors, the

logistic distribution function was considered appropriate in

describing speed data as it represents the prevailing traffic

better. The speed percentiles were determined and the 15th

percentile speed which is regarded as the limiting speed of

slower vehicles was found to be about 25 kmph. This value

is considered as unreasonably slow when compared to the

trend of traffic and proportion of vehicles that move at or

below this limiting speed is considered while assessing

PTSF. It evidently indicates two major implications on

PTSF: following by choice of the low performance vehi-

cles [1] and risk taking behaviour of drivers [2], thereby,

specifying the need of identifying an alternative LOS

measures for two-lane roads.

Table 1 Speed distribution parameters and goodness-of-fit details of the distribution models

Distribution

function

Mean,

km/h

Standard

deviation, km/h

Coefficient of

variation

K–S test

statistic

P value a Null hypotheses

(accept/reject)

Observed data 37.095 10.947 0.295 – – – –

Logistic distribution 37.095 6.0356 0.163 0.184 0.703 0.05 Accept

Normal distribution 37.095 10.947 0.295 0.195 0.635 0.05 Accept

Bold value indicates lowest K–S test statistic

Fig. 3 Probability density functions of normal and logistic distributions fitted to the observed speed data
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Conclusion

The speed study was conducted on a two-lane highway

during low flow when platoon formation is infrequent to

collect speed data of free moving vehicles. A wide range of

operating speeds due to diverse vehicular characteristics

was observed in the traffic stream and their distribution was

symmetrical about a central value. Two distribution func-

tions, namely, normal and logistic were, therefore, exam-

ined for the observed speed data as they have a quite

similar shape. The appropriate function was chosen based

on goodness-of-fit test and field validation.

Logistic distribution function was found appropriate in

describing the observed speed data and, accordingly, the

speed percentiles were derived from it. The limiting speed

of slower vehicles that tends to obstruct the flow of traffic

was found to be about 25 kmph. Vehicles in the traffic

stream that move at or below this speed cause delay to the

faster ones and thereby, platoons are formed at moderate

and heavy flow when passing is somewhat restricted.

Proportion of the vehicles that are trapped inside platoons

are considered while estimating PTSF, a performance

measure to assess level-of-service of two-lane highways. It

is, therefore, paramount to arrive at an accurate estimate of

limiting speed to approximate the delayed vehicles.

Since the premise on which the present study is based

aims to reduce measurement errors, it warrants efforts

towards minimising inaccuracies in distributional assump-

tions. This is attributable to the fact that limitations in

accuracy and precision would cause an uncertainty in

results and mislead traffic analysts particularly while

assessing the level-of-service. The present study, thus,

Fig. 4 Probability plots for the observed speed data with logistic distribution model: a Q–Q plot and b P–P plot

Fig. 5 Agreement between the empirical and theoretically calculated probabilities of speeds at a different study site: a normal distribution and

b logistic distribution
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creates a starting point of further initiatives aimed at

establishing a robust method of modelling speeds on two-

lane rural highways with mixed traffic based on compre-

hensive field data.
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