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ABSTRACT

The Highway Capacity Manual (HCM) is one of the most widely used traffic engineering
guidance documents in the world. It was originally published in 1950, and has been under
constant revision since. Unfortunately, due to past cost and time constraints associated with
traffic data collection, much of information in the manual is based on research conducted using
relatively small data sets. This calls into question the statistical significance of some of the
manual's material.

The Virginia Smart Travel Laboratory is a nationally unique research facility. The
distinguishing feature of the laboratory is its direct connection to operational VDOT
transportation management systems. This gives the laboratory access to unprecedented
quantities of traffic data. The purpose of this research project is to use this data to investigate a
key concept of the HCM: freeway traffic lane distribution.

An important consideration of transportation management is the distribution of lane use
by vehicles. This distribution plays a significant role in how traffic management devices, such as
variable message signs, lane control signals, and ramp meters are utilized. Unfortunately,
according to the HCM, "when two or more lanes are available for traffic in a single direction, the
distribution in lane use varies widely ... there are not "typical" lane distributions."

An investigation of this concept using a large set of data from freeways in the urbanized
Hampton Roads region of Virginia led to the following conclusions:

• The distribution of vehicles along a specific link of a freeway system does tend to
follow predictable trends by time-of-day.

• A missing data estimation procedure can be developed that exploits the consistency of
lane distribution by time-of-day and location. This estimation methodology proved to
accurately estimate missing detector data, generally producing results within the 6%
8% error range.

Finally, the report presents the following recommendations to VDOT.

• VDOT should collect and archive traffic data at the lane level to support future
applications, such as the missing data estimation methodology.

• VDOT should use the lane distribution-based missing data estimation methodology
described in this report in Smart Traffic Centers and permanent count stations located
on freeways.

• VDOT should formally transmit this report to TRB for committee consideration as
the next version of the HCM is developed.
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INTRODUCTION

The Highway Capacity Manual (HCM) is widely used by transportation planners,
designers, and operators as a resource of technical information (TRB, 2000). The manual has
been revised many times since it was originally published in 1950. These revisions have been
based on research conducted throughout North America. Therefore, the quality of future HCMs
is directly dependent on continued research to uncover more knowledge of traffic characteristics.
Much of the material in the current manual is based on research conducted many years ago when
large traffic data sets were simply not available. This is a serious limitation, as described by
Hurdle, Merlo, and Robertson, "relationships (in the HCM) are the result of committee consensus
arrived at on the basis of limited data" (1997). Therefore, there is a need to revisit many of the
concepts and procedures described in the HCM using larger, more comprehensive sets of data
that will allow for statistically significant conclusions.

The Virginia Smart Travel Laboratory provides an ideal research facility to support the
development of enhancements to the HCM. The laboratory is directly integrated with Virginia
Department of Transportation (VDOT) transportation management systems. Specifically, the
Smart Travel Laboratory receives speed, volume, and occupancy measurements from freeway
locations throughout the Commonwealth collected using short polling intervals (2-minutes or
less). These data have been archived in the Smart Travel Laboratory since May 1998, providing
an enormous set of data to use in addressing highway capacity issues.

As a starting point in examining core HCM concepts, this project focuses on a
fundamental traffic flow concept: freeway traffic lane distribution. This area, addressed in
Chapter 2 of the HCM, "Traffic Characteristics," must be well understood in order to address
more complex concepts and procedures, such as speed-flow relationships.

An important transportation management consideration is the distribution of freeway lane
use by vehicles. This distribution plays a significant role in how traffic management devices,
such as variable message signs, lane control signals, and ramp meters are utilized. Knowledge of
lane distribution is important both in the design of systems and operations. For example, vehicle
detectors frequently fail in transportation management systems. When this occurs, transportation
mangers are essentially "blind" at that location. If one has knowledge of "normal" lane



distribution at that location, it would be possible to estimate the characteristics of traffic in the
lane of a failed detector with knowledge of the characteristics of adjacent lanes.

Unfortunately, according to the HCM, "when two or more lanes are available for traffic
in a single direction, the distribution in lane use varies widely ... there are no "typical" lane
distributions" (2000). While this may be true from a national perspective, it may very well be
that consistent patterns in lane distribution may be observed at particular types of sections of
freeway, or even regionally. Because of the usefulness of this information, this concept demands
further exploration.

PURPOSE AND SCOPE

The purpose of this research was to investigate the lane distribution of freeway traffic
from a location specific and a regional perspective. In addition, this study sought to determine if
it is possible to use historical average lane distributions, coupled with available current detector
data, to estimate missing detector data.

The scope of this study was restricted based on the availability of quality data to support
analysis. For this reason, this study did not address possible seasonal variations in lane
distribution trends.

METHODOLOGY

The following methodology guided the research effort.

1. Literature review. Literature was reviewed to uncover past research that
addressed highway capacity issues, focusing on freeway traffic lane distribution.

2. Data Collection and Reduction. Hampton Roads' area freeway traffic flow data
are currently being collected on a continuing basis in the Smart Travel
Laboratory. Loop detector stations are installed at 203 locations in the Norfolk
and Virginia Beach areas of Hampton Roads. The stations collect, on a lane
specific basis, traffic flow, occupancy, and speed at 2-minute intervals. These
data are transferred to the Smart Travel Laboratory and stored in an Oracle
database. Data have been collected, and is available, for all days starting in May
1998 through the present. The purpose of this task is to make use of this resource
to provide the data needed to conduct the subsequent analyses.

The following activities were required in this task:

• Sites were selected for analysis. The sites were chosen to reflect different
traffic conditions, roadway geometry, and traffic control devices. The goal of
this step was to select sites that comprise a representative sample of common
freeway sections.
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• Once sites were identified, dates and times were selected for analyses. Again,
this selection was driven by the goal to develop a representative sample of
freeway traffic conditions.

• Given that the sensors used to measure traffic conditions operate in a very
hostile environment, their failure or malfunction is not uncommon. Therefore,
the extracted data were examined manually, and with software tests developed
in the Smart Travel Laboratory, to ensure that it is reliable. Any suspect data
were identified based on established data screening rules (Turochy and Smith,
2000) and not used in further analysis.

3. Examination ofLane Distribution Trends. For the sites selected in Task 2, lane
distribution trends will be examined by calculating/creating the following:

• Average daily lane distribution tables, by site.

• Plots of average lane distribution by time-of-day

The following equations are presented to detail how average lane distributions
(ALD) were calculated.

J

'LLDx"t,d
ALD =_1=_1 _

Xl't J

VolLD = x"t,d

xl't,d TLV
t,d

I

TLVT,D = 'LVo1x"T,D
1=1

(1)

(2)

(3)

where

ALDx t =Average Percentage of Traffic in Lane Xl at Time of Day t
I'

LD x t d =Percent of Traffic in Lane Xl at Time of Day t on Date d
l' ,

TLV
t

d =Total Link Volume at Time of Day t on Date d for the selected link

Volx t d =Volume in Lane X at Time of Day t on Date d
I' ,

Xi = the ith Lane of the Road

I =Total Number of Lanes on the Selected Link

d = the date in the historical data set

J =total number of records in the historical data set

4. Develop Missing Data Estimation Methodology. Based on the experience and insight
gained in Task 3, a missing data estimation methodology was developed. This
methodology sought to use both patterns in lane distributions, and current traffic
condition data.
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5. Evaluate Missing Data Estimation Methodology. To test this approach, one lane of
data was eliminated for a particular link. Using the volumes in the remaining two
lanes and the historical data from the second data set, the volume for the eliminated
lane was estimated. The estimated values were then compared to the real value for
that lane to determine the error of the estimation.

RESULTS

Literature Review

Lane distribution for a given link is defined as the proportion of total link volume served
by each lane. For example, a three-lane link with a measured flow rate of 4000 vehicles/hour
(veh/hr) over a 15-minute interval from 2:00 - 2: 15 p.m. carries 1000 veh/hr in lane 1,2000
veh/hr in lane 2, and 1000 veh/hr in lane 3. In this case, the lane distribution for the 2:00 - 2: 15
interval is 25%/50%/25%.

Pages 8-12 in the HCM include several general statements concerning the concept of lane
distribution:

When two or more lanes are available for traffic in a single direction, the distribution in lane use
varies widely. The volume distribution by lane depends on traffic regulations, traffic composition,
speed and volume, the number and location ofaccess points, the origin-destination patterns of
drivers, the development environment, and local driver habits.

Because of these factors, there are no typical lane distributions. Data indicate that the peak lane
on a six-lane freeway, for example, may be the shoulder, middle, or median lane, depending on
local conditions.

Table 5 gives daily lane distribution data for various vehicle types on selected freeways. The data
are illustrative and are not intended to represent typical values.

The trend indicated in Table 5 is reasonably consistent throughout North America.

In these statements, the HCM lists a series of factors that affect lane distributions on
roadways. It then goes on to say as a result of the variance in all of these factors "there are no
typical lane distributions." This implies that lane distribution patterns may exist at a local level
where traffic regulations, traffic composition, speed and volume, the number of and location of
access points, the origin-destination patterns of drivers, development environment, and local
driver habits are constant.

Data Collection and Reduction

Data sets were collected from three mainline freeway links in Hampton Roads - links
39,67, and 85, as shown in Figure 1. Two independent sets of data were collected to support the
research. In both sets, the data were aggregated to 10-minute interval volume data.
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Furthermore, only weekday data were used in this study to account for consistent weekday travel
trends.

Figure 1. Map of Analyzed Links

The first set, collected from May 1, 2000, to August 1, 2000, was used to calculate
historical lane distribution percentages for use in Task 3. This resulted in a data set containing
21,904 records. Finally, in order to evaluate the estimation technique developed in Task 5, a
second set of independent data were collected from August 1,2000, to August 3,2000, for the
same three links - 39,67, and 85. This independent data set will allow for an unbiased
evaluation.

Examination of Lane Distribution Trends

Table 1 presents the average daily lane distributions determined in this research effort. In
general, one will note that lane 1 tended to be used more heavily in Hampton Roads than the
values reported in the HCM (an average of 33% as opposed to values of roughly 30% reported in
the HCM) and lane 3 tended to be used less frequently (an average of 26% as opposed to values
of over 30% reported in the HCM). However, given that the HCM states the values are
illustrative, and the fact that the differences from Hampton Roads are not striking, the results of
this research tend to support the manual's statement that daily lane distributions are not
consistent by location. However, Figures 2, 3, and 4, which present average lane distribution by
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time-of-day for the three Hampton Roads' links do clearly show that lane distribution also varies
significantly by time-of-day - even at a single location.

Figure 2. Average Lane Distribution by Time of Day for Link 67
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Figure 3. Average Lane Distribution by Time of Day for Link 39
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Figure 4. Average Lane Distribution by Time of Day for Link

Lane Distribution
Link 85
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Table 1. Average Daily Lane Distributions

Averaqe Daily Lane Distributions
Lane 1 Lane 2 Lane 3

Link 39 38.6°k 38.5% 22.9%
Link 67 34.6% 39.6% 25.7%

Link 85 25.7% 45.0% 29.3%

Average 33.00k 41.1°k 26.00k

These figures show that the average lane distribution varies significantly by time of day.
However, consideration of the standard deviation of lane distribution for a particular lane and a
particular time of day reveal that lane distribution does remain consistent by location and time of
day. For example, Table 2 shows the average lane distributions for Link 85 by time of day and
the corresponding standard deviations over the three-month period. The fact that the standard
deviation values are so low indicates that the lane distribution at a given time of day does not
vary significantly by location.
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Table 2. Sample Average Lane Distribution and Standard Deviation for Link 85

Shoulder Middle Median

ALD1,T
Standard

ALD2,T
Standard

ALD3,T
Standard

Deviation Deviation Deviation
T (%) (%) (%) (%) (%) (%)

... ... ... ... ... ... ...
8:20 27.2 2.1 42.5 3.5 30.3 3.0
8:30 26.8 2.7 43.0 3.2 30.1 3.1
8:40 26.3 2.1 44.4 2.5 29.4 2.9
8:50 26.1 1.9 45.1 3.1 28.8 2.8
9:00 25.8 2.0 44.7 2.9 29.5 2.6
9:10 25.4 2.3 45.3 3.0 29.3 2.8
9:20 25.2 2.4 45.7 2.6 29.1 2.9
9:30 24.5 2.3 45.5 3.0 30.0 3.3
9:40 25.0 2.2 45.8 3.0 29.2 3.1
9:50 24.9 2.0 45.6 3.1 29.6 2.9
10:00 25.4 2.3 45.3 2.7 29.3 3.0
10:10 24.6 2.3 46.2 2.6 29.2 3.3

... ... ... ... ... ... ...

Develop Missing Data Estimation Methodology

The finding that lane distribution is consistent by location and time-of-day provides the
needed foundation to go forward in developing a procedure to estimate missing detector data
based on lane distribution patterns. The methodology that was developed is described in detail
below.

Calculate the average lane distributions for each time of day based on equations (1), (2),
and (3).

ALDx t
l' ]

ALDx t
2' ]

ALDx t
l' ]

ALD
__x_3,t~J for j=1,2,... ,144
ALDx t

2' ]

Calculate volume estimate for missing data.
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EstVolx ,t,d (X) =

where

I

IptEstVolx ,t,d(Xi )

i=1
i=t=m

I
(4)

(5)
ALDxtPtEstVolx t d (Y) = Volx t d • '

" " ALD
y,t

(
Estimated Volume for Lane x based on Volume in Lane Y)

PtEstVolx t d (Y) =
, , at Time of Day t on Date d

(
Estimated volume of traffic in lane x )

EstVolx t d (X) =
, , at Time of Day t on Date d based on all other lanes E X

I =total number of lanes

x =The set of lanes along the specified link

Evaluate Missing Data Estimation Methodology

The evaluation of the methodology focused on the hours between 6:00 and 18:30 when
traffic is the heaviest (resulting in a total of 111 estimates per day). The results of the evaluation
show that 92% of the estimated values were within 10% of the actual volume of the lane, and all
of the estimated values were within 15% of the actual volume (Figure 5). The average error for
each link is reported in Table 3.

It is important to note that a 6% average error is not significant when one considers the
application of this methodology in a transportation management system. For example, the
average 10-minute vehicle counts by lane at 9:30 AM on link 67 are 202,239, and 195
respectively in lanes 1,2, and 3. In this situation, a 6% error would represent approximately a
12-, 14-, and 12-vehicle error during this 10-minute interval. For the purposes of transportation
management applications, such as ramp metering and the provision of traveler information, this
error is negligible. Furthermore, the benefit of having "complete" data outweighs the detriment
of a small amount of error.
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Figure 5. Histogram for the Average Estimation Error for the Values between 06:00 and 18:30 on Links 39,
67,85
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Table 3. Evaluation Results

Average Error between 6:00 - 18:30
Link Detector ID 8/1/2000 8/2/2000 8/3/2000

188 11.8% 6.0% 10.4%

39 189 5.90/0 5.2% 7.4%
190 6.6% 5.1 % 7.3%

I Average 8.1 % 5.4% 8.4%

261 7.0% 7.6% 7.00/0

67 262 5.5% 4.4% 5.5%

263 6.4% 6.5% 6.4%

I Average 6.3% 6.2% 6.30/0
332 7.2% 7.4% 9.9%

85
333 5.5% 5.4% 5.7%

334 6.2% 7.2% 8.20/0
I Average 6.3% 6.7% 7.9%

CONCLUSIONS

This research effort demonstrated that the distribution of vehicles along a specific link of
a freeway system does tend to follow predictable trends by time-of-day. This finding will serve
as an important supplement to the information currently reported in the HeM. Finally, the
missing data estimation procedure developed that exploits the consistency of lane distribution by
time-of-day and location proved to accurately estimate missing detector data. The results of an
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evaluation of this procedure found that the error associated with such an estimation technique is
within the 6%-8% range.

RECOMMENDATIONS

The results of this research support a number of recommendations for VDOT practice,
and for further research and analysis in the area of highway capacity. The following specific
recommendations are presented to VDOT.

• VDOT should collect and archive traffic data at the lane level to support future
applications, such as the missing data estimation methodology.

• VDOT should use the lane distribution-based missing data estimation methodology
described in this report in Smart Traffic Centers and permanent count stations located
on freeways.

• VDOT should formally transmit this report to TRB for committee consideration as
the next version of the HCM is developed.
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