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FOREWORD

By Staff
Transportation Research
Board

This final report reviews the state of the practice in congestion measurement,
describes why a jurisdiction should measure congestion, describes how a congestion
measurement program should be organized, and discusses how to interpret the mea-
sures of congestion. It will be useful to those responsible for developing a congestion
management or measurement program.

In recent years, congestion on streets and highways has grown to critical dimensions
in many areas of the United States. This congestion has become a major problem and
has many detrimental effects including lost time, higher fuel consumption, more vehi-
cle emissions, increased accident risk, and greater transportation costs. The concept of
congestion as a serious problem has been embraced by the media, the public, policy
makers, and transportation professionals. However, there is no consistent definition of
congestion in terms of a single measure or set of measures that considers severity, dura-
tion, and spatial extent. Quantification of congestion on individual facilities or for indi-
vidual trips, measurement of the rate of change of congestion within an area, and com-
parison of congestion severity, extent, duration, and variability between areas are very
difficult. Accurate measures of congestion are needed for analytical purposes, such as
system evaluation and improvement prioritization, and for use by policy makers and
the public.

Under NCHRP Project 7-13, the Texas Transportation Institute and its consultants
reviewed definitions of congestion, evaluated different measures of congestion, devel-
oped methods to obtain the recommended measures, and prepared a final report and
user’s guide. The report and user’s guide were extensively tested and validated by the
researchers’ close interaction with various jurisdictions to ensure that the report and
user’s guide would be useful to practitioners.

The two documents present a cost-effective procedure for accurately and consis-
tently measuring congestion of one or several modes on a roadway. The procedure pro-
vides methods to evaluate and compare congestion on corridor, subarea, and regional
bases and is sensitive to both recurring and incident congestion. The procedure gener-
ates measures that are useful and understandable to policy makers and the public. While
directly applicable to roadways, the procedure produces measures that can be calcu-
lated for other modes allowing easy comparisons to be made for multimodal systems.

The companion user’s guide (NCHRP Report 398, Volume 2 ) describes how to mea-
sure congestion in the field (including determining the number of samples that should
be collected), presents methods for estimating congestion when field measurement is
not possible or practical, and describes different ways to present congestion measures
so that they are understandable to policy makers and the public. Each document
includes a summary of the information in the companion document.






SUMMARY

QUANTIFYING CONGESTION
FINAL REPORT

The concept of measuring traffic congestion has evolved over the past several decades.
At the same time, congestion has “evolved” from a condition afflicting only central cities
to a pervasive metropolitan problem. NCHRP Project 7-13, Quantifying Congestion, was
assigned the task of developing methods to measure congestion on roadway systems. Its
goals were to develop methods that are both reliable and understandable; can apply to a
route, subarea, corridor, or entire urban region; can relate to simple and easy-to-obtain pa-
rameters; and can be forecast.

The measures and methods described in this report focus on the needs for congestion and
mobility information. This project investigated the range of uses, users, and audiences that
are associated with congestion and mobility information to determine which measures
would best satisfy the range of needs. The measures and data collection procedures center
on the use of travel time-related procedures. There are also methods to adapt existing vol-
ume count and capacity estimation procedures to prepare congestion estimates in appro-
priate formats.

CONGESTION MEASUREMENT CONTEXT

The uses for congestion measures include the traditional capacity improvement, alterna-
tives analysis and operations evaluation studies, and a wide range of planning and policy
evaluations and public outreach activities that may not usually be considered. Table S-1
identifies several types of evaluations and the uses for congestion measures. The evaluation
of new infrastructure traditionally has used volume and capacity data, and these have been
effective because of the type of solutions being analyzed, but the set of solutions is much
greater now. The policy and program studies require a broader set of measures that illus-
trate the effect of congestion mitigation actions beyond volume and capacity impacts.

The traffic volume and roadway capacity-based measures work well for many purposes and
will be used by many agencies for a long time. The needs for congestion and mobility are
changing, however, and multimodal analyses will be a much greater part of the analysis land-
scape. Project 7-13 examined this landscape by separating consideration of data collection
procedures and performance measures. While data collection concerns are important, the sep-
aration of the two concerns results in a system that solves the problems of transportation
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TABLE S-1 Cross-classification of uses of congestion measures

Monitoring Design & . TDM, TSM, TCP, | Development | Route &
USES & Needs Operations %ﬂ‘::ggse‘;f & Policy Impact Travel Education
Studies lyses Studies Evaluations Choice

Identification of problems X X X X X X X
Basis for government action/
investment/policies X X X X X X
Prioritization of improvements X X X X
Information for private sector X X X X X X X
decisions
Basis for national, state, regional X X X x
policies and programs
Assessment of traffic controls,

eometrics, regulations, X X X
improvements
Assessment of transit routing,
scheduling, stop placement X X X
Base case (for comparison with
improvement alternatives) X X X X X X X
Inputs for transportation models X X X X X
Inputs for air quality and energy X X X X X
models
Measures of effectiveness for
alternatives evaluation X X X X X X
Measures of land development X X X
impact
Input to zoning decisions X X
Basis for real-time route choice X X
decisions

professionals and others for measurement techniques and can be consistent with data con-
cerns. A desirable set of measures is based on the ability to satisfy the needs for information.

Measures related to travel time and speed are the most flexible and useful for a wide range
of analyses. This information is used by professionals, is readily understood by the public,
and is appropriate for a broad range of contexts. Increased public participation in the trans-
portation decision-making process requires a set of performance measures that can be eas-
ily communicated. Congestion and mobility statistics are used in evaluating existing and
future conditions; changes due to construction, operational improvements, and management
alternatives; policy or land use decisions; and a wide range of person and freight movement
analyses. Travel time measures are consistent, address transportation and land use systems,
and are responsive to concerns of residents, businesses, and travelers.

These uses and needs also suggest defining congestion by focusing on the effect—an
increase in travel time beyond that acceptable to travelers. The research identified two
definitions:

* Congestion is travel time or delay in excess of that normally incurred under light or
free-flow travel conditions.

* Unacceptable congestion is travel time or delay in excess of an agreed-upon norm. The
agreed-upon norm may vary by type of transportation facility, travel mode, geographic
location, and time of day.




These two definitions were used in conjunction with the measurements to develop a pro-
gram of congestion measurement techniques.

The concept of defining an unacceptable level of congestion is important to the applica-
tion of travel time-based measures. An acceptable travel speed or travel time can be used
to identify locations where the transportation system needs improvement. The acceptable
speed or time may be different in downtowns than in suburbs and will certainly be differ-
ent for travel on freeways and streets. The determination of the acceptable levels might
require a more extensive and interactive public communication process, but the result will
be a set of indicators that can be used in evaluations and project prioritization.

Two other useful concepts also were defined in the research—mobility and accessibility:

* Mobility is the ability of people and goods to move quickly, easily, and cheaply to
where they are destined at a speed that represents free-flow or comparably high-
quality conditions.

*» Accessibility is the achievement of travel objectives within time limits regarded as
acceptable.

Accessibility can illustrate the effect of a wide range of multimodal and intermodal trans-
portation improvements, as well as changes in land use patterns that reduce the need for
long-distance trips.

CONGESTION MEASURES

Travel time and delay are the foundation for congestion measurement, but many differ-
ent measures are useful depending on the need. Table S-2 summarizes several important
measures that can be used in multimodal and single-mode analyses. The application of these
measures at various scales and types of analysis is summarized in Tables S-3 and S-4. The
rate-based quantities are typically more useful for small analysis areas or single roadways.
They are also used in aggregate analyses, but magnitude quantities like total delay, or rel-
ative measures such as accessibility and indices, are more useful for their ability to relate
modes and facilities with different performance characteristics.

While it is difficult to conceive of a single value that will describe all of the travelers’ con-
cerns about congestion, there are four components that interact in a congested roadway or
system. These components are duration, extent, intensity, and reliability. They vary among
and within urban areas—smaller urban areas, for example, have shorter durations than larger
areas. Table S-5 provides an overview of ways to examine these four components:

* Duration—This is defined as the amount of time congestion affects the travel system.
The peak hour has expanded to a peak period in many corridors, and congestion stud-
ies have expanded accordingly.

» Extent—This is described by estimating the number of people or vehicles affected by
congestion, and by the geographic distribution of congestion.

* Intensity—This is the severity of the congestion that affects travel. It is typically used
to differentiate between levels of congestion on transportation systems and to define
the total amount of congestion.

* Reliability—This key component of congestion estimation is described as the varia-
tion in the other three elements. Daily congestion delay caused by excessive traffic vol-
ume is relatively stable and somewhat predictable. Nonrecurrent (due to accidents,
vehicle breakdown, weather, etc.) delay causes much greater variation in the amount
of congestion and is much less easily predicted. Reliability is the impact of nonrecur-
rent congestion on the transportation system.
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TABLE S-2  Quick reference guide to measures of congestion

TRAVEL Travel Rate _ _Travel Time (minutes) _ 60
RATE (minutes per mile) Segment Length (miles)y  Average Speed (mph)

DELAY Delay Rate  _ Actual Travel Rate _ Acceptable Travel Rate
RATE (minutes per mile)  (minutes per mile) (minutes per mile)
TOTAL Total Segment Delay _ Tr;z;l‘{;"lime _ T/:' ;53’;?’1:8 x Vehicle Volume
DELAY (vehicle~minutes) (minutes) (minutes) (vehicles)
Passenger Volume _ Average Travel Speed
CORRIDOR Corridor  _ (persons) (mph)
MOBILITY INDEX  Mobility Index Normalizing Value
(e.g., 25,000 for streets, 125,000 for freeways)
RELATIVE Relative _ Delay Rate
DELAY RATE Delay Rate  geceptable Travel Rate

Delay Rate

DELAY RATIO Delay Ratio = —————
Actual Travel Rate

CONGESTED Congested Travel Congested 7 ez Yolume

TRAVEL (vehicle-miles) Sum of all Segm(zitleﬁfngth * \(vehicle)

CONGESTED Congested Roadway _ Sum of all Congested Segment
ROADWAY (miles) Lengths (miles)
Accessibility _ E Objective fulfillment opportunities

ACCESSIBILITY (e.g., jobs), where

(opportunities) Travel time s Acceptable travel time

The Final Report and User’s Guide detail the application of the various conges-
tion measures to several typical analyses. The examples stress the importance of match-
ing the measures with the type of problem, audience, and information needs. Several
multimodal and operating strategy examples illustrate the selection of measures and the
interpretation of congestion information to evaluate and prioritize transportation
improvements.

DATA COLLECTION AND ANALYSIS

It is recommended that travel time and speed studies should be used to collect conges-
tion data directly whenever feasible. These data can be used to quantify congestion, iden-
tify bottlenecks in traffic systems, evaluate computerized coordinated traffic signal systems
and other operational improvements designed to move traffic more efficiently, provide data
for air quality analyses, and improve analyses and feasibility studies for a range of multi-
modal and intermodal improvements.



TABLE S-3 Recommended congestion measures for various levels of analysis

Measures of Congestion
Level or Scale of . R
. Trave! Relative Corridor | Congested
Analysis 1;:‘[:’1:' Time Tl;::' Delay | pota! | Detay ?{:l:g Mobility |  VMT/ (l:{""gde\jmd Accessibility
Difference Y Rate Index PMT oadway
Individual
Locations S P
Shor.t Roadway P p P s s
Sections
Long Roadway P P P s S
Sections or Routes
Corridors S S P P P S S
Sub-Areas P S P P P
Regional Networks P S P P P
Modal Analyses S S P P P P P

Note: P = Primary measure of congestion
S = Secondary measure of congestion

VMT = Vehicle-miles of travel
PMT = Person-miles of travel

Traffic counting programs also can be more effectively targeted when system bottlenecks
are identified. If the goal of the analysis is to identify the areawide magnitude of congestion,
the severity of the problem and the location of the most significant congested areas, the process
should start with the local transportation experts identifying the known congested areas and,
in at least a general way, categorizing their severity. For corridor, subarea, or regional analy-
ses, travel speeds then can be sampled on a few routes in the same way that traffic counts are
sampled. Travel time data also can be collected in conjunction with traffic counts.

The research team gathered travel speed, roadway inventory and traffic volume infor-
mation from 15 urban areas in the United States. The data were used to identify variations
in travel times, develop data collection requirements, and derive surrogate speed estimation
for freeways and arterial streets.

SAMPLING PLANS

Sampling plans were developed for estimating (1) the number of travel time runs needed
on a particular roadway segment and (2) the number of roadway segments that should be
studied in an areawide congestion analysis. They were based on the variation of travel times
(or speeds) for time periods and for roadway systems.

* The suggested number of travel time runs to quantify congestion on particular street
and freeway segments is shown in Tables S-6 and S-7.

* Travel speed variation was analyzed for roadways with similar traffic volume and geo-
metric characteristics. The number of roadway segments that should be sampled to esti-
mate congestion levels for studies that cover areas rather than individual roads is
related to this variation.

ESTIMATING TRAVEL SPEED

For situations in which direct data collection is not possible, the research identified sev-
eral surrogate speed estimation techniques.
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TABLE S-5 Overview of methods to measure congestion aspects

System Type
Congestion Aspect
Single Roadway Corridor Areawide Network
Duration (e.g., Hours facility operates | Hours facility operates | Set of travel time
amount of time system | below acceptable speed | below acceptable speed | contour maps;
is congested) “bandwidth” maps

showing amount of
congested time for
system sections

Extent (e.g., number

% or amount of

% of VMT or PMT in

% of trips in

or total amount of

relative delay rate;

travel rate; delay per

of people affected or congested VMT or congestion; % or miles | congestion; person-
geographic PMT; % or lane-miles | of congested road miles or person-hours
distribution) of congested road of congestion; % or
lane-miles of
congested road
Intensity (e.g., level Travel rate; delay rate; | Average speed or Accessibility; total

delay in person-hours;

congestion) minute-miles; lape- PMT; delay ratio delay per person;
mile hours delay per PMT
Reliability (e.g., Average travel rate or | Average travel rate or | Travel time contour
variation in the speed + standard speed + standard maps with variation
amount of congestion) | deviation; delay + deviation; delay + lines; average
standard deviation standard deviation travel/time 4
standard deviation;
delay <+ standard
deviation
Note: VMT—vehicle-miles of travel
PMT—person-miles of travel
Freeways

The best predictor of speed on freeways uses daily traffic volume per lane and access fre-
quency (Equation S-1). Separate equations were developed for freeways that account for
the effects of freeway bottlenecks. The model is described in Equations S-2 and S-3.

Peak Hour Speed (mph) = 91.4 — 2.0 [ADT/Lane, 1000s]

— 2.85 [Access Frequency (access points per mile)] S-D
TABLE S-6 Suggested travel time variations and approximate sample sizes for
arterial streets
Average Minimum Minimum Minimum Minimum
Signal Density Group c.v. runs for runs for runs for runs for
(%) 80%, 10%* | 85%, 10%° | 90%, 10%° | 95%, 5%°
Low—less than 3 signals 9 26)° 2(6)° 36)° 13
per mile
Medium—3 to 6 signals per 12 3(6)° 3(6)° 46)° 23
mile
High—greater than 6 15 4(6)° 5(6)° 7 35
signals per mile

80% level of confidence, 10% relative error—runs calculated using Equation 20 (normal distribution).
® 85% level of confidence, 10% relative error—runs calculated using Equation 20 (normal distribution).
¢ 90% level of confidence, 10% relative error—-runs calculated using Equation 20 (normal distribution).
495% level of confidence, 5% relative error—runs calculated using Equation 20 (normal distribution).
¢ Six runs needed to provide reasonable assurance that data are not affected by unusual conditions (e. g.,
driver behavior, signal malfunctions).
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TABLE S-7 Suggested travel time variations and approximate sample sizes for freeways

ADT per Lane Average c.v. Mlmmfum Minin}um Minin;um Mmm;u.m
Stratum Group (%) rups for runs for N runs for runs for
80%, 10% 85%, 10% 90%, 10% | 95%, 5%
Low—less than 15,000 9 2(5)° 2(5° 3(5)° 13
Moderate—15,000 to 11 2(5)° 35° 4(5)° 19
20,000
High—greater than 17 5 6 8 45
20,000

2 80% level of confidence, 10% relative error—runs calculated using Equation 20 (normal distribution) .

b 85% level of confidence, 10% relative error—runs calculated using Equation 20 (normal distribution).

© 90% level of confidence, 10% relative error—runs calculated using Equation 20 (normal distribution).
495% level of confidence, 5% relative error—runs calculated using Equation 20 (normal distribution).

® Five runs needed to provide reasonable assurance that data are not affected by unusual conditions (e.g.,
driver behavior).

Effective ADT per Lane = Bottleneck ADT/Lane [W, — W, X d] (§-2)
where
W, = weighting factor for magnitude of bottleneck = 1.1 (1.4 when ADT per lane

exceeds 30,000),
W, = weighting factor for distance to bottleneck = 0.1, and
d = distance to beginning of bottleneck

Peak-Hour Speed (mph) = 86.4 — 1.5 [Effective ADT/Lane, 1000s]

— 2.85 [Access Frequency (access points per mile)] (8-3)

Arterial Streets

For arterial streets, traffic volume per lane (or volume-to-capacity ratio), traffic signal
density, and signal progression were found to be key factors in estimating speed. Figures
S-1 and S-2 illustrate the relationship between traffic volume, signal density, and speed for
Class I and Class II/III arterials.

40
35
30
:;: 2(5) ~ \E:\ v/cor;tii_—
3 ~ | T—T——] o3
g% 15— — 10|
10 — 12—
5 L
0 L]

0 1 2 3 4 5 6 7 8 9 10
Signal Density (signals per mile)

Figure S-1.  Suggested speed estimation curves
for Class I arterials.
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Figure S-2.  Suggested speed estimation
curves for Class II/III arterials.

Equations S-4, S-5, and S-6 can be used to estimate traffic speed. The effective signal
density factor accounts for the influence of signal progression on travel speed. Equation
S-7 illustrates the calculation of effective signal density.

The speed estimates in these equations account for signal progression. The effective sig-
nal density represents the signals per mile times [1 — (Through Band Capacity/Cycle
Length)].

All Arterials. Using the Volume-to-Capacity Ratio
60
Peak-Hour Speed (mph) = — (S-4;
60 1 + Effective \™ 4707
Sional Densi [1+ (ve)']
Free-Flow Speed |\°'8™4 ensity
(mph)

where v/c = volume-to-capacity ratio

Class | Arterials. Using ADT/Lane as a Surrogate for the v/c Ratio

Peak-Hour 60 (S-5)
d h) — ' -
Speed (mph) L (1 + Effective )0.3 . M 4\07
Free- Flow |\Signal Density 10,000
Speed (mph)

Class IVl Arterials. Using ADT/Lane as a Surrogate for the v/c Ratio

Peak-Hour 60

Speed (mph) = (S-6)
peed (mph) 60 1+ Effective )O'3 + ADT/Lane "\’
Free-Flow |\Signal Density 8,000
Speed (mph)
Through Band Duration
Effective Signal Density = ((sf’i’;‘g b o ) - (seconds) (S-7)
8 per mile) Cycle Length

(seconds)
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When future speed estimates are required for existing roadways, Equation S-8 can be
used to take advantage of recent travel time studies. Surrogate travel speed estimates are
developed for both the existing and future conditions using the equations derived from a
national data set (Equations S-4, S-5, and S-6). These estimates are combined with the exist-
ing directly collected travel speed to produce a speed estimate that is consistent with cur-
rent local conditions.

Future _ Existing Future Surrogate
Estimate ~ Measurement ~ Existing Surrogate

(5-8)

CONGESTION INDEX CONCEPT

A congestion index that attempts to reflect motorists” perceptions of traffic congestion
was presented to assist in communicating information on traffic congestion levels and to
promote further discussion on congestion indices. This “speed reduction index” reflects the
ratio of the relative speed change between congested and free-flow conditions. This index,
shown in Figure S-3 ranges from O to 10, with congestion usually occurring when the index
exceeds 4 to 5 (a 40 percent to 50 percent drop in speed).

CONCLUSIONS

This report describes methods of estimating congestion from the perspective of the uses,
users, and the audience for congestion information. If the wide range of analyses that rely
on congestion information and the interests of the audiences are included in the assessment
of congestion measurement techniques, measures that are related to person or freight
movement and travel time, speed, or rate will be the most useful.

The direct data collection methods and surrogate speed estimation techniques address the
data collection concerns and provide a link to historic and current congestion quantification
techniques. Considering the data collection needs and limitations after the measures are
identified will result in information that directly addresses the requirements of the analysis.

10+

Example: 50% reduction in speed from free-flow conditions
8- represents a Speed Reduction Index of 5

SPEED REDUCTION INDEX
X
|
|
I
|
|
|
|
|
I
|

0 1 1 T l T !

T
0 10 20 30 40 50 60 70 80
PERCENT REDUCTION FROM FREE-FLOW SPEED

Figure S-3.  Speed reduction index.
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Any compromises that become necessary to fit data collection concerns or budgets can be
made with due consideration of the congestion measurement needs.

The range of modal improvements, strategies, and policies that are considered in mod-
ern transportation analyses requires flexible measures that can provide common quantities.
The effect of each proposed solution should be reflected in the measures chosen to repre-
sent the results of improvement analyses. The measures should also relate the analysis to
the goals and objectives of the transportation system and the land use patterns it serves.
These “reality checks” are necessary for effective communication between the various
groups involved in transportation decisions.

RECOMMENDATIONS

Several recommendations emerged for improving congestion measurement.

The audience for congestion measures should be clearly recognized.

Transportation professionals in charge of data collection activities should be targeted
for an information campaign about the results of this research.

The development and application of congestion measurements should not be solely a
function of easily obtained data.

Multimodal analyses will require the use of common denominators that facilitate com-
parisons and evaluate the effectiveness of the transportation system at meeting the
assigned travel objectives.

Both multimodal and mode specific analyses will be required in many situations.

The effort of the intended improvement should be quantified in the chosen measure or
measures.

The congestion measurements should illustrate quantities that are consistent with the
goals and objectives of the transportation system and the related land-use regulations
or plans.

Agencies should be encouraged to directly collect peak and off-peak travel time infor-
mation on a systematic basis—such as developing peak and off-peak travel time con-
tours from the city center or other important activity centers.

Additional research should be encouraged in several areas. These include

Improving travel time estimation and validation processes for computerized urban
transportation planning programs.

Applying and refining the congestion index concept.

Assessing the effects of improved traffic signal coordination on travel speeds.
Further analyzing the effects of bottlenecks on freeway congestion.

Improving estimates of the effects of incidents on freeway operations.

Performing behavioral studies to assess the reactions of travelers to various levels of
congestion.
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CHAPTER 1

CURRENT PRACTICE AND FUTURE NEEDS

FOR CONGESTION MEASUREMENT

THE NEED FOR CONGESTION MEASUREMENT

NCHRP Project 7-13, Quantifying Congestion, was
charged with developing ways to reassess and enhance con-
gestion measurement. The research was conducted in context
with the changed policy environment arising from national
concerns about air quality and energy use, detrimental effects
of congestion on the economy and land development, and cit-
izen frustration with driving conditions and impacts on qual-
ity of life. The Intermodal Surface Transportation Efficiency
Act of 1991 (ISTEA) and revisions to the Clean Air Act
reflect and mandate the new policy environment and pre-
scribe congestion monitoring and management for which
existing measurement procedures are not well suited.

The growth of traffic congestion on many streets and high-
ways is a major concern to travelers, administrators, mer-
chants, developers, and to the community at large. Its det-
rimental impacts in longer journey times, higher fuel
consumption, increased emissions of air pollutants, greater
transport and other affected costs, and changing investment
decisions increasingly are recognized and felt across the
country. Congestion reduces the effective accessibility of
residents, activities, and jobs and results in lost opportunities
for both the public and business.

Congestion in central cities has been recognized for some
time, and is one of the reasons residents and businesses
moved to the suburbs. Congestion now has reached the sub-
urbs as well. This would appear to leave metropolitan areas
with choices of limiting growth, controlling travel demand,
spending massive amounts of money for highway or transit
improvements in built-up areas, or watching current suburbs
decay and the central city decay more while residents and
businesses continue with the next phase of the dispersion
cycle. The effects of inaction have been felt by city tax bases
and they are beginning to affect suburbs’ revenues as well.

Despite these effects and resulting concern and discussion,
action has been slow in coming. There has been little con-
certed nationwide effort other than activities under the head-
ing of intelligent transportation systems. Congestion and
growth problems require more effective solutions than old
remedies are able to deliver. There is need to measure their
extent and impacts better.

The ISTEA legislation and related regulations did, how-
ever, provide formal impetus for progress. Its provisions
embrace an array of new approaches and shifts in emphasis

that have been enacted in several local processes. ISTEA
included mandates for transportation planning that consider
methods to reduce and prevent congestion, including trans-
portation and land use management, enhancement of transit
services, reduction of single-occupant motor vehicle travel,
and construction of new transportation facilities through use
of innovative financing mechanisms. ISTEA also called for
management systems that include traffic monitoring for
highways, intermodal transportation systems, and public
transportation. The regulations developed in response to the
legislation focused on providing deadlines, information, and
flexibility to local and state agencies. The precise construc-
tion of congestion measurement and analysis techniques was
left to the preparers of the management systems.

Mitigating congestion by managing traffic better, expanding
transport capacity, managing travel demands, or modifying
land use requires basic information on how, where, why, and
to what extent congestion occurs. But these congestion mitiga-
tion efforts can succeed only with an organized and focused
effort that begins with universally understood and accepted
definitions of congestion and consistent means of measure-
ment. Despite its pervasive nature, there are relatively few con-
sistent definitions and systematic measures of congestion.

The current state of uncertainty about congestion measure-
ment is caused not by any profound inability of the traditional
highway capacity-oriented measures of the past four decades
to perform the tasks they were designed for. Change is com-
ing because the uses to which performance measures are being
put have been broadened. The goals and objectives they are
being paired with have been augmented or changed. A mea-
sure perfectly designed to gauge achievement of smooth
vehicular flow is not necessarily going to be a good measure
for assessing satisfaction of need for reasonable access to jobs,
goods, and services with the least social cost. It may not even
be a good measure for gauging achievement of maximum
roadway person-throughput under monetary or right-of-way
availability constraints. In addition, a measure designed to
assess performance at an individual location may not be suited
to assess congestion along a route or within an area.

The Importance of Context

It is essential, therefore, that performance measures be
consistent with the goals and objectives of the process in



which they are being employed. Performance measures are
key to controlling process outcome, whether the process is
alternative selection, congestion management, growth man-
agement, or system optimization. For example, within con-
gestion management, performance measures are used for
problem identification and assessment, evaluation and com-
parison of alternative strategies, demonstration of effective-
ness, and ongoing system monitoring.

Poor selection of measures has a high probability of lead-
ing to poor outcomes. In contrast, goals and objectives prop-
erly paired with performance measures provide the mecha-
nism whereby decision makers can guide planners and
engineers toward achieving desired ends and can then check
(using evaluation results) that the desired ends are in fact best
served by the solutions offered (/). Thus, the context for
measuring and assessing congestion is important.

Congestion is, however, only one of many performance
measures. The measures of congestion recommended in this
report are optimal for a wide range of uses, but they must be
combined with others to fully describe the operating condi-
tion of transportation systems and the service provided to
travelers. Level-of-service and vehicle density, for example,
can be used as congestion measures, but they also describe
some aspects of quality and comfort of the service provided
by the facility as perceived by the traveler. Creating a set of
congestion measures does not require consideration of these
other concerns.

An Example of Analytical Challenges

It does not take congestion mitigation, intelligent trans-
portation systems, or growth management considerations to
illustrate the changes that have taken place and the analyt-
ical challenges faced by transportation professionals. Con-
sider project planning for a hypothetical 5-mi section of free-
way. It is theorized that an additional lane or lanes may
improve traffic flow in this section. Volume counts are taken
at three locations on the freeway mainlanes and at all
entrance and exit ramps to calculate volume-to-capacity
ratios in an effort to understand the existing situation. The
critical sections are identified, and an additional lane is rec-
ommended for 3 mi, and auxiliary lanes are recommended
for two locations.

Now suppose that environmental or financial concerns
prevent this solution from being implemented. It is suggested
that operational improvements may provide some benefit.
Ramp metering with bus and carpool priority bypass lanes,
increases in transit service in the corridor, and an incident
detection and response system are considered as a means to
improve mobility without any additional freeway mainline
capacity. The proposed improvements affect the amount of
incident delay differently from recurrent delay, and they
attempt to reduce delay for higher occupancy vehicles more
than for single-occupant vehicles (SOV), which may lead to
shifts in the travel mode percentage.
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Simple volume-to-capacity ratio calculations cannot be
used to quantify and illustrate the effect of these new
improvements because they do not recognize increased vehi-
cle capacity or the delay reduction achieved by the opera-
tional strategies employed. Volume-to-capacity ratios are
also difficult to express in person-movement terms or
to aggregate to peak period analyses. Density measures
also have many of these problems. Therefore, additional
approaches are necessary and desirable.

OVERVIEW OF THIS RESEARCH EFFORT

Thus, there is a need for a congestion definition(s) that
is(are) reliable; can be understood by the general public; can
be applied to a route, subarea, or entire urban region; can be
forecast; and, if possible, can be related to simple and easy-
to-inventory parameters. Measures are needed that define the
quality of traffic flow and can be used in the travel demand
forecasting process to establish needs or priorities for im-
provements and for developing community support for trans-
portation improvement proposals. They also should support
practitioners and researchers by enhancing comprehension of
congestion phenomena and their management in producing
effective solutions to traffic flow, mobility, and transporta-
tion operations and systems deficiencies. Both definitions
and measures are needed that can meet new ISTEA and
Clean Air Act requirements and be an effective means of
communicating congestion problems and their potential
solutions to policy makers and the public.

This research report and the associated User’s Guide
describe a process to quantify or estimate congestion that sat-
isfies the diverse needs of users, is oriented to the knowledge
base of a wide variety of audiences, and is consistent with
needs for estimating congestion and mobility associated with
multimodal transportation systems.

Much of the project effort focused on developing roadway
congestion measures and estimation techniques. Some of
these will be useful for the analysis of congestion and mobil-
ity provided by other modes, but in general the study of non-
roadway congestion has been left for other researchers. The
roadway congestion measures have been designed, however,
in context with multimodal evaluation needs.

SCOPE OF CONGESTION MEASUREMENT

The scope of congestion measurement is both broad and
multidimensional. The specifications of any particular
application will be dictated by the users of congestion mea-
surement and the uses they apply. The users and uses of
congestion measures are the subject of the next section. The
uses described there indicate that congestion measures will
be needed for different kinds of facilities, at various times
of the day, and in assorted locations and contexts that vary
according to the urban or rural character of the area under
analysis.
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The breadth of existing and potential applications places
special demands on congestion measurement because it
imposes need for flexibility of application in an environ-
ment where consistency among applications is likewise
very important. The sometimes conflicting requirements
between flexibility and consistency form the basis of some
of the key congestion measure evaluation criteria described
in Chapter 2.

Table 1 lists seven specific situations that significantly
influence the scope and nature of congestion measurement:
scope, locus, mode, roadway type, time of day, planning con-
text, and level of detail.

Geographic Scope

Two aspects of location must be considered when
measuring congestion—geographic scope and locus. Geo-
graphic scope identifies the spread and extent of the area
to be represented and investigated. The scope can range
from an individual intersection to an urban area, a state,
or the whole country. It is important to define the bound-
aries of a corridor or subarea by the travel patterns within
the corridor or subarea, not just by the extent of conges-
tion alone, which could bias the results. Other areas of
analysis are much more readily defined by physical or
political limits.

Locus

The other aspect of location to consider is where and in
what type of area the congestion occurs. The political bound-
aries of the central city and incorporated suburban cities
make it easy to define the location of congestion in those
areas. Other location descriptions are more difficult to clearly
establish because the boundaries between them are more sub-
jective. Guidelines for establishing those boundaries, based
on the character of development and traffic, are provided
here.

The central business district (CBD) core should be defined
by its dramatically higher density of development than else-
where in the metropolitan area. The central city comprises
the areas outside the core where there is reasonably consis-
tent nature and density of development, even though this area
may have scattered pockets where development and density
vary. The CBD fringe is the transitional area between the
core and the central city, where density decreases and devel-
opment character changes.

Incorporated suburbs, the cities and towns surrounding the
central city, include both residential and commercial land
uses. Major activity concentrations, the so-called “edge
cities,” require differentiation from their surroundings just as
CBDs do. Edge cities are identifiable places with commer-
cial activity of about the same magnitude as CBDs—with
more jobs than population, and more density than their sur-

TABLE 1 Situations where congestion may be measured

GEOGRAPHIC SCOPE LOCUS
Intersection/Interchange CBD Core
Facility Segment CBD Fringe
Route/Corridor Central City
Sector/Subregion Suburbs
Region Suburban Fringe
State/Nation Seasonal/Resort
Stadium, Arena or Sports Complex
TRANSPORTATION MODE ROADWAY TYPE
Roadways Freeways and Toll Roads
HOV or Bus-Only Lanes Expressways and Super Arterials
Car Pools Principal Arterials
Buses Minor Arterials
Rail in Roadway or Median Collectors
Exclusive Guideway Transit Local Streets
TIME OF DAY/DAY OF WEEK PLANNING CONTEXT
Morming Peak Existing Conditions
Afternoon Peak Existing Demand/Modified Supply
Noon Peak Future Demand/Existing Supply
Midday Future Year Conditions
Evening
Daily Average LEXEL_QEMAIL
Weekday Average Policy
Special Events Planning
Holiday or Weekend Design
Operations
(Also see Users and Uses)




roundings. They occur in incorporated and unincorporated
suburbs and also inside of central cities.

Suburban development that has not incorporated can be
defined by comparing the consistency of its character and
density with incorporated suburbs. If there are no incorpo-
rated suburbs, suburban development can be defined by the
age and character of structures and possibly by density or lot
sizes. The suburban fringe is where development density
decreases from the more consistent density of the suburbs.
Seasonal or resort areas outside cities will require different
treatment from traditional urban locations. Other rural loca-
tions may also have to be addressed if they demonstrate, or
may demonstrate, congested conditions.

Transportation Mode

Congestion is experienced and may have to be measured
for all modes of transportation. Congestion is most often
thought of as only a roadway phenomenon, but it occurs for
transit as well. In fact, the effects of congestion on commer-
cial and multioccupant vehicles, whether transit or car pools,
should be considered more serious than congestion of SOVs.
Bus traffic and light rail transit systems may experience con-
gestion in the CBDs of large cities. These modes also expe-
rience and cause congestion on major roadways. Despite the
best efforts of transit operators, exclusive guideway transit
can also experience congestion during periods of heavy
demand especially on older systems with design deficiencies
and complex system configurations. Even high-occupancy
vehicle (HOV) lanes may have congestion caused by lane
discontinuity or problems of entry and exit.

Roadway Types

The more commonly experienced congestion occurs on
roadways. Different measurement strategies may need to be
considered for different types of roadways because of varia-
tions in the physical condition and the character of traffic car-
ried by each. Freeways and toll roads are sufficiently similar
to be considered in the same manner, although toll roads,
including those with automatic vehicle identification (AVI),
have readily available traffic measurement capabilities.
Expressways and regional arterials also have relatively unin-
terrupted flow and other similar characteristics that permit
them to be addressed in the same manner.

Principal and minor arterials may have to be treated sepa-
rately because of their different level and character of traffic
and because they commonly have different capacities. These
facilities require much more intense congestion measure-
ment because their traffic is affected by so many intersec-
tions and access points from adjacent development.

Time of Day

Another dimension of congestion to consider is when it
occurs and how much it varies. The number of different times
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to consider will differ with the level of congestion experi-
enced. The most frequently observed and greatest level of
congestion usually occurs during the morning and afternoon
peak periods. Whether to consider a peak 15-minute period,
single peak hour, or a multiple-hour period will be dictated
by the use intended for the congestion measure and the spe-
cific urban setting involved. For air quality concerns, the
duration of the congestion period is needed, but a measure-
ment of the congestion in the peak hour is often sufficient for
transportation planning and traffic analysis. The afternoon
peak (and noon peak if it exists) consists of a greater variety
of trips, many of which are difficult to analyze because of
their mixed purposes and multiple stops. As a result, the
morning peak is sometimes preferred for analysis as it is
more nearly uniform, consistent, and predictable. In a few
large central business districts, it may be desirable to assess
congestion throughout the working day. It is also important
to analyze the effect of incidents on congestion variability.

It is also sometimes important to measure congestion on
summer or holiday weekends, special events such as football
games, and major concerts. Congestion in these situations is
often more onerous because of the unexpected nature of con-
gestion in small cities or rural areas and the sharp, peaking
characteristics of certain activities.

One final period to consider is an average daily measure of
congestion, using some weighting process to combine the
observations during all periods of the day. Another useful
approach is to describe the severity of congestion by the per-
centage of the day during which facilities or areas of interest
are congested. These latter two presentations are particularly
useful for describing congestion to the general public.

Planning Context

The planning, engineering, or policy context within which
congestion measures are applied is still another dimension of
the scope of congestion measurement. The four planning
contexts listed in Table 1 can be defined easily using the
example of transportation needs studies. Congestion mea-
sures may be used to examine need as evidenced by existing
conditions of travel demand and transportation facility sup-
ply, or they may be applied to some modified context.

One modified context is that of existing travel demand
and modified transportation facility supply such as would
be needed to examine the needs that remain after imple-
mentation of a current improvement. Another is that of
future demand and existing supply, used to answer the
question of what will happen if nothing is done to accom-
modate traffic growth. The final context is that of future
year conditions throughout; future traffic on future facili-
ties, such as the transportation system after implementation
of a capital improvements program. All modified contexts
involve forecasting of either congestion alone or future traf-
fic and congestion.
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Level of Detail

Variations in level of detail do affect the scope of conges-
tion measurement. The level of detail ranges from complex
measures required by certain types of operations analyses, air
quality investigations, and model inputs, to the simplified
measures that are needed for conducting widespread investi-
gations with minimum data or for explaining results to any-
one not immersed in the transportation specialty. The special
needs of administrators, other decision makers, the media,
and the general public for measures that are readily under-
standable are examined further in the next section on users
and uses of congestion measures. Policy and planning analy-
ses usually require less detailed measurements than traffic
operations or design.

SUMMARY OF USES AND USERS
A crucial step in the design and selection of appropriate

congestion measures is a clear understanding of what role it
is that they are being asked to perform. Selection of an appro-

TABLE 2 Cross-classification of uses of congestion measures

priate set of congestion measures requires examining the
total context in which the measures will be used, including
the underlying purpose of the analysis process, the potential
solutions for deficiencies under study, the needs of trans-
portation agencies and other groups to communicate conges-
tion information, and the knowledge base of the audiences
that will receive the information.

Uses of Congestion Measures

Congestion information can be used in a variety of policy,
planning, and operational situations. It may be used by pub-
lic agencies in assessing facility or system adequacy, identi-
fying problems, calibrating models, developing and assess-
ing improvements, and formulating programs, policies, and
priorities. It may be used by the private sector in making
locational or investment decisions. It may be used by the gen-
eral public and media in assessing travelers’ satisfaction.

Table 2 offers two perspectives on uses of congestion
measures and combines them into a cross-classification. The
listing down the left side of Table 2 focuses on purposes to

Monitoring Design & . TDM, TSM, TCP, | Development Route &
USES & Needs Operations l%%lel::ggcegf & Policy Impact Travel Education
Studies nalyses Studies Evaluations Choice
Identification of problems X X X X X X X
Basis for government action/
investment/policies X X X X X X
Prioritization of improvements X X X X
Information for private sector
decisions X X X X X X X
Basis for national, state, regional
policies and programs X X X X
Assessment of traffic controls,
geometrics. regulations, X X X
Improvements
Assessment of transit routing,
scheduling, stop placement X X X
Base case (for comparison with
improvement alternatives) X X X X X X X
Inputs for transportation models X X X X X
Inputs for air quality and energy
models X X X X X
Measures of effectiveness for
alternatives evaluation X X X X X X
Measures of land development
impact X X X
Input to zoning decisions X X
Basis for real-time route choice X X
decisions




which congestion measures are applied. Across the top are
classes of studies, analyses, and endeavors that congestion
measures are used in. Under each class of study, analysis, or
endeavor, an “X” is entered opposite each purpose that per-
tains. Common to most congestion measure applications are
establishment of base case conditions, identification of prob-
lems, and assessment of options for problem resolution or
policy formulation.

Monitoring and Needs Studies are conducted to identify
the location, scale, and nature of transportation problems and
needs throughout a jurisdiction, region, operations district, or
designated problem area. This type of system monitoring,
once called deficiency or sufficiency studies, is a major com-
ponent of the management systems that were mandated in
ISTEA. Needs studies may be quite specific, reporting such
matters as condition of pavement and structures, or employ-
ing congestion measures to describe adequacy of intersec-
tions and roadway sections to accommodate traffic. Alterna-
tively, they may take a broader view, using measures of
mobility or accessibility to rank the quality of transportation
service offered in each sector or corridor, with correspond-
ing identification of average and substandard conditions. Pri-
vate industry uses congestion information from needs and
accessibility studies in making locational decisions.

The congestion measurement employed within a needs
study or management system to identify problems also pro-
vides a basis for government action and/or investment to cor-
rect the problems, including the prioritization of improve-
ments. In addition, needs study information is vital as a basis
for setting policy and developing broader programs at
national, state, and regional levels. Traffic monitoring under
ISTEA is obviously intended to improve the basis for policy
and programming. Finally, the congestion measure results of
a needs study or traffic monitoring report inherently provide
abase case against which improved conditions, or conditions
in other areas, can be measured.

Design and Operations Analyses are the traffic studies
done in transportation system design work or in the prepara-
tion of operating plans or developing improvements. Con-
gestion measures are used to identify specific problems and
assess solutions to these problems, such as the freeway traf-
fic weaving movement that is creating delays, the traffic sig-
nal phase lacking sufficient green time, the intersection with
carbon monoxide violations, the bus trips that have too many
standing persons, or the rapid transit station platform that
could become dangerously overcrowded. Design and opera-
tions analyses are, for the most part, well served by the exist-
ing toolbox of mode-specific performance measures.

Evaluation of Alternatives has as obvious examples the
extensive examination of alternatives done for major high-
way and transit projects. These processes are brought
together in the joint FHWA/FTA rulemaking of October 28,
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1993, “Metropolitan Planning Process: Major Metropolitan
Transportation Investments,” a further step into the era of
multimodal alternatives analyses (2).

Measures of effectiveness as employed in evaluations of
alternatives include measures of mobility or accessibility and
other forms of congestion measures. Performance measures
are used in evaluation of alternatives to establish a base case
for comparison, to rank the alternatives that are studied, and
to justify investment.

TDM, TSM, TCP, and Policy Studies are critical tools in
congestion and air quality management. As with other stud-
ies, travel demand management (TDM), transportation sys-
tems management (TSM), transportation control plans
(TCP), and policy studies use congestion measures to
describe base case conditions, establish a basis for action,
and set priorities. They similarly provide information for the
private sector, of particular interest to businesses asked to
participate in TDM or affected by TCP measures. Strategies
under consideration may include alternative approaches to
land use planning and site design and efforts to bring trans-
portation performance measures into play as measures of
growth management.

Development Impact Evaluations use congestion mea-
sures to identify where impacts of proposed development
will cause problems and also to identify existing problem
areas where development may be restricted under growth
management regulations such as Adequate Public Facilities
Ordinances or “concurrency” requirements for land and
transportation system development. Congestion measures
are used as a basis for government action in the specific case
of zoning decisions and related regulation of land develop-
ment, and similarly to establish policy with respect to land
use and access management. Private sector land development
decisions and strategies, including those of businesses that
want to locate or expand, are obviously heavily influenced in
turn. A difficult issue in the deployment of congestion mea-
sures in development impact evaluations is the ability to sort
out the tradeoff between localized impacts, particularly those
related to street traffic, and regional concerns such as multi-
modal transportation efficiency.

Route Choice covers both the routing and scheduling of
trucks and utility vehicles and real-time route choice deci-
sions of travelers en route. Routing and scheduling of trucks
and scheduled fleets today already involve identification of
congestion problems and accessibility opportunities and
often employ congestion or accessibility measures into rout-
ing and scheduling models or algorithms.

Education includes both training of professionals in
transportation and related disciplines, and enlightenment of
administrators, public officials, the general public, and other
users of congestion measures. Education inherently must
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involve study and explanation of all possible uses of the sub-
ject matter in question.

Users of Congestion Measures

Congestion imeasures and their complements, mobility and
accessibility measures, are used by practically every organi-
zation, profession, and group that is involved with providing,
consuming, or living next to highway transportation and pub-
lic transit. Obviously, the extent and sophistication of use
varies markedly, with major implications for the selection
and formulation of transportation performance measures.

The professionals in engineering, planning, and related
fields most likely to use congestion measures follow:

Transportation Engineers, who include traffic engineers
and operations planning specialists specializing in real-time
surveillance and control, and fleet vehicle scheduling and
routing. Transportation engineers are primarily concerned
with highway vehicles, but multioccupant and transit vehi-
cles are included. Many of their design and operations analy-
ses make good use of conventional capacity-based, mode-
specific measures, or highly specialized real-time condition
evaluation algorithms.

Transit Planners, who use some of the same measures as
traffic engineers when seeking effective surface transit oper-
ation on the highway system, but also have their own mode-
specific measures for addressing vehicle loading and passen-
ger flow problems. Transit planners also have need of more
generalized mobility and accessibility performance measures
for evaluating the delivery of transit service.

Environmental Specialists, who have their own very spe-
cialized uses of congestion measures, primarily as input to
pollutant emission and energy consumption calculation.

Transportation Planners, who have interests in congestion
measures that parallel those of both transportation engineers
and transit planners but with more frequent need to apply
congestion measures in multimodal situations. They would
find it particularly useful if there were a common measure of
congestion that could be applied to examine the combined
effects on person mobility of existing and proposed multi-
modal transportation systems and alternatives, including
TDM, TSM, TCP, and land use proposals.

Land Use Planners, who use congestion measures in
assessing everything from localized development proposals,
where the near-term congestion impact on an adjacent inter-
section is the primary concern, to broad planning studies of
the impact of different horizon year distributions of popula-
tion and employment. Zoning and related actions often bring
intense conflict between citizens and private development
interests over the issue of traffic infiltration and congestion,
requiring congestion measures that are simple and robust
enough to provide a reliable means of communication

between professional and lay persons often taking different
sides in both hearings and court trials.

Instructors and Researchers, who apply congestion
measures across all modes, geographic areas, time periods,
conditions, and levels of detail that are the purview of the
transportation specialties in which they teach or perform
research.

Others besides engineers and planners use congestion
measures, some of them professionals in other fields, and
some as elected or appointed officials, or as persons affected
by transportation systems, proposals, actions, or regulations.
They include

Administrators, who must deal with congestion measures
across all of the same modes, geographic areas, time periods,
and conditions with which their professional staff are
involved. They need robust measures that can be quickly
grasped and acted upon.

Business Persons, who use congestion information at
much the same level as government administrators, but from
the perspective of private enterprise.

Elected/Appointed Representatives and Officials, who are
in essentially the same position with respect to use of con-
gestion measures as the administrators who serve them,
except that they normally have a lesser foundation in train-
ing for understanding technical complexities. To be in a posi-
tion to make informed decisions, they need simple and
straightforward measures correctly matched to the implica-
tions of the transportation and land use questions brought to
them for resolution.

The General Public, which uses congestion measures in
efforts to understand, and particularly to assess, the impacts
of pending transportation and land use decisions on their
daily travel and on the quality of life in their neighborhoods.
Particularly in the context of today’s public involvement,
congestion measures are part of the necessary communica-
tion of information and positions between transportation
practitioners, administrators, and land developers on one
hand and the public on the other, and between the public and
their elected and appointed representatives.

Lawyers, particularly those involved with land develop-
ment, who normally prefer to deal with measures of conges-
tion that are simplified to allow easy comprehension by pub-
lic officials, examiners, judges, and juries.

Media Representatives, who use congestion measures as a
necessary means of communicating transportation news and
opinion to the public. They report performance measures per-
taining to everything from research results to public deci-
sions and private sector development actions.



Travelers en Route, who have made travel decisions based
on their qualitative perception of congestion for quite some
time. With the advent of intelligent transportation systems,
most particularly traveler information services, travelers will
join the ranks of users employing quantitative transportation
performance measures.

Conclusions

The fact that such diverse groups and institutions need to
use the same information argues for congestion measures and
definitions that are understandable and unambiguous. Yet,
for congestion measures to serve the rigorous technical
requirements of practitioners and researchers, the same mea-
sures capable of portrayal at the least common level of under-
standing must also be accurate, descriptive, and consistent.

DEFINITIONS OF CONGESTION, MOBILITY,
AND ACCESSIBILITY

What Is Congestion?

Congestion to the traveler is immobility. It is long lines of
stopped or slowly moving vehicles on a freeway, suburban

TABLE 3 Examples of where congestion takes place
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highway, or city street. It is the traffic “backups” on the
approach to an open drawbridge, at a bottleneck or choke
point on the street system, or at a freeway lane drop due to
design, accidents, or construction.

In broad perspective, congestion is caused by separation of
places where people shop, work, go to school, et cetera, from
where people live. It is compounded by the inability of trans-
port investment to keep pace with travel demand. Its nature,
location, and severity have been shaped by shifts in where
people work, shop, and reside and how they travel among
those places.

Traffic congestion usually results when (a) the road
system is unable to accommodate traffic at an adequate
speed, (b) there are conflicts among the different types
of traffic (cars, trucks, buses, or pedestrians), and (c) traf-
fic controls are improperly used. Often, these problems
work together to create or increase congestion. Table
3 gives examples of congestion resulting from these
deficiencies.

Traffic congestion may be recurrent or nonrecurrent.
Recurrent congestion generally occurs at the same place, at
the same time every weekday or weekend day. Nonrecurrent
congestion results from incidents such as accidents or road-
way maintenance.

Basic Cause
Description Roadway and | Traffic | Traffic
Access Mix Controls
Deficiencies
Major increase in land-use intensity without changes in transport capacity X
Insufficient road space (capacity) to accommodate demands (e.g., discharge from stadium parking area) X
Route convergence, lane drops, lane imbalances, and/or road narrowing resulting in increased traffic per X
lane (e.g., bridge or tunnel approach)
Discontinuities in street system resulting in “double loading” streets and heavy turns X
Transition from uninterrupted (free) flow to interrupted (stop and go) flow: as at toll plazas or terminals X
of freeway
Short weaving sections on high-speed roads X
Complex multiphase junctions X
Railroad grade crossing or drawbridge blocking traffic flow X X
Trucks on up-grade blocking passenger cars X
Pedestrian-bus-car conflicts at CBD junctions
Ineffective traffic signal controls, uncoordinated signals, long red-times, long cycle lengths X
Double parking (or frequent parking/unparking maneuvers) along city streets X
Delays associated with left turns from turns blocking through lanes; or long waits for left turns to clear
Inadequate length of transit stops—resulting in bus-bus and bus-car delays X
Long dwell times at transit stops X
Narrow passageways and platforms at busy rail transit stations X
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Congestion is normally associated with the morning and
evening weekday peak periods. But it also can occur on
summer or holiday weekends, especially where there are
many trips to and from the shore and mountains. And it also
may occur before and after events such as athletic or cultural
events.

Congestion manifests itself over both time and space. It
may occur along short or long sections of roadway; it may
occur for a few minutes, a few hours, or the entire day. Con-
ceptually, it can be viewed as a series of contours that defines
its geographic extent, duration, and intensity. The contours
are similar to the freeway traffic density (vehicles per lane
per mile) contours that have been used to define freeway per-
formance and problems.

Definition of Congestion

Past definitions of congestion tend to fall into two basic
categories, those that focus on cause and those that focus on
effect. Congestion measurement clearly requires a definition
that addresses the effect, or symptoms, of congestion. A
common theme permeates most definitions of congestion
that focus on effect—congestion reflects an increase in travel
time or delay beyond that acceptable to travelers.

Any definition of congestion, and the congestion measures
derived therefrom, should rely on concepts that are under-
stood by the intended audience. Travel time and its related
quantities are widely understood and fundamentally useful in
the definition and measurement of congestion. However, the
congestion reflected in travel times, rates and delays that are
acceptable to travelers can vary by city size, location in the
urban (or rural) area, and time of day or year. One method
that may be used to resolve this issue is to define two quan-
tities, congestion and unacceptable congestion:
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» Congestion is travel time or delay in excess of that nor-
mally incurred under light or free-flow travel conditions
(Figure 1).

» Unacceptable congestion is travel time or delay in ex-
cess of an agreed-upon norm. The agreed-upon norm
may vary by type of transportation facility, travel mode,
geographic location, and time of day.

The agreed-upon norm could reflect travel speed, travel
time or delay in a range from slightly to significantly above
that incurred under light or free-flow travel conditions, and
should be derived taking into account the expectation for
each portion of the transportation system as influenced by
community input and technical considerations. The agreed-
upon norm, and consequently the amount of acceptable con-
gestion, may be varied by geographic location, time period,
mode, and facility type to reflect different expectations or
objectives under different conditions.

The acceptable congestion standards may have a relation-
ship to the congestion perceived by travelers. Motorists usu-
ally are aware of congestion when travel speeds reduce to
about 60 percent to 70 percent of the free-flow speeds. Com-
munities may establish other thresholds, but they should real-
ize that they may overstate or understate the level of conges-
tion that motorists perceive.

Some areas may wish to link directly the values used for
acceptable congestion levels to the transportation improve-
ment process—when travel conditions fall below the agreed-
upon norm an improvement is needed. An alternative is to
use the exceedance of the agreed-upon norm, to indicate that
an improvement is needed in the corridor or area of the defi-
ciency, not necessarily in the travel mode or facility itself.
Separating the acceptable congestion concept from the des-
ignation of an improvement may be more appropriate for
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The definition of congestion.



areas where congestion levels are higher and multimodal
alternatives are more frequently considered.

The definition of congestion in the Congestion Man-
agement System (CMS) regulations (3) is similar to the
definition of “unacceptable congestion” above. The TTI
research team believes there is a need to separate the
quantities of congestion and unacceptable congestion.
The definition within the CMS regulations is relevant
only within the confines of the regulations rule. States and
MPOs are free to adopt their own definitions and mea-
sures to meet their needs, goals, and resources.

With these congestion definitions, travel conditions may
be compared for a variety of modes and system components
on a more equal basis. However, it is still necessary to be
aware that the role of congestion varies by mode. On most
urban highways, congestion is a dominant factor in service
quality; its causes are numerous. On transit systems, conges-
tion also affects quality——it may reflect both too many vehi-
cles on a lane or track, or too many people in each vehicle,
but it may be overshadowed in importance by other transit
service characteristics such as frequency, route coverage, and
overcrowded vehicles or lack thereof. Up to certain limits
(typically encountered only in New York City or foreign
countries), more users result in better transit service because
more frequency and coverage becomes practical. These dif-
ferences suggest that congestion measures have limitations
in cross-mode comparisons even when using common mea-
sures such as travel time. Mobility and accessibility measures
address this limitation.

Definitions of Mobility and Accessibility

Congestion measurement entails quantifying both the ade-
quacy and quality of transportation systems. Crucial aspects
of adequacy are readily described using congestion measures
couched in terms of deficiency and sufficiency. To describe
quality, however, the complement of congestion needs to be
quantified. This can be done in mobility or accessibility.

Mobility is the converse of congestion. Mobility is posi-
tive, and the ultimate in mobility is the ability to travel freely.
The following definition is intended to reflect these concepts
in a context useful for transportation system evaluation; thus
it excludes such important externalities as access to auto
ownership.

» Mobility is the ability of people and goods to move
quickly, easily and cheaply to where they are destined at
a speed that represents free-flow or comparably high-
quality conditions.

If in application this definition is narrowed to focus solely
on moving people and goods quickly, then mobility becomes
a value measured in volume of people or goods and speed of
movement. This is a concept applicable across all modes.
When used in concert with a measure such as number of
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lanes or equivalent, it is a strong indicator of efficiency. A
freeway with HOV lanes or rapid transit in the median will
move more person-volume than a freeway without these
treatments, and one hopes at a better or at least acceptable
speed. The same variations that apply to the definition of con-
gestion (location, time period, etc.) also apply to mobility.

Accessibility takes a different perspective to addressing
quality. Whereas mobility refers to the ease with which peo-
ple and goods can move or be moved about, accessibility
refers to the ease with which desired activities can be reached
from any or all locations (4). Accessibility is a broader mea-
sure than mobility in that it addresses land use and trans-
portation system evaluation in combination.

Accessibility can have a variety of different definitions.
The definition depends in part on whether local area accessi-
bility or regional accessibility is the concern and on whether
it is being used in connection with travel demand modeling
or transportation network evaluation.

Local accessibility entails measures of land use mix,
pedestrianization, and spatial separation within neighbor-
hoods not directly applicable to congestion measurement.
Accessibility as used in travel demand modeling necessarily
employs formulaic elements difficult for decision makers to
grasp.

More relevant to congestion measurement are regional
accessibility and transportation network evaluation. Accessi-
bility in this context is “a measure of the relative access of an
area or zone to population, employment opportunities, com-
munity services, . ..” (5). Combining past practice of using
travel time as the unit of spatial separation (6) with the
acceptability approach used in defining congestion, the
applicable definition of accessibility becomes

* Accessibility is the achievement of travel objectives
within time limits regarded as acceptable.

This definition does not fully parallel the definition for
congestion, in that it speaks of absolute travel times rather
than time or delay relative to an observable benchmark, but
it does adhere to the use of travel time relative to an accept-
able value as the core concept. As in the case of acceptable
congestion, acceptability will vary by trip purpose as well as
by geographic location, time of day, and mode of travel.

Accessibility using this definition has two particular
virtues. By using door-to-door travel time as the time mea-
sure, accessibility via alternative modes can be put on an
essentially equal footing, as long as it is recognized that
acceptability varies by mode. It is apparently as close to an
ideal measure for multimodal performance analysis as can be
achieved from the user perspective. In addition, it allows
recognition that travel needs can be more easily satisfied not
only if the transportation system is improved, but also if land
use arrangements are rationalized or additional travel modes
or options are made available to travelers. For example,
accessibility to services can be enhanced either by improv-



22

ing transportation to and from services or by relocating ser-
vices closer to residences and jobs. Thus, accessibility is a
powerful concept that can be used to measure benefits accru-
ing from the full range of multimodal improvements, mixed
land use, balanced land use, and development density.

CONCLUSIONS

This overview of congestion measurement provides a
framework within which to develop procedures to estimate
congestion under various situations. It shows that congestion
may take place along roadways, on transit facilities, or along
sidewalks. This report, however, concentrates on roadway
travel modes. The following sections of this report and the
User’s Guide provide information and procedures to collect

and analyze congestion mobility and accessibility on free-
ways, tollways, and streets. The other uses, users, and audi-
ences were studied to understand how roadway measures
should be made compatible with requirements for other
modes.

The preceding discussion centers on the needs for conges-
tion measurement rather than available data. The recom-
mended approach identifies the best measures of congestion
and pursues a set of direct and surrogate data collection pro-
cedures to estimate those measures. Such a process provides
a vision of congestion measurement that is compatible with
current transportation data collection techniques, as well as
those improvements expected in the next decade or two. It
also recognizes the need to use historical and current data
collection until those improvements can be realized.
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FINDINGS—REVIEW OF PRACTICE AND CONGESTION MEASURES

RESEARCH APPROACH—
OVERVIEW OF THIS CHAPTER

The research for this study focused on meeting the needs
for congestion and mobility measures. The initial approach
included a survey of state Departments of Transportation,
Metropolitan Planning Organizations, and other agencies
involved in congestion measurement activities, and a com-
prehensive investigation of the literature. The survey and lit-
erature review formed the basis for evaluating congestion
measurement needs, assessing the suitability of individual
measurement techniques and selecting approaches to mea-
suring congestion.

This chapter contains a summary of the congestion mea-
surements that are being used, the needs for congestion
measures, and the recommended analysis techniques to be
used for quantifying congestion.

CONGESTION MEASUREMENT—
REVIEW OF AGENCY PRACTICE

Numerous measures have been suggested or used over the
last 60 years in an attempt to quantify traffic congestion. Sev-
eral of these measures have been refined over time and today
are incorporated into standard traffic analyses by state and
local transportation agencies. Other measures of congestion
have been used on a limited basis because of prohibitive data
collection costs or a lack of understanding or acceptance
among the measures’ users and audiences. Still other con-
gestion measures have been suggested in the literature by the
research and academic community and remain untested and
unutilized. This section contains a summary of the measures
currently used by state and local agencies.

A “state of the practice” survey was distributed in 1992 to
over 450 state departments of transportation (DOTs), metro-
politan planning organizations (MPOs), congestion manage-
ment agencies, and city traffic engineering departments to
identify current agency practices for defining and measuring
congestion. A detailed description of survey responses can be
found in Appendix A of this project’s Interim Report (7). The
following sections provide a summary of survey responses.

Table 4 identifies users and target audiences. Table 5 iden-
tifies congestion measures actually used and those suggested
for use. Level of service was the most frequently used mea-

sure by agencies; delay and travel times were the most fre-
quently suggested measures.

Users and Uses

The “state of the practice” survey (7) identified the users
and target audiences for congestion measures generated by
each agency. The number of responses for each user group
and audience is presented in Table 4. Inspection of the table
reveals that transportation professionals are the most
common users (as reported by 81 percent of the responding
agencies) and target audience (77 percent) of congestion
measures. Public policy makers also constituted a large
percentage of users and target audiences.

Table 4 also reveals an interesting trend for nontechni-
cal groups like the private sector and media. Although the
private sector is a common user of congestion measures
(48 percent), it is not considered a target audience by most
public agencies (26 percent). The media are another group
identified as a user of congestion measures (37 percent) but
not a significant target audience (16 percent).

The responses in Table 4 indicate that although nontech-
nical groups are often the users of congestion measures, they
are infrequently considered as target audiences for conges-
tion measures. This implication provides a strong argument
for the development of congestion measures that are simple
and easy to understand for nontechnical audiences, yet rig-
orous and credible for technical groups.

Highway Capacity Manual Measures

Level of Service. The 1994 Highway Capacity Manual
(HCM) currently serves as a standard for typical traffic
engineering studies by most state and local agencies (8) just
as the 1985 HCM (8) did when the survey was conducted.
The 1994 HCM uses the level of service concept (LOS) to
represent a range of operating conditions, and LOS ranges
have been widely used as a basis for congestion measures.
Approximately 90 percent of all agencies (Table 5) re-
sponding to the survey incorporate the LOS concept as a
measure of congestion; however, there is no consensus
among agencies regarding the LOS range corresponding to
the threshold, or beginning, of congestion. Of the agencies
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TABLE 4 Summary of survey responses—users and target audiences of

congestion measures

Agency Responses to Question Regarding:®
Group
Users Target Audiences
Transportation professionals 83 (81%) 79 (717%)
Public policy makers 75 (14%) 71 (70%)
Private sector (developers, etc.) 49 (48%) 27 (26%)
Land use planners 46 (45%) 37 (36%)
Media 38 (37%) 16 (16%)
| General public 36 (35%) 28 27%)

Source: Reference (7).

 Multiple responses by each agency were permitted.
83 - Number of responses from surveyed agencies.

81% - Percent of responses.

using LOS as a measure of congestion, 45 percent define
LOS D or worse as congestion, whereas 20 percent and 14
percent define LOS C and LOS E or worse, respectively.
An acceptable standard for LOS has not been defined, but
it could be based on design guidelines for the specific type

of facility (9). Approximately 13 percent of the responding
agencies using LOS have defined standards based on func-
tional classification (e.g., freeway versus arterial street) or
location of facility (e.g., urban versus rural). An acceptable
standard for LOS could also be the result of a public review

TABLE 5 Summary of survey responses of congestion measures used and

suggested by agencies

Measure Nutx}:b;; ;; e.:sg;rn:aies Sugge;;irn% :él:asure
Level of Service 82 (90%) 4 (9%)
Delay 17 (19%) 14 (31%)
v/c ratio 15 (16%) 2 @4%)
Travel time/speed 12 (13%) 11 (24%)
Traffic volumes 4 (4%) 0 (0%)
Capacity 2(2%) 0 (0%)
Density 2(2%) 4 9%)
Lane occupancy 22%) 0 (0%)
Vehicle-hours of travel 2(2%) 2 4%)
Vehicle occupancy 2(2%) 0 (0%)
Queue duration 1(1%) 1 2%)
Queue length 0(0%) 2 4%)
Accident rate 1(1%) 2 (4%)
Duration of peak period 1(1%) 1 2%)
Failing signal cycles 1(1%) 0 0%
Vehicle emissions 0(0%) 3 (%)
Vehicle-miles of travel 00%) 5 (11%)

Source: Reference (2).

? Different response rate for each survey question; multiple responses by each agency were

permitted.

82 - Number of responses from surveyed agencies.

90% - Percent of responses.



and comment process to identify goals and objectives for
the community.

Freeway Analyses—Density and Volume-to-Capacity
(v/c) Ratio. The LOS for a basic segment of freeway or other
uninterrupted flow facility is defined by the vehicular density
(passenger cars per mile per lane). Only two of the respond-
ing agencies (2 percent) use density as a measure of conges-
tion; additionally, only 9 percent of the responding agencies
suggested vehicular density (using aerial photography) as an
appropriate measure of congestion. Because the 1994 HCM
presents a calibrated relationship between the v/c ratio and
density, the v/c ratio is frequently used in LOS analyses in
lieu of density because of the relative ease of traffic volume
data collection (relative to also measuring speeds to establish
densities directly). Approximately 16 percent of the respond-
ing agencies use the v/c ratio as a surrogate measure of con-
gestion, but only 4 percent of the agencies suggested the v/c
ratio as an appropriate congestion measure. As with LOS
ranges, there is no consensus on the v/c ratio corresponding
to the threshold of congestion. Of the responding agencies
using the v/c ratio as a measure of congestion, 36 percent,
45 percent, and 19 percent defined the congestion threshold
value as a v/c ratio equal to or greater than 0.8, 1.0, and 1.25,
respectively.

Signalized Intersection Analyses—Average Delay per
Vehicle. The LOS for signalized intersections is defined in
the surrogate measure, average stopped delay per vehicle.
Although signalized intersections are often the source of con-
gestion along arterial streets, only 10 percent of all LOS
analyses by responding agencies included signalized inter-
sections. Most of the LOS analyses concentrated on all func-
tional classes (42 percent), freeways or expressways (18 per-
cent), and principal arterial streets (14 percent).

Capacity. The capacity of a roadway facility is used by
two agencies (2 percent), both state DOTs, as a relative mea-
sure of congestion. Roadway capacities are estimated using
methodologies in the 1994 HCM (8). None of the respond-
ing agencies suggested roadway capacity as an appropriate
congestion measure.

Queuing-Related Measures

Queue Length and Duration. Although no responding
agencies used queue length, two of the agencies (4 percent)
suggested it as an appropriate measure of congestion. The
duration of a queue (i.e., time of congestion) is used by one
agency and was suggested by another agency as an appro-
priate measure of congestion. Queue length and duration can
be determined by direct observation, and key parameters like
maximum and average number of vehicles in the queue can
be computed. State and local DOTs and MPOs have con-
tracted a consulting firm (Skycomp, Inc.) that uses aerial
photography techniques to determine queue length and dura-
tion on entire roadway systems, toll plazas, and other isolated
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capacity constrained locations (/0). Several computer traffic
models produce estimates of queue length or queue duration,
but these models are sensitive to assumptions about capacity.

Lane Occupancy. The lane occupancy, a spot measure-
ment of density that is typically reported as the percentage of
time a travel lane is occupied by traffic, is used as a measure
of congestion by two of the responding agencies (2 percent).
Both of these agencies are state DOTs in states with several
medium to large urban areas. In both cases, the lane occu-
pancy measurements are gathered from vehicle detectors in
the pavement that are part of many freeway surveillance and
control systems. Lane occupancy was not suggested as an
appropriate measure by any of the responding agencies and
was not used or suggested as a measure of congestion by any
of the MPOs.

The Illinois Department of Transportation incorporates
lane occupancy measurements on Chicago area freeways
into a measure of minute-miles of congestion (/7,12). The
measure is defined as the product of congested miles and
congestion duration on individual freeway segments. The
detector stations are located in the center lane at half-mile
spacings. The threshold for congestion at each station is
based on a 30 percent occupancy for a 5-min period.

Travel Time Measures

The collection of travel time data is a component of stan-
dard traffic engineering studies; however, limited financial
resources and higher priorities often prevent the collection of
travel time data except in the case of specific improvements.
Travel time studies are conducted by 16 of the responding
agencies (18 percent); however, travel time or speed mea-
sures are used by only 12 of these agencies, 11 of whose
jurisdictions include medium- to large-size urban areas. A
slightly higher percentage of responding state DOTs (15
percent) use travel time or speed measures than respond-
ing MPOs (10 percent). The studies are primarily conducted
on freeways (46 percent) and principal arterial streets (26
percent).

Travel Speed. Several measures can be calculated from the
data typically collected by travel time studies. The level of
service for the different classes of arterial streets is defined
by the average travel speed, but only 17 percent of those
agencies conducting travel time studies use travel speeds for
determining arterial street 1.OS. Most travel time studies
compare average travel or running speeds to a base year or
“before” condition; in this case, approximately 83 percent of
the responding agencies use a base year comparison for their
travel speeds.

Although only 13 percent of the responding agencies con-
duct travel time studies, 24 percent suggested the use of
travel time or speed as an appropriate congestion measure.
The most commonly cited reason for not using these mea-
sures was inadequate staffing and budget (56 percent of
responding agencies). Those agencies suggesting travel time
measures were evenly split between small, medium, and
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large-size urban areas, with slightly more MPOs suggesting
the use of travel time measures.

The Greater Houston Chamber of Commerce has used
several key indicators of congestion to document the
progress of Houston’s transportation system over the past
years (/3). Peak direction and peak-hour travel speeds for all
freeways in the urban area and for the six major radial free-
ways were used as two such indicators. Average peak period
travel times between several major residential and employ-
ment centers were presented in a matrix format to illustrate
significant improvements in mobility.

The Metropolitan Washington Council of Governments at
one time developed a “User Satisfaction” transportation sys-
tem performance measure based on acceptable travel time
and delay (/4). The measure more recently was refined to
address separately single drivers, drivers with passengers,
auto passengers, and transit users (15,16). The measure in-
corporated a set of curves that show the percent of users sat-
isfied for a given trip length and time.

Delay. Vehicular delay is often calculated by comparing
actual travel speeds to desired travel speeds (e.g., free-flow
speeds). Delay is the second most commonly used measure
(next to LOS) among those agencies using congestion mea-
sures (19 percent of responding agencies). Many agencies
did not explicitly report the methodology used to calculate
delay, but it is assumed that, in most instances, delay is cal-
culated as the difference in average travel speeds and
“acceptable or desired” speeds.

Delay also could be estimated with a traffic modeling
methodology if certain input values are known, as with the
1994 HCM signalized intersection analysis. Delay measures
most often were applied to all functional classes (49 percent
of responding agencies) daily (34 percent) or by peak hour
(26 percent). There was no significant difference in the per-
centage of responding state DOTs and MPOs using delay
measures. The use of delay measures among MPOs was
fairly consistent among the small, medium, and large-size
urban areas, while only state DOTs with medium and large-
size urban areas reported the use of delay measures.

Delay was the measure most frequently suggested as an
appropriate measurement of congestion (31 percent of re-
sponding agencies). Like the use of travel time measures,
only state DOTs with medium and large-size urban areas
suggested delay measures as appropriate. There was not a
significant difference between the percentage of responding
state DOTSs (40 percent) and MPOs (32 percent) suggesting
delay as an appropriate measure of congestion. Besides base
year comparisons, determination of arterial street LOS and
estimation of delay, no other congestion measure that utilized
travel time studies was reported.

Surrogate Measures

Surrogate measures of congestion are those used to indi-
rectly quantify congestion when resources are not available
to conduct specific congestion studies, or when the predic-
tion of future congestion trends is of interest. A typical

example of surrogate measures include those used in the
calculation of LOS in HCM analyses, like the volume-to-
capacity (v/c) ratio for freeways or average stopped delay per
vehicle for signalized intersections or average travel speed for
arterials. In these cases, traffic flow and roadway characteris-
tics are used to predict LOS which, in turn, becomes a sur-
rogate for congestion assessment. Planning agencies use sur-
rogate measures to estimate speeds for traffic assignments.

Besides the HCM-related measures previously discussed,
no surrogate measures were used by the responding agencies
on a consistent basis. The most commonly reported surrogate
measure was traffic volumes (typically the average daily traf-
fic [ADT] volume), with only four of the responding agen-
cies (4 percent) reporting its use. No agencies offered traffic
volumes as an appropriate congestion measure. A measure
related to ADT is vehicle-miles of travel (VMT), defined as
the product of ADT and section length for a given segment
of roadway. At least five responding agencies (9 percent)
suggested VMT or some VMT measure as an appropriate
measure of congestion. Most of these agencies were state
departments of transportation that have easy access to traffic
volume counts from permanent automatic traffic recorders or
other volume counting programs, like the Highway Perfor-
mance Monitoring System.

Vehicle-hours of travel was reported as a measure of con-
gestion by two agencies (2 percent), and was suggested as an
appropriate measure by another two agencies. Vehicle occu-
pancy (persons per vehicle) is used by two agencies (2 per-
cent of those responding), but was not suggested by any
agency as an appropriate measure of congestion. The num-
ber of accidents is used by a single agency, but was suggested
by another two agencies as an appropriate congestion mea-
sure. Other surrogate measures reported by a single agency
include the duration of the peak period and the number of
failing signal cycles.

Treatment of Different Vehicle Types

The negative effects of heavy vehicles on the quality of
traffic flow have been well documented in the literature. The
survey responses, however, indicate that most state and local
agencies do not account for the effects of different vehicle
types on their congestion measures. Approximately 77 per-
cent of the responding agencies reported that they do not treat
different vehicle types separately in their congestion mea-
sures. Of the 23 percent that do treat different vehicle types
separately, 95 percent use the passenger car equivalency con-
cept contained in the 1994 HCM. The remaining agency
(5 percent) differentiates between the different modes (e.g.,
single drivers, HOV, or transit) in its congestion measures.

Recent Advances in Data Collection

Current and developing technologies, particularly in the
intelligent transportation system (ITS) area, could signifi-
cantly lessen the cost and difficulty of collecting travel time



information. Several urban areas, like Chicago and Houston,
have implemented programs where participating motorists
act as traffic stream “probes” and report their location at var-
ious points along their trip with personal cellular phones or
via electronic tags and detectors. These motorists’ reports are
typically compiled and analyzed in a traffic information cen-
ter in an attempt to provide real-time travel information.

The ADVANCE project, an ITS operational test in the
suburbs of Chicago, uses 75 “probe” vehicles for the col-
lection of travel time information via in-vehicle navigation
and information systems (/7). A system of electronic tag
readers has been placed on several freeways in Houston to
record travel time by motorists who have tags for toll pur-
poses or who have been given tags to participate in the
study (/8). The information is collected and displayed in
real time.

CONGESTION MEASUREMENT—
REVIEW OF THE LITERATURE

Many measures of congestion have been proposed or
examined in the literature. Most of these measures have not
been used on as wide a scale as those measures discussed ear-
lier and have not been adopted for use by most state or local
transportation agencies. The congestion measures discussed
below were identified in the literature review, and the reader
is encouraged to refer to Appendix B of this project’s Interim
Report (7) for a more extensive discussion.

Empirical Relationships

Several of the early efforts in congestion measurement
centered on empirical relationships that attempted to incor-
porate driver effort and satisfaction into an index of the qual-
ity of traffic flow. Greenshields” number was equal to the
product of speed and direction changes over a section of
roadway, and served as an indicator of the “traffic rough-
ness” of roadway sections (/9). The quality of traffic trans-
mission index (Q index) was defined as a function of average
speed and the number and sum of speed changes (Equation
1) (20).

= 1
Q AT ¢y

Q = quality of traffic transmission index,
K = 1,000 (constant),
S = average speed (mph),
A, = absolute of speed changes per mile, and
f = number of speed changes per mile.

The level of traffic service index was directly measured using
a “driveometer” and included estimates of driver annoyance
due to delay, a ratio of satisfaction versus effort expended,
and a quality factor (21,22). These indices required data that
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were both difficult and expensive to collect, and the index
values were difficult to comprehend.

Highway Capacity Manual Measures

Volume-to-Capacity Ratio. Because of its relative ease
of collection and widespread acceptance by most trans-
portation agencies, the v/c ratio has been incorporated into
several measures of congestion. One widely reported mea-
sure in the literature is the percentage of congested free-
way lane-miles (based on the v/c ratio for the peak hour)
(23,24,25,26,27,28,29,30). A similar measure is the per-
centage of vehicle-miles of travel occurring in peak hour
congested conditions, with congested conditions defined by
the v/c ratio (26,27,28,29,31,32,33,34,35,36). Other HCM-
related measures suggested to account for the duration
of congestion are the number of 15-minute periods, or the
vehicle-hours of travel (VHT), above a specified LOS con-
gestion threshold.

The measures of effectiveness for levels of service as
defined in the 1994 HCM are summarized in Table 6. Den-
sity, or the vehicles per lane per mile, is the basic measure for
freeways and multilane highways. Average travel speed is
the basic measure for arterials, whereas average stopped
delay is the measure for signalized intersections. Percent
time delay is the basic measure for two-lane highways.

Service levels range from A through F with service level
A the best and service level F, failure. Congestion normally
is associated with service levels D, E, and F. Criteria for ser-
vice levels vary by type of facility.

K Factor. Another HCM-related measure suggested as an
indicator of congestion is the systemwide freeway K factor,
where the K factor is the percentage of average annual daily
traffic occurring in the peak hour (23). As traffic congestion
levels rise, travelers move their trips to hours other than the
peak hour, and the K factor decreases. A systemwide free-
way K factor less than 9.2 has been suggested to indicate
undesirable levels of congestion.

Queuing-Related Measures

Queue Length and Duration. The Skycomp Corporation
(10) specializes in aerial data acquisition and regularly con-
ducts congestion surveys of toll facilities in the New York
metropolitan area. Measures like queue length, queue vol-
ume, and other delay measures are calculated using aerial
photo logs and are commeonly reported for isolated capacity
restrictions like toll plazas and bridges. Density and LOS
measures also are estimated from aerial photos or by experi-
enced observers.

Lane Occupancy. Lane occupancy measurements are
collected by two of the state DOTs that have freeway sur-
veillance and control systems, and have been incorporated
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TABLE 6 Measures of effectiveness for level of service definition—1994

Highway Capacity Manual

Type of Facility Measure of Effectiveness

Freeways

Basic freeway segments Density (pc/mi/ln)

Weaving areas Average travel speed (mph)

Ramp junctions Flow rates (pcph)
Multilane Highways Density (pc/mi/ln)

Free-flow speed (mph)

Two-Lane Highways Percent time delay .
Signalized Intersections Average individual stopped delay (sec/veh)
Unsignalized Intersections Average total delay (sec/veh)
Arterials Average travel speed (mph)
Transit Load factor (pers/seat, vel/hr, people/hr)
Pedestrians Space (sq ft/ped)

Source: Reference (8).

Note: pc/mi/in—passenger cars per mile per lane

pcph—passenger cars per bour
sec/veh—seconds per vehicle

pers/seat—persons per seat
veh/hr—vehicles per hour
people/hr—people per hour

sq ft/ped—square feet per pedestrian

into several other congestion measures. The percent occu-
pancy is equal to the vehicles per mile times the average
length of the vehicle divided by 5,280. In the 1950s,
Rothrock and Keefer defined a congestion index as the ratio
of the actual time-of-occupancy to the optimum time-of-
occupancy (37). In their definition, the optimum time-of-
occupancy was based on local conditions like speed limits
and time of day.

Polus and Schofer defined a reliability index (R index)
based on median lane occupancy measurements and the
number of lanes (38). The R index was based on the premise
that flow reliability, and consequently quality of traffic ser-
vice, is inversely related to the variance of the distribution of
median occupancies over a period of time. In his thesis,
Benke uses lane occupancy rates for Minneapolis freeway
segments to assign traffic condition grades (e.g., “A” through
“D” and “F”) on driver information signs (39).

Travel Time Measures

Early Studies. The use of travel time studies and related
measures to describe system performance and congestion
permeated the traffic engineering literature as early as the
late 1920s. The early studies concentrated on determining
average travel speeds in congested downtown areas and
attempted to locate the magnitude and sources of travel
delay. A 1950 study of traffic conditions in Chicago’s cen-
tral business district reported that traffic delays accounted for
time losses of 2 minutes per trip for auto drivers and 2'/2 min-
utes per trip for transit passengers across the area (40).

Early research derived sampling sizes for travel time stud-
ies and presented relationships between travel speed and traf-

fic volume, density, traffic signals, and other roadway char-
acteristics (41,42). A paper by Coleman found a correlation
between travel times (in minutes per mile) and signal density
when stratified by peak-hour v/c ratios for flows less than the
critical density (Figure 2) (43). A later report illustrated
hypothesized relationships between average speed and v/c
ratio for arterial streets (Figure 3) (44).

The National Committee on Urban Transportation, now
defunct, suggested travel speed standards for different func-
tional classifications (Table 7), and also minimum desirable
travel times for trips of various lengths (45,46,47).

Speed Measures. The literature has suggested several
speed measures besides average travel speed. The average
travel rate, in minutes per mile, is the reciprocal of average
travel speed (48,49). Peak period nominal speeds are a
weighted average of speeds on freeways and principal arte-
rial streets, which allow comparison of the freeway and prin-
cipal arterial street network between urban areas. The ratio
of peak period to off-peak period speed, and the average
travel time per trip and per peak period trip, are also sug-
gested as direct measures of congestion. Variance of speed,
or acceleration “noise,” provides a measure of the dispersion
or change of speeds.

Speed-flow relationships have been used in making peak
hour “capacity restrained” traffic assignments for more than
three decades (Table 8). The original Bureau of Public Roads
Curve was based on the following formula:
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Figure 2. Relationship between travel time and signal delay.

where

Sy = free-flow travel speed;
S = travel speed at volume v; and
¢, = practical capacity = 80% of maximum capacity, c,.

The values of a and b were 0.15 and 4, respectively. Several
communities have modified these coefficients or have some-
times changed the basic formulation. Dowling et al. (50)
have suggested enhanced curves based on the maximum
capacity (C,) that have a value of 10 for b. Values of a are
0.05 for freeways and 0.20 for arterials.

Delay Measures. Delay measures incorporating travel
time data typically compare the average travel speed to
some desirable (e.g., off-peak or free-flow) travel speed.
In this manner, only recurring congestion is incorporated
into the delay measure. Several research efforts that de-
veloped delay measures also incorporated a methodology
to estimate the nonrecurring delay (25,26,27,28,32,33,34,
35,36,51).

The delay rate, in minutes per mile, represents the differ-
ence between the actual travel rate and a standard travel rate.
Similarly, the relative delay rate (R) is defined as the delay
rate divided by the standard travel rate (Equation 3).
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where

R = relative delay rate,

t,—t, = delay rate (minutes per mile),
t; = actual travel rate (minutes per mile), and
t, = standard rate (minutes per mile).

Values of delay may be normalized by various factors to pro-
duce more meaningful measures of congestion and allow an
unbiased comparison between areas. These normalizing fac-
tors include per vehicle, per vehicle-miles of travel, per
capita, per person delayed, per commuter, per trip, and per
lane-mile. The delay ratio, or ratio of delay time to overall
travel time, has also been suggested.

Time Measures. Travel time measures, unlike speed mea-
sures, can be aggregated more easily and are more amenable
to statistical analysis. For example, the average delay rate for
an individual roadway, urban area, or region may be calcu-
lated using travel times (in minutes per mile) for each road-
way segment (Equation 4), and weighted by the section
length and/or volume.
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Figure 3. Speed and volume/capacity ratios—arterial streets.
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A =

where

A, = average delay per vehicle per mile,

M; = length of section i (miles),

V; = traffic volumes on section 7, and
(t; — t,); = delay rate.

A modified travel time is equal to the total travel time

4 divided by the time the vehicle is in motion, multiplied by the

total travel time (Equation 5). Modified travel times are
effectively weighted by the amount of time stopped.

tiom[
tmodiﬁed = [——— X L1t (5)
running

Travel time contour maps, or isochronal (lines of equat
travel time) maps, have been used to illustrate travel times

TABLE 7 Peak-hour urban travel standards suggested by National
Committee on Urban Transportation

Functional Classification Travel Speed (mph) (m::gei;eﬁazﬂe)
Expressway-Freeway 35 1.71
Major Arterial 25 2.40
Collector 20 3.00
Local Streets 10 6.00

Source: Reference (45).
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TABLE 8 Speed-flow curves reported in the literature

S =

where

¢ = capacity
¢, = maximum capacity

S
b
1+a(3]
[4

S, = free flow travel speed
S = travel speed at volume v

¢, = practical capacity = .80 maximum capacity

[

Value Used in Formula
Source of Curve
c a b Remarks
1. BPR ¢, 015
2. BPR c, 0.366
3. Phoenix
Freeways < 0.1225 8 vie, < 1.33
4. Phoenix vie, < 1.33
Arterials c, 0.1513
5. San Francisco c, 0.45
6. Detroit ¢, 0.15 4 vic < 1.85°
7. Dallas 4
8. Dowling
Freeways c 0.05 10
Arterials c, 0.20 10
! For values over 1.33 % For values over 1.85
S =S, [0.25 + 0.4374 (£) =
¢ 285
2 For values over 1.33 s
vis t s —2 D)
S =§,[0.25 + .5184 (:) ] 1 +0015e ¢
where b = 4.0 for daily travel
6.0 for peak hour travel

Source: Reference (50).

from a CBD to outlying areas (Figure 4). The difference
between peak-hour and off-peak travel time from the CBD,
or other major activity center, provides an overall picture of
the travel time (or distance) losses resulting from congestion
(Figure 4). Travel time contours have also been done in suc-
cessive years to indicate the congestion trends.

Congestion Indices

There have been several attempts to develop indices of
congestion that quantify traffic problems on an areawide
basis. These indices provide relative estimates of average
conditions, and may be compared between urban areas or
over time. In most cases, these indices have been used for
policy or planning-level analyses.

Individual and Societal Congestion Indices. These indi-
vidual and societal congestion indices, both of which have a

commuter and noncommuter version, were empirical rela-
tionships developed to incorporate elements of congestion
important to different transportation system users (52). Each
of the four indices included an indicator of peak-period traf-
fic quality using readily available data. The study was one of
the first to recognize the need for several measures to
describe the different elements of congestion and their rela-
tion to system users’ perceptions.

Congestion Severity Index. The congestion severity index
(CSI), a measure of freeway delay per million vehicle-miles
of travel (VMT) (Equation 6), used the Highway Perfor-
mance Monitoring System (HPMS) to estimate relative con-
gestion levels for 37 large U.S. urban areas (25,53,54). The
CSI methodology developed by Lindley used 1985 HCM
calculations and local freeway traffic distributions to esti-
mate recurring delay, while nonrecurring delay was esti-
mated by using an assumed distribution of incidents (based
on VMT) and an incident model developed earlier (55). The



32

Us 290
Northwest

1-10
Katy

FM 1960

Beltway 8

1-45
Guif

SH 288

LEGEND

O - Major Activity Center

10 - Minutes of Travel Time from Major Activity
Center in Peak Hour

10 - Minutes of Travel Time from Major Activity

Center during Off-Peak Period
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analysis assumed the threshold of congestion to begin at a v/c
ratio of 0.77 or greater (LOS D or worse). A modified ver-
sion of the CSI was later reported that included arterial street
delay per million VMT (30).

(6)

CsJ = (Toml Freeway Delay (veh.—hrs.)j

Freeway VMT (million)

Roadway Congestion Index. The roadway congestion index
(RCI), a measure of the daily VMT per lane-mile of freeways
and principal arterial streets, is an empirically derived formula

that uses HPMS data to quantify the relative congestion levels
in urban areas (23,24,26,27,28,32,33,34,35,36). The RCI

RCI=[

Freeway DVMT/Ln-Mi. X Fwy. DVMT] + [ Prin. Art. DVMT/Ln-Mi. X Prin. Art. DVMT]

equation weights the daily VMT per lane-mile values for the
two functional classes by its respective amount of daily VMT,
which is then normalized by values representing the threshold
of congestion (LOS D or worse) (Equation 7). Once normal-
ized, RCI values greater than 1.0 represent undesirable levels
of roadway congestion within an area. The basic assumption
is that congestion begins when the areawide average ADT per
lane reaches a given threshold.

Lane-Mile Duration Index. The freeway lane-mile duration
index (LMDI), a measure of the extent and duration of free-
way congestion, was developed by Cottrell in a study of con-

(N

[13000 x Fwy. DVMT]+[5000 X Prin. Art. DVMT]



gestion in 35 urban areas (56). The LMDI value for each
urban area is the sum of the product of congested freeway lane-
miles and congestion duration (hours) for individual roadway
segments (Equation 8), and is calculated using the indicator
of average annual daily traffic volume per hourly capacity
(AADT/C). The methodology assumed a v/c ratio greater than
1.0 (LOS F), or AADT/C ratio greater than 9.0, to represent
congested travel conditions. The study found this threshold of
congestion to be consistent with the public’s tolerance and cur-
rent practice of the California Department of Transportation.

mn

_ Congested Congestion
LMDI; = 2 Lane-Miles, X Duration,(hours)

®)

i=l

where i equals an individual freeway segment, and m equals
the total number of freeway segments in an urban area.

Other Indices. Several other indices have been developed
in an attempt to measure the person-carrying capacity of cor-
ridors (57,58). The speed of person volume is the product of
travel speed and peak-hour person volume per lane. A per-
son movement index, or rate of person movement, has been
defined as the product of peak-hour vehicle occupancy and
travel speed. The study developed a corridor mobility index
(CMI) for freeways, high-speed HOV lanes, and rail transit,
and another for arterial streets and arterial HOV lanes. The
CMI equation used the speed of person volume concept and
developed values to normalize the equation elements. A cor-
relate is the concept of productive capacity—which is the
product of capacity and speed.

Summary

A “state of the practice” congestion measurement survey
and literature review was used to identify over 30 distinct
congestion measures that are currently used by state and local
agencies, have been used on a limited basis by various or-
ganizations, or have been proposed or examined in the liter-
ature. As can be expected, there were many differences
between current agency measures and measures contained in
the literature. The differences are attributable mainly to the
cost of data collection, the credibility and simplicity of the
measures, and the ability to forecast future conditions.

Most state and local agencies using congestion measures
employ the level of service (LOS) concept as presented in
the 1994 HCM. Because the LOS is defined in surrogate
measures like the v/c ratio, traffic volume counts, roadway
characteristics, and traffic signal timing are essentially all
that is needed to “measure” congestion. The LOS measure
ranges from “A” (best service) to “F” (worst service), a sim-
ple concept analogous to school letter grades and compre-
hensible by most nontechnical audiences.

Despite the extensive reported use of LOS measures, only
a few agencies judged the L.OS concept to be the preferred
measure. Many of the agencies thought delay to be a more
appropriate measure of congestion. Delay, typically calcu-
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lated by comparing average travel speeds to “desirable”
speeds, was the second most commonly used measure, and
one that most people can easily relate to. Travel time studies
were used by approximately one-fifth of all responding agen-
cies to determine average travel speeds and delays. The most
common reason cited for not using this or other preferred
measures was inadequate staffing and budgetary constraints.

The v/c ratio has been incorporated into several measures
of congestion because of its widespread acceptance by most
transportation agencies. Recent efforts in quantifying con-
gestion on an areawide basis have resulted in the develop-
ment of several congestion indices. These indices use avail-
able traffic volume data but require complex calculations and
are somewhat difficult to comprehend. There were several
other measures, with most used by only a few agencies or
inconsistently.

The literature contained a wider assortment of congestion
measures than those used by state and local agencies. The
measures cited earliest and most consistently throughout the
literature were travel time measures, typically average speed
or delay. Travel time studies were conducted over 60 years
ago to measure system performance and to determine loca-
tions of delay. Numerous speed and delay measures can be
calculated with travel time data. Recent advances promise to
lower the cost and difficulty of collecting travel time data
significantly.

EVALUATING CONGESTION MEASURES

The many ways of measuring congestion developed over
the years have been joined by additional measures and in-
dices defined and/or formulated as part of this research proj-
ect. While some of these measures are simple to comprehend
and apply, others are complex.

In light of the wide range and diversity of available mea-
sures, it is important to provide and use a systematic basis for
assessing and comparing congestion measures. Such an eval-
uation makes it possible to identify and separate measures that
are useful in one or more of the user/uses/audience combina-
tions from measures that are either less useful or inappropriate
for certain analyses. As already identified, some measures may
be useful in some instances and inappropriate in others. It is
important that every use of congestion measures be assessed
in such a systematic process. This evaluation provides a frame-
work for such a process and identifies measurements relevant
to most common congestion analyses.

The “Ideal” Congestion Measure

The analysis of the uses and users of congestion (outlined
previously) indicates that the “ideal” congestion measure
would (1) be easy to understand; (2) clearly define conges-
tion (i.e., be unambiguous); (3) be accurate and consistent in
its description; (4) be able to describe existing conditions and
assess future conditions; (5) be able to reflect different geo-
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graphic settings, time frames, and levels of detail; (6) be
applicable to different urban travel modes (both individually
and simultaneously); and (7) be relatively inexpensive and
easy to collect.

Evaluation Criteria

Evaluation criteria were based on the “ideal” congestion
measure characteristics. The measures that can be used over
the widest range of conditions were identified using those cri-
teria. This does not mean that the measures that rank low in
this evaluation are not appropriate for any analysis; indeed,
several are very useful, but only in more limited circum-
stances than the highly ranked techniques. These criteria are
summarized in Table 9 and can be grouped into the follow-
ing basic categories:

* Clarity and simplicity—understandable, unambiguous,
and credible.

e Descriptive and predictive ability—ability to describe
existing conditions, predict change, and be forecast.

e Analysis capability—ability to apply statistical tech-
niques (e.g., sampling and regression) to provide a rea-

TABLE 9 Evaluation criteria

sonable portrayal of congestion and replicability of re-
sults with a minimum of data collection requirements.

* General applicability—applicability to various modes,
facilities, time periods, and scales of application.

In addition to serving as general guidelines for evaluat-
ing prospective congestion measures, these criteria provide
the basis for a “fatal flaw analysis” whereby critical prob-
lems associated with certain measures for certain purposes
can be identified and such measures can be excluded for
particular uses.

Comparative Evaluation

To conduct a comparative evaluation, the various conges-
tion measures presented in the previous section of this report,
as well as additional measures from the literature along with
measures developed as part of this project, were grouped into
the general categories of

« Early empirical concepts;
 Highway Capacity Manual (HCM) and HCM-related
concepts;

General Category

Specific Criteria Included Within Respective Categories

- easy to communicate
e Unambiguous
« Professional credibility

Clarity and »  Simplicity
simplicity - easy to understand
- easy to apply/analyze/interpret

Descriptive and .
predictive ability .

- policy actions

Describes and assesses existing conditions/identifies problems
Predicts change and can be used for forecasting purpases

«  Tests options and opportunities

- traffic controls/operations

- system redesign/expansion

- traffic growth, development impacts

- highway performance monitoring

- congestion management programs

«  Reflects changes in traffic flow (i.e., flow dependency)

Analysis capability

Economical data requirements
- minimizes data requirements
- uses readily available data
- minimizes data collection costs
« Conducive to statistical analysis
- allows data aggregations
- produces straightforward variance estimates
- permits sampling procedures
e  Achieves consistent results
Provides reasonable representation of congestion/mobility

General applicability

corridor, etc.)

Applies to various transportation modes (individually and in multi-modal scenarios)
Reflects facility type (freeway, arterial, etc.)

Reflects time duration of congestion

Reflects geographic extent of congestion (propagation)

Adapts to varying scales of application and geographic settings (location, route,

«  Reflects varying degrees of congestion (large and small cities)
+  Correlates with air quality and energy impacts




* Lane occupancy rates and queues;

* Travel time measures;

* Miscellaneous measures (e.g., headway distributions);
and

* Traffic flow per effective lane measures and congestion
indices.

These basic types of measures are compared in Table 10. The
comparison is based on the general criteria outlined in Table
9. Key considerations are outlined for each type of measure
in the following discussion. Appendix C of the Interim
Report (7) includes a more complete description of the mea-
sures discussed.

Early Empirical Concepts. Empirical measures devel-
oped during early attempts to quantify congestion (as Green-
shields” Quality of Transmission Index) are generally diffi-
cult to visualize and comprehend. The typical complexity of
these measures requires intensive data collection and com-
plicates any statistical analyses. While most of these mea-
sures can be used to describe existing conditions, none of
the measures can predict change or be used for forecasting
purposes.

Early empirical measures also relate specifically to auto-
mobiles and trucks; thus, they lack applicability to several
other modes of travel. The characteristics typically associ-
ated with these measures lead to difficulty in interpretation
and, therefore, poor credibility among practitioners.

Highway Capacity Manual Measures. Unlike the early
empirical measures, HCM measures are easy to understand.
As a result, the measures are commonly applied in practice
and have credibility among the professional community. The
measures can be used to analyze existing conditions and
assess future operations for roadways.

HCM-related measures require detailed, site- or location-
specific input data and, in some instances, the application of
complex models. These measures are, therefore, well-suited
to analyze intersection or short roadway section problems or
operations. Because of the detailed information required and
the complexity of certain procedures, however, HCM mea-
sures are not well suited for policy or large-scale planning
analyses. Corridor analyses are also difficult with the HCM
procedures; the process involves combining the results of
several individual intersection analyses to simulate actual
performance.

HCM procedures are often discarded by agencies doing
corridor or system level analyses because of the data and
computational requirements. Techniques developed from
empirical analyses with less supporting information than
HCM often are applied instead. As noted in previous sec-
tions, HCM analysis procedures are not well suited to multi-
modal comparisons.

The ability of HCM-related measures to quantify conges-
tion accurately depends upon the validity of the relationship
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between volume-to-capacity ratios and delay and, in the case
of signalized intersections, the accuracy of the stopped delay
equations (especially under severely congested conditions).
This relationship has changed in the numerous revisions of
the HCM (1956, 1965, 1985, and 1994), causing different
assessments of similar traffic conditions.

Direct travel time measures are consistent in regard to their
evaluation of traffic conditions. Because delays and travel
times in the HCM-related procedures are not the results of
direct observations, these measures cannot be considered
direct measures of congestion. Nevertheless, their wide-
spread use in transportation analyses requires some linkage
between HCM procedures and data and any new procedures
used to quantify congestion and mobility on roadways.

Lane Occupancy Rates and Queues. Lane occupancy rates
are used increasingly to quantify freeway congestion since
relationships between lane occupancy and congestion levels
are particularly useful for real-time transportation informa-
tion systems. This approach is understood well by trans-
portation professionals but is somewhat confusing to the gen-
eral public. The method provides a reasonable representation
of existing freeway congestion, but it cannot be readily used
to assess future conditions. Using lane occupancy rates
requires the installation/presence of a freeway detector net-
work. These detectors tend to be less accurate under con-
gested conditions. They are becoming more widespread as
freeway traffic management systems are installed.

The concept of queues (i.e., backups of traffic) best
reflects the public’s perception of congestion. Observing
queues (and estimating delays from them), however, is a
laborious, site-specific, and time-specific task. It is simply
not practical to measure queues, except in individual situa-
tions. These measures are, therefore, inappropriate for broad
planning and/or policy-related analyses.

Queuing measures are typically applied to arterials. The
various formulas associated with these measures use v/c
ratios for signalized intersections. The steady state assump-
tions upon which many of these formulas are based can lead
to unrealistically high queues when v/c ratios exceed 0.8.

Travel Time Measures. Travel time is well understood by
both the professional community and the general public as a
measure of congestion. Travel time measures can be used to
assess existing conditions and can be applied to various
modes of transportation. They can also be used to evaluate
transportation and land use interactions with accessibility
measures. Travel time measures work well in conjunction
with sampling and statistical analyses and can be aggregated.
Gridlock and/or queue-propagation effects can also be re-
flected using travel time measures.

Travel speed has also been used as a measure of conges-
tion. It is perhaps even more easily understood than travel
time but is more difficult to aggregate or analyze statistically
(e.g., average speed in a network of different volumes and
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link lengths). Travel rate (e.g., minutes per mile) is a speed-
related quantity that provides the desired statistical and ana-
lytical properties.

Traffic Flow per Lane Measures and Congestion Indices.
The primary problem with direct measures (such as travel
times and lane occupancy rates) is that they are difficult to
use in predicting future congestion levels. These measures
are not usually available in transportation planning models.
The costs and time involved in obtaining data associated with
these measures also pose problems. Surrogate measures,
such as the “Roadway Congestion Index,” have, therefore,
been developed. These measures use more readily available
data, and their computational simplicity makes them well
suited for assessing the impact of traffic growth or trans-
portation facility improvements or for policy analysis. Such
measures are, however, not appropriate for detailed opera-
tional analyses.

The validity of these measures depends upon the strength
of the relationship between traffic per lane, or “traffic pres-
sures,” and travel times or speeds—especially when data are
stratified by road type, signal density, and other similar fac-
tors. The study of these relationships is documented in the
next chapter of this report.

Miscellaneous Measures. Additional congestion measures
include the quantification of headway distribution and pass-
ing opportunities. The use of these measures is limited to
rural highways. Such measures are not easily understood and
have not been widely accepted or used. The ability of these
measures to quantify congestion is not clear.

Summary of Congestion Measurement
Evaluation

The analysis summarized in Table 10, supported by the
preference of surveyed agencies for time and delay measures,
led the study team to recommend that travel time-based
measures be used to estimate congestion levels. The needs
identified in the discussion of users, uses, and the audiences
for congestion, when placed in the context of the evaluation
criteria, can best be satisfied by measures such as travel time,
travel speed, travel rate, and travel delay. In most situations,
the use and presentation of congestion information should be
in travel time-related quantities.

This section of the report addresses some of the reasons for
the recommendation. The problems that might be encoun-
tered by agencies and groups adopting the policy are also dis-
cussed. Remedies for those problems, or possible alterna-
tives that require more study, are identified and discussed in
this and subsequent chapters. The data collection procedures
are described in detail in the User’s Guide prepared as part
of this project.

Conclusions from each of the evaluation criteria are based
on the following detailed information developed for Table
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10. More detail on each of the measurement techniques is
included in the Interim Report for NCHRP Project 7-13 (7).

Clarity and Simplicity. Several types of measures score
well on this important criterion. In light of the ISTEA
requirements for increased citizen participation and the in-
volvement of a range of private sector business interests in
evaluating, funding, and constructing or implementing trans-
portation improvements, this criterion will be important for
many congestion measurement uses. The direct travel time
measures and the HCM and traffic pressure and index surro-
gate measures can provide information in very understand-
able forms. Lane occupancy and queuing analyses are also
generally able to provide clear and simple measures.

Descriptive and Predictive Ability. Surrogate measure-
ment techniques perform best in this criterion. Their use of
traffic counts (along with other predictable parameters such
as road geometry and signal spacing) as the basis for analy-
sis means that the prediction of future or changed conditions
is relatively easy compared to direct measures. This points
to the need for a set of surrogate measures as part of the
final product of this study. The direct travel time measure-
ment techniques cannot produce estimates of changed con-
ditions easily; this does not rule out the use of travel time
measures, but rather means that the output from surrogate
measures should be expressed in travel time quantities and
related to actual measurements.

Analysis Capability. Direct measures of travel time have
required substantial effort to collect under standard practice.
Conditions are changing, however, and it is from the per-
spective of advanced technologies now being implemented
in many areas that the analysis capability criteria have been
applied. Taking advanced technologies into account, the data
collection and analysis requirements included in this set of
criteria are best satisfied by direct measures of travel time.
The intelligent transportation systems technologies are very
amenable to the automated collection and analysis of travel
time and speed data.

Even without these systems, careful application of sam-
pling in travel time and speed data collection can provide the
amount of information required at acceptable cost. Collec-
tion of travel time data does not have to be accomplished on
all roads or facilities being analyzed.

The collection of traffic volumes and estimation of capac-
ity required in HCM procedures also are costly and time con-
suming, although most agencies are reasonably accom-
plished in performing these analyses. Statistical analyses are
easier to perform on freeways than arterial streets, using
automated data collection processes associated with advanced
freeway operations systems. The statistics produced from
HCM analyses are very useful for operational evaluations,
but must be transformed into delay and speed-related mea-
sures to produce congestion statistics.
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General Applicability. The direct data collection meth-
odologies are the most useful for the range of modal, tem-
poral, and spatial extent of congestion analyses. Directly col-
lected data provide information that can be compared for a
variety of different routes or modes in a single procedure
using one quantity. They can be used for individual routes or
combined for several routes or an entire area using sampling
techniques. Current HCM analyses cannot handle congestion
impacts of public transport and have difficulty with time and
spatial extent measures. They are useful for environmental
analyses in that the results are generally consistent with air
quality or energy consumption conclusions although, as with
the direct measures, they are not detailed enough to provide
all the information needed for some types of environmental
assessments.

Conclusions

The presentations of congestion information identified
in the “needs” section of this report and analyzed by the
criteria in Table 10 are clearly best satisfied by travel
time or rate measures. This fact does not preclude the use
of other procedures, including surrogates in certain situa-
tions. The key point to consider when developing a set of
congestion measures is that the information should be ana-
lyzed and presented in the form that best suits the needs of
the analysis.

Although the issues of data collection requirements and
procedures are included in Table 10, they are, in some
respects, a separate issue. Accordingly, it is useful to sepa-
rate the data collection requirements from the way the
data are used and presented to the audience.

The following sections address some of the reasons for the
separation of data collection and analysis presentation. Prob-
lems that might be encountered by agencies and groups
adopting this policy are also discussed. Remedies for those
problems, or possible alternatives that require more study,
are identified and discussed in this and subsequent chapters.
The data collection procedures are discussed in more detail
in the User’s Guide prepared as part of this project.

Some members of the NCHRP Project 7-13 Review Panel
and other outside reviewers of this work have expressed
concern about using travel time measures. Many of these
concerns relate to data collection procedures and costs. The
Study Team agrees that the state of the practice in trans-
portation data collection is not to the point where the wide-
spread direct collection of travel time and speed data from
the traffic (or travel) stream is a realistic possibility. How-
ever, when the needs of the variety of customers identified
for congestion statistics are considered, there is no better
method of analyzing improvement alternatives and present-
ing that congestion information than using travel time and
speed measures.

Sampling procedures can provide useful travel time and
congestion information from relatively limited data collec-

tion budgets. Moreover, the future holds great promise for
significant improvements in data collection techniques.
Advanced technologies are already providing quantum in-
creases in travel time data that are available for transporta-
tion analyses even to the point that collected data must be
sampled for many uses. As these systems are installed in
cities, travel time information will be more available in at
least some corridors, and will become more familiar to trans-
portation professionals and the audiences they serve.

RECOMMENDED CONGESTION MEASURES

Developing a system of congestion measures should be
initiated only after an examination of the uses, users, and
audiences highlighted earlier in this report, a full considera-
tion of program goals and objectives, and the identification
of the nature of likely solutions. The measures offered here
illustrate a range of techniques that use travel time-based
measures to estimate congestion levels. These procedures are
useful for roadway systems, other person and freight move-
ment modes, and transportation improvement strategies and
programs.

Travel time and delay should be the foundation for the pri-
mary system of congestion measurement. This section pro-
vides a summary of the basic measures of congestion that
can be calculated using travel time, traffic volume, and road-
way inventory data. The definition, calculation procedures,
required data items, scale of analysis, and applicability to
analysis are presented for each measure.

Data ltems

This section describes the basic data elements that are used
to define the congestion measures.

Travel time is the time required to traverse a segment
or complete a trip. Times may be measured directly using
field studies, or can be estimated using empirical relation-
ships with traffic volume and roadway characteristics,
computer network models, or the intended effects of
improvements.

Acceptable travel time is the time that indicates a system
or mode is operating according to local performance goals. It
focuses on the “door-to-door” trip time from origin to desti-
nation. The acceptable travel time is differentiated by the
purpose of travel, the expectation for each mode within the
transportation system, and the time of day, and should be
influenced by community input particularly on the issue of
the balance between transportation quality, economic activ-
ity, land use patterns, and environmental issues.

Segment or trip length is the distance associated with the
travel time. Length can be measured directly with a vehicle
odometer or scaled from accurate maps, but is typically an
established item in a transit or roadway inventory database.



Average speed for a segment can be used to calcu-
late travel rate or travel times if field data are not readily
available.

Actual travel rate is the rate, in minutes per mile or kilo-
meter, at which a segment is traversed or a trip is completed.
Travel rates may be determined directly using travel time
field studies, or can be estimated using transit schedules or
empirical relationships between traffic volume and roadway
characteristics.

Acceptable travel rate is the maximum rate of travel (or
lowest travel speed) at which a segment is traversed or a trip
is completed without experiencing an unacceptable level of
mobility. The acceptable travel rate should be based on tech-
nical factors that reflect the role and expectation of each
portion of the transportation system, and should also be
influenced by community input.

Vehicle volume is the number of vehicles traversing the
segment that is associated with the travel time. Traffic vol-
umes may be collected using field studies or estimated using
standard procedures, but are typically an established item in
a roadway inventory database.

Person volume is the number of people traversing the seg-
ment being studied. The person volume can be collected for
each travel mode, or estimated using average vehicle occu-
pancy rates for types of vehicles.

Basic Measures

Travel time, speed, and rate quantities are somewhat more
difficult to collect and may require more effort than the traf-
fic volume counts that currently provide the basis for most
congestion estimation procedures. Travel speed-related
measures can, however, be estimated as part of many analy-
sis processes currently used. The ultimate implementation of
a set of speed-related measures and analysis procedures in
most urban areas will probably rely on some surrogate mea-
sures. These measures may include current HCM-based
analysis techniques, vehicle density measures taken from
detectors in the pavement or from aerial surveys, or relation-
ships that estimate travel rate or speed from generally avail-
able volume and roadway characteristics such as those sug-
gested in this report. The use of surrogates will be
particularly important in setting policy and the prioritization
of transportation improvement projects.

This section describes the measurements that form the
basis for the congestion analyses performed in the variety of
situations described in Chapter 4 of this report.

Travel time or difference in travel time can be used as a
basic measure. It can be used to compare door-to-door travel
times by different modes. A common use of comparison by
travelers is for determining mode or route choice, or time of
departure. Used in comparison with acceptable travel time or
travel times for alternative transportation and land use con-
figurations, it becomes a congestion measure for both the
transportation system and the arrangement of land uses,
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responsive to the trip length reduction afforded by allowing
or encouraging mixtures of residential, commercial, and
office land uses. Figure 4 illustrates another comparison—
peak to off-peak period travel time. Travel time is also use-
ful in assessing the economic costs of congestion.

The travel rate is the rate of motion, in minutes per mile,
for a specified roadway segment or vehicle trip and is another
basic measure for many analyses. It is the inverse of speed
(multiplied by a conversion factor) and is calculated by
dividing the segment travel time by the segment length.
While this quantity is not readily understood by all the audi-
ences for congestion measures, it is extremely useful for
intermediate calculations, and is more directly related to the
quantity used by travelers in their trip planning (travel time)
than speed of travel.

This measure can be averaged for a facility, geographic
area, or mode, unlike travel speed which is difficult to use
directly in formulas and spreadsheets. The standard deviation
can be calculated to obtain estimates of trip time reliability
and can be compared to a target value representing an accept-
able level of congestion or inadequacy of mobility. Ratios of
values also may be used instead of absolute differences to
quantify congestion.

Travel Rate  _
(minutes per mile) ~

Travel Time (minutes)

Segment Length (miles)

60
Average Speed (mph)

&)

The delay rate is the rate of time loss for vehicles operat-
ing in congested conditions, expressed in minutes per mile,
for a specified roadway segment or trip. It is calculated as the
difference between the actual travel rate and the acceptable
travel rate. The delay rate can also be calculated by dividing
the difference (in minutes) between the actual travel time and
the acceptable travel time by the segment length (in miles).
The quantity can be used to estimate the difference between
system performance and the expectations for those system
elements, which can be used to prioritize alternative
improvements.

Delay Rate Actual Acceptable
(minutes = Travel Rate - Travel Rate
per mile) (minutes per mile)  (minutes per mile)

Actual Travel Time
— Acceptable Travel Time

= 10
Trip or Segment Length (miles) {10

Total delay for a transit or roadway segment is the sum of
time lost due to congestion, typically expressed in person- or
vehicle-hours. Total delay in a corridor or an urban area is
calculated as the sum of individual segment vehicle or per-
son delays. This quantity is used as an estimate of the impact
of improvements on transportation systems. The values can
be used to illustrate the effect of major improvements to one
portion of a corridor that affect several other elements of the
corridor transportation system, either by improving travel
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rate or by drawing person travel away from portions of the
system that do not perform well. The quantity is particularly
useful in economic or benefit/cost analyses that require infor-
mation on cost effectiveness.

Actual Acceptable

Total Delay Travel Time — Travel Time

(person-hours) -

(minutes) (minutes)
Person hours
X Volume X ————
(persons) 60 minutes

= Delay Rate X Person Volume
X Segment Length 1n

The relative delay rate is a dimensionless measure that
can be used as a congestion index to compare the relative
congestion on facilities, modes, or systems in relation to dif-
ferent mobility standards for system elements such as free-
ways, arterial streets, and transit routes. It is calculated as the
delay rate divided by the acceptable travel rate. The accept-
able travel rate can reflect differences in operation between
transit and roadway modes, allowing the relative delay rate
to be used to compare different parts of the transportation
system. The relative delay rate can illustrate that a delay rate
of 1 min per mile on a freeway (e.g., 2 min per mile versus
an acceptable rate of 1 min per mile) is much more signifi-
cant than a similar delay rate on a downtown street (e.g.,
5 min per mile versus an acceptable rate of 4 min per mile).

Delay Rate
Acceptable Travel Rate

Relative
Delay Rate ~

12)

The delay ratio is a dimensionless measure that can be
used to compare or combine the relative congestion levels on
facilities with different operating characteristics like free-
ways, arterial streets, and transit routes. It is calculated as the
delay rate divided by the actual travel rate. The delay ratio
identifies the magnitude of the mobility problem in relation
to actual conditions (as opposed to the relative delay rate that
compares system operations to a standard).

Delay Rate
Actual Travel Rate

Delay Ratio = (13)

Speed of person movement is a measure of travel effi-
ciency that could be used to compare the person movement
effectiveness of various modes of transportation. The mea-
sure is calculated as the product of passenger volume and
average speed for a particular route, and is typically
expressed in terms of person-miles per hour. This quantity
combines two desirable attributes for elements of the trans-
portation system: speed of travel, and the number of persons
being moved. The value increases as either quantity
increases. This measure can provide comparisons between
alternative transportation improvements if a weighted aver-
age value of all corridor treatments is used. One problem
with this value is that the size of the number is relatively large
and difficult to compare to a standard or baseline value.

) Average
Pe;’s‘(m—Speed= Person Volume x Travel Speed (14)
(person-mph) (persons) (mph)

The corridor mobility index consists of the speed of per-
son movement value divided by some standard value, such
as one freeway lane operating at nearly peak efficiency with
a typical urban vehicle occupancy rate. This may be one
method of addressing the magnitude and relativity problems
with the speed of person movement. For instance, a freeway
lane operating at high speed and volume might have a vol-
ume of 2,100 vehicles per hour at 50 mph. With an occu-
pancy rate of 1.2 persons per vehicle the normalizing value
would be approximately 125,000. A similar value can be cal-
culated for an arterial street lane using a capacity of between
1,600 and 1,800 vehicles per hour, 50 to 60 percent green
time on the road being analyzed, and operating speeds
between 20 mph and 25 mph. A normalizing value of
approximately 20,000 to 25,000 appears reasonable for arte-
rial streets. The corridor mobility index, therefore, provides
arelative value that can be used to compare alternative trans-
portation improvements (e.g., high-occupancy vehicle treat-
ments) to traditional improvements such as additional free-
way lanes.

Corridor Mobility _ Speed of Person Movement

Index Normalizing Value
(e.g., 25,000 or 125000)

(15)

Accessibility at an individual location can be simply mea-
sured as the number of opportunities for travel objective ful-
fillment that can be reached within an acceptable travel time.
One single acceptable travel time is used for each type of
objective (travel purpose), mode of transportation, and time
of day, irrespective of distance. Opportunities for fulfillment
of travel objectives can be represented by employment
(jobs), housing, shopping, community services, or other des-
tinations of interest. Percentages can be calculated by divid-
ing accessible objectives by the corresponding total (e.g.,
percentage of total jobs). Weighted averages or the median
value can be derived for a corridor or region. More complex
formulations based on trip distribution model formulations
are possible.

Accessibility is most readily calculated using transporta-
tion planning computer networks and demographic data for a
corridor or region (Equation 16). It has been extensively used
for assessing relative quality and equity in transit service, but
can be applied to any mode. The strongest feature of accessi-
bility is that it is particularly useful in examining the joint per-
formance of the transportation and land use system.

Accessibility
(opportunities)
Z Objective Fulfillment

= Opportunities (e.g., jobs), Where (16)
Travel Time < Acceptable Travel Time



Figure 5 illustrates two accessibility measure maps. One
map illustrates accessibility of all activities. The top map can
be used to present either existing conditions, future trends, or
the results of improvements to either transportation or land
use systems. Improvements or alternative arrangements can
also be examined by identifying the differences compared
with existing conditions or the base case as illustrated in the
bottom map. This type of map clearly identifies the area
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affected and the magnitude of the effect of transportation or
land use actions.

Congested travel is the amount of travel (in vehicle-
miles or person-miles) that occurs in congestion. It is cal-
culated by multiplying the length of a congested segment
by the vehicle traffic or person volume associated with the
appropriate time period, then summing the congested travel
over all segments.

LEGEND

[— | 750
M Rivers & Lakes

£ 0-250,000
250,001-400,000 MM 600,000+

Jobs Reached by Roads within 45 min.

Bl 400,001-600,000

Job Accessibility Before Construction of Inter-County Connector

LEGEND

snnse  Master Plan Alt.
P AL ]
Bl Rivers & Lakes

25,000-50,000

Additional Jobs Reached by Roads
T3 Minimum impact @89 50,001-100,000

BN 100,000+

Job Accessibility After Construction of Inter-County Connector

Prepared by the Metropolitan Washington Council of Governments for the Maryland Departmernt
of Transportation, State Highway Administration, Intercounty Connector (ICC) Project Planning Study

Figure 5. Accessibility measurement for a proposed improvement in an urban area.
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Congested
Travel
(person-miles)
Congested Person
= Z Segment Length X Volume an
(miles) (persons)

Congested roadway describes the extent of congestion (in
miles) on the roadway or transit system. It is calculated by
summing the congested segment lengths.

Congested Roadway _ 2 [Congested Segment

(miles) Length (miles) (18)

Congestion Measures for Types and
Levels of Analysis

Table 11 summarizes the congestion measures to be used
for several analysis (or scale) levels. Travel rate and delay
rate are very useful for analysis up to the corridor level. At
higher levels of analysis, cumulative statistics such as delay
and congested travel and roadway are more useful. Indices
are also useful methods of quantifying congestion in large
areas. Examples of the application of these congestion mea-
sures to situations based on the level of analysis are included
in Chapter 4.

An advantage of travel time and speed measures becomes
apparent during identification of appropriate congestion
measures. The recommended measures in Table 12 vary by
the scope of the analysis but not by mode or facility type.
Different values will be used for acceptable travel rate or
acceptable travel time depending on the facility type of

travel mode, but the calculation and application of the mea-
sures is identical.

The analysis and presentation of congestion data for indi-
vidual locations and short sections of roadway can be accom-
plished by travel time, travel rate, delay rate, total delay and
delay per vehicle or person as primary measures. These stud-
ies are at a relatively small area and individual vehicle or
person level statistics are very useful and illustrative. Total
delay and delay per person or vehicle are most useful for
intersections or individual locations due to problems identi-
fying the length needed for the rate-based measures. Sec-
ondary measures may also be used for cumulative analyses
of several improvements and estimation of benefits.

Congestion for larger areas of analysis such as long road-
way sections and corridors can be quantified with some indi-
vidual statistics if the roadways are of the same type, but if
both freeways and streets are included, cumulative statistics
and the relative delay rate and delay ratio are very appropri-
ate. Index statistics also become useful at this higher level of
analysis when multiple roadways and large numerical values
make interpretation of relative conditions difficult.

Analyses that combine more than one travel mode are
particularly easy using travel time and person volume mea-
sures. The relative delay and delay ratio can be used to ac-
commodate the differences in travel conditions for each
mode individually. Indices can also be used to evaluate these
situations.

While it is difficult to cover every type of congestion
analysis, Table 12 illustrates recommended congestion mea-
sures for many common types of studies and information
requirements. As with the level of analysis table (Table 11),
the uses with an immediate need for information or a small

TABLE 11 Recommended congestion measures for analysis levels

Measures of Congestion
Level or Scale of Travel Travel Teavel | Detay | Totar | RE2HYE | poyay | Corridor [ Congested [ ed
Analysis T Time R rar | peray | Detay Raﬁg Mobility | VMT/ R°"g£ €0 | Accessibility
! Difference ate clay Rate Index PMT oadway

Individual
Locations § § P
Shor't Roadway P P P s s
Sections
Long Roadway
Sections or Routes § P P P § §
Corridors S S P P P S S
Sub-Areas P S P P P
Regional Networks P S P P P
Modal Analyses P S S P P P P P

Note: P = Primary measure of congestion
S = Secondary measure of congestion
VMT = Vehicle-miles of travel

PMT = Person-miles of travel
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area being analyzed require smaller and simpler units of mea-
sure. The more complex analyses, or those that typically
cover larger areas, will be more amenable to some of the
index measures, or summary statistics.

Collection of Congestion Data

Travel time data have not been widely collected for exist-
ing conditions in the recent past because of the expense of
data collection relative to traffic volume counting programs.
This issue is addressed in Chapter 3 of this report and in the
accompanying User’s Guide. If the two-track approach rec-
ommended by this research report is used—nboth directly col-
lecting congestion data and using surrogate travel speed esti-
mates derived from a number of sources—transportation
analysis agencies and groups will be able to devise cost-
effective data collection programs and use measures that are
consistent with the range of analytical and presentation
needs.

Travel time, as a general rule, should be measured (or sam-
pled) directly for existing conditions. These measurements
should reflect both peak and off-peak operating conditions by
direction of travel. Quantifying the congestion over a road-
way system should involve weighing the time differences (or
ratios) mentioned previously by the vehicle and/or passenger
volumes associated with the defined system.

The guidelines also refer to collecting travel time and
speed data on a sample set of roadways in the analysis area.
The use of stratified sampling techniques allows congestion
measurement programs to be more affordable, especially for
large study areas.

The ultimate use of the information should be considered
when designing a data collection program. It may be appro-
priate to measure congestion directly at a few locations
where congestion is very severe and to sample the remaining

roadway system. There may be sections, for example, where
geometric bottlenecks cause much lower speeds over longer
distances than are typical for roadways with similar volumes.
If the goal of the analysis is to identify the areawide magni-
tude of congestion, the severity of the problem, and the loca-
tion of the most significant congested areas, the process
should start with the local transportation experts identifying
the known congested areas and, in at least a general way,
categorizing their severity.

The collection of vehicle occupancy data is also important
for some analyses, but it may not be necessary for many oth-
ers. Where modal alternatives may be studied, or the effect
of ridesharing, pricing, parking, or other policies designed to
encourage a mode shift away from the single-occupant vehi-
cle, occupancy data are very useful. The frequency and facil-
ities and areas covered by such data collection also should be
examined to extract the most appropriate level of information
with the lowest expenditure. A few studies in an area every
2 or 3 years may be all that are required to obtain informa-
tion on the “background” or normal vehicle occupancy rate
for different travel periods.

Analyzing future conditions, alternative improvements, or
prioritizing projects would require the use of surrogate (indi-
rect measures of congestion) measurement techniques to
estimate the travel rate for various situations. A systematic
process with several factors would be used to estimate travel
rate values, which would then be used in the same manner
that the direct measures are used.

Travel time in existing conditions should be estimated
using the same surrogate techniques when it is to be pre-
sented in comparison with travel time estimated for future or
other new conditions. This exception to the general rule of
direct data collection is necessary to avoid findings that are
no more than artifacts arising from the use of different mea-
surement techniques.
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FINDINGS—TRAVEL TIME AND SPEED ESTIMATES

OVERVIEW

This chapter describes the data collection efforts that were
performed to validate the recommended congestion mea-
sures. The sections set forth sampling procedures for travel
time data over time and space and for estimating vehicle
occupancy. “Surrogate” estimating procedures are included
for estimating travel times and speeds when field data are not
available. Equations, tables, and charts provide user-friendly
guidelines for quantifying congestion.

DATA COLLECTION AND ANALYSIS

This section describes the travel time and speed data col-
lected for this project, the analysis of variation in the data,
and the development of predictive relationships for travel
speed. The Study Team involved several agencies in the data
collection process to maximize the amount of data available
and to test the data collection procedures developed for the
User’s Guide. The agency-supplied data were supplemented
by data collected from Texas cities for other projects.

The information on speed characteristics and variability
will assist agencies preparing travel speed studies to identify
sample sizes required. The relationships are described using
a stratification process to improve the predictive ability. The
ranges in the data also are displayed to identify the variabil-
ity in the relationships. This section also contains guidelines
for estimating vehicle occupancy.

Participating Agencies and Obtained Data

A summary of the participating agencies is contained in
Table 13. A total of 19 agencies submitted travel time data for
use in this research project. Two of the 19 agencies’ data could
not be used because of inconsistent data collection procedures.
Several agencies collected data specifically for this NCHRP
project; however, most agencies had data collection efforts
programmed for their agency and considered NCHRP guide-
lines in collecting the data. Several other agencies had existing
travel time data that were consistent with the NCHRP guide-
lines. In addition to the travel time data, agencies were asked
to submit geometric and traffic information like the number of
lanes, average daily traffic (ADT) volumes, peak-hour traffic
volumes, speed limits, signal frequency and coordination, per-
cent green, and several other items. The traffic information

was used to develop stratification factors and surrogate travel
time estimation procedures. Several agencies did not submit
the traffic information required for the development of the sur-
rogate travel time estimation procedure.

The first 14 agencies in Table 13 collected travel time data
at a large number of different sites (i.e., roadway segments).
These data were primarily used to examine the spatial or
“between-route” variation that exists between segments of
different roadways, and also to develop a travel time estima-
tion procedure. These data consist of many segments with a
minimum number of runs for each segment. The last three
data sources consist of travel time data that have been col-
lected over time on a limited number of freeway segments and
provide information about the “within-route” variation that
occurs from day to day on a particular roadway segment.

The following sections discuss the results of the statistical
analysis in the sampling procedures that are necessary to col-
lect travel time data and the surrogate procedures that are
necessary to estimate travel times.

Summary of Sampling Analysis Procedures
and Parameters

The following sections describe the various analyses that
were related to the direct sampling of travel times. The sam-
pling issues investigated in the analysis include the following:

« Number of travel time runs for a roadway segment.
+ Number of segments to sample within a region or urban
area.

Because travel time sampling is directly related to travel
time variability, the sampling procedures analysis examined
the variability of the travel time data collected by the various
agencies in Table 13. The “within-route” variability, or vari-
ability over time for a given segment, was analyzed to deter-
mine the required number of travel time runs for that given
segment. The “between-route” variability was analyzed to
determine the required number of segments to sample within
aregion or urban area.

General Analysis Techniques. The travel time, traffic, and
other identifying data were entered into a fixed-column,
ASClII-text file format. Each line of the data represented a
travel time observation. Separate data files were maintained
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TABLE 13 Summary of participating agencies and submitted data

Data Source

Data Collection
Technique

Submitted Data

Freeways

Arterial Streets

Bristol Metropolitan Planning Organization (Tennessee)

Floating Car

none

482
observations
on 18 segments

Chicago Area Transportation Study

License Plate
Matching

none

282
observations
on 94 segments

Connecticut Department of Transportation

Floating Car

none

146
observations
on 20 segments

Champaign-Urbana Urbanized Area Transportation Study (Illinois)

Floating Car

none

1,434
observations
on 264 segments

DuPage County Division of Transportation (lllinois)

Floating Car

none

3,477
observations
on 1,159
segments

Indianapolis Department of Metropolitan Development

Floating Car

44 observations
on 22 segments

610
observations
on 305 segments

Maryland State Highway Administration

Floating Car

none

86 observations
on 8 segments

Memphis, Shelby County Office of Planning and Development/Memphis MPO

Floating Car

none

117
observations
on 24 segments

Metropolitan Washington Council of Governments (MWCOG)

License Plate
Matching

none

1,913
observations

on 22 segments

North Carolina Department of Transportation

Floating Car

10 observations
on 2 segments

94 observations
on 18 segments

on 163 segments

Nevada Department of Transportation License Plate 3,421 none
Matching observations
on 16 segments
Ohio Department of Transportation Floating Car 541 observations 768

observations
on 253 segments

“Probe Vehglcle"

daily observations
on 60 segments

Southeastern Regional Planning and Economic Development District License Plate none 1,285
(Massachusetts) Matching observations
on 30 segments
City of Springfield Department of Planning and Development (Missouri) Floating Car none 139
observations
on 20 segments
Texas Department of Transportation—Planning Division Floating Car 19,560 none
observations on
30 segments
Houston Cellular Phone Demonstration—Texas Transportation Institute Cellular Phone 169,874 none
“Prabe Vehicle” observations
on 40 segments
Houston Traffic Monitoring System Phase One—Texas Transportation Institute AVI Tags Approx. 29,000 none

for each data source, which allowed separate analyses for
each data source if desired. The PC-SAS computer program
was used to read the travel time observations and perform all
statistical analyses.

After examining some of the data sets for reasonableness
and consistency, the researchers discovered that basic statis-
tics like the mean, standard deviation, and coefficient of vari-

ation were different for the travel rate and travel speed dis-
tributions (Table 14). Although travel rate and travel speed
are essentially the inverse of each other, a non-normal data
set can produce different statistical results for travel rate and
travel speed distributions. The problem of non-normal distri-
butions was most often encountered with low values of speed
or low values of travel rate (Figure 6). With a normal distri-
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TABLE 14 Illustration of difference in travel rate and speed

distributions, example data

Example of Normal Data Set Example of Non-Normal Data Set
Travel Rate Speed Travel Rate Speed
(minutes per mile) (mph) (minutes per mile) (mph)
1.20 50 4.00 15
1.20 50 4.00 15
1.09 55 4.00 15
1.09 55 1.50 40
1.09 55 1.33 45
1.00 60 1.33 45
1.00 60 1.00 60
1.00 60 1.00 60
0.92 65 1.00 60
0.92 65 1.00 60
Mean=1.05 m/m Mean=57.5 mph | Mean=2.02 m/m | Mean=41.5 mph
Std. Dev.= Std. Dev.= Std. Dev.= Std. Dev.=
0.10 m/m 5.4 mph 1.38 m/m 19.7 mph
c.v.=9.5% c.v.=9.4% c.v.=68.5% c.v.=47.5%

Notes: Std. Dev.—Standard deviation
c.v.—coefficient of variation
m/m—minutes per mile

bution, however, there is little to no difference between the
coefficients of variation for travel rates and speeds.

A more comprehensive analysis technique was used to
overcome this problem in calculating coefficients of varia-
tion, and was originally suggested by Berry in his early travel
time studies (59,60). The distribution of travel rates (which
is identical to the distribution of travel times) and travel
speeds were examined for normality using the skewness
value, which is a measure of the tendency of variation to be
larger in one direction (positive or negative) than the other.

The travel rate or speed distribution that was more normal,
as indicated by the lower skewness value, was used to calcu-
late coefficients of variation. The use of this technique pro-
duced reasonable results that are more consistent with esti-
mates of travel time variability contained in the literature.

Stratification of Travel Time Data. The required sam-
ple sizes for travel time data collection are directly related to
the variability of travel time data. Several statistical tech-
niques can be used to minimize the variability and, conse-

S12
= - Speed  Travel Rate
E 10 Region A: (mph) (min/mile)
g SM;N 5 12.00
3 8 10 6.00
= \ 15 4.00
£ 20 3.00
E \ 25 2.40
(2}
2y S 30 2.00
&= \ Region B: travel 35 171
T —— e T rates nop-normal  Zi| 40 1.50
E S —— 45 1.33
= o , . , 50 1.20
0 10 20 30 40 50 60 70 80 ;5) }-gg
Speed (mph) :
Region A: Low speeds, high travel rates
Speeds sometimes non-normal

Typically use c.v. from rate distribution

Region B: High speeds, low travel rates

Travel rates sometimes non-normal
Typically use c.v. from speed distribution

Figure 6. Relationship between speed and travel rate.
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quently, the sample sizes necessary for a given level of con-
fidence and specified error. Stratified random sampling min-
imizes variation by using groups of roadway segments with
similar operating characteristics. Each stratum group in the
sampling plan encompasses roadways with similar traffic
and control characteristics, with the expectation that travel
speeds will be similar (i.e., low variability) within that group.
Grouping similar roadway segments into a stratum group
results in reduced variability for each group. The sum of the
random samples required for the individual stratum groups is
smaller than for the group as a whole.

The analysis attempted to identify the stratification vari-
ables that would have the greatest effect in reducing travel
time variability while simultaneously producing manageable
sampling plans. It was clear that freeways and arterial streets
should form separate strata and that further stratification
within each group was also desirable.

The stratifications were based upon analysis of variations
in travel times by both individual speed runs and individual
segments. The means, standard deviations, and coefficients
of variation were based upon almost 6,600 individual arter-
ial observations and 4,100 freeway observations. Thus, they
reflect the composite of variations within and among seg-
ments. Therefore, the variations were larger than those when
considering speed or travel time runs within a given segment.
However, they served to identify those variables that proved
most meaningful.

The analysis for arterial streets examined five potential
stratification variables: arterial class, signal density, ADT per
lane, traffic pressure (ADT or directional peak hour lane vol-
ume divided by percent green), and signal coordination. The
analysis indicated no clear advantage to stratifying the data
by traffic pressure or signal coordination, and these two vari-
ables were dropped from further consideration in the stratifi-
cation analysis.

Arterial classes are defined in the 1994 Highway Capacity
Manual based on the arterial street’s function and design.
Factors like free-flow speed, access control, signal density,
and roadside development all contribute to the definition of
arterial class. The 1994 HCM also defines distinct level of
service (LOS) criteria for the three different arterial classes.
Because arterial street function and design characteristics
were considered to be an important stratification variable,
arterial class was used in subsequent analyses.

The data were then stratified by the following signal den-
sity ranges for all arterial classes:

» Low signal density: Less than three signals per mile.
¢ Medium signal density: Three to six signals per mile.
 High signal density: Greater than six signals per mile.

The data were also stratified for all arterial classes by the
following daily volume per lane values:

 Light ADT per lane: Less than 5,000 vehicles per lane
per day.

e Moderate ADT per lane: 5,000 to 9,000 vehicles per
lane per day.

» Severe ADT per lane: Greater than 9,000 vehicles per
lane per day.

The analyses for freeways examined two potential stratifi-
cation variables: ADT per lane and access point frequency.
This led to the following two stratification groups:

» Light ADT per lane: Less than 15,000 vehicles per lane
per day.

» Moderate ADT per lane: 15,000 to 20,000 vehicles per
lane per day.

 Severe ADT per lane: Greater than 20,000 vehicles per
lane per day.

» Low Access Frequency: Less than one access point per
mile.

* Medium Access Frequency: One to two access points
per mile.

+ High Access Frequency: Greater than two access points
per mile.

These stratum groups were used in future analyses of both
within-route and between-route variation. Travel time coef-
ficients of variation were examined for freeway and arterial
street segments in approximately 15 different urban areas.
This analysis produces coefficients of variation for use in
subsequent sample size estimates.

1. Arterial Streets. The travel time data were summa-
rized for each arterial street section and a coefficient of vari-
ation (c.v.) was calculated. This coefficient of variation char-
acterizes the relative variability for each section based on the
number of travel time runs. Average and 85th-percentile
coefficients of variation were then calculated for the arterial
streets. The sections were then grouped according to the var-
ious stratum groups suggested earlier, and it was determined
whether this stratification process reduced the average
within-route variability for each group.

Considering no stratification of the arterial street data set,
the following summary statistics were obtained:

862 sections
11.0%
17.4%

Number of Observations:
Average coefficient of variation (c.v.):
85th-percentile coefficient of variation (c.v.):

The roadway sections were then grouped into various
strata to reduce the average within-route variability for each

group.

+ Table 15 contains the summary statistics when the data
are stratified by the arterial class. This table illustrates
that grouping the arterial street sections by arterial class
does not significantly reduce the within-route c.v.,
which is used to predict the number of runs necessary for
a given section.
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TABLE 15 Summary of arterial street variability by arterial class

Arterial Class Num;»:;;f n§Uect Aver?ée) c.v. 85t.h-per;:;n)tile c.v.
Class I 560 18.9 29.9
Class IT 165 14.7 23.7
Class Il 137 11.4 20.6

¢ Table 16 contains the summary statistics when the data
are stratified by the signal density stratum groups sug-
gested earlier. The travel time variation increases as the
signal density increases and exhibits a linear relation-
ship. The average c.v.’s range from 9 percent to 15 per-
cent, whereas the 85th-percentile c.v.’s range from 13
percent to 22 percent.

* Table 17 shows the travel time variation for arte-
rial streets stratified by ADT per lane. The varia-
tion generally increases as ADT per lane increases, but
the linear relationship is not as clear. The average
c.v.’srange from 10 percent to 14 percent, whereas the
85th-percentile c.v.’s range from 17 percent to 19
percent.

The use of two stratification factors for within-route vari-
ation was also examined. The following combinations were
analyzed:

* arterial class and signal density
» arterial class and ADT per lane
* ADT per lane and signal density

The use of two stratification factors did not decrease the c.v.
values below those shown in Tables 15, 16, or 17. Therefore,
it was decided that one stratification factor would be appro-
priate for calculation of sample sizes for individual travel
time runs.

2. Freeways. The freeway travel time data were summa-
rized for each section, and coefficients of variation were cal-
culated. An average and 85th-percentile coefficient of varia-
tion were then calculated for all freeway sections. The
sections were then grouped according to the various stratum
groups suggested earlier to see how this stratification process
reduced the average variability for each group.

Considering no stratification of the freeway data set, the
following summary statistics were obtained:

177 sections
11.0%
18.7%

Number of observations:
Average coefficient of variation:
85th percentile c.v.:

Freeway travel times were then stratified by ADT per lane
and access frequency. Table 18 shows the freeway sections
stratified by ADT per lane. The c.v.’s increase as ADT per

TABLE 16 Summary of arterial street variability by signal density groups

Signal Density Number of Street Average c.v. 85th-percentile c.v.

Stratum Group Sections (%) (%)
Low-Less than 3 320 8.9 13.2
Medium-3 to 6 433 11.7 17.1
High-Greater than 6 109 15.1 21.6

TABLE 17 Summary of arterial street variability by ADT per lane groups

ADT per Lane Number of Street Average c.v. 85th-percentile c.v.
Stratum Group Sections (%) (%)
Low - Less than 5,000 608 10.3 16.5
Moderate - 5,000 to 216 12.7 19.3
9,000
Severe - Greater than
9,000 38 13.8 18.9
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TABLE 18 Summary of freeway variability by ADT per lane groups

‘;tlr);l‘ ngré;nu; Number of Sections Aver?%e) c.v. 85th-per(c;r,n)tile c.v.
Low—less than 15,000 105 9.0 18.1
Moderate—15,000 to 20,000 30 10.5 19.9
Severe—greater than 20,000 42 16.5 253

lane increases, and the average c.v.’s range from 9.0 percent
to 16.5 percent. These c.v. values are approximately the same
as the c.v. values for arterial streets. Table 19 shows the free-
way sections stratified by access frequency. The average
c.v.’s range from 7.7 percent to 12.0 percent, values slightly
lower than those stratified by ADT per lane. Sections with a
greater number of entry and exit points are likely to increase
merging and diverging conflicts and lane changes and have
greater variations in speeds.

Sample Sizes for Data Collection on a Roadway
Segment

Average travel times or speeds for a given section of road-
way are determined by obtaining several travel time esti-
mates for the period of interest. The travel time estimates can
be obtained by performing test vehicle runs, collecting and
matching vehicle license plates, or tracking instrumented
vehicles as they pass the beginning and end of the study seg-
ment (e.g., “probe vehicle”).

Each estimate of the segment travel time will vary accord-
ing to the traffic volume, signal control characteristics,
weather, time of day, and other conditions encountered dur-
ing the run. The individual travel time estimates also vary
from day to day and by time of day. The minimum number
of runs for each time period and direction of travel should be
obtained over several different days of the week to ensure
that representative data are being collected. Traffic volumes
and conditions on Tuesdays, Wednesdays, and Thursdays are
typically representative of average weekday conditions.
Automatic traffic recorder stations can be used to help deter-
mine ideal days for data collection.

Sampling Concepts and Parameters. The number of
travel time runs, or sample size, required to accurately depict

the true average travel time is based upon the variation of
travel times, the specified error of the travel time estimate,
and the desired confidence level (%) of the travel time esti-
mate (Equation 19).

)
vt

Sample Size,n = 5 (19)

where

I

n
tn*l

number of travel time runs per segment;
t-value for Student’s r-distribution with n — 1
degrees of freedom based on desired confidence
level in the travel time estimate (two-tailed test);
c.v. = coefficient of variation of travel time (%); and

e = specified relative error (%), e.g., for #10% error,
30 =3 minutes.

i

This equation is somewhat difficult to use in practice since
it requires estimates of the number of degrees of freedom in
selecting the appropriate f-value. The degrees of freedom
depend upon the number of observations that are needed. An
iterative procedure is required to find the sample size. There-
fore, the normal distribution is commonly used (Equation 20)
to estimate sample size.

Sample Size,n = Loy, (20)

By

where

n = sample size for normal distribution;

z = standard normal variate based on desired confi-
dence level,

= coefficient of variation of travel times (%); and

specified relative error (%), e.g., for =10% error,

30 £3 minutes.

o
=
|

TABLE 19 Summary of freeway variability by access frequency groups

Average 85th

Access Frequency Stratum Group Numt?er of c.v. percentile
Sections (%) c.v.
’ (%)
Low—less than 1 access point per mile 38 7.7 14.1
Medium—1 to 2 access points per mile 97 9.9 18.9
High—greater than 2 access points per mile 42 12.0 21.2




The normal distribution equation (Equation 20) produces
precise results when the standard deviation (or coefficient of
variation) of the population is known. Equation 20 also pro-
vides a reliable estimate of sample size when # is greater than
30. It provides a reasonable approximation for sample sizes
of 20 to 25 or more.

For sample sizes less than 20, however, Equation 20 may
understate the sample size by approximately 2 observations.
Given the many assumptions inherent in estimating travel
time variations and the minimum sample sizes found neces-
sary to depict real-world conditions (n = 5 observations), the
normal distribution (Equation 20) is generally used and
accepted in practice. The sample sizes obtained by Equation
20 could, if desired, be increased by about 2 observations to
account for the difference between the normal distribution
and the Student’s “s” distribution (samples less than 30).

The three factors that influence the sample size are (1) the
level of confidence that influences the z- or f-values; (2) the
allowable error (absolute or relative); and (3) the population
sample standard deviation, or coefficient of variation. The
desired confidence levels and permitted error should be
based on intended uses of the data and established by the
responsible agencies within the urban area or state. The
desired confidence levels used in this study ranged between
80 percent and 95 percent. Table 20 contains z-values for
common confidence levels.

The specified relative error in Equations 19 and 20 denotes
the width of half of the total confidence interval. For exam-
ple, if the sample mean travel time is to be within 10 percent
of the true mean, the relative error is set to *10 percent and
the sample mean may fall either 10 percent above or 10 per-
cent below the true mean. The total width of the confidence
interval that is centered about the sample mean is twice the
relative error (2 X e) or 20 percent in this example. The spec-
ified relative error is based on the particular application of the
travel time estimate. For example, a travel time estimate for
an operational evaluation in an urban area would require a
lower relative error than an estimate for planning purposes in
arural area.

The coefficient of variation (the sample standard deviation
divided by the sample mean) is the most problematic factor
in sampling travel times because of its typically high vari-
ance (and consequently large sample size). The literature
contains approximations of speed variations for different
area types and roadway facilities, but travel time variance
ideally should be calculated from data collected on facilities
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that are similar to those being sampled. Coefficients of vari-
ation ranging from 10 to 20 percent have been reported for
arterial streets and freeways.

Previous Studies. Several previous studies have examined
travel time variation and recommended sample sizes for indi-
vidual test runs. In 1949, Berry and Green (59) recommended
the following minimum number of average test car runs
needed to determine the mean travel time with a 10 percent
relative error and a 95 percent degree of confidence:

* Progressive signal timing (volumes below capacity)—

8 runs.

* Uncoordinated signals (volumes at or near capacity)—
12 runs.

* Uncoordinated signals (volumes below capacity)—
8 runs.

In a study three years later, Berry (60) reported on an eval-
uation of the floating car and average car methods conducted
on two urban arterial streets and three sections of rural high-
way. Berry suggested minimum sample sizes (Table 21) that
range from 5 to 13 runs for 10 percent relative error.

The National Committee on Urban Transportation sug-
gested that between 6 and 12 individual test vehicle runs be
performed to develop a representative estimate for a con-
gested urban route. It was also recommended that not more
than three runs be performed over one control section during
a single peak hour.

Robertson presents travel time and delay study guidelines
in the Institute of Transportation Engineers (ITE) Manual of
Transportation Engineering Studies (61). The sample size
requirements recommended by Box and Oppenlander were
based on the range of permitted error and the range in the first
group of collected travel speeds. The following ranges of
permitted error were presented, based on the study purpose:

 Transportation planning and highway needs studies:
*3 to =5 mph

* Traffic operation, trend analysis, and economic evalua-
tions: =2 to =4 mph

 Before-and-after studies: =1 to =3 mph

The average range in running speeds was determined by
calculating the absolute differences between consecutive test
runs, in which stopped delays are excluded. Robertson rec-

TABLE 20 Z-values for common confidence levels

Confidence Level (%) Z-value
80 1.282
85 1.439
9% 1.645
95 1.960
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TABLE 21 Reported minimum sample sizes for determining mean overall travel speeds

on selected test sections

Test Vehicle Runs
Test Section Standard Deviation
(mph) 5% Relative Error | 10% Relative Error

Signalized Urban Streets

Two-lane, uncongested 3.0 30 8

Two-lane, congested 2.7 40 10

Multi-lane, uncongested 1.8 18 5

Multi-lane, congested 2.2 50 13
Rural Highways

Two-lane, 1130 v.p.h. 5.0 25 6

Two-lane, 1440 v.p.h. 5.2 42 11

Four-lane, uncongested 2 - -

# w7 indicates data not available.
Source: Reference (60).

ommended at least two, preferably four, test runs. The range
is then estimated by Equation 21, and the sample size is
obtained from Table 22.

S
Average Range in Running Speeds, R (mph) = N1 2n

where

S = sum of absolute speed differences and N = number of
completed test runs.

Suggested Sample Size Estimates for Arterial Streets.
The analyses presented in Tables 15, 16, and 17 indicate that
signal density appears to be the best stratification factor for
arterial street within-route travel time variation. Average
(approximately 50th percentile) c.v.’s are probably appropri-
ate in calculating sample sizes for most travel time applica-
tions. For those travel time studies that require a high level
of accuracy, use of the 85th percentile c.v. in sample size cal-
culation may be more appropriate.

Table 23 shows suggested coefficients of variation for cal-
culating the minimum number of travel time (or speed) runs
on a particular arterial street section. It also contains illustra-
tive sample size estimates for 80, 85, and 90 percent confi-

dence levels with 10 percent relative error, and for 95 percent
confidence with 5 percent relative error. The sample sizes are
based on the normal distribution (Equation 20) and are about
2 observations less than equivalent estimates derived from a
Student’s ¢ distribution.

Table 23 also suggests minimum sample sizes of 6 travel
time runs for each arterial street segment to reflect the vari-
ability associated with individual drivers, random events,
and lane choice, and which could have a disproportion-
ate effect if encountered on one or two runs. This minimum
is consistent with the recommendations of previous
research.

Suggested Sample Size Estimates for Freeways. The
stratification of freeway segments by ADT per lane and
access frequency produce generally comparable coefficients
of variation. However, the ADT per lane is more commonly
found in roadway inventory bases and was used for estimat-
ing sample sizes. The average c.v.’s are probably appropri-
ate for calculating sample sizes for most travel time applica-
tions. However, for those travel time studies that require a
high level of accuracy, use of the 85th percentile c.v. in sam-
ple size calculation may be more appropriate.

TABLE 22 Reported approximate minimum sample sizes for 95 percent confidence level

Average Range in Minimum Number of Runs for Specified Permitted Error
Travel Speed (mph) | 4 1 omph | +2.0mph | +3.0mph | +4.0mph | + 5.0 mph

2.5 4 2 2 2 2

5.0 8 4 3 2 2

10.0 21 8 5 4 3

15.0 38 14 8 6 5

20.0 59 21 12 8 6

Source: Reference (61).



TABLE 23 Suggested travel time variations and sample sizes on arterial streets
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Average Minimum Minimum Minimum Minimum
Signal Density Group c.v. runs for runs for runs for runs for
(%) 80%, 10%* | 85%, 10%° | %%, 10%° | 95%, 5%*

Low—less than 3 signals 9 26)° 2(6)° 3(6)° 13
per mile
Medium—3 to 6 signals per 12 3(6)° 3(6)° 4(6)° 23
mile
High—greater than 6 15 4(6)° 5(6)° 7 35
signals per mile

2 80% level of confidence, 10% relative error.
® 85% level of confidence, 10% relative error.
€ 90% level of confidence, 10% relative error.
4 95% level of confidence, 5% relative error.

© Six runs needed to provide reasonable assurance that data are not affected by unusual conditions (e.g.,

driver behavior, signal malfunctions).

Note: Sample sizes calculated using Equation 20 (normal distribution). Use of Student's “t” distribution
increases computed sample sizes by about 2 observations.

Table 24 shows suggested coefficients of variation and the
associated sample sizes. Data are shown for 80, 85, and 90
percent confidence levels with 10 percent relative error, and
95 percent confidence with 5 percent relative error. A mini-
mum of 5 travel time runs is recommended to ensure that the
data are not unduly affected by unusual occurrences.

Data Collection Periods. The travel time runs should be
conducted in each direction of travel during peak periods
under good weather conditions. Because there can be pro-
nounced variations within a peak period, it is essential that
the required number of runs be representative of the peak
period. At the same time, the minimum number of runs

should be distributed over several different days of the week
to ensure that representative data are collected. As a general
guideline, no more than three to four runs should be obtained
on any given day for each segment being analyzed.

Automatic traffic recorder stations should be used to
help determine ideal days for data collection. Traffic vol-
umes on Tuesdays, Wednesdays, and Thursdays are typically
the most representative of average weekday traffic con-
ditions. Therefore, the minimum number of runs should
be obtained during these days. Additional runs beyond the
minimum required may be obtained during Mondays or Fri-
days to gather comprehensive data about weekday traffic
conditions.

TABLE 24 Suggested travel time variations and sample sizes on freeways

Average Minimum Minimum Minimum Minimum
Signal Density Group c.v. runs for runs for runs for runs for
(%) 80%, 10%* | 85%, 10%° | 90%, 10%° | 95%, 5%°

Low—less than 3 signals 9 2(6)° 2(6)° 3(6)° 13
per mile .
Medium—3 to 6 signals per 12 3(6)° 3(6)° A(6)° 23
mile
High—greater than 6 15 4(6)° 5(6)° 7 35
signals per mile

2 80% level of confidence, 10% relative error.
® 85% level of confidence, 10% relative error.
©90% level of confidence, 10% relative error.
¢ 95% level of confidence, 5% relative error.

© Six runs needed to provide reasonable assurance that data are not affected by unusual conditions (e.g.,

driver behavior, signal malfunctions).

Note: Sample sizes calculated using Equation 20 (normal distribution). Use of Student’s “t” distribution

increases computed sample sizes by about 2 observations.
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It may be desirable to measure free-flow speeds—those
typically found at 10 a.m. or 10 p.m., for example. The min-
imum number of runs to obtain average free-flow speeds can
be estimated by using coefficients of variation ranging from
5 percent to 8 percent. Alternatively, a minimum of 3 travel
time runs should be performed in each direction for estimat-
ing free-flow speeds.

Sample Size Estimates for Roadway Segments

The number of roadway segments where travel times
should be sampled can be estimated by Equations 22 and 23.
These equations are easy to use and contain adjustments for
finite populations. (However, for sample sizes of less than
30, they result in about 2 fewer observations than using the
Student’s ¢ distribution.) Equation 23 should be used when
the sample size accounts for more than 15 to 20 percent of
the population.

Loy 22)

Sample Size, n, =

where

n, = sample size (number of street segments) for an infi-

nite population;

standard normal variate based on desired confidence

level in the travel time estimate (two-tailed test);

c.v. = spatial coefficient of variation of travel times (%);
mean speed + standard deviation, expressed as a
percent; and

e = specified relative error (%), e.g., for +10% error,

30 * 3 min.

N
Il

n =

- (23)
1+ 2o
N

=
[

= finite population sample size, or number of street
segments to sample in inventory;
n, = sample size, infinite population (from Equation 23);
and
N = population size, e.g., number of segments in inven-
tory.

If, for example, there are only 40 arterial street segments
in the roadway inventory, but Equation 22 calculated a sam-
ple size of 35 segments, the finite population sample size
becomes much lower:

n, 35
n= = = 19 segments
n, 35
1+ 1+ =
N 40

Arterial Streets. Table 25 provides between-route coef-
ficient of variation (c.v.) values for arterial streets stratified
by arterial class. The 1994 HCM (8) defines three separate
arterial classes based upon design characteristics, free-flow
speed, posted speed limits, relative access, and signal den-
sity. The variation for the arterial classes ranges from 20 per-
cent to 25 percent. Sample size estimates are based on Equa-
tion 22. They should be reduced by Equation 23 to reflect the
number of street segments in a particular strata group.

Freeways. Table 26 provides between-route coefficient
of variation (c.v.) values for freeways stratified by average
daily traffic volume per lane. Illustrative sample sizes are
also provided in Table 26 by using Equation 22. The sample
sizes should be reduced using Equation 23 according to the
number of street segments in the particular strata.

Additional Considerations. There may be segments in
an urban area that experience serious recurrent congestion. It

TABLE 25 Suggested values of between-route variability for arterial streets and

illustrative sample sizes

Number of . Number of Number of Number of
Arterial Class Average c.v. Segments for | Segments for | Segments for Segments
(%) 80%, 10%° | 8%, 10%° | 90%, 10%° | for 95%,
5%
Class I 20 7 9 11 62
Class I 23 9 11 15 82
Class III 25 11 13 17 96

2 80% level of confidence, 10% relative error.
b 85% level of confidence, 5% relative error.
© 90% level of confidence, 10% relative error.
¢ 959 level of confidence, 5% relative error.

Note: Minimum number of segments calculated using Equation 22. Samples should be reduced by finite
segment equation (Eq.23). Where the sample size is under 30, two additional observations could be added
to reflect non-abnormality in the distribution of sample means.



TABLE 26 Suggested values of between-route variability for freeways and illustrative

sample sizes
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Minimum Minimum Minimum Minimum
Average Number of Number of Number of Number of
ADT per Lave Range c%' Segments for Segments for Segments for | Segments for
() 80%, 10% 85%, 10%° 90%, 10%° 95%, 5%°
Low—Less than 15 4 S 7 35
15,000 ADT per lane
Medium—15,000 to 20 7 9 11 62
20,000 ADT per lane
High—Greater than 25 11 13 17 96
20,000 ADT per lane

2 80% level of confidence, 10% relative error.
® 859 level of confidence, 10% relative error.
©90% level of confidence, 10% relative error.
4959% level of confidence, 5% relative error.

Note: Minimum number of segments calculated using Equation 22. Samples should be reduced by finite
segment equation (Eq. 23). Where the sample size is under 30, two additional observations could be added
to reflect non-abnormality in the distribution of sample means.

may be desirable to also measure speeds on these segments
if they were not already included in the sample. The fre-
quency of data collection efforts, or monitoring of conges-
tion, depends upon traffic volume growth on the regional net-
work and current levels of service. If traffic volume is high
and many roadways exhibit a poor level of service, monitor-
ing efforts should be conducted every one to two years. In
areas of moderate traffic volume growth and acceptable lev-
els of service, monitoring may be necessary every two to
three years. Local conditions like extensive roadway con-
struction may alter the data collection schedules. The fre-
quency of data collection may also rely on budgeting and
programming criteria.

Vehicle Occupancy Counts

Traffic classification counts often obtain information on
vehicle type, including buses, taxis, trucks, single-occupant

vehicles, carpools, and vanpools. Vehicle occupancies are
obtained in cordon counts around major activity centers, or
as part of regular planning and monitoring studies. Vehicle
occupancy counts are not usually measured when traffic
counts are made.

Historically, statistical analyses of vehicle occupancy data
have employed simple random sampling. However, stratified
sampling procedures can also be used. The FHWA Guide for
Estimating Urban Vehicle Classification and Occupancy
(62) contains detailed descriptions of both types of sampling
and basic pressures of variation. Table 27 contains the
reported standard deviations of average vehicle (automobile)
occupancy.

The sample size of “link days” needed to estimate average
vehicle occupancy within a desired tolerance can be esti-
mated by the following equation:

B ZZSZ

N, ,
I

(24)

TABLE 27 Standard deviations of average occupancy

Source of Recommended .
Variation Symbol Ranges Value Location(s)
Location/Day S, .057-.069 .063 1,2
Day S, .005-.028 .015 1
Season S .011-.019 .015 34
Within Day S, .012-.022 .017 2,5
Locations:

1 Killeen-Temple, Texas
2 Seattle, Washington

3 Minneapolis, Minnesota
4 Albany, New York

5 Washington, D.C.

‘Source: Ref. (62)
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where

Z = standard normal variate based on desired confidence
level,
E = allowable (absolute) error or tolerance,
S = composite deviation of average occupancy, and
N, = number of link-days needed.

S=8+8+S; (25)

where

S, = standard deviation of average occupancy across link-
days within a season,

S, = standard deviation across seasons, and

S, = standard deviation across time periods during a day
as a result of short counts.

I

Analysis in which the locations are fixed leads to the fol-
lowing equation

N, = 25 (24a)
I
where
N, = number of days of data collection, and
§* =8 + 8 +8; (254)

where

S, = standard deviation of average occupancy across days
of a single season,

S, = standard deviation across seasons, and

S, = standard deviation across time periods during a day

as a result of short counts.

I

In practice, it is necessary to sample each type of vehicle at
a location separately, especially buses versus cars. This type
of stratification is necessary in corridors with public transport
and/or preferential facilities for high-occupancy vehicles.

Agencies may wish to consider the applicability of strati-
fied sampling to their occupancy data collection. This may
not be a major concern for corridors without priority treat-
ment or areas without policies that support ridesharing or
transit. It may also not be a factor in cases where the count is
conducted on a high-occupancy vehicle facility and the total
number of vehicles and persons are being counted directly by
observation. There are many other cases, including areawide,
subarea, and job site studies which may benefit from a strat-
ification of the sampling plan.

The variance of the overall estimate of vehicle occupancy
obtained through the application of a stratified random sam-
ple should be smaller than that obtained using a simple ran-
dom sample. The only additional cost to the evaluation
process is the necessity of recording vehicle type, as well as

occupancy, for each vehicle in the sample. Since vehicles are
normally classified to determine utilization and occupancy
levels by mode, this approach should not present additional
cost to the evaluation process.

The selection of the sample, in hours, days, and locations,
needs careful planning. It is important to remember that the
sample intervals, each of which is a specified time interval at
a particular location, must be randomly selected from the
total population (defined as the collection of units from
which the sample is drawn). In other words, all locations and
time periods that the estimated average vehicle occupancy is
to represent must be included in the defined population, and
the sample intervals must be randomly chosen from that pop-
ulation. For instance, if an estimate of vehicle occupancy is
needed for the weekday peak period during the summer
months, the sampling frame would consist of all morning and
evening peak periods on all weekdays for the months of June,
July, and August. Each peak period interval would, therefore,
be a samipling unit.

The selection of intervals for sampling should be done ran-
domly, with all peak-period intervals on weekdays during the
three months having equal probability of being chosen. The
number of intervals in the sample would be determined by the
standard errors, for specified sample sizes using stratified ran-
dom sampling, and from knowledge of the volume expected
during one interval. The standard deviations in vehicle occu-
pancies obtained from data collection on the Houston HOV
lane system (63) were 0.5, 2.5, and 10.0 persons per vehicle
for cars, vans, and buses, respectively. Due to the limited
range of vehicle occupancies for each vehicle type, large
deviations from these values are not expected. This approach
could also be extended to include commercial vehicles.

Use of a stratified sample plan could provide information
on vehicle occupancies sufficient to allow the results of most
vehicle-based analysis procedures to be expressed in person-
volume terms. This not only improves the transferability of
the information, but also emphasizes the concept of trans-
portation systems to move people.

SURROGATE ESTIMATION PROCEDURES

There are many situations in which it is not practical to
make detailed travel time surveys or to use various HCM
procedures to measure congestion. Examples include
regional policy assessments, forecasts of future route or area
performance, or determining the impacts of adding or remov-
ing traffic control signals. Cost and person-hour constraints
may also make detailed surveys impractical—especially
where a large area must be assessed.

In such cases, surrogate estimating procedures can play an
important role. These procedures use readily available data
when direct data collection is not feasible. The following sec-
tions discuss the analyses that were performed to develop
surrogate travel time/speed estimating procedures. They
build upon and extend previous work.



Arterial Streets

Literature Review. A review of the literature indicated
several variables could be used to estimate speeds. These
variables include signal density, traffic volumes, percent
green for through movements, signal coordination, and speed
limit. The following paragraphs provide a brief summary of
previous research in estimating speeds on arterial streets.

Treadway and Oppenlander (64) developed statistical
models that could be used to estimate travel speeds and
delays on high-volume highways. A multiple linear regres-
sion analysis was performed to gauge the effects of various
traffic and roadway characteristics on travel speeds. The
results of the study indicated that approximately 50 percent
of the variation in speed on uninterrupted flow sections was
explained by five variables, namely, street intersections per
mile, commercial establishments per mile, percent of sec-
tions where passing was not permitted, practical capacity,
and traffic volume. Treadway and Oppenlander concluded
that the most significant factors to consider in estimating
travel speeds were the types of roadside development (e.g.,
commercial, urban, or rural) and the traffic stream friction
(e.g., traffic volumes and practical capacity).

Coleman (43) documented the effect of location and street
type, heavy commercial vehicles, street width, signal coordi-
nation and density, and traffic volumes on the travel times
along 15 test sections in five cities in Pennsylvania. Of all
factors examined, Coleman found that travel rate (in minutes
per mile) best correlated with signal density (signals per
mile) when stratified by peak-hour volume-to-capacity (v/c)
ratios for traffic flows less than critical density. For Cole-
man’s relationships, the coefficients of correlation (r) for the
v/c ratio ranges varied from 0.75 to 1.0, indicating that
between 56 percent and 100 percent of the travel time vari-
ability can be explained through the empirical equations
(using R? value). Area type, location, street type and width,
percentage of heavy commercial vehicles, and signal coordi-
nation were found to have little to no correlation (coefficients
of correlation ranging from 0.01 to 0.52) to travel times.

Guinn (65) conducted a similar evaluation on 77 street sec-
tions in New York State in 1967 to determine the relative
effects of several parameters on travel times on urban streets.
The study used the test vehicle method to collect travel times
and other roadway and control characteristics, including
number of lanes, speed limit, number of signals, percent
green time of each signal, section length, link and area type,
parking, and number of intersections, for each of the 77 sec-
tions. A multiparameter analysis was performed to test the
significance of each of the parameters.

Guinn concluded that neither a multiple-parameter nor a
single-parameter estimating equation could be developed
that would explain the variation in travel times for urban
streets. The empirical analysis did indicate, however, that
signal density was the most important parameter affecting
speeds on urban streets. The recommendations suggested
that three parameters, namely, signal density, traffic volume

57

per lane, and speed limit, should be included in any further
analytical studies of travel times on urban streets.

Civgin (66) considered the effects of posted speed limits,
presence of a dividing median, v/c ratio, surface condition
rating, number of lanes, traffic volume, parking, and practi-
cal capacity on travel times. The study used a multiple
regression analysis. The coefficient of determination (R? =
0.05) indicated a weak linear correlation between average
travel speed and the independent variables, with less than 5
percent of the travel time variation explained by the inde-
pendent variables. Civgin noted that posted speed limits and
the v/c ratio had the greatest effect on average travel speeds,
and other variables like surface condition rating and parking
had little to no effect on average travel speed.

A study of travel times in the New Haven, Connecticut,
area found that signal density had a major influence on
speeds (67). Signal density alone explained 50 percent of the
variance while the number of vehicles per lane per hour alone
explained only 4 percent of the variance. The multiple corre-
lation coefficient between speed and these variables was
0.71. The resulting equation was

Peak-Hour Peak-Hour
Travel Speed = 34.35 — [0.006 x (26)
Lane Volume
(mph)

— 2.265 (Signal Density)

Ewing (68) suggested a simple linear model for average
travel speed based on two independent variables: peak-hour
traffic volume and signal density (Equation 27). The model
was based on 17 two-lane streets in Seminole County,
Florida, and included data for the morning and evening peak
hours in both directions (68 total observations). Ewing noted
that although the explanatory power of this model was prob-
ably inadequate (R? =0.55) for determining roadway levels
of service, a better predictive model could be developed with
more variables like the green ratio, arrival type, and percent-
age of turns from exclusive lanes.

Average
Travel Speed = 44.7 - (0.0087 x ., D¢X-Hour
Traffic Volume
onph) {774 % Signals @n
’ Per Mile

Margiotta et al. (69) used the computer model NETSIM to
simulate the effects of signal density and volume-to-capacity
ratios on average travel speed. This study found that signal
density had one of the greatest effects on travel speed, as
illustrated in Figures 7 and 8. The study also concluded that
signal progression was a significant variable.

In summary, a number of attempts have been made to esti-
mate travel speed or time based on traffic, roadway, or control
characteristics. With the exception of Coleman’s research
(which was based on a limited data set), most of the models
that have been developed to estimate travel speed account for
less than 60 percent of the observed variability. There is a gen-
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Figure 7. NETSIM results for signal density versus speed: Uncongested arterials with no
left turn bays.
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Figure 8. NETSIM results for signal density versus speed: Uncongested arterials with left
turn bays.



eral consensus, however, about the independent variables most
directly related to travel time and speed. These variables
include traffic volumes and/or roadway capacity ratios (e.g.,
v/c ratio or volume per lane), signal density, and character of
the roadway (e.g., roadside development, access, or speed
limit). Practically all research of empirical relationships in the
literature concentrated on arterial streets with little or no
emphasis on freeways or uninterrupted flow.

Surrogate Development. Surrogate relationships were
derived, drawing upon the results of previous studies and an
initial analysis of the data collected. The steps were as
follows:

The following variables were found to closely relate to
travel speeds:

» Signal density,

» Traffic volume (average daily traffic or ADT) per lane
(a surrogate for volume-to-capacity ratio), and

¢ Percent green for through movement.

A conceptual model (Equation 28) was developed that
attempted to relate these variables to the components of delay
that are typically experienced along an arterial street. For
instance, travel time delay due to stops at signals is probably
related to the signal density.
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Free-Flow  Acceleration/ Deceleration

Travel speed = Speed Delay at Signals
_ Delay Time _ Delay in (28)
at Signals ~ Queuing
Travel speed = Fr;}e)—el;liow — [Signals/Mile]
— [Signals/Mile X % Red]
— [ADT/Lane X % Green} (28a)

A simpler form of Equation 28 was constructed to test the
differences between an equation with many input variables
and an equation with few variables (Equation 29).

Travel Speed = Constant Based on Free-Flow Speed

— Signal Density — ADT/Lane (29)

The results of this comparison for the data sets from dif-
ferent cities are shown in Table 28. Two variables—R® and
root mean square error—were used to quantify the relative
significance of the two different equations. The R? value, or
coefficient of determination, represents the portion of vari-
ability that can be explained by a model. An R? value of 1.0
represents a perfect fit of empirical data to a regression
model. The mean square error is a relative measure of the
error for a particular model and is used in sample size and
confidence interval calculations.

TABLE 28 Comparison of two different regression models

Number Equation 29 Equation 30
City Se gr';fents R-squared SRq(::r:dggr R-squared Sltl ?;:_:dg:;r

Bristol, TN/VA 18 0.39 5.65 041 4.94
Chicago, IL 94 0.43 8.64 -2 -
Connecticut 20 0.05 6.62 0.08 6.54
Champaign- 264 0.13 6.93 -2 -
Urbana, IL

DuPage County, IL| 1,159 0.07 13.85 -2 -
Indianapolis, IN 305 0.29 7.15 -2 -
Massachusetts 30 0.22 9.27 0.25 8.13
Maryland 8 0.76 4.25 -2 --
Memphis, TN 24 0.25 4.19 0.44 3.65
MWCOG 22 0.22 8.69 -2 -
North Carolina 18 0.80 6.56 — -
Ohio 253 0.29 7.87 0.30 7.86
Springfield, MO 20 0.02 5.56 0.14 5.27

2 Data not available for % green.
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The more complex model, based on the information ana-
lyzed, did not perform better than the simpler model. More
significantly, the data showed relatively low R? values in
many cities.

Several factors explained the low R? values. In Connecticut,
for example, signals were widely spaced along roads with
good progression. In DuPage County, roadway sections were
extremely short—a situation prevalent in several other urban
areas as well. Finally, the aggregate data did not account for
the differing free-flow speeds on various classes of roadway.

Based on Table 28, it was concluded that a simple model
with few variables (Equation 29) could provide nearly the
same error level as a more complex, conceptually sound model
(Equation 28) and that the data should be further stratified.

Using PC-SAS, an equation was formulated for all arter-
ial streets in the database (2,231 street segments). The fol-
lowing equation and statistics were obtained:

Average Speed ADT/Lane
g peet =351 - 0.255( e )
— 1.35 (Signal Density) 30)
R*=0.14
Root mean square error = 10.14
c.v. = 35%

The mean square error is relatively high (wide confidence
interval) and the R? value is also low, indicating a significant
amount of unexplained variability. It was decided to stratify
the arterial segments by arterial class (as defined by the 1994
Highway Capacity Manual) and look at the data on a city-by-
city basis.

TABLE 29 Regression of Class I arterials

Regression coefficients were obtained for the following
general equation on a city-by-city basis for each arterial class:

ADT per Lane
Avergﬁ ¢ hS)P‘-’ed = [Intercept]—| ~ (1000s) (A? g(/)léi”"’)
P Cocefficient
Signal .
—| Density ( gle‘g;:;?zly) €)))
Coefficient

The results for these regression analyses are contained in
Tables 29-31 for Arterial Classes I, II, and III. From these
tables, it became obvious that data from several of the cities
were not providing reasonable results. For example, the data
for Class I arterials from North Carolina gave coefficients
that were drastically different from the other cities. In cases
like this, the data set producing unreasonable regression
results was removed and the regression analyses were per-
formed again. Data with extremely high error values were
also removed.

For each arterial class, the following cities’ data were
removed:

Class I Arterial Data Removed:
Chicago, Illinois
DuPage County, Illinois
North Carolina
Springfield, Missouri

Class II Arterial Data Removed:
Bristol, Tennessee/Virginia
DuPage County, Illinois

Number ADT per Signal Root Mean
. Lane - R-
City of Intercept Density Square
Segments (1000s) Coefficient squared Error
Coefficient
Bristol 7 45.0 -0.57 -7.11 0.55 3.8
Chicago 39 39.6 -0.28 0.77 0.01 8.56
Connecticut 19 40.5 -0.28 -2.26 0.12 5.25
DuPage 964 34.7 0.24 -1.14 0.11 10.00
County
Indianapolis 199 35.8 -1.37 -2.52 0.38 6.50
Memphis 9 47.5 -0.63 -5.82 0.77 1.87
MWCOG 4 42.4 -0.43 -2.45 0.64 7.17
North 5 111.0 -12.0 -12.30 0.92 4.67
Carolina
Ohio 89 36.1 +0.30 -3.53 0.42 6.25
Springfield 3 -37.0 +4.00 +6.29 0.76 2.23
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TABLE 30 Regression of Class II arterials
ADT per Signal Root Mean
City b;‘;mb:;;f Intercept | Lane (1000) Density s uI:re 4 Square
£m Coefficient Coefficient q Error
Bristol 7 242 +0.42 -1.38 0.77 2.30
Chicago 41 329 -0.40 -2.53 0.16 5.66
Champaign- 93 36.6 -0.28 -0.86 0.13 6.13
Urbana
DuPage 183 35.5 -0.74 -1.11 0.04 20.00
County
Indianapolis 89 26.1 -1.69 -0.82 0.20 5.40
Massachusetts 13 34.1 -0.20 -2.53 0.41 5.05
Memphis 13 34.8 -0.08 -1.68 0.10 3.50
North 7 46.2 -0.63 -7.30 0.99 1.40
Carolina
Ohio 49 27.2 -0.60 -1.73 0.22 6.42
Springfield 15 29.6 -0.02 -1.43 0.06 4.89
Class III Arterial Data Removed: R2 = 0.35
Chicago, Illinois Root mean square error = 6.59
DuPage County, 1llinois cv. = 20%

Once the cities’ data were removed from the analysis,
regression was performed again for the three arterial classes
by combining information from the test cities. The following
equations and statistics were obtained:

Class Il Arterials

Avfr'n;%e‘l = 33.1 - 0.35(ADT/Lane 1000s)
- 073 % ) s/IMi
Class | Arterials 0.73 X (Signals/Mile) (33)
Avg. Speed *=0.07
(g’;lp’;l) = 40.6 — 0.20(ADT/Lane 1000s) Root mean square error = 6.23
— 2.67 X (Signals/Mile) 32) cv. =21%
TABLE 31 Regression of Class III arterials
ADT per Signal Root Mean
City 1‘;““""” ;f Intercept | Lane (1000) |  Density . fa're 4 Square
egmen Coefficient | Coefficient q Error
Chicago 11 13.0 -0.11 -0.02 0.02 2.00
Champaign- 169 33.0 -0.13 .69 0.30 6.13
Urbana
DuPage 9 42.0 4.0 -0.32 0.02 12.90
County
Indianapolis 13 28.5 -0.52 -0.26 0.06 4.22
Massachusetts 9 41.0 -1.21 -3.75 0.77 3.62
MWCOG 11 249 -0.56 -1.60 0.44 5.26
Ohio 11 27.8 -0.07 -1.28 0.33 7.84
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Class lll Arterials

Avfj’}’l;e‘i = 32.2 — 0.55(ADT/Lane 1000s)
P ~0.79 x (Signals/Mile) (34)
R?=0.23
Root mean square error = 5.84
cv. =23%

The equation coefficients for Class II and Class III arteri-
als were similar, so the two data sets were combined and an
equation was developed for both Class II and Class III arte-
rials together. The equation is as follows:

Class Il and Class lll Arterials Combined

Ave’("nlef)peed = 36.4 — 0.301(ADT/Lane 1000s)
— 1.56 (Signals/Mile) (35)
R?=0.28
Root mean square error = 7.39
cv. =25%

Once average speeds have been calculated, travel times and
travel rates can be easily calculated using the following equa-
tions:

Travel Time _ 60 X Segment Length (miles)
(minutes)

(36)
Average Speed (mph)

Travel Rate  _ 60
(minutes per mile) Average Speed (mph)
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These equations may be used to estimate average speeds
for arterial street sections. Of equal importance is the confi-
dence interval or prediction interval associated with the esti-
mated speed. The confidence interval (Equation 38) is used
when an average value of speed for a particular street seg-
ment is desired. For example, the average speed is estimated
because no direct data collection was possible. The confi-
dence interval would be used for this application. The pre-
diction interval (Equation 39) is used when we wish to pre-
dict the actual speed for a particular travel time run (not
commonly done in practice). The prediction interval is con-
siderably wider than the confidence interval because it is
based on the prediction of a specific speed value, not an aver-
age speed value.

Confidence Interval
= (t,..,)(Root Mean Square Error)(<1/n) (38)

Prediction Interval
= (ty.,.1 )(Root Mean Square Error)(~N1 + 1/n) (39)

where ¢, equals t-value based on desired confidence level
and n equals sample size from regression equation. Note that
when n = 30, use Z and the standard normal distribution.

As an example, we wish to estimate the average speed for
a Class I arterial with an ADT/lane of 5,000 and signal den-
sity of 3 signals per mile. We have the following:

Average Speed (mph) = 40.6 — 0.20(5) — 2.67(3)
Average Speed = 32 mph
n = 300

The 95 percent confidence interval associated with this esti-
mated speed is

Confidence Interval = (1.96)(6.59)(v1/300) = 0.75 mph

So, we can say with 95 percent confidence the following:
Average Speed = 32 = 0.75 mph

To predict an individual speed run, the average speed is the
same and the 95 percent prediction interval is

Prediction Interval = (1.96)(6.59)(+/1 + 1/300) =12.9 mph

The prediction interval is rather large because it contains two
sources of error: between-route variation and within-route
variation. The confidence interval contains only between-
route variation; the confidence interval i1s much lower than
the prediction interval.

The following conclusions can be drawn from the
equations obtained through the multiple linear regression
analyses:

* Stratification (e.g., by arterial class) appears to reduce
model error. Arterial class is consistent with current
1994 HCM level-of-service standards and served as a
useful stratification factor. Other variables like ADT per
lane or signal density could be used; however, this
analysis showed that grouping by arterial class provided
the largest reduction in model error.

* Signal density is the most important factor in estimating
average speeds on arterial streets. This finding is con-
sistent with previous research on estimating speeds on
arterial streets. The values of the signal density coeffi-
cients in the regression equations are similar to those
obtained by other travel time estimation studies (Figure
9). The ADT per lane value is considerably less impor-
tant than signal density in estimating arterial street
speeds when roads operate below capacity.

*» The R?-values indicate that a large portion of the data
variability (70-85 percent) is not explained by the
model. The mean square error and c.v. values, however,
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Figure 9. Comparison of arterial street speed prediction
models.

are consistent with the values associated with direct
sampling of travel times.

» Some of the input data used relatively short sections that
magnify the signal density parameters and may give
misleading results where relatively few speed runs were
made. Much of the data using short sections were elim-
inated from the statistical analyses.

» The regression equation coefficients varied from city to
city, indicating a difference in operating conditions for
the street segments within the same arterial class. The
regression equations (Equations 33 through 36) repre-
sent average conditions for medium to large cities across
the United States.

* The effects of signal progression—through bandwidth
and progressive speed—were not explicitly considered.
Very few agencies were able to submit data on the qual-
ity of progression for unknown reasons.

Further Comparisons. A comparison of the NCHRP
arterial equations (Equations 32 and 35) and other arterial
street speed prediction models are shown in Figure 9 for sim-
ilar traffic volumes. The slope of the two NCHRP lines are
in general agreement with the Margiotta and New Haven
curves. However, the NCHRP lines provide higher speeds
for most signal densities. The NCHRP equations for Class [
and Classes II and III also cross each other at 4 signals per
mile, an anomaly that could not be explained in the data
analysis. The slope of the Ewing curve is similar to Mar-
giotta’s for low signal densities, but provides unreasonable
results for signal densities greater than 4 signals per mile.
Ewing’s data only included two-lane minor arterials, which
could explain poor prediction at high signal densities. The
nonlinearity of Margiotta’s Curve is consistent with current
speed relationships and research and may explain the low
correlations in the linear models tested.

Suggested Relationships. Composite curves, based on
the curves and lines in Figure 9, were constructed with the
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Figure 10. Suggested speed estimation curves for Class 1
arterials using v/c ratio.

desirable features of each different curve/line taken into
consideration. The composite curves, shown in Figures 10
through 13, show a non-linear relationship between signal
density and average speed for the various traffic volume lev-
els. For low signal densities (less than three or four signals
per mile) and low traffic volumes, signal density is the over-
riding factor in determining average speeds. For high traffic
volumes (v/c greater than 1.0, ADT/lane greater than 8,000
to 10,000), the traffic volume has a greater effect than signal
density on average speed. The results of the NCHRP analy-
sis also indicated that Class I arterials have higher average
speeds than Class IT or IT] arterials for comparable traffic vol-
ume levels or signal densities.

The curves in Figures 10 through 13 are suggested for esti-
mating speeds on arterial streets for different traffic volume
levels and signal densities. Equations 40, 41, and 42 were
derived from the curves shown in Figures 10 through 13. The
equations incorporate the major variables from these figures:
v/c ratio (or ADT/Lane), signal density, and free-flow
speeds. Tables 32 and 33 show the speed estimation curves
in a tabular format. Although these curves are different than
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Figure 11.  Suggested speed estimation curves for Class I
and II arterials using v/c ratio.
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Figure 12.  Suggested speed estimation curves for Class I
arterials using ADT/lane.
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Figure 13.  Suggested speed estimation curves for Class II
and Il arterials using ADT/lane.

those specific equations (Equations 32 and 35) developed
from the NCHRP data, the suggested curves are more con-
sistent with several other studies and remove several anom-
alies and unexplained problems with the NCHRP data. The
suggested curves provide results that are intuitively correct
and correspond to current methods of estimating speeds on
other types of facilities.

The curves in Figures 10 through 13 indicate the following:

 Traffic signal density has a greater effect than traffic
volumes on reducing speeds when traffic volumes are
less than capacity. Signals have their greatest reductive
effect when they are introduced into free-flowing or
lightly interrupted traffic (from O to 3 signals per mile)
(0 to 2 signals per kilometer).

» When traffic volumes approach, or exceed capacity, there
is a considerable drop in speeds at all signal densities.

« Signal progression can be introduced into the curves by
viewing the signal density in terms of “effective” signals
per mile. The effective signals per mile equals the prod-
uct of (1-bandwidth/cycle length) and the signals per
mile. For example, a 40 percent through band would
result in 60 percent of the signal density associated with
little or no progression.

The curves provide reasonable approximations for plan-
ning and policy purposes. They can be used to assess the
impact of adding traffic volumes and/or traffic signals to a
given roadway.

All Arterials. Using the Volume-to-Capacity
Ratio

Peak-
Hour _ 60
Speed (49)
(mph) 60
Free- Effective "
Flow |1+ Signal | [1 + (i)™
Speed Density
(mph)
where v/c equals volume-to-capacity ratio.
Class | Arterials. Using ADT/Lane as a
Surrogate for the v/c Ratio
Peak-
Hour _ 60
Speed ~
(mph) 60 4707
Free- Effective )" ?aDnYey
Flow |1 4 Signal 1+
Speed Density 10, 000
(mph)
(41)

Class II/lll Arterials. Using ADT/Lane as a
Surrogate for the v/c Ratio

Peak-
Hour _ 60
Speed ~
(mph) 60

1710.7
Free- Effective\"” ADT/ \
Flow |1+ Signal | |1+ |Lane
Speed Density 8,000
(mph)

(42)
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TABLE 32 Suggested speed estimation table for Class I arterials

Signal Density Average Speed (mph) for ADT/Lane or v/c Ratio
(signals per 6,000' 8,000 10,000! 12,000}

mile) 0.6* 0.8? 1.0% 1.2%

0.5 33 28 22 16

1 30 26 20 15

2 26 23 18 13

3 24 21 16 12

4 23 19 15 11

5 21 18 14 11

6 20 18 14 10

7 20 17 13 10

8 19 16 13 9

ADT per lane
2 y/c ratio

Note: Assumed free-flow speed of 40 mph.

Once average speeds have been calculated, travel times
and travel rates can be easily calculated using the following
equations:

60 x Segment Length (miles)

Travel Time _

(minutes) (43)

Avg. Speed (mph)

Travel Rate 60
(minutes per mile) — Ayg. Speed (mph)

(44)

Freeways

There are several computer models and simulation pack-
ages that currently can be used to estimate average freeway
speeds. However, these models typically rely on detailed
traffic volume and geometric data that may not be readily
accessible or available to planning agencies in small urban
areas, or be suitable for future projections and analyses.
Therefore, the freeway analysis, like that for arterial streets,
attempted to develop simple regression equations to predict
average travel speeds.

Preliminary analyses indicated that ADT per lane and
access frequency (number of access points per mile) were the
variables most closely related to average freeway speeds.
The effects of geometric or other bottlenecks on upstream
sections were noted as a potential problem for any simple
model. For example, vehicle queues could extend several
miles upstream of a bottleneck, consequently lowering
speeds on a section with low ADT per lane and access fre-
quency values. Accordingly, several “conceptual” tech-
niques were developed to help account for the effects of bot-
tlenecks on upstream freeway sections. These techniques
modified ADT per lane values to account for any down-
stream queuing that could extend upstream into the study
section.

“Transposed” Volumes. The first conceptual technique
was simply “transposing” or sliding ADT per lane values to
the next adjacent upstream section. This technique assumes
that the ADT per lane value in the adjacent downstream sec-
tion is a better estimate of speed than the actual ADT per lane
value. This technique was only used for sections in which the

TABLE 33 Suggested speed estimation table for Class II/III arterials

Average Speed (mph) for ADT/Lane or v/c Ratio
Signal Density | ¢ o 8,000" 10,000" 12,000"
(signals per mile)
0.6 0.8 1.07 1.2
0.5 28 24 19 14
1 26 22 18 13
2 23 20 15 11
3 21 i8 14 11
4 20 17 13 10
5 19 16 13 9
6 18 15 12 9
7 17 15 12 9
8 17 14 11 8
ADT per lane
2 y/c ratio

Note: Assumed free-flow speed of 35 mph.


















































































































