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INTRODUCTION AND GUIDE ORGANIZATION

In 2005, the National Transportation Operations Coalition (NTOC) identified and defined a set 
of key operations performance measures of national significance.  In 2007, the University of 
Maryland under a graft from the National Cooperative Highway Research Program (NCHRP) 
advanced that effort by further refining their definitions, evaluating the issues associated with 
their use, and developing implementation guidelines.  This document contains implementation 
guides to the revised NTOC performance measures as the result of that effort.  

The purpose of the performance measures, as described in the original NTOC effort, is as 
follows:

Transportation professionals are increasingly pressed to demonstrate sound management 
decision making and resource allocation. Performance management is a method to 
quantify and improve performance, and engage and communicate with citizens and other 
stakeholders. Many jurisdictions and agencies have taken performance data into 
consideration when measuring progress toward strategic planning and goals for the 
overall organization, departments, or individuals and have successfully applied the data 
when making management decisions or considering financial issues.

The NTOC Action Team on Performance Measurement conducted an initiative to begin 
to define and document a few good measures for transportation operations agencies to 
use in measuring and documenting performance. The initiative was guided by an 
oversight team consisting of senior transportation professionals from North America with 
balanced representation from federal, state, and local transportation agencies and 
Metropolitan Planning Organizations (MPOs)   … a short list of selected measures has 
been prepared and defined as the basis for a national set of performance measures that 
can be used for internal management, external communications, and comparative 
measurement.

The NCHRP project furthered those efforts in 2007 by refining the initial measures, testing the 
data collection and data compilation procedures through a series of pilot tests, and developing 
implementation guidelines (provided herein).  Input from senior transportation professionals 
across the United States and the results of a pilot testing initiative conducted during 2007 served 
as the basis for developing these products.  During the pilot test initiative state DOTs, cities, and 
MPOs contributed sample data and shared their experience implementing various measures.  The 
information gathered included technical challenges, applications, reporting mechanisms, and 
implementation costs.  This information was compiled and summarized in the final report, and 
the lessons learned embedded into these guidelines.

The NTOC performance measures as refined from the 2007 effort include:

Customer Satisfaction
Extent of Congestion – Spatial
Extent of Congestion – Temporal
Incident Duration
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Recurring Delay
Speed
Throughput – Person
Throughput – Vehicle
Travel Time – Facility
Travel Time – Reliability
Travel Time – Trip

Refined definitions for each measure are included in the Appendix for reference.  Of the eleven
measures, implementation guides were developed for all but one, Travel Time – Trip.  Trip travel 
times encompass travel by all modes as well as end times associated with parking and pedestrian 
links.  Although this can be measured in a controlled study, tools for monitoring trip travel times 
on a broad basis for performance measure purposes are not yet available. 

This guide is organized into four distinct sections.  The first two provide implementation 
guidance for Customer Satisfaction and Incident Duration Measures respectively.  The third 
section addresses all the performance measures related to traffic flow, namely travel time, 
throughput, speed, delay, extent of congestion, and reliability.  All traffic flow measures require 
measurements of speed, travel-time, and/or vehicle throughput.  The primary implementation 
challenge for traffic flow measures is the development of an effective data collection system 
given the myriad of methods and technologies of varying cost and accuracy currently available.  
As such, the implementation guidelines for traffic flow measures are consolidated, with measure 
specific guidance noted at the end of the section.  Lastly, section four provides general guidance 
for the effective display and communication of performance measure information.



3

CUSTOMER SATISFACTION

Guidance on issues related to methodology and survey design:
The quality of the data from a customer satisfaction survey depends on the quality of the research 
methodology.  In order to collect meaningful data, the methodology must be tailored to address 
the specific research objectives of the study, and rigorous data collection procedures must be 
used.

Professional assistance is essential to implement an effective customer survey and to insure that 
rigorous data collection procedures are used.  Such assistance may be a professional consultant, 
university personnel, or in-house customer feedback specialists.  Although such a professional 
cannot define your objective or data needs, they can help focus the intent of the survey and 
develop a rigorous methodology to efficiently carry it out.  Partner with a survey professional 
early.  

The primary responsibility of the transportation organization is to establish the objective and 
information needs of the survey, and define the characteristics of the population they are trying 
to reach.  A survey consultant can assist in focusing these activities, however their primary 
function is to design and administer a rigorous survey methodology to meet the objective of the 
organization.  

Below are some points to consider:

1. Define the Survey Objective and Information Needs
Clearly articulated objectives guide the design of the study as well as the development of 
questions that are ultimately included in the survey.  Key questions to address include:

 What is the objective of the survey?
 What information is needed?
 How will the information be used in the organization? 

2. Use professional resources (such as survey consultants or university personnel 
versed in survey methods) to develop the survey methodology and the questionnaire.  
These professionals can help in the development of a survey design that meets the 
objectives of the study.

3. Define the Survey Population
 The first step in designing a survey is to characterize the study population, that is, 

define “who” will be surveyed.   This will vary, depending on the study 
objectives. For example, if you are measuring customer satisfaction with traffic 
signal operations, you may want to survey regular users of the arterial.

 Consider the sampling procedure carefully.  Ideally representative sampling 
methods should be used so that it is possible to generalize the findings to the 
larger population.  In the case of customer satisfaction with traffic signal 
operations, respondents might be randomly sampled by geographic area (i.e. 
randomly sample residential phone numbers for census tracts near the study 
route).  Again, the sampling strategy will vary based on characteristics of the 
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target population, the nature of the service being evaluated, and the questions
being addressed in the study.  Do any specific subgroups require over-sampling?

 Finally, consideration needs to be given to the sample size that is necessary to 
meet the data requirements of the study.  With larger samples, there is greater 
confidence that the sample findings are representative of the general population, 
and larger samples also allow for more detailed subgroup analysis.  However, 
costs scale with sample size.

4. Select the interview method.   The nature of the study population as well as the type of 
service being evaluated will guide decisions on the appropriate interview method.  An 
evaluation of a 511 website, for example, could be completed online by customers of the 
website, whereas a survey measuring customer satisfaction with traffic signal operations 
might be conducted by phone or mail.

 Consider factors in the local context that might affect the design of the study and 
the collection of data.

5. Design of survey questions.  Pay close attention to the design of the survey questions.  
The survey questions must be properly written so they yield meaningful data.  When 
questions are poorly worded or biased, the responses are likely to be inaccurate or 
uninterruptible.  In determining the content of the survey, consider the research 
objectives and information needs of the overall study, as well as any features of the 
service that might be specific to your area.   The survey questions should be designed 
to address the study objectives and information needs.  For example, if one objective of 
the study is to assess differences in opinions between “peak” and “non-peak” travelers, 
then the survey will need to include a question measuring this concept.    Below are 
additional guidelines for the types of questions that should be included in the survey:

 Frequency of access – “How often do you drive on a certain roadway?” or “How 
often do you access this website?”

 Overall satisfaction rating for the service, and for various components of the 
service.  Satisfaction ratings should be on a balanced rating scale, typically on a 5 
to 7 point scale (though 11-point scale may be appropriate in some cases).  

 Importance of providing the service
 Particularly for information services, determine if the information had an impact 

on traveler behavior (example: “Did you chose an alternate route as a result of the 
information?)

 Ask how the service could be improved
 Include key socio-demographic variables.  Examples include gender, age, income 

and education.  Other questions that may be of interest, depending on the nature 
of the study are: household composition, number of vehicles in the household, 
employment status, trip type.

 If previous surveys have been conducted, consider reuse of question for 
consistency and trend analysis. 

 Make use of available resources: 
o Consult 511deploy.org for sample 511 survey questions  (See additional 

comments 1) 
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o Consult previous research (including surveys) conducted on the topic

6. Use rigorous data collection procedures.  This will contribute to higher response rates, 
increasing confidence that the sample findings are representative of the general 
population. Potential techniques for increasing response rates include (these will vary 
according to the survey method): pilot test the survey, advance letter or brochure 
introducing the study, reminder calls to complete the survey, and incentives (among 
others).

 Consider an independent survey design review.

7. Reporting of Survey Results.
 For scaled questions, it is recommended that responses be processed to provide 

both the distribution of responses (i.e. standard deviation or percent answering 5 
and above, etc.) as well as the average response.  Survey results should also be 
analyzed by type of customer and by relevant trip characteristics, such as travel 
location and trip type (commute, school, vacation, freight movement, etc.), among 
others. 

 Survey report should contain a full description of the methodology, response rate, 
and a copy of the survey itself.

8. Survey Costs
 Survey costs scale with complexity of questionnaire and size of sample.
 Costs reported during pilot tests ranged from a low of $7500 for a survey 

conducted on behalf of a city transportation department to ~$50,000 for a survey 
on behalf of a state department of transportation 

Additional comments:

1. A particularly useful document is the 511 Implementation and Operational Guidelines 
(survey questions are included in the appendices). 
http://www.deploy511.org/docs/511%20Guidelines%20Version%203.0.pdf

2. The electronic archive from the NCHRP study contains detailed data from five customer 
satisfaction surveys conducted between 2005 and 2007 related to various operations 
concerns.  Contact the University of Maryland, Center for Advanced Transportation 
Technology for a copy of the electronic archive to obtain sample questions.  
www.catt.umd.edu
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INCIDENT DURATION

Guidance on issues related to obtaining quality incident duration data:
Quality incident duration performance measures are a byproduct of an effective incident 
management system.  Keys to developing effective performance measures are primarily clearly 
defined and well-documented definitions for the various events, descriptors, and milestones 
involved in responding to a roadway incident.  These include:

 Start time and end time of an event
 Incident location and roadway type
 Type of incident
 Responder information (who, when, and from where)
 Lane closure status and other measures of severity

Such attributes are recorded in a data management system by agency personnel.  Methods for 
tracking data quality and completeness, as well as the periodic reporting of duration measures for 
all aspects of incident management are keys to developing and maintaining a data system that 
can reflect the effectiveness of the overall incident management system.

Below are points to consider:

1. Define incident duration start time, end time, events, and descriptors:
Clearly articulate incident milestones:

 START TIME - Incident notification includes receipt of the fact that an incident 
has occurred by any public agency personnel.  Detection of an incident may come 
from numerous sources; however, notification begins at the time an incident is 
confirmed via a trusted source such as police, highway patrol, traffic operations 
personnel, CCTV, or other means.  Key fields include:

Time of notification
Notification source
Detection source (if different)
Confirmation source (if different)
Operator ID
Location of incident (route, mile marker, direction, lane) 
Type of incident (collision, disabled vehicle, debris, etc.)

 END TIME – The end of the incident is defined as the time when all evidence of 
the incident has been removed or all response vehicles have left the incident 
scene, which ever is less.  The objective is to mark the time when traffic flow is 
no longer obstructed due to any activity related to the incident.  Key fields 
include:

Time of incident clearance as defined above

 EVENTS AND DESCRIPTORS –  The time and order of events such as dispatch 
& arrival of emergency responders, traffic control, and lane status should be 
updated throughout the course of the incident by the operator.  Event descriptors, 
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such as location, type and severity should also be updated as information becomes 
available.  Key fields include:

Time and type of dispatch
Arrival time of any emergency responders
Departure time of any emergency responders
Severity of incident (injury, fatality, non-injury accident)
Lane and shoulder closure status

2. Reporting
Consistent and periodic reporting of incident duration provides feedback on effectiveness 
of the system, the responders, the operators, and management policy.   Average incident 
duration can be aggregated or displayed by:

 Type and/or severity of incident
 Type and/or location of facility
 Time of day / day of week / season
 Roadway authority / agency
 By responder type or unit

3. Assess Data Quality.   
Quality of reporting is limited by the quality of the base data.  Data should be monitored 
for completeness and spot-checked for accuracy.  Methods include reporting the
percentage of records with complete attribute information such as:

 Location
 Type and severity
 Lane blockage
 Incident timeline (detection, confirmation, dispatch, arrival, clearance)
 Responder/s
 Activation of DMS, messages displayed, and other ATIS related services

This information can be used to assess performance of specific operators, operations 
centers, and agencies.

4. Uses of performance measure.
Incident duration performance measures are used to: 

 Evaluate effectiveness of incident management systems to decrease average 
incident duration

 Evaluate effectiveness of incident management systems to decrease secondary 
incidents

 Examine cost/benefits of incident management systems
 Calculate hours of delay averted due to incident management systems
 Conduct incident timeline analysis for improving the management system and 

incident management training and policies

Additional Resources:
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National Traffic Incident Management Coalition (NTIMC) and its associated effort of the 
National Unified Goal (NUG).  NUG is a unified national policy developed by major national 
organizations representing traffic incident responders, under the leadership of the NTIMC. The 
NUG encourages state and local transportation and public safety agencies to adopt unified, multi-
disciplinary policies, procedures and practices that will dramatically improve the way traffic 
incidents are managed on U.S. roadways.  Additional information is available at 
www.timcoalition.org.

The FHWA in cooperation with NTIMC sponsored a focus-state initiative on traffic incident 
management (TIM) performance measures.  The focus state initiative is ongoing at the time of 
this writing.  Once complete, a comprehensive set of recommendations and lessons-learned 
reports for use by all agencies involved in traffic incident management will be made available.  
Additional information is available at the FHWA Traffic Incident Management Program website 
at http://www.ops.fhwa.dot.gov/incidentmgmt/index.htm.
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TRAFFIC FLOW MEASURES

Traffic flow performance measures encompass the following:

Travel Time – Facility 
Travel Time – Trip
Speed
Recurring Delay
Extent of Congestion – Spatial
Extent of Congestion – Temporal
Throughput – Person
Throughput – Vehicle
Travel Time - Reliability

First and foremost, the implementation guide for traffic flow measures addresses the issues 
related to the collection of quality travel time and volume data.  Such data is the basis upon 
which calculations of all traffic flow measures are contingent.  Emerging technologies aim to not 
only replace traditional inductive loop sensor mechanisms, but to directly measure and 
continuously monitor travel time using vehicle probe methods rather than imputing travel time 
from spot speed measures.   Guidance for the implementation of effective traffic flow data 
collection is addressed in four areas:

Establish Traffic Data Specifications
Traffic flow data will support numerous measures and applications.  
Understanding the data requirements of various applications and fundamental 
accuracy relationships related to sample sizes is necessary in planning an effective 
data collection system.

Select Appropriate Technology and Methods
Not only are technologies proliferating to procure speed, travel time, and volume 
data, but new business models are emerging that provide data without the need to 
invest in sensors and other associated infrastructure.  The new business models as 
well as the new sensor technologies promise to reduce cost, minimize 
maintenance, and minimize intrusion into the roadway while providing timely and 
accurate data.  As a result of the growing options to procure data, organizations 
are faced with a matrix of choices between old and new technologies and 
methods, each with differing accuracy, quality control issues, and cost
implications.  Assistance navigating this matrix is the primary focus of this 
section.

Develop a Quality Control Plan
One of the themes that emerged from the pilot test results of the National NCHRP 
project was the need to develop a quality control plan for the data collection 
process, regardless of the technology.  The plan covers various aspects of data 
quality such as preventative maintenance, sensor calibration, data error checking, 
and accuracy validation. 
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Data Processing and Archiving Considerations
Any data collection system requires basic information technology (IT) resources 
such as data logging, archiving, backup, recovery, and querying tools in order to 
preserve the data for applications such as planning and design.  This section 
address IT resource requirements for consideration in planning and design of data 
collection.

These four areas provide the basis from which to collect quality data for use in developing the 
various traffic flow performance measures.  Following these sections, guidelines and issues 
specific to individual traffic flow measures are provided.  Within each section additional 
resources helpful to the implementation may also be cited.

Establish Traffic Data Specifications

Transportation agencies are being driven to consider new methods and technologies of traffic 
data collection in order to reduce costs while simultaneously expanding geographic coverage.  
Rather than application-specific data collection, new systems can provide comprehensive traffic 
monitoring to support both new and legacy applications.  To enable such an approach, the most 
stringent accuracy and timeliness data specifications govern the overall data collection system 
design. 

Table 1 provides a framework to characterize the accuracy specifications for various applications 
of the NTOC performance measures.  This table depicts an accuracy range for each measure in 
four different classes of applications: Traffic Engineering, Transportation Planning, and 
operations applications of Traffic Management and Traveler Information.  The acceptable 
accuracy ranges resulted from collaboration with transportation professionals from State DOTs, 
MPOs, cities, academia and industry during the NCHRP study.  If the error in the performance 
measure is greater than that specified in the range, the application will be adversely affected.  For 
example, 20% error is often cited as the maximum allowed error in travel time estimates for 
traveler information applications such as travel times displayed on changeable message signs.  If 
the error in estimated travel time exceeds 20%, the public will quickly lose confidence in the 
information source, undermining the support and utility of the system.  If the error in the 
performance measure is less than the specified range, it is still useful for the application, but the 
application does not benefit appreciably from the increased accuracy.

[ Note that Transportation Planning encompasses any type of planning or long-range monitoring 
activity.   The year to year fluctuation in corridor travel times falls into this category.  The grayed 
sections imply that the performance measure may not be applicable to the intended application. ]
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TABLE 1 Performance Measure Accuracy Requirements for Various Applications 

Traffic 
Management

Traveler 
Information

Customer Satisfaction

Incident Duration 5% - 10%

Throughput - Vehicle 1% - 5% 2% - 10% 5% - 10%

Throughput - Person 2% - 5% 5% - 10% 5% - 15%

Speed

Travel Time - Facility

Travel Time - Trip

Travel Time - Reliability

Recurring & Non-Recurring 
Delay

Extent of Congestion
Spatial & Temporal

2% - 10%

Performance Measure

Operations

Types of Applications

Traffic
Engineering

Transportation
Planning

5% - 10% 5% - 20%

10% - 20%5% - 10%5% - 10% 5% - 15%

5% - 10% 5% - 20%1% - 5%

Traffic data quality is fundamentally dependent on two items.  The first is the fidelity of the 
sensor, method, or process used in the detection and collection of traffic data.  The second factor 
is the number of data samples or measurements used to estimate average flow conditions.  The 
variability of traffic flow governs how accurately sample data reflects actual flow conditions.  
Assuming that the detection error is negligible, the accuracy of the flow data is dependent only 
on the variability of traffic flow (such as the standard deviation of speed, travel time, or volume) 
and the number of samples taken.  Sample size considerations are critical whenever periodic data 
sampling is performed in lieu of deploying a system that continuously measures and logs traffic 
data.  However, knowledge of the standard deviation of traffic flow parameters of varying 
conditions also provides valuable insight from which to evaluate the accuracy claims of more 
complex methods and technologies.

Figure 1 reflects the results of an analysis conducted during the NCHRP project depicting the 
underlying variability of freeway traffic speed for a specific facility.  The objective of the 
analysis was to characterize the sample standard deviation of speed and volume under varying 
throughput conditions.  The major finding of the analysis was that the standard deviation of these 
parameters varied significantly with vehicle throughput.  As shown in Figure 1, at flows between 
0 to 500 vehicles per hour per lane (vphpl) the standard deviation of speed is relatively high.  
This high variability results from differences in individual driver control characteristics during 
extremely light traffic.  In the middle flow regime, between 500 and 1200 vphpl, variability is 
minimized as traffic tends to self regulate speed but is not subject to congestion.  The standard 
deviation in speed again increases above 1200 vphpl where traffic flow becomes subject to 
congestion.  Previously literature suggested a standard deviation of 5 mph to be adequate for all 
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roadway types and AADT ranges.  The analysis revealed a characteristic patterns in standard 
deviation as a function of traffic volume (vphpl) on arterials and freeways, and for both speed 
and volume measurements.   Appendix D to the full NCRHP study report contains a full account 
of the analysis.
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Figure 1. Standard Deviation of Freeway Speeds as a Function of Volume.   Analysis depicts 
results for 5 minute, 15 minute, and 1 hour volume aggregation summary levels.

Knowledge of the standard deviation of traffic, as depicted in Table 1, allows for the direct 
computation of minimum sample sizes to estimate traffic flow parameters of specified accuracy 
and within known confidence limits.  The results of the analysis were compiled into four tables 
below.  The tables reflect the minimum sample size needed at various flow levels to estimate 
speed and volume for freeways and arterials for common confidence levels and accuracy 
specifications.  Note that on the volume tables, the coefficient of variation is specified rather than 
a standard deviation.

TABLE 2 Minimum Sample Sizes for Determining Arterial Speed
Volume Std. Dev. 90% confidence level 95% confidence level

(veh/hr/ln)  (mph) Error Tolerance Error Tolerance
± 2 mph ± 3 mph ± 4 mph ± 2 mph ± 3 mph ± 4 mph

0 - 200 14 134 60 34 189 84 48
200 - 400 7 34 15 9 48 21 12
400 - 600 7 34 15 9 48 21 12
600 - 800 7 34 15 9 48 21 12
800 - 1000 7 34 15 9 48 21 12
1000 - 1200 7 34 15 9 48 21 12
1200 - 1400 13 116 52 29 163 73 41
1400 - 1600 13 116 52 29 163 73 41
1600 - 1800 14 134 60 34 189 84 48
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TABLE 3 Minimum Sample Sizes for Determining Freeway Speed
Volume Std. Dev. 90% confidence level 95% confidence level

(veh/hr/ln)  (mph) Error Tolerance Error Tolerance
± 2 mph ± 3 mph ± 4 mph ± 2 mph ± 3 mph ± 4 mph

0 - 200 11 83 37 21 117 52 30
200 - 400 8 44 20 11 62 28 16
400 - 600 5 18 8 5 25 11 7
600 - 800 5 18 8 5 25 11 7
800 - 1000 5 18 8 5 25 11 7
1000 - 1200 5 18 8 5 25 11 7
1200 - 1400 5 18 8 5 25 11 7
1400 - 1600 9 56 25 14 78 35 20
1600 - 1800 9 56 25 14 78 35 20
1800 - 2000 8 44 20 11 62 28 16

TABLE 4 Minimum Sample Sizes for Determining Arterial Volume

Volume 
Coefficient of 

Variation
90% confidence level 95% confidence level

(veh/hr/ln) Error Tolerance Error Tolerance
5% 10% 20% 5% 10% 20%

0 - 200 1.00 1089 273 69 1537 385 97
200 - 400 0.26 74 19 5 104 26 7
400 - 600 0.18 36 9 3 50 13 4
600 - 800 0.14 22 6 2 31 8 2
800 - 1000 0.12 16 4 1 23 6 2
1000 - 1200 0.10 11 3 1 16 4 1
1200 - 1400 0.11 14 4 1 19 5 2
1400 - 1600 0.07 6 2 1 8 2 1
1600 - 1800 0.06 4 1 1 6 2 1

TABLE 5 Minimum Sample Sizes for Determining Freeway Volume

Volume 
Coefficient of 

Variation
90% confidence level 95% confidence level

(veh/hr/ln) Error Tolerance Error Tolerance
5% 10% 20% 5% 10% 20%

0 - 200 0.45 221 56 14 312 78 20
200 - 400 0.30 99 25 7 139 35 9
400 - 600 0.22 53 14 4 75 19 5
600 - 800 0.15 25 7 2 35 9 3
800 - 1000 0.19 40 10 3 56 14 4
1000 - 1200 0.12 16 4 1 23 6 2
1200 - 1400 0.12 16 4 1 23 6 2
1400 - 1600 0.12 16 4 1 23 6 2
1600 - 1800 0.11 14 4 1 19 5 2
1800 - 2000 0.09 9 3 1 13 4 1
2000 - 2200 0.09 9 3 1 13 4 1
2200 - 2400 0.07 6 2 1 8 2 1
2400 - 2600 0.07 6 2 1 8 2 1



14

General Guidelines for Establishing Traffic Data Specifications
 Identify all intended applications that will make use of traffic flow data
 Characterize the accuracy and timeliness data specifications required for each 

application.
o Use Table 1 as a general guide for accuracy requirements.
o Consult with application owners for acceptable data quality requirements.
o Consider impact on application as accuracy degrades
o Determine latency requirements – does the application require:

 Data archive
 Data within an hour
 Data within five minutes
 Real-time Data

o Consider impact on application as latency degrades
 Develop a list of the most stringent data requirements from the set of supported 

applications
 Estimate minimum sample-sizes for speed, volume, and travel-time (assuming space-

mean speed equivalent) based on Tables A2 through A5  
 Document any uncommon or peculiar application requirements that may have impact on 

the data collection system.

Additional Resources:

Select Appropriate Methods and Technology

Traffic flow data collection can be broken into three primary classes.  Table 6 lists these classes 
of data collection technologies and their associated characteristics.  These classes include fixed 
sensors, floating car methods, and vehicle probe technologies.  

A fixed sensor includes any type of electronic sensing device installed in a specified location to 
collect speed, volume and/or occupancy data.  Although a variety of technologies are available, 
inductive loops are the oldest and most prevalent.  Single loop configurations directly measure 
volume and occupancy.  Speed is inferred from single loop configurations by assuming an 
average vehicle length.  Speed estimates from single loops are accurate to 5 or 10 mph in free-
flow steady speed conditions.  Such accuracies are indicative of any technology whose base 
measurements are volume counts and occupancy.  Inaccuracies arise not from the electronic 
sensing equipment, but from the uncertainties inherent in converting volume and occupancy into 
speed data.  Dual loop arrangements measure speed directly, achieving accuracies of 1 to 2 mph.  
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Single Loops
Volume & 

Occupancy
5 Minute P X X X X X X X

Dual Loops
Volume, 

Occupancy, & 
Speed

5 Minute P X X X X X X X

Cross-Fire Radar
Volume, 

Occupancy, & 
possibly Speed

5 Minute P X X X X X X X

Video Cameras
Volume, 

Occupancy & 
Possibly Speed

5 Minute P X X X X X X X

Floating Car GPS Instrumented Travel Time
8-10 Runs per year, 

per corridor
P P X X X X

Budget $300 to 
$500 per mile

Minimum 
Sampling 

Parameters

Toll-Tag Transponder 1-5 minute P P X X X X X X

$15000 per site 
per direction 
(exclusive of 
structures)

Density of Toll-
Tags and Cost 
of Equipment

Fleet GPS Data 5 - 15 minutes P ? X X X X X X
$500 - $1000 / 

mile / year

Data Latency 
and Sampling 

Density

Cell Phone Probes 1-10 minutes P ? X X X X X X
$500 - $1000 / 

mile / year

Accuracy, 
Privacy, and 

Business Model 
Sustainability 

Vehicle Probe Travel Time

Fixed Sensor

Primary 
Deployment 

Issues

Freeway 
Use

Arterial 
Use

Costs, Sensor 
Density, 

Maintenance, 
Quality Control

Performance Measures 
Supported

Costs

$7500 to $20000 
per site 

depending on 
availability of 

existing 
structures

Contrast of Data Collection Methods

Base 
Measurements

Typcial Sampling 
Paragmeters

Method Sub-Method

TABLE 6 Traffic Flow Data Collection Methods and Technologies

Data from fixed sensor networks share common attributes regardless of the sensor technology.  
Because speed is measured at a particular point in the roadway, fixed sensors are effective only 
in places where spot speed measurements are a good indicator of overall traffic flow.  This 
assumption is valid in most freeway environments.  The progression of traffic flow on arterials, 
however, is dependent primarily on signals and other traffic control devices at intersections.  
Spot speed measurements, no matter how accurate, provide insufficient information to assess 
travel time or delay on arterials.  As such, fixed sensors networks are not recommended for 
assessing space-mean speed or travel time on arterial networks.  Note, however, that fixed 
sensors are effective and required to obtain volume measures on such roadways. 

Installation costs for a fixed sensor network are estimated between $7,500 and $20,000 per site.  
The range in cost is due primarily to the extent of which existing infrastructure can be reused.  
Reuse of existing poles and sign trusses, and existing power and communications feeds reduce 
cost.  Methods and technology that allow for reuse of existing infrastructure, though more 
expensive, may prove the more cost effective overall.  

During the pilot test, sensor spacing ranged from 1/3 mile up to 3 miles on some networks, with 
1/2 mile and 1/3 mile being the most prevalent.  The relationship between sensor density and the 
accuracy of the estimated travel time from the sensors has been the subject of previous research 
efforts, as well as the relationship between travel time accuracy and the type of algorithm used to 
infer travel time from spot speed measurements.  The results from the pilot test indicated that 
most organizations use a relatively simple algorithm to estimate travel time from spot speed 
measures, and that the primary benefit of dense sensor spacing is immunity from sensor outages.  
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The foremost challenge in deploying fixed sensor networks is an effective quality control 
program to address maintenance, calibration, and error detection – as will be discussed later. 

Floating car methods use dedicated vehicles and drivers to sample travel time in the traffic 
stream.  The dates and times of sampling are chosen to be representative of average conditions 
for the period of interest.  Sample sizes are determined to ensure that the results are statistically 
representative of the population.  Floating car methods are not adaptable to real-time data, nor is 
it recommended for travel time reliability due to the amount of data required.   

Advancements in technology over the past decade have enabled additional vehicle probe 
methods as alternatives to fixed sensor networks.  These alternatives fall generally into three 
categories.  Fleet GPS Data refers to the reuse of automated vehicle location data derived from 
fleets whose vehicles periodically report position and trajectory from onboard Global Positioning 
System equipment.   Cell Phone Probes estimate traffic flow based on geolocation data 
harvested from the cellular phone infrastructure.  Toll-Tag Transponders estimate average travel 
time based on a sample of vehicles equipped with toll-tag transponders.  Implementation of 
automated toll-tag methods is restricted to toll facilities served by such technology, or roadways 
in the immediate vicinity of such toll facilities. 

The data in Table A7 for Fleet GPS Data and Cell Phone Probes are based on recent projects at 
the Wisconsin DOT, I-95 Corridor Coalition and the Georgia DOT.  Although still considered 
unproven, such technologies are theoretically capable of monitoring traffic flow on large 
geographic extents at a much reduced cost and without the need to deploy additional sensing 
equipment in the right-of-way.  Early results indicate that such methods are viable alternatives 
for freeway monitoring.  Effectiveness on arterials has yet to be verified with field data.  Such 
new methods present not only technology risks, but also introduce risks associated with new 
procurement methods, outsourcing, and data rights and data licensing issues.  

Floating car and vehicle probe methods provide direct measures of travel time.  As such, these 
methods are applicable to arterials as well as to freeway environments.  However, fixed sensors 
are still needed on arterial to provide volume data. 

General Guidelines for Selecting Appropriate Methods and Technology
 Determine methods and technologies available to meet data specifications based on 

attributes in Table A2.
 Consider legacy data collection systems

o Is the legacy system capable of being upgraded to meet latency and/or accuracy 
requirements?   

o Can the legacy system be extended to provide required geographic coverage?
o Determine costs and technical issues involved in upgrading or expanding 

coverage
 Consider ownership versus outsourcing options

o Outsourced data collection:
 Relieves the burden of system upkeep and maintenance
 Data ownership is negotiable, data rights and data licensing are key issues

o Agency owned system
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 Maintenance and calibration are the burden of the agency
 Data ownership is inherent

 Consider fixed sensor versus vehicle probe concepts
o Fixed sensors attributes

 Requires access to and deployment on right-of-way
 Travel time is inferred from speed measurements
 Provides volume measurements
 Speed data should not be used to estimate travel time on arterials

o Vehicle probe attributes
 Travel time is sampled directly
 Volume information is unavailable or of minimal accuracy
 May not require roadside deployed equipment

 Analyze risks associated with various approaches:
o Technology risks associated with new or unproven equipment or methods
o Risk associated with a new company or business model
o Business relationship risks associated with dependence on multiple entities, most 

notable in Cell Phone Probes and Fleet GPS Data

Additional Resources:

To educate the transportation community on the latest sensor technologies, the Federal Highway 
Administration (FHWA) recently published a revised and restructured edition of the Traffic 
Detector Handbook.  It is a two-volume, comprehensive reference on sensors for traffic 
management on surface streets, arterials, and freeways and reflects the evolution, maturation, and 
state of the practice of sensor hardware and installations.  Volume one can be accessed online at 
http://www.tfhrc.gov/its/pubs/06108/.

Turner, Shawn M. et al, Travel Time Data Collection Handbook, FHWA,1998 
Last updated in 1998, this reference provides guidance to transportation professionals and 
practitioners for the collection, reduction, and presentation of travel time data.  It is available 
online at http://www.fhwa.dot.gov/ohim/timedata.htm.

An example of Data Rights and Data Licensing suitable for out-sourced data collection is 
available from the recent I-95 Corridor Coalition Vehicle Probe Request for Proposals (RFP), 
under section 6.0 starting on page 29.  The RFP is available at 
http://www.catt.umd.edu/research/i95_vehicle_probe.html

Data and information for new and emerging technologies is quickly outdated.  If considering 
such technologies, research the latest deployments for recent information and lessons learned.
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Quality Control Plan

Regardless of the technology or method of procurement, a quality control plan is essential to 
long term viability of the data collection system.  Although the implementation of the quality 
control plan will vary with the selection of type of data collection system, the basic principles 
remain the same.  The quality control plan should address the methods, time table, required 
resources, and actions necessary to maintain minimum accuracy and timeliness specifications.  
Quality control plans for agency owned systems will emphasize maintenance, calibration, and 
error checking whereas outsourced data collection will emphasize validation procedures and 
contractual responsibilities.   

General Guidelines for Quality Control Plan
 Data Validation

Validation encompasses the methods to ensure the data delivered from the system or 
contractor meets the specifications required for the application.  Validation should be 
independent of the data collection process, objectively performed, and fairly assessed. 
The quality control plan should address:

o Time and frequency of validation efforts
o Data items and specifications to be validation
o Methods, standards, and procedures used in the validation process
o Qualifications of personnel, if any 
o Data source/s used for comparison (Also referred to as ground truth)
o Acceptable ranges for various parameters and specifications
o Implications if data fails validation

 Contractual consequences
 Impact on applications

 Maintenance and Calibration
Maintenance and calibration is primarily applicable to fixed sensor networks owned 
and maintained by transportation agencies.  The plan should address:
o Organization and/or people responsible for system maintenance & calibration
o Frequency and timing of preventative maintenance and calibration
o Preventative maintenance and calibration procedures
o Resource requirements in terms of manpower, equipment, and costs

 Error Checking
Error checking refers to examining the data for reasonableness.  It is applicable to both 
agency owned and out-sourced systems.  The quality control plan should include:
o Valid ranges for each data item
o Any characteristic data patterns that would indicate sensor or system failure
o Actions to take when or if errors are detected
o Acceptable or expected error rates

 Considerations for agency owned systems considerations
o Budget and plan adequately for maintenance, calibration and validation activities.  

In the absence of any supporting data, estimate and budget ten percent of 
procurement cost for these activities on a yearly basis.  

o Assess manpower and equipment resources
 Identify responsible offices for various activities
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 Consider outsourcing all or part of the maintenance and calibration
o Determine lifecycle cost inclusive of quality control activities of the system

 Consideration for outsourced data collection (contractual arrangements)
o Determine consequences for poor data quality 

 Consider making payment contingent on validated data quality
 Consider termination or renegotiation if data is of insufficient quality
 Consider terms and conditions of corrective action

o Include validation methods, procedures and standards in the contract (if possible.)
o Determine how disagreements will be arbitrated

Additional Resources:

Error checking:
Turner, Shawn M., Guidelines for Developing ITS Data Archiving Systems, Texas Transportation 
Institute, Report 2127-3, 2001 available online at http://tti.tamu.edu/documents/2127-3.pdf   
Chapter 3 contains a summary of quality control for archived data that is applicable to quality 
control plans.

An example of contractual terms and conditions related to data quality is available from the 
recent I-95 Corridor Coalition Vehicle Probe Request for Proposals (RFP).  Invoicing for 
services, described in section G on page 35, is contingent upon validation of data accuracy and 
latency as specified in section C, subsection 3.1 starting on page 19.  The RFP is available at 
http://www.catt.umd.edu/research/i95_vehicle_probe.html

Data Processing and Archiving Considerations

A system that plans for the long term storage, indexing, querying, backup, retrieval, and 
distribution of data will minimize system overhead and maximize the investment in the data 
collection system over the life of the system.  A robust processing and archiving architecture will 
minimize maintenance burdens and maximize the reuse of the data for other applications 
requiring archive data.  This includes not only planning and design purposes, but also forensics, 
data-mining, and research.  This section address IT resource requirements for consideration in 
planning and design of data collection.  

General Guidelines for Data Processing and Archiving Considerations
 Storage requirements

o Determine yearly storage requirements 
o How long will the data be stored?  ( most likely the in perpetuity )

 Archiving considerations
o What mechanism will be used to access archived data?  (Database, data files, 

spreadsheets)
o At what resolution will the data be stored? (Spatial and Temporal)
o Are their restrictions on the access and distribution of data?   This is critical if any 

data is licensed or purchased from a vendor.
o How will the archive be backed-up to insure availability for years to come?
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 Indexing considerations
o What are the most likely ways to query the data

 Time, Space, Facility Names, Linear Referencing System
 Create comprehensive system and data documentation 

o Data structures, schemas, file formats, logging procedures, quality procedures and 
metrics.

 Estimate costs
o Equipment
o Manpower resources
o Software

Additional Resources for the Procurement of Traffic Flow Data
The procurement of traffic data collection systems can be a complex and present multiple risks.  
Depending on the amount of interval resources and level of expertise within the organization, 
consider the use of professional resources such as consultants or university research centers for 
the following tasks:

 Development of detailed specifications for data collection
 Development of custom quality control procedures
 Independent data quality validation
 System design and procurement

NCHRP 560, Guide to Contracting ITS Projects provides a structured process to determine what 
type of procurement is suitable (and how to effectively utilize external resources) depending on 
the complexity of the procurement and availability internal resources expertise. 

Guidance Specific to Various Traffic Flow Performance Measures

Travel Time – Facility
Travel time is the primary and dominant traffic flow performance measure in use to reflect 
user experience.  Its ease of application and inherent understanding by the traveling public 
provides the greatest benefit for application and reporting purposes.  Travel time serves as 
the basis for delay and reliability measures as well as effectively and easily communicates 
system status to the public using simple reporting mechanisms.

 Travel time is foremost indicator of the quality of traffic flow currently in use.  
 Travel time is a prime indicator of congestion.  The primary application of the travel 

time measure for half of the pilot test submittals was congestion tracking.
o Travel time is typically summarized in 15 minute intervals during peak 

periods of traffic, such as AM and PM rush hours.
o Peak periods differ for various regions and networks.  Peak periods should be 

assessed individually for each region.
 Direct measures of travel time are effective on arterial networks.  Spot speed 

measurements are not an effective to estimate travel time on arterials.

Travel Time – Trip  
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This measure was included in the NTOC set to reflect overall, multi-modal trip efficiency.  
Technology is not readily available to monitor end-to-end trip travel times on anything 
except special study purposes.

Speed
Spot speed measurements are useful in so far as they reflect space-mean speed of the traffic 
flow, and thus a reflect travel time on the facility.  
 The primary application of speed data from a fixed-sensor network is to color code a 

speed map for a public traveler information web site.
 Consider reuse of speed data from continuous count stations for operations purposes.  

Throughput – Vehicle
Methods and technology to collect volume counts for vehicles are well established.  
Although new technologies are entering the market for volume counts, these offerings 
represent only are only additional sensor options, not new methods. Throughput metrics, 
particularly in the transportation planning, are useful to support long range planning, travel 
demand modeling, HPMS and other applications.
 Volume data is essential for the computation of other operations performance measures.
 Vehicle throughput as an operational performance measure is an effective indicator of 

facility utilization.  Although not reflective of performance from a user’s point of view, 
capacity utilization provides an essential management perspective for decision making 
and resource management.

Throughput - Person
Person throughput measures for roadways are accomplished by factoring vehicle volume 
measures with occupancy factors.
 Person throughput measures require periodic, location specific occupancy surveys to 

obtain customized occupancy factors to apply to traffic volume counts.
 Person throughput measures are effective to assess performance of HOV lanes.  

Extent of Congestion Measures – Spatial and Temporal
It is unclear if the NTOC defined Extent of Congestion measures effectively capture and 
convey congestion information in time and space.  Continued monitoring of research in this 
area as well as continued experimentation alternative extent of congestion measures is 
recommended.  
 Extent of Congestion measures as defined by NTOC do not have widespread use.  During 

pilot testing no organization periodically reported the measure, only experimental 
calculations were submitted.  

 Comparable measures that attempt to capture the geographic and time extents of 
congestion are in use.  Such measures use various speed thresholds and/or methods of 
calculation peculiar to the organization.  The most commonly used metric is the percent 
of time speed falls below 35 MPH.  This threshold is roughly equivalent to twice the 
NTOC travel time threshold of 30% increase in travel time.

 Extent of Congestion Measures are contingent upon determining an ‘Unconstrained 
Travel Time’.   Unconstrained travel time for freeways is based on off-peak traffic 
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characteristics, while for arterials is must be based more on professional judgment since 
delay is a factor primarily of signal timing. 

The results of the pilot tests for extent of the extent of congestion measures revealed that the 
current NTOC definition may not provide the utility needed to quantify spatial and temporal 
extents of congestion.   However, no equivalent measure has proliferated.  Each entity 
appears to be experimenting with various combinations of travel time, speed, and throughput 
to define an effective congestion measure.  Of particular note is the Washington DOT’s 
capacity utilization graphics, referred to as ‘Lost Productivity.’

Travel Time – Reliability
The implementation of the reliability measures has quickly proliferated and has been 
consistently implemented.  As a consequence, reliability measures are expected to grow in 
use and importance in determining funding and policy.  Reliability reflects the users 
experience of having to plan for the consequences of congestion.
 The explicit nature of the definition of travel time reliability provides for consistent 

implementation across various organizations. 
 Metrics for reporting reliability in the pilot data included 95th percentile travel time, 

Planning Time Index (PTI), and Buffer Time Index (BTI).

Recurring Delay
 Delay is frequently used to assess a monetary value (or penalty) for the adverse effects of 

congestion.
 Varying definitions of unconstrained travel time are in use.  WSDOT uses a travel time 

equivalent of maximum throughput, which is approximately 51 MPH.  Colorado uses off-
peak travel times which creates problems for arterial networks.  WFRC intends to use 
posted speed, or equivalent based on functional class of roadway.

 Determine a consistent method for determination of unconstrained travel time, preferably 
in agreement with the NTOC defined measures.  (See definitions)

 Metrics and aggregation level of reporting vary, though this does not appear to present a 
problem due to the cumulative nature of the delay metric.

Delay – Nonrecurring :  No examples of non-recurring delay were submitted as part of the pilot 
tests, although some data submitted for incident duration could be construed as such.  Although a 
clear concept, direct measures of nonrecurring delay such have not emerged as effective 
performance measures.  The project concludes that non-recurring delay should be omitted from 
the list of core operations performance measures. 
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REPORTING GUIDELINES

Guidance on reporting Performance Measure data:
This section provides guidance in communicating performance information that is applicable to 
any measure.  Although some applications of performance measures dictate the method of 
communication (such as travel time on changeable message signs) most are reported periodically 
in either electronic or printed reports.  The intent of these guidelines is primarily to raise the 
awareness of the issues to address in order to effectively display and communicate performance 
measure information, an area that has received less attention than it deserves.  General guidance 
for the display and communication of measures is provided, with additional resources cited.  

Although the primary emphasis in this document is assistance navigating the matrix of 
technology choices for procuring data, effective display and communication of the measures 
emerged as an area not adequately addressed in most implementation literature.
The material from this section borrows from information assembled by Daniela Bremmer and 
presented at the Operations Academy Senior Management Program in 2007 and from material 
presented at the Visualization of Performance Measurement workshop on January 12, 2008

Communicating performance measures is a combination of quantitative reporting and 
storytelling.  The goal of any performance measures report is to share clearly and concisely 
metrics that reflect the operations of interest, and to do so in a way that is easily understood and 
shared with neighbors.  This cannot be accomplished in a vacuum.  Although basic guidelines for 
communicating quantitative results are summarized herein, the process needs to be iterative, 
open to comments, and include several reviews to ensure the product reaches the broadest 
audience possible.

Effective communication is predicated on the following:
Having a good story to tell
Writing and/or presenting it effectively
Having good quality data
Formatting it appropriately 
Displaying it effectively in graphics
Reporting timely and consistently
Using established methods and software

Issues to consider
 Use appropriate medium

o Consider the use of narrative to convey a story and make it real
o Graphs and tables present data, but may not capture the story clearly

 Write and present data for the appropriate audience
o Most communication is to the general public, not to an analyst 
o Effective communication gets the story to the populace
o Target a 7th grade vocabulary and reading ability
o Use conversational style, if possible

 In communicating quantitative data:
o Source your data to establish credibility
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o Format and display should not distract from content
o Be sure every chart tells a story 
o If the data tells no story, do not display it
o Data displays (charts) should reinforce the story and lead to the next point 

(ask a question)
o Data must be of good and acceptable quality

 Provide frequent, timely information – no one likes surprises
 Consider use of software capable of both good formats and good graphics
 Suggestions for charts and graphics:

o Avoid use of background shading, boxes, lines, and gridlines if possible – if in 
doubt, leave it out

o Avoid 3D effects and other bells and whistles that attempt to add depth 
perspective to 2D graphs

o Limit use of tick-marks, grids, labels, and legends – use only when necessary
o Direct labeling and highlighting is more effective than legends and axis labels
o Remove redundant data – present a concise message
o Use color and shading to reinforce the data organization.
o Contrast draws the readers attention – use it sparingly, and only to draw the 

reader to the important information
o Any labels and text should be large enough to read
o Emphasize descriptive titles, de-emphasize references and numbering
o Date and reference graphics similar to a reference citation
o Be cautious with the use of 3D graphs – if the data can be conveyed in a 2D 

format, it is recommended to do so
o Be cautious with the use of color – color can emphasize and highlight, but it 

can also mask the story

Additional Resources:

Tufte, E.R. (1990). Envisioning Information.  Cheshire, CT:  Graphics Press
Tufte, E.R. (2001). Visual Display of Quantitative Information (2 ed). Cheshire, CT: Graphics 
Press
Tufte, E.R. (1997). Visual Explanations: Images and Quantities, Evidence and Narrative. 
Cheshire, CT: Graphics Press.
Wainer, H. (2005). Graphic Discovery: A Trout in the Milk and Other Visual Adventures.  
Princeton, NJ: Princeton University Press.


