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The goal of transportation management is to ensure the mobility of people and goods, in a
reliable and efficient manner. Operation and maintenance of transportation infrastructure
is key to accomplish their objectives. Intelligent Transportation Systems (ITS) applications
rely on massive detection networks that collectively demand significant maintenance
resources. Resource constraints force transportation agencies to look for innovative ways to
optimize their operational and maintenance costs while serving their users at intended
performance levels. The system inputs come from vehicle detection system (VDS), acting as
field data collection devices, enabling traffic monitoring and management through response
to specific conditions. This research uses a Six Sigma methodology i.e. DMAIC process to
perform cause and effect analysis to determine reasons for VDS accuracy degradation and
potential root causes. Then CUSUM charts are used to monitor and control the system
variability. At last six pack capability report enables to monitor and control the critical
components of the system. Research also performs an analysis of techniques used for
monitoring accuracy to derive traffic detection sensor requirements for components and
subsystems based on application-specific needs. The goal of the approach is to obtain
stakeholders view of an acceptable performance based on the top-level functionality for a
given ITS application. Suggest improvements on maintenance practices, and cost savings.
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Chapter 1
Introduction
1.1. Research Context
Transportation agencies strive to keep people and goods moving in a reliable and efficient
manner. TMCs are at the core of a transportation agency’s role in providing mobility through
transportation operations using a complete network picture. Vehicle Detection System is a
one of the vital parts of the Transportation Management Centers (TMC). VDS act as a field
data collection device. This collected traffic data is sent to the TMC, enabling traffic
monitoring and management through response to specific conditions. Once this data is
received at TMC and fused with other information within existing applications, decision
processes are executed, and this data can drive applications. Those decisions may include
disseminating information to the public via dynamic message signs or traveler information
systems, coordinating with local and state authorities on an event, managing impacts of
incident related traffic, coordinating with maintenance operations, among other functions.
Intelligent Transportation Systems (ITS) apply technological solutions to solve
transportation problems, supporting the safe and efficient movement of people, goods and
services. This ITS data serves as the basis for progress reporting to the State Legislature and
the Federal government. The past decade has seen a rapid convergence of Smart Cities with
Intelligent Transportation Systems, which is expected to revolutionize the driving experience
and enable better living conditions in future urban areas. The USDOT recognizes that each
city has unique attributes, and each city’s proposed demonstration will be tailored to their
vision and goals. A key enabling technology in this vision is the Intelligent Transportation
Systems (ITS), in which various transportation mechanisms cooperate to improve quality of
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life by reducing fuel/electricity usage, decreasing congestion, and decreasing travel time.
Studies have shown that enormous resources are wasted by congestion alone in
transportation systems [1]. The INRIX global traffic scorecard, which is the largest and most
detailed study of congestion to the date, mentions that congestion is a global phenomenon.
It impacts businesses as well as commuters, small cities as well as large ones and developing
as well as developed economies. According to the 2017 INRIX report, US stands 5th in global
rankings with drivers spending 41 peak hours (i.e. commuting) a year in congestion [2]. The
smart cities contain and use a collective infrastructure that allow sensors to collect and report
real-time data to inform every day transportation-related operations and performance and
trends of a city. These data allow regional traffic management centers to know how city is
operating and how operation of facilities, systems, services, and information generated for
the public can be enhanced.
In an ITS deployment, first the regional architecture elements are defined, along with a
conops including stakeholder definition. The requirements are derived from these conops are
allocated to market packages and equipment packages. Once the quality requirements are set
for deployment, the components of the equipment packages are checked and later installed
in the field. It is necessary to study the system to determine the minimum required levels of
accuracy that must be achieved by each VDS so that the decisions related to the applications
are made correctly. In that sense, the definition of the required levels of accuracy should be
derived from the requirements established by each application run by a Traffic Management
Center (TMC), guaranteeing this way that they perform as intended. The effect of VDS
accuracy on the performance of the traffic data consuming systems needs to be addressed to
prioritize maintenance resources, minimizing costs and reaching operational goals for the
transportation system.





Objectives
7UDQVSRUWDWLRQV\VWHPUHTXLUHVPRQLWRULQJDQGFRPPXQLFDWLRQLQIUDVWUXFWXUHRIZKLFK9'6
FRPSRQHQWVDUHDNH\SDUW7KHUHKDYHEHHQFRQFHUQVWKDWFXUUHQWYHKLFOHGHWHFWLRQV\VWHPV
PD\ QRW SURYLGH WUDIILF GDWD ZLWK WKH DFFXUDF\ FRQVLVWHQF\ DQG UHOLDELOLW\ UHTXLUHG IRU
FHUWDLQRSHUDWLRQVDQGDSSOLFDWLRQV6RPH9'6LQVWDOOHGRQSURMHFWVDUHQRWDOZD\VDEOHWR
DFKLHYHWKHPLQLPXPDFFXUDF\UHTXLUHPHQWV5HGXFHGV\VWHPSHUIRUPDQFHPD\VLPSO\EH
GXH WR GLIIHUHQFHV LQ ILHOG VLWHV OHVV WKDQ LGHDO LQVWDOODWLRQ DQG FRQILJXUDWLRQ RU
HQYLURQPHQWDO LQIOXHQFHV ,QWHOOLJHQW 7UDQVSRUWDWLRQ 6\VWHPV ,76  W\SLFDOO\ LPSOHPHQW
WKHVHIXQFWLRQDOLWLHV9'6FRPSRQHQWVDUHDNH\SDUWIRUPRQLWRULQJV\VWHPVWKDWJHQHUDWH
WUDIILF GDWD FRQVXPHG E\ RWKHU V\VWHPV IRU GLIIHUHQW DSSOLFDWLRQV )OXFWXDWLRQV RQ 9'6
DFFXUDF\ SURSDJDWH WR WKHVH FRQVXPLQJ DSSOLFDWLRQV DIIHFWLQJ WKHLU SHUIRUPDQFH 7KHVH
DSSOLFDWLRQVPD\KDYHGLYHUVHUHTXLUHPHQWVZLWKUHVSHFWWRDFFXUDF\DJJUHJDWLRQOHYHODQG
OLIHF\FOHRIWKHLQSXWGDWD)RUH[DPSOHIRUORQJUDQJHSODQQLQJGDWDLVDJJUHJDWHGRYHU
WLPHDQGURDGZD\VHJPHQWV([DPSOHVRIKLJKO\DJJUHJDWHGGDWDLQFOXGH$YHUDJH$QQXDO
'DLO\ 7UDIILF $$'7  DQG 9HKLFOH 0LOHV 7UDYHOHG 907  2Q WKH RWKHU KDQG UHDOWLPH
WUDIILFPRQLWRULQJVXFKDVGHWHFWLQJDTXHXHEDFNLQJXSRQDQLQWHUVWDWHRUZURQJZD\WUDIILF
UHTXLUH VLWHVSHFLILF GDWD ZLWK OLWWOH RU QR DJJUHJDWLRQ RYHU D VKRUWHU OLIH F\FOH 2WKHU
FRQVXPLQJDSSOLFDWLRQVZLOOKDYHGDWDZLWKPHGLXPDJJUHJDWLRQOHYHORYHUWLPHRUURDGZD\
VHJPHQWVVXFKDVSHUIRUPDQFHPHWULFVDQGUHSRUWLQJDQGWROORSHUDWLRQV)LJXUHSUHVHQWV
WKH K\SRWKHVL]HG UHODWLRQVKLS EHWZHHQ GDWD OLIH F\FOH DJJUHJDWLRQ OHYHO DQG FRQVXPLQJ
DSSOLFDWLRQV
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Figure 1 Relationship between VDS Data and Transportation Applications

For real time operations, low aggregation is used. This means that individual detector data
accumulated in short time span are analyzed to make a decision. Once the decision is
established and executed the collected data become obsolete for the purpose of decisionmaking. However, for reporting performance metrics for the hour or over a day, data can be
aggregated or rolled up on the appropriate intervals (e.g. hourly volumes count per lane). For
long range analyses involving traffic forecasting volumes can be aggregated by roadway and
direction. Aggregated data at roadway segment are used to calibrate travel demand models
for transportation planning. The accuracy of field data collected by a VDS is largely
dependent on following factors: the spacing and density of field detectors and the reliability
of the individual detectors and the detectors’ data transmission and storage system. It is
important to determine the minimum level of accuracy/consistency for VDS such that traffic
applications (travel time posting, express lanes/HOT lanes, etc.) can perform as intended.
Accuracy for VDS is the key parameter to evaluate VDS installation and to schedule
maintenance resources. It is observed that some VDS installed on projects are not always
able to achieve the minimum accuracy requirements. Understanding of the causes of MVDS
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accuracy fluctuations is vital. Based on collected field data, estimating the main factors
affecting accuracy of deployed VDS over time. This research will provide a fresh perspective
on maintenance of the VDS components. Through which it is expected to have the reduction
in number of troubleshooting inspections for MVDS ultimately resulting in potential cost
savings.

1.3. Overview
This research is organized in six chapters, including the first one introducing this work,
describing its objectives and organization.
Chapter 2 presents a brief review on Intelligent Transportation Systems and its architecture.
The chapter also describes National ITS Architecture and Regional ITS Architecture,
Vehicle Detection System Technologies, Various ITS Applications their Data Requirements
and complementary strategies/applications.
Chapter 3 Introduces the problem and describes this study’s approach, also including a list
of research questions to be answered.
Chapter 4 presents an analysis of VDS data. The chapter begins by covering ITS detection
systems and VDS data life cycle, current experiences of deployed VDS, analysis of VDS
experiences, VDS data retrieval mechanism and VDS installation testing practices. The final
part of the chapter states the factors affecting the accuracy and summarizes data level of
details of various state DOT’s for various application.
Chapter 5 builds on the previous part, applying Six sigma tool: DMAIC process in detail on
application, to infer the root causes for VDS accuracy degradation and using CUSUM and
six pack process capability for in-depth analysis of the maintenance inspections. Later with
simulated data illustrating the repair scenarios and improved performance.
Chapter 6 presents the conclusions and lists potential future work that may derive from this
research.





Chapter 2
Literature Review
Intelligent Transportation System
,QWHOOLJHQW7UDQVSRUWDWLRQ6\VWHPV ,76 KDYHEHHQYLHZHGE\WKH86'27¶VDVDFRVW
HIIHFWLYH VROXWLRQ WKDW KHOSV WKH WUDYHOHUV LQ XVLQJ WKH H[LVWLQJ LQIUDVWUXFWXUH E\ WDNLQJ
DGYDQWDJHRIDGYDQFHGFRPPXQLFDWLRQWHFKQRORJLHVVXFKDVDGYDQFHGWUDIILFPDQDJHPHQW
V\VWHPV $706  DGYDQFHG WUDYHOHU LQIRUPDWLRQ V\VWHPV $7,6  DQG DGYDQFHG SXEOLF
WUDQVSRUWDWLRQV\VWHPV $736 >@7KH'HSDUWPHQWRI7UDQVSRUWDWLRQ¶VVWUDWHJLFSODQIRU
,QWHOOLJHQW 7UDQVSRUWDWLRQ 6\VWHPV ,76  UHYROYHV DURXQG DWWDLQLQJ NH\ PRELOLW\ VDIHW\
SURGXFWLYLW\ HQHUJ\ DQG HQYLURQPHQW DQG FXVWRPHU VDWLVIDFWLRQ REMHFWLYHV 7KH )HGHUDO
+LJKZD\ $GPLQLVWUDWLRQ XQGHU OHJLVODWLRQ UHJXODWLRQ DQG JXLGDQFH GHILQHV ,QWHOOLJHQW
7UDQVSRUWDWLRQ6\VWHP ,76 DVDQ\HOHFWURQLFFRPPXQLFDWLRQRILQIRUPDWLRQSURFHVVLQJ
XVHGWRLPSURYHWKHHIILFLHQF\RUVDIHW\RIDVXUIDFHWUDQVSRUWDWLRQV\VWHP,QWKDWVHQVH
SURMHFWV DUH FRQVLGHUHG WR EH SDUW ZLWKLQ WKH ,76 VFRSH LI LQ ZKROH RU LQ SDUW WKH\ DUH
UHVSRQVLEOHIRUWKHDFTXLVLWLRQRIWHFKQRORJLHVWKDWSURYLGHRUFRQWULEXWHWRWKHSURYLVLRQRI
VHUYLFHVDVGHILQHGLQWKH1DWLRQDO,76$UFKLWHFWXUH
7UDIILFPRQLWRULQJLVRQHRIWKHFRUHIXQFWLRQVLQDWUDIILFPDQDJHPHQWFHQWHU 70& ,W
UHTXLUHV UHOLDEOH WUDIILF VHQVLQJ HTXLSPHQW DQG FRPPXQLFDWLRQ OLQNV ,QWHOOLJHQW
7UDQVSRUWDWLRQ6\VWHPV ,76 XVXDOO\FRYHUWKHDVSHFWVRIPRQLWRULQJFRPPXQLFDWLRQDQG
WUDIILFLQFLGHQWPDQDJHPHQW,76GHVLJQDQGGHSOR\PHQWKDYHDZHOOHVWDEOLVKHGV\VWHPV
HQJLQHHULQJ 6( SURFHVVWKDWKDVEHHQFRQWLQXRXVO\DSSOLHGIRUVHYHUDO\HDUV7KLVPDWXULW\
DOORZVWKHJHQHUDOL]DWLRQRIDKLJKOHYHOV\VWHPDUFKLWHFWXUHDQGLPSOHPHQWDWLRQSDFNDJHV
$JHQFLHVFDQVHOHFWWKHVHKLJKOHYHODUFKLWHFWXUDOHOHPHQWVDQGGHYHORSUHJLRQDOGHSOR\PHQW
SODQV$GGLWLRQDOLQIRUPDWLRQRIWKHV\VWHPVHQJLQHHULQJSURFHVVIRU,76V\VWHPVFDQEH
IRXQG LQ >@ ,Q )ORULGD WKH LPSOHPHQWDWLRQ RI WKH ,76 DUFKLWHFWXUH LV H[HFXWHG E\ WKH
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SunGuide® system software. As observed in Figure 2 the traffic detection function is at the
core of the architecture and is allocated to the Traffic Sensor Subsystem (TSS).
The TSS provides granular vehicle detector data in time and space for the TMC applications.
These applications may further process the TSS data aggregating it over a specified segment
or at predetermined time intervals based on their objectives. Examples of applications
include travel time posting, variable speed limits, and express lanes among others. In the
near future, connected vehicles may receive data generated by the TSS, processed and
transformed by the TMC via infrastructure to vehicle communication interface. TSS may be
required event with increased market penetration rate of connected vehicles as an agencyside mean to verify traffic conditions parameters. In addition, vehicle detection systems will
play an important role in verifying the presence of connected vehicles to provide enhanced
level of data validity and security.

Figure 2 SunGuide Architecture, Traffic Detection Function and TMC Applications

The more granular data collection functions of traffic detection requirements can be allocated
to individual VDS. These VDS may be of one of several technologies such as microwave,




YLGHR PDJQHWLF DQG DFRXVWLF )RU HDFK RI WKHVH WHFKQRORJLHV WKHUH DUH VHYHUDO
PDQXIDFWXUHUVYHQGRUV ZKLFK JLYHV D ZLGH UDQJH RI SURGXFW DYDLODELOLW\ 7R HQVXUH
RSHUDWLRQDOFRPSDWLELOLW\)'27HOLFLWVPDLQWDLQVDQGSXEOLVKHVWKHJHQHUDOUHTXLUHPHQWV
IRU 9'6 HTXLSPHQW IRU XVH LQ )ORULGD 7KHVH UHTXLUHPHQWV LQYROYH KDUGZDUHVRIWZDUH
FDSDELOLWLHVIRUWKH9'6DQGSURYLGHJXLGDQFHRQPHDVXUHPHQWDQGWHVWLQJSURFHGXUHV)RU
D9'6WREHGHSOR\HGLQ)ORULGDLWQHHGVWREHRQWKH)'27$SSURYHG3URGXFW/LVW $3/ 
6SHFLILFDWLRQ9HKLFOH'HWHFWLRQ6\VWHPV>@VHWVWKHSURFHGXUHDQGUHTXLUHGWHVWLQJ
SHUIRUPDQFHWDUJHWVDQGDSSOLFDEOHVWDQGDUGVIRUD9'6WREHLQFOXGHGLQWKH$3/7KHVH
UHTXLUHPHQWV DOVR VHUYH DV WKH EDVLV WR GHULYH RU UHILQH DGGLWLRQDO UHTXLUHPHQWV WKDW DUH
DOORFDWHG GXULQJ ODWHU VWDJHV LQ WKH GHYHORSPHQW SURFHVV RI ,76 DSSOLFDWLRQV 7KHVH
UHTXLUHPHQWV DUH XVHG DV JXLGDQFH E\ ORFDO DJHQFLHV DQG DSSOLHG WR RSHUDWLRQ DQG
PDLQWHQDQFHDWODWHUVWDJHVLQWKHOLIHF\FOHRIDQ,76DSSOLFDWLRQ

National ITS Architecture
7KH1DWLRQDO,76$UFKLWHFWXUHDOVRNQRZQDVWKH³$UFKLWHFWXUH5HIHUHQFHIRU&RRSHUDWLYH
DQG ,QWHOOLJHQW 7UDQVSRUWDWLRQ´ RU ³$5&,7´ LV D 86 '27 VSRQVRUHG GRFXPHQW WKDW
SURYLGHVDFRPPRQVWUXFWXUHWRHQFRXUDJHFRRUGLQDWLRQEHWZHHQWUDQVSRUWDWLRQSURYLGHUVIRU
WKHGHVLJQRILQWHOOLJHQWWUDQVSRUWDWLRQV\VWHPV,WJLYHVDIUDPHZRUNDURXQGZKLFKPXOWLSOH
GHVLJQDSSURDFKHVFDQEHGHYHORSHGE\GHILQLQJ D WKHIXQFWLRQVWKDWPXVWEHSHUIRUPHG
WR LPSOHPHQW D JLYHQ XVHU VHUYLFH E  WKH SK\VLFDO HQWLWLHV RU VXEV\VWHPV ZKHUH WKHVH
IXQFWLRQVUHVLGH F WKHLQWHUIDFHVLQIRUPDWLRQIORZVEHWZHHQWKHSK\VLFDOVXEV\VWHPVDQG
G  WKH FRPPXQLFDWLRQ UHTXLUHPHQWV IRU WKH LQIRUPDWLRQ IORZV >@ 7KH 1DWLRQDO ,76
$UFKLWHFWXUH LQFOXGHV DUWLIDFWV WKDW DQVZHU FRQFHUQV UHOHYDQW WR WKH ,76 FRPPXQLW\
VWDNHKROGHUV WUDQVSRUWDWLRQ SODQQHUV DQG SUDFWLWLRQHUV V\VWHPV GHYHORSHUV DQG V\VWHPV
HQJLQHHUV  DQG SURYLGHV WRROV WR YLVXDOL]H DQG GHYHORS UHJLRQDO DUFKLWHFWXUHV VFRSH DQG
SURMHFWV$5&,7LQFOXGHVDVHWRILQWHUFRQQHFWHGFRPSRQHQWVWKDWDUHRUJDQL]HGLQWRIRXU
GLIIHUHQW DUFKLWHFWXUH YLHZSRLQWV (QWHUSULVH )XQFWLRQDO 3K\VLFDO DQG &RPPXQLFDWLRQV
7KHDUFKLWHFWXUHFRQWDLQVOLQNVWRDOORIWKHFRQWHQWLQVLGHWKHDUFKLWHFWXUHDQGGHVFULEHVWKH
VWUXFWXUHRIWKHDUFKLWHFWXUHDVVKRZQLQ)LJXUH
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One of the main goals of National ITS Reference Architecture is to define the key interfaces
for standardization. Part 940 – Intelligent Transportation System Architecture and Standards,
defines that ITS projects shall conform to the National ITS Architecture, in a way that each
implementation makes use of the National ITS Architecture to develop a regional ITS
architecture, and the subsequent adherence of all ITS projects to that regional ITS
architecture. The architecture contains links to all of the content inside the architecture and
describes the structure of the architecture [14].

Figure 3 National ITS Physical Architecture

2.3. Regional ITS Architecture
A regional ITS architecture is a specific regional framework for ensuring institutional
agreement and technical integration for the implementation of ITS projects in a particular
region. The regional ITS architecture can be defined using the National ITS Architecture as
a resource. There are numerous advantages to using the National ITS Architecture as the
basis for creating a regional ITS Architecture. Primary among these is a significant savings
of time and cost because the National ITS Architecture represents a very complete
framework of ITS services, has already undergone considerable stakeholder review, and has
a variety of tools to assist the user in creating a regional ITS architecture [14]. The purpose
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of developing a regional ITS architecture is to illustrate and document regional integration
so that planning and deployment can take place in an organized and coordinated fashion.
Typically, a region contains multiple transportation agencies and jurisdictions. These may
have both adjoining and overlapping geographies, but the common thread for all of the
agencies is the need to provide ITS solutions to transportation problems such as traffic
congestion and safety hazards. It is important that these solutions be provided economically,
utilizing public funds in a responsible manner.
Regional integration allows for the sharing of information and coordination of activities
among regional transportation systems to efficiently and effectively operate. Regional
integration may allow information from one system may be used by another system for a
different purpose. This regional integration can only take place with the participation and
cooperation of the organizations within a region. These stakeholders must work together to
establish a regional ITS architecture that reflects an agreement of the parties involved. A
regional ITS architecture's most important goal is institutional integration; providing a
framework within which regional stakeholders can address transportation issues together
[21].

Figure 4 Regional ITS Physical Architecture





2.4. Transportation Management Center (TMC)

Figure 5 TMC Video Wall

7UDQVSRUWDWLRQ 0DQDJHPHQW &HQWHUV DUH DW WKH FRUH RI D WUDQVSRUWDWLRQ DJHQF\¶V UROH LQ
SURYLGLQJ PRELOLW\ WKURXJK WUDQVSRUWDWLRQ RSHUDWLRQV XVLQJ D FRPSOHWH QHWZRUN SLFWXUH
9HKLFOH'HWHFWLRQ6\VWHPLVDRQHRIWKHYLWDOSDUWVRIWKH70&7UDIILFGDWDVXFKDVYROXPH
VSHHGDQGRFFXSDQF\UDWHDUHFROOHFWHGIURPWKH9'6VXEV\VWHPLVVHQWWRD70&DQGXVHG
IRUWKHPDLQWHQDQFHUHODWHGGHFLVLRQPDNLQJV2QFHWKLVGDWDLVUHFHLYHGDQGIXVHGZLWKRWKHU
LQIRUPDWLRQ±VXFKDVGLVSDWFKGDWDDQGFORVHGFLUFXLWWHOHYLVLRQ &&79 FDPHUDIHHGV
± ZLWKLQ H[LVWLQJ DSSOLFDWLRQV GHFLVLRQ SURFHVVHV DUH H[HFXWHG DQG WKLV GDWD FDQ GULYH
DSSOLFDWLRQV 7KRVH GHFLVLRQV PD\ LQFOXGH GLVVHPLQDWLQJ LQIRUPDWLRQ WR WKH SXEOLF YLD
G\QDPLFPHVVDJHVLJQVRUWUDYHOHULQIRUPDWLRQV\VWHPVFRRUGLQDWLQJZLWKORFDODQGVWDWH
DXWKRULWLHV RQ DQ HYHQW PDQDJLQJ LPSDFWV RI LQFLGHQW UHODWHG WUDIILF FRRUGLQDWLQJ ZLWK
PDLQWHQDQFHRSHUDWLRQVDPRQJRWKHUIXQFWLRQV

 Vehicle Detection System
7KH )HGHUDO ,76 SURJUDP LV LQ FKDUJH RI FRQGXFWLQJ UHVHDUFK GHYHORSPHQW DQG WHVWV RI
LQWHOOLJHQW WUDQVSRUWDWLRQ V\VWHPV SURYLGLQJ QDWLRQZLGH WHFKQLFDO DVVLVWDQFH LQ WKH
DSSOLFDWLRQRIWKRVHV\VWHPV>@,76V\VWHPVLQFOXGHVHQVRUVFRPPXQLFDWLRQDQGWUDIILF
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control aspects, focusing on vehicle-to-vehicle and vehicle-to-infrastructure connectivity to
impact relevant topics, such as public safety, congestion, access to transit information, and
air quality. Vehicle detection and surveillance technologies are an integral part of ITS since
they gather all or part of the data that is used in ITS. It is estimated that an investment in ITS
will allow for fewer miles of road to be built, thus reducing the cost of mitigating recurring
congestion by approximately 35 percent nationwide [4]. Vehicle Detection Systems (VDS)
and traffic surveillance technologies are an important part of ITS, gathering most of the data
that will be shared, analyzed, transported, and applied for improvements in safety and
mobility across all modes of travel. VDS and traffic surveillance technologies commonly
monitor speed, vehicle counts, headway and gap measurements, vehicle classification,
presence detection, and weigh-in-motion data.

Figure 6 – Tree map of Vehicle Detector technologies [54]
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In the last 20 years, several studies were conducted by departments of transportation and
research institutes to examine traffic data collection capabilities of diverse sensor types and
technologies. The inductive loop detectors are oldest of all traffic surveillance technologies
that provide ample information to direct traffic flows and assemble statistics. However, it
has a very high cost of installation and maintenance because of traffic interruptions. Thus,
the quest for more cost-effective alternatives was made soon. Other technologies, such as
video, radar, microwave, ultra-sound and acoustic, came to the market. Figure 5 shows a tree
map of various detector technologies used till this day. These alternative technologies
provide not only cost-savings but also have the ability to obtain a broader variety of traffic
and incident-related data. Different detection technologies show different characteristics and
prove to be successful in different application areas. The Accuracy and consistency of
detector data has been continuously studied. VDS are available in a vast range of types and
technologies, requiring different installation characteristics and providing different
functionalities and data types. The sensors can be described, in a high-level view, as having
three main functionalities. The first one is detecting the passage or presence of a vehicle in
an area of interest, called detection zone. The second functionality processes this signal,
converting it into an electrical signal. The third functionality is a data processing device that
converts electrical signals into traffic parameters. One of the most basic usages for a VDS is
for presence detection, applicable for example to traffic signals. More advanced applications
can be found in highways, where VDS provide key traffic parameters such as traffic volume,
speed, road occupancy, and vehicle classification. Figure 5 highlights the raw traffic data
usually obtained from VDS.

Figure 7 – VDS Data Types





Acceptance Criteria
7R UHYLHZ WKH PLQLPXP 9'6 DFFXUDF\ UHTXLUHPHQWV IURP )ORULGD LQ D QDWLRQZLGH
SHUVSHFWLYH WKH UHOHYDQW SXEOLFDWLRQV IURP VHYHUDO GHSDUWPHQWV RI WUDQVSRUWDWLRQ ZHUH
UHYLHZHG DQG VXPPDUL]HG KHUH 7DEOH  SUHVHQWV WKLV VXPPDU\ RI PLQLPXP DFFXUDF\
VWDQGDUGVSXEOLVKHGE\VHYHUDOVWDWHV7KHSDVVIDLOFULWHULDDUHUHSURGXFHGKHUHH[DFWO\DV
RULJLQDOO\VWDWHGLQWKHVRXUFHGRFXPHQWV
Table 1 – Sample Delta Setting Table
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)RU YROXPH WKLV YDOXH ZDV  DV SUHVHQWHG 7KH PLQLPXP DFFXUDF\ VWDQGDUGV IRU WKH
DFFHSWDQFHWHVWVFKDQJHIURPVWDWHWRVWDWHEXWDUHLQJHQHUDOFRQVLVWHQWDPRQJPRVWRIWKH
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ITS Applications
2.7.1.

Ramp Metering

5DPSPHWHULQJ DOVRNQRZQDVUDPSIORZFRQWURORUG\QDPLFPHUJHFRQWURO XVHVGHGLFDWHG
WUDIILFVLJQDOVWKDWUHOHDVHYHKLFOHVRQWRIUHHZD\LQDVPRRWKDQGHYHQPDQQHU,WFDQEHXVHG
DWIUHHZD\RQUDPSVRURIIUDPSV>@7KHJRDOLVWRUHGXFHWKHLQWHUIHUHQFHRIHQWHULQJ
YHKLFOHVRQIUHHZD\WUDIILFDQGSUHYHQWVWRSDQGJRWUDIILFWKDWIORZVXSVWUHDPDQGVORZV
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the entire freeway [25]. Ramp metering control approaches are as follows: Single or multilane metering, single or dual release metering, bypass lanes, freeway-to-freeway connections
[11]. There are some challenges that agencies may have to face while implementing ramp
metering. These challenges include existing ramp geometry, heavy ramp volumes that may
create queuing issues, public and/or local agency opposition, and lack of another agency
support. Practitioners responsible for ramp management should coordinate with individuals
inside and outside their respective agencies, first to ensure that ramp management strategies
can be supported and secondly, to develop effective procedures to implement and operate
these strategies. Ramp metering is applicable on limited-access facilities [33], [41].

Figure 8 Ramp Metering [24]

There are a wide range of ramp metering control strategies and algorithms. The three primary
types of ramp metering control strategies are as follows:
1. Fixed time metering: It is the simplest approach in terms of implementation because
it has no reliance on traffic detection or communication with a Traffic Management
Center. However, it is also the most rigid since it cannot make adjustments to the
metering rate based on changing real-time mainline or ramp conditions.
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2. Local control strategy: It selects the metering rates based on traffic conditions
present on the ramp and at adjacent mainline locations to remedy isolated congestion
or safety- related problems. Local control cannot factor in conditions at adjacent
ramps or throughout the freeway mainline. Local control is often used as a back-up
strategy when system-wide algorithms are offline, or communications are
inoperable.
3. System-wide control: It is responsive to both local and corridor-wide real-time
traffic conditions. When calculating a metering rate, system-wide control takes into
account traffic conditions upstream and downstream from an individual ramp along
a specific freeway segment or along an entire corridor. System- wide control
provides more options in optimizing mainline capacity and reducing the amount of
overall system delay by using multiple ramps to control traffic at any given
bottleneck or congested location.
Both system-wide and local traffic responsive control rely on loop detectors or other forms
of traffic surveillance to select metering rates [24].

2.7.1.1.

Data Requirements

In this application, the metering rate is calculated based on one-minute moving average. The
data elements requirements include vehicle volumes for the freeway lanes, freeway speeds,
ramp demand, ramp geometry (storage, acceleration distance, etc.), and crash history for one
to two years [41].

2.7.1.2.

Complementary Strategies/Applications

Adding new lanes, Incident management, geometric improvements, managed (HOV-HOT)
lanes, traveler information systems, planned special event management and control,
detection and surveillance, integrated corridor management, ramp terminal treatments [25].





2.7.2.

Incident Detection

,QFLGHQWVRIDOONLQGVDUHDVLJQLILFDQWFDXVHRIURDGZD\GHOD\DQGWKHKLJKHUWKHYROXPHD
URDGZD\QRUPDOO\FDUULHVWKHODUJHUWKHGHOD\ LQWHUPVRIYHKLFOHKRXUVORVW WKDWWHQGVWR
UHVXOW IURP DQ\ JLYHQ LQFLGHQW >@ 5HGXFLQJ WKDW GHOD\ LV D PDMRU SDUW RI LPSURYLQJ
URDGZD\SHUIRUPDQFH+DYLQJDV\VWHPWKDWPRQLWRUVZKHUHLQFLGHQWVWDNHSODFHZKDWW\SHV
RIHYHQWVWDNHSODFHDQGKRZHIIHFWLYHWKHUHVSRQVHLVLQUHVSRQGLQJWRDQGFOHDULQJWKRVH
LQFLGHQWV LV D NH\ LQJUHGLHQW WR D VXFFHVVIXO LQFLGHQW UHVSRQVH SURJUDP >@ $OWKRXJK
LQFLGHQWGDWDDUHEHLQJFROOHFWHGWRGD\E\WUDQVSRUWDWLRQDQGHPHUJHQF\UHVSRQVHDJHQFLHV
WKHUHLVOLWWOHXQLIRUPLW\LQWKHGDWDWKDWFXUUHQWO\H[LVW7KHGHYHORSPHQWRIVWDQGDUGV DQG
PRUHLPSRUWDQWO\WKHLULPSOHPHQWDWLRQ KDVODJJHGDQGWKHWZRPDMRUVWDQGDUGVHIIRUWVDUH
PRUH IRFXVHG RQ GDWD WR LPSURYH LQFLGHQW UHVSRQVH UDWKHU WKDQ FDSWXULQJ WKH LPSDFW RI
LQFLGHQWVRQWUDIILFIORZ>@ %RWKDUHQHHGHGIRUDFRPSUHKHQVLYHSHUIRUPDQFHPRQLWRULQJ
SURJUDP 



Data requirements

'HWDLOHGOHYHORIGDWDFROOHFWLRQLVQHFHVVDU\WRDQDO\]HWKHGLIIHUHQFHVLQLQFLGHQWEHKDYLRU
DQGRUWRPDQDJHWKHUHVSRQVHPRUHHIIHFWLYHO\>@)RUH[DPSOHZHKDYHPDMRUSUREOHPV
ULJKWQRZXQGHUVWDQGLQJWKHDFFLGHQWUDWHVDVVRFLDWHGZLWKGLIIHUHQWW\SHVRI+29ODQHV
EHFDXVHDFFLGHQWGDWDUDUHO\GLIIHUHQWLDWHVEHWZHHQ+29DQG*3ODQHVRQDJLYHQIUHHZD\
,Q ,QFLGHQWGHWHFWLRQ DQGFOHDUDQFH DSSOLFDWLRQ LV LPSRUWDQWWR FDSWXUHIRXU EDVLF W\SH RI
LQIRUPDWLRQ
 ,QFLGHQW&KDUDFWHULVWLFV ,WLQFOXGHVGHWDLOHGLQIRUPDWLRQDERXWORFDWLRQW\SHDQG
VHYHULW\RIWKHLQFLGHQW
 ,QFLGHQW7LPHOLQH.H\DFWLRQVWKDWDUHXQGHUWDNHQULJKWIURPWKHWLPHWKHLQFLGHQW
RFFXUVWRWKHWLPHZKHUHURDGZD\RSHUDWLRQVDUHEDFNWRQRUPDOFRQGLWLRQV2QFH
WKHVH NH\ SRLQWV PLOHVWRQHV DUH HVWDEOLVKHG PDQ\ SRVVLEOH FRPELQDWLRQV DUH
SRVVLEOH$FFRUGLQJWRDVXUYH\RI6WDWHDQG5HJLRQDO3UDFWLFHUHFRPPHQGHGIRU
VWDWHVPRVWRIWKHVWDWHVKDYHWKHLU,QFLGHQWFOHDUDQFHWLPHOLQHZLWKLQPLQXWHV
>@)LJXUHVKRZV.H\DFWLRQVSHUIRUPHGGXULQJ,QFLGHQW5HVSRQVH





 %ORFNDJH&KDUDFWHULVWLFV(YHU\LQFLGHQWKDVGLIIHUHQWLPSDFWVRQWKHWUDIILFIORZ
GHSHQGLQJRQLWVVHYHULW\)RUH[DPSOHDUHDUHQGFROOLVLRQPD\EORFNDVLQJOHODQH
LQLWLDOO\ :KHQ UHVSRQGHUV DUULYH WKH\ PD\ FORVH DQ DGGLWLRQDO ODQH LQ RUGHU WR
PDQDJHWKHLQFLGHQW)LQDOO\RQFHFOHDUHGHPHUJHQF\YHKLFOHVPD\UHPDLQRQWKH
VKRXOGHU IRU VRPH WLPH 7KHVH GDWD DOORZ WUDFNLQJ KRZ ZHOO UHVSRQGHUV DUH
PDQDJLQJLQFLGHQWVFHQHV IURPWKHSHUVSHFWLYHRIWUDIILFIORZ >@
 ,QFLGHQW 5HVSRQVH 'HWDLOV 7KH LQFLGHQW UHVSRQVH JURXS KDV VHYHUDO LPSRUWDQW
FKDUDFWHULVWLFVVXFKDVZKDWDJHQFLHVUHVSRQGHGZKDWHTXLSPHQWZHUHXVHGHWF,W
LVLPSRUWDQWWRXQGHUVWDQGKRZRIWHQVSHFLILFW\SHVRIUHVSRQVHXQLWVPXVWEHFDOOHG
RXWDQGZKHQDQGZKHUHWKRVHUHVSRQVHVDUHQHHGHG>@
Adapted from [31]

Figure 9 Incident Timeline



Complementary Strategies/Applications

7KHYDULDEOHVSHHGOLPLWTXHXHGHWHFWLRQG\QDPLFPHVVDJHSRVWLQJUXQQLQJVKRXOGHUVDQG
ODQH FRQWURO DQG WUDYHOHUV¶ LQIRUPDWLRQ V\VWHP WKHVH DSSOLFDWLRQV ZRXOG RSHUDWH DV
FRPSOHPHQWDU\VWUDWHJLHVGXULQJLQFLGHQWFRQGLWLRQV







2.7.3.

Variable Speed Limits

7KHFRQFHSW RI 9DULDEOH VSHHG OLPLWV DOVR FDOOHG VSHHG KDUPRQL]DWLRQ RU G\QDPLF VSHHG
OLPLWV LV DOUHDG\ LQ SODFH LQ PDQ\ FRXQWULHV DQG VHYHUDO VWDWHVLQ WKH 8QLWHG 6WDWHV >@
9DULDEOHVSHHGOLPLWVFDQEHXVHGWRVROYHYHU\GLIIHUHQWSUREOHPV7KHWZRPRVWLPSRUWDQW
SXUSRVHV IRU GHSOR\LQJ YDULDEOH VSHHG OLPLWV DUH IRU ZHDWKHU UHODWHG FRQGLWLRQV DQG
FRQJHVWLRQ PDQDJHPHQW >@ 'HSHQGLQJ XSRQ WKH SXUSRVHV WKH VSHHG FDQ HLWKHU EH
PDQGDWRU\ RUDGYLVRU\ $GYLVRU\ VSHHGVLQGLFDWHDUHFRPPHQGHG VSHHGWKDW GULYHUV PD\
H[FHHGLIWKH\EHOLHYHLWLVVDIHXQGHUSUHYDLOLQJFRQGLWLRQV5HJXODWRU\VSHHGOLPLWVPD\QRW
EHH[FHHGHGXQGHUDQ\FRQGLWLRQV>@



Data Requirements

9DULDEOHVSHHGOLPLWGHSOR\PHQWVUHTXLUHVWDQGDUGWUDIILFLQIRUPDWLRQWRHYDOXDWHWKHQHHG
DQGWRGHSOR\WKHVWUDWHJ\*DQWULHVWKDWDUHPRXQWHGRYHUODQHGLVSOD\LQJWKHVSHHGVDUHWKH
EDFNERQHRIWKHYDULDEOHVSHHGOLPLWVV\VWHP7KHJDQWULHVVKRXOGEHVSDFHGDSSUR[LPDWHO\
HYHU\RQHKDOIPLOH>@'DWDUHJDUGLQJWUDIILFYROXPHVWUDYHOVSHHGVFOLPDWHDQGZHDWKHU
FRQGLWLRQVIRUWKHDUHDDQGLQFLGHQWSUHVHQFHDQGORFDWLRQDUHHVVHQWLDOWRGHWHUPLQHWKHQHHG
IRUGHSOR\PHQW7\SLFDOO\WKHVLJQVIRUDOOJHQHUDOSXUSRVHODQHVDWDJLYHQORFDWLRQVKRXOG
GLVSOD\WKHVDPHVSHHGV>@6LJQVRYHUH[SUHVVODQHV+29ODQHVFDQGLVSOD\VSHHGVWKDW
DUHGLIIHUHQWIURPWKHJHQHUDOSXUSRVHODQHV



Complementary Strategies/Applications

THPSRUDU\VKRXOGHUXVHTXHXHZDUQLQJG\QDPLFPHVVDJHVLJQVLQFLGHQWGHWHFWLRQURDG
ZHDWKHUPDQDJHPHQWZRUN]RQHDUHDVGHVLJQVSHFLDOHYHQWVWUDYHOHUV¶LQIRUPDWLRQV\VWHP

2.7.4.

Queue Detection

7KLV VWUDWHJ\ LQYROYHV UHDOWLPH GLVSOD\V RI ZDUQLQJ PHVVDJHV DORQJ D URDGZD\ WR DOHUW
GULYHUVWKDWTXHXHVRUVLJQLILFDQWVORZGRZQVDUHDKHDGWKXVUHGXFLQJUHDUHQGFUDVKHVDQG
LPSURYLQJ VDIHW\ >@ ,Q 4XHXH GHWHFWLRQ PHWKRG WKH WUDIILF FRQGLWLRQV DUH PRQLWRUHG
FRQWLQXRXVO\WKHZDUQLQJPHVVDJHVDUHG\QDPLFEDVHGRQWKHORFDWLRQDQGVHYHULW\RIWKH





TXHXHVDQGVORZGRZQV7KLVHQDEOHVWKHGULYHUVWRDQWLFLSDWHRQWRWKHXSFRPLQJVLWXDWLRQ
RIODQHFKDQJHVHPHUJHQF\EUDNLQJDQGVORZGRZQ>@
4XHXHGHWHFWLRQDQGFOHDUDQFHFDQKHOSUHGXFHSULPDU\DQGVHFRQGDU\FUDVKHVE\GHWHFWLQJ
ORQJTXHXHVDQGDOHUWLQJGULYHUVWRFRQJHVWHGFRQGLWLRQV7KLVFDQKHOSWRGHOD\WKHRQVHWRI
FRQJHVWLRQ :LWK PRUH XQLIRUP VSHHGVWUDIILFIORZVPRUH VPRRWKO\ DQG HIILFLHQWO\ >@
7KLVDOORZVKLJKHUWUDIILFYROXPHWREHKDQGOHGDQGLPSURYHVWUDYHOWLPHUHOLDELOLW\



Data Requirements

4XHXHZDUQLQJGHSOR\PHQWVUHTXLUHVWDQGDUGWUDIILFLQIRUPDWLRQWRHYDOXDWHWKHQHHGDQGWR
GHSOR\WKHVWUDWHJ\>@'DWDUHJDUGLQJWUDIILFYROXPHVWUDYHOVSHHGVDQGLQFLGHQWSUHVHQFH
DQGORFDWLRQDUHHVVHQWLDOWRGHWHUPLQHWKHQHHGIRUGHSOR\PHQW$NH\FRPSRQHQWRIWKLV
DSSOLFDWLRQLVWKHDELOLW\RIWKHV\VWHPWRFRPPXQLFDWHWRGULYHUVZK\VSHHGVDUHORZHUHG
RUWRZDUQWKHPRIGRZQVWUHDPTXHXHV>@



Complementary Strategies/Applications

9DULDEOHVSHHGOLPLWVDQGODQHFRQWUROVLJQDOVWKDWSURYLGHLQFLGHQWPDQDJHPHQWFDSDELOLWLHV
FDQEHFRPELQHGZLWKTXHXHGHWHFWLRQV\VWHP:RUN]RQHVDOVREHQHILWIURPWKLVDSSOLFDWLRQ
ZLWK SRUWDEOH G\QDPLF PHVVDJH VLJQ XQLWV SODFHG XSVWUHDP RI H[SHFWHG TXHXH SRLQWV
General criteria for deployment of queue detection and clearance system includes
considerable peak hour congestion on freeways, the presence of queues in predictable
locations, restricted sight distance, and a significant number of incidents related to
queuing or merging [41].

2.7.5.

Express Lanes/ HOV Lanes

([SUHVV /DQHV DUH XVHG WR FDOFXODWH $YHUDJH 7UDIILF 'HQVLW\ SHU VHJPHQW WKURXJK WROO
FDOFXODWLRQEDVHGRQUHDOWLPHWUDIILFIORZGDWD>@+29ODQHVPD\RSHUDWHKRXUVDGD\
GD\VDZHHNRUPD\EHOLPLWHGWRSHDNSHULRGVZKHQGHPDQGLVJUHDWHVW([SUHVVODQHV
FDQLPSURYHUHOLDELOLW\RIWUDYHOWLPHVIRUFHUWDLQFODVVHVRIWUDYHOHUV>@,WGLYHUWVVRPH
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freeway traffic to alternative routes or encourage alternative departure times to better use
corridor capacity. This reduces peak-period traffic demand on the freeway.
Express lanes maintain volumes consistent with uncongested levels of service even during
peak travel periods. Managing the excess capacity of a facility is accomplished by charging
a dynamic toll for access, with tolls set by level of congestion as well as vehicle class [32],
[33]. Information on price levels and travel conditions is normally communicated to
motorists via changeable message signs, providing potential users with the facts they need
in order to decide whether or not to utilize the HOT lanes or the parallel general-purpose
lanes that may be congested during peak periods [11].
In Express Lanes and High-Occupancy Toll (HOT) operations, raw data from VDS are used
to dynamically calculate the toll price. Restriction techniques must be applied to ensure that
the goal of maintaining a certain level of service is met. The usual approach is to
independently monitor both general porpoise lanes (toll free) and express lanes (tolled) and
based on that assessment control the express lane toll price so free flow condition is
maintained while maximizing throughput. HOT lanes use price, occupancy and access
restrictions to manage the number of users, in an attempt to maintain free-flow traffic
conditions, even during peak travel times [30].
Once the lanes are monitored and traffic data is available, a relation between toll rate
boundaries and Level of Service (LOS) boundaries are defined, so that a change in the
current level of service generates an equivalent change in toll rate [47]. The LOS is defined
in accordance with the Highway Capacity Manual [11] using traffic density, which is a
combination of speed and volume, given in vehicles per mile, and calculate as follows:

𝑇𝐷 =

𝑉𝑜𝑙𝑢𝑚𝑒 (𝑣𝑒ℎ𝑖𝑐𝑙𝑒𝑠 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟)
𝑆𝑝𝑒𝑒𝑑 (𝑚𝑖𝑙𝑒𝑠 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟)

(2.1)
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In particular, Florida’s I-95 Express Lanes project adjusts toll rates based on the estimated
traffic density from speed and volume data processed every 15 minutes and the resulting
traffic density fluctuation between subsequent intervals is used to change the toll rate, in case
a LOS boundary was crossed [32].
The traffic density calculations are based on a system wide average of real-time traffic data
from VDS in the segment. The data is aggregated every 15 minutes and the delta density
between consecutive intervals is calculated, as shown in Equation, and serves as the main
variable used in the decision process.

∆𝑇𝐷 = 𝑇𝐷𝑡−1 − 𝑇𝐷𝑡

(2.2)

The calculated ∆𝑇𝐷 determines the toll price change using a predefined delta settings table
that provides the price change to be applied (Table 2).
Table 2 – Sample Delta Setting Table
∆𝑻𝑫

LOS

TD
(vpmpl)

-3

-2

-1

1

2

3

D

27
28
29
30
31
32
33
34
35

-$0.75
-$0.75
-$0.75
-$0.75
-$0.75
-$0.75
-$0.75
-$0.75
-$0.75

-$0.50
-$0.50
-$0.50
-$0.50
-$0.50
-$0.50
-$0.50
-$0.50
-$0.50

-$0.25
-$0.25
-$0.25
-$0.25
-$0.25
-$0.25
-$0.25
-$0.25
-$0.25

$0.25
$0.25
$0.25
$0.25
$0.25
$0.25
$0.25
$0.25
$0.25

$0.50
$0.50
$0.50
$0.50
$0.50
$0.50
$0.50
$0.50
$0.50

$0.75
$0.75
$0.75
$0.75
$0.75
$0.75
$0.75
$0.75
$0.75

This is an excerpt of the table. The full table is available in Appendix B

The price change is summed to the current toll price and the new price is posted, as long as
it is inside the minimum and maximum toll price range (Table 3). If the calculated toll falls
outside the limits, the closest limit value is applied.






Table 3 – Level of Service Settings Table
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Data Requirements

IQRUGHUWRPDLQWDLQVXSHULRUWUDIILFVHUYLFHFRQGLWLRQVWROOOHYHOVDUHVHWWROLPLWWKHQXPEHU
RIXVHUVE\ZLOOLQJQHVVWRSD\7KHIHHVWUXFWXUHPD\EHIL[HGYDU\LQJE\WLPHRIGD\RU
G\QDPLFYDU\LQJLQUHVSRQVHWRUHDOWLPHWUDIILFFRQGLWLRQV,QHLWKHUFDVHKLJKHUWROOVDUH
FKDUJHGGXULQJSHDNGHPDQGSHULRGV>@7KHGDWDHOHPHQWVUHTXLUHPHQWVLQFOXGHUDWLRRI
YHKLFOHYROXPHVWRFDSDFLW\RIWKHIUHHZD\VFRQVLGHUDEOHSHDNKRXUFRQJHVWLRQRQIUHHZD\V
YHKLFOHW\SH>@



Complementary Strategies/Applications

'\QDPLF PHVVDJH SRVWLQJ WUDYHOHU LQIRUPDWLRQ V\VWHP LQFLGHQW PDQDJHPHQW YDULDEOH
VSHHGOLPLWVUDPSIORZFRQWUROHPHUJHQF\DQGHYDFXDWLRQPDQDJHPHQW

2.7.6.

Traveler Information Systems (pre-trip and enroute)

7UDYHOHUV DVFRQVXPHUV KDYHFHUWDLQOHYHOVRIH[SHFWDWLRQVIRUWUDYHOHULQIRUPDWLRQWKH\
QHHG TXLFN VLPSOH VDIH DFFHVV WR DFFXUDWH WLPHO\ UHOLDEOH URXWHVSHFLILF LQIRUPDWLRQ
:KHQ WKH PDLQ URDG LV FRQJHVWHG UHURXWLQJ WUDIILF RQ D SDUDOOHO URDG WR UHOLHYH IXUWKHU
FRQJHVWLRQ FDQ EH DQ HIILFLHQW VWUDWHJ\ >@ ,QIRUPDWLRQ SURYLGHG FDQ EH HLWKHU D VWDWLF
LQIRUPDWLRQRUDUHDOWLPHLQIRUPDWLRQ6WDWLFLQIRUPDWLRQFRPHVIURPVXFKVRXUFHVDVWUDQVLW
VFKHGXOHVSODQQHGZRUN]RQHVDQGNQRZQURDGFORVXUHV5HDOWLPHLQIRUPDWLRQFRPHVIURP





D YDULHW\ RI VRXUFHV LQFOXGLQJ JOREDO SRVLWLRQLQJ V\VWHP URDGZD\EDVHG VHQVRUV
VXUYHLOODQFH HTXLSPHQW DQG GULYHUV >@ 7KH LQIRUPDWLRQ DVVLVWV LQGLYLGXDO GULYHUV WR
UHFHLYHRSWLPDOURXWHJXLGDQFHE\VHOHFWLQJWKHLUPRGHRIWUDYHOURXWHDQGGHSDUWXUHWLPHV
±ERWKSUHWULSDQGHQURXWHDQGSURYLGHVDPHWKRGIRUWKHWUDQVSRUWDWLRQQHWZRUNRSHUDWRUWR
PDNHGLUHFWDQGUHOLDEOHFRQWUROGHFLVLRQVWRVWDELOL]HQHWZRUNIORZ>@7KHGULYHUVFDQEH
XSGDWHG DERXWWKH URXWHLQIRUPDWLRQ XVLQJ URDGZD\ HTXLSPHQW VXFK DV G\QDPLF PHVVDJH
VLJQVRUKLJKZD\DGYLVRU\UDGLRDQGPRELOHGHYLFHVDQGLQWHUQHW>@



Data Requirements

7UDYHO LQIRUPDWLRQ LV JHQHUDWHG E\ VHQVRUV UHSRUWLQJ WR D WUDIILF PDQDJHPHQW FHQWHU RU
WKURXJKSULYDWHHQWLWLHVXVLQJGDWDIURPLQYHKLFOHORFDWLRQGHYLFHVRUIURPVPDUWSKRQHV
FRPPXQLFDWLQJ ORFDWLRQ DQG VSHHG 7KH GDWD HOHPHQW UHTXLUHG IRU WUDYHOHU LQIRUPDWLRQ
V\VWHPLQFOXGHVWUDYHOVSHHGVWUDIILFYROXPHVWUDIILFDQGURDGFRQGLWLRQVURDGFORVXUHDQG
GHWRXULQIRUPDWLRQFOLPDWHDQGZHDWKHUFRQGLWLRQVIRUWKHDUHDLQFLGHQWLQIRUPDWLRQDQG
HPHUJHQF\DOHUWVDQGGULYHUDGYLVRULHV>@>@$OOWKLVLQIRUPDWLRQVKRXOGEHSURYLGHGWR
WKH GULYHUV DW VSHFLILF HTXLSSHG ORFDWLRQV RQ WKH URDG QHWZRUN &DUHIXO SODFHPHQW RI WKH
URDGZD\HTXLSPHQWFDQEHKHOSIXOWRGULYHUVLQPDNLQJDQLQIRUPHGGHFLVLRQDWSRLQWVLQWKH
QHWZRUNZKHUHWKH\FDQDOWHUWKHLUURXWHVWRDFFRXQWIRUWKHQHZLQIRUPDWLRQ>@



Complementary Strategies/Applications

5DPS PDQDJHPHQW DQG FRQWURO WUDIILF LQFLGHQW PDQDJHPHQW SODQQHG VSHFLDO HYHQW
PDQDJHPHQW DQG FRQWURO HPHUJHQF\ DQG HYDFXDWLRQ PDQDJHPHQW VXUYHLOODQFH DQG
GHWHFWLRQUHJLRQDOLQWHJUDWLRQWHPSRUDU\VKRXOGHUXVHYDULDEOHVSHHGOLPLWV

2.7.7.

Running Shoulders

5XQQLQJ VKRXOGHU DOORZV WUDYHOHUV WR XVH WKH VKRXOGHU DV D WUDYHO ODQH GXULQJ FRQJHVWHG
SHULRGVRQIUHHZD\VRUH[SUHVVZD\VRUWRDOORZWUDIILFWRPRYHDURXQGDQLQFLGHQW>@,Q
PDQ\FDVHVWKHKDUGVKRXOGHUFRXOGEHRSHQHGIRUHPHUJHQF\YHKLFOHVWRJDLQDFFHVVWRWKH
LQFLGHQWVFHQH>@,WFDQEHEHQHILFLDOIRUPLQLPL]LQJUHFXUULQJFRQJHVWLRQE\DOORZLQJ





DGGLWLRQDO FDSDFLW\ DQG WUDIILF PDQDJHPHQW GXULQJ LQFLGHQWV ,W LV D ZD\ WR IXOO\ XWLOL]H
H[LVWLQJ URDGZD\ LQIUDVWUXFWXUH >@ '\QDPLF PHVVDJH VLJQV QHHG WR EH LQVWDOOHG DW WKH
XSVWUHDPHQGRIWKHUXQQLQJVKRXOGHUWRLQIRUPWKHGULYHUVZKHWKHUWKHVKRXOGHULVRSHQRU
FORVHGIRUWKHWUDIILF5HGXFHGVSHHGOLPLWVDUHUHFRPPHQGHGLIWKHVKRXOGHULVLQRSHUDWLRQ
5XQQLQJVKRXOGHUVFDQEHFRQVLGHUHGDVDQH[WUDODQHWKDWFDQEHG\QDPLFDOO\FRQWUROOHGRU
FDQEHRSHQHGIRUDIL[HGWLPHRIGD\RSHUDWLRQ>@



Data Requirements

5HGXFHGVSHHGOLPLWVDUHUHFRPPHQGHGLIWKHVKRXOGHULVLQRSHUDWLRQ/26()IRUDWOHDVW
KRXUVLQDWOHDVWRQHSHDNSHULRG6KRXOGHUXVHPD\EHIL[HGYDU\LQJE\WLPHRIGD\RU
G\QDPLF YDU\LQJ LQ UHVSRQVH WR UHDOWLPH WUDIILF FRQGLWLRQV >@ 7KH GDWD HOHPHQWV
UHTXLUHPHQWVLQFOXGHUDWLRRIYHKLFOHYROXPHVWRFDSDFLW\RIWKHIUHHZD\VRUH[SUHVVZD\V
FRQVLGHUDEOHSHDNKRXUFRQJHVWLRQRQIUHHZD\VYHKLFOHW\SH,QFLGHQWSUHVHQFHDQGORFDWLRQ
DUHHVVHQWLDOWRGHWHUPLQHWKHQHHGIRUWHPSRUDU\VKRXOGHUXVHE\WKHWUDIILFRUWKHHPHUJHQF\
YHKLFOH>@>@



Complementary Strategies/Applications

+DUGVKRXOGHUUXQQLQJZRXOGRQO\EHLPSOHPHQWHGLQFRQMXQFWLRQZLWKWKHYDULDEOHVSHHG
OLPLWODQHFRQWUROTXHXHZDUQLQJV\VWHP7UDYHOHU,QIRUPDWLRQ6\VWHPG\QDPLFPHVVDJH
SRVWLQJ IUHHZD\ FRQWURO WUDIILF IRUHFDVW DQG GHPDQG PDQDJHPHQW VSHHG PRQLWRULQJ
LQFLGHQWVLWXDWLRQH[SUHVVODQHV

2.7.8.

Wrong way Detection

2QHRIWKHPRVWVHULRXVW\SHVRIDFFLGHQWVWKDWRFFXUVRQWKHKLJKZD\LVZKHQDYHKLFOHKDV
QRWREVHUYHGSRVWHGWUDIILFVLJQVRUSDYHPHQWPDUNLQJVDQGSURFHHGVLQDODQHJRLQJWKH
ZURQJ GLUHFWLRQ DQG UHVXOWLQJ LQ ZURQJ ZD\ GULYLQJ FUDVKHV ,Q PRVW RI WKH ZURQJ ZD\
GULYLQJ FUDVKHV YHKLFOHV KLW IURP WKH IURQW 7KH KHDGRQ FROOLVLRQV DUH RQH RI WKH PRVW
GDQJHURXV DQG GHDGO\ FUDVKHV >@ 7KH 1DWLRQDO 7UDQVSRUWDWLRQ 6DIHW\ %RDUG 176% 
FRQGXFWHG DQ LQYHVWLJDWLRQ RQ :URQJZD\ GULYLQJ 7KH JRDO ZDV UHFRPPHQGLQJ VDIHW\





VWUDWHJLHVWRSUHYHQWZURQJZD\FROOLVLRQVRQKLJKZD\VDQGUDPSV7KHLQYHVWLJDWLRQUHSRUW
VWDWHG WKH IROORZLQJ VDIHW\ LVVXHV FRQFHUQLQJ ZURQJZD\ GULYLQJ GULYHU LPSDLUPHQW
SULPDULO\ IURP DOFRKRO XVH ZLWK FRQVLGHUDWLRQ RI ROGHU GULYHU LVVXHV DQG SRVVLEOH GUXJ
LQYROYHPHQWPRQLWRULQJDQGSUHYHQWLQJZURQJZD\FROOLVLRQVDQGLQYHKLFOHGULYHUDOHUW
DQGVXSSRUWV\VWHPV>@7KHZURQJZD\GULYHUVFDQEHGHWHFWHGE\YDULRXVW\SHVRI9'6
GHWHFWRUVIRUHJ,QGXFWLRQVORRSE0DJQHWLFVHQVRUVF9LGHR,PDJH3URFHVVRUV 9,3 ±
XVH YLGHR WR ILQG WKH FDU DQG GLUHFWLRQ RI WUDYHO G 0LFURZDYH UDGDU 6RPH DXWR
PDQXIDFWXUHUV DUH UHVHDUFKLQJ DQG GHYHORSLQJ LQYHKLFOH DOFRKRO GHWHFWLRQ GHYLFHV DOVR
FDOOHGDV'ULYHU$OFRKRO'HWHFWLRQ6\VWHPIRU6DIHW\ '$'66 7KLVV\VWHPLVGHVLJQHGIRU
SUHYHQWLQJ DOFRKROLPSDLUHG GULYHUV IURP RSHUDWLQJ WKHLU YHKLFOHV >@ 2WKHU WHFKQLTXHV
LQFOXGHG\QDPLFPHVVDJHVLJQVRULOOXPLQDWLQJ³:URQJ:D\´VLJQVWKDWIODVKRUOLJKWVXS
ZKHQDZURQJZD\YHKLFOHLVGHWHFWHGXVLQJRYHUVL]HG³'R1RW(QWHU´DQG³:URQJ:D\´
VLJQVRQERWKVLGHVRIWKHH[LWWUDYHOODQHLQVWDOOLQJ/('LOOXPLQDWHGLQSDYHPHQWPDUNHUV
RUGHOLQHDWRUVSDUDOOHOZLWKWKHVWRSEDUDWWKHFURVVURDGHQGRIH[LWUDPSVHWF>@



Data Requirements

7KHLQIRUPDWLRQWKDWLVJDWKHUHGIURPWKHVHQVRUVDQGURDGVLGHHTXLSPHQW¶VFDQEHXVHGWR
DOHUWRWKHUWUDYHOHUVYLDDG\QDPLFPHVVDJHVLJQ$OVRWULSYHKLFOH¶VWUDFNLQJGDWDLVXVHIXO
LQ ORFDWLQJ ZURQJZD\ WUDYHOLQJ YHKLFOH >@ 7KHUHIRUH WKLV FDQ KHOS WKH PDQDJHPHQW
FHQWHUVWRWDNHWKHQHFHVVDU\PHDVXUHVEHIRUHKDQG



Complementary Strategies/Applications

7UDYHOHU,QIRUPDWLRQ6\VWHPG\QDPLFPHVVDJHSRVWLQJYDULDEOHVSHHGOLPLWV7KHG\QDPLF
PHVVDJHVLJQVFDQDOHUWWKHXSFRPLQJWUDIILFRIWKHZURQJZD\GULYHUDQGZLWKYDULDEOHVSHHG
OLPLWVWKHUHJXODWRU\YHKLFOHVSHHGOLPLWVFDQEHHQIRUFHGWRDYRLGVHYHUHIDWDOLWLHV

2.7.9.

Travel Time Estimation/Posting

7KHWUDYHOWLPHGDWDFROOHFWLRQKDQGERRN  GHILQHVWUDYHOWLPHDV³WKHWLPHUHTXLUHGWR
WUDYHUVH D URXWH EHWZHHQ DQ\ WZR SRLQWV RI LQWHUHVW´ >@ 7UDYHO WLPH LQIRUPDWLRQ LV DQ


28
important measure that gives insight about traffic congestion and demand to travelers,
operational staff and transportation planners. Accurately estimating travel time or Travel
Time Estimation (TTE) is a critical component of a traveler information system. Travel time
varies due to impacts from different factors such as congestion, weather effects, work zones,
and incidents [6]. Travel time signs are used to post estimated travel time (and potentially
toll information) to communicate travel and traffic conditions. The signs allow for better pretrip and enroute decisions by travelers [7].
Measurements of travel time for a route can be done through direct measures, using traffic
surveillance techniques, such as automatic vehicle identification using license plate reader,
or estimated indirectly using traffic point measurements such as speed, volume and
occupancy obtained from VDS. The report Traffic Data Quality Measurement proposed that
the accuracy of travel times for traveler information systems be maintained within a 10 to 15
percent error range [35]. Error in freeway travel time estimates can be introduced by several
factors. Sensor location affects the travel time error, in that sensors may be installed in areas
of free-flow (downstream of a bottleneck) and, thus, speeds measured at a single point may
not be representative of speeds along the full length of the link [40]. In the estimation
methods, an algorithm will use VDS data to reconstruct travel times, based on realized trip
data obtained at discrete points within the segment of interest. These methods can be divided
into traffic flow methods, relying on the traffic flow theory, and trajectory methods that
convert spot speed data to an estimation of segment mean speed. Assuming that the spot
speed data is representative of the segment average speed, the travel time can be estimated
by the known length of the segment divided by the speed. Transportation agencies update
travel time information on dynamic message signs (DMS), allowing drivers to make more
informed choices about their routes. The information is also used for planning and traffic
management [50], [51].
The FDOT SunGuide software calculates travel times based on a trajectory method,
converting spot speed data and volume to an estimation of segment mean speed [49]. Data
for travel time calculation comes from the Transportation Sensor Subsystem (TSS) and after




WUDYHOWLPHFDOFXODWLRQSURFHGXUHVWDNHSODFHLQWKH7UDYHO7LPHVXEV\VWHPWKHRXWSXWLVVHQW
WRWKH0HVVDJH$UELWUDWLRQ6XEV\VWHPZKLFKLVDTXHXLQJV\VWHPDOORZLQJSULRULWLHVWREH
DVVLJQHGWRPHVVDJHVDQGFRQWUROOLQJZKHQZKLFKRQHLVVHQWWRWKH'\QDPLF0HVVDJH6LJQ
'06 VXEV\VWHPIRUGLVSOD\
7KHWUDYHOWLPHFDOFXODWLRQVDUHEDVHGRQVPRRWKHGYROXPHZHLJKWHGVSHHGGDWDJDWKHUHG
IURP9'6(DFK766LVGHILQHGDVDVHJPHQWRIURDGZLWKD9'6SODFHGLQDUHSUHVHQWDWLYH
SRVLWLRQJHQHUDOO\QH[WWRWKHFHQWHUSRLQWLQWKHVHJPHQW$7UDYHO7LPH/LQN 797/LQN 
LVGHILQHGDVWKHFRPELQHG766VHJPHQWVWKDWFRPSRVHWKHURDGVHJPHQWIRUZKLFKWKHWUDYHO
WLPHPXVWEHFDOFXODWHG7KHPHWKRGXVHVVSHHGDQGYROXPHGDWDIURPHDFK9'6WRFDOFXODWH
DYROXPHZHLJKWHGDYHUDJHVSHHGIRUHDFK7667KLVDYHUDJHVSHHGLVWKHQXVHGWRGHWHUPLQH
WKHWLPHUHTXLUHGWRWUDQVYHUVHHDFK766JLYHQLWVOHQJWK7KHVHJPHQWWUDYHOWLPHZLOOEH
JLYHQE\WKHVXPRIWKHVHWLPHVIRUDOO766VHJPHQWVWKDWFRPSRVHD797/LQN7KHPHWKRG
LVGHPRQVWUDWHGXVLQJ)LJXUHDQGH[SODLQHGLQWKHVHTXHQFH


Figure 10 – Travel Time Link Definitions

7KH VSHHG DQG YROXPH YDOXHV LQGLFDWHG LQ WKH ILJXUH DV ்ܵௌௌǡೕ DQG ்ܸௌௌǡೕ DUH
JHQHUDOO\JLYHQLQDORZDJJUHJDWLRQOHYHODQ\ZKHUHIURPWRVHFRQGV7KHVHLQWHUYDOV
݀݅ݎ݁ DUHWKHQDJJUHJDWHGWRPDWFKWKHDSSOLFDWLRQDJJUHJDWLRQLQWHUYDO ݀݅ݎ݁ܣ 
JHQHUDOO\JLYHQLQPLQXWHLQWHUYDOV,IZHGHILQHܲDVWKHWRWDOQXPEHURI9'6UHSRUWHG
LQWHUYDOVZLWKLQHDFKDSSOLFDWLRQGHILQHGLQWHUYDOWKHQWKHYROXPHZHLJKWHGDYHUDJHVSHHG






ZRXOG EH FDOFXODWHG IRU HDFK 766 DQG HDFK DSSOLFDWLRQ SHULRG ݀݅ݎ݁ܣ  XVLQJ WKH
IROORZLQJHTXDWLRQ
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7KH QH[W VWHS LV WR FDOFXODWH WKH WLPH UHTXLUHG WR WUDQVYHUVH HDFK 766 VHJPHQW IRU HDFK
DSSOLFDWLRQSHULRGDVVXPLQJWKDWWKHDYHUDJHVSHHGLVUHSUHVHQWDWLYHRIWKHVHJPHQW
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(2.4)

7KHV\VWHPDOVRLQFOXGHVDVHWRISDUDPHWHUVWKDWFDQEHFXVWRPL]HGDQGDIIHFWWKHILQDOWUDYHO
WLPHGLVSOD\HGWRWKHXVHU7KHPDLQSDUDPHWHUVDUHEULHIO\GLVFXVVHGLQWKHVHTXHQFH8SSHU
DQGORZHUERXQGVIRUVSHHGVFDQEHVHWIRUDFDOFXODWHGYDOXHWREHFRQVLGHUHGYDOXH$OVR
LIWKHOLQNUHSRUWVDVSHHGWKDWLVJUHDWHUWKDQWKHVSHHGOLPLWWKHVSHHGOLPLWLVVXEVWLWXWHG
IRU WKH VSHHG ,W LV DOVR SRVVLEOH WR FRQILJXUH D PLQLPXP SHUFHQWDJH RI LQWHUYDO ODQHV
UHSRUWLQJIRUWKH9'6WREHFRQVLGHUHGLQWKHFDOFXODWLRQV$QRWKHULPSRUWDQWVHWWLQJUHIHUV
WRWKHSRVWLQJLQWHUYDOVRWKDWDUDQJHDURXQGWKHFDOFXODWHGWUDYHOWLPHYDOXHLVGHILQHGDQG
XVHGWRGLVSOD\WKHH[SHFWHGWUDYHOWLPHWRWKHXVHU



Data Requirements

7KHWUDYHOWLPHVFDQEHPHDVXUHGGLUHFWO\XVLQJYHKLFOHSUREHVRUHVWLPDWHGXVLQJDYDULHW\
RIWHFKQLTXHV7KHUHTXLUHGGDWDHOHPHQWVDUHOLQNRUVHFWLRQWUDYHOWLPHVRUVSRWVSHHGVDW
IUHTXHQWLQWHUYDOV,QFDVHRIPLVVLQJGDWDIRUWUDYHOWLPHHVWLPDWLRQWZREDVLFFRPPRQO\
XVHGPHWKRGVDUH³9HKLFOHWUDMHFWRU\PHWKRG´DQG³6QDSVKRWPHWKRG´>@









Complementary Strategies/Applications

7UDYHOHU ,QIRUPDWLRQ 6\VWHP G\QDPLF PHVVDJH SRVWLQJ YDULDEOH VSHHG OLPLW TXHXH
GHWHFWLRQ DQG ZDUQLQJ IUHHZD\ FRQWURO WUDIILF IRUHFDVW DQG GHPDQG PDQDJHPHQW VSHHG
PRQLWRULQJLQFLGHQWVLWXDWLRQZRUN]RQHKDUGVKRXOGHUUXQQLQJH[SUHVVODQHV

Summary
Table 4 – Summary of Applications and Data Requirements and Complementary
Strategies

$SSOLFDWLRQ
5DPS0HWHULQJ

,QFLGHQW
'HWHFWLRQ

9DULDEOH6SHHG
/LPLWV

%DVLF'DWD
9HKLFOHFRXQWV
5DPSGHPDQG
4XHXHOHQJWK
9HKLFOHSUHVHQFH
GHWHFWLRQ
$FFHOHUDWLRQGLVWDQFH
/LQNWUDYHOWLPHV
6SRWVSHHGV
9HKLFOHFRXQWV
6SRWVSHHG
PHDVXUHPHQWV
/DQHRFFXSDQF\
PHDVXUHPHQWV
)ORZUDWH
,QFLGHQWUHSRUWV
7UDIILFYROXPHV
7UDYHOVSHHGV
&OLPDWHDQGZHDWKHU
FRQGLWLRQVIRUWKHDUHD
,QFLGHQWSUHVHQFHDQG
ORFDWLRQ

4XHXH'HWHFWLRQ 7UDIILFYROXPHV
6SRWVSHHG
PHDVXUHPHQWV
/LQNWUDYHOWLPHV


&RPSOHPHQWDU\6WUDWHJLHV
$GGLQJQHZODQHV
,QFLGHQWPDQDJHPHQW
0DQDJHG +29 ODQHV
7UDYHOHULQIRUPDWLRQV\VWHPV
3ODQQHGVSHFLDOHYHQW
PDQDJHPHQWGHWHFWLRQDQG
VXUYHLOODQFH
,QWHJUDWHGFRUULGRUPDQDJHPHQW
9DULDEOHVSHHGOLPLW
4XHXHGHWHFWLRQ
'\QDPLFPHVVDJHSRVWLQJ
5XQQLQJVKRXOGHUVDQGODQH
FRQWURO
7UDYHOHUV¶,QIRUPDWLRQV\VWHP
7HPSRUDU\VKRXOGHUXVH
4XHXHZDUQLQJ
'\QDPLFPHVVDJHVLJQV
,QFLGHQWGHWHFWLRQ
5RDGZHDWKHUPDQDJHPHQW
:RUN]RQHDUHDV
6SHFLDOHYHQWV
7UDYHOHUV¶,QIRUPDWLRQV\VWHP
9DULDEOHVSHHGOLPLWV
/DQHFRQWUROVLJQDOV
,QFLGHQWPDQDJHPHQW
:RUN]RQHV
3RUWDEOHG\QDPLFPHVVDJHVLJQ
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Express/HOV
Lanes

Traveler
Information
System

Travel Time
Estimation/Posti
ng

Incident presence and
location
Trip vehicle tracking
data
Real-time traffic
conditions
Volumes to capacity
ratio
Peak hour congestion
report
Vehicle Classification

Traveler Information System

Data from in-vehicle
location devices
Mobile device data
Traffic volumes
Traffic/road conditions
Road closure and detour
information
Climate and weather
conditions for the area
Incident information
Emergency alerts and
driver advisories.
Link or section travel
times
Spot speeds at frequent
intervals
In case of missing data
predicting travel times

Ramp management and control
Traffic incident management
Planned special event
management and control
Emergency and evacuation
management
Surveillance and detection
Regional integration
Temporary shoulder use
Variable speed limits

Dynamic message posting
Traveler information system
Incident management
Variable speed limits
Ramp flow control
Emergency and evacuation
management

Traveler Information System
Dynamic message posting
Variable speed limit
Queue detection and warning
Freeway control
Traffic forecast and demand
management
Speed monitoring
Incident situation
Work zone
Hard shoulder running
Express lanes
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Running
Shoulders

Wrong Way
Detection

LOS E/F for at least 2
hours in at least one
peak period
Real-time traffic
conditions
Volume to capacity ratio
Considerable peak hour
congestion
Vehicle type
Incident presence and
location
Trip vehicle tracking
data
Sensors and roadside
equipment data

Variable speed limit
Lane control
Queue warning system
Traveler Information System
Dynamic message posting
Freeway control
Traffic forecast and demand
management
Speed monitoring
Incident situation
Express lanes
Traveler Information System
Dynamic message posting
Variable speed limits
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Chapter 3
Problem Definition
The vehicle detection systems and traffic data collection within the context of transportation
operation and management, is becoming an increasingly valuable asset for today’s
transportation arena. Significant traffic data have been generated from Intelligent
Transportation Systems (ITS) technologies in recent years. The data have been widely
utilized in managing system operations and providing information on traffic conditions.
However, public and private users are finding that the utilization and operation of the data is
an increasingly difficult task since the data are collected with different levels of accuracy
and consistency, and data formats are incompatible. Furthermore, the problem worsens as
the amount of data continues to grow. The quality of data in data collection, operation, and
management efforts has resulted in the underutilization of data and increased utilization
costs. Various problems were identified in research efforts regarding the quality of data for
transportation applications and operations, planning, traffic congestion information, transit
and emergency vehicle management.
Several factors contribute to inaccuracies in traffic data. Reduced system performance may
simply be due to specific equipment and how data are collected and transmitted from the
site. Few sources of data quality problems and reduced system performance can be, for e.g.
type of equipment, interference from environmental conditions, less than ideal equipment
installation, communication failures, calibration, inadequate maintenance and equipment
breakdowns, etc. The Traffic management centers primarily aims at focusing on providing
highest level of transportation safety and improving freeway performance. Several types of
data are collected by both “traditional” and ITS means. Roadway surveillance is a typical
feature of TMC’s, both in terms of visual coverage (e.g., CCTV) and electronic traffic data.
Electronic traffic data always include volumes, detector zone occupancies and measured
traffic speeds. (The same equipment is used to measure all three data types.) For e.g. typical
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types of data are collected continuously on every segment (1/2 mile spacing is typical on
urban freeways); data reported at 20-30 second intervals from field; data aggregated for later
use anywhere from 20-30 seconds up to 15 minutes. Current TMC applications that use
traffic data incudes: Travel Time, Express Lanes/ HOT Lanes, Ramp meter control, traffic
signal control, incident detection, variable speed limits, traveler information etc. The error
in data collection methods results in inaccuracies, performance degradation of the
transportation systems.
This research is structure to generate insight in the factors that affect VDS accuracy, so that
a cause and effect relation can be drawn, linking accuracy degradation in the traffic
monitoring system to the degradation in the application performance. In order to do so, this
research strives to answer the following questions:
•

What are the nation-wide practices and lessons learned for installation acceptance
tests and monitoring for accuracy and consistency of VDS?

•

What is the minimum level of accuracy/consistency that must be maintained so that
TMC applications (e.g. travel time posting, express lanes, ramp metering, etc.)
performance is not affected?

•

Based on field data, what are the main factors affecting accuracy and consistency of
deployed VDS over time?

•

What are the causes of MVDS accuracy fluctuations?

•

How can we improve the existing maintenance inspections for MVDS?





Chapter 4
Analysis of Accuracy Degradation in VDS
ITS Detection


Figure 11 – ITS Detection
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Figure 12 – Maintenance States and actions for MVDS
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introduced at this stage. It is corrected by performing polling synchronization, following
necessary data check procedures. Later the error free data is synthesized by calculating
density, aggregating the data for 5min, 15 min or 60 min depending on the specific
applications. The usage of the data is determined depending on the requirement of each
application and the decision is made based on the minimum accuracy requirements as
specified in the standards specifications 660. The data is validated and verified before
sending it to the stakeholders. Two actions can be taken after the decision-making process is
completed. Either the data can be archived for traffic forecasting, legal retention policies and
use this as a reference for future decisions or the data can be rolled-up and highly aggregated
after 5-7 years for reducing the memory and space requirements and for audit systems. This
data is used for planning the future changes that are necessary for the next data requirements

and usage and considered as the starting point of the data life cycle.
Figure 13 – VDS Data Life Cycle
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compliance with industry standards. The quality of the implementation (satisfaction) of the
VDS requirements is verified through tests and procedures at the deployment stage (see
Figure 15, flows 6 and 7). These objectives, and the corresponding verification procedures
are also propagated to operational phases of the system to ensure continued data quality (see
Figure 15, flow 9). Once the VDS is in operation, maintenance acceptance tests should
ensure that accuracy, consistency and reliability objectives are met over time. Figure 15,
flow 8 reflects application-specific requirements for VDS. These application-based
verification requirements need to be carefully devised to maintain the overall system
performance at operational levels.
Verification tests for new VDS installations and maintenance work acceptance are derived
from the same guiding specifications (Specification 660) but adapted differently by each
jurisdiction. Special characteristics of the underlying TMC applications may influence the
way VDS devices are monitored for accuracy, consistency and reliability.

Figure 15 Role of VDS Requirements in the ITS Systems Engineering Process
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Figure 16 SysML block definition diagram of the MVDS context

The key use cases for the systems under consideration are presented in Figure 17. The TERL
establishes the requirement and the design approval tests for VDS. VDS suppliers follow the
procedures to obtain approval. On the TMC context, the Field Installer installs the approved
VDS and tests it according to requirements in specification 660. On the TMC side, a
designated operator verifies that the VDS operates as intended. In case of performance
fluctuations, the TMC operator may troubleshoot the MVDS remotely. The TMC operator
may have other capabilities of interaction with the TMC depending on software-hardware
capabilities. Field tests are conducted on the raw data from the detector, while verification
at the TMC is performed on data that has been post processed by SunGuide. The pass/fail
criteria for each of these tests are derived from specification 660. However, there is
flexibility for each District on how the installation and verification tests are conducted. These
tests would not only involve detector data itself but also include hardware-software
integration as presented in the next section
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Figure 17 VDS Use Case Diagram

4.5.2.

VDS Raw Data Definition

Traffic monitoring is a core function for ITS systems and as such it is contained in a welldefined system architecture. This architecture is executed through the SunGuide software.
Traffic Sensor Subsystem (TSS) is the subsystem allocated to handle detector configuration
and data management. Figure 18 presents the levels of raw data in the SunGuide architecture.
Using a formal classification scheme, as shown in Figure 18, the true raw data is a level 1
data taken as it is registered by the detector, residing in the detector’s memory bank and
using its time reference. However, the system monitoring function requires a unified
timeframe and the detector time stamp is omitted in an intermediate process. Also, the lane
numbers are designated differently in the detector and in SunGuide. For that reason, detector
lanes are mapped onto the corresponding system lanes according to the SunGuide lane
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numbering convention. This data corresponds to level 2 in Figure 18. Once the data is
physically at the TMC in the system database, the data is stored in this level 2 format, but it
is also aggregated into a more usable interval generally over a minute depending on the
District policy. This last stage of VDS data is considered raw for some applications and is
further aggregated by distance and/or time.
When a TMC operator verifies a VDS installation using received data, there will be some
intermediate manipulation in what is considered raw data. This can lead to some
discrepancies when comparing with VDS field data. These discrepancies are attributed to
the interaction of hardware and software elements.

Figure 18 Levels of VDS Raw Data in the SunGuide Architecture
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4.5.3.

VDS Data Retrieval Mechanism

VDS devices are connected to the TMC software (SunGuide). Serial or Ethernet
communication connectivity is required (Standard specification 660-2.1.2.3.1). Also,
application programming interfaces (APIs) are required to integrate the VDS to the TMC.
Using APIs and the functionalities provided by the VDS vendor, the TMC can remotely
manage and operate the field units. SunGuide retrieves sensor data using a polling
mechanism. The system sends a request for data to the VDS at defined time steps or polling
cycles. The VDS responds to this polling request by sending data from the most recently
completed interval. The duration of polling cycles varies by District, but typical values are
20 and 60 seconds.
The detector stores the data element from each completed interval in its internal memory.
The internal memory is generally an ordered list in the form of a stack. The stack has a LastIn-First-Out (LIFO) queuing policy. This means that the most recent data element is located
at the first position in the list and it is also the first to be retrieved. It also follows that once
the capacity of the memory is full, the last element (oldest data) is eliminated and the most
recent is added to the beginning of the list.
Once a time interval is completed, the associated data element is placed at the top of that
stack and is considered as the most recent data element. As part of the data retrieval process,
the TSS main subsystem sends a request for the most recent interval of data. The interval
located at the first position of the stack of all completed intervals is then sent to the requesting
object. This process is repeated for every polling cycle. The retrieved data is time stamped
using SunGuide which takes place after the polling cycle is completed. Therefore, there is a
systematic delay of one polling cycle between the actual time of the detector count in the
field and the timestamp of the retrieved data. Polling cycle offset can cause systematic effects
such as double counting or interval skipping, as explained in the following section.







Effect of Polling Cycle Synchronization
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a. Interval skipping

Skipped Interval

Double-counted Interval

b. Interval over counting

Figure 19 Examples of polling cycle time offset

Figure 20 shows the effect of different polling cycle offset factors. Interval skipping occurs
when the data retrieval system runs at a faster pace than the time interval at the VDS. Interval
skipping and over counting are proportional to the polling cycle offset.

Figure 20 Effect of polling cycle time on VDS data
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A polling cycle five percent less than the intended value will tend to skip the same percentage
of intervals. The same applies to the over counting side of the graph. Since the estimate of
interval skipping and over counting is a deterministic calculation, results may vary randomly
in reality depending on the traffic variable of interest and the number of vehicles in the
skipped/over counted interval. For volume, polling offset will have noticeable results
because volume is accumulated over time. For speed, the effect of polling time offset is
averaged overtime therefore double counting or skipping will not severely affect the
measurement.

4.5.4.

Requirements Testing for VDS

FDOT Specifications 660 contains a set of comprehensive VDS requirements of various
types including functional, performance, physical construction, electrical, mechanical,
installation requirements, etc. These specifications also define test procedures for verifying
functional and performance requirements for VDS devices as presented in Figure 21 Some
of the tests are performed supervised by TERL as part of the product certification process
for Florida APL such as the VDS accuracy performance test. Other tests are performed by
FDOT as part of the device installation and/or field calibration procedures such as the Field
Acceptance Test (FAT). Each test attempts to verify a predetermined set of requirements.
The allocation of requirements to test cases for verification purpose is carried out through a
Requirements Verification and Traceability Matrix (RVTM). An example of the RVTM is
presented below. The arcs joining requirements and test cases are represented in tabular form
in the RVTM. These arcs can be read in two ways. From the requirements to the test cases
the RVTM are read as a “verified by” relationship, and from the test cases to the requirements
is read as “verifies”. From the test viewpoint, the test verifies that the requirement is met by
the VDS under study.
Using a structure such as an RVTMS allows for both qualitative and quantitative
requirements analyses. It can help in documentation review, testing procedures review, and
coverage analysis. With a coverage analysis, it is possible to determine if a VDS requirement
has not been assigned to a test procedure. In those cases, the requirements are reviewed and
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modified, assigned or retired as per the reviewer(s) criteria. The creation of an RVTM and
an “as is” analysis of the current VDS requirements in specification 660 is presented in the
next section.

Figure 21 Requirements Verification and Traceability Matrix Concept

4.5.5.

VDS Installation Testing Practice

Based on the reported tests and maintenance practices for the interviewed Districts, a
summary of inspection tests was developed (see Table 5). The objective of this comparison
is to find the common inspection elements in order to provide a unified comprehensive test
with the best practices among the districts.
Table 5 Summary of functional checks before performance tests

Structural Inspection
Visual/Electrical safety inspection
Make sure that MVDS is the latest version/generation. Replace if
necessary
Make sure that the two co-located MVDS are on two separated
communication networks with separate fiber optics and layer 2 switches
Verify quality and tightness of ground and surge protection connections
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0HVVDJHSHULRGYHULILFDWLRQVHWXSFRPPXQLFDWLRQVEHWZHHQODSWRSDQG
09'6DQGFKHFNWKDWWKHPHVVDJHSHULRGLVVHWDVVHFRQGV
9HULI\WKDWWKH09'6LVVWRULQJGDWD
'DWD FRPSDULVRQ EHWZHHQ LQWHUQDO VWRUDJH RI WKH GHWHFWRU DQG GDWD
UHFHLYHGE\6XQ*XLGH
9HULI\WKDWWKH09'6LVDEOHWRFROOHFWDQGSURFHVVYROXPHVSHHGDQG
RFFXSDQF\ODQHE\ODQH
/DQHFRQILJXUDWLRQFKHFN
'HWDLOHG ODQH FRQILJXUDWLRQ 09'6 ]RQH 6XQ*XLGH ODQH DQG ]RQH
LQIRUPDWLRQ VKRXOGEHDYDLODEOHWRWKHWHFKQLFLDQV
&RQILUPWKDWHDFKPDQDJHGODQHDQGJHQHUDOSXUSRVHODQHGHWHFWHGLVDQ
LQGLYLGXDO]RQH
9HULI\ WKDW ODQH VHWXS ZDV GRQH FRUUHFWO\ DQG DOO LQWHQGHG ODQHV RI
GHWHFWLRQDUHGLVSOD\HGDQGVWRULQJYROXPHDQGVSHHGGDWD
6HOIWHVWDQGVWDUWXSSDUDPHWHUVFKHFN
&RQWDFWEHWZHHQWHFKQLFLDQVLQWKHILHOGDQG70&RSHUDWRU

Factors Affecting Accuracy
7KHDFFXUDF\RIILHOGGDWDFROOHFWHGE\D9'6LVODUJHO\GHSHQGHQWRQIROORZLQJIDFWRUV
x 'HWHFWRUGHQVLW\
x 2FFOXVLRQ
x 7UDIILF&RQGLWLRQV
x ,QLWLDOKDUGZDUHVRIWZDUHVHWXS
x ,QWHUVHJPHQWYDULDELOLW\
x 5HOLDELOLW\RIWKHLQGLYLGXDOGHWHFWRUV







x 'HWHFWRUVGDWDWUDQVPLVVLRQDQGVWRUDJHV\VWHP
x 7LPHDJJUHJDWLRQDQG6SDFHDJJUHJDWLRQ

Summary
7KH VXPPDU\ RI VWDQGDUG GDWD OHYHO RI GHWDLO IROORZHG E\ YDULRXV VWDWH 'HSDUWPHQW RI
7UDQVSRUWDWLRQIRUYDULRXVDSSOLFDWLRQVVXFKDVH[SUHVVODQHVWUDYHOWLPHVUDPSPHWHULQJ
HWFLVSUHVHQWHGLQ7DEOHEHORZ1RWHWKDWE\/DQHPHDQVSRLQWORFDWLRQDQGE\'LUHFWLRQ
PHDQVSRLQWORFDWLRQDOOIXQFWLRQDOODQHVFRPELQHG7KLVLVDOVRUHIHUUHGWRDVD³VWDWLRQ´
Table 6 State DOT’s Summary of Applications and Data Level of Detail
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MDOT
[24],
[11], [27]

Caltrans
[22],
[31], [11]

WSDOT
[23],
[11], [5]

Express Lanes
Travel time
Estimation/Po
sting
Incident
Detection
Queue
Detection
Variable
Speed Limit
Ramp
Metering
Express Lanes
Travel time
Estimation/Po
sting
Incident
Detection
Queue
Detection
Variable
Speed Limit
Ramp
Metering
Express Lanes
Travel time
Estimation/Po
sting
Incident
Detection
Queue
Detection
Variable
Speed Limit
Ramp
Metering

Every 0.5
mile

Every 0.5
mile,
For
Ramp
metering,
mainline
detectors
20 ft.

Every 0.5
mile

Mainline
and stop
line
detector
500 ft.,
other
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800 ft.

Every
20-30
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Every
20 secs

Every
20
secs

5-15 min

by lane

3-5 min for
Travel time
estimation/po
sting &
variable
speed limit,
15 min for all
other
applications

Ramp
metering is
aggregated
by direction,
all other are
aggregated
by lane

5 min for
Express
lanes, Travel
time
estimation/po
sting
&
15 min for all
other
applications

by lane





Chapter 5
Application of Six Sigma
Overview of DMAIC


Figure 22 – Overview of Application of DMAIC

'0$,& VWDQGV IRU 'HILQH 0HDVXUH $QDO\]H ,PSURYH DQG &RQWURO '0$,& RIWHQ LV
DVVRFLDWHG ZLWK VL[VLJPD )LJXUH  VKRZV '0$,& SURFHVV DSSOLHG WR WKLV UHVHDUFK
2EMHFWLYHVRIWKLVUHVHDUFKZHUHPDSSHGRQHDFKVWDJHRIWKH '0$,&7KHIXQGDPHQWDO
REMHFWLYH RI WKH 6L[ 6LJPD PHWKRGRORJ\ LV WKH LPSOHPHQWDWLRQ RI D PHDVXUHPHQWEDVHG
VWUDWHJ\WKDWIRFXVHVRQSURFHVVLPSURYHPHQWDQGYDULDWLRQUHGXFWLRQWKURXJKWKHDSSOLFDWLRQ
RI6L[6LJPDLPSURYHPHQWSURMHFWV7KLVLVDFFRPSOLVKHGWKURXJKWKHXVHRIWZR6L[6LJPD
VXEPHWKRGRORJLHV '0$,& DQG '0$'9 7KH 6L[ 6LJPD '0$,& SURFHVV GHILQH
PHDVXUHDQDO\]HLPSURYHFRQWURO LVDQLPSURYHPHQWV\VWHPIRUH[LVWLQJSURFHVVHVIDOOLQJ





EHORZ VSHFLILFDWLRQ DQG ORRNLQJ IRU LQFUHPHQWDO LPSURYHPHQW 7KH 6L[ 6LJPD '0$'9
SURFHVV GHILQHPHDVXUHDQDO\]HGHVLJQYHULI\ LVDQLPSURYHPHQWV\VWHPXVHGWRGHYHORS
QHZSURFHVVHVRUSURGXFWVDW6L[6LJPDTXDOLW\OHYHOV
3URFHVVVLJPDLQGLFDWHVWKHSURFHVVYDULDWLRQ LHVWDQGDUGGHYLDWLRQ 6L[6LJPDLVDLPHG
DWUHGXFLQJYDULDWLRQDQGWKHDVVRFLDWHGGHIHFWVZDVWHVDQGULVNVLQDQ\SURFHVVUHODWLYHWR
XVHUUHTXLUHPHQWV'HWHUPLQLQJVLJPDOHYHOVRISURFHVVHV RQHVLJPDVL[VLJPDHWF DOORZV
SURFHVVSHUIRUPDQFHWREHFRPSDUHGWKURXJKRXWDQHQWLUHRUJDQL]DWLRQ$6L[6LJPDSURFHVV
KDVDVKRUWWHUPSURFHVVVLJPDRIDQGDORQJWHUPSURFHVVVLJPDRI7KHWKHRUHWLFDO
GHIHFWUDWHIRUD6L[6LJPDSURFHVVLVGHIHFWVSHUPLOOLRQ '30 

DEFINE
7KH'0$,&SURFHVVLVDQH[FHOOHQWIUDPHZRUNWRXVHLQFRQGXFWLQJTXDOLW\LPSURYHPHQW
SURMHFWV(UURULQLQVWDOODWLRQGDWDFROOHFWLRQDQGWUDQVPLVVLRQKDYHVLJQLILFDQWLPSDFWVRQ
WKHPDQDJHPHQWDQGPDLQWHQDQFHUHODWHGGHFLVLRQVDW70&,QDFFXUDFLHVLQYROXPHVSHHG
DQGRFFXSDQF\GDWDREWDLQHGIURP9'6UHVXOWVLQGHFLVLRQVPDGHWKDWFDQEHFRPSURPLVHG
GXH WR WKH HUURUV 7KLV IXUWKHU TXHVWLRQ WKH FUHGLELOLW\ RI WKH 70& DSSOLFDWLRQV $QG
XOWLPDWHO\UHVXOWLQJLQVRFLHWDOFRVWVDQGXQVDWLVILHGWUDYHOHUV

5.2.1.

Data Simulation for Applications

7KHVHOHFWHGVHJPHQWIRUDQDO\VLVLVDERXWPLOHVORQJEHWZHHQPLOHVDQGRQ
657KHVHJPHQWZDVFKRVHQWDNLQJLQWRFRQVLGHUDWLRQVRPHGHVLUDEOHFKDUDFWHULVWLFV
7KH VHJPHQW KDV HQWUDQFH DQG H[LW UDPSV VR WKH DSSOLFDWLRQ RI 5DPS PHWHULQJ FDQ EH
FRQVLGHUHGIRUIXWXUHDQDO\VLV7KHFRQJHVWLRQLVJHQHUDOO\RFFXUUHGLQWKLVVSHFLILFDUHDWKDW
ZDVYHULILHGIURP5,7,6KWWSZZZFIOURDGVFRPZHEVLWHDQGJRRJOHPDSVDVVKRZQLQ
)LJXUH$*RRJOH0DSFDQGLVSOD\ERWKFXUUHQWWUDIILFFRQGLWLRQVDQGKLVWRULFDOWUDIILF
FRQGLWLRQV7KHKLVWRULFDOWUDIILFPDSVFDQEHDFFHVVHGE\RSHQLQJ*RRJOH0DSVLQDZHE
EURZVHUDQGWXUQLQJRQWKHWUDIILFOD\HU7KHKLVWRULFDOPDSVDUHDYDLODEOHIRUHDFKGD\RI
WKHZHHNDQGSURYLGHWUDIILFFRQGLWLRQVDWDUHVROXWLRQRIQROHVVWKDQPLQLQWHUYDOV7KH
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maps are color coded using five different colors that represent varying average travel speeds.
For freeways the colors signify the following speed conditions:
•

Green: more than 50 mph

•

Yellow: 25 - 50 mph

•

Red: less than 25 mph

•

Red/Black: very slow, stop-and-go traffic

•

Gray: no data currently available

For arterials roads, the above-mentioned speed ranges do not apply. The colors only give an
indication of the severity of the traffic. Green implies that traffic conditions are good, yellow
implies fair, and red or red/black implies poor traffic conditions. The red/black color that
represents very slow or stop-and-go traffic is often seen in the Google Map representation
of live traffic data. However, the chances for it to appear in a 15-min. interval historical map,
which represents an average of several days’ traffic conditions during that period, are very
slim on either road type. Therefore, effectively, there are four colors that appear in the
historical traffic maps on Google: green, yellow, red, and gray. Among these, red is of
importance since it signifies poor traffic conditions on arterials and slow speeds on freeways.

Figure 23 SR 528 Google Maps view of typical Traffic




7KLVLVDWROOURDGVRWKHWROOFROOHFWLRQDQGSULFLQJVWUDWHJLHVFDQEHFRQVLGHUHG7KHVHJPHQW
FRQWDLQVGHWHFWLRQVWDWLRQV]RQHVGLVWULEXWHGURXJKO\PLOHDSDUWDVVKRZQLQ)LJXUH
(DFKVWDWLRQLVHTXLSSHGZLWK5DGDU'HWHFWRUV


Figure 24 SR 528 08.6 EB to 15.9 EB

7KHZKROHVHJPHQWFRQVLVWVRIGHWHFWRUVRQERWK(DVWERXQGDQG:HVWERXQG)RUHDVHRI
DQDO\VLVSXUSRVHVRQO\GHWHFWRUVRQ(DVWERXQGRI65ZHUHWDNHQLQWRFRQVLGHUDWLRQDV
WKLVGLUHFWLRQRIWKHVHJPHQWKDVDOOWKHGHWHFWRUVIXQFWLRQDO7KHWDJVLQ)LJXUHUHIOHFW
WKDWIDFWE\VKRZLQJ³(%´WRLQGLFDWHWKDWRQO\(DVWGLUHFWLRQLVFRYHUHGE\WKHGHWHFWRU
5DQGRP(UURUDQG6\VWHPDWLF(UURU
5DQGRP(UURU7KH5DQGRPHUURURFFXUVQDWXUDOO\,WFDQEHHUURUVGXHWR6RIWZDUHLVVXHV
+DUGZDUHLVVXHVRUGXHWR(QYLURQPHQWDOHIIHFWV
6\VWHPDWLF (UURUV 6\VWHPDWLF HUURUV DUH GXH WR DWWULEXWDEOH FDXVHV HJ WLOW DQJOH 
6\VWHPDWLFHUURUVFDQEHFRUUHFWHGZLWKFDOLEUDWLRQ7KH9'6V\VWHPFDQWROHUDWHV\VWHPDWLF
HUURUVSURYLGHGWKDWWKRVHFDQEHUHSDLUHGDQGEULQJWKHV\VWHPWRDSULRURSHUDWLQJFRQGLWLRQ
,QFUHDVHLQUDQGRPHUURULVQHYHUGHVLUDEOH



Travel Time Application

7UDYHOHUVQHHGWUDYHOWLPHRQDVHJPHQWZLWKRIDFFXUDF\'LVFUHSDQF\RFFXUVLQWKH
DFWXDO WUDYHO WLPH DQG WKH SRVWHG WUDYHO WLPHV ZKHQ RQH RU PRUH GHWHFWRUV]RQHV DUH QRW
IXQFWLRQLQJDWRUDUHRXWRIRUGHUGXHWRUDQGRPRUV\VWHPDWLFHUURUV7KLVHUURUOHDGV
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to false readings and misleading data from that detector/zone which therefore influences the
posted time for travel. This posted time will be false and lesser than the actual time since
there is a detector/zone data. Measurement error must be minimized in the collection of
benchmark data since it will be the standard against which TIS data are evaluated. To
minimize error and uncertainty, evaluators should understand basic working principles of
the vehicle identification technology and possible sources of error. A simulation was
performed on three scenarios. Case 1: All detectors are working which provides the Average
of True Travel Time as shown in graph below. Case 2: Systematic errors are introduced
which resulted the maximum and minimum systematic error travel time Case 3: The errors
are occurring randomly which resulted in maximum and minimum travel time due to random
errors. The data can be aggregated for 5 min, 15 min or 60 min. The volume errors acceptable
range was between 5%-20% and for speed was between 10%-25%. The following graph
shows the wide range of variation in segment travel time from 6.2 min to 7.7 min for
systematic errors whereas the travel time estimated on occurrence of random errors was close
to the true segment travel time ranging between 6.4 min to 6.8 min. The true travel time for
the segment was approx. 6.7 min. The large spread in the estimated travel time on the
introduction of systematic errors and random errors is due to the roadway geometry of the
segment in consideration as it has entrance and exit ramps. The effect of the inaccuracies in
the detector is travelers finding lack of credibility in the posted travel times.

Figure 25 – Travel Time Application







Express Lanes/ High Occupancy Toll Lanes Application

'HSDUWPHQW QHHGV GHQVLW\ RQ D VHJPHQW ZLWKLQ  RI DFFXUDF\ 7KH VLPXODWLRQ ZDV
SHUIRUPHGEDVHGRQVDPHWKUHHFDVHVZLWKWKHVDPHDFFHSWDEOHUDQJHRIVSHHGDQGYROXPH
HUURUVDVLQWKHDERYHDSSOLFDWLRQ,QWKLVFDVHDVZHOOWKHUHLVODUJHGULIWLQWKHYHKLFOHGHQVLW\
GHSHQGLQJRQWKHVFHQDULRV$VVHHQLQWKHJUDSKEHORZWKHWUXHGHQVLW\IRUFDVHLV
ZKLFKUHVXOWVLQ/26%:KHQV\VWHPDWLFDQGUDQGRPHUURUVDUHLQWURGXFHGLQFDVHDQG
FDVHWKH/26LVSHUFHLYHG/26$:KLFKUHVXOWVLQRYHUFKDUJLQJRUXQGHUFKDUJLQJEDVHG
RQLQFRUUHFW/26FODVVLILFDWLRQ7KLVLVXQGHVLUDEOHVFHQDULRDVHLWKHUWKHGHSDUWPHQWRUWKH
WUDYHOHUVZLOOEHXQVDWLVILHGLIDQ\RQHRIWKHWZRSRVVLEOHHIIHFWVRFFXU



Figure 26 – Express Lanes/HOT Lanes Application: Mapping Vehicle Density to LOS

$V VHHQ DERYH LQ ERWK WKH DSSOLFDWLRQV WKH LQDFFXUDFLHV LQ WKH ILHOG GHWHFWLRQ SDUW RI WKH
YHKLFOH GHWHFWLRQ V\VWHP FRPSURPLVHG WKH LQWHJULW\ RI WKH 70& DSSOLFDWLRQV 7KXV
XOWLPDWHO\UHVXOWLQJLQVRFLHWDOFRVWVDQGXQVDWLVILHGWUDYHOHUV

MEASURE
0HDVXUH WKH SURFHVV WR GHWHUPLQH GDWD FROOHFWLRQ SODQ DQG FXUUHQW PHDVXUHPHQW V\VWHP
DQDO\VLVDQGSHUIRUPDQFHDQGTXDQWLI\WKHSUREOHP
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5.3.1.

MOMS System and Calibration Sheets

Transcore MOMS: Maintenance Online Management System is used to monitor toll
collection systems and facilities and to report system performance. The MOMS is an intranet
based integrated maintenance and inventory control system. Provides automated method of
creating, updating, tracking and reporting failures and preventive maintenance activities for
site, facilities and equipment's. It is a way to track equipment problems from time to failures
until they are resolved. Through its alarm, and work order features, the MOMS system
addresses three areas of maintenance: corrective, preventive, and predictive. Fig. shows an
example of work order sheet generated through the MOMS system. The priority level can be
set based on the severity of the VDS failure and criticality. It shows the status of the order
failure group etc. information.

Figure 27 – Maintenance Online Management System: Work Order Example
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Following is an example of the MVDS calibration sheet that is used by the technician to
check the speed and volume accuracy of any detector. Based on the Manual count and
MVDS count the volume accuracy is calculated and the device pass/fail the specifications is
determined. For speed accuracy, radar gun measurements for minute 1 and 2 are used and
average of both MVDS speeds are compared and accuracy is determined to check the device
for pass/fail specifications criteria. Ultimately, the device is failed if either one of the tests is
failed.

Figure 28 – MVDS Calibration Sheet 1 Example: Volume
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Figure 29 – MVDS Calibration Sheet 2 Example: Speed

Figure 30 – I-275 MP-27 SB: G4 and Wavetronix Detectors




$ERYH LV WKH GDWD IRU ,QWHUVWDWH , IURP PLOHSRVW  WR PLOHSRVW  IURP GHWHFWRUV
SUHYHQWLYHPHDVXUHVFDOLEUDWLRQVKHHWVZDVWDNHQDQGLQSXWLQH[FHOWRILQGRXWWKHPLOHSRVW
KDYLQJ UHOLDEOH GHWHFWRUV GDWD DQG WKH 1R IDLOXUH KDV RFFXUUHG DV SHU WKH DFFXUDF\ WHVW
SHUIRUPHG$VVHHQWKHWZRGHWHFWRUVDWRQHPLOHSRVWLH03WKDWZHUHPRVWUHOLDEOHZHUH
*DQG:DYHWURQL[667KHVHGHWHFWRUVZHUHFKRVHQIRUIXUWKHUDQDO\VLVLQWKH'0$,&
SURFHVV

ANALYZE
&DXVHDQGHIIHFWDQDO\VLVLVDQH[WUHPHO\SRZHUIXOWRRO$KLJKO\GHWDLOHGFDXVHDQGHIIHFW
GLDJUDPFDQVHUYHDVDQHIIHFWLYHWURXEOHVKRRWLQJDLG,QWKHDQDO\]HVWHSWKHREMHFWLYHLVWR
XVHWKHGDWDIURPWKHPHDVXUHVWHSWREHJLQWRGHWHUPLQHWKHFDXVHDQGHIIHFWUHODWLRQVKLSV
LQWKHSURFHVVDQGWRXQGHUVWDQGWKHGLIIHUHQWVRXUFHVRIYDULDELOLW\,QRWKHUZRUGVLQWKH
DQDO\]HVWHSZHZDQWWRGHWHUPLQHWKHSRWHQWLDOFDXVHVRIWKHLQDFFXUDF\LQ9'6'HWHFWRU
LVVXHV DQG PDLQWHQDQFH SUDFWLFHV ZHUH FROOHFWHG DQG FRPSLOHG 7KLV VHFWLRQ SUHVHQWV D
VXPPDU\RIWKHNH\ILQGLQJVRIWKLVWDVN




Figure 31 – Cause and Effect Diagram
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5.4.1.

Causes of VDS Failures

The cause-effect diagram includes a series of reported causes in the categories of Methods,
Measurement, Verification and Validation, Hardware, Software and Environment. Each
category has an associated effect and a cause which is considered the root cause under the
specified category. For example, in Figure, the method of attachment influences the tilt angle
causing degradation in the accuracy, consistency, and reliability of VDS. Also, it can be
observed that equipment or hardware failures include mounting bracket and pole vibrations
that modify the tilt angle of the detector contributing to accuracy, consistency and reliability
degradation. Likewise, equipment software features such as time synchronization can
present issues in the overall performance of the detector. The blue ticks’ sections of the
cause-effect diagram correspond to the overall objective of this project: to evaluate and
revise the methods and performance specifications for VDS.
Lightning is the most frequent environmental cause of failure for detection equipment.
Heavy birds (e.g., brown pelicans) landing on the MVDS modifying tilt angle. This is
associated with mounting bracket issues. Plastic cover of antennas found degraded exposing
critical components, and Waterproof seals being compromised causing water intrusion.
Errors were introduced when data was pulled from the detectors by the SunGuide system.
One of the causes for these discrepancies was: Interval messaging in the detector not in sync
with data polling interval from SunGuide. Communication failures also affect the reliability
of the detection equipment. Some of the sources for detector inaccuracies are due to
installation procedures. These factors include locations with occlusion, backscatter, or
incorrect placement so that the detector does not capture far-side traffic data. Geometry is
one of the factors affecting accuracy. Median objects, noise attenuating walls and roadway
infrastructure pose challenges on sensor placement. Work zones, contractors, landscapers
can also affect the accuracy of detectors by placing large objects in the detection zone as part
of their work. In some cases, construction or landscaping modifications are performed
without taking into consideration the existing ITS infrastructure.




:KHQ D GHWHFWRU KDV FRQVLVWHQW GDWD LVVXHV WKH HYHQW LV HVFDODWHG WR WKH PDLQWHQDQFH
GHSDUWPHQW7KH PDLQWHQDQFH GHSDUWPHQW YLVLWV WKHVLWH DQG SHUIRUPV UHFDOLEUDWLRQ RIWKH
GHWHFWRU

5.4.2.

CUSUM Control Charts


Tabular CUSUM

/LNHFRQWUROFKDUWV&8680FKDUWVDUHXVHGWRSORWGDWDLQWLPHVHULHV7KHFKDUWVDUHPHDQW
WRDOHUWXVHUVWRVLJQLILFDQWFKDQJHVLQSURFHVVSHUIRUPDQFH&8680FKDUWVGRQRWSORWUDZ
GDWD YDOXHV DYHUDJHV UDQJHV RU VWDQGDUG GHYLDWLRQV ,QVWHDG LW LQFRUSRUDWHV DOO WKH
LQIRUPDWLRQ LQ WKH VHTXHQFH RI VDPSOH YDOXHV E\ SORWWLQJ WKH FXPXODWLYH VXPV RI WKH
GHYLDWLRQV RYHUWLPH RI WKH VDPSOH YDOXHVIURP D WDUJHW YDOXHWDUJHW PHDQ7KH SULPDU\
DGYDQWDJHRIWKHWDEXODU&8680FKDUWLVWKDWWKHFKDUWLVPRUHVHQVLWLYHWRVPDOOFKDQJHVLQ
WKHPHDQHVSHFLDOO\ZKHQFRPSDUHGZLWK,;05FRQWUROFKDUWV>@
7KLVVKLIWLVXVXDOO\òRUVWDQGDUGGHYLDWLRQRIWKHSDUDPHWHUEHLQJSORWWHG7KXVWKHGDWD
KHOSVLQVHWWLQJXSWKHVKLIWWRGHWHFW7KLVVKLIWLVRIWHQUHIHUUHGWRDVWKH³DOORZDEOHVODFN´
LQ WKH SURFHVV LH GHQRWHG E\ .7KH DFWLRQ OLPLWV DUH OLNH FRQWURO OLPLWV 7KH VWDQGDUG
SUDFWLFHLVWRVHWWKHVHDFWLRQVDWRUWLPHVWKHVWDQGDUGGHYLDWLRQ7KLVGDWDKHOSVVHW
WKHDFWLRQOLPLWV
&8680FDQEHXVHGWRPRQLWRUWKHSURFHVVPHDQYDULDELOLW\DQGGHIHFWV&8680FDQKDYH
VDPSOHVL]H Qt7KLVUHVHDUFKFRQFHQWUDWHVRQVDPSOHVL]HQ DVHYHU\WLPHDILHOG
LQVSHFWLRQLVSHUIRUPHGZHXVHGWKDWGHWHFWRUGDWDDVRXUVDPSOH$QRWKHUUHDVRQ&8680
FKDUWVDUHSRSXODULVWKHLUDELOLW\WRPLWLJDWHULVN
ା
ܥା ൌ ሾͲǡ ݔ െ ሺߤ  ܭሻ  ܥିଵ
ି
ܥି ൌ ሾͲǡ ሺߤ െ ܭሻ െ ݔ  ܥିଵ
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where starting values are, 𝐶0+ = 𝐶0− = 0
K is called the reference value or allowance value
𝐶𝑖+ = accumulated deviations above 𝜇0
𝐶𝑖− = accumulated deviations below 𝜇0
H - Decision interval
If either 𝐶𝑖+ or 𝐶𝑖− exceeds the value H, then the process is considered out of control.
Following is a Volume Accuracy CUSUM chart using Tabular Method. As discussed earlier,
the two detectors that were selected for the analysis were Wavetronix SS125 and G4. The
detectors maintenance schedule was plotted to see if any trend is observed in the maintenance
schedule of the detectors. The orange plot line represents the accumulated deviations above
𝜇0 and the blue plot line represents the accumulated deviations below 𝜇0 . The target mean
value was considered as 1. Both the detectors have maintenance schedule for 14 dates each.
The decision intervals were for 4, 5 and 6𝜎. As seen in the plot a constant trend was observed
in both the detectors maintenance schedule. The deviations were accumulated for the values
above the target mean representing the shift above the mean. The minimal shift was observed
below the chosen target mean value. Volume accuracy is approximately 5 deviations from
the center line and is within the limits of the decision interval for both the detectors.
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Figure 32 – Tabular CUSUM for Volume Accuracy

Similar procedure was followed for the Speed Accuracy using Tabular CUSUM Method. In
terms of Speed, cumulative sums on the high side i.e. values above the target mean begin to
pile up and continue until the action limit is exceeded for Wavetronix SS125 detector. A
constant trend was also observed for the G4 detector, but it remains within the 5 deviations
from the center line.






Figure 33 – Tabular CUSUM for Speed Accuracy

7KHWDEXODU&8680IDOOVVKRUWLQWKHSODFHZKHUHWKHSURFHVVLVSURQHWRZLGHUDQJHRI
YDULDELOLW\7KHWDEXODU&8680GRHVQRWDFFRXQWIRUWKHYDULDQFH$VWKHGHWHFWRUVIDLOXUHV
DQGPDLQWHQDQFHLVDQLQGHSHQGHQWHQWLW\WKHYDULDQFHVKRXOGEHWDNHQLQWRFRQVLGHUDWLRQ
DORQJZLWKWKHSURFHVVPHDQ



CUSUM for Process Variability
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𝑣𝑖 are more sensitive to variance changes rather than mean changes. In fact, the statistic 𝑣𝑖 is
sensitive to both mean and variance changes. Since the in-control distribution of 𝑣𝑖 is
approximately N (0, 1), two one-sided standardized scale (i.e., standard deviation) CUSUM
can be established as follows,
+
]
𝑆𝑖+ = 𝑚𝑎𝑥[0, 𝑣𝑖 − 𝑘 + 𝑆ⅈ−1

(5.5)

−
]
𝑆𝑖− = 𝑚𝑎𝑥[0, −𝑘 − 𝑣𝑖 + 𝑆ⅈ−1

(5.6)

where, 𝑆0+ = 𝑆0− = 0 and 𝐻 = ℎ𝜎 𝑎𝑛𝑑 𝐾 = 𝑘𝜎
The values of k and h are selected as in the CUSUM for controlling the process mean [55].
The interpretation of the scale CUSUM is similar to the interpretation of the CUSUM for the
mean. If the process standard deviation increases, the values of 𝑆𝑖+ will increase and
eventually exceed h, whereas if the standard deviation decreases, the values of 𝑆𝑖− will
increase and eventually exceed h.
Below are the plots of Volume and Speed accuracy in terms of process variability under
consideration. As seen when process variance is taken into consideration the charts shows a
constant accumulation above the target mean to a point where all the plot points falls outside
the upper control limits. And for the deviations below the target mean it trend back to zero
as shown in the chart.
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Figure 34 –CUSUM for process variability for Volume Accuracy

In case of Speed accuracy, as shown below for the G4 detector the cumulative sum the values
above the target mean starts to trend back to zero in the middle of the chart and a constant
accumulation is seen for the values below the target mean.

Figure 35 – CUSUM for process variability for Speed Accuracy
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deviations above and below the center line, show the amount of variation that is expected in
the moving ranges [55].
Last 28 Subgroups plot
The Last 25 Subgroups plot shows the data points for each of the last 25 subgroups and
displays a line for the overall process mean. The data should be randomly and symmetrically
distributed about the process mean.
Capability Histogram
The capability histogram shows the distribution of your sample data. Each bar on the
histogram represents the frequency of data within an interval. The within and overall curves
on the histogram are normal distribution curves that are generated using the process mean
and different estimates of process variation. The dashed within curve uses the withinsubgroup standard deviation. The solid overall curve uses the overall standard deviation. The
capability histogram is used to visualize the sample data in relation to the distribution fit and
the specification limits. The bars in the histogram with the curved fit line is compared. The
shape of the data in the histogram should approximately match the curve. To ascertain
whether the data follow the distribution, use the results in the probability plot. Ideally, the
spread of the data is narrower than the specification spread, and all the data are inside the
specification limits. Data that are outside the specification limits represent nonconforming
items [55].
Potential Process Capability (Cp) and Potential Overall Capability (Pp)
Cp is a measure of the potential capability and uniformity of the process. Pp is a measure of
the overall capability of the process. They evaluate the potential capability based on the
variation in your process. It is a ratio that compares two values: The specification spread
(USL – LSL). The spread of the process (the 6-σ variation) based on the within-subgroup

73
standard deviation. Generally, higher Cp and Pp values indicate a more capable process.
Lower Cp and Pp values indicate that your process may need improvement [55].

𝐶𝑝 =

𝑈𝑆𝐿−𝐿𝑆𝐿

(5.7)

6σ

Actual Process Capability (Cpk) and Actual Overall Capability (Ppk)
Cpk is a measure of the actual capability of the process and equals the minimum of CPU and
CPL. and Ppk is a measure of the overall capability of the process and equals the minimum
of PPU and PPL. It is a ratio that compares two values: The distance from the process mean
to the closest specification limit (USL or LSL). The one-sided spread of the process (the 3σ variation) based on the within-subgroup standard deviation. Cpk and Ppk evaluates both
the location and the variation of the process. Overall capability indicates the actual
performance of your process that the user experiences over time.
Generally, higher Cpk and Ppk values indicate a more capable process. Lower Cpk and Ppk
values indicate that your process may need improvement. Cp measures potential capability
in the process, whereas Cpk measures actual capability.
Generally, if Cp = Cpk, the process is centered at the midpoint of the specifications, and
when Cpk < Cp the process is off-center. The magnitude of Cpk relative to Cp is a direct
measure of how off-center the process is operating. The recommended minimum or
acceptable value of Cp is 1.33 [55]. A Six Sigma process has a Cpk of 2.0.
𝑈𝑆𝐿−𝜇 𝜇−𝐿𝑆𝐿

𝐶𝑝𝑘 = 𝑚𝑖𝑛 (

3𝜎

|

3𝜎

)

(5.8)

The specifications limits were set same as the specified in the test criteria for the MVDS
calibration for volume and speed accuracy. For volume the USL is 1.05 and LSL is 0.95.
And for Speed the USL is set to 1.1 and LSL is 0.9.
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Figure 36 – Six-Pack Process Capability for Volume Accuracy

Test results for I Chart of Volume Accuracy shows one point more than 3.00 standard
deviations from center line. Whereas, test results for MR Chart of Volume Accuracy shows
two point more than 3.00 standard deviations from center line. According to the results for
the process capability, the volume accuracy is Cp=0.59. But, the minimum recommended
value for Cp is 1.33. Therefore, volume accuracy is not capable.






Figure 37 – Six-Pack Process Capability for Speed Accuracy
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Tabular CUSUM


Figure 38 – Tabular CUSUM for Improved Volume Accuracy
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Figure 39 – Tabular CUSUM for Improved Speed Accuracy
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Figure 40 –CUSUM for process variability for Improved Volume Accuracy

The simulated repair scenarios using CUSUM for process variability are shown, volume and
speed are within the limits of the decision interval for both the detectors. As soon as the
detector was seen shifting off the target, the CUSUM control chart with variance in
consideration can pick it up faster. If it is on target, the CUSUM values will trend back to
zero as shown in the following plot of speed accuracy for G4 detector.






Figure 41 –CUSUM for process variability for Improved Speed Accuracy
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QHFHVVDU\IRUHDFKGHYLFH$WOHDVWRIVSDUHSDUWVIRUHDFKGHYLFHVKRXOGEHNHSWRQ
KDQG %DVHG RQ WKH UHSDLU VFHQDULR DJDLQ WKH SURFHVV FDSDELOLW\ IRU YROXPH DQG VSHHG
DFFXUDF\ZDVFDOFXODWHGWRFKHFNWKHSHUIRUPDQFHRIWKHV\VWHP)ROORZLQJDUHWKHUHVXOWV
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volume accuracy is Cp=1.33 i.e. equal to the minimum recommended value. Therefore,
volume accuracy is capable.

Figure 42 – Six-Pack Process Capability for Improved Volume Accuracy

Test results for I Chart of Speed Accuracy shows no point out of 3.00 standard deviations
from center line. Whereas, test results for MR Chart of Speed Accuracy shows two point
more than 3.00 standard deviations from center line. According to the results for the process
capability, the speed accuracy is Cp=1.47. As the current Cp for speed accuracy is more than
minimum recommended value of 1.33, the speed accuracy is capable after the changes are
made to maintenance inspections schedule.
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Figure 43 – Six-Pack Process Capability for Improved Speed Accuracy
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Chapter 6
Conclusions and Recommendations
The first chapter introduced this work, putting it in context in the transportation management
framework. In the sequence, Chapter 2 presented a brief review on intelligent transportation
systems and the National and Regional ITS architecture frameworks, various vehicle
detection technologies, the uses for the collected data. The main contribution of this chapter
comes from the summary table including the ITS applications detailing the data requirements
for each one of them and highlighting the complementary strategies or applications that can
be used along with them. Chapter 4 depicted the detailed analysis of accuracy degradation
in VDS and summarized the factors affecting the accuracy of VDS. Using this as the starting
point Six sigma tool i.e. DMAIC process for application was used for the development of
the cause and effect analysis which helped in finding out the main causes of VDS failures
that compromise the accuracy of the whole system. The main findings from the surveyed
studies can be summarized as:
•

Using Six Sigma Method: DMAIC process provided an important insight of how the
errors in vehicle detection systems compromises the reliability of overall system
performance resulting in lack of credibility. For e.g. Posted travel times for travel
time application. And over charging or undercharging based on incorrect LOS
classification for Express Lanes/HOT Application.

•

In this research, for CUSUM charts sigma level/ decision intervals were set to 4, 5
and 6 sigma. This ensured our process did not exceed the allowable accuracy
specification limits. For volume it is ±5% error tolerance and for speed it ±10% error
tolerance. And as soon as a trend started building up for detector’s frequent
maintenance, CUSUM charts detected it rapidly. Therefore, enabling us to take the
corrective actions before the sigma levels were exceeded.
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•

The process capability of volume accuracy for existing maintenance inspections was
found to be 0.59 which is much lesser than the minimum acceptable value of 1.33,
whereas for speed it was 1.46 which is satisfactory. For the repair scenarios volume
accuracy was improved to 1.33 that is equal to minimum acceptable and for speed it
was 1.47 which is adequate.

•

MVDS accuracy fluctuates randomly, a CUSUM chart is a powerful tool that can
help in reducing the number of troubleshooting inspections for MVDS ensuing
potential cost savings. As every field visit for an inspection has associated cost (refer
figure 44) according to the job classification and the staff involved in that job.

Figure 44 – Existing Staffing Rates

•

The greater degree of field visits control allows an overall reduction in the
checking/inspection/testing efforts, often resulting in a reduction or redeployment of
staff.
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•

Detector density is a significant factor. From the simulation results of vehicle
density, it can be concluded that the in case of TMC acceptance test the error
percentage should be within limits i.e. ±10% for speed and ±5% for volume.
However, during the operational phase in case of segments having higher density of
detectors as shown in case-1 the error percentage can be relaxed to 15-20%. But in
case of segments having lesser detector density as shown in case-3 more strict limits
for error percentage should be followed. Therefore, the vehicle density should be
followed on case-by-case basis.

•

Lack of data quality in detection system is mostly due to installation, configuration
or software errors. Public and private users find utilization and operation of this data
as an increasingly difficult task since the data are collected with different levels of
accuracy and consistency, and data formats are incompatible resulting in the
underutilization of data and increased utilization costs.

•

Conduct MVDS workshops and trainings with database administrators, TMC
operators, and MVDS maintainer on common topics in MVDS accuracy such as:
data collection, calibration, verification recommendations, basic troubleshooting,
data management etc. This will help to improve the current practices.

•

It is recommended that cost cuttings during the operational phase of the detectors
can be allowed but not during the testing phase for detectors. As this might later add
to the cost for the repairs and maintenance of the detectors, if the testing procedures
were not followed strictly as specified in standard specifications 660.

•

Implement an automated VDS time synchronization command periodically. The
proposed frequency is once per day. This can occur at low traffic periods such as
early in the day.

•

Synchronization can be triggered from the TMC as a scheduled process via
SunGuide or it can be implemented as an automated feature on the MVDS. If
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implemented in the MVDS, the agency shall provide a time server in its network.
The MVDS shall provide the functionality to update its time at the designated
schedule.
•

Revise travel time segments periodically to ensure that calculation parameters are
properly encoded.

•

Establish a set of priority detectors critical to system performance monitoring. This
set of critical VDS will receive priority for maintenance and constant health and
accuracy monitoring.

•

The cause and effect relation provided insight in the factors that affect VDS
accuracy. It also helped in linking the accuracy degradation in the traffic monitoring
system to the application performance degradation. The main reported causes of
VDS failures are summarized in 7:
Table 7: Summary of Causes of VDS Failure

Category
Methods
Hardware

Possible Root Cause

Reported
Symptom

▪ Attachment method
▪ Weak mounting bracket ▪ Improper tilt
angle
▪ Birds landing on VDS
Environment
▪ Vibrations

Hardware

Hardware
Software

Effect

Accuracy/Consistency
on far-side lanes

▪ Water intrusion
▪ Antenna
degradation
▪ VDS Aging
Reliability
▪ Overall
physical
degradation
▪ Traffic data
▪ Loss of configuration
discrepancies in Accuracy/Consistency
settings
calibration tests
▪
Traffic data
▪ Clock synchronization
discrepancies in Accuracy/Consistency
▪ Improper lane mapping
calibration tests
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▪ Communication terminal ▪
reliability
▪ Detector placement
▪
▪ Truck Traffic
Environment ▪ Work zones
▪ Median objects
▪ Temperature
▪
▪ Traffic patterns (low
Environment
density high density)

Communication

Environment

▪ Lightning

Communication
Reliability
failures
Traffic data
discrepancies in
calibration tests Accuracy/Consistency
Traffic data
discrepancies in Accuracy/Consistency
calibration tests

▪ Detector offReliability
line
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Appendix B
Acronyms and Abbreviations
Acronyms and Abbreviations
AASHTO = American Association of State Highway and Transportation Officials
ADMS = Archived Data Management Subsystem
ADUS = Archived Data User Service
Caltrans = California Department of Transportation
DOT = Department of Transportation
FDOT = Florida Department of Transportation
FHWA = Federal Highway Administration
FMEA = Failure Mode Effect Analysis
FTE = Florida Turnpike Enterprise
HOV = High Occupancy Vehicle
IEEE = Institute of Electrical and Electronics Engineers
ITE = Institute of Transportation Engineers
ITS = Intelligent Transportation Systems
JPO = Joint Program Office (for Intelligent Transportation Systems)
MDOT = Michigan Department of Transportation
NCHRP = National Cooperative Highway Research Program
NTCIP = National Transportation Communication for ITS Protocol
RITIS = Regional Integrated Transportation Information System
RTMC = Regional Transportation Management Center
SAE = Society of Automotive Engineers
TCIP = Transit Communication Interface Profile
TERL = Transportation Engineering Research Laboratory
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TIM = Traffic Incident Management
TMC = Traffic Management Center
TRB = Transportation Research Board
TT = Travel Time
TxDOT = Texas Department of Transportation
U.S. DOT = United States Department of Transportation
VDS = Vehicle Detection Systems
VSL = Variable Speed Limit
WSDOT = Washington State Department of Transportation
WWD = Wrong-way Driving
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Appendix B
Toll Pricing Application
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Figure B.46 – Complete Delta Setting Table for Traffic Density Change
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