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Abstract 

Title:  Exploratory Analysis of Accuracy Monitoring Techniques in Vehicle Detection 
Systems for Intelligent Transportation Systems Applications and Maintenance 
 
Author: Manasi Sanjay Palod 

Advisor: Aldo Fabregas Ariza, Ph. D. 

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 
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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 decision-

making. 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 
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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 agency-

side 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, 



National ITS Architecture 
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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 

 Vehicle Detection System 
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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 

Table 1 – Sample Delta Setting Table 



ITS Applications 

2.7.1. Ramp Metering 
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the entire freeway [25]. Ramp metering control approaches are as follows: Single or multi-

lane 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 

Data requirements 



Adapted from [31] 

Figure 9 Incident Timeline 

Complementary Strategies/Applications 



2.7.3. Variable Speed Limits 

 

Data Requirements 

Complementary Strategies/Applications 

T

2.7.4. Queue Detection 



Data Requirements 

Complementary Strategies/Applications 

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 
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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 

LOS TD 
(vpmpl) 

∆𝑻𝑫 

-3 -2 -1 1 2 3 

D 

27 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 
28 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 
29 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 
30 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 
31 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 
32 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 
33 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 
34 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 
35 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $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 

Data Requirements 

I

 

Complementary Strategies/Applications 

2.7.6. Traveler Information Systems (pre-trip and enroute) 



Data Requirements 

Complementary Strategies/Applications 

 

2.7.7. Running Shoulders 



Data Requirements 

 

Complementary Strategies/Applications 

2.7.8. Wrong way Detection 



Data Requirements 

Complementary Strategies/Applications 

2.7.9. Travel Time Estimation/Posting 
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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 pre-

trip 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 



Figure 10 – Travel Time Link Definitions 



(2.3) 

(2.4) 

Data Requirements 



Complementary Strategies/Applications 

Summary 

Table 4 – Summary of Applications and Data Requirements and Complementary 
Strategies 
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Traveler Information System 
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Lanes 
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Peak hour congestion 
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Variable speed limits 
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Emergency and evacuation 
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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 



Fig. 12

Figure 12 – Maintenance States and actions for MVDS  

VDS Data Life Cycle 
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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  

 
 
 



Accuracy Evaluation Process 

 

Figure 14 



Current experiences with Deployed VDS 
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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 



Analysis of VDS Experiences 

MVDS Context and System Architecture 
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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 well-

defined 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 Last-

In-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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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 

Skipped Interval 

Double-counted Interval 

a. Interval skipping 

b. Interval over counting 
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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 



Factors Affecting Accuracy 



Summary 

Table 6 State DOT’s Summary of Applications and Data Level of Detail 
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Chapter 5 
Application of Six Sigma 

Overview of DMAIC 

Figure 22 – Overview of Application of DMAIC  

https://www.isixsigma.com/implementation/project-selection-tracking/


DEFINE 

5.2.1. Data Simulation for Applications 

https://www.isixsigma.com/tools-templates/variation/understanding-process-variation/
http://www.dmaictools.com/dmaic-definitions/
http://dmaictools.com/dmaic-definitions/
http://www.dmaictools.com/what-is-six-sigma
http://www.cflroads.com/
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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 



Figure 24 SR 528 08.6 EB to 15.9 EB 

Travel Time Application 
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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 

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

MEASURE 
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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 



ANALYZE 

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.  



5.4.2. CUSUM Control Charts 

Tabular CUSUM 
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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 

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 



Process Capability Six-pack 
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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 within-

subgroup 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 
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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

6σ
     (5.7) 

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 3-

σ 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. 

𝐶𝑝𝑘 = 𝑚𝑖𝑛 (
𝑈𝑆𝐿−𝜇

3𝜎
|
𝜇−𝐿𝑆𝐿

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 

IMPROVE 

5.5.1. Repair Scenarios 



Tabular CUSUM 

Figure 38 – Tabular CUSUM for Improved Volume Accuracy 



Figure 39 – Tabular CUSUM for Improved Speed Accuracy 

Process Variability 



78 
 

 

 

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 

CONTROL 

5.6.1. Improved Process Capability 
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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 Possible Root Cause Reported 
Symptom 

Effect 

Methods ▪ Attachment method 
▪ Improper tilt 

angle 
 

Accuracy/Consistency 
on far-side lanes 

Hardware ▪ Weak mounting bracket 

Environment ▪ Birds landing on VDS 
▪ Vibrations 

Hardware ▪ VDS Aging 

▪ Water intrusion 

Reliability 
▪ Antenna 

degradation 
▪ Overall 

physical 
degradation 

Hardware ▪ Loss of configuration 
settings  

▪ Traffic data 
discrepancies in 
calibration tests 

Accuracy/Consistency 

Software 
▪ Clock synchronization ▪ Traffic data 

discrepancies in 
calibration tests 

Accuracy/Consistency 
▪ Improper lane mapping 
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Communication ▪ Communication terminal 
reliability 

▪ Communication 
failures Reliability 

Environment 

▪ Detector placement ▪ Traffic data 
discrepancies in 
calibration tests Accuracy/Consistency 

▪ Truck Traffic 
▪ Work zones 
▪ Median objects 
▪ Temperature 

Environment ▪ Traffic patterns (low 
density high density) 

▪ Traffic data 
discrepancies in 
calibration tests 

Accuracy/Consistency 

Environment ▪ Lightning ▪ Detector off-
line 

Reliability 
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Appendix A 
INRIX Global Score Card 2016 

Figure 45 INRIX Global Score Card 2016 
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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 

 

Figure B.46 – Complete Delta Setting Table for Traffic Density Change 

 

Change in Traffic Density (TD)

-6 -5 -4 -3 -2 -1 1 2 3 4 5 6

A 1 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 2 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 3 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 4 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 5 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 6 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 7 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 8 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 9 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 10 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

A 11 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.25 $0.25 $0.25

B 12 -$0.50 -$0.50 -$0.50 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.50 $0.50 $0.50

B 13 -$0.50 -$0.50 -$0.50 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.50 $0.50 $0.50

B 14 -$0.50 -$0.50 -$0.50 -$0.25 -$0.25 -$0.25 $0.25 $0.25 $0.25 $0.50 $0.50 $0.50

B 15 -$0.50 -$0.50 -$0.50 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.50 $0.50 $0.50

B 16 -$0.50 -$0.50 -$0.50 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.50 $0.50 $0.50

B 17 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

B 18 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

C 19 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

C 20 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

C 21 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

C 22 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

C 23 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

C 24 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

C 25 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

C 26 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 -$0.25 $0.25 $0.25 $0.50 $0.75 $1.00 $1.25

D 27 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

D 28 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

D 29 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

D 30 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

D 31 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

D 32 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

D 33 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

D 34 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

D 35 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 36 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 37 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 38 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 39 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 40 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 41 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 42 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 43 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 44 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

E 45 -$1.50 -$1.25 -$1.00 -$0.75 -$0.50 -$0.25 $0.25 $0.50 $0.75 $1.00 $1.25 $1.50

F >45 -$2.00 -$2.00 -$2.00 -$2.00 -$1.00 -$0.50 $0.50 $1.00 $2.00 $2.00 $2.00 $2.00

Traffic 

Density
LOS

𝑆𝑝𝑒𝑒𝑑 ( 𝑖𝑙𝑒𝑠 𝑝𝑒𝑟 𝐻𝑜𝑢𝑟)


