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Executive Summary 

 

 

QUALITY ASSURANCE MONITORING & SAMPLING 

METHOD DEVELOPMENT FOR ITS AND TRAFFIC 

CONTROL SIGNAL DEVICES 
 

 
 

BACKGROUND 

 

Florida’s traveling public expects safe, uniform and efficient signalized intersections and 

intelligent transportation systems as they travel the highways of Florida.  Millions of 

dollars are required to effectively deploy and maintain these systems and it is a goal of 

the Florida Department of Transportation (FDOT) to ensure end users of these 

transportation systems receive their full benefit. To help achieve this goal the FDOT 

developed an approved product list (APL) that lists transportation devices that have been 

tested and verified to meet FDOT standards, are reliable, and meet the highest possible 

quality standards.  To ensure the APL contains only product that helps to achieve this 

goal, a systematic monitoring and sampling procedure must be in place that filters out 

those devices that do not meet state requirements.  Such a procedure should include 

testing of APL devices before and after installation, modern quality assurance and quality 

control methods, and improved communication between FDOT personnel that maintain 

the APL and end users of transportation products listed on the APL. 

OBJECTIVES 

 

The primary purpose of this research is to continuously improve the utility of the 

FDOT’s product approval program by gathering information, improving communication, 

educating customers, and promoting operations at the FDOT Traffic Engineering 
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Research Laboratory (TERL).  To gather information and improve communication, a 

series of interviews conducted in various districts of the state are required.  These 

interviews are opportunities to glean information regarding the current level of quality 

assurance being emphasized in the field and improve such practices.  They will also serve 

as opportunities to improve the communication link between TERL personnel and end 

users by means of online forms and phone calls. 

This improved communication will likely lead to concerns regarding 

nonconforming vendors.  To further investigate such distress calls (or even to actively 

seek problem devices), a statistically sound sampling method is needed to provide the 

level of confidence needed to ensure devices placed in the field are of consistently high 

quality, operate well within their life-cycle, and are compliant to FDOT specifications. If 

implemented, the quality assurance field monitoring method will be deployed to maintain 

durable, safe, and reliable products in the state of Florida. 

 

FINDINGS AND CONCLUSIONS 
 

 The interviews with end users conducted throughout this project have yielded 

similar results.  In general, traffic devices listed on the APL and purchased by end users 

are of high quality.  Few cases have been recorded in which this is not the case.  While 

statistical methods are not being actively deployed to measure the reliability of products 

currently being used in the field, it is not uncommon to witness such techniques being 

used to measure device’s quality before installation.  This is particularly true in District 

Three.  It has also been found that, in general, end users are comfortable in using the APL 

web site to report problems with quality, although awareness of the site could be 
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increased throughout the state.  However, these findings come from two of the best 

maintaining agencies in the panhandle area.  To achieve a more well rounded and 

accurate portrayal of how things really are, it is strongly recommended that further 

interviews be conducted with maintaining agencies from areas with different population 

densities and levels of maturation. 

 Furthermore, these interviews strengthened the communication link between the 

TERL and the maintaining agencies of Florida.  One of the benefits of such a 

communication link is the ability of TERL personnel to receive feedback from end users 

of APL devices.  Valuable recommendations have been gathered from this feedback.  For 

example, end users feel as though a web site dedicated solely to maintaining agencies 

would be a great way to foster communication between end users and TERL personnel.  

Such a web site would be a prime medium for posting technical bulletins regarding the 

level of quality of APL devices in different parts of the state.  It would also be a great 

opportunity to develop an online forum in which maintaining agencies can converse 

about the APL and quality related topics.  Links to device complaint forms and the APL 

could also be posted on the web site. 

APL Manufacturer Facility Audit 

 In addition to interviewing end users, the author audited a vendor throughout the 

course of this research to further investigate the level of quality of APL devices in the 

state.  The audit involved a document review session and a manufacturing facility tour.  

The documents strongly indicated that the company was dedicated to an effective QA 

system.  The manufacturing facility tour reinforced this and demonstrated the QA system 

in action. 
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Statistical Sampling 

 Various statistically sound sampling procedures for sampling individual APL 

devices have been studied and proposed to further investigate claims of nonconforming 

product from end users or to actively seek such problems.  These candidate techniques 

include hypothesis testing, acceptance sampling (such as single, double, and sequential 

acceptance sampling), Wald’s sequential probability ratio test (SPRT), confidence 

interval construction, and statistical methods for reliability data.  However, in most cases, 

acquiring the desired level of confidence in such statistical methods involved the 

collection of too large a number of devices to be economical.  For devices such as 

hardware, signal brackets, etc., larger sample sizes may be feasible, but for more 

expensive devices such as traffic controllers or dynamic message signs, large sample 

sizes are impossible.  Because of this, these statistical sampling strategies will not be 

feasible for field sampling of individual devices. 

Intersection Sampling 

An alternative to device sampling is intersection sampling.  This idea involves 

examining intersections as whole and recording defects at a system level rather than an 

individual device level.  Logs at intersections should be kept that record installation 

dates, problems, failures, and repairs of devices.  This practice is already being done by 

some end users (such as Bay County); the next step would be to relay the information 

back to TERL personnel in an organized way.  Another alternative to field sampling is to 

sample devices prior to installation.  If deployed successfully, such alternatives to device 

sampling would potentially enable TERL personnel to make use of the aforementioned 

statistical sampling methods.  For this to work, end users would need to follow a set of 

best practices.  For example, end users should document tests that are performed prior to 
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installation.  Specific details should be recorded including what devices were tested, how 

many in total were tested, how many passed the test, how many failed the test, and what 

types of failures were observed.  The results should then be relayed to TERL staff and 

used to confidently use the statistical methods outlined in the body of this report. 

BENEFITS 
 

The above research activities support the FDOT’s mandate to ensure a uniform 

and compliant transportation system as required by Section 316.0745, Florida Statutes. 

The findings of this report will aid TERL personnel in furthering an effective QA 

system.  Communication with end users and TERL personnel has increased (particularly 

in District 3) since the onset of this project.  Notifications from end users will signal the 

maintainers of the APL to investigate nonconforming products.  The statistical methods 

outlined are ideal for assessing the validity of claims from end users to discipline vendors 

and filter out nonconforming products or to assess the level of quality of APL devices of 

interest.  By doing so, the traveling public of Florida will enjoy improved transportation 

safety, uniformity and efficiency. 
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Chapter One: Introduction 
The Florida Department of Transportation (FDOT) Traffic Engineering Research 

Lab (TERL) is conducting research to ensure that transportation devices contained on the 

FDOT Approved Product List (APL) and purchased by the state of Florida meet FDOT 

standards and specifications and are of the highest possible quality.  The two primary 

goals of this project are to (1) investigate current field sampling/inspection requirements 

to determine the current level of quality assurance being emphasized in the field and (2) 

develop a statistically sound sampling method that will provide the level of confidence 

needed to ensure devices placed in the field are of consistently high quality, operate well 

within their life-cycle, and are compliant to FDOT’s specifications [15].  

To achieve the first part of this goal, the researchers and TERL personnel 

conducted interviews with the end users of transportation devices listed on the APL.  

Results from these interviews are presented in this paper, but in short they strengthened 

the communication link between end users and TERL personnel.  This fosters the flow of 

information regarding problems with devices in the field. 

Research regarding the development of the statistical sampling plan has yielded 

numerous possibilities, although limited resources may inhibit them from being 

implemented.  Some of these alternatives include standard hypothesis testing, acceptance 

sampling, sequential acceptance sampling, confidence interval construction, and 

statistical methods for reliability data.  If implemented, the quality assurance field 

monitoring method will be deployed to actively seek problem devices and assess the level 

of reliability of devices on the APL.  Consequently, more durable, safe, and dependable 

products will reach the end users of Florida.   
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In short, the primary purpose of this research is to continuously improve the 

utility of the FDOT’s product approval program by gathering information, improving 

communication, educating customers, and promoting operations at the TERL. 
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Chapter Two: Current Quality Analysis 
 To examine the current level of quality in the field, interviews with maintaining 

agencies were completed as well as an APL manufacturer plant audit. First, this section 

describes the interviewing process from start to finish.  The planning phase is described 

first.  Then a summary of the interviews are presented with a description of what valuable 

information can be gleaned from them.  Also, a summary of an APL manufacturer plant 

audit is provided. 

Interview with the End Users of Traffic Devices 

 The interviews were done by TERL staff and research personnel from the current 

research contract.  The TERL staff and research personnel predetermined the necessary 

questions to be asked to satisfy the goals of the interview.    The interviews were 

expected to take place once, although a periodic, long-term arrangement may 

continuously assure that the communication link is strong.  The goals of the interview are 

presented in the next subsection. 

Interview Goals 

 Gather information regarding questionable APL manufacturers. 

 Develop a system to continue to receive information regarding problem product 

and vendors. 

 Improve communication between headquarters, districts, and maintaining 

agencies. 

 Discuss the development of a web page for the maintaining agencies. 

 Educate end users about: 

o APL complaint reporting system 

o APL complaint resolution process 
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 Promote the operations at the TERL as being capable of minimizing time, 

money, and manpower required to maintain or replace problem products. 

Interview Introduction 

This stage of the conversation served as a quick explanatory discussion to inform 

the interviewee of our intentions for conducting the interview.  First, background 

information was given to the interviewee regarding what the interviewer’s background 

and research goals are.  The interviewer explained the work of the TERL such as 

determining which vendors have high enough quality standards and meet FDOT device 

specifications to be placed on the Approved Product List, or APL.  The APL is a list of 

transportation products that have been verified by the TERL to be in conformance with 

FDOT specifications, and manufactured by vendors that have proven they have quality 

systems with standards high enough to produce consistent quality products.   

To further measure the level of quality of transportation devices, it was explained 

that strengthening the communication link between the Central Office, the districts, and 

the maintaining agencies was of utmost importance.  It was also made clear that the 

interviewer was asking questions to help maintaining agency personnel reduce (1) the 

amount of time spent on maintenance calls, (2) the amount of money spent on 

replacement and repair, and (3) the number of devices that are used that do not uphold the 

high level of quality to remain on the APL. 

Questions 

1.) Do you have any problem vendors or devices? 

2.) If so, who are they?  What are they? 
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3.) If so, documented evidence will strengthen our case to drive the problem vendor to 

increase the level of reliability and quality.  Do you have any documented evidence or 

failed product? 

 At this point, we should take any failed product that they have as additional proof to the 

vendor in question. 

4.) Do you make use of the Certified Traffic Control Signal Device Complaint Form? 

5.) What about the form named in (4) above makes it easy and attractive to use? 

6.) What about the form named in (4) above makes it burdensome and undesirable to use? 

7.) Is there another method for reporting device malfunctions that you would prefer? 

  At this point, we should give the interviewee the link to the FDOT website to fill out the 

complaint form named in (4) above. 

8.) How do you use the APL? 

9.) If it seems as though the interviewee is not using the APL, we should educate them on its 

use. 

10.) Have you ever registered a complaint about poor product with FDOT?  If so, what was 

the response you received? 

11.) Do you have any comments, concerns, or complaints regarding the APL or the overall 

product approval program? 

12.) How do you make sure that the products you are buying work well? (e.g.- do you perform 

tests to measure their quality and reliability?) 

13.) If you use a low bid system of buying product, how do you make sure that the product 

you purchase meet your specifications? 

14.) Do you have any records of device installation dates, manufacturer, etc? 
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15.) Is there an incoming shipment (receiving) area? 

Post Interview Discussion 

To finish the discussion, the interviewer reiterated the intent to bridge the 

communication gap between the districts, maintaining agencies, and the TERL in 

Tallahassee.  In some cases, the interviewer also informed the interviewee of the plan to 

devise a statistical sampling method to inexpensively and effectively perform random 

sampling to measure the reliability of transportation devices. 

City of Tallahassee Interviews 

General Quality Level 

Interviews with three traffic engineers employed by the City of Tallahassee 

(COT) were conducted to begin to assess the level of quality of APL devices used in the 

state of Florida.  Wayne Bryan [3] handles operations at COT’s Transportation 

Management Center, Don Dobson [4] handles COT’s Signal Operations, and Randy 

Powell [12] handles COT’s Signal Construction.  The results of these three interviews 

were very similar.  These three COT traffic engineers asserted that poor device quality is 

not a severe problem in Tallahassee.  The only incident that was recounted involved 358 

controller fiber optic modems [3].  When the problem was explained to the vendor, the 

company replaced the optics in all 358 fiber optic modems.  Other than that specific 

instance, there were no specific instances of poor device quality in Tallahassee, and this 

incident was promptly resolved by the vendor. 

COT receives these devices directly from vendors, and before they install them in 

intersections around Tallahassee they test each and every device.  So, 100% of the 

devices that they install are sampled and tested, eliminating any need of random sampling 
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of brand new devices.  This was very reassuring to hear (as sampling before installation 

was one of our ideas for the random sampling method), and this is likely a primary reason 

why poor quality of devices is not a severe problem in Tallahassee. 

APL Issues 

In general, the consensus was that the APL web site is fairly easy to navigate.  

Mr. Dobson stated that he finds the web site easy to navigate, thinks the organization of 

the product is done well, and finding product on the list is easy.  He didn’t have any 

recommendations for making the web site more user-friendly.  He also has made use of 

the device complaint form, stating that the form is not difficult to track down from the 

web site.  Mr. Powell felt also that the APL web site is organized well for the increasing 

complexity of the list, and he also did not have any suggestions for web site 

improvement. 

Mr. Bryan did discuss a specific problem with the web site.  He stated that an 

improved layout of the main FDOT web site, to include easy-to-find links to the APL list 

and the APL device complaint form would make communication with the TERL easier.  

After sharing this suggestion with the project manager, Jeff Morgan (TERL), Mr. Morgan 

made changes to the Traffic Operations web site that incorporated Mr. Bryan’s 

suggestion. Additional changes to the main FDOT web site will be addressed to 

appropriate FDOT web site personnel. 

Communication with Central Office 

One of the proposals of this project has been to establish a “hotline” for Florida 

traffic engineers to call and register complaints with APL product.   None of the traffic 

engineers interviewed seemed to feel that a problem device hotline was necessary.  They 
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felt that Tallahassee (and most of northern Florida, such as District 3) is close knit.  In 

other words, they feel comfortable calling Mr. Morgan, or a fellow TERL employee, Mr. 

Carl Morse, at the TERL because they know these personnel well and share a strong 

communication link with them.  Another interesting find is that these engineers use the 

International Municipal Signal Association’s IMSA online forum.  This forum provides 

members with an avenue to check and see how well devices are performing around the 

rest of the state. 

 Based on this, Mr. Powell suggested that instead of a phone number to a hotline, 

an online forum, such as the IMSA forum, should be developed for traffic device 

maintainers.  This forum should be opened to all types of traffic devices such as traffic 

signals and signs, speed limit signs, pavement markers, etc.  Another suggestion was to 

open this forum up to APL vendors.  Although vendors may “gloss up” their products on 

their forum posts, they are also a source of valuable information that should not be 

ignored (particularly because honesty leads to future business, and vendors will want 

future business).   

Miscellaneous Comments 

An issue that heavily influences Tallahassee’s purchasing decisions is the topic of 

sole source.  This issue becomes important when the ability of a device to be compatible 

with the devices that are already installed appears.  For example, fiber modems of the 

same model are necessary to be able to transmit video data from an intersection back to 

the Transportation Management Center (TMC). 

One major problem that Mr. Dobson mentioned was power outages caused by 

storms, squirrels, etc.  When power is lost, a backup form of energy must be in place to 
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power the intersection.  If the backup power source is not reliable, then traffic signals 

may go dark, putting the safety of drivers into jeopardy.   

Mr. Dobson shared a personal opinion regarding this issue.  Uninterruptible 

Power Supply systems (UPS) is a type of battery powered backup supply that is used as a 

secondary power source in the case of a power outage.  He feels that these battery 

backups do not perform well once they have been in the field for an extended period of 

time.  He recommended installing generators at intersections instead of the UPS units 

because the generators perform better and longer in the event of a power outage. 

Mr. Dobson also said that in some instances, problems with the software are 

troublesome.  For example, he recently was instructed to resolve a problem with an 

intersection located on a one way road.  He spent time and resources troubleshooting the 

intersection, but discovered that everything was working correctly.  The problem was 

actually with the controller software; the program was written for two way roads and 

didn’t accommodate the one way road situation.  He did assure me that when software is 

a problem, the vendors are fast acting to replace the software with corrections. 

Mr. Powell shared another problem regarding contractors that occasionally 

substitute cheaper materials to reduce costs.  Another problem appears when, after a 

product has been approved, the vendor may update their product with a newer version 

that has is not tested.  To resolve this problem, he stated that it is crucial to get feedback 

from the field.  His observation goes hand in hand with the direction of this project, as 

building a strong communication link between end users and TERL staff will lead to 

better products on the APL. 
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District Three (Bay County) 

General Quality Level 

An interview with traffic engineers from Bay County was performed.  Mr. Gene 

Syfrett [17], a traffic engineer with FDOT District Three, was interviewed along with 

several other traffic engineers that work with Bay County’s maintaining agency.  This 

interview provided similar information to the interviews performed in Tallahassee.  These 

traffic engineers stated that poor device quality is not a severe problem in Bay County.  

The only incident that was recounted involved signal brackets that had been snapping, 

and the problem was resolved by the vendor. 

They receive these devices directly from vendors, and before they install them in 

intersections around Bay County they test each and every device [17].  So, 100% of the 

electronic devices that they install are sampled and tested, eliminating any need of 

random sampling of brand new devices.  However, items such as brackets are not 

sampled prior to installation.  This is likely a primary reason why poor quality of devices 

is not a severe problem in Bay County.  Sampling devices before installation gives a 

direct measure of the quality level of brand new devices, but it does not shed light on the 

reliability of the devices once they have been subjected to field conditions. 

The maintaining agency personnel also visit intersections throughout the district 

and keep detailed records of problems.  In each cabinet they keep a log that contains 

dates, problem descriptions, problem solutions, and start / finish times for work 

performed on the intersection.  Every 90 days they perform preventative maintenance 

inspections on all intersections and resolve inefficiencies before they escalate into bigger 

problems. 
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APL Issues 

Mr. Syfrett felt that the APL web site was fairly easy to navigate.  Most of the 

maintaining agency personnel stated that they don’t make regular use of the APL, but 

they still abide by the law to purchase devices from APL certified vendors.  Mr. Gerald 

Kearney (Bay County) said that in his experience with the APL, he found it easy to use.  

He didn’t have any recommendations for making the APL more user-friendly.  In 

general, these traffic engineers expressed a lot of confidence in the APL.  They use the 

APL as a means to ensure that they are buying products that meet a high standard. 

Communication with Central Office 

One of the proposals of this project has been to establish a “hotline” for Florida 

traffic engineers to call and register complaints.   None of these traffic engineers seemed 

to feel that a problem device hotline was necessary.  Instead, they felt that a web site 

dedicated to the maintaining agencies would be most beneficial.  Such a web site would 

allow them to get online and find news about product quality and even communicate with 

the central office.  The news could be transmitted through technical bulletins.  This 

opinion is similar to the opinions of Tallahassee traffic engineers; an online forum may 

be another good way to strengthen the communication link. 

Miscellaneous Comments 

One problem that Bay County faces is the natural environment.  Located near the 

Gulf of Mexico, many intersections are faced with salty air from the sea that causes 

corrosion and decay of traffic devices.  This is not a new problem, and the traffic 

engineers interviewed have some viable solutions.  For example, they may purchase 

stainless steel products that hold up to the corrosive environment better than other 
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products.  After talking with Bay County, it was evident that this group was very 

proactive; they seek out problems and target solutions. 

In the future, it is important to factor into the approach for interviewing that the 

maintaining agency will want to have a positive working relationship with product 

vendors.  The attitude of the interview should be such as to not “point fingers” at the 

maintaining agency but rather to foster a strong bond between the TERL and the 

maintaining agency.  In order to accomplish this, a prepared message will need to be put 

together that explains why the program being developed will ultimately make life easier 

for traffic device maintainers.  It should be explained that the feedback from traffic 

device maintainers will be used to put pressure on vendors to raise product quality, and 

this improved quality will be realized in the field in the form of fewer defective items.  

To uphold positive relations between device maintainers and vendors, it should also be 

explained that the feedback from maintaining agencies will remain anonymous. 

APL Vendor Audit 

Throughout the course of examining the current level of quality in the state, the 

author also audited an APL vendor.  The first part of the audit involved a document 

review session with the company’s quality manager.  After the document review session, 

a plant tour was conducted.  In summary, the APL vendor’s quality assurance and quality 

control practices were exemplary.  More detail is provided in the sections below. 

Management Review Report of QA System 

  

This report was used to determine if management is committed toward quality 

assurance systems.  The report contained how quality assurance systems are advocated 
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and implemented in the plant at the process and product level.  The management was 

fully committed towards quality assurance.  

Quality Manual 

The manual indicated that the company is strongly committed to providing 

customers with the highest quality products in the transportation systems market.  The 

manual also stressed continual improvement and the use of advanced technologies to 

provide customers with solutions to their needs. 

 The quality program is updated and continuously improved via customer 

feedback, failure analysis on products through quantitative data, management reviews, 

internal audits, preventative action, and corrective action. 

Supplier / Vendor Audits 

 Supplier audits are performed as necessary.  Suppliers are also constantly 

monitored and evaluated. 

Plant Tour 

 During the plant tour various processes were shown such as assembly tasks in 

work cells, incoming shipping / inspection, quality inspection, burn-in testing, and 

outgoing shipping / inspection. 
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Chapter Three: Statistically Sound Sampling 
 This section focuses on the development of a statistically sound sampling method.  

First, some general considerations for sampling are presented.  What follows is a 

technical exploration of statistical sampling methods.  Some of prospects investigated in 

this paper include standard hypothesis testing, acceptance sampling, sequential 

acceptance sampling, and confidence interval construction.   

Considerations for Statistical Sampling 

The nature of this situation makes statistical sampling difficult; devices are in the 

hands of the end users and are spread across the state of Florida.  As a result, the 

resources required to perform such sampling dramatically increase from the TERL’s 

point of view.  Time, money, and manpower become a driving issue in the feasibility of 

the development of the notional sampling method.  In some cases, the testing of just one 

device may be as high as $5,000.00 [10].  However, to place confidence in a statistical 

test, multiple random samples must be taken.  Other considerations must be taken into 

account, such as device grouping and post inspection device classification. 

Device Grouping 

              Devices are subdivided four ways.   

1. First, they are categorized by the manufacturer.  For example, devices may be 

separated as being manufactured by ADDCO and Armorcast.   

2. Devices are also grouped by category.  Some examples of categories include 

vehicle detectors and pedestrian detectors.   

3. Devices are further grouped by the type of device, such as a balancers and back 

plates.  Devices can be easily found by navigating through the APL web site.  One 
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may notice that products may be capitalized or in lower case.  The lower case 

products are products that have been approved by planning [ 1].   

4. The fourth technique of device grouping is based on a product’s approval level.  

The approval level has two subsets including certified and approved products.  

Both of these subsets qualify products to be listed on the APL, but what separates 

them is that certified products meet the definition of an official traffic control 

device [11]. 

 Once devices reach the end user, one important aspect that should be considered 

is the device’s age.  As the age of a device increases, the likelihood that it may fail 

increases.  This should be accounted for somehow in diagnosing quality.  Devices of 

similar age may be pooled together and analyzed via the proactive sampling program.  

The age of a device may be discerned by locating its date code, which typically specifies 

the date and year of manufacture.  This is of particular importance when inspecting 

electronic devices, such as a pedestrian count down module [11]. 

Once a device has been sampled and tested, it is classified as either “pass” or 

“fail.”  This method lends itself to the analysis of the proportion of parts that pass or fail.  

One type of analysis using this idea is the proportional hypothesis test.  By incorporating 

the idea of hypothesis testing into sampling lots of devices, the idea of acceptance 

sampling is achieved [5].  There are multiple types of tests that may be performed on a 

device, and there are multiple types of defects that can be detected.  Defects can generally 

be divided into operational and non-operational defects.  Some operational defects 

include: 

1) Structural defects occur when a device fails a fatigue/stress test. 
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2) Electronic defects are problems with electronic components that inhibit the 

device from properly functioning 

Some non-operational defects include: 

1) Administrative defects occur when a product is missing an identification tag, 

making vendor identification difficult if not impossible. 

2) Chemical defects occur when a device fails a chemical test (such as a 

chemical composition test to test for a particular type of alloy).  

3) Visual defects include poor paint jobs or poor surface finishes, but do not 

necessarily affect the performance of a device. 

 

 

Hypothesis Testing 

Hypothesis testing makes up a crucial part of statistical inference, and some form 

of hypothesis testing may be ideal for this problem.  Statisticians test alleged theories that 

are either believed to be true or need to be tested for the basis of argument.  In such a test, 

the theory is divided into two competing claims.  These claims are called the null 

hypothesis (denoted H0) and the alternative hypothesis (denoted H1), and they are 

mutually exclusive (if one is true, the other must be false).  The result of such a test is to 

either reject or fail to reject the null hypothesis.  The hypothesis test of a proportion may 

be an ideal statistical test for making inference about the percentage of devices that either 

pass or fail. 

There are two types of errors that can be encountered when performing hypothesis 

tests.  Type 1 error occurs when the null hypothesis is rejected when it is in fact true.  

Type 2 error occurs when the null hypothesis is not rejected when it is in fact false.  In 
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many cases, type 1 error is considered to be more serious, so the hypothesis test 

procedure is adjusted to minimize the chance of type 1 error occurring.  In fact, this 

significance level is often chosen by the experimenter, and is denoted as P(Type 1 error) 

= α.  Type 1 and type 2 errors are visually displayed in Table 1. 

Table 1 Visual representation of type 1 and type 2 errors 

 Decision 

Reject H0 Don’t Reject H0 

Truth H0 Type 1 Error Right Decision 

H1 Right Decision Type 2 Error 

 

Hypothetical Example of a Hypothesis Test on a Proportion 

A traffic device company manufactures Vehicle Signal Brackets.  While 

performing a QAR in District 3, a quality engineer’s task is to draw inference about the 

quality of these brackets in the field.  He suspects that at least 80% of the 1,000,000 total 

brackets would pass his inspection.  To test this hypothesis, he randomly samples 100 

brackets and finds that 73% of them pass his test.  This sample size satisfies two basic 

assumptions of this hypothesis.  These are that n*p > 10 and that n*(1-p) > 10 (where n is 

the sample size and p is the observed proportion).  Based on these results, should he 

accept or reject his hypothesis that 80% of all of the district’s brackets pass his test? 

STEP 1: State the hypothesis 

 Null Hypothesis, H0: P ≥ 0.80 

 Alternative Hypothesis, H1: P < 0.80 

STEP 2: Formulate an analysis plan 
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A significance level must be chosen.  The significance level (denoted as α) 

is equal to the probability of type I error occurring.  For this example, let’s let α = 

0.05. 

 STEP 3: Analyze sample data 

  The test statistic is denoted as Z. 

  Z = (P-p) / √((p*(1-p))/N), where 

  P = proportion that pass from sample (0.73) 

  p = hypothesized value of proportion that pass (0.80) 

  N= sample size. 

  So, 

   Z = (0.73-0.80) / √((0.80*(0.20))/100) 

   Z = -1.75 

 STEP 4: Interpret Results 

In this case, the p value is equal to the probability that the z-score is less 

than -1.75.  Using Table 2, one finds that the Prob(z<-1.75) = 0.04.  Since the p 

value (0.04) is less than the significance level (0.05), we cannot accept (reject) the 

null hypothesis.  Also, α is the prob(Type I error) = 0.05.  This means that there is 

a 5% chance of deciding against the null hypothesis (deciding that the true 

proportion is not 80%) when in fact the null hypothesis is true (the true proportion 

really is 5%).  Software was used to obtain the p-value for this example.  Another 

method is more compatible for hand calculations.  This method involves 

comparing the calculated Z value to a critical value.  The critical value in this case 
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is equal to Zα/2, or Z0.025.  The criteria to reject H0 is when │Z│>Zcritical.  Zcritical= 

0.065, so we reject H0 because │-1.75│> 0.065. 

Table 2 Areas under the standard normal curve 
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Acceptance Sampling 

Previous research in this area was conducted.  The result of this research was a 

recommendation to use an acceptance sampling plan based on double sampling to aid the 

FDOT TERL in the reevaluation process that occurs every two years.  The locations of 

this sampling should be random.  This plan also will act as an investigation tool to check 

up on reported malfunctions and complaints.  In this case, the locations of sampling may 

either be completely from the problem area or 50% from the problem area and 50% 

random [6]. 

The double sampling plan was adopted because of its ability to possibly reduce the 

number of samples taken.  For very excellent or very inferior products, half of the 

necessary samples are eliminated.  However, mediocre products may require the second 

half of the samples to further measure the product quality.  Some of the disadvantages of 

this method are that a second trip may be necessary to gather more information, and, in 

some cases, the cost of the trip may greatly exceed the cost of a device test.  For these 

situations, a single sampling plan of higher sample size should be used.  This technique is 

flexible in that the user may choose a plan based on its ability to predict at certain 

probabilities of failure.   If sampling and testing is difficult, then a lower sample size 

should be selected; likewise, as the need for accuracy increases, a larger sample size 

should be chosen. 

Michael Lisansky [6] has also outlined a double acceptance plan to be used as a guide 

or as a reference.  This plan is particularly useful because it lists the purported defective 

percentage that the user wants to test for.  Then, various probabilities of accepting a lot 

for different sample sizes for the various nonconforming rates are listed.  This 

information is displayed in Table 3.  In this table, the columns are labeled with three 
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numbers in parenthesis (n, c, r).  Here, n is equal to the sample size, c is equal to the 

acceptance number (the number of detected defects such that one would accept the lot), 

and r is equal to the rejection number (the number of detected defects such that one 

would reject the lot).  This table outlines possible sampling techniques for double 

sampling (n = 2, 5, 10, and 25) and single sampling (n = 4, 7, and 15).  The probabilities 

in the table (the elements of the columns labeled Pa and Pa (%) ) correspond to the 

probability of accepting a lot at the given percent defective.   

Table 3 Single and Double Acceptance Sampling 

Double Single Single Double Single Double Single Double

(2,0,2);(2,1,2) (4,1,2) (4,0,1) (5,0,2);(5,1,2) (7,1,2) (10,0,2);(10,1,2) (15,1,2) (25,0,3);(25,3,4)

P Pa Pa Pa Pa Pa Pa Pa Pa

0.01 0.9996 0.999 0.961 0.9966 0.998 0.9865 0.99 0.997

0.05 0.9865 0.982 0.819 0.9309 0.951 0.7909 0.8265 0.7413

0.1 0.9525 0.938 0.67 0.7909 0.844 0.5034 0.5585 0.3729

0.15 0.9055 0.878 0.549 0.6817 0.7178 0.2995 0.3433 0.0663

0.2 0.8496 0.809 0.449 0.5034 0.592 0.1716 0.199 0.0145

0.3 0.7296 0.663 0.301 0.2995 0.3805 0.0575 0.061 0.0012

P (%) Pa (%) Pa (%) Pa (%) Pa (%) Pa (%) Pa (%) Pa (%) Pa (%)

1 99.96 99.9 96.1 99.66 99.8 98.65 99 99.7

5 98.65 98.2 81.9 93.09 95.1 79.09 82.65 74.13

10 95.25 93.8 67 79.09 84.4 50.34 55.85 37.29

15 90.55 87.8 54.9 68.17 71.78 29.95 34.33 6.63

20 84.96 80.9 44.9 50.34 59.2 17.16 19.9 1.45

30 72.96 66.3 30.1 29.95 38.05 5.75 6.1 0.12

Acceptance Sampling

Fraction 

Defective

 

As a hypothetical example, quality engineers are testing a product that must have less 

than 5 % defective.  So, the row with P=5% is the row of interest in this case.  The first 

double sampling plan ( (2,0,2);(2,1,2) ) consists of two possible samplings.  The first 

sampling requires that two samples be drawn.  If both of the original samples pass the 

test, then the sampling can stop and the lot is passed.  However, there is a 98.65% chance 

that the lot does not conform to the 5% defective amount.  If both samples fail, then the 

lot is rejected as nonconforming to the specified defective level of 5%.  However, if one 

of the two original samples fails and one passes, then the second sampling must be taken.  
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The second sample consists of two more tests.  In this case, the acceptance number is 

one, so if one of the two secondary samples fails, the lot is accepted.  Again, the 

probability that this accepted lot does not conform to the 5% defective level is 98.65%. 

Now, suppose that the other extreme of 25 samples is taken (the last column).  Again, 

assume that the quality engineers decided that the product being tested must have less 

than 5% defective.  After the first sampling, the lot is passed if none of the samples are 

defective.  In this case, there is a 74.13% chance that the lot is accepted even though it 

truly may not meet the criteria of having less than 5% defective.  If three of them are 

defective, the lot is rejected.  However, if one or two are defective, then the second 

sampling must be taken.  The second sampling consists of another 25 tests.  If three of 

these samples fail the test, the lot is accepted as being within limits (with a 74.13% 

chance that the lot is actually out of limits).  If four of the samples fail, the lot is rejected 

as nonconforming to the specified percentage of defects. 

 

Introduction to Sequential Experiments 

 

 Random sampling is a method that is very commonly used in industry to measure 

the level of reliability and quality of a given product or process.  However, in some cases, 

performing even just one sample can be very tedious and / or expensive.  In such 

circumstances, an area of statistics known as sequential experimentation may be a useful 

tool to draw inference of a population while conserving the number of observations 

(samples drawn).  The path that a sequential experiment takes depends in some way on 

the results that are obtained.  The sequential nature of such experimentation manifests 

itself primarily in two ways: (1), as mentioned, the selection of the second and successive 
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samples of the experiment depend on earlier results and (2), there must be some 

termination guideline that, once reached, triggers the end of the experimentation.  The 

termination guideline is a predetermined number of defective items that is unacceptable. 

 Sequential experiments are useful for conducting investigations in which 

individual samples are drawn and determined to either pass or fail the test.  This type of 

analysis is often referred to as acceptance sampling, and each individual sample is 

assumed to be independent.  Typically, samples are drawn until a termination condition is 

met, at which point the sampling stops and the batch is either accepted as conforming or 

rejected as nonconforming.  Consider the basic single acceptance sampling plan.  In this 

case, a predetermined number of items (N) are tested.  The rejection number, c, is the 

number of defective items that must be detected to reject the batch.  For example, one 

instance of a single acceptance sampling plan may be where N=20 and c=3.  20 items are 

sampled, and if 3 of them are defective, the lot is rejected.  If 2 or less samples are 

defective, the lot is accepted.  Since the number of observations is fixed, any given 

observation is unrelated to the previous observation, and this plan is non-sequential.  In 

other words, if the terminating condition is met after just 5 samples (n=5, c=3), the 

experiment would unnecessarily continue until n=N=20.  The sample size is unrelated to 

the size of the population, because the population size is assumed uncountable or infinite. 

 One problem with fixing the number of observations is the possibility of 

expending time on observations once the termination criteria has already been met.  In 

other words, the rejection criteria may be met and further experimentation is carried out 

until the predetermined number of samples (N) is drawn.  One method to eliminate this 

type of waste is the implementation of curtailed inspection.  The single sampling plan 
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may adopt the curtailed inspection method.  Inspected items are classified as effective 

observations (s) or defective items (r), and N becomes the total possible number of runs.     

Items are inspected until r≥c (in which case the batch is rejected) or until s≥N-c+1 (in 

which case the batch is accepted).  The proportion of observed defects is denoted as θ.  

The actual number of observations, n, can range from c to N [18].  These relevant 

quantities are presented in Table 4. 

Table 4: Relevant quantities involved with curtailed inspection 

Quantity Description 

S Number of effective observations 

R Number of defective observations 

C Rejection number of defective observations 

(once c is reached, batch is rejected, 

experiment is terminated) 

 

Θ Observed proportion of defectives 

N Total possible number of observations 

N Actual number of observations 

 

 Properties of the Curtailed Inspection Plan 

Some of the properties of the curtailed inspection plan are now presented.  Firstly, 

if a batch has θ percent defective items, then the probability that the batch will be 

accepted given θ is given in equation (1). 
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(1) 

 

 

 This probability is deemed the operating characteristic.  When plotted, it is called the 

Operating Characeristic (OC) curve (see Figure 1).  This OC curve is the same for a 

sequential curtailed inspection plan and its respective non-sequential single sampling plan 

[16]. 

 

 

 

 

 

 

 

 

Figure 1: The OC-curve (operating characteristic curve) 

The number of samples taken for the sequential curtailed sampling plan is non-

constant, so the distribution of the sample size is another important property of the 

curtailed sampling plan.  This number is estimated as the average sample number (ASN). 

For batches that are rejected, the sample size could be anywhere between c and N.  For 

accepted batches, the sample size could be anywhere between (N-c+1) to N.  For small 

values of θ, the ASN is approximately (N – c + 1) / (1 – θ).  For large values of θ, the 

ASN is approximately c/ θ.   
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So, the curtailed sampling plan is advantageous to the non-sequential single 

sampling plan in that it has the same OC curve, and for some ranges of θ it has 

substantially lower ASN.  Wald has developed a method called the Sequential Probability 

Ratio Test (SPRT) that attempts to minimize the ASN for extreme values of θ (but not 

intermediate values) [18]. 

Conducting the Sequential Probability Ratio Test 

 The SPRT works to decide between two hypotheses; the null hypothesis is H0 = 

θ0, and the alternative hypothesis is H1 = θ1 where θ0 and θ1 are hypothesized percentages 

of defective items in a batch.  If θ0 is the true value (θ), then it should be selected with a 

probability of at least (1-α).  On the other hand, if θ1 is true, then it should be selected 

with a probability of at least (1-β).  Here, α is the probability of Type I error (θ0 is true 

but the test decides that θ1 is true).  Likewise, β is the probability of Type II error (θ1 is 

true but the test decides that θ0 is true).  α and β are selected by the experimenter, and it is 

common convention to select them such that 0.01 ≤ α and β ≤ 0.05.  However, these 

probabilities can be increased to decrease the ASN (a cautionary note should be made 

here).  Often times, the lower proportion, θ0, is decided to as the acceptable quality level, 

or AQL [16].  In industry, the AQL is a level of quality that is specified and agreed to by 

the consumer and producer.  The higher proportion, θ1, is often set as the average 

outgoing quality level, or AOQL.  The AOQL is the average proportion of defective 

items that are found via a sampling plan over a long period of time [5]. 

 Another criterion for selecting α and β depends on the nature of the product being 

tested.  For example, destructive crash tests in the auto industry may take more risks with 

higher α and β levels because the cost of each test is quite large.  On the other hand, a 
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tooth brush manufacturer would use very small α and β levels because each sample is 

very cheap. 

 Once the experimenter has chosen the appropriate proportions of defective items 

and significance levels (θ0, θ1, α, and β), the first sample can be drawn.  Further sampling 

is continued as long as the conditions of equation (2) are satisfied.  This equation contains 

a lower limit, the likelihood ratio, and an upper limit. 

 

Log{β/(1- α)}< r*Log(θ1/ θ0) + s*Log{(1- θ1)/(1- θ0)}<Log{(1- β)/ α} 

 

(2) 

 

Sampling should be stopped if (3) is satisfied.  In this case, one would fail to reject H0 

and decide for θ0. 

r*Log(θ1/ θ0) + s*Log{(1- θ1)/(1- θ0)}< Log{β/(1- α)} 
(3)   

Likewise, sampling should be stopped if (4) is satisfied.  In this case, one would reject H0 

and decide for θ1 [18] 

r*Log(θ1/ θ0) + s*Log{(1- θ1)/(1- θ0)}> Log{(1- β)/ α} 
(4)   

 

Properties of the Sequential Probability Ratio Test 

 The SPRT is an open sequential test.  Therefore, the sample size is a random 

variable that takes on a skew distribution.  One feature of this distribution is the ASN.  

The SPRT has an optimum property, but there is one major assumption that goes along 

with this property.  Assuming that the true proportion of defective items in a population 

(θ) has only two possible values (θ0 and θ1), then the SPRT yields the lowest possible 

ASN at θ0 and θ1.  Practically, this means that if an investigator selects θ0 and θ1 such that 
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one of them is close to the true value of θ, the SPRT is optimum.  However, at 

intermediate values of θ, the expected number of samples may be greater than that of a 

non-sequential sampling plan with the same α and β.  In some cases, statisticians may 

truncate the SPRT at a certain sample size n0 to conserve resources (even if the test does 

not terminate).  However, a non-truncated SPRT will terminate with a probability of one 

[18]. 

 One advantage of the SPRT is that the results for an experiment can be saved and 

reapplied for different values of θ0, θ1, α, and β.  The number of defective observations (r) 

and the number of effective items (s) should be recorded.  Then, if the investigators 

decide that the sample number n is growing too high, the calculations of (2) can be 

carried out again by reusing the same values of r and s and switching the values of θ0, θ1, 

α, and β.  This may be useful in honing in on the true value of θ. 

Automating the SPRT with R 

 R is free statistical software, and a function in Tinn-R has been written to perform 

the SPRT automatically [14].  It is included in the appendix.  The software may be 

downloaded from [14] at no cost.  This section presents a hypothetical example, and the 

relevant input / output is included.   

Imagine that quality engineers at the Traffic Engineering and Research Lab are 

measuring the level of quality of widgets in a particular district of Florida.  Samples 

should be drawn randomly and assumed independent.  For this particular widget, it is 

important that absolutely no more than 30% be defective, however, 10% is much safer.  

In this case, the null hypothesized proportion of defective items is 0.10, and the 

alternative hypothesized proportion of defective items is 0.30. 
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 The SPRT function is designed to take six arguments.  They are alpha error, beta 

error, r, s, the null hypothesized proportion, and the alternative hypothesized proportion.  

Therefore, the input is of the form SPRT1(alpha, beta, r, s, prop0, prop1).  The function 

outputs the lower limit, the likelihood ratio, the upper limit, and a recommendation to 

reject the null hypothesis, fail to reject the null hypothesis, or continue sampling.  

Hypothetically, the first sample passed the test.  Assuming that α = β = 0.25, the input 

and output in R is presented in Table 5. 

Table 5 Input / output for the SPRT function in Tinn-R performing the first sample 

Input Output 

SPRT1(.25, .25, 0, 1, .1, .3) 

 

[1] "Low Limit:  -0.477121" 

[1] "Likelihood Ratio:  -0.109144" 

[1] "High Limit:  0.477121" 

[1] "More sampling required" 

 

The likelihood ratio, -0.109144, does not exceed either of the limits; another sample must 

be drawn and tested.  This style of sampling continues until either the null hypothesis is 

rejected or not.  In this particular case, assume that sampling continues until r=1, s=9, and 

n=10.  The related input / output information is presented in Table 6. 

Table 6 Final input / output for the hypothetical example performed in Tinn-R 

Input Output 

SPRT1(.25, .25, 1, 9, .1, .3) 

 

[1] "Low Limit:  -0.477121" 

[1] "Likelihood Ratio:  -0.505179" 

[1] "High Limit:  0.477121" 
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[1] "Fail to reject H0, decide true 

proportion is 0.100000" 

Notice that the likelihood ratio is less than the lower limit.  So, the conclusion is to fail to 

reject the null hypothesis deciding in favor of θ = 0.1.  Had the likelihood ratio surpassed 

the upper limit in magnitude, the function would have concluded to reject the null 

hypothesis and choose in favor of the alternative hypothesis (θ =0.3) 

Confidence Interval on a Proportion 

 The practice of acceptance sampling described in the sections above is intended to 

test whether or not lots of products are within an acceptable range of proportion 

defective.  While this practice may apply to the necessary sampling plan under 

development at the TERL, it is not useful for estimating the true proportion of defective 

items in a population.  A more suitable method for this problem is a confidence interval 

on a proportion.  Since the result of sampling is binomial (pass, fail), then the binomial 

confidence interval is an ideal method for estimating the true proportion of defective 

items in the field.  This confidence interval is given by (5).  Here,  is the proportion of 

defective items observed in the sample, z1 − α / 2 is the 1 − α / 2 percentile of a standard 

normal distribution, and n is the sample size. 

 

(5)   

This formula depends on the approximation of the binomial distribution as a normal 

distribution.  This approximation is justified by the central limit theorem, which states 

that randomly observed variables approach a normal distribution at 30 observations.  

However, particularly low proportions (close to zero) or particularly high proportions 
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(close to one) may require sample sizes significantly greater than 30 [2].  See (6) to 

calculate the sample size [9]. 

 

n = [(zα/2√(p0(1-p0)) + zβ√(p (1-p))) / (p-p0) ] ^2 
(6)   

 

 The traffic devices being used in Florida are speculated to have a low defect 

percentage.  Thus, the sample size required to construct a confidence interval may be 

high.  Even so, a confidence interval may better answer the question of, “what percent of 

devices are defective?” than the acceptance sampling plans that have been analyzed thus 

far.  However, the categorization of devices is crucial for developing confidence intervals 

of similar devices.  This issue is dependent on device type, defect type, and vendor. 

 With this in mind, it is not feasible to construct confidence intervals for every 

device based on device type, defect type, and vendor.  So, criteria are needed to aid in the 

selection of device.  One important criterion is that sampling should be inexpensive 

whenever possible.  Also, the device test should be non-destructive whenever possible.  

Another criterion may be to choose devices with which previous defects have been a 

problem. 

 It is the responsibility of districts to perform field testing.  While this 

responsibility does not fall on the shoulders of TERL personnel, TERL personnel still can 

provide guidelines for districts to follow.  To make sure that these guidelines are 

followed, they could become a mandatory obligation for passing their QAR.   
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Intersection Sampling 

 Sivam Ramalingam (TERL) suggested that the device sampling procedure under 

development be tweaked to accommodate the resource restrictions that have been 

discussed.  Rather than target the many different types of devices for sampling, 

intersections themselves should be sampled.  After this interview, it was apparent that 

this maintaining agency already performs preventative maintenance procedures on 

intersections.  Developing a procedure for them to follow would not create substantial 

extra work for these personnel. 

 To make this idea work, the first step that needs to be done is for the TERL 

research team to put together a checklist of what needs to be checked at each intersection.  

It is understood that intersections come in many shapes and sizes, but in general signaled 

intersections contain roughly the same types of components.  By sampling these 

components and recording how the components fail, information will be gleaned 

regarding how they work individually as well as how they perform as part of a system.  

Once sampled, the maintaining agencies will report their findings back to the TERL, and 

at that point their work is done. 

 The next step will be organizing the incoming data.  The results should be 

categorized such that records of which devices from which vendors are performing well 

and which aren’t are easily classified and accessed.  Some possible organization schemes 

may be Excel spreadsheets or Access databases.  The organization scheme should lend 

itself to an efficient statistical analysis tool.  Some ideas for the statistical analysis tool 

are outlined in the monthly progress reports for this project and include acceptance 

sampling, confidence interval construction, etc.  Some new ideas for the statistical tool 

may be in the field of Reliability Engineering, and further research in such techniques 
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will be performed in the upcoming months.  For more information on the idea of 

intersection sampling, please refer to Sivam Ramalingam’s report from this interview. 

Reliability Engineering Methods 

Reliability, in essence, is the ability of a product, device, system, vehicle, 

machine, etc. to perform its intended function over a pre-specified period of time.  In 

other words, reliability is quality over time.  Statistical methods for quantifying such 

reliability are available and generally involve the collection and analysis of reliability 

data from designed experiments in controlled environments, tests on prototypes, close 

scrutiny of early production units in the field, and methodical, long term tracking of 

products in the field.  Reliability data is traditionally in the form of recorded time of 

failure for a particular unit; however, other techniques (such as degradation leading to 

failure) can also be useful.  Such data is useful for estimating a unit’s hazard function, or 

failure rate, over time. 

 There are many reasons for collecting reliability data.  Some reasons of particular 

interest are to assess whether government regulations have been met (or customer 

specifications), tracing a product throughout its life in the field to determine the reason of 

failure, identifying methods to improve product reliability, and contrasting components 

from multiple manufacturers, operating conditions, materials, production periods, etc.  

Usually, incoming reliability data is not perfect in the sense that exact failure times are 

unknown.  Such data is called censored data, or data that provides bounds on the exact 

failure time of a product.  Statistical models from reliability data typically make use of 

positive random variable distributions, such as the Weibull, gamma, and lognormal 

distribution [8]. 
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Censoring 

 When observing failure times of products, there are frequently constraints that 

inhibit the ability to record exact failure times.  For example, consider a situation in 

which ten mast arms are installed in an intersection, and after two years, two have them 

have broken.  It is known that the remaining eight have not yet failed, but that they will 

sometime in the future after two years.  Since the data is not complete, it is considered 

“censored data.”  The censoring time of data is simply the time at which the monitoring 

of unfailed units is discontinued. 

 There are two general forms of censoring.  The first type is referred to as time 

censoring, or type I censoring.  This involves removing unfailed units from a test once a 

preconceived time is reached in the test.  The other type is referred to as failure 

censoring, or type II censoring.  This involves testing until a predetermined number of 

units fail.  This type of censoring can be problematic in that the amount of time for such a 

test is unknown and could potentially last longer than the investigator wishes to take.  

However, the statistical properties of type II censoring are less complicated than type I 

censoring.   

In some cases, failures are detected during periodic inspections.  Such failure 

times are known only to be within an upper and lower bound, and are indicative of 

interval censoring.  In other cases failures are detected on the first inspection.  Such 

failures are known to have occurred only before the first observation, and are indicative 

of left censoring.  Furthermore, some failures are known only to have occurred after a 

certain benchmark in the observation time interval.  This is common in the case that some 

units have not yet failed.  All that is known is that they have not failed up to a certain 
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time and therefore their failure time is after that time.  Such data is indicative of right 

censored data [8].. 

Introductory Reliability Statistics 

 Assume that the failure time of a unit, T, is a positive random variable, it can be 

characterized by a cumulative distribution function (cdf), a probability distribution 

function (pdf), a survival function, and a hazard function.  The x axis for all of these 

functions is time, t.  This interval is separated into m+1 separate observation intervals.  

For the cdf, the y axis F(t) can be viewed as the proportion of units that will fail before 

time t.  For the pdf, the y axis f(t) represents the relative frequency of failure times as a 

function of time.  The survivability function’s y axis S(t) gives the probability of 

surviving beyond time t.  The hazard function’s y axis h(t) gives the instantaneous failure 

rate at a given time t. 

 Let πi equal the multnomial probability that a unit will fail in the interval i.  It is 

given in (7).  Think of it as the proportion of units that will fail at time ti less the 

proportion of units that will fail at time ti-1. 

Πi = Pr(ti-1 < T ≤ ti) =F(ti)-F(ti-1) (7) 

 Let pi equal the conditional probability that a unit will fail in the interval i, given 

that it was working at the beginning of interval i.  It is given in (8).  One may think of it 

as the proportion of failures at time ti less the proportion of failures at time ti-1, which is 

then divided by 1 less the proportion of failures at time ti-1. 

pi = Pr(ti-1 < T ≤ ti │ T > ti-1) =πi / S(ti-1) (8) 

 The likelihood function is either equal to or close to the probability of a data set.  

It changes for different types of censored data.  For interval censoring, the likelihood 
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function is given as Li(p) = F(ti)-F(ti-1).  For left censored observations, the likelihood 

function is given as Li(p) = F(ti).   For right censored data, the likelihood function is 

given as Li(p) = 1- F(ti).    

Nonparametric Estimation 

To compute a nonparametric estimate of a cdf, the type of censoring needs to be 

determined.  For interval-censored or right censored data, let n be the original number of 

units at time 0, let d i be the number of units that fail during interval I (ti-1, ti].  Thus, the 

nonparametric estimator of the cdf F(ti) is given in (9). 

(ti) = # of failures up to time ti / n (9) 

This estimate is based on the binomial distribution and is the maximum likelihood 

estimator of F(t).  This estimate is descriptive of the sample drawn, and it may also be 

descriptive of the population from which the sample was taken.  However, the estimate of 

F(t) will differ from the true value of F(t), so a point estimate of F(t) may be misleading.  

A confidence interval on F(t) quantifies uncertainty due to “sampling error.”  Confidence 

intervals are essentially probability statements that the procedure used to construct the 

interval will contain the true value of interest.  A conservative confidence interval on  

is given in [8], page 50.  On the same page, another point wise normal-approximation 

confidence interval is given.  However, for the latter to be adequate, the number of 

samples multiplied by the estimated F(t) should be between 5 and 10.   

 Multiple censored data in which failures occur after some units have been 

censored requires another type of estimation.  For a given unit that does not fail during 

interval i, it may either be censored after the interval ends or it progresses to interval i+1.  

As long as intervals for different units do not overlap, the following mechanism can be 
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used for estimation.  First, let di be the same as above and let ri be the number of units 

that survive interval i but are right-censored at the end of this interval (ti).  Next, let ni be 

equal to n (the total sample size at the first interval) minus the sum of the units that fail 

over all intervals (dj) minus the sum of all units that are right censored at the ends of 

various intervals (rj).  The sample proportion failing for an interval i can be used as an 

estimator of the conditional probability of failing in interval i, given that a unit has made 

it to interval i.  This value is equivalent to the sum of the units that fail over all of the 

intervals divided by ni..  Note that there are separate values for this quanitity for each 

interval.  Using the equation on page 53 of [8] for the survivability function, one can 

determine an estimate of F(ti).  More types of such point wise confidence intervals are 

given in Chapter 3 of [8]. 

 Point wise confidence intervals are useful for estimating the cdf of a function at a 

particular moment in the test time.  However, to quantify sampling uncertainty as well as 

the cdf, it is useful to use simultaneous confidence bands over F(t).  An example of large 

sample simultaneous confidence band is given on page 61 of [8]. 

Parametric Models for Reliability Data 

 So far, some of the models used to describe reliability data have been in the form 

of curves, such as the cdf or the survivability function.  However, parametric models can 

more concisely describe the same data and provide smooth approximations of failure-

time distributions.  Assume that θ is the single scalar parameter of a given distribution.  

This value becomes incorporated into various estimates, such as the probability to failure, 

the “p quantile,” the hazard function, the mean life, and the variance of T (page 77).  The 

Var(T) is the averaged squared deviation of T from its mean, and taking the square root 
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of this value yields the standard deviation of T (which is in the same units as T).  The 

variance of T is known as the second moment of T.  Other moments exist, but in most 

reliability applications, quantiles, failure probabilities, and the hazard function are more 

meaningful than these moments. 

Location-scale distributions include most statistical distributions that are widely 

used such as the exponential, normal, lognormal, Weibull, logistic, and loglogistic.  They 

are convenient because the theory behind them is somewhat simple.  T is said to follow 

an exponential distribution if T ~ EXP(θ, γ).  These two parameters can be used to 

characterize the distribution’s cdf, pdf, and hf.  The mean of the exponential distribution 

is E(T)= γ + θ and Var(T)=θ
2
 where γ is a location and threshold parameter (that is 

commonly equal to zero) and θ is a scale parameter.  The exponential distribution is 

commonly used in reliability data; it is characterized by a constant hf.  In other words, the 

propensity of a unit to fail is independent of its age.  This is a popular choice for some 

electronic components assuming they do not have failure causing defects.   It would also 

be useful for physical components that fail due to wear long after their expected life.  

However, this distribution is usually inappropriate for modeling the life of mechanical 

components. 

 Another important distribution is the normal distribution.  A random variable Y is 

said to be normally distributed when Y~N(μ, σ).  In this case μ is a location parameter 

(the mean) and σ is a scale parameter (the standard deviation).  This distribution is often 

used as a model for variability, and it has a long history of use due to the central limit 

theorem.  This theorem states that “the sum of a large number of independent identically 

distributed random quantities has, approximately, a normal distribution [8].  However, 
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this distribution is not used that often in reliability data.  It is characterized by a hf that 

increases rapidly slightly before the median life.  It has proved useful for electric filament 

devices and strength of wire bonds.  The normal distribution is more common when the 

logarithm of the failure time is analyzed (page 82). 

If T has a lognormal distribution, this is expressed by T ~ LOGNOR(μ,σ).  If this 

is true, so is the following: log(T) ~ N(μ,σ).  Here, μ is a location parameter and σ is a 

shape parameter.  It is common convention to use natural logarithm with base e.  This 

model is a common model for failures caused by degradation processes with some 

random component.  It is widely used to characterize failure times such as fracture from 

cracks in metals.  The hf for this distribution starts at zero, increases to a certain point, 

then decreases very gradually toward zero again. 

The Weibull distribution depends on two parameters, β and η.  In this case, β is a 

shape parameter and η is a scale parameter.  This distribution is useful because of its 

ability to describe failure distributions with assorted shapes.  For example, when β is 

between zero and one, it has a decreasing hf, but when β is greater than one, it has an 

increasing hf.  So, if T has a Weibull distribution, it is expressed as T ~ WEIB(μ, σ) 

where μ = log (η ) and σ = 1/β.  Based on extreme value theory, the Weibull distribution 

is suitable for modeling failure times. 

 The logistic distribution is another location-scale distribution that is similar in 

shape to the normal distribution, except that it is characterized by longer tails.   When Y  

follows a logistic distribution, this is expressed by Y ~ LOGIS(μ, σ).  Due to the 

similarity to the normal distribution, the loglogistic distribution is used.  When Y follows 

a loglogistic distribution, this expressed by Y ~ LOGLOGIS(μ, σ).  The shape of this 
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distribution is similar to that of the lognormal distribution.  Other distributions that are 

sometimes used in reliability applications include the smallest extreme value distribution 

and the largest extreme value distribution. 
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Chapter Four: Conclusion 
  

 The first goal of this project was to investigate current field sampling/inspection 

requirements to determine the current level of quality assurance being emphasized in the 

field.  Actions to complete this goal incorporated contacting personnel throughout the 

state at the district and maintaining agency level, interviewing them, educating them 

about the importance of quality assurance if necessary, and promoting operations at the 

TERL.  So far, interviews have been conducted in Tallahassee and Bay County, which 

are two very capable maintaining agencies in District Three.  The results of these 

interviews are very promising in these two areas; there are no major complaints about 

poor product quality.  However, due to the limited number of interviews, it is 

recommended that more contacts be made throughout the state to assess the level of 

quality in other areas of Florida.  The two maintaining agencies that were interviewed do 

a excellent job and have the necessary resources to do so.  Thus, results from these 

interviews may be biased and further interviews with maintaining agencies from areas 

with different population densities and different levels of maturation will provide a more 

well rounded and accurate portrayal of the way things really are. 

 Furthermore, these interviews strengthened the communication link between the 

TERL and the maintaining agencies.  One of the benefits of such a communication link is 

the ability of TERL personnel to receive feedback from end users of APL devices.  

Valuable recommendations have been gathered from this feedback.  For example, end 

users feel the APL web site is very sufficient and needs no improvement, but a web site 

dedicated solely to maintaining agencies would be a great way to foster communication 

between end users and TERL personnel.  Such a web site would be a prime medium for 
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posting technical bulletins regarding the problems/issues with APL devices in different 

parts of the state.  It would also be a great opportunity to develop an online forum in 

which maintaining agencies can converse about the APL and quality related topics.   

 In addition to interviewing end users, the author audited a vendor throughout the 

course of this research to further investigate the level of quality APL devices in the state.  

The audit involved a document review session and a plant tour.  The documents strongly 

indicated that the company was dedicated to an effective QA system.  A plant tour 

reinforced this and demonstrated the QA system in action. 

The second goal of this project was to develop a statistically sound sampling 

method that will provide the level of confidence needed to ensure devices placed in the 

field are of consistently high quality, operate well within their life-cycle, and are 

compliant to FDOT’s specifications.  Several candidate sampling techniques for sampling 

individual devices have been proposed.  These candidate techniques include hypothesis 

testing, acceptance sampling (such as single, double, and sequential acceptance 

sampling), Wald’s sequential probability ratio test (SPRT), confidence interval 

construction, and statistical methods for reliability data.  However, carrying out these 

statistically sound methods requires large numbers in terms of sample size.  For devices 

such as hardware, signal brackets, etc., larger sample sizes may be feasible, but for more 

expensive devices such as traffic controllers or dynamic message signs, large sample 

sizes are impossible.  Because of this, these statistical sampling strategies will not be 

feasible for field sampling of individual devices. 

An alternative to device sampling is intersection sampling.  This idea involves 

examining intersections as whole and recording defects at a system level rather than an 
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individual device level.  This practice is already being done by some end users (such as 

Bay County); the next step would be to relay the information back to TERL personnel in 

an organized way.  Another alternative to field sampling is to sample devices prior to 

installation.  If deployed successfully, such alternatives to device sampling would 

potentially enable TERL personnel to make use of the aforementioned statistical 

sampling methods.  For this to work, end users would need to follow a set of the 

following best practices: 

 Document tests that are performed prior to installation.  Be specific by 

recording what devices were tested, how many in total were tested, how 

many passed the test, how many failed the test, and what types of failures 

were observed. 

 Relay the results of the tests to FDOT TERL staff. 

 Keep logs at intersections that record installation dates of devices, 

problems, failures, complaints, and repairs. 

 After specified intervals, relay summaries of these logs to the FDOT 

TERL. 

 Make use of the APL web site, device complaint form, and other resources 

provided by the FDOT TERL.  Feel free to make suggestions to improve 

any of these resources. 

 If using UPS and/or a battery backup system, initiate routine checkups to 

test the charge level of the batteries. 

 Inspect intersections as contractors install devices, making sure that the 

devices being installed meet specifications. 
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Appendix 1: R Program 
 

#Function to compute the logarithmic scoring procedure for Wald's SPRT 

 

#alpha = probability of type 1 error (prop0 is true, but decide for prop1) 

#beta = probability of type 2 error (prop1 is true, but decide for prop0) 

#r=number of defective observation 

#s=number of effective observations 

#prop0=  H0 states that true proportion = prop0 

#prop1= H1 states that true proportion = prop1 

 

  SPRT1<-function(alpha, beta, r, s, prop0, prop1) 

  { 

    lowlim<-log10(beta/(1-alpha)); 

    highlim<-log10((1-beta)/alpha); 

    ln<-r*log10(prop1/prop0) + s*log10((1-prop1)/(1-prop0)); 

    Result<-c(lowlim,ln,highlim); 

    if (ln<=lowlim) 

    { 

      s <- sprintf("Low Limit:  %f",Result[1]); 

      print(s); 

      s2 <- sprintf("Likelihood Ratio:  %f", Result[2]); 

      print(s2); 

      s <- paste(s,s2); 

      s2 <- sprintf("High Limit:  %f", Result[3]); 

      print(s2); 

      s <- paste(s,s2); 

      s2 <- sprintf("Reject H0, decide true proportion is %f", prop1) 

      print(s2); 

      s <- paste(s,s2); 

    } else if (ln>=highlim) 

    { 

       

      s <- sprintf("Low Limit:  %f",Result[1]); 

      print(s); 

      s2 <- sprintf("Likelihood Ratio:  %f", Result[2]); 

      print(s2); 

      s <- paste(s,s2); 

      s2 <- sprintf("High Limit:  %f", Result[3]); 

      print(s2); 

      s <- paste(s,s2); 

      s2 <- sprintf("Fail to reject H0, decide true proportion is %f", prop0) 

      print(s2); 

      s <- paste(s,s2); 

    } else 
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    { 

       

      s <- sprintf("Low Limit:  %f",Result[1]); 

      print(s); 

      s2 <- sprintf("Likelihood Ratio:  %f", Result[2]); 

      print(s2); 

      s <- paste(s,s2); 

      s2 <- sprintf("High Limit:  %f", Result[3]); 

      print(s2); 

      s <- paste(s,s2); 

      s2 <- sprintf("More sampling required") 

      print(s2); 

      s <- paste(s,s2); 

    } 

  } 
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Appendix 2: Acronym List 
 

1) APL: Approved product list 

2) ASN: Average sample number 

3) ITS: Intelligent traffic systems 

4) DMS: Dynamic message signs 

5) DOT: Department of transportation 

6) QA: Quality assurance 

7) QAR: Quality assurance review 

8) SPRT: Sequential probability ratio test 

9) TERL: Traffic engineering and research Lab 

10) TMC: Traffic management center 


