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Abstract  Traffic signal systems have been employed since the early twentieth century as a method of continuously 
managing traffic flow and saturation at intersections and to promote smooth and safe automobile transportation. Due to the 
continuous increase of traffic congestion in urban areas, there is a need for further evaluation and implementation of traffic 
signal systems. This study reviews and consolidates information on a wide variety of signal systems, detection devices and 
communicat ions components in order to provide a cogent understanding of current technology in the United States. 
Additionally, the assessment focuses on operational functions of various systems, and thereby, establishes what the systems’ 
capabilit ies are when utilized to their fullest extent. Current signal system practices are reviewed to compare existing 
technologies, and postmodern technologies are investigated. Recommendations for further investigation of traffic signal 
systems are also provided. 
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1. Introduction 
Traffic signal systems have been subjected to a variety of 

evaluations in the scientific  literature. Due to the complexity 
of arterial roadway systems, the assessment and comparison 
of transportation system deployments is often complicated by 
the fact that each system is unique. However, the professional 
interest associated with increasing the safety and effectiveness 
of traffic signal systems allows for new technologies to be 
developed to support each system in ach ieving a g reater 
potential and more robust capability. Through a detailed 
review of literature, the benefits, limitations and significance 
of different types of traffic signal systems and their 
components has been determined. 

Traffic signals are control devices that are most commonly  
installed at arterial roadway intersections to carry traffic from 
local streets to highways. Consequently, arterial roads with 
speed limits between 30 and 45 miles per hour are the main 
focus when attempting to improve traffic flow and saturation 
[1]. Due to the continuous increase of traffic congestion in 
urban areas, transportation agencies must routinely develop 
new guidelines and procedures for identifying problem areas 
and determining the best solutions[2-3]. Improvements to an 
existing t raffic signal system may  include modificat ion to 
exis t ing  funct ions such as s ignal t iming , installat ion  o f  
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detection or surveillance equipment or upgrading controllers 
and communications. Table 1 details the findings of the 2010 
Urban Mobility Report and provides economical insight 
regarding the current inefficient nature of traffic signal 
systems in the United States[4]. Informat ion is also provided 
which shows the effects of current solutions to traffic 
congestion. 

2. Traffic Signal Controllers 
Local t ime based controllers are among the most 

fundamental traffic signal system components. These 
controllers operate by using programmed cycle lengths and 
time-of-day operations to manage traffic at intersections. If 
not connected to a central network controller, the local 
controllers must be monitored and field adjusted periodically 
to ensure efficient traffic operations. For this reason, the 
deployment of local t ime based controllers is not practical in 
arterial systems prone to high levels of traffic fluctuation, and 
therefore, minimal research is being conducted on fixed 
timing systems[5]. 

Since the emergence of modern telecommunicat ions 
systems, traffic engineers have been focusing on developing 
new technologies that can more accurately and efficiently 
control traffic. In addit ion to the fixed time controllers, there 
are currently  four d ifferent types, or generations, of dynamic 
traffic signal controllers that are designed to communicate 
traffic conditions from intersections to computerized network 
systems[6]. All four controllers have comparable functions; 
however, they are each intended for use in different arterial 
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roadway systems and for different purposes. The first 
generation traffic controller, the National Electrical 
Manufacturers Association (NEMA) TS-1, is capable of 
controlling two phase actuated intersections as well as 
offering isolated actuated control. Actuated control utilizes 
traffic detection devices to determine signal timing in lieu of 
using programmed predetermined timing. This type of 
dynamic control significantly reduces traffic saturation and 
improves traffic flow; therefore, the control capabilities 
provided by the NEMA TS-1 are far superior to fixed time 
controllers[7].  

Capable of operating two to eight phase actuated 
intersections, the second generation traffic controller known 
as the Type 170 is a significant advance in controller 
technology. The increased number of actuated phases allows 
the Type 170 controller to control the through lanes and 
turning lanes at a  four-way intersection using traffic detection 
devices. However, the third generation traffic controller, the 
NEMA TS-2, not only matches the increased control capacity 
of the Type 170 but also provides supplementary control and 
safety functions. The added safety functions include a 
malfunction management unit which is a warning system that 
will flash a red light if there is a failure in the program 
sequence. Figure 1 illustrates the similarities and d ifferences 
between the NEMA TS-1 and NEMA TS-2 t raffic controller 

configurations[8]. Finally, the fourth generation traffic 
controller, the Advance Transportation Control Type 2070 
combines the features of the previous controllers, provides 
additional control functions and is able to communicate 
through different interfaces. The combined features of the 
Type 2070 include control o f overlap data and phase timing, 
coordination, time-of-day lock, communication data, detector 
configuration and assignment, preempt ion for p riority 
vehicles and utilit ies for event recording, diagnostic testing 
and reporting[7]. 

Traffic signal controllers can prov ide a sophisticated and 
effective approach to improving traffic operations. A recent 
study conducted by the Texas Transportation Institute found 
that Type 2070 controllers have advanced features that exceed 
Texas Department of Transportation specifications. Although 
Type 2070 controllers have been deployed extensively by 
many t ransportation agencies, basic functions are typically 
utilized due to the time and research required to investigate 
advanced traffic controller features. Researchers found that “a 
number of coordinated features in existing signal controllers 
improve coordinated operations,” and can, therefore, be 
utilized  as a cost effective method of improving signal t iming. 
The results of the study indicate that further research in this 
area may be beneficial to other agencies as well[9]. 

Table 1.  Major Findings of the 2010 Urban Mobility Report (439 U.S. Urban Areas)[4] 

Measures 1982 1999 2007 2008 2009 

Individual Congestion 
     Yearly delay per auto commuter (hours) 
     Travel Time Index 
     Commuter Stress Index 
     “Wasted” fuel per auto commuter (gallons) 
     Congestion cost per auto commuter (2009 $) 

 
14 

1.09 
- 

12 
$351 

 
35 

1.21 
- 

28 
$748 

 
38 

1.24 
1.36 
31 

$919 

 
34 

1.20 
1.29 
27 

$817 

 
34 

1.20 
1.29 
28 

$808 

The Nation’s Congestion Problem 
     Travel delay (billion hours) 
     “Wasted” fuel (billion gallons) 
     Truck congestion cost (billions of 2009 $) 
     Congestion cost (billions of 2009 $) 

 
1.0 
0.7 
- 

$24 

 
3.8 
3.0 
- 

$85 

 
5.2 
4.1 
$36 

$126 

 
4.6 
3.8 
$32 

$113 

 
4.8 
3.9 
$33 

$115 

The Effect of Some Solutions 
     Yearly travel delay saved by: 
          Operational treatments (million hours) 
          Public transportation (million hours) 
     Yearly congestion costs saved by: 
          Operational treatments (billions of 2009 $) 
          Public transportation (billions of 2009 $) 

 
 
- 
- 
 
- 
- 

 
 
- 
- 
 
- 
- 

 
 

363 
889 

 
$8.7 
$22 

 
 

312 
802 

 
$7.6 
$20 

 
 

321 
783 

 
$7.6 
$19 

Yearly delay per auto commuter – The extra time spent traveling at congested speeds rather than free-flow speeds by  
     private vehicle drivers and passengers who typically travel in the peak periods. 
Travel Time Index (TTI) – The ratio of travel t ime in the peak period to travel t ime at free-flow conditions. A Travel  
     T ime Index of 1.30 indicates a 20-minutes free-flow trip takes 26 minutes in the peak period. 
Commuter Stress Index – The ratio of travel t ime for the peak direction to travel t ime at free-flow conditions. A TTI  
     calculation for only the most congested direction in both peak periods. 
Wasted fuel – Extra fuel consumed during congested travel. 
Congestion cost – The yearly value of delay time and wasted fuel. 
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Figure 1.  Configuration of NEMA TS-1 and NEMA TS-2 Traffic Controllers[8]

3. Detection & Surveillance Devices 
Actuated traffic signal controllers utilize a variety of 

detection technologies in order to determine cycle lengths and 
sequences. Traditional traffic detection technologies include 
inductive loop detectors and magnetometers; both sensors 
allow for factors such as traffic speed, volume and presence to 
be analyzed by a controller. As a conventional technology for 
traffic detection, inductive loops are well understood by 
industry professionals and are the primary means of detection 
in arterial systems. Inductive loops are insensitive to 
inclement weather and are also the most accurate means of 
detection if properly installed and maintained[10]. However, 
the installation and maintenance of inductive loops and 
magnetometers are typically much more expensive and 
invasive than more modern  detection technologies as they 
require cutting and patching of pavement[11-12]. 

More recently, many transportation agencies have 
incorporated radar, infrared, ultrasonic and acoustic traffic 
detection devices into their actuated control systems[13]. 
Unlike inductive loops and magnetometers, these vehicle 
detection devices are not installed in the pavement; they are 
typically installed on a support structure above or alongside 
the roadway, allowing for an uninhibited view of the 
traffic[14]. Benefits of using this type of detection include 
preventing unnecessary damage to the pavement, improving 
ease of maintenance and increasing the coverage area. 
However, the sensors are typically more sensitive to 
inclement weather when compared to detection devices 
installed in  the roadway. In addit ion to providing traffic speed, 
volume and presence, sensors installed above the roadway can 
also provide vehicle classification and multip le lane coverage. 
By providing more accurate and detailed information over a 

larger area, these detection devices have great potential to 
reduce motorist delay and fuel consumption[10]. 

Video imagery can also be used for surveillance and 
monitoring of arterial roadway systems through the use of 
video detection cameras. The ability to observe live traffic 
conditions allows transportation agencies to gather 
informat ion in order to provide real time traffic updates to 
drivers and assist emergency response personnel. Table 2 
reports benefits that were witnessed from implementing a 
video surveillance system in San Antonio, Texas[15]. Video 
image processing is a superior detection technology when 
implemented correctly, providing a rich array of data over a 
wide area of coverage. Video image processors (VIP) are ab le 
to collect information over multiple lanes and output data to 
controllers regarding traffic count, presence, speed, 
occupancy and classification. Some systems also have the 
ability to recognize license plates and even track moving 
vehicles[16]. Due to the large amount of information 
transmitted, VIPs may require a h igh bandwidth 
communicat ions system. The requirements of the 
communicat ions system depend on whether raw data, 
processed data or video imagery is transmitted. VIPs are by 
far the most expensive of the commercially availab le sensors; 
however, the cost can be justified if a transportation agency 
utilizes a single VIP in lieu of several other sensors to fully 
instrument an intersection[10]. 

To monitor traffic operations on 30,500 miles of freeway, 
the Califo rnia Department of Transportation has deployed an 
extensive traffic detection network composed of over 25,000 
sensors. This network provides a plethora of informat ion, 
including vehicle occupancy and volume, to traffic engineers 
through a combination of inductive loop detectors, radar 
detectors and other devices. However, a study conducted by 
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the University of California found that on an average day 
in2005, only a mere 60% of the sensors provided reliab le 
measurements. The low reliability rate is caused by data that 
has been retrieved but contains missing or incorrect values. 
To produce a more dependable grid of traffic measurements, 
engineers are developing methods that allow the network to 
detect poor data and replace it with imputed values[17-18].  

Table 2.  Summary Results of the San Antonio Video Surveillance System 
(TransGuide) Before and After Analysis[15] 

Focus Area Reported Benefits 

Safety 
- Overall accident frequency rate dropped by 15%. 
- Projected accident frequency rate dropped by 21%. 
- Estimated annual injury cost savings of $3.3 million. 

Incident 
Management 

- Response time for minor incidents dropped by 19%. 
- Response time for major incidents dropped by 21%. 
- Simulation results estimated annual delay savings at 
700 vehicle hours and annual fuel consumption 
savings at 2,600 gallons. 
- Estimated annual savings of $1.65 million. 

Although most traffic detection today relies on  inductive 
loop detectors, non-intrusive detection devices are being 
installed more frequently to improve safety, increase 
reliability and provide more information to traffic engineers 
[19]. Recently, the country of Scotland has received great 
benefits from incorporating security cameras into its 
transportation system. Not only can detection devices improve 
traffic signal system operations, they can also make arterial 
roadways much safer. A Scottish road safety officer boasted 
that “with an  average of 10 fewer accidents involving in juries 
every week at safety camera sites, it is clear that cameras are 
helping to reduce the misery caused by crashes across 
Scotland”[20]. 

4. Communications Systems 
Traffic signal systems rely heavily on communication 

technologies to transmit informat ion between controllers, 
devices and computers. Historically, this has been achieved 
through serial communications over copper twisted wire pair 
cable; however, there have been technical challenges for it to 
overcome. The emergence of new traffic controller and 
detection technology has led to a realization that more 
bandwidth is needed to transmit  larger amounts of 
informat ion over greater distances. Although it provides a 
sufficient means of communication, due to the reduction of 
signal strength during distant transmissions, twisted wire pair 
cable is not adequate for systems demanding high levels of 
bandwidth allocation[21-22].  

Recently, there has been an increasing trend to utilize 
Ethernet communication over fiber optic cabling as the 
primary communications medium[21]. Reasons for this shift 
include bandwidth efficiency, standardization and resource 
sharing, reduced reliance on telecommunicat ions service 

providers and high-quality v ideo transport[23]. A ll 
communicat ions become digital in Ethernet protocol, and 
therefore, decrease the bandwidth required for each field 
device. The decreased bandwidth allows more data to be 
transmitted on the same fiber and reduces the need to install 
additional fiber[24]. 

Although most transportation agencies utilize wired 
communicat ions to control traffic signal systems, some have 
looked toward  wireless technologies for a solution. The 
applications of wireless communications include bridges, 
remote locations and other areas where the cost of installing 
conduit and cabling is too expensive. Due to expensive 
operations and maintenance costs, the city of Boulder, 
Colorado, has replaced its T1 phone lines with private 
wireless technology that allows coordination of traffic signals 
from a central location. The benefits of this new technology 
are remote signal monitoring, increased coverage areas and 
reduced cost of operations and maintenance. Although it is a 
reliable method of communication between system 
components, the weaknesses of wireless control include 
limited transmission distance and bandwidth[25]. 

5. Intelligent Transportation Systems 
Traffic signal controllers and detection devices are 

incorporated into a variety of different arrangements in order 
to accommodate the needs of each arterial roadway 
intersection. The configurations range from simple time based 
signal systems that only utilize predetermined timing 
sequences to complex Intelligent Transportation Systems (ITS) 
that focus on advanced controls, surveillance and 
communicat ions to improve traffic conditions[11][26]. An 
example ITS configuration is illustrated by Figure 2[27]. The 
primary goals of ITS systems are to “increase transportation 
system efficiency and capacity, enhance mobility, improve 
safety, reduce energy and environmental costs, increase 
economic productivity and create an environment fo r an ITS 
market”[28]. 

Information technology plays a critical role in the 
development, implementation and management  of ITS 
operations due to the fact that they require extensive amounts 
of traffic information to be acquired, processed and 
distributed. A key  element of ITS deployments is sharing 
useful traffic informat ion with the public. This 
communicat ion is often achieved via dynamic message signs 
that display current traffic conditions and also warn d rivers 
about disasters, accidents, delays or emergencies[29-31]. 
Although dynamic message signs are an effective means of 
communicat ions, studies performed by the University of 
Rhode Island and the University of Minnesota found that 
some drivers must slow down to read the messages which 
could have an adverse effect on traffic flow[32-33]. Another 
means in  which informat ion technology has enhanced ITS is 
by sharing video with the public sector through the utilization 
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of traffic surveillance cameras that broadcast over the World 
Wide Web. Benefits of video sharing include expediting 
responses to emergency situations, providing real time traffic 
conditions to the public and improving safety of 
transportation systems. By provid ing this informat ion to the 
public, it allows drivers to assess the present situation and 
make an educated decision regarding their travel routes[34]. 

In recent years, transportation agencies in Texas have 
struggled to keep  up with the increasing motorist population 
and found it necessary to establish ITS in urban areas. As the 
seventh most populated city in  the United States, San Antonio 
has significant problems with excess fuel consumption and 
traveler delays[35]. Recognizing the economic impacts of 
their transportation system, the city began implementing an 
ITS with assistance from the United States Department of 
Transportation (USDOT) in 1996. Through the Federal ITS 
Program and the Metropolitan Model Deployment Initiat ive, 
USDOT has also supported deployments of similar ITS in 
Phoenix, Seattle, New York, New Jersey and Connecticut[34]. 
Following deployment, USDOT learned through evaluation of 
these ITS sites that “intelligent transportation systems reduce 
delay, crash risk and fuel consumption”[36]. 

By integrating ITS into its traffic signal system, the city of 
Seattle, Washington, has witnessed notable improvements to 
both motor vehicle flow and capacity. Through a combination 
of loop detectors and traffic signals as illustrated in Figure 3, 
Interstate 5 in Seattle has improved rush hour capacity by    
10% to 100% while also increasing highway speeds[37-38]. 
Additionally, the accident rate was reduced by 39%. Table 3 
confirms that other cities have seen similar benefits from this 
method of metering freeway entrance ramps[39]. 

Table 3.  Accident Reduction for Metered Freeway Entrance Ramps[39] 

City Accident 
Reduction Type 

Denver, Colorado 50% Rear/Side 

Portland, Oregon 43% Total Accidents 

Seattle, Washington 39% Total Accidents 

Detroit , Michigan 71% Injuries 

Long Island, New York 15% Frequency 

 

Figure 2.  Intelligent Transportation System Components[27] 
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Figure 3.  Metered Freeway Entrance Ramp[37] 

6. Adaptive Traffic Control Systems 
Vehicular traffic is highly variable in nature, and “the 

control of such traffic requires a high degree of adaptiveness 
to enable a suitable response to this variability”[40]. In many 
cases, ITS have evolved into Adaptive Traffic Control 
Systems (ATCS) that employ actuated control through the use 
of detection and surveillance devices over a central 
communicat ions network. The primary objectives of ATCS 
are to adjust traffic signal patterns to meet estimated traffic 
demand, communicate vital in formation to traffic engineers 
and motorists and respond to traffic congestion resulting from 
crashes or backups[1][11]. 

ATCS were originally developed in the 1970s and are 
utilized by transportation agencies in the United States, 
Australia, United Kingdom, France and Germany. This type 
of ITS is most efficient in large urban areas with continuous 
traffic fluctuations as it is capable of adjusting signal timings 
in real-time based on current traffic conditions, demand and 
system capacity. In order to perform efficiently, ATCS 
require extensive detection, surveillance and communications 
systems when compared to conventional traffic control 
systems. However, they tend to be less maintenance intensive, 
relying more on sophisticated operations in order to function 
smoothly[1]. 

At this time, there is no particular solution that can be 
applied across all roadway systems. To accommodate the 
needs of their own unique infrastructures, transportation 
agencies around the world have independently developed 
ATCS. The Sp lit  Cycle Offset Optimization Technique 
(SCOOT) and Urban Traffic Optimization by Integrated 
Automation (UTOPIA) designed in the United Kingdom are 
known for their efficient adaptive operations in grid networks. 

Whereas, Adaptive Control Software (ACS) developed in the 
United States and the Sydney Coordinated Adaptive Traffic 
System (SCATS) implemented in Australia are recognized for 
operating best on arterial networks. Due to the fact that each 
system is unique, comparison of each ATCS is almost 
impossible. However, the advantages of ATCS are clear as 
transportation agencies witness reduction in fuel consumption 
and air pollution, quick responses to traffic fluctuations and 
improved safety and security[1]. Table 4 prov ides delay 
reduction information realized by some ATCS deployments in 
the United States[41]. 

Table 4.  ATCS Travel Time and Delay Benefits Realized in the United 
States[41] 

Location System Benefits Realized 
Broward County, 
Florida SCATS - Delay reduced by up to 42%. 

- Travel t ime reduced by up to 20%. 
Oakland County, 
Michigan SCATS - Delay reduced by 6.6% to 32% 

with an average of 7.8%. 
Newark, 
Delaware SCATS - Travel t ime reduced by up to 25%. 

Los Angeles, 
California ATCS - Delay reduced by 44%. 

- Travel t ime reduced by 13%. 
Minneapolis, 
Minnesota SCOOT - Delay reduced by up to 19% 

during special events. 

7. Implementation 
It is important to understand who is affected by traffic 

signal systems in  order to determine the most effective means 
of detection and control. There are currently over 130 million 
passenger vehicles registered in the United States. 
Additionally, there are over 110 million motorcycles, trucks 
and buses that crowd the country’s arterial roadway 
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systems[42]. The t ravel t ime, fuel consumption and safety of 
motor vehicles are d irectly affected by traffic signal 
systems[43]. Critical factors affecting implementation of a 
traffic signal system include traffic conditions, management 
conditions and equipment conditions. 

Management conditions including transportation operations 
and maintenance personnel must be considered when 
modifying existing systems or implementing new systems. 
Factors such as the agency’s level of knowledge and technical 
expertise may determine how an existing system is modified 
or a new system is deployed. In order for a traffic signal 
system to be successfully installed and operated, specifically 
ITS, it is critical that the owner consults with equipment 
vendors, receives proper training and hires expert personnel. 
It is a common misconception that all ITS are completely 
automated; realistically, they require teams of highly trained 
traffic engineers and technical support personnel for effective 
operations and maintenance[1]. 

Another factor that must be evaluated is interoperability, 
the sharing of info rmation between system components 
including software and hardware. The lack of standardization 
in the transportation industry is a common problem that 
agencies face when determining how to improve their traffic 
signal systems. With the realization that older equipment is 
obsolete, some systems have to be completely rep laced or 
decommissioned to avoid the expense. To improve 
interoperability in traffic signal systems, Siemens Traffic 
Management Solutions, NEMA and other professional 
organizations have taken the lead in the development and 
promotion of industry standards[44-45]. 

8. Conclusions & Recommendations 
Due to the unrelenting increase of vehicle congestion in 

urban areas, traffic engineers continue to research new 
technologies in hope that significant improvements will be 
made in the safety and efficiency of arterial roadways. The 
Chinese Ministry of Transportation has recently evaluated a 
new Traffic State Detector (TSD) that utilizes an advanced 
image processing technique to survey and control traffic. 
Although the TSD has the potential to provide many benefits 
to transportation agencies, the technology is still being 
developed and needs much improvement[46]. Additionally, 
researchers at the Massachusetts Institute of Technology are 
developing an innovative type of Wireless Sensor Network 
(WSN) designed for simple and economical traffic monitoring, 
specifically in ATCS. The WSN technology utilizes clusters 
of sensors to detect traffic and wirelessly transmit real-time 
informat ion to wired control base stations[47-48]. As a final 
point, it  has been postulated that, in the future, vehicles will 
have “more advanced collision avoidance systems,” and the 
“data collection, sharing and dissemination systems 
established in preceding years will provide a foundation for 
the early stages of deployment of automated highway 
systems”[49]. 

The body of scientific evidence reveals known limitations 
and known benefits of traffic signal systems, and certain 
factors contributing to the improvement of traffic signal 
systems over time have been established. To support 
transportation agencies in implementation decision making, 
some basic cost-benefit analysis software has been developed 
at the federal level[50]. There is certainly  a need, however, to 
further investigate the cost effectiveness of different systems 
to determine if the investment is worth the potential benefits. 
Such understanding can only be obtained by collecting 
informat ion from transportation agencies that have contracted 
traffic signal projects and contractors who have performed the 
work then isolating and comparing the key variables that 
influence cost. 
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