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CHAPTER 1. 
INTRODUCTION 

BACKGROUND 

In recent years, there has been a sharp increase in the number of metropolitan areas facing severe 
traffic congestion in their signalized systems. Furthermore, the severity of traffic congestion on 
signalized roadways has continued to increase at a steady pace, resulting in longer periods of 
congestion. A recent study conducted by National Transportation Operations Coalition to assess 
the health of nation’s signal system estimated that poor signal timing accounts for 5–10 percent 
of all traffic delays (1). This study gave a score of D to overall signal operations in the United 
States. Citing previous findings that the benefits-to-cost ratio of signal retiming is 40:1 or better, 
this study recommended routine timing updates to improve the current low grade. This simple 
recommendation is easier said than done when dealing with congested traffic signals. 
 

At the 2006 summer meeting of Transportation Research Board’s (TRB) Signal Systems 
committee, a panel of experts identified several factors that prevent effective management of 
congested traffic signals. These factors include: 
 

• a lack of consistent definitions for oversaturation and congestion as they pertain to traffic 
signals and signal systems, 

• absence of procedures and guidelines for correctly assessing traffic demand, 
• a lack of guidelines for characterization of congestion, identifying its causes, and 

assessments of its impacts, 
• a lack of guidelines for selection of appropriate control objectives, and 
• a lack of systematic procedures and tools for deriving appropriate signal control plans. 

 
The TRB panel agreed to proactively push a research agenda specifically geared toward 

improving tools and technology for operating congested traffic signals. The panel further agreed 
that the first research step should focus on the identification and documentation of: 
 

1. the state of technology and its deficiencies, 
2. the types and causes of common congestion problems in signal systems, and 
3. the current state of practice to deal with identified problems. 

 
The next step would be to develop guidelines for improving common types of congestion 

problems at traffic signals using existing technology and lessons learned from successes and 
failures in the field. To facilitate the first step, TRB Signal Systems Committee sponsored a 
special workshop on the topic of congested signals. This workshop, organized by two members 
of the Texas Transportation Institute (TTI) team assembled for this project, was held during the 
January 2007 Annual TRB meeting in Washington, D.C. At the national level, this effort resulted 
in a Federal Highway Administration project, whose focus was to develop guidelines for 
individual signalized intersections facing congested conditions. About the same time, TxDOT 
initiated this project, but with a broader focus, which includes signal systems. The primary 
objectives of this project were to: 
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1. Assess state of traffic signal control technology and its limitations as it pertains to 
congested traffic signals. 

2. Identify state-of-practice in Texas as it pertains to understanding of the congestion 
problems, its consequences, and feasible strategies to cope with it.  

3. Use information gained from the reviews of available technology and current practices to 
develop preliminary guidelines for improving traffic flow at congested signals. 

4. Use results from computer simulations and field studies to refine the preliminary 
guidelines. 

LITERATURE REVIEW 

Signal optimization for congested conditions has been studied since the 1960s. In 1963, Gazis 
and Potts (2) proposed a “store and forward” strategy for dealing with oversaturated traffic 
signals. This strategy, refined and presented later (3), uses time varying traffic demands 
combined with a mathematical programming approach to optimally store and dissipate queues at 
signals where demand exceeds capacity. This store and forward approach does not account for 
the effects of queue variation within a cycle and offsets. Rahmann (4) argued that queuing would 
be a norm during peak periods and presented the idea of designing signals as storage/output 
devices, even during undersaturated conditions. Pignataro et al. (5) attempted to define 
congestion and oversaturation in terms of their causes and scope, and proposed guidelines for 
dealing with such conditions. They proposed three solutions: (1) minimal-response signal 
policies (i.e., cycle length selection matched to block length), (2) highly responsive signal 
policies (i.e., queue actuated control [6]), and (3) other non-signal treatments (i.e., enforcement 
and prohibiting, right-turn-on-red) in a signalized environment. As reported by Lee et al. (6), the 
primary objective of the queue-control policy was to delay or eliminate intersection blockage. 
Lieberman and Messer (7) developed mathematical models for optimizing signal timings based 
on an internal metering policy. Internal metering ensures that no link receives more traffic than it 
can hold without spilling back traffic, requiring the determination of best green splits and offsets. 
The objective of such models is to maximize throughput. Other researchers have continued to 
refine these ideas. For instance, Gal-Tzur et al. (8) developed an iterative signal-timing 
optimization method, which linked a custom mathematical program with TRANSYT signal-
timing optimization program. In this scheme, the mathematical model was used to determine the 
green splits and the level of metering, whereas TRANSYT was used for simulating the dynamic 
processes within the cycle and for offset optimization. Other instances include the works of Choi 
(9) and Lieberman and Chang (10) who refined the internal metering models and demonstrated 
their real-time application. Kim (11) and Kim and Messer (12) developed mathematical models 
for controlling congested interchanges and arterials with single critical intersections. These 
models managed queues at external approaches to a system, while preventing spillback and 
reducing delay on the interior links.  
 

Research conducted by Chaudhary and Balke (13) found that driver expectancy plays an 
important role in determining headways and those variations in headways increase for vehicles 
further back in the queue. The implication of this finding is that capacity may be lost if very long 
cycles are used. They studied five coordination strategies using computer simulation. The results 
of this study showed that coordination of actuated signals for progressing traffic flow in the 
congested direction produces lower delays, fewer stops, and shorter queues. In his work with 
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congested interchanges, Messer (14) found that undersaturated systems might become congested 
because of poor signal timing and deficient spacing between the signalized intersections. By 
providing an upper bound on signal control delay for oversaturated arterial operations, he 
showed that congestion can be characterized and modeled. Messer (15) extended an existing 
model for analyzing the operational impacts of queue spillback on the capacity and delay of 
closely spaced signalized intersections. Chaudhary and Chu (16) and Chaudhary et al. (17) 
developed two models for coordinating diamond interchanges with adjacent signals. Their first 
model is a simple capacity analysis procedure that uses Webster’s method (18) for calculating 
green splits for the interchange and adjacent signals. However, Webster’s green split calculation 
method, which treats each signalized intersection separately, may not be valid when queues from 
one intersection start to influence an adjacent signal. To accommodate such situations, the 
second model uses an iterative method for simultaneously calculating green splits and offsets for 
all signals in the system. The procedure automatically determines if the system is undersaturated 
or oversaturated. If the system is oversaturated, it pushes all excess demand to the user-defined 
boundary of the system, while keeping the interior links clear of detrimental queues (19). 
Although this method needs refinements, it has shown to produce excellent results for small 
systems. 
 

Other researchers have continued to explore the development of methods and models to 
deal with congested traffic signal systems. Abu-Lebdeh and Benekohal (20) developed a model 
for maximizing system throughput by managing queues. Liu and Masao (21) developed a model 
based on the method of cumulative flows. The objective of this model is to minimize delay by 
allocating green times to various phases. Ahn and Machemehl (22) developed a traffic simulation 
model to provide a methodology for traffic signal timing in oversaturated urban arterial 
networks. They considered two control objectives: maximizing throughput and preventing or 
minimizing queue spillback. They found that offset was a dominating factor. Other factors found 
to be important were link length and cross street green time. Abu-Lebdeh and Benekohal (23) 
developed models for estimating the capacities of oversaturated arterials. Khatib et al. (24) 
propose that the goal of timing in congested conditions should be to allow higher-volume 
approaches to discharge more traffic than the lower-volume approaches, so that the intersection 
can return to a normal condition as quickly as possible. They developed and simulation-tested 
mathematical models that optimize maximum green intervals for achieving this goal by 
preventing spillback and overflow on signalized arterials with actuated signals. Girianna and 
Benekohal (25) developed an algorithm that determines green times and offsets to 
manage/distribute queues in time and space.  
 

Herrick and Messer (26) developed guidelines and strategies for improving traffic 
operations at signalized diamond interchanges that become oversaturated for periods of time and 
recommended enhanced features for third-generation traffic control, including enhanced traffic 
detector strategies to identify the presence of queue backups onto the freeway during 
oversaturated conditions. 

 
A recently completed FHWA project (27) has developed guidelines and proposed 

strategies to mitigate the effects congestions have at isolated signalized intersections using input 
from a panel of seven experts, limited computer simulation, and one field study at a three-legged 
severely-congested intersection in Virginia. Depending on the situation, some of the proposed 
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strategies may or may not be feasible. Furthermore, the FHWA report does not offer practical 
steps for their implementation. 
 

While researchers continue their quest for improved congestion management strategies 
and models, practitioners must continue attempt to solve their problems using whatever means 
available to them. The literature provides a glimpse of such attempts, including:  

• a trial and error method, which kept shifting congestion from one location in the system 
to another (28);  

• after failing to mitigate severe congestion on a 2.72-mile arterial stretch via optimization 
of signal timing parameters, resorting to a flush strategy that ignored cross streets (29);  

• successful development of a strategy to improve congestion and safety in a small 
corridor, but failure in implementation due to inter-jurisdictional barriers (30);  

• success by fixing downstream problems, using appropriate cycle length, double-servicing 
heavy phases, running closely-spaced signals using a single controller, and doing 
whatever it takes to coordinate all closely-spaced intersections with the problematic 
signal (31); and  

• success by using flexible timing, efficient placement of detectors, queue detection, 
efficient gap settings to minimize duration of oversaturation, variable walk time, and use 
of other advanced controller features (32). 

 
Coordinating signals to alleviate the adverse effects of traffic congestion is the fastest and 

the least costly approach, but it may not cure severe congestion. When that happens, other more 
expansive approaches are warranted to increase or add capacity. These approaches include: 
adding lanes, changing intersection geometry, extending turn bays, restricting on-street parking, 
converting two-way streets to one-way streets, using reversible lanes (33), and grade separation.  
Access management is another capacity-improvement strategy. Identifying access management 
as a response to the problems of congestions, capacity loss, and accidents along roadway, 
Koepke and Levinson (34) provide access management guidelines for activity centers. Gluck et 
al. (35) reviewed different access management techniques and discussed corresponding safety 
and operations. An example of access management is the Michigan left-turn, which replaced an 
at-intersection left-turn movement with a right- plus U-turn movement. The advantages of this 
treatment include reduction in delay, increased intersection capacity, better progression for 
through traffic, fewer stops for through traffic, and fewer conflict points (36) in the intersection. 
Gluck et al. (35) cited the results of Koepke and Levinson in which the estimated capacity gains 
of Michigan left-turn over dual left-turn lanes range from 14 percent to 18 percent and the 
estimated reduction in critical lane volumes ranges from 7 percent to 10 percent.  
 

Another approach to combat congestion is to manage demand. Approaches in this 
category include encouraging employers to implement staggered and/or flexible working hours, 
encouraging car pooling by providing toll discounts and/or high occupancy lanes, encouraging 
the use of transit services by providing conveniently-accessible park-and-ride lots, discouraging 
trips by increasing parking rates, and tolling (33). 

 
Though congestion is one of the major issues faced by many metropolitan areas, there 

exists no standard agreed-upon measure for characterizing its severity. While throughput, extent 
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of queuing, and delay are useful in characterizing congestion and identifying its consequences, 
they alone do not provide solution strategies. Gazis and Potts (2) classified congestion into four 
categories. However, this classification lacks an objective measure. Lindley (37) developed the 
congestion severity index that is based on delay. Levinson and Lomax (38) proposed using a 
delay rate index as a measure for congestion, where delay rate is the difference between per-
minute delays under free-flow and congested conditions. By conducting an opinion survey with a 
group of traffic experts and users, Vaziri (39) developed a congestion index using fuzzy set 
theory. By considering average travel speed and the proportion of time traveling at very low 
speed within the total travel time, Hamad and Kikuchi (40) proposed a traffic congestion index 
with values is the range of 0 to 1, where 0 indicates the best condition and 1 indicates the worst 
condition. Even though research efforts on developing a congestion index are continuing, its use 
is not widely accepted partly because congestion is not a well defined condition. In addition, the 
effectiveness of the use of such index in congestion mitigation strategies requires further 
investigation. 
 





 

7 
 

CHAPTER 2. 
STATE OF PRACTICE IN TEXAS 

To identify the state of practice regarding oversaturated condition in Texas, researchers 
developed a questionnaire for soliciting information from practitioners in Texas. This 
questionnaire is reproduced in Appendix A. In consultation with the TxDOT advisory panel, 
researchers concluded that it would be sufficient to solicit information from a carefully-selected 
group of experts consisting of TxDOT employees, other public agencies, and consultants. 
 

In May 2008, the questionnaire was sent to 27 selected individuals. Table 1 provides a 
summary of responses received. 

  
Table 1. Responses to Questionnaire. 

Agency Sent Received % Returned 
TxDOT 12 9 75.0 
Other Public Agency 8 6 75.0 
Consultant 7 2 28.6 
Total 27 17 62.9 

 
 As can be seen from this table, the response from TxDOT and other public agency staff 
was excellent (75 percent returns each). Most individuals in these agencies returned the 
completed surveys by the end of June. Only two out of seven responses were received from 
consultants. Appendix B provides a summary of survey results. The following are key findings 
from the survey of practitioners in Texas: 
 

• Congestion was identified to occur mostly in coordinated systems. Key characteristics of 
congestion identified were: 

o two to three consecutive cycles failures at an approach; 
o capacity loss due to queue spillback and blocking; 
o long queues on one or more approaches. These queues may be local or from 

adjacent intersections; and 
o inability to provide acceptable progression. 

 
• Key objectives for tackling congestion at isolated intersections were identified to be: 

o minimizing delay, 
o maximizing throughput, 
o providing equity to movements at an intersection, and 
o minimizing cycles required to go through an approach. 
 

• Key objectives for tackling congestion in signal systems were identified to be: 
o maximizing two-way progression, 
o avoiding blocking, and 
o providing equity to movements at an intersection. 

 
In question about changes in objectives when dealing with diamond interchange, seven 

respondents said no, one abstained, and nine respondents said yes. These latter respondents also 
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provided detailed comments about why they had that opinion. These opinions are summarized 
below. 

 
• The impact on adjacent signals must be considered. Diamond interchanges often require 

larger cycle lengths than intersections. In addition, high percentage of left turns may be 
considered if two-way progression is desired. 

• Queue management becomes more important, especially if there is danger of long queues 
on the frontage road with the possibility of spillback onto the freeway exit ramp or main 
lanes.  

 
In questions regarding potential congestion mitigation strategies, respondents provided 

the following insight: 
 
• Only a handful of strategies are considered to be totally successful in mitigating 

congestion by any significant percent of respondents. 
o Six respondents (22.2 percent) indicated that increasing the number of lanes in a 

turn bay is totally successful. 
o Five respondents (18.5 percent) stated that adding lanes on approaches is 

completely successful. 
o Four respondents (14.8 percent) state that double-cycling single or multiple 

phases in a cycle and changing phasing sequences are completely successful. 
 

• Most of the strategies identified in the survey were considered to be marginally 
successful in mitigating congestion. Top of this list included the following in descending 
order: 

o increasing cycle length (48.1 percent), 
o providing less than optimal green split to cross street phases to improve major 

street congestion (44.4 percent), 
o decreasing cycle length (37 percent), and 
o changing phasing sequence (37 percent). 

 
• Most of the identified strategies are considered to be viable by most respondents, with the 

following strategies on the lower spectrum: 
o eliminating pedestrian phases, 
o providing long green to main street phases to flush heavy demand, and 
o using special turn lanes, such as jug handles and mid-block U-turns. 

 
• Three strategies are not considered as viable by many respondents. These are: 

o eliminating pedestrian movements or phases (33.3 percent), 
o eliminating vehicle movements or phases (22.3 percent), and 
o flushing main-street phases (18.5 percent). 

 
The respondents also identified several potential sites for use in the project. The 

researchers visited various sites in Brownwood and Austin on May 21–22 and June 2, 2009, 
respectively. During these visits, preliminary data were also collected. In addition, the research 
team collected data at a two-signal system in College Station, Texas, for use in preliminary 
testing of some strategies. 
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CHAPTER 3. 
PRELIMINARY CONGESTION MANAGEMENT GUIDELINES 

CHARACTERISTICS AND CAUSES OF TRAFFIC CONGESTION 

Congestion is the result of desired travel activities and is a sign of economic vitality. In a recent 
public comment about traffic congestion (41), the mayor of New York City said, “We like 
traffic, it means economic activity, it means people coming here.”  A few years ago, Taylor (42) 
had made the following similar proposition: “Traffic Congestion is evidence of social and 
economic vitality; empty streets and road are signs of failure.”  Taylor (42) further stated that 
efforts to manage congestion should accept the fact that automobiles are central to metropolitan 
life, and that short-lived relief is not proof that adding capacity is a bad idea. These statements 
point out the fact that congestion will remain an issue for modern cities, and continued efforts 
will be required to minimize its detrimental effects. Thus, all efforts must be made to minimize 
its negative impacts.  
 

Traffic signals are installed at roadway intersections to provide safe and equitable right of 
way to competing traffic movements. To accomplish this objective, a traffic signal cycles 
through a sequence of green indications for each group of compatible movements, while 
displaying red to all competing movements. Thus, queuing is a design feature of traffic signals. 
As illustrated in Figure 1 for an undersaturated signal approach, a queue forms and grows at the 
arrival rate when the signal is red. When green phase starts at time t0, the queue begins 
dissipating at the saturation flow rate until the queue is clear at time t1, and thereafter, vehicles 
are serviced at the arrival rate until the end of the green phase at time t2. This queue growth and 
dissipation process repeats cycle after cycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Cumulative Flows of a Signalized Intersection. 
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Theoretically, capacity of a signal phase increases as cycle length increases. However, 
longer red time also produces a longer queue for the same demand scenario. Figure 2 illustrates 
this point by comparing the arrival-departure processes for two hypothetical signal cycle cases. 
Both cases have the same red-to-cycle ratio but Case 1 produces a shorter queue than Case 2. 
This figure also provides the following additional insights: 
 

• During the first part of green phase, queued vehicles depart at the saturation flow rate. 
Once the queue has cleared, vehicles depart at the arrival rate. This is the characteristic of 
an undersaturated approach, whose capacity is larger than demand. 

• In Case 1, a larger proportion of green is used at the saturation flow rate than in Case 2.  
• Case 2 results in larger delay, identified by the area of the triangle created by the queue 

formation process, per cycle than Case 1. 
• In Case 2, more vehicles pass the signal without stopping than in Case 1. However, if 

arrival rate (demand) starts to increase, this advantage of Case 2 will start to diminish. 
 

 
 

Figure 2. Effect of Cycle Length on Cycle-by-Cycle Queue Length. 
 

If multiple signalized intersections exist in close proximity, traffic flow characteristics 
become more complicated. Figure 3 illustrates two extreme cases of these traffic flow 
characteristics by extending the previous example to include a downstream signal. In the first 
(Best) case, the platoon of vehicles released from the upstream signal arrives at the downstream 
signal when the queue has just cleared and passes through this signal without stopping. This case 
produces minimum delay, no stops to through traffic, and maximum progression. In the second 
(Worst) case, all vehicles arriving from the upstream signal are forced to stop. This case 
produces the longest queue and no progression. Note that the only difference between the two 
scenarios is the offset between the two signals. Offset is a signal timing parameter that 
establishes time relationship between the beginnings of greens at adjacent traffic signals. 
Together with signal cycle lengths with a common base, offsets are used to synchronize a system 
of traffic signals. 
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Figure 3. Examples of Best and Worst Signal Coordination. 

 
In closely-spaced signal systems, non-optimal timings can cause the situation illustrated 

in Figure 4. In this case, vehicles having green phase cannot utilize it because there is no space to 
move forward. The source of congestion in this case is not oversaturation, but lack of optimal 
coordination between adjacent traffic signals, which is also hurting side street traffic in this case. 
As illustrated here, there is a clear distinction between congestion and oversaturation, an 
assertion also made by Urbanik (43). However, experts in the panel of the FHWA project (27) 
stated that in the practice of their profession, they are not interested in precise definitions of 
congestion, saturation, and oversaturation. Rather they are more concerned about different 
strategies that can be used in different conditions. 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Congestion Caused by Suboptimal Signal Timings. 
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When the length of a green phase is not long enough to clear the queue, a cycle failure is 
said to have occurred. Multiple back-to-back (generally 2 to 3) cycle failures are one sign of 
congestion. Another sign of congestion is spillback of traffic past turn bays where either turning 
or through traffic is blocked (at least partially) from utilizing their green phases. Figure 5 shows 
two such cases. Under such scenarios, either one or both movements may face cycle failures. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Spillback and Starvation Caused by a Short Left-Turn Bay. 
 
 Congestion is considered to be local (i.e., Figure 5) if a queue has formed causing 
multiple back-to-back cycle failures, but it is limited to the vicinity of the intersection. 
Congestion is considered intermediate if queues begin to impact immediately adjacent signals. It 
is considered widespread if the impact of queues spreads beyond multiple signals (Figure 6) or 
when multiple signals face intermediate congestion. It should be noted that the source of the 
queue shown in Figure 6 is a diamond interchange beyond the next signal. It is possible to 
mitigate the adverse impacts of such queues by changing signal timings. Options suggested by 
the above discussion include reducing red times (by re-allocating green time or reducing cycle 
length) or by improving coordination. In the process, one may have to resort to a non-standard 
approach as was used by members of this research team to improve the facility shown in  
Figure 7. Proper training and field experience is required to achieve such a result.  
 

 
Figure 6. Wide-Spread Congestion. 
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Figure 7. Results Produced by a Reduced Cycle Length and Non-Orthodox Green Splits. 

 
It should be noted that the result shown above can only be achieved if the system has 

spare capacity that can be shifted to the source of congestion, eliminating (or even minimizing) 
the impacts of primary bottleneck. In this case, the primary source was a capacity bottleneck at 
the diamond interchange (on the left side) and eliminating that bottleneck also eliminated 
secondary congestion at the upstream traffic signal. If the congestion is truly a result of excessive 
demand, such measures including queue management may improve the situation by mitigating 
secondary congestion but may not be able to completely eliminate congestion from the system. 

CONGESTION MANAGEMENT GUIDELINES 

Congestion mitigation requires identifying and tackling sources of congestion and applying all 
available tools at the analysts’ disposal, including judgment. All existing optimization and 
simulation tools are deficient in their applications to congested systems, but they can be useful if 
the analyst knows when and how to exploit their beneficial features. Thus, it is essential to have 
all needed resources, including properly trained and experienced staff. Figure 8 shows a five-step 
process for mitigating congestion. 
 

 
Figure 8. General Congestion Management Guidelines. 

 
Step 1: Identify the Highest-Priority Location Needing Congestion Mitigation 
In your system of concern, identify the highest priority location needing congestion mitigation. 
The initial identification may be the result of driver complaints. However, for better assessment 
of the situation, the professional must inspect the situation in person. The inspection should be 
done from a vantage point that allows scanning as wide an area as possible and/or by driving 
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through the facility. The objective of this inspection is to assess the cause and scope of the 
problem. Based on this initial assessment, schedule a more detailed data collection/observation 
plan. Your observation may indicate the desired detail and accuracy of data collection process. It 
should be noted that it is not sufficient to collect volume counts and use them as a proxy for 
demand during the congested period. The reason is that vehicle count is a measure of serviced 
volume, which depends on signal timing. In congested systems, estimation of demand requires 
assessment of both counts and queue growth rate from cycle to cycle.  
 
Step 2: Examine and Fix Any Detection Problems or Inefficiencies 
Once the problematic area is identified, examine the detection system in this area to ensure that it 
is working as intended. Many times, failures in the detection system may be the primary cause of 
inefficiency leading to congestion. Examples of such problems include non-optimal gap settings, 
problematic hardware inside the cabinet, a defective loop, or one or more of numerous problems 
that may arise with video-based detection. These latter problems could be caused by a dirty lens, 
an improper detection zone, or camera-positioning resulting in unnecessary headlight or 
pavement glare. Ideally, the detection system should provide snappy operation, while providing 
adequate service to traffic demand. 
 
Step 3: Conduct Data Collection 

Conduct data collection called for by the data collection plan. The data collection plan may be as 
simple as field observation by an experienced person or very detailed data collection requiring 
multiple personnel per intersection in the study area. To understand where congestion starts, how 
it spreads, and how long it lasts, it is desirable to collect data for the entire congestion period plus 
at least 30-minute periods before and after, when possible. Using this data, identify the causes 
and durations of primary and secondary congestion locations, and growth/dissipation rates and 
durations of queues. Also, collect demand data with as much accuracy as possible. To do that, 
count the number of vehicles serviced by a green interval during each cycle as well as the growth 
in the size of any queue. For a given time period, the demand for the subject green will be the 
total number of serviced vehicles plus the growth in queue during that period.   
 
Step 4: Analyze Data, Formulate, and Implement Strategies 
Analyze the data, determine what needs to be done to fix the problem, and implement changes in 
signal timings. The fix may be as simple as on-the-spot re-allocation of time between conflicting 
phases or changes in the offset at a traffic signal. In more complicated cases, data will have to be 
further processed in the office. Such processing usually involves the use of computer-based 
optimization and analysis tools. However, since existing tools are not designed to explicitly 
consider congested conditions, they should be used with caution. During light and moderate 
conditions, the objective of timing traffic signals is to either minimize delay or maximize 
progression (27).  However, during heavy conditions, these objectives cannot be achieved. Under 
those circumstances, consider throughput maximization by managing queues to prevent spillback 
and blocking, especially their impacts on turn bays. Specific tactics may include (27): 
 

• addressing a downstream bottleneck if queues prevent full utilization of upstream green 
phases, 

• serving heavy movements twice per cycle, 
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• optimizing green splits, 
• finding the most appropriate cycle length, 
• minimizing effects of pedestrians, 
• balancing queues on conflicting approaches, 
• minimizing queue damage, 
• minimizing adverse effects of transitioning, and/or 
• using one controller for multiple intersections. 

 
Note that the use of one controller for multiple intersections requires careful 

consideration of issues related to detector and timing designs to produce the desired benefit. 
Improper design and/or controller settings may lead to multiple phases serviced sequentially or 
recalls on several approaches, leading to an inefficient operation.   
 
Step 5: Repeat the Process 
Implement revised control plan and repeat Step 1. You may encounter one of the following 
scenarios: 
 

• the problem is solved,  
• the problem has shifted to another location with more or less severe impact, 
• congestion is reduced but is still there, or 
• you cannot tell the difference.  

 
If the problem shifted to a different location, consider a more refined system-based 

approach. However, it may or may not be able to completely eliminate congestion, especially if 
the demand is more than capacity. In that case, you may need to set priorities and tweak control 
so that congestion is pushed away from critical locations to other less-critical locations. For 
instance, in dealing with interchanges, make sure that queues are prevented from compromising 
the safety of freeway exits or main lane traffic. In some cases, all you may be able to do within 
the existing constraints is to reduce the impacts of congestion. In such cases, you are successful 
if the above process allowed you to reduce the severity and duration of congestion. 
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CHAPTER 4. 
IMPACT OF LEFT-TURN BAY ON SIGNAL CAPACITY 

The previous chapter provided general guidelines and tactics for mitigating traffic congestion at 
traffic signals. However, the implementation of these guidelines may not be trivial due to several 
factors not accounted for in the available highway capacity analysis procedures and computer-
based tools that use these procedures. One key issue is that the available capacities cannot be 
fully utilized during congested or near-congested conditions, especially in the presence of shorter 
bays and longer cycle lengths. Field observations show that these capacity losses are caused by 
the interactions of left and through vehicles near bay entrance. However, there is a need to better 
understand the impacts of these interactions to assess realistic expectations about available 
capacity under different conditions. Field studies can be useful for this purpose but are 
undesirable due to two reasons: (1) practicality and cost-effectiveness to allow a study of all 
pertinent factors and (2) inability to provide for a systematic experimental plan. Thus, this 
research project used computer simulation to study the impact of bay length and other factors on 
the throughput capacity of a signalized approach. These factors included number of lanes in the 
left-turn bay, bay length, cycle length, phasing sequence, and distribution of left and through 
traffic upstream of bay entrance. Furthermore, the analysis considered single- and dual-lane left-
turn bays only. The single-lane-bay case was evaluated under both fixed-time and fully-actuated 
control. However, the investigation of dual-lane bays was limited to analysis under fixed-time 
control only. The following sections provide details. 

SINGLE-LANE LEFT-TURN BAY CASE 

Design of Experiment 

Figure 9 illustrates the four-legged synthetic intersection used for this simulation experiment. At 
this intersection, main-street runs east-west with four separate signal phases. For simplicity, a 
single phase is used for the cross street traffic, which runs north-south.   
 

 
Figure 9. Geometric Layout of the Isolated Intersection Studied. 
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Note that the eastbound approach has a single lane feeding traffic to the left-turn and 
through phases, whereas the westbound approach provides full lanes for the two movements. In 
the application of highway capacity analysis methods, users generally treat these cases as the 
same despite the knowledge that this is not always the case (17, 44).  This deficiency is due to an 
absence of guidelines on how to account for the differences, which depend on multiple factors.  
 

The objective of this simulation experiment is to better understand how various factors 
affect the capacity of left-turn and through signal phases receiving traffic from a single lane 
(eastbound approach in Figure 9). Thus, it is logical to compare the operational performance of 
this case against the ideal scenario represented by the westbound approach, using same demand 
and control conditions. As a result, the demands for movements on both approaches were kept 
the same. Furthermore, demands and signal timings were chosen to produce theoretical volume-
to-capacity ratio close to one. For all cases, green splits were calculated using Webster’s equal 
saturation method implemented in PASSER V-09. 

 
For comparison purposes, throughput (the number of vehicles crossing the stop bar) was 

used as a proxy for the real capacity of the corresponding phases. Different conditions were 
produced by varying bay length, cycle length, phasing sequences, and left versus through traffic 
distribution. For reference purposes, westbound direction is termed as unrestricted approach. As 
such, the throughputs of westbound movements, taken as surrogate measures of ideal capacities, 
are termed as unrestricted capacities. The eastbound approach, on the other hand, is referred as 
the restricted approach. Consequently, the movements on this approach are termed as restricted 
movements. 

 
VISSIM (45) was used for simulating seven volume settings, five cycle lengths, four 

phasing sequences, and seven different bay lengths. These values produce 980 unique scenarios. 
For each scenario, researchers conducted five replications of simulation using different random 
seeds. This produced a total of 4,900 simulation runs, which were repeated for fixed-time and 
fully-actuated control cases.  Each run consisted of a 15-minute warm-up period, followed by a 
one-hour data collection period. Table 2 provides values of factors simulated. Note that the total 
demand for each main street approach remained fixed at 1400 vehicles per hour (vph), but the 
distribution of left-turn versus through demand varied for the seven volume scenarios.  

 
Table 2. Simulation Scenario Matrix. 

Cycle 
Length 

(sec) 

Volume (vph) 
Phasing Sequence 

Bay 
Length 

(ft) 
Volume 
Index 

Main Minor 
Left Through Through φ1 φ5 

90 1 100 1300 200 Lead Lead 100 
100 2 300 1100 200 Lead Lag 200 
110 3 500 900 200 Lag Lead 300 
120 4 700 700 200 Lag Lag 400 
130 5 900 500 200     500 

  6 1100 300 200     600 
  7 1300 100 200     700 
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 Hourly throughput of each movement was collected by using data collection points 
located immediately downstream of the stop bar. The maximum throughputs on the westbound 
(WB) approach obtained from the five simulation replications of each scenario were used as 
estimates of unrestricted capacities. The following productivity index was defined to evaluate the 
performance of each movement on the eastbound (EB) approach:  
 

Productivity of Movement  %
Average Throughput of Movement 

Unrestricted Capacity of Movement  100 

 
 The above formula measures the percentage of maximum unrestricted capacity realized 
on average for a movement on the restricted eastbound approach. The following sections provide 
results of simulation for the fixed-time and fully-actuated control scenarios. 

Fixed-Time Control 

The first set of simulation experiments were conducted using fixed-time signal control at the 
intersection. It is important to study this basic case because various forms of actuated control 
converge toward fixed-time control when actuated phases begin to approach their maximum 
values under heavy demand or max-out due to detector failure or improper gap settings.  
 
 All simulation runs for this case were completed and summarized. To analyze the 
performance of the eastbound approach under investigation, the researchers generated plots of its 
productivity versus the seven volume scenarios. Each plot showed productivities of all four 
phasing sequences for a given bay length and cycle length combination. Appendix C provides 
these plots. Figure 10, Figure 11, and Figure 12 show productivity plots for the 100-second 
cycle-length plan for 100, 300, and 500 ft bay lengths, respectively. In these plots, the phasing 
sequence is labeled such that the first term refers to Phase 1 and the second term refers to 
Phase 5. For example, lead-lag refers to the case where westbound phases (Phase 1 and Phase 6) 
start first.  

 
Figure 10. Eastbound Productivity for 100-ft Bay and 100-second Cycle Length. 
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Figure 11. Eastbound Productivity for 300-ft Bay and 100-second Cycle Length. 

 

 
Figure 12. Eastbound Productivity for 500-ft Bay and 100-second Cycle Length. 

 
 The following observations can be made by reviewing simulation results for this scenario 
provided in Appendix C: 
 

• For a 100-ft left-turn bay, lead-lag and lag-lead phasing sequences produce higher 
productivity than the other two phasing sequences, especially at higher cycle lengths. For 
longer bays, however, the performance of these two phasing sequences becomes worst 
than lead-lead and lag-lag sequences. 
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• Approach productivity is very high for cases where percent of left-turns is either very 
low or very high (i.e., volume scenarios 1 and 7). Productivity drops significantly as the 
distribution of left-turn and through traffic gets closer, with balanced scenario (volume 
scenario 4) being the worst.  

 
• For all timing plans, there is no significant difference in the performance of the four 

phasing sequences for bay lengths of 500 ft or higher. Maximum difference is within 
3 percent. It is worth noting that the productivity of the best-case scenario is about 
97 percent of the unrestricted cases.  
 
The reader should note that length of the left-turn bay controls the maximum number of 

left-turn vehicles that can be stored in the bay. It also controls the maximum number of through 
vehicles that can store in the through lane downstream of entrance to the bay. In cases where 
either one or both of these storage spaces have filled, additional arriving vehicles (regardless of 
movement) form a single file (queue) upstream of bay entrance. Thus, separate left-turn and 
through signal phases work effectively only until their respective storage spaces have cleared 
(Stage 1). After that, the combined capacity of the two phases is determined by the shared 
arrivals of vehicles stored upstream of the bay entrance (Stage 2).  For very short bays with high 
demand, the duration of Stage 1 is short (8–10 seconds) relative to Stage 2, producing capacities 
close to that of a shared lane at the stop bar. Under such conditions, it is beneficial to allow left-
turn and through vehicles to move simultaneously. Even then, the approach capacity is only 
65 percent of the unrestricted (westbound) approach. Messer and Fambro (44) reported similar 
observations. Their analytical simulation study found that lead-lag and lag-lead phasing 
sequences performed better for bay length shorter than 75 ft.  
 

Theoretically, increasing the cycle length also increases phase capacity. In practice, 
however, this capacity increase can only be realized if no blocking occurs. Figure 13 explains 
this point by plotting productivity of the four phasing sequences for one sample case (300 ft bay, 
Volume scenario 3). Note that productivity reduces as cycle length increases. 
 

 
Figure 13. Productivity of Restricted Approach versus Cycle Length.  

75.0%
77.0%
79.0%
81.0%
83.0%
85.0%
87.0%
89.0%
91.0%
93.0%
95.0%

90 100 110 120 130

Pr
od

uc
ti
vi
ty

Cycle Length (sec.)

EB Productivity (Volume Scenario 3, 300 ft Bay)

Lag‐Lag

Lag‐Lead

Lead‐Lag

Lead‐Lead



 

22 
 

For the case represented in Figure 13, reductions in productivity are caused by blocking 
associated with long queues. For the same volume scenario, a longer bay will result in higher 
productivity by reducing blocking. On the other hand, larger cycle lengths will reduce 
productivity. These points can be observed from Figures 14, 15, and 16. Notice that a 400-ft bay 
is sufficient to attain 95 percent productivity for a 90-second cycle length, while larger bays are 
needed to achieve the same results for larger cycle lengths. 

 

 
Figure 14. Approach Productivity for 90-second Cycle Length and Different Bay Lengths. 

 
 

 
Figure 15. Approach Productivity for 110-second Cycle Length and Different Bay Lengths. 
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Figure 16. Approach Productivity for 130-second Cycle Length and Different Bay Lengths. 
 

In summary, the following conclusions can be drawn from the results obtained by 
simulating the operation of a one-lane approach with a single-lane left-turn bay under heavy 
demand, different distributions of left-turn and through traffic, and fixed-time control: 

• Lead-lag and lag-lead phasing sequences perform better for a 100-ft bay, while lag-lag 
and lead-lead phasing sequences perform better for bay lengths of 200 ft or more. 

• The worst scenario occurs under balanced left-turn and through distributions. 
• Under worst conditions, capacity is controlled by cycle length and bay length. Maximum 

capacity can be realized by selection of a cycle length that minimizes blocking of 
available left-turn bay.  

• When blocking has occurred, increasing cycle length reduces capacity. 
• When a single lane feeds traffic to a turn bay and a through lane (a restricted approach), 

the maximum capacity is less than that assumed by highway capacity analysis methods. 
The best-case scenarios realized only 95 percent of ideal capacity. 

• For best results, bay length should be at least 500 ft.  

Fully-Actuated Control  
 
Next, simulation and analysis of the Figure 9 scenario were repeated with fully-actuated control. 
For this analysis, the previous simulation testbed was modified to add stopbar detection on all 
approaches. To produce a snappy operation, 6 by 60 ft detectors were used for these simulations. 
The layout of the simulation testbed is illustrated in Figure 17. For actuated controller settings, 
phase timings obtained for each volume-cycle length combination were input as “Max 1” times 
for corresponding phases. Minimum green times for left and through phases were set to 4 and 
6 seconds, respectively. In addition, all phases were given 3 second yellow and 1 second red 
times. Lastly, vehicle extension (gap-out) was set to 0.5 seconds for all detectors. All 980 
scenarios were simulated with five replications using different random seed numbers. The results 
were processed as in the previous case. Plots of these analyses are provided in Appendix D. It 
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should be noted that the use of term “cycle length” here is only for reference/comparison 
purposes. Here, cycle length refers to the sum of max times of all phases in a ring. It should be 
noted that the actual time it takes to cycle through all phases varies under fully actuated control.   
 

Figure 17. Layout of Stopbar Detector for Fully-Actuated Control. 
 
 A review of simulation results showed that lagging phases with heavy demand provided 
higher throughput. Figure 18 illustrates this finding using the 300 ft bay plus 100 second cycle 
length case for all seven volume scenarios. While reviewing this figure, recall that volume 
scenarios 1, 2, and 3 have higher through demand, volume scenario 4 is balanced, and volume 
scenarios 5, 6, and 7 have higher left-turn demand.  
 

 
 

Figure 18. Productivity of Restricted Approach Volume Scenarios under Fully-Actuated 
Control. 
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In this figure, note that: 
 

• Lead-lead and lead-lag phasing sequences, in which the through phase of the restricted 
approach (Phase 2) is lagging, produce higher productivity for the first three volume 
scenarios. 

• For volume scenarios 5, 6, and 7, lead-lag and lag-lag phasing sequences, in which left-
turn phase on the restricted approach is lagging, produce higher productivity. 

• As in the fixed-time control case, balanced scenario has the lowest productivity. 
• Lead-lag phasing performs consistently well but has slightly less productivity than the 

other two sequences for more balanced volume scenarios. 
• The productivity of lag-lead phasing sequence, in which left-turn phase (Phase 5) on the 

restricted approach leads is consistently worse than all other phasing sequences. 
 
 Using the example of lead-lead phasing, Figure 19 explains why lagging heavier phases 
produces better results under actuated control. In this example, Phase 1 gaps out and terminates 
at time t1 and Phase 2 starts early. Under this scenario, Phase 2 reaches its maximum at t4 but 
does not terminate because it must cross the barrier at the same time as Phase 6. Since Phase 6 
extends to its maximum value, Phase 2 gets additional time (capacity) it would not have received 
if Phase 1 was lagging. If Phase 2 has heavier demand than Phase 1, this scenario will help traffic 
served by it. On the other hand, lagging the lighter phase hurts the heavier phase. Improper 
phasing sequence under fully-actuated control may perform worse than the same sequence under 
fixed-time control. As an example, refer to Figure 11 that shows that the productivity for volume 
scenarios 6 and 7 (for the same bay length plus cycle length combination) was above 93 percent 
regardless of phasing sequence. However, that is not the case under actuated control as illustrated 
in Figure 18. Thus, it is more important to implement an appropriate phasing sequence under 
fully-actuated control. 

 
Figure 19. Phasing Sequence Example for Fully-Actuated Control. 

 
 Simulation results (Appendix D) further show that, similar to using long cycle length in 
fixed-time control, increasing max times result in loss of capacity for the same reasons as 
described earlier. However, if phasing sequence is chosen properly, the impacts of longer max 
times are not as severe as longer cycle length under fixed-time control. This difference is due to 
the fact that the gapped phase gets serviced earlier next time under actuated control.  
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 With regard to bay length, the researchers observed similar patterns as under fixed-time 
control. The productivity of the restricted approach was good for bay lengths of 500 ft or more. 
Under optimal phasing sequences, the productivity of restricted approach for all tested scenarios 
was in the neighborhood of 95 percent. The results of this investigation are summarized below. 
 

• Lagging the phase with heavy demand produces higher throughput. 
• The maximum throughput of a restricted approach is 95 percent of the ideal case assumed 

by Highway Capacity Manual (HCM) analysis procedures for a similar scenario. 
• Choice of phasing sequence has a bigger impact on capacity than that of fixed-time 

control. 
• As in the case of fixed-time control, capacity (productivity) decreases with longer max 

times. However, the impact is not as severe when appropriate phasing sequence is 
chosen. 

• Bay length of 500 ft is sufficient when phasing sequence and cycle length are set 
properly. 

 
Under actuated-coordinated control, the performance of signal operation will be bounded 

by the fixed-time and fully actuated cases. For the gapped phase, the consequences will more 
likely be closer to the fixed-time control. However, as opposed to fixed-time case, another phase 
will get added capacity. Lack of time prevented a thorough study of this type of control. 

SIMULATION EXPERIMENTS FOR DUAL LEFT-TURN BAY 

Chapter 10 of HCM 2000 (46) recommends considering use of a dual left-turn bay when left-turn 
demand exceeds 300 vph. In the simulation experiment for the single left-turn bay case, left-turn 
demand for volume scenario 2 is 300 vph. Simulation results for this volume scenario revealed 
that with proper signal settings, approach productivity of around 90 percent can be achieved even 
for the 200-ft single-lane bay case. This observation warrants further investigation regarding the 
HCM recommended threshold.  
 

To study the impact on throughput of dual left-turn bay, researchers repeated the previous 
fixed-time simulation study by adding a lane in the eastbound left-turn bay. All other variables 
remained the same. Two simulation experiments were carried out. The first experiment used the 
same phase times as in the previous case. The second experiment used revised signal timings 
obtained by explicitly considering two lanes in the bay.  

Simulation Experiments Using Timings for the Single-Lane Case 

Geometric layout for this case is shown in Figure 20. Notice that there is no additional lane in the 
westbound direction. This allows use of previous timings to study the benefits of adding a lane to 
the eastbound bay. As before, all 980 scenarios were simulated with five replications each. As 
before, plots of productivity were generated. Appendix E provides these plots.  
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Figure 20. Geometric Layout for Dual Left-Turn Bay Experiments. 

 
These simulation experiments reveal that adding a lane in the bay without incorporating 

its impact into derivation of phase times does have a positive impact on productivity, but that 
impact is not significant. Key observations from this set of simulations are listed below. 

 
• Phasing sequence selection matters only in the 100 ft bay case. In this case, performance 

of lead-lead and lag-lag phasing sequences worsens significantly for cycle lengths larger 
than 120 seconds. In all other cases, the performance of different phasing sequences is 
about the same. 

• As expected, there is a rightward shift in productivity. In other words, adding a lane helps 
cases with heavier left-turn demand. However, the best-case scenario is not better than 
the single-lane case.  

• For the 300 vph left-turn demand case (HCM threshold mentioned above), adding 
another lane to the bay only helped when the bay length was 100 or 200 ft. For longer 
bay lengths, there was no improvement in productivity.  

Simulation Experiment with Revised Timings 

Next, the impact on productivity of a dual-lane left-turn bay with revised signal timings was 
studied.  To make proper conclusions, a full left-turn lane was also added in the westbound 
direction.  Figure 21 shows the layout of the simulated intersection for this case.  This simulation 
experiment used the same data as before (see Table 2), but signal timings were recalculated to 
account for added left-turn lanes in both directions. Because of an added lane, but unchanged 
demand loading, throughput of westbound movements could no longer be used as a proxy for 
ideal capacities.  Therefore, researchers used the following alternate method for calculating 
productivity of each eastbound movement: 
 

Eastbound Demand Served %  
Measured Eastbound Throughput

Eastbound Demand  100 

φ2

φ8

φ4

φ5
φ1
φ6
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Figure 21. Geometric Layout with Dual Left-Turn Lanes. 

 
The above estimate of approach productivity is similar to the one used for previous 

experiments. To verify this observation, the researchers compared the two measures of 
productivity for three selected single left-turn lane fixed time cases used as an example 
previously. Appendix F provides plots for these three cases corresponding to 100-second cycle 
length and bay lengths of 100, 300, and 500 ft. By reviewing these plots against those provided 
before, it is clear that the two measures are similar. Minor differences observed are due to the 
fact that the denominator in the above equation is a deterministic value, while the denominator 
used in the original equation (Page 19) was calculated using VISSIM output that had random 
variability. 

 
 Appendix G provides productivity (percent of demand served) plots for all these cases. 
From the simulation results, researchers observed the following: 
 

• For the 100-ft bay case, the results were about the same as having a single lane in the bay. 
Similarly, lead-lag and lag-lead phasing sequences were better and for the same reasons. 

• For the 200-ft bay case, productivity was higher by a few percent as compared to the 
single-lane case. 

• For bay lengths of 200 ft or more, lead-lead and lag-lag phasing sequences were better. 
• Productivity become stable at around 99 percent as bay length approached 500 ft. A 

400-ft bay also produced similar results when the cycle length was 100-second or lower 
and lead-lead or lag-lag phasing sequences were selected.  

 
Thus, adding a second lane in the left-turn bay improved the productivity for bay lengths 

of 200 ft of more. In addition, the best-case productivity was almost the same as ideal 
productivity, which was not the case with a single-lane case. However, before adding a lane, any 
impacts on phase times due to pedestrian requirements should be investigated.  

φ2

φ8

φ4

φ5
φ1
φ6
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THROUGHPUT CAPACITY ESTIMATION EXAMPLE 

As demonstrated in previous sections, interactions between left-turn and through vehicles sharing 
a lane upstream of a turn bay reduce throughput capacity of both these movements under heavy 
demand conditions. The reduction in capacity depends on signal timings, left-turn phasing 
sequence, length of left-turn bay, and the distribution of demand among the two movements. 
This section provides an example to demonstrate how the results can be used to estimate the 
capacity of a congested approach. For simplicity, this example assumes a signal with fixed-time 
operation.  
 
 Figure 22 provides geometry and hourly traffic demands for the example intersection. 
This intersection has left-turn bays on both eastbound and westbound approaches. Lengths of 
these bays are 300 ft and 100 ft, respectively. Total through demand in the westbound direction 
is 2540 vph, a bigger fraction of which (1440 vph) is served by the outside lane. Assuming a 
cycle length of 100 seconds yields timings and capacity measures provided in Table 3. The 
following discussion further assumes lead-lead phasing sequence for assessing capacities of 
eastbound and westbound movement, which are addressed separately. 
 

 
 

Figure 22. Geometric Layout of the Example. 
 

Table 3. Capacity Data Obtained Using HCM Method. 
  Eastbound Westbound Northbound Southbound 
  Left Through Left Through Through Through 
Volume (vph) 500 1100  300 2540 200 200 
Saturation Flow 
(vph) 1805 1900  1805 3800 1900 1900 
Green Split (s) 27 65  22 60 13 13 
Capacity (vph) 415 1159  325 2128 171 171 

200
vph

1100 vph
1440 vph

300 vph500 vph
1100vph

200
vph

300 feet

100 feet
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Eastbound approach has a 300-ft bay, so we can use Figure 11 to assess its throughput 
capacity. For this approach, note that left-turn traffic (500 vph) is 31 percent of the total 
eastbound traffic. Furthermore, note that this percentage is between volume scenarios 2 
(21 percent left-turn demand) and 3 (35 percent left-turn demand).  Using interpolation, the 
estimated throughput capacity of eastbound traffic is estimated to be 90 percent of ideal capacity 
provided in the above table. Therefore, the estimated capacity for the left-turn movement is equal 
to 374 (415 × 0.9) vph and for the through movement is 1043 (1159 × 0.9) vph. 
 
 For the westbound approach, throughput capacity estimation procedure requires an 
additional step because of multiple lanes serving the through traffic. The first step prorates total 
capacity according to lane distribution of through traffic, which are: 43.3 percent (1100 vph ÷ 
2540 vph) and 56.7 percent (1440 vph ÷ 2540 vph), for inside and outside lanes, respectively. 
Using these percentages, through capacities of these lanes are 921 (2128 × 0.433) vph and 
1207 (2128 × 0.567) vph, respectively. The next step is to account for interactions between left 
and through vehicles in the inside lane. The demand scenario for the inside lane is the same as 
volume scenario 2. Thus, capacity adjustment factor can be obtained from Figure 10, which 
provides results for the 100-ft bay case. From this figure, the productivity for volume scenario 2 
is approximately 80 percent of ideal capacity. Thus, the capacities of the left-turn and through 
movements are estimated to be 260 (325 × 0.8) vph and 737 (921 × 0.8) vph, respectively. 
Finally, the total capacity of the through phase is the sum of through capacities of the two lanes, 
which is equal to 944 (737 + 1207) vph. 

CONCLUSIONS 

At a congested intersection approach with a left-turn bay, interactions of through and turning 
vehicles near the bay entrance often cause loss of valuable capacity. In this research project, the 
researchers conducted controlled simulation experiments to study the impacts of such 
interactions on signal capacity. Specifically, these simulation experiments studied the impacts of 
cycle length, phasing sequences, distribution of left and through vehicles, and length of turn bay 
on the capacity of left and through vehicles sharing a lane upstream of the bay. For the single-
lane case, the impacts of fixed-time and fully actuated control were studied. Due to time 
limitations, researchers studied the dual-left bay case only for fixed-time control. Analysis of 
results from these experiments provided useful insights. Key observations from this analysis are: 
 

• The worst scenario occurs when there is equal distribution of left and through vehicles in 
the lane feeding traffic to the left-turn bay. 

• When blocking occurs, increasing cycle length decreases capacity. 
• When appropriate cycle length and phasing sequence are selected: 

o a 500-ft single-lane is sufficient to provide the maximum capacity, which is  
95 percent of the ideal capacity, and 

o a 400-ft dual-lane bay is sufficient to provide up to 99 percent of ideal capacity. 
• For fixed-time control: 

o lead-lag and lag-lead phasing sequences perform better for 100-ft bays; and  
o for bay lengths of 200 ft or more, lag-lag and lead-lead phasing sequences 

perform better, with their benefits diminishing for bay lengths of 500 ft or longer.  
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• For actuated control (tested for single-lane bays only): 
o lagging the phase with heavy demand movements improves throughput; 
o choice of phasing sequence has bigger impact on capacity than that for fixed-time 

control; and 
o larger cycle lengths decrease capacity, but the adverse impact is less with properly 

selected phasing sequence setting.  
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CHAPTER 5. 
APPLICATIONS TO REAL PROBLEMS 

As the final task of this project, limited field studies were conducted. The purpose of these 
studies was twofold: (1) to apply the guidelines developed to real world problems and (2) to 
refine the guideline based on the actual application. For these field studies, researchers collected 
data for a small three-intersection system in College Station, Texas, and three intersections in 
Austin, Texas. Data collection at the first site consisted of in-field manual data collection, 
extraction of data from videos recorded from the roof of a nearby parking garage next to the site, 
and videos recorded from a surveillance camera at one of the intersections. For the Austin sites, 
data came from videos recorded by the City of Austin at sites selected by the researchers after 
field visits. After reviewing the data, the three-intersection system in College Station and one 
intersection in Austin were chosen for further study. 

THREE-INTERSECTION SYSTEM IN COLLEGE STATION 

This system is located to the south of Texas A&M University (TAMU) campus in College 
Station. It consists of two signalized intersections (Olsen Boulevard at George Bush Drive and 
Wellborn Road at George Bush Drive) with an unsignalized one-way stop controlled T-
intersection (Marion Pugh Drive at George Bush Drive) in the middle. In addition, there is an at-
grade railway crossing, with 27–30 trains per day, next to the intersection of Wellborn Road and 
George Bush Drive. Wellborn Road and Olsen Boulevard are approximately 850 ft apart, while 
the segment between Marion Pugh Drive and Wellborn Road is about 400 ft in length. Figure 23 
shows the layout of this system. 
 

 
Figure 23. Three-Intersection System at George Bush Drive in College Station, Texas. 
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 The two signals at this site operate with fully-actuated control. Previous attempts to 
provide coordination have failed due to sharp fluctuations between peak-period demands and 
origin-destination (O-D) patterns resulting from various class schedules. Existing control 
included partial metering at Olsen Boulevard during the p.m. peak period. The city implemented 
this strategy by using special functions to put max recalls on westbound left-turn and northbound 
phases.  For vehicle detection, the Olsen Boulevard intersection uses inductive loops, while the 
Wellborn Road intersection uses video cameras. Furthermore, the Wellborn Road intersection is 
on several shuttle bus routes operated by TAMU Transportation Services. By law, all buses must 
stop before crossing the railroad tracks. This policy affected one bus route for which buses travel 
westbound through the Wellborn Road intersection and turned left on Marion Pugh. Returning 
buses on this route turn right from Marion Pugh and travel eastbound through Wellborn Road. In 
addition to the normal peaks, demand at the study site increases abruptly for a brief period 
between classes, which have different schedules for odd and even days of a normal week. 
Affected locations during evening demand surges include: southbound approach at Olsen 
Boulevard, southbound approach at Wellborn Road, and eastbound approach at Wellborn Road 
and George Bush Drive. 

Application of General Congestion Management Guidelines 

Step 1: Identify the Highest Priority Location Needing Congestion Mitigation 

Researchers selected the p.m. peak period for this task and conducted several scouting trips to 
the field site during the week of January 19, 2009. The purpose of these trips was to observe 
traffic conditions to: better understand traffic patterns and problems, determine duration of the 
p.m. peak period, and identify how detailed data could be collected. During these trips, 
researchers collected sample data on vehicle departure headways for several approaches, 
conducted a pilot study to verify the notion of tracking cyclic queue growth to accurately 
estimate demand, observed effect of buses on signal operation, and identified resources 
available/needed for detailed data collection. 
 

These observations verified that Wellborn Road at George Bush Drive is the critical 
intersection in this system. Depending on the day of the week, queuing problems at this 
intersection began as early as 3:00 p.m. and became worse shortly after 5:00 p.m.  In general, 
congested conditions lasted until around 6:00 p.m. During this period, researchers observed long 
queues in all four directions at the Wellborn Road intersection. Of these, the westbound queue 
frequently blocked the left-turn bay and eastbound queue backed up and blocked the upstream 
intersection at Olsen Boulevard. When the latter condition occurred, it worsened queuing on the 
southbound approach at Olsen Boulevard. Approximately 30 buses per hour crossed the railway 
tracks from both eastbound and westbound directions. Each bus stopped before crossing the 
railway tracks, wasting between 4 to 6 seconds of green capacity of the lane it was in. 
 

Researchers also found that observing cyclic queues for better demand estimation 
becomes almost impossible in several cases when: 

 
• there is a sudden surge in demand producing rapid queue growth; 
• view of queue is obstructed by vehicles in the adjacent lane; 
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• a queue grows beyond the point from where downstream signal operation cannot be seen 
clearly or movement of the back of queue cannot be linked to a signal operation reference 
point (i.e., end or green); and/or 

• entrance to a bay is blocked. 
 

Also, it was not easy to count vehicles in long queues at any given point in time. The 
researchers were able to accurately estimate lengths of visible queues by comparing them to pre-
measured reference points (landmarks) on the roadway and only when queue length were stable.   

Step 2: Examine and Fix Any Problems with Field Equipment 

During field trips, researchers observed that the westbound through phase at the Wellborn  
Road at George Bush Drive intersection did not gap out as expected in most signal cycles. 
Further investigation revealed that the detector was often placing false calls causing the phase to 
keep extending even when there was no vehicle at the approach. The exact cause of this problem 
could not be ascertained. This type of problem is common with video-based detection.  

Step 3: Conducted Data Collection 

The researchers collected detailed data using a combination of in-field manual counts and in-lab 
processing of videos recorded in the field. After getting permission from the property owner, the 
researchers placed two video cameras on the roof of a parking garage to record the traffic 
operations at Olsen Boulevard and Marion Pugh Drive. Figure 24 and Figure 25 illustrate views 
from these two cameras. For the Wellborn Road intersection, the researchers utilized two 
surveillance cameras located in the southeast and southwest quadrants at this intersection. A 
communications link exists between these cameras and the TransLink® laboratory at TTI. Video 
feeds from these cameras were simultaneously recorded using a digital recorder.  To facilitate 
offline processing, a scan converter was used to feed video screen from a computer showing a 
clock. Figure 26 illustrates a screen showing all three data feeds.  As shown, data for northbound, 
southbound, and westbound approaches were collected from screen 1, while data for the 
eastbound approach was collected from screen 3.  
 

In-field data was collected from 3:30 p.m. to 5:30 p.m. on Wednesday, January 28, 2009.  
Data collection was terminated before end of peak period because it became completely dark 
around 5:30 p.m., making it difficult to extract data from the videos after that point. During this 
time, several researchers simultaneously observed operations from different locations. One 
researcher manually recorded vehicle counts at Marion Pugh. Later, researchers extracted 
turning-count data for the two intersections from the recorded videos. To facilitate this process, 
they used a computer program to manually record the passing of each vehicle across a 
preselected reference point. These data were then processed to obtain 15-minute counts. The data 
collection process also provides headway data, but these data were not used in the project. 
Additionally, researchers obtained controller settings from city’s controller database via access 
provided to them by the city staff.  It should be noted that the Wellborn Road intersection uses 
split phasing on eastbound and westbound approaches, and the Olsen Boulevard intersection uses 
split phasing on the northbound and southbound approaches.  
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Figure 24. Video Capture of Olsen Boulevard at George Bush Drive. 

 
 

 
 Figure 25. Video Capture of Marion Pugh Drive at George Bush Drive. 
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Figure 26. Video Capture of Wellborn Road at George Bush Drive. 

Step 4: Analyze Data, Formulate, and Implement Strategies 

Since there is lack of analytical tools suitable for application to congested systems, researchers 
decided to use VISSIM-based computer simulation to analyze various options. Even though 
there are limitations associated with simulation models, they are better than analytical models. 
Their advantages include the ability to provide full experimental control, emulation of stochastic 
variability, and detailed data collection abilities. Their disadvantages include a time consuming 
modeling and calibrating process and their inability to explicitly model several roadway features 
including two-way left-turn lanes and tapers. In addition, it is impossible to calibrate simulated 
sensors to match the operation of video-based sensors.  
 
 Demand inputs to the simulation model were updated every 15 minutes according to the 
15-minute counts collected from field data. Simulation models also require accurate input of O-D 
data. Since such information was not collected in the field, researchers derived that information 
synthetically using volume counts. For example, volume of southbound left-turns from Olsen 
Boulevard making a right-turn at Wellborn, Now (SB), was estimated as follows:  
 

1. Let  Nom (EB) be the estimate of southbound left-turns from Olsen Boulevard going 
through at Marion Pugh Drive toward Wellborn Road. Then: 
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Nom (EB) = Southbound Left-Turn Volume at Olsen 
 × Percentage of Through Traffic on Eastbound Marion Pugh 

 
2. Use eastbound through count at Olsen Boulevard, Nom (EB), to estimate Now( SB) as: 

 
Now (SB) = Nom (EB) × Percentage of Right-Turn Traffic on Eastbound Wellborn 

 
 The VISSIM model was developed and calibrated after obtaining all necessary 
information. For Olsen Boulevard, sensors were placed to exactly match the existing loops. For 
the Wellborn Road at Bush intersection, field measurements of video-based detection zones were 
used to estimate lengths of sensors. Figure 27 shows a screenshot of the simulated facility. For 
reference purposes, this simulation model is referred to as the base model. Information on queue 
at each approach was collected from the model. Also collected were the start and end times of 
each phase during the simulated period. 
 

 
Figure 27. Screenshot of VISSIM Model of the College Station Site. 

 
 Next, new timing strategies were developed and implemented in the simulations. These 
strategies were aimed at queue management by shortening maximum phase times at the 
Wellborn Road intersection and gating/metering at Olsen Boulevard. The rationale of using these 
strategies was as follows. 
 

• As mentioned earlier, several traffic movements at this site experienced frequent cycle 
failures resulting in blocking. These cycle failures were due to demand surges associated 
with the class schedule (including shuttle bus schedule) and p.m. peak demand generated 
by university staff leaving after work. Queues forming prior to 5:00 p.m. are temporary 
and dissipate within a few cycles as the sudden surge in demand drops quickly.  During 
this time, it is more important to manage queues than throughputs. Queue management is 
especially critical for the eastbound traffic on George Bush Drive between Olsen 
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Boulevard and Wellborn Road, as blockage of the link between the two signals further 
degrades the system operations. 

 
• To minimize the risk of blockage on Olsen Boulevard due to queue overflow from 

George Bush Drive, the City of College Station has been using a gating strategy at the 
Olsen Boulevard intersection. This gating strategy (see Figure 28) is implemented by 
using a special function in the controller to place max recalls on westbound left-turn 
phase (Phase 1) and northbound phase (Phase 3). These phases cater to a student 
dormitory and normally serve only a few cars per cycle in most cases. Forcing these 
phases to max out effectively meters demand from the other two phases feeding traffic to 
the eastbound approach at Wellborn Road intersections. This strategy also provides 
reasonably good operation for to-from movements at the unsignalized intersection in the 
middle.  

 

 
 

Figure 28. Phase Numbering at Olsen Boulevard and George Bush Drive Intersection. 
 

• A review of existing signal timings revealed the city was using maximum green times of 
relatively long duration, with the sum of critical max times equal to 186 and 154 seconds 
for the Wellborn Road and Olsen Boulevard intersections, respectively. These long max 
times and a sluggish operation (due to large gap settings) was a major factor in producing 
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long queues. Shortening max times would produce shorter queues, as long as enough 
capacity is provided.   

 
At this site, both traffic signals operate in fully-actuated mode. For fully-actuated 

controller, actual phase lengths are governed by a combination of real-time demand, detection 
zone, and gap settings. With improper settings, a phase may gap out prematurely or continue 
well beyond the presence of demand. Both situations can cause inefficient operation. Thus, 
selecting a proper setting for each phase is important to ensure proper operation during all 
conditions. Max time for each phase should be selected to provide sufficient capacity. For 
congested conditions, where the controller operation mimics fixed-time control, max times can 
be derived using the same procedure as that used for fixed time control. This procedure starts by 
determining the minimum delay cycle length followed by allocating effective green to all phases 
to provide equal degree of saturation. Critical 15-minute demand rate can be used for this 
purpose. 
 

Researchers used performance analysis feature of PASSER V-09 to get an idea about 
appropriate ranges of cycle lengths for the two intersections. Figure 29 shows PASSER V 
performance analysis for the Wellborn Road at George Bush intersection. In this figure, the 
horizontal line represents demand. Notice that the cycle length must be longer than 105 seconds 
to provide sufficient capacity to handle demand. In addition, notice that the minimum delay cycle 
length is 110 seconds. Thus, the proper range of cycle lengths to investigate should be within the 
range of 110 to 186 (the sum of existing maximum times) seconds.  
 

 
 
Figure 29. Performance Analysis for Wellborn Road and George Bush Drive Intersection. 
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 The process was repeated for the intersection of Olsen Boulevard and George Bush 
Drive. At this intersection, the westbound right-turn traffic is serviced by and overlap of Phases 4 
and 6 (see Figure 28). Since PASSER V does not explicitly handle this situation, westbound 
right-turn volume was adjusted as if it were only served by Phase 6. Figure 30 shows the 
PASSER V performance chart of this intersection. Notice that the minimum cycle length that 
provides sufficient capacity is for this intersection is 110 seconds and the minimum delay cycle 
length is 115 seconds. Hence, the proper cycle length ranges from 115 to existing 164 seconds. 
 

 
 
Figure 30. Performance Analysis for Olsen Boulevard and George Bush Drive Intersection. 
 
 Though there is no fixed cycle length during actuated control, a proxy cycle length can be 
defined as the time between the onsets of consecutive greens for a selected phase. It is 
conjectured that the proxy cycle length will be close to the sum of effective green times during 
congested conditions. Thus, simulation can be used to obtain required base cycle length using an 
iterative process as follows: 
 

1. Select the longest desired cycle lengths for each controller and derive maximum phase 
times using this cycle length. 

2. Program these times into the model and run the simulation. 
3. From simulation results, calculate average proxy cycle length during the data collection 

period. 
4. If average proxy cycle length is close to the base cycle lengths used for the current 

simulation model, the current max times are appropriate and could be used for 
implementation. 

5. Otherwise, use the proxy cycle length to derive the phase max times and go to step 2. 
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The researchers repeated several iterations of the above steps by simulating proxy cycle 
lengths for both intersections. In the process, PASSER V was used to derive timings for 
Wellborn Road intersection corresponding to all proxy cycle lengths. However, a different 
procedure had to be used to derive phase timings for Olsen Boulevard intersection. The reason is 
that PASSER V’s phase time calculations cannot accurately accommodate the special (metering 
and overlap) situations to be implemented at this intersection. To obtain appropriate timing for 
the Olsen Boulevard intersection, a custom spreadsheet-based methodology was developed. This 
methodology explicitly accommodates the overlap phase in that it adjusts volume-to-saturation 
flow (v/s) ratio of the westbound right-turn movement by subtracting from it the v/s ratio of 
Phase 4 (overlap phase). Using the adjusted v/s ratios, green time of each phase was calculated. 
Phase times were also adjusted to accommodate minimum green times.  
 
 In the cycle length search process, proxy cycle lengths used in simulation iterations 2 and 
higher were rounded to the nearest number divisible by 10. This was done for convenience in 
deriving phase times.  To emulate the operation of a bad video detector for the westbound 
approach at the Wellborn Road intersection, researchers set max recall on this phase. 
Furthermore, the processes of buses stopping before crossing railway tracks in eastbound and 
westbound directions and causing loss in capacity were modeled by implementing bus stops with 
2- and 3-second dwell times, respectively. Different dwell times were used to account for 
difference in approach grades. Table 4 shows the results these iterations. 
 

Table 4. Results of the Cycle Length Search Process. 

  
Olsen Boulevard  

and George Bush Drive 
Wellborn Road  

and George Bush Drive 

Iteration 
Sum of Max 

Times 
Average Proxy 
Cycle Length 

Sum of Max 
Times 

Average Proxy 
Cycle Length 

1  164  130  186  169 
2  130  105  170  145 
3  120  103  140  125 
4  120  103  130  117 

 
 In Table 4, notice that the average proxy cycle length for the Olsen Boulevard 
intersection was 105 seconds at iteration 2. Since the search range of cycle length at this 
intersection starts from 115 seconds and cycle length are rounded as specified above, a 
120-second cycle length was used instead for the next iteration. 
 
 Corresponding to the final timing with 130 and 120 seconds proxy cycle lengths for 
Wellborn Road and Olsen Boulevard intersections, respectively, maximum queue lengths and 
average queue lengths at each approach were collected from the simulation. Table 5 summarizes 
these results. 
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Table 5. Maximum and Average Queue Lengths in Feet. 

 
 
 In Table 5, notice that the queuing condition improved significantly for the eastbound 
approach at Wellborn Road intersection when new timings were used. The maximum queue 
length and average queue length for this approach were shortened from 850 ft to 442 ft and 
301 ft to 110 ft, respectively. In other words, these reductions were 48 percent and 64.5 percent, 
respectively. For other approaches, the maximum and average queue lengths were not very 
sensitive to the changes in phase times. Observations of simulation indicated the need to make 
minor adjustments to max times, while keeping the same cycle length at this intersection. Using 
judgment, researchers reduced max times for northbound and southbound through phases by 
4 seconds and increased times for eastbound and westbound (split) phases by 2 seconds. 
Furthermore, researchers increased the cycle length for Olsen Boulevard intersection from 
120 seconds to 130 seconds. This change would require an appropriate offset in case it was 
decided to provide coordination between the two intersections. Table 6 provides maximum and 
average queues lengths from simulation after implementing these revisions. 
  

Table 6. Maximum and Average Queue Lengths of the Proposed Timing Plan. 

 
 
 These new timings do not have any significant impact on Wellborn Road intersection but 
improved the eastbound traffic at Olsen Boulevard intersection. Thus, the researchers proposed 
these timings to the city staff for implementation. The proposed timing plan is shown in Table 7 
and was first implemented in October 2009. 
 

Table 7. Proposed Max Time Settings for College Station Site. 

 
 To study the impact of fixed westbound detector at the Wellborn Road intersection, 
researchers repeated the above mentioned iterations of simulations by removing the max recall 
from this phase. Table 8 provides the results of this analysis. Notice that the final cycle lengths 

Left Through Left Through Left Through Left Through
Max Queue (ft.) 232 206 91 429 96 372 850 518 393 391 497 499
Avg Queue (ft.) 11 34 4 21 10 89 301 110.5 82 86 112 112
Max Queue (ft.) 253 189 94 316 107 284 442 674 345 343 455 453
Avg Queue (ft.) 13 30 5 21 7 60 110 108 58 62 78 74

North Bound South Bound
Olsen Boulevard and George Bush Drive Wellborn Road and George Bush Drive

Original 
Timing

East 
Bound

West 
Bound

New 
Timing

East Bound West Bound North 
Bound

South 
Bound

Olsen Boulevard at George Bush Drive                   
   WBL  EBT     SBT  EBL  WBT     NBT 

Phase  1  2  3  4  5  6  7  8 
Max Green  20  25     38  22  23     23 
     
Wellborn Road at George Bush Drive                   

   NBL  SBT     WBT  SBL  NBT     EBT 
Phase  1  2  3  4  5  6  7  8 
Max Green  18  36     23  28  26     29 

 

Left Through Left Through Left Through Left Through
Max Queue (ft.) 171 163 94 318 118 291 473 676 344 342 437 436
Avg Queue (ft.) 9 25 3 21 8 58 101 107 59 64 84 80

Olsen Boulevard and George Bush Drive Wellborn Road and George Bush Drive
East Bound West Bound North 

Bound
South 
Bound

East 
Bound

West 
Bound

North Bound South Bound
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are the same as the previous runs. This is an indication that the reductions in max times to obtain 
new values removed any adverse impacts of maxing out due to bad detection.  
 

Table 8. Results of the Cycle Length Search Process if Equipment Is Fixed. 

  
Olsen Boulevard  

and George Bush Drive 
Wellborn Road  

and George Bush Drive 

Iteration 
Sum of Max 

Time 
Average Proxy 
Cycle Length 

Sum of Max 
Time 

Average Proxy 
Cycle Length 

1  164  129  186  150 
2  130  105  150  129 
3  120  104  130  116 

Step 5: Repeat for Continual Improvement 

Based on previous observations, the new timing plan was proposed for the 3 p.m. to 6 p.m. time 
window. After implementation of this timing plan in October 2009, field observations were 
conducted over a course of several days. Researchers quickly noticed the absence of expected 
improvements predicted by the simulation model. It did not take long to notice that traffic 
patterns had changed significantly from the original ones for which new timings were developed. 
One main reason of this change was the closure of a nearby roadway (Route Boulevard) on the 
TAMU campus. Implemented to facilitate a major building reconstruction project, this closure 
resulted in additional east-west traffic demand, including an additional westbound bus route 
through the system. Researchers also observed significantly more traffic on eastbound and 
southbound approaches at the Olsen Boulevard intersection. The increase in eastbound direction 
could be due to two new apartment complexes on FM 2818 located about two miles to the west 
of this system. For these drivers, George Bush Drive provides the shortest route to the center of 
the town. Despite significant increase in traffic demands and changes in traffic patterns, 
significant improvement could be seen for both northbound and southbound traffic at the 
intersection of George Bush Drive and Wellborn Road. The westbound and eastbound 
approaches at this intersection still faced cycle failures, continuing to cause blocking of the left-
turn bay and the upstream signal at Olsen Boulevard. These queues did exhibit diminishing 
trends as time progressed; however, queues significantly increased when the old off-peak timing 
plan with larger max times kicked in at 6 p.m. This observation indicated that the new timings 
were working for these two approaches as well, but increased traffic demand had masked the 
improvements.  
 

Computer simulation had predicted that running both signals at a 130-second cycle 
provided beneficial natural coordination when all phases at both signals started to max out.  
However, this benefit was not achieved in the field on a consistent basis because traffic 
conditions dictated the quality of natural synchronization on a day-to-day basis. Often, traffic 
conditions led to the worst possible natural coordination with undesirable results, where either 
Phase 2 or Phase 4 on Olsen Boulevard consistently suffered until one of these phases started to 
gap out. To eliminate this problem, researchers changed the operation of this intersection by 
slightly reducing the max times of Phases 2 and 4. These changes produced the desired effect of 
distributing adverse impacts between the two movements over the course of a few cycles instead 
of one phase suffering for the entire congested period. Researchers also increased eastbound 
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through max time at the Wellborn Road intersections by 4 seconds, changing the maximum cycle 
length to 134 seconds. This change produced minor improvement to the eastbound through 
phase, but it was not sufficient to completely eliminate the queuing problem. The only other 
timing alternative to improve eastbound through movement at this intersection was to eliminate   
split phasing in the east-west directions at this intersection. After observing space used by the 
two left-turn movements, researchers recommended this option to the city. After careful 
consideration, the city changed the operation to lead-lead left-turn phases with overlap. 
Observations by researchers have shown this change to produce significant improvement for the 
westbound movement at this intersection. Since this improvement was implemented several 
months after the official termination of this project, researchers did not conduct a detailed 
evaluation of signal operation afterwards.  

SIGNALIZED INTERSECTION IN AUSTIN 

In communications with researchers during the early phase of this project, City of Austin staff 
had indicated that any one of their numerous congested intersections could be used as test cases 
for this project. Researchers decided to accept this offer. Accompanied by members of the 
TxDOT advisory panel and City staff, they visited several sites of concern in Austin on June 2, 
2009. These sites included a multi-jurisdiction signal system and two intersections. City staff 
also named another intersection of concern, but researchers did not have time to visit this 
additional location. Because these site visits occurred during off-peak times, researchers did not 
observe congestion or other operational problems at any of these sites. After discussing options, 
it was agreed that the city staff would video-record operations of the three signals of concern 
during evening peak periods and send these videos to the researchers for further evaluation. 
Because each intersection had a single surveillance camera, approaches could be recorded one at 
a time only in a selected sequence. Researchers received these videos and additional information 
several weeks later.    

Application of General Congestion Management Guidelines 

Step 1: Identify the Highest Priority Location Needing Congestion Mitigation 

All three videotaped signals from Austin are parts of separate coordinated systems. For this 
reason, any congestion-reduction options were limited. Researchers conducted preliminary 
evaluation of videos and selected the intersection of Courtyard Drive and US 360 for further 
analysis. According to preliminary analysis, it was possible to achieve the most improvement at 
this location, while staying within the constraint of existing coordination with adjacent signals 
along US 360. Adjacent signals on both sides are approximately one mile away.  
 

The Courtyard Drive intersection experiences heavy demand on the two high-speed 
US 360 approaches during evening peak period. Because of long cycle length and heavy through 
demand during the evening peak period, long queues form on both these approaches. However, 
through phases have sufficient capacity to clear these queues. Traffic on the eastbound approach 
(Courtyard Drive) is normally light but peaks immediately after 5:00 p.m. due to several office 
buildings located on the west side of Courtyard Drive. Peak period demand surge is of short 
duration but results in cycle failures for almost 45 minutes after the hour. Figure 31 shows a 
satellite view of this intersection obtained from Google maps.  
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Figure 31. Signalized Intersection at US 360 in Austin, Texas. 

Step 2: Examine/Fix Field Equipments 

On-site observations and preliminary evaluation of video recording showed no equipment 
failures at this site. 

Step 3: Conduct Data Collection 

This site has a surveillance camera installed at the northeast corner of the intersection  
(Figure 32). City of Austin staff videotaped the operation of this facility during evening peak 
hours. Since there is only one camera available at this location, video for each view had to be 
recorded one at a time. Video of view A was recorded on June 24, 2009, from 4:38 p.m. to 
5:23 p.m. and that of view B was recorded on the same day from 5:24 p.m. to 6:09 p.m. Video 
for view C was recorded on June 25, 2009, from 5:00 p.m. to 6:00 p.m. Samples of video views 
A, B, and C are illustrated in Figure 33, Figure 34, and Figure 35, respectively.  After initial 
analysis, the researchers decided to not use data from view C because it provides partial 
information and only for one major through movement. Data from the other two views were 
manually collected using an existing computer program. City of Austin staff also provided 
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timing plan information for this site.  During the p.m. peak period, the city operates this 
intersection as part of a coordinated system with a cycle length of 150 seconds.  Phase 3 serves 
eastbound approach and receives 19, 4, and 3 second max green, yellow, and all-red intervals, 
respectively. Northbound and southbound through movements receive 83 and 76 seconds of 
minimum greens, respectively, with 6 second yellow intervals and 2 second all-red intervals.  
 

 
Figure 32. Camera Location and View Direction at US 360, Austin, Texas. 

 
 

 
Figure 33. Screenshot of View A. 
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Figure 34. Screenshot of View B. 

 
 

 
Figure 35. Screenshot of View C. 
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Step 4: Analyze Data, Formulate, and Implement Strategies 

During the study period, eastbound was the only approach at this intersection with operations 
problems. This approach (Figure 32) has two lanes. The inside lane is exclusive for left-turn 
traffic. The outside lane allows shared movement of left-turn, through, and right-turn traffic. The 
flare at the intersection has enough room to store one right-turn vehicle next to vehicles queued 
in the outside lane. During the 40-minute period, researchers counted 178 left turns from the 
inside lane and 224 vehicles served by the outside lane. These 224 vehicles included 87 left 
turns, 137 right turns, and zero through vehicles. Figure 34 provides conditions at this approach 
at 5:26 p.m., which is approximately two minutes after start of video recording. From the video, 
it is not possible to determine exactly when the first cycle failure occurred. It is also not possible 
to determine when and at what rate queue-growth occurred leading to this situation. However, 
video shows that it took 30 minutes for the queue to completely dissipate. Thus, even a slight 
increase in the capacity of this phase can significantly improve its operations. Such change can 
only be made if other phases have slack capacity. Thus, the next step was to determine if other 
phases, especially main-street through phases, had any slack capacity within the constraint that 
cycle length could not be changed.  Analysis of these phases revealed the following information 
for the study period: 
 

• the hourly flow rate for northbound left, through from inside lane, through from outside 
lane, and right turns was 82, 1078, 1163, and 20 vehicles, respectively; and 

• the hourly flow rate for southbound left, through from inside lane, and through from 
outside was 52, 907, and 896 vehicles, respectively. 

 
To obtain a better estimate of any available capacity, researchers analyzed headway data 

for the northbound and southbound through movements. These data were collected from view B 
video by recording the time each vehicle crossed a preselected reference point. In Figure 34, 
notice that the camera view allowed extraction of northbound headway data for left turn traffic 
and through vehicles only from the inside lane. For the southbound approach, headway obtained 
for the two through lanes were combined. For this approach, headway data were not collected for 
the insignificant number left-turn vehicles per cycle. Figure 36 and Figure 37 provide the 
cumulative distributions of headways for southbound and northbound approaches, respectively. 

 
In these figures, notice that the median headway for through traffic was about 

1.8 seconds, which is equivalent to 2000 vph. Notice in Figure 37 that the median headway for 
left-turn movement was around 2 seconds. In other words, the saturation flow rate for the left-
turn movement was approximately 1800 vph, which is the same as the ideal value. Thus, 
geometric and operational characteristics of this site produced higher through capacity than 
traditional arterials. This fact should be considered when developing revised timings. 

 
From the graphs, also notice that there are a significant number of large headways for the 

through movements. Further analysis shows that northbound and southbound approaches have 
12 percent and 11 percent headways larger than 3 seconds, respectively. For these same 
movements, 4 percent and 2 percent headways, respectively, were larger than 4 seconds. Visual 
inspection of the recorded video revealed that most of these gaps occurred after standing queues 
had cleared.  
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Figure 36. Cumulative Distribution of Headways for Southbound Traffic. 
 
 

 
 

Figure 37. Cumulative Distribution of Headways for Northbound Traffic. 
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 This analysis shows that the main-street through movements had additional capacity, 
some of which could be given to the eastbound phase without adversely affecting these phases. 
Further analysis of flow rates and median headway also supported this conclusion. Based on this 
analysis, it was concluded that 4 to 6 seconds of green time could be taken away from the two 
movements and given to the eastbound phase. To be on the conservative side, researchers 
recommended a 4-second adjustment, followed by a similar analysis to determine the 
effectiveness of this change. Researchers conducted simple analytical analysis to demonstrate the 
benefits of proposed changes in timings. This analysis is described below. 
 

 Table 9 presents the proposed green splits. The green splits in this table were obtained by 
taking 4 seconds from main-street through phases and giving this additional time to the 
eastbound phase. Splits for other phases were not changed. Capacity analysis, using field-
observed saturation flow rates for the through main-street through movements, show that all 
movements have sufficient capacity to handle corresponding demand. 
 

Table 9. Estimated Capacities of the Proposed Timing Plan. 
  Northbound Southbound Eastbound Westbound 
  Left  Through Left Through Left+Right Left+Right 
Phase Time (s) 25 87  18  80 30 15 
Lost Time (s) 4 4 4 4 3 3 
Effective Green (s) 21 83  14  76 27 12 
Saturation Flow (vphpl) 1800 2000  1800  2000 1957 1800 
Capacity (vphpl) 252 1107  168  1013 352 144 

Extra Capacity due to 
skip of WB phase  100  100   
Total Capacity (vphpl) 252 1207  168  1113 352 144 
Critical Lane Demand 
(vphpl) 82 1163  52  907 287  
 
 The next step evaluates the benefit of the proposed timing plan using a simple analytic 
method. As mentioned previously, eastbound was the only approach at this intersection with 
operations problems. Thus, the improvement is measured in terms of the effectiveness of queue 
dissipation at this approach. According to capacity estimate in Table 9, the eastbound approach 
can serve 29.3 (352/12) vehicles per 5-minute interval. Recall that there was an un-served queue 
at the beginning of data collection period for this approach (see Figure 34).  From the video, the 
length of this queue was estimated to be 12 vehicles per lane. Assuming that the new timings 
came into effect at the beginning of the data collection period, Table 10 provides a comparison 
of the queue dissipation process for existing and proposed timings. This analysis further assumes 
that: 
 

• the volume of right-turn-on-red (RTOR) is unchanged; and 
• on average, the flare results in one additional right-turn vehicle serviced during green for 

each cycle as compared to the inside lane.  This additional service rate is two vehicles per 
5-minute analysis provided in Table 10. 
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Table 10. Queue Dissipation Estimation. 

5-Minute Service Rate 
Existing Timing Plan Proposed Timing Plan 
25.0 27.0 29.3 31.3 

Interval 
From 
(min) 

To  
(min) 

Demand Remaining Queue Remaining Queue 
Lane 1 Lane 2 Lane 1 (L) Lane 2 (LR) Lane 1 (L) Lane 2 (LR) 

          12.0 12.0 12.0 12.0 
1 0 5 24  29 11.0 14.0 6.7 9.7 
2 5 10 26  30 12.0 17.0 3.3 8.3 
3 10 15 25  20 12.0 10.0 0.0 0.0 
4 15 20 28  26 15.0 9.0 0.0 0.0 
5 20 25 26  27 16.0 9.0 0.0 0.0 
6 25 30 16  22 7.0 4.0 0.0 0.0 
7 30 35 16  19 0.0 0.0 0.0 0.0 
8 35 40 14  19 0.0 0.0 0.0 0.0 
9 40 42 3 7 0.0 0.0 0.0 0.0 

Note: 
1. Observe serviced volume for lane 2 excludes RTOR count. The analysis assumes the same RTOR 

counts for the two cases. 
2. For both cases, the analysis assumes that one additional right-turn vehicle per cycle uses the green phase 

because of the flare at this approach. 
 
 

Notice that for existing timings, the queue cleared in interval 7, which is very close to the 
queue dissipation behavior observed from the video. In contrast, proposed timings clear the 
queue in interval 3, at least 15 minutes earlier than the existing timings.  It should be pointed out 
that this is a very conservative analysis. In reality, maximum queue will be shorter than at 
present if the new timings were in place at the beginning of evening peak period. As a result, 
these queues will also dissipate earlier that what the above analysis shows.  

CHALLENGES  

Preliminary guideline proposed in Chapter 3 made several simplifying assumptions. Application 
of those guidelines, described in this chapter, revealed that the data collection and analysis task is 
not simple as assumed. This section summarizes the researchers’ experiences in applying the 
guideline. 
 
 The initial recommendation was to collect data for the entire congestion period plus at 
least 30-minute periods before and after if possible. However, it may not be possible to do so due 
to resource (trained man power, time, or equipment) constraints or technical difficulties such as 
weather and lighting conditions. For instance, in one case, the research team used six people to 
collect data for a three-intersection system. Most agencies do not have such human resources 
available. Even with this many people, researchers were not able to collect data with desired 
accuracy (i.e., O-D patterns and demand data). Also, because of lighting issues, researchers 
could not continue video data collection through the end of peak period. 
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 For estimating accurate demand, preliminary guidelines recommended cycle-by-cycle 
addition of total vehicles serviced and queue growth. However, keeping track of cyclic queue 
growth was not possible in many cases. With long and rapidly-growing queues, even keeping 
track of the back of the queue was not possible. The reason was that the dynamic behavior of 
queue formation made it impossible to define the back of a queue referenced to a point in the 
signal cycle (i.e., end of green phase). For example, obstructions from an adjacent lane prevented 
view of a left-turn queue in one case.  
 
 Another problem is the unavailability of analytical procedures and tools suitable for 
application to congested signal systems. Most available tools for capacity analysis and signal 
timing applications were developed for uncongested systems. These can be used in certain cases, 
as long as the user understands their limitations and takes appropriate measures to account for 
these limitations.  Microscopic simulation programs, which can model congested conditions 
better, face other types of challenges. For instance, simulation programs cannot model two-way 
left-turn lanes (TWLTLs) or tapers allowing accurate simulation of lane drops or additions.  In 
addition, they require paths (O-D data) to accurately replicate lane selection and lane changing 
behavior observe in the field. For example, the researchers faced the following challenges while 
modeling the closely spaced three-intersection system in College Station. 
 

• Northbound and southbound approaches at the Wellborn Road intersection have 
TWLTLs in both directions. These TWLTLs served as de facto left-turn bays in the 
vicinity of the intersections under light demand conditions but serve as full left-turn 
lanes under heavy left-turn demand. Because there are no other sources or sinks in the 
vicinity, this traffic behavior does not cause any interference. Thus, the researchers were 
able to achieve the desired objectives by defining longer left-turn bays. In other cases, 
use of this technique may not be feasible. 

• VISSIM requires definitions of paths. Since O-D information was not collected in the 
field, researchers initially defined decision points at the upstream ends of all links (as 
illustrated in Figure 38a). As a result, vehicles were making last-minute path choices, 
creating significant weaving as illustrated in Figure 38b. Such behavior was not 
observed in the field. In reality, drivers make lane choice decision dynamically based on 
traffic conditions. Such dynamic behavior in uncongested and congested conditions 
cannot be replicated in current simulation models. In the congested situation simulated 
in this project, drivers were selecting lanes before entering the downstream links. This 
behavior was replicated by moving the decision points to upstream links and adding 
estimated O-D information. In most cases, resources do not exist to collect such data, 
which is a must for closely spaced signals. In such cases, O-D percentages could be 
estimated using the approach described earlier.  
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a. Before Obtaining Turning Decision. 

 

 
b. After Obtaining Turning Decision. 

 
Figure 38. Routing Decision in VISSIM. 
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CHAPTER 6. 
REVISED CONGESTION MITIGATION GUIDELINES 

 
Mitigating congestion in signal-controlled intersection systems is a challenging task because of 
many reasons including: challenges associated with accurate assessment of traffic demand and 
capacity, loss of capacity due to blocking and spillback, masking of real problems surfacing at 
locations other than their sources, interdependence of congestion and signal timings, and non-
availability of procedures and tools needed to assist in the process. Because of these reasons, the 
process of combating traffic congestion is an art, requiring the proper training, experience, and a 
proactive approach, supported by appropriate resources. Figure 39 outlines a five-step process to 
implement this approach. Detailed descriptions of these steps follow. 
 

 
Figure 39. General Congestion Management Guidelines. 

 
Step 1: Identify the Highest-Priority Location Needing Congestion Mitigation 
This step requires a mechanism to stay continually aware of the state of the signal system under 
one’s jurisdiction. The state of the system includes traffic conditions and operating conditions of 
in-field equipment. A proactive approach requires implementing procedures/mechanisms for 
continual monitoring and inspection of the system under one’s jurisdiction, in addition to reports 
from the public. Use of surveillance cameras, central software to monitor equipment 
operation/faults, and driving through the system, are examples of proactive mechanisms. 
Problems may be as simple as spillback from a turn bay, excessive queuing at one intersection 
approach, congestion at multiple approaches at an intersection or a clogged downstream link. 
Once a problematic location has been identified, more thorough inspection should be conducted 
to better identify what needs to be done to reduce the extent and severity of identified problem. 
This process includes a decision on how existing resources could be effectively used to conduct 
additional data collection, analysis, and implementation of solutions. 
 
Step 2: Examine and Fix Any Detection Problems or Inefficiencies 
It is critical to observe how phases are operating. Such observations can quickly identify 
malfunctioning or inefficient detectors, which are often the primary cause of problems. This 
observation is particularly true for video-based sensors. Examples of problems related to 
detectors include non-optimal gap setting, problematic hardware in the cabinet, a defective loop, 
and numerous problems that may arise with the use of video-based detection. These latter 
problems could be caused by dirty lens, an improper detection zone, camera-positioning resulting 
in unnecessary headlight or pavement glare from the sun, occlusion due to low camera height, 
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and differences in algorithms for day and nighttime operations.  Ideally, the detection system 
should be snappy, while providing service to all existing demand for a phase.   
 
Step 3: Collect Data 

Based on assessment from Step 1, develop a data collection plan and conduct actual data 
collection. The data collection plan may be as simple as field observation by an experienced 
person or very detailed data collection requiring multiple personnel per intersection in the study 
area. In case it is not possible to collect all data during the same time period, include measures to 
properly fusing data collected over multiple days and time periods. To understand where 
congestion starts, how it spreads, and how long it lasts, it is desirable to collect data for the entire 
congestion period, plus some time before and after, if possible. In many cases, resource or 
technical constraints will not permit such detailed data collection. In those cases, do the best you 
can to understand behavior of queues. Also, collect demand data with as much accuracy as 
possible. To do that, select an appropriate interval (i.e., 5 to 15 minutes), count the number of 
vehicles serviced during that interval, and assess how queue changes during this time. Add 
serviced volume to queue-change to estimate demand.    
 
Step 4: Analyze Data, Formulate, and Implement Strategies 
Analyze the data, determine what needs to be done to fix the problem, and implement changes in 
signal timings. The fix may be as simple as on-the-spot re-allocation of time between conflicting 
phases or changes in the offset at a traffic signal. In more complicated cases, data will have to be 
further processed in the office with the use of available tools. In using the tools, ensure that steps 
are taken to counter the limitations of tools used. Make sure that appropriate signal timing 
objectives are appropriate for the conditions at hand. During light to moderate conditions, the 
objective of timing traffic signals is to minimize delay, minimize stops, or maximize progression.  
However, during heavy conditions, these objectives cannot be achieved. Under those 
circumstances, consider throughput maximization and management of queues to prevent spill 
back and blocking, especially their impact on bays. As demonstrated earlier, a left-turn and 
through movement being fed traffic from a single upstream lane may not provide full ideal 
capacities assumed by intersection capacity analysis procedures. Research in this projects shows 
that the throughput capacities of these movements depends on turn-bay length, number of lanes 
in the bay, traffic distribution, and signal timings. The researchers recommend that such 
movements should be treated as a single lane groups. As an example, consider an approach with 
three full lanes feeding traffic to one left-turn bay and one right-turn bay. In this case, the analyst 
should consider using the following three lane groups: 
 

a. left-turn bay and adjacent through lane as one lane group, 
b. through lane in the middle as one group, and 
c. right-turn bay and adjacent through lane as the third group. 

 
Actual volume counts for movements at an approach such as that identified above can be 

used to estimate the capacities of these lane groups as long as there is constant demand. Once 
assessment has been completed, specific tactics can be used to tackle identified problems. These 
tactics may include: 
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• addressing downstream bottleneck if queues prevent full utilization (starvation) of 
upstream green phases, 

• serving heavy movements twice per cycle, 
• optimizing green splits, 
• finding the most appropriate cycle length, 
• minimizing effects of pedestrians, 
• balancing queues on conflicting approaches, 
• minimizing queue damage, 
• appropriately selecting phasing sequences, 
• selecting appropriate max times, and 
• minimizing adverse effects of transitioning in coordinated systems. 

 
Another approach is the use of a single controller for multiple intersections, especially 

those closely-spaced. Such operation allows actuated operation to handle variations in demand, 
while maintaining coordination between the intersections at all times.  However, this option 
should be considered only after careful consideration of detection design and phasing.   
 
Step 5: Repeat the Process 
Implement revised signal timings and repeat Step 1. You may encounter one of the following 
scenarios: 
 

• the problem is completely solved,  
• the problem has shifted to another location with more or less severe impact, 
• congestion is reduced but is still there, or 
• you cannot tell the difference. 

  
If the problem shifted to a different location, consider a more refined system-based 

approach. However, it may or may not be able to completely eliminate congestion, especially if 
the demand is truly more than capacity. In that case, you may need to set priorities and tweak 
control so that congestion is pushed away from critical locations to other locations. For instance, 
in dealing with interchanges, make sure that queues are prevented from compromising the safety 
of the freeway exit or main lane traffic. In some cases, all you may be able to do within the 
existing constraints is to reduce the impacts of congestion. In such cases, you are successful if 
the above process allowed you to reduce the severity and duration of congestion.  
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TxDOT Project No. 0-5998 
 

 EVALUATION OF BEST PRACTICES FOR CONTROLLING SIGNAL 
SYSTEMS DURING OVERSATURATED CONDITIONS. 

 
State of the Practice Assessment 

 
TTI, in cooperation with TxDOT’s Research and Technology Implementation Office, is 
conducting a research project to evaluate the best practices for controlling signal systems during 
oversaturated conditions.  The objective of the project is to develop guidelines for eliminating or 
mitigating the effects of oversaturated traffic signals.  As part of this project, we are contacting 
TxDOT Districts and other agencies to determine and document current practices for dealing 
with oversaturated conditions at signalized intersections.   
 
Contact Information 

 
Please provide your name, telephone number, and e-mail address so that we can contact you 
in the future about your responses.   
 
Name:               
Title:               
Agency/TxDOT District:            
Telephone:        
E-mail:         
 

General 
 

How many signalized intersections does your agency maintain?       
 

Of all the signalized intersections your agency maintains, what percentage are …. 
Isolated            
Coordinated     

 
Of all the signalized intersections your agency maintains, what percentage would you 

estimate to be …. 
Traditional four-legged intersection   
Three-legged intersections     
Diamond interchanges    
Other       
 

How many coordinated signal systems does your agency maintain?    
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Characterization of Oversaturation 
 

Which of the following problems do you typically see at intersections that are congested or 
oversaturated? (Check all that apply) 

            Traffic queue unable to clear during a single cycle (cycle failure) 
_____  Traffic queue unable to clear within ___ consecutive cycles 
            Phases not being fully utilized because queues prevent or block traffic from 

reaching lane or intersection  
            Extremely long queue(s) on one or more approaches 
            Unable to obtain large progression bands through multiple intersections 
            Low total throughput through the intersection 
            Spillback of long queue from a downstream intersection preventing traffic to 

move through the current intersection 
            Other (please describe): 

___________________________________________________________________
___________________________________________________________________
___________________________________________________________________ 

  
What percentage of intersections routinely experience oversaturated conditions?  _____ 

 
What percentage of intersection occasionally experience oversaturated conditions?  _____ 

 
Are more of your oversaturated intersections isolated or part of a coordinated traffic signals 

system?   
 

Isolated      
Coordinated     
About the same   

 
Management Objectives for Oversaturated Conditions 
 

In trying to develop a “fix” for a congestion problem at an isolated intersection, what are 
your primary and secondary objectives in setting signal timings?   

 
            Minimize total intersection delay 
            Minimize time spent waiting in the queue before clearing the intersection 
            Minimize the total number of stops at the intersection 
            Minimize the number of cycles required to clear a vehicles through the 

intersection 
            Maximize productivity/throughput (total volume) through the intersection 
            Avoid spillback from congested approach from blocking upstream intersection 
            Limit queues causing “starvation” to under-utilized phases 
            Minimize duration for which an intersection/approach is oversaturated 
            Provide equitable service to all movements at the intersection 



 

67 
 

            Other (please specify):         
            
             

In trying to develop a “fix” for a congestion problem at an intersection in a coordinated 
system, what are your primary and secondary objectives in setting signal timings?     

 
            Minimize total intersection delay 
            Minimize time spent waiting in the queue before clearing the intersection 
            Minimize the total number of stops at the intersection 
            Minimize the number of cycles required to clear a vehicles through the 

intersection 
            Maximize progression through the intersection 
            Maximize progression through the intersection in the peak direction only 
            Maximize progression away from the intersection 
            Maximize productivity/throughput (total volume) through the intersection 
            Avoid spillback from congested approach from blocking upstream intersection 
            Limit queues causing “starvation” to under-utilized phases 
            Minimize duration for which an intersection/approach is oversaturated 
            Maintain travel-time reliability (or consistency) through the intersection 
            Provide equitable service to movements at the intersection by adjusting phase 

times 
_____  Provide equitable service to movements at a upstream signal by adjusting offsets 
            Other (please specify): 

           
          
          
    

 
Does your management objectives/priority change if the congested approach affects or is 

affected by a diamond (or other type of) interchange?  Yes   No 
 

If YES, how? 
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
_______________________ 
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6. Potential Study Locations 
As part of this research project, we are looking for candidate locations where we can field 
test some of the strategies listed above.  If you have locations in your agency that you think 
would be suitable study sites and you would be interested in working with us to test some of 
these strategies, please identify those locations and provide brief descriptions of problems 
observed at these sites.   
 
Location:              
Number of Signals in the System:   
Description of Problem:          
             
             
             
             
             
              
Location:              
Number of Signals in the System:   
Description of Problem:          
             
             
             
             
             
              
Location:              
Number of Signals in the System:   
Description of Problem:          
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APPENDIX C: SIMULATION RESULTS FOR THE FIXED-TIME 
CONTROL SCENARIO 
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 Approach Productivity for 500-ft Bay Approach Productivity for 600-ft Bay 
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Approach Productivity for 700-ft Bay 
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APPENDIX D: SIMULATION RESULTS FOR THE FULLY-ACTUATED 
CONTROL SCENARIO 
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 Approach Productivity for 100-ft Bay Approach Productivity for 200-ft Bay 
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 Approach Productivity for 300-ft Bay Approach Productivity for 400-ft Bay 
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 Approach Productivity for 500-ft Bay Approach Productivity for 600-ft Bay 
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Approach Productivity for 700-ft Bay 
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APPENDIX E: SIMULATION RESULTS FOR DUAL LEFT-TURN BAY 
WITH FIXED-TIME CONTROL AND PREVIOUS TIMINGS 
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 Approach Productivity for 100-ft Bay Approach Productivity for 200-ft Bay 
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 Approach Productivity for 300-ft Bay Approach Productivity for 400-ft Bay 
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 Approach Productivity for 500-ft Bay Approach Productivity for 600-ft Bay 
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Approach Productivity for 700-ft Bay 
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APPENDIX F: PERCENT DEMAND SERVED FOR SELECTED CASES 
OF SINGLE LEFT-TURN LANE WITH FIXED-TIME TRAFFIC SIGNAL 
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Approach Productivity for 100-ft Bay and 100-second Cycle 

 

 
Approach Productivity for 300-ft Bay and 100-second Cycle 

 

 
Approach Productivity for 500-ft Bay and 100-second Cycle 
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APPENDIX G: SIMULATION RESULTS FOR DUAL LEFT-TURN BAY 
WITH FIXED-TIME CONTROL AND RETIMED SIGNAL
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 Approach Productivity for 100-ft Bay Approach Productivity for 200-ft Bay 
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 Approach Productivity for 300-ft Bay Approach Productivity for 400-ft Bay 
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 Approach Productivity for 500-ft Bay Approach Productivity for 600-ft Bay 
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Approach Productivity for 700-ft Bay 
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