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INTRODUCTION 

High-speed signalized intersections present unique chal-
lenges to improving highway safety. Techniques for achiev-
ing safety often have an adverse effect on efficiency, and 
techniques for achieving efficiency sometimes have an 
adverse effect on safety. Bonneson et al. developed an 
alternative dilemma zone1 detection-control system (D-CS), 
which overcomes the limitations of traditional multiple 
advance-detector systems.(1) The new system intelligently 
forecasts the best time to end the signal phase based on 
consideration of vehicle presence in the dilemma zone, 
vehicle type (i.e., truck or car), and the presence of vehicles 
waiting for a conflicting phase. 

Figure 1 shows D-CS and its relationship to the vehicle-
detection systems at an intersection. D-CS uses two  
inductive loop detectors in each major-road traffic lane 
in a speed-trap configuration; they are monitored by an 
enhanced signal controller. This controller uses the detector 
output to compute vehicle speed and length. The controller 
then uses the data to determine the best time to end the 
phase. These detectors are located 700 to 1,000 ft upstream 
of the intersection on both of the high-speed approaches. 

A key feature of D-CS is that it can forecast, in real time, 
when each vehicle on each major approach will arrive at and 
depart from its dilemma zone on the intersection approach.  

    1The dilemma zone represents a length of roadway on the intersection 
approach within which drivers are collectively indecisive as to whether to stop 
or continue when presented with a yellow signal indication. The upstream 
edge of this zone is typically defined as being 5.5 s travel time from the stop 
line. The downstream edge of this zone is typically defined as being 2.5 s travel 
time from the stop line.
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This forecast is based on the D-CS measure-
ment of each vehicle’s speed and time of  
passage at the upstream detector speed trap 
and distance from the upstream detectors to 
the stop line.

Research Objectives

The objectives of this evaluation study were 
as follows:

• Verify the D-CS design objectives through 
rigorous field instrumentation—at the 
moment of signal change from green to 
yellow, no truck shall be in the dilemma 
zone, and no more than one passenger 
car shall be in the dilemma zone.

• Quantify the effectiveness of D-CS 
in improving safety and reducing 
dilemma-zone-related crashes and red- 
light violations at rural, high-speed, 
signalized intersections. 

• Identify the upper limit of traffic conditions 
under which the D-CS can operate safely 
and effectively.

DATA COLLECTION 

Data collection for this analysis occurred at 
six sites located in four States where D-CS 

was already installed or where the State was 
ready to install D-CS. Site selection involved 
finding jurisdictions that were willing to sup-
port the research activities. States that chose 
to participate were Florida, Louisiana, Illinois, 
and Texas. Texas Transportation Institute (TTI) 
also initiated communications with Naztec-
Trafficware representatives to request their 
support for the project. 

TTI used a real-time data collection system to 
evaluate the performance of the traffic signal 
system before and after activating the D-CS 
system at each test intersection. The measure 
of effectiveness (MOE) used when examining 
the traffic signal system performance included 
the following safety surrogate measures: 

• Number of red-light-runners (RLRs). 

• Number of vehicles caught in the dilemma 
zone at the onset of yellow.

• Number of times a phase reached the 
maximum green limit (max-outs). 

DATA ANALYSIS FOR SAFETY 
SURROGATE MEASURES

The data analysis for each of the three MOEs 
developed summary statistics using about  
1 h of data for each main street signal phase at 
the associated intersection location. The study 
observed more than 1,300 signal cycles at 
the 8 locations. Collectively, the intersections 
had both very low and very high traffic flow 
rates (120 to 1,512 vehicles/h). They also expe-
rienced a wide range in cycle lengths (57 to  
127 s), adding a desired breadth in the range of 
conditions represented.

The first step for determining RLRs involved 
computing red-light violations. The process 
then determined vehicles in the dilemma zone 
and max-out frequency. Computing red-light 
violation rates for each intersection approach 
used two rates—the first rate is expressed 

Figure 1. D-CS components.(1)

Source: TTI (Texas A&M Transportation Institute).
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in terms of red-light-running events per  
1,000 vehicles, and the second rate represents 
the number of red-light-running events per 
10,000 vehicle-cycles. In this case, “cycles” 
represents the average number of cycles/h 
during the period when vehicles are counted. 
The use of vehicle-cycles is based on previous 
research demonstrating that exposure for red-
light violations should be based on the count 
of vehicles and the count of cycles.(3)

The red-light-violation rates provide some 
indication of the extent of red-light violations 
at the intersections studied. The discrepancy 
as to which locations are the worst (by com-
paring violations per 1,000 vehicles and vio-
lations per 10,000 vehicle-cycles) illustrates 
the importance of considering both volume 
and number-of-cycles when computing the 
red-light-violation rate for location-based  
comparison or evaluation. The vehicle-
cycle-based rate logically represents a more  
reliable measure of the propensity for red-light 
violation than the vehicle-based rate because 
it accounts for two measures of exposure to a 
red-light violation.

Regression Analysis Results

A regression analysis indicated that relation-
ships existed between red-light violation  
frequency and exposure (expressed as the 
ratio of flow rate to cycle length), location, 
and type of detection-and-control system 
used. Findings indicate that the regression 
coefficient associated with each of these fac-
tors was significant at a level of confidence 
that exceeded 95 percent. The analysis indi-
cates that the after study periods experienced  
82 percent fewer red-light violations than the 
before study periods. 

The regression analysis also included 
vehicles in the dilemma zone and max-out  
frequency. The after study periods experienced 

73 percent fewer vehicles in the dilemma zone 
than the before study periods and 51 per-
cent fewer max-outs than the before study 
periods. However, the max-out percentage  
varied widely among locations, and it was rel-
atively infrequent at all locations except one. It 
appears that the change in detection and con-
trol reduces max-out frequency, but the trend 
is not known with certainty. The available data 
make it impossible to rule out the possibility 
that the max-out frequency actually increased 
in the after period.

One would intuitively expect a correlation 
between max-out phases and red-light run-
ning. However, the research team did not 
explicitly test the correlation between these 
two metrics in this research. The maximum 
allowable headway is always shorter with 
D-CS compared to a multiple loop system, so 
D-CS will naturally result in fewer max-outs. 

Effect of Before Detection Strategy

The before detection strategy was not 
always the same for the test sites, so the 
authors ran the model again using a quali-
fier variable indicating whether the inter-
section had functioning upstream detection 
for dilemma-zone protection in the before 
period. However, the results indicated that 
after study periods experienced 85 percent 
fewer red-light violations when there was 
no advance detection in the before period 
and 79 percent fewer violations when there 
was advance detection. Similarly, they  
indicated that the after periods experienced  
77 percent fewer vehicles in the dilemma 
zone when there was no advance detection 
in the before period and 66  percent fewer 
vehicles when there was advance detection. 
These results are statistically significant. 
A similar trend was found in the percent-
age of max-outs, but these results were not  
statistically significant.



4

Effect of Maximum Green Setting 

TTI increased the maximum green setting in 
the D-CS controller at one intersection to test 
its upper limit. The trend in the data indicated 
that the max-out frequency decreased with 
increasing maximum green duration. The 
number of max-outs decreased by 43 percent 
when operating the intersection with an 85-s 
maximum green relative to a 75-s maximum 
green, and the number of max-outs decreased 
57 percent when operating at a 95-s maximum 
green, relative to a 75-s maximum green. 
However, the results of this analysis indicate 
that the trend in max-out frequency was not 
statistically significant. Thus, it appears that 
a longer maximum green setting may reduce 
max-out frequency, but the trend is not known 
with certainty. 

ANALYSIS OF CRASH HISTORY 

The primary objective of this component was 
to evaluate before-after crash data collected 
by the four States to determine the effec-
tiveness of D-CS in reducing motor vehicle 
crashes. This section reports on a statistical 
analysis to evaluate the effectiveness of D-CS 
on reducing total (TOT), fatal-plus-injury (FI), 
and angle-plus-rear-end (angle + RE) crashes. 
The reason for combining some categories 
was to increase the sample size. 

The research team used a before-after study 
to evaluate the safety effectiveness of D-CS 
at the selected sites. The evaluation used the 
comparison group method with correction for 
traffic flow to overcome some of the problems 
with a simple or naïve before-after study. This 
method uses a comparison group that has 
influencing factors similar to that of the treated 
group. The following points are assumptions 
underlying this approach:(4) 

• The factors that affected safety have 
changed in the same way from before the 

improvement to after the improvement 
for both the treatment and the control 
groups.

• The changes in the various factors 
influence the safety of the treatment and 
the control groups in the same manner. 

The results from this approach are considered 
more accurate and reliable than the simple 
before-after study because they can account 
for external causal factors. While this approach 
can improve the weakness of the simple 
method by carefully selecting the comparison 
groups, it is still subject to the regression-
to-the-mean (RTM) bias because it predicts 
the expected number of target crashes of a 
site based on the before-period crash number 
only. RTM refers to the tendency for a fluctu-
ating characteristic of an entity to return to a 
typical value in the period after an extraordi-
nary value has been observed.(5)

Safety Effects of D-CS Based on Crash History

The analysis results suggest that D-CS has 
no effect on TOT and FI crashes but reduces  
angle + RE crashes by 9 percent. The stan-
dard deviation of this estimate of average 
safety effect is 15  percent, so at 95-percent 
confidence level, the result is not significant. 
This result can be attributed to the small sam-
ple size. Achieving a significant result at the 
95-percent confidence level would require a 
larger number of treated sites, a larger period 
of crash data, or both.

CONCLUSIONS AND 
RECOMMENDATIONS 

The authors recommend that D-CS be viewed 
as a viable solution to improving intersec-
tion safety at high-speed, isolated intersec-
tions. Its emphasis on trucks is a salient 
feature that makes it unique in comparison 
to other types of dilemma-zone protection. 
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(The currently available radar detector 
designed for dilemma-zone protection does 
not distinguish trucks from other vehicles.) 

Application Considerations

D-CS is intended for use at isolated, full- 
actuated intersections on high-speed road-
ways. The intersection should consist of a 
major road and a minor road where the major 
road approach has an 85th-percentile speed 
(or posted speed limit) of 45 mi/h or higher. 
The agency must install detection zones for 
the system in each lane of both major road 
approaches, and the intersection must operate 
in isolation of other adjacent signalized inter-
sections. A left-turn bay is required for each 
major road approach, and a right-turn bay (or 
full-width shoulder) is desirable.(2)

The installing agency should consider D-CS at 
new high-speed (over 45 mi/h), isolated inter-
sections whenever multiple advance detection 
might otherwise be a good fit. For existing 
intersections with multiple advance detectors, 
decision makers should consider replacing the 
existing system with D-CS when the existing 
system’s design life is realized. 

Extensive simulation and field study have 
shown that the system is able to function 
safely and efficiently for all levels of traffic 
demand. However, its performance degrades 

with frequent turning activity from the major 
road approaches. For this reason, its benefits 
will diminish as the total turn percentage (i.e., 
the sum of the left-turn percentage and the 
right-turn percentage) increases. Performance 
has been acceptable when the turn percentage 
is less than 40 percent. 

Other considerations that make D-CS even 
more desirable are as follows: 

• Higher than normal truck traffic. 

• Locations where approach speeds vary 
significantly.

• Locations with high crash rates (especially 
rear-end and angle). 

Table 1 summarizes the criteria discussed 
above and the recommended threshold values 
that justify the use of D-CS. The last two entries 
in this table, truck traffic and crash frequency, 
are considered important, but the other crite-
ria are more critical in determining when to 
use D-CS. 
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Criterion Threshold

Isolated full-actuated intersection N/A

Intersection of major road and minor road N/A

85th percentile speed (or speed limit) > 45 mi/h

Total turn percentage (right plus left) < 40 percent

Truck traffic
> 10 percent in off-peak 

> 5 percent in peak

Crash rates for rear-end and right angle > similar intersections in the area

Table 1. Guidance on the use of D-CS.(2)

N/A = not applicable.
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