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ABSTRACT
Red-light running is a frequent and highly dangerous driving act. This study aims to determine if
lengthening the duration of yellow change intervals results in a reduction in incidents of a driver
running the red indication. A before and after statistical analysis with controls was employed to
evaluate the influence that extending yellow intervals has on stop bar violations (SBV) in Denver,
Colorado. A total of 9 intersections (32 approaches) were studied for two months before,
immediately after and up to five months after the yellow timing changing. The following findings
are reached based on an examination of the data collected and analyzed for this study effort:
(i) one or two second of additional yellow interval time results in reduced stop bar violations. An
increase of 1.0 to 2.0 sec in yellow duration associated with approximately 58% reduction in stop
bar violations for “before" and “five-months after” periods. (ii) ANOVA analysis further confirmed
a statistically significant correlation between stop bar violations and yellow interval extensions by
three main effect variables: time period, yellow interval increases, and control (no change to
yellow interval). The reduction of stop bar violations is statistically significant different between
+1.0 sec and control, and +2.0 sec and control groups, but no significant difference was
observed between the stop bar violations for the +1.0 sec and +2.0 sec datasets.

INTRODUCTION
Running the red lights is a common and serious violation at signalized intersections. Whether
accidental or intentional, red-light runners pose a risk to the safety of other road users and
themselves. The statistics from Fatality Analysis and Reporting System (FARS) revealed that from
2010 to 2014, over 3,500 people were killed in crashes that involved red light running, and over
half of those killed were pedestrians, bicyclists and other motorists who were hit by the red light
runners (1, 2). Besides of automated enforcement addressing the intentional violators, a wide
range of engineering countermeasures has been put forward to minimize the extent of
unintentional red-light running. Extending the yellow interval duration has been considered as
one of those countermeasures, because short or insufficient yellow change intervals may trap
drivers into running red lights and result in a high number of red-light violations.
The primary purpose of this study is to determine if lengthening the duration of yellow change
intervals results in a reduction in incidents of a driver running the red indication. For this study, a
stop bar violation (SBV) is defined as an incident when a driver enters the intersection (crosses
over the stop bar/line) at least 0.5 seconds after the traffic indication has turned red. The SBV
was observed and recorded using video detection equipment at nine typical locations selected
from citywide intersections in Denver, Colorado. A total of 32 approaches at the nine selected
intersections formed the study sites. Figure 1 is a vicinity map showing the location of the study
intersections, and Table 1 lists the relevant traffic operation characteristics of major intersections.
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Figure 1 Study Intersections in Denver, Colorado
Table 1 Study Intersection Characteristics
No.

Intersection

Study Sites (Approach)

1
2
3
4
5
6
7
8

Broadway & Evans Ave.
Federal Blvd. & Alameda Ave.
Sheridan Blvd. & Florida Ave.
Colorado Blvd. & Colfax Ave.
Colorado Blvd. & Alameda Ave.
Sheridan Blvd. & Bear Valley Ctr.
Sheridan Blvd. & Colfax Ave.
1st Ave. & University Blvd.

EB, WB, NB, SB
EB, WB, NB, SB
EB, NB, SB
EB, WB, NB, SB
EB, WB, NB, SB
NB, SB
EB, WB, NB, SB
EB, WB, NB

9

Leetsdale Dr. & Monaco St. Pkwy.

EB, WB, NB, SB

Cycle Length
(sec)
120
120
100
120
120
100
100
120
120 (6AM-7PM)
110 (Weekend)

Speed
Limit
(mph)
35
35, 40
30, 40
30, 35
35
40
30, 35
30, 35
35

METHODOLOGY
Before and After Study
A before and after study design was performed to evaluate the effect of increasing the yellow
interval duration on the SBV. Three time periods were included in the study: before changing the
yellow interval (March and April 2016), immediately after (June 2016), and five month after
implementation of the yellow interval extension (July to November 2016). Each period involved
the collection of 10 full days (240 hours) of traffic flow and SBV data on each intersection
approach. To maintain accuracy of the evaluation results, a 72.09% of the false positive rate was
applied to adjust the recorded SBV data. False positives are defined as incidents where a stop
bar violation was recorded during the data collection process but was not observed in the visual
validation process.
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Yellow Interval Adjustment
The yellow interval changes fall into three categories for the study intersections: four intersections
were given 1.0 sec additional yellow time; two were given 2.0 sec additional yellow time; The 1st
Ave. & University Blvd. and Leetsdale Dr. & Monaco St. Pkwy were selected as control sites and
the yellow interval remained unchanged. Different incremental on yellow time aims to identify
the relationship between yellow time increase and the SBV; the selected control sites ensure that
any recorded changes in the number of SBV can be adjusted to reflect only the effect of longer
yellow intervals. Procedures for determining the duration of modified yellow signal timing
incorporated the adequacy of the site’s existing yellow interval duration, approach speeds,
intersection geometry, and initial ranking of the number of SBV. The extended yellow intervals
ranges from 3.5 sec to 6.0 sec, which meets the requirements of national standards set forth in
the MUTCD 2009 (Section 4D.26) (3) and recommended practice of ITE guidelines (4).
Statistical Analysis Method
Three different statistical analyses were applied to quantify the impact of lengthening yellow
intervals on the SBV: z-test, paired t-test and Analysis of Variance (ANOVA) F-test. All these tests
were performed at a 95% confidence level with the null hypothesis of no change to the
recorded SBV for before and after periods. The application of multiple statistical tests also
reduced the biases generated by using a single test.
z-test: the z-test was used to determine if the changes in the number of SBV are statistically
significant for the before and after periods. Difference of before and after yellow interval
extension can be calculated as (5):
−
)
(
Z=
(1 −
)
(1 −
)
+
where, Z is z-statistics; Rbefore represents SBV/traffic volume before lengthening yellow intervals;
Rafter denotes SBV/ traffic volume after increasing yellow intervals; Vbefore represents traffic volume
before lengthening yellow intervals, and Vafter is traffic volume after increasing yellow intervals.
Paired t-test: further examined if the extended yellow interval results in a reduction of the SBV
based on a full-day observations. This study measures the differences in the number of SBV
before and after the implementation of the increases to yellow interval duration at the study
intersections. The null hypothesis and alternative hypothesis are stated as following:
• Null hypothesis: there is no difference in mean of the measures SBV before and after the
treatment. (H0: SBVbefore–SBVafter =0)
• Alternative hypothesis: the total number of measured SBV decreased because of the
increases to yellow intervals. (Ha: SBVbefore–SBVafter >0)
The statistical software R was used for the t-test. The calculated p-value is used as an alternative
to rejection points to provide the smallest level of significance at which the null hypothesis would
be rejected. For the 95% confidence level, a p-value ≤0.05 suggests rejecting the null hypothesis
H0, and accepting the alternative hypothesis Ha: the number of SBV decreased because of the
increased yellow intervals.
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ANOVA F-test: identified the influential factors on the change of SBV, such as the total yellow
interval times, experimental or control study sites, and different ranges of increases to the yellow
intervals. The one-way within-subjects ANOVA was conducted to detect whether different
yellow increases affect the reduction of SBV amongst intersections. The two-way within-subjects
ANOVA was applied to examine the joint effect of total yellow interval and yellow interval
increases on the SBV reductions. The test statistic used for ANOVA is the F-statistic and is a ratio of
the variability between groups compared to the variability within the groups. The p-value is used
to test the null hypothesis that all the group population means are equal versus the alternative
that at least one is not equal. After determining a statistically significant effect using ANOVA, the
Tukey Honestly Significant Differences (TukeyHSD) were performed because the output of
ANOVA did not indicate how the multiple groups differ from each other. The method controls for
the Type I error rate across multiple comparisons and was considered an acceptable technique.
The resulting p-value was used as an indicator of the statistically significant effect.

RESULTS
The SBV data collected for each study site were analyzed as a whole and for several subgroups.
The subgroups were created based on time period (before vs. after), yellow increase (+1.0 sec,
+2.0 and control), as well as the total yellow time intervals for each study site. Form the ANOVA
statistical analysis, the effects of time, yellow interval increase, and experimental or control sites
were found to be statistically significant with p-value<0.05 (Table 2), for both the number and
rate (per 10,000 vehicles) of the SBV.
Table 2 Table of Analysis of Variance
Effects
Number of SBV

SBV/10,000 veh

Time (before vs. after)
Yellow increase
Experimental vs. control sites
Time (before vs. after)
Yellow increase
Experimental vs. control sites

Degree of
Freedom
5
1
1
5
1
1

Mean
square
228,527
3,960,224
6,060,422
1,062.6
9,780
17,342

F-statistic

p-value

20.67
7.849
72.46
27.898
5.184
10.61

0.0000
0.0088
0.0000
0.0000
0.0301
0.0028

SBV and Time Period
The average number of SBV for all the intersections observed during the study period (240 hours)
reduced from 1,755 vehicles prior to the yellow extension, to 1,069 vehicles immediately after,
and to 1,037 five-month after the yellow extension. The SBV frequency averaged
175/intersection/day “before”, decreased to 107/intersection/day “immediately after”, and
then to 104/intersection/day “five-month after”. The changes of SBV at all the study sites ranged
from 88% decrease to 3% increase comparing “before" and “five-month after” periods. The zstatistics and paired t-test further verified that a majority of the changes are statistically
significant at the study intersections with most of the data sets generating a p ≤ 0.05. Except for
the northbound and southbound approaches of Leetsdale Dr. & Monaco St. Pkwy, there was no
significant reduction in SBV for the control sites.
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Figure 3 SBV Distributions Over Time
Figure 3 describes the SBV distribution with time period in the ANOVA analysis. The statistical
descriptions indicated a significant difference for the “before” and “after” periods (p≤0.05),
while the differences of “immediately after” and all the other “after” periods was insignificant
(p≥0.98). Figure 4 shows an example of the SBV plot recorded during the study period at the
Broadway & Evans eastbound approach. Similar trends were also observed on other
experimental sites. It appears that both the number and frequency of the SBV declined from
March to November, 2016. There was no obvious rebound observed during the study period
associated with the adaption of drivers to the extended yellow duration.

Figure 4 SBV from Mar 2016 to Nov 2016 (Broadway & Evans EB Approach)
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SBV and Yellow Increase
The data was also analyzed to determine if there are statistically significant correlations in
recorded SBV between the experimental and control sites. A statistically significant difference
was observed for the experimental intersections and control sites with acceptable F-statistic
(72.46) and p-value (0.0000) in ANOVA analysis. Figure 5a shows that the experimental sites have
lower range of SBV than the control sites. The median value of the SBV in experimental sites is 213
vehicles for each intersection approach (during 240 hours) and 50% of the recordings are above
this number but below the upper bound of 260 vehicles per approach. For the control site group,
50% of the SBV recordings are within the range of 500 to 1,400 SBV per intersection approach.
The mixed design ANOVA was conducted to examine the joint effects of time and yellow
interval extensions on SBV. The results indicated that the number of SBV was statistically different
due to different yellow increases. In Figure 5b, the SBV is the highest during the study periods at
control sites (+0 sec), compared with the approaches that had yellow intervals extended by 1.0
or 2.0 sec. Considering the percentage of SBV reductions through the study period, the SBV of
the +1.0 sec group decreased approximately 58%, the average reduction was 59% for the +2.0
sec group, and the SBV increased averagely 16% for the control sites. The TukeyHSD results
suggested that the SBV reductions are significantly different between +1.0 sec and control
intersections, and +2.0 sec and control intersections (p<0.05), but no statistically significant
difference was observed between the +1.0 sec and +2.0 sec groups (p=0.947). This result hints
that there may be a specific yellow time increase that will achieve the bulk of the reduction in
SBV. Increasing the yellow beyond a certain point has no additional effect on SBV.

(a) Experimental vs. Control

(b) Yellow Increases (+0, +1, +2)

Figure 5 Number of SBV with Yellow Interval Increases

SBV and Yellow Interval Duration
A regression analysis identified that there was a statistically significant relationship between the
duration of the yellow interval and the SBV. As shown in Figure 6, before extending the yellow
intervals, there was a trend toward less SBV for longer yellow intervals (R2=0.45). After lengthening
the yellow intervals, this linear relationship became insignificant (R2=0.002), but still existed for the
control sites with yellow interval unchanged (R2=0.68). This trend supports the conclusions that an
increase in yellow duration results in reduced SBV. It is likely that drivers benefitting from this
“extra” yellow are those that have an exceptionally long reaction time, speeds greater than the
85th percentile speed, or a low tolerance for high deceleration rates. However, lengthy yellow
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interval can violate driver expectancy and may be abused by drivers, and some research has
found that drivers adjust their stopping behavior to offset effect of longer change intervals (6).

(a) Experimental Sites
(b) Control Sites
Figure 6 Linear Models of Total Number of SBV with Yellow Intervals

CONCLUSIONS
Overall, results from the study confirm that providing motorists with adequate yellow interval time
is important for reducing stop bar violations. An increase of 1.0 to 2.0 sec in yellow duration
resulted in decreased SBV by approximately 55% between the first and second observation
periods (before vs. immediately after period). The “before" and “five-months after” periods
showed a 58% reduction in stop bar violations. The statistical analyses further indicated a
statistically significant correlation between SBV and yellow interval extensions. The next stage of
the study will investigate the longer term (one year of longer) effects and determine if there is a
correlation between approach speeds, approach traffic volumes, increased yellow interval time
and stop bar violations.
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