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ACRONYMS AND ABBREVIATIONS
Acronym
AADT
CMF
FHWA
GIS
KABCO
KABC
KAB
KA
LRS
MnDOT
MVMT
RTM
SPF
SE
TOD
TIS
FYA
𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠
𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠

Meaning
Annual Average Daily Traffic
Crash Modification Factor
Federal Highway Administration
Geographic information system
All Crash Severities
Fatal and All-Injury Crashes
Fatal, Serious Injury, and Evident Injury Crashes
Fatal and Serious Injury Crashes
Linear Referencing System
Minnesota Department of Transportation
Million Vehicle Miles Travelled
Regression to the Mean
Safety Performance Function
Standard Error
Time of Day
Transportation Information System
Flashing Yellow Arrow
The total number of observed crashes in the after period
The total number of expected crashes in the after period had the FYA treatment not been
implemented
𝑉𝑉𝑉𝑉𝑉𝑉(𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠 ) Sum of the variance of the expected crashes in the after period had the FYA treatment not been
implemented

EXECUTIVE SUMMARY
The Minnesota Department of Transportation (MnDOT) requested a statistical evaluation of the safety
performance of converting traditional traffic signal heads to flashing yellow arrow (FYA) signal heads on trunk
highways in Minnesota. The objective of the study was to compare Minnesota-specific FYA crash modification
factors (CMFs) to CMFs derived from data in other states.
The literature review of CMFs on the CMF Clearinghouse found that for converting protected-permissive and
permissive-only signals to FYA (descriptions of left-turn phasing can be found on page 1), CMFs were less than
one, indicating a decrease in crashes. Changing from permissive-only to FYA showed the greatest reduction in
crashes. For converting protected-only signals to FYA, CMFs were greater than one, indicating an increase in
crashes. Crashes increased the most for left-turn crash types.
As the purpose of the study is a high-level comparison to existing CMFs, a naïve before-after analysis was
performed to estimate CMFs for FYA signal heads in Minnesota. This method does not account for possible bias
due to regression to the mean and the conversion of the Minnesota crash reporting system to MnCRASH in
2016, which resulted in an increase in the proportion of A-injury and B-injury crashes but a decrease in the
proportion of C-injury crashes. However, a linear adjustment was implemented based on major road AADT in
the before and after period to control for changes in traffic volume. Sites with at least one year of before data
and at least one year of after data were included and only those sites without changes in the speed limit, lane
configuration, number of lanes, and presence of median between the before and after periods were evaluated,
resulting in a total of 149 intersections in the sample.
CMFs were estimated for converting protected-permissive signals to FYA, converting permissive-only signals to
FYA, and converting protected-only signals to FYA. CMFs were estimated for various severity levels and crash
types; however, the CMFs for left-turn crashes are likely the most reliable. The left-turn CMFs were less than
one (decrease in crashes) for converting protected-permissive and permissive-only signals to FYA, with the
greatest crash reductions for permissive-only to FYA. The left-turn CMFs were greater than one (increase in
crashes) when converting protected-only to FYA.
The ranges of the Minnesota CMFs from the naïve before-after analysis were generally similar to the ranges of
CMFs found in the Clearinghouse left-turn crashes. The Minnesota CMFs for converting protected-permissive to
FYA ranged from 0.79-0.82, while the mean of the Clearinghouse CMFs was 0.84. For converting permissive-only
to FYA, the Minnesota CMF was 0.53 and the mean Clearinghouse CMF was 0.49. Minnesota CMFs (ranged from
1.05 to 1.45) were smaller than Clearinghouse CMFs for converting protected-only to FYA (mean CMF of 3.53),
but were all greater than one.
This analysis concluded that the safety performance of FYA signals in Minnesota for left-turn crashes was similar
to the performance of FYA signals in other states in the US.
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CHAPTER 1: BACKGROUND
Flashing yellow arrow (FYA) signal heads are four-section vertical signal heads with a flashing yellow arrow
indication when a permissive left-turn is allowed. Once the flashing yellow arrow is indicated, drivers must
complete the turn when sufficient gap time is assessed for oncoming vehicles. FYA signal heads can be
programmed by signal timers to change their operations by the time of day, allowing the phasing to change
between permissive-only, protected-only, and protected-permissive depending on the travel demand. A
permissive left-turn is a signal phase in which the left-turning vehicle must yield to opposing thru-movements
and/or pedestrian movements that have the right-of-way. A protected-only left turn is a phase in which the leftturning vehicles have the right-of-way and do not yield to any opposing movements. A protected-permissive left
turn alternates between permissive and protected phasing.
In earlier versions of the Manual on Uniform Traffic Control Devices (MUTCD), the Federal Highway
Administration (FHWA) recommended states use the five-section cluster head, otherwise known as the
“doghouse” signal head. In 2003, the National Cooperative Highway Research Program published NCHRP Report
493, “Evaluation of Traffic Displays for Protected/Permissive Left-Turn Control.” At the time of publishing, the
report was the most comprehensive study of protected-permissive signal displays, including studies of driver
understanding of displays, analysis of observed crash and operational data, driver simulations, and evaluation of
field implementations. NCHRP 493 recommended the incorporation of the FYA signal head into the MUTCD as
an alternative method for indicating protected-permissive left-turn movements, due to a higher level of
understanding from drivers during simulation and field observations. In the MUTCD 2009 edition, the FYA signal
head was included as an approved alternative to the doghouse display.
MnDOT installs most new signal heads with the FYA indication at intersections along trunk highways. MnDOT
requested a naïve before-after study of intersections with at least one FYA signal head to compare the resultant
crash modification factors (CMF) with CMFs from literature derived from data in other states. The objective of
the study is to evaluate whether the safety performance of FYA signal heads in Minnesota is similar to the safety
performance found in other states.
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CHAPTER 2: LITERATURE REVIEW
The literature review synthesizes and summarizes CMFs for FYA signal heads available on the Federal Highway
Administration (FHWA) CMF Clearinghouse. The review summarizes the number of CMFs, CMF values, star
ratings, and before conditions, and organizes the results first by applicable crash type and then by severity.
To identify the relevant CMFs, “flashing yellow arrow” was searched on the CMF Clearinghouse, yielding results
for 38 CMFs. Star ratings of fewer than three stars are indicative of less reliable results. After filtering out CMFs
with ratings of 2 stars or fewer, 32 CMFs remained. The search also included one CMF for “installing pedestrian
countdown timer” and so was excluded from further review. Two CMFs were available for time of day
operations and four CMFs did not state a “before” condition; these were not included in the summary tables.
CMF IDs for Table 1 and Table 2 and their corresponding links to the Clearinghouse are shown in Appendix A.
Note that some studies found in the Clearinghouse estimated CMFs for approaches where FYA signals were
installed, whereas other studies estimated CMFs for the entire intersection. The literature review summary
tables do not distinguish between the two applications.
2.1 RESEARCH FOR CRASH MODIFICATION FACTORS BY CRASH TYPE
Table 1 shows the CMFs by the countermeasure description (i.e., the “before” condition), the number of CMFs,
arithmetic mean CMF value, and range of CMF values, for all crash types and left-turn crash types. One CMF was
available for angle crash types (CMF value=0.70, CMF ID=9669, 3 stars).
For converting protected-only signals to FYA, the mean CMF for all crash types is 1.22 (or a 22% increase in
crashes), while the mean CMF for left-turn crashes is 3.53 (or a 253% increase). All CMFs for converting
permissive-only or protected-permissive only to FYA are less than one, indicating a reduction in crashes, with
greater mean reductions for left-turn crash types compared to all crash types. The largest crash reduction CMFs
are for converting permissive-only to FYA, where the mean all crash type CMF is 0.78 (or a 22% reduction) and
the mean left-turn crash type CMF is 0.49 (or a 51% reduction). Mean crash reductions for converting protectedpermissive to FYA are 0.89 (or an 11% reduction) and 0.84 (or a 16% reduction) for all crash types and left-turn
crash types, respectively.
Table 1: Published CMFs for Research on Flashing Yellow Arrow Signal Heads by Crash Type (FHWA CMF Clearinghouse)

Countermeasure Description
Protected-only to FYA
Permissive-only to FYA
Protected-permissive to FYA

1

All Crash
Types 1 Number
of CMFs
3
5
5

All Crash
Types Mean
CMF
1.22
0.78
0.89

All Crash
Types Range of
CMFs
1.12-1.34
0.65-0.94
0.85-0.93

All crash types include CMFs for KABCO and KABC crashes.

3

Left Turn
Crash Types
- Number of
CMFs
4
3
4

Left Turn
Crash
Types Mean CMF
3.53
0.49
0.84

Left Turn
Crash Types
- Range of
CMFs
2.24-4.78
0.35-0.64
0.75-0.98

2.2 RESEARCH FOR CRASH MODIFICATION FACTORS BY SEVERITY
Table 2 shows the compiled CMFs by countermeasure description for KABCO (all severities) and KABC (fatal and
injury) crashes. Similar to the CMFs organized by crash type, converting protected-only signals to FYA has
average CMFs greater than one for both KABCO (2.36, or a 136% increase) and KABC crashes (2.99, or a 199%
increase). All CMFs for converting permissive-only or protected-permissive to FYA are less than one, with greater
mean crash reductions for fatal and injury crashes compared to all severity crashes. Converting permissive-only
signals to FYA has greater crash reductions than converting protected-permissive to FYA, with mean CMFs of
0.74 (or a 26% decrease) for KABCO and 0.56 (or a 44% decrease) for KABC crashes. Mean crash reductions for
converting protected-permissive to FYA are 0.87 (or a 13% reduction) for KABCO and 0.82 (or an 18% reduction)
for KABC crashes.
Table 2: Published CMFs for Research on Flashing Yellow Arrow Signal Heads by Crash Severity (FHWA CMF Clearinghouse)
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Countermeasure Description

KABCO 2 Number
of CMFs

KABCO Mean
CMF

KABCO Range of
CMFs

KABC Number
of CMFs

KABC Mean
CMF

KABC Range of
CMFs

Protected-only to FYA
Permissive-only to FYA
Protected-permissive to FYA

5
5
7

2.36
0.74
0.87

1.12-3.68
0.50-0.94
0.70-0.98

2
3
3

2.99
0.56
0.82

1.21-4.78
0.35-0.69
0.75-0.86

KABCO crashes include CMFs for all crash types and left-turn crash types.
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CHAPTER 3: DATA COLLECTION AND DATABASE DEVELOPMENT
3.1 FLASHING YELLOW ARROW DATA COLLECTION
Data for FYA signals, such as FYA turn-on date, signal types before the FYA conversion, and lane configurations
before and after the FYA conversion, were not available directly in MnDOT’s systems. As such, desired data for
FYA signals were collected manually by the MnDOT districts. Data collection templates were developed in
Microsoft Excel for FYA signal head characteristics and intersection/approach-level attributes. Data were
collected for both the before and after FYA turn-on date conditions. For MnDOT’s Metro District, several data
attributes were collected for FYA signals and intersections through post-processing information maintained by
the District, while others were collected manually by the Metro District.
The data collected include intersection, approach, lane, and time-of-day signal settings by approach data.
Example attributes collected are shown in Table 3 by the data category.
Table 3: Example Attributes for FYA Data Collected by Category

FYA Data Category

Example Attributes

Intersection-level

•
•
•
•
•

FYA turn on date
Number of legs
Major/minor road type
Major/minor road speed
Major/minor road left turn offset

Approach-level

•

Signal settings pre-FYA

Lane-level

•
•

Number of left only/thru-left/thru/thru-right/right only turn lanes
Right turn prohibited

Time-of-day signal settings

•

Overnight/AM/midday/PM signal settings

Data were collected for a total of 291 intersections. Nearly half of the intersections in the sample were in the
Metro District, followed by 33 in District 3 (or 11%), 32 in District 4 (or 11%), and 26 in District 7 (or 9%), as
shown in Table 4.
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Table 4: Number of Intersections Included in Sample by District

MnDOT District
District 1
District 2
District 3
District 4
District 6
District 7
District 8
Metro
Total

Number of Intersections
22
9
33
32
24
26
4
141
291

Percentage of Total Intersections
8%
3%
11%
11%
8%
9%
1%
48%
100

FYA turn-on years ranged from 2010 to 2020 (Table 5). There were 121 intersections with FYA turn-on years
from 2016 thru 2018, or 42 percent of the total intersections in the sample. Note that in 2016, MnDOT
converted its crash records system to MnCRASH, in which certain changes in crash coding schemas resulted in an
increase in the proportion of A-injury and B-injury crashes and a decrease in the proportion of C-injury crashes.
Table 5: Number of Intersections Included in Sample by FYA Turn on Year

FYA Turn On Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

3

Number of Intersections 3
2
15
16
20
33
31
49
34
38
46
5

Percentage of Total Intersections
1%
5%
6%
7%
11%
11%
17%
12%
13%
16%
2%

There were two intersections for which an FYA turn-on year was not available.
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3.2 DATABASE DEVELOPMENT
Once data were collected for FYA and intersection-specific attributes, these data were connected to the MnDOT
datasets for roadway, traffic volume, and crash data. All data were collected and related following the MnDOT
Traffic Safety Evaluation Master Data Collection Plan. 4 The datasets were imported to a relational database in
Microsoft SQL Server 2016. The data sources imported, with example data attributes, the file type, and years
available are shown in Table 6.
Table 6: Data Sources Used in Compiled Database

Dataset
Roadway
Crashes
Traffic Volumes
(AADT)

Example Data Attributes
Medians, parking
Crash severity, crash type,
vehicle maneuver

File Type
Excel (.xlsx)

AADT, year

GIS (.shp) & Excel for 2012-2017 (.xlsx)

Years Available
2009-2018

GIS (.shp), Comma-separated values (.csv) 2009-2018
2008-2018

The MnDOT roadway, volume, and crash data are geospatially referenced using the TIS system for data pre-2016
and using the LRS system for 2016 and after. Because route IDs and route lengths are not identical for some
routes between the two reference systems, all datasets were connected through spatial joins in GIS.
For intersections where AADT data were not available for every year, if multiple years of data were available,
linear interpolation was used to fill in the missing values. If only one year of AADT data was available, a 1.2
percent growth rate was applied for the missing values.
Crashes were assigned to intersections using a 250-ft radial buffer from the center of the intersection. Where
multiple 250-ft radial buffers overlapped, the crashes were assigned to the closest intersection.

3.3 CRASH TYPE DEFINITIONS
For this treatment, total and left-turn crashes are the primary target crashes. However, the effect on rear-end
crashes associated with left turns and non-motorized crashes related to left turns were also of interest. These
crash types were defined as follows by the MnDOT:
Intersection Left Turning crashes
•
•

4

Manner of Collision: “Angle”, or “Front to Front (Head-On) or “Sideswipe (opposing and same side)” or
“Other” or “Unknown” (Left turning prior to 2015)
Vehicle Maneuver 1, and/or 2, and/or 3: “Left turning”

MnDOT Master Data Collection Plan, Minnesota DOT Traffic Safety Evaluation. MnDOT, 2019.
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Intersection Rear-End (Front to Back Crashes related to left turns
•
•

Manner of Collision: “Front to Rear (rear end)”
Vehicle Maneuver 1, and/or 2, and/or 3: “Left turning”

Non-Motorized Crashes related to left turns
•
•
•

Manner of Collision: “Other” or “Unknown” (Left turning prior to 2015)
Vehicle Maneuver 1, and/or 2, and/or 3: “Left turning”
Vehicle Type 1,2,3 “Pedestrian” and/or “Bicyclist (Pedalcycle)”

The following crash types and severities were included in the evaluation:
•
•
•
•
•
•
•
•

KA crashes
KAB crashes
KABC crashes
Total crashes
Intersection left-turning crashes
Rear-end crashes related to left turns
Non-motorized crashes related to left turns
Non-left turn crashes (defined as total crashes minus left turn crashes)
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CHAPTER 4: STATISTICAL ANALYSIS
4.1

OVERVIEW OF EVALUATION METHODOLOGY

The overall intent of this effort was to conduct a high-level comparison of the CMFs from the installation of FYA
in Minnesota with CMFs estimated from FYA installations in other parts of the country. Different evaluation
methods were discussed by the project team and MnDOT. The project team and MnDOT decided that a naïve
before-after evaluation would be sufficient to provide a high-level comparison of the CMFs. When this decision
was made, the limitations of naïve before-after evaluation were well understood. For example, the naïve beforeafter evaluation does not account for possible bias due to regression to the mean (RTM) nor does it account for
other trends. One example of a change that is not accounted for in a naïve before-after evaluation is the
possible effect due to the change in the crash reporting form. As mentioned earlier, the crash reporting form
changed in 2016 resulting in an increase in the proportion of A-injury and B-injury crashes, but a reduction in the
proportion of C-injury crashes:
The traditional naïve before-after method cannot account for the possible bias due to this change. To
appropriately account for this change, a comparison group needs to be included. To account for changes in
traffic volume from the before to the after period, a linear adjustment 5 was implemented based on the ratio of
the average major road AADT 6 in the after period to the average major road AADT in the before period. In more
rigorous analysis, this adjustment is usually done using safety performance functions (SPFs) to account for the
non-linear relationship between exposure and crashes.
4.2

SCREENING OF INTERSECTIONS FOR NAÏVE BEFORE-AFTER EVALUATION

For an intersection to be included in the evaluation, at least one year of before data and at least one year of
after data are needed. Hence, intersections without at least one year of before data and at least one year of
after data were removed. To reduce the possible confounding due to other changes that may have happened
during the evaluation period, intersections that experienced significant changes to the major road were
removed. Since the CMF associated with an FYA installation is dependent on the left-turn phasing before the
installation, intersections that did not have information about the left turn phasing in the before period were
removed. Following this screening process, the evaluation included a total of 149 intersections. Table 7 shows
the number of intersections based on the before and after phasing.
In terms of the number of intersections in the different cells in Table 7, the most common change was from
intersections that had a traditional protected-permissive left-turn (PPLT) on one road to FYA PPLT on one road –
this group included 40 intersections. The second most common group included intersections that had protected

The evaluation was conducted with and without the linear correction for change in traffic volume, but only results with the
linear correction for the change in traffic volume are presented in this report.
6 Minor road AADT was missing for a significant number of intersections. For that reason, major road AADT was used for this
adjustment.
5
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left-turn phasing on at least one road in the before period, and FYA PPLT on one road in the after period – this
group included 27 intersections.
Table 7. Number of Intersections Based on Before and After Phasing

After
Phasing –
FYA
Protected
on one road
(A6)

Total

0

0

9

9

2

2

58

0

0

0

0

19

40

3

3

1

0

63

75

4

12

3

2

149

After
Phasing –
FYA
Permitted
on both
roads (A3)

After
Phasing –
FYA
Permitted
on one
road (A4)

Before Phasing

After
Phasing –
FYA PPLT
on both
roads (A1)

After
Phasing –
FYA PPLT
on one
road (A2)

Permitted on
both roads (B1)

3

6

0

0

Protected on at
least one road
(B2)

17

27

1

Traditional PPLT
on both roads
(B3)

17

2

Traditional PPLT
on one road
(B4)

16

Total

53

4.3

After
Phasing –
FYA
Protected
on both
roads (A5)

RESULTS

Since the primary aim was to compare the CMFs estimated using the data from Minnesota to the CMFs reported
in the literature review, the project team developed the combination of the before and after phasing to match
with the combinations reported in the literature review. Table 8 shows the combinations of before and after
phasing that were included.
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Table 8. Before and After Left-turn Phasing Combinations Investigated

Verbal description of the change in left-turn phasing

Before
condition

After
phasing

Number of
intersections

Changing from protected-permissive to FYA

B3, B4

A1 through A6

82

Change from protected/permissive to FYA
protected/permissive

B3, B4

A1, A2

75

Change from permissive only to FYA
protected/permissive

B1

A1, A2

9

Change from protected to FYA protected/permissive

B2

A1, A2

44

B2

A1, A2

22

B2

A1, A2

22

B2

A1 through A6

58

Change from protected to FYA protected/permissive
with time of day (TOD)
Change from protected to FYA protected/permissive
without TOD
Changing from protected to FYA

4.3.1 Crash Modification Factors
Table 9 through Table 15 provide the estimated CMFs for the different before and after left-turn phasing
combinations. Along with the CMFs, Table 9 through Table 15 also show the standard error of the CMF, the
observed number of crashes in the after period, and the expected number of crashes in the after period had the
treatment not been implemented. As mentioned earlier, only the results associated with the linear correction for
traffic volume are reported here. The equations for estimating the CMF and the standard error are based on Hauer
(1997), and are shown in Figure 1 and Figure 2. In these equations, 𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠 represents the total number of observed
crashes in the after period, 𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠 represents the total number of expected crashes had the FYA treatment not been
implemented, and 𝑉𝑉𝑉𝑉𝑉𝑉(𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠 ) represents the sum of the variance of the expected crashes had the FYA treatment
not been implemented. Equations for estimating 𝜋𝜋𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑉𝑉𝑉𝑉𝑉𝑉(𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠 ) are provided in Hauer (1997).

Figure 1. Equation. CMF

Figure 2. Equation. Standard Error of CMF
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Table 9. CMFs for Changing from Protected-Permissive to FYA

Crash or Severity Type
KA
KAB
KABC
Total
Left turn
Rear-end
Non-motorized
Non-Left Turn

Crashes in the after
period
12
100
227
858
226
12
0
632

Expected crashes had
FYA not been
implemented
12.80
91.6
381.6
1125.6
275.8
13.2
4.1
849.8

CMF (SE)
0.883 (0.101)
1.082 (0.022)
0.593 (0.002)
0.762 (0.001)
0.817 (0.005)
0.868 (0.091)
0
0.743 (0.001)

Note: CMFs that are statistically significant from 1.0 at the 95% confidence level are highlighted in bold
Table 10. CMFs for Changing from Protected-Permissive to FYA Protected-Permissive

Crash or Severity Type
KA
KAB
KABC
Total
Left turn
Rear-end
Non-motorized
Non-Left Turn

Crashes in the after
period
12
91
212
782
210
11
0
572

Expected crashes had
FYA not been
implemented
11.5
84.1
366.3
1056.3
264.5
11.5
3.9
791.8

CMF (SE)
0.979 (0.125)
1.071 (0.024)
0.577 (0.002)
0.740 (0.001)
0.792 (0.005)
0.907 (0.108)
0
0.722 (0.002)

Note: CMFs that are statistically significant from 1.0 at the 95% confidence level are highlighted in bold
Table 11. CMFs for Changing from Permissive to FYA Protected-Permissive

Crash or Severity Type
KA
KAB
KABC
Total
Left turn
Rear-end
Non-motorized
Non-Left Turn

Crashes in the after
period
1
7
20
70
15
1
1
55

Expected crashes had
FYA not been
implemented
1.2
11.9
49.9
148.4
27.1
0.5
3.4
121.3

CMF (SE)
0.401 (0.080)
0.530 (0.058)
0.389 (0.011)
0.467 (0.005)
0.527 (0.030)
1.023 (0.523)
0.195 (0.025)
0.448 (0.006)

Note: CMFs that are statistically significant from 1.0 at the 95% confidence level are highlighted in bold
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Table 12. CMFs for Changing from Protected to FYA Protected-Permissive (with and without TOD)

Crash or Severity Type
KA
KAB
KABC
Total
Left turn
Rear-end
Non-motorized
Non-Left Turn

Crashes in the after
period
6
62
189
644
150
6
2
494

Expected crashes had
FYA not been
implemented
6.4
43.6
216.0
634.8
122.0
11.0
4.3
512.8

CMF (SE)
0.795 (0.158)
1.356 (0.106)
0.866 (0.011)
1.011 (0.005)
1.210 (0.032)
0.447 (0.052)
0.272 (0.031)
0.959 (0.006)

Note: CMFs that are statistically significant from 1.0 at the 95% confidence level are highlighted in bold
Table 13. CMFs for Changing from Protected to FYA Protected-Permissive with TOD

Crash or Severity Type
KA
KAB
KABC
Total
Left turn
Rear-end
Non-motorized
Non-Left Turn

Crashes in the after
period
3
34
112
425
84
4
1
341

Expected crashes had
FYA not been
implemented
4.5
23.3
117.9
368.7
77.4
10.6
3.5
291.3

CMF (SE)
0.508 (0.097)
1.343 (0.178)
0.934 (0.022)
1.146 (0.011)
1.052 (0.045)
0.305 (0.030)
0.142 (0.010)
1.162 (0.014)

Note: CMFs that are statistically significant from 1.0 at the 95% confidence level are highlighted in bold
Table 14. CMFs for Changing from Protected to FYA Protected-Permissive without TOD

Crash or Severity Type
KA
KAB
KABC
Total
Left turn
Rear-end
Non-motorized
Non-Left Turn

Crashes in the after
period
3
28
77
219
66
2
1
153

Expected crashes had
FYA not been
implemented
1.9
20.4
98.1
266.1
44.5
0.4
0.8
221.6

CMF (SE)
1.241 (0.575)
1.247 (0.178)
0.767 (0.020)
0.816 (0.008)
1.445 (0.081)
3.060 (3.955)
0.613 (0.188)
0.683 (0.008)

Note: CMFs that are statistically significant from 1.0 at the 95% confidence level are highlighted in bold
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Table 15. CMFs for Changing from Protected to FYA

Crash or Severity Type

Crashes in the after
period

KA
KAB
KABC
Total
Left turn
Rear-end
Non-motorized
Non-Left Turn

7
98
305
1036
231
18
4
805

Expected crashes had
FYA not been
implemented
21.4
87.9
336.4
961.1
160.5
14.0
8.3
800.7

CMF (SE)
0.305 (0.017)
1.094 (0.034)
0.902 (0.007)
1.076 (0.003)
1.424 (0.030)
1.115 (0.194)
0.370 (0.045)
1.003 (0.004)

Note: CMFs that are statistically significant from 1.0 at the 95% confidence level are highlighted in bold

In reviewing these results, it is important to note that due to the change in the crash reporting form in 2016, the
CMFs for KA, KAB, and KABC crashes, may not be as reliable as the CMF for total crashes. CMFs for the target
crash type (left turn crashes) are probably the most informative. When the phasing is changed from protected
phasing to FYA (Table 12 through Table 15), there is an increase in left-turn crashes (i.e., CMF > 1) with the CMF
being statistically significant except in Table 13 when the conversion was implemented with time of day (TOD)
operation. Left-turn crashes decreased when the left-turn phasing was changed from permissive or protectedpermissive to FYA (Table 9 through Table 11). The largest reduction in left-turn crashes was when the change
was from permissive to FYA protected-permissive (Table 11). These results are generally consistent with the
findings from studies identified in the literature review. Table 16 shows the left-turn CMFs from the naïve
before-after analysis compared to CMFs found in the literature review. Appendix B shows a similar table for
comparing KABCO and KABC CMFs to the CMFs in the literature review.
Table 16: CMFs from Naïve Before-After Analysis Compared to CMFs from Literature Review, Left Turn Crashes

Countermeasure Description

Left Turn Crashes – Range of CMFs from
Naïve Before-After Analysis with data
from Minnesota

Left Turn Crashes - Mean CMF
[Range of CMFs] from Literature
Review

Protected-only to FYA
Permissive-only to FYA
Protected-permissive to FYA

1.05-1.45
0.53
0.79-0.82

3.53 [2.24-4.78]
0.49 [0.35-0.64]
0.84 [0.75-0.98]
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CHAPTER 5: SUMMARY OF FINDINGS AND RECOMMENDATIONS
The objective of this study was to estimate the CMFs for converting left-turn signal heads to FYA signal heads on
MnDOT roadways and compare the results to CMFs found in the literature from studies in other states. The
literature review found that of the applicable CMFs found on the CMF Clearinghouse, the mean CMF for
converting protected only signal heads to FYA heads was greater than one, indicating an increase in crashes,
while converting permissive-only or protected-permissive signal heads to FYA had mean CMFs less than one,
indicating a decrease in crashes.
With the overall intent of conducting a high-level comparison of the CMFs from the installation of FYA in
Minnesota with CMFs estimated from FYA installations in other parts of the country, this study employed a
naïve before-after evaluation method. CMFs were estimated for different combinations of before and after leftturn phasing. Consistent with results from previous studies, left turn crashes increased when phasing was
converted from protected left-turn phasing to FYA. Similarly, left-turn crashes decreased when left-turn phasing
was converted from permissive or traditional protected-permissive to FYA, with the largest reduction when the
conversion was from permissive left-turn phasing.
Being a naïve before-after evaluation, this study did not account for possible bias due to RTM and any other
trends or changes that occurred independent of implementing the FYA. Further research could investigate the
effect of FYA using more reliable methods such as empirical Bayes before-after or propensity score matching
methods. In addition, further research could evaluate the impacts of converting to FYA for varying speed limits
and traffic volume ranges.
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APPENDIX A: CMF IDS IN LITERATURE REVIEW
Table A-1: FHWA CMF Clearinghouse Ids for FYA CMFs in Literature Review

Protected-only to FYA CMF IDs
4172
4173
7686
7687
7688
7689
9401
-

Permissive-only to FYA CMF IDs
7698
7699
7700
7701
7682
7683
4174
4175
-

A-1

Protected-permissive to FYA CMF IDs
7694
7695
7696
7697
4176
4177
9667
9668
9402

APPENDIX B: COMPARING MINNESOTA CMFS TO LITERATURE
REVIEW CMFS, KABCO AND KABC CRASHES
Countermeasure
Description
Protected-only to FYA
Permissive-only to FYA
Protected-permissive to FYA

KABCO – Range
of CMFs from
Naïve BeforeAfter Analysis
0.82-1.15
0.47
0.74-0.76

KABCO - Mean
CMF [Range of
CMFs] from
Literature Review
2.36 [1.12-3.68]
0.74 [0.50-0.94]
0.87 [0.70-0.98]

B-1

KABC - Range
of CMFs from
Naïve BeforeAfter Analysis
0.77-0.93
0.39
0.58-0.59

KABC - Mean CMF
[Range of CMFs]
from Literature
Review
2.99 [1.21-4.78]
0.56 [0.35-0.69]
0.82 [0.75-0.86]

