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[bookmark: _Toc253309854]Lesson #1: Permitted Left Turn Operations
[bookmark: _Toc223588223][bookmark: _Toc253309855]Questions to Consider
As you begin this experiment, consider the following questions.  You will come back to these questions once you have completed the experiment.
How does the opposing volume affect the quality of the left turn permitted operation for each of the two cases? 
What change to the phasing plan would you consider, if any, to improve the quality of the operation for case 2?


1. How does the opposing volume affect the quality of the left turn permitted operation for each of the two cases? 
There is a significant difference in the quality of the left turn operation for both cases.  In case 1, you observed left turn vehicles on the EB and WB approach can easily find gaps in the opposing traffic to complete their maneuver, while in case 2, left turn vehicles had to wait for more than one cycle to find acceptable gaps to cross the intersection.  The difference in the opposing through volumes is the clear reason for the differences in these observations.

We can also show the difference in the performance by comparing average delay for each movement. Table 1 shows the average delay for six movements, and for the intersection as a whole.  These delay results represent averages of ten simulations, each with 900 seconds of simulation time.  The following points can be noted from the table:
The left turn movements on the major street (EB and WB) experience significantly higher delays in case 2 than in case 1.  The WBLT delay increases from 19.0 to 72.6 seconds per vehicle, while the EBLT delay increases from 15.7 to 172.6 seconds per vehicle.
The increase in delay for the other movements is much more modest. There is actually a small decrease for one movement (SB TH).

What can we conclude from this experiment?  Permitted left turn operation provides efficient operation when opposing volumes are low.  However, in the case where opposing through volumes reach 1450 vehicles per hour, the delay increases significantly.  Note that these two volumes are given as examples and are not intended to imply specific standards. 

2. What change to the phasing plan would you consider, if any, to improve the quality of the operation for case 2?
One obvious change to the phasing plan is to eliminate the opposing through movements, so that the left turn movements can move with no delay.  This type of phasing is known as protected LT phasing and will be illustrated in the next experiment.  While protected LT phasing offers some obvious benefits, there is also a downside that must be considered.  Providing a separate phase for the LT movement means that time is taken away from other movements, likely increasing their delay.

[bookmark: _Ref212285806]Table 1 Average delay for each movement
	Movements
	Average delay (sec/veh)

	
	Low opposing TH volumes
(800 vph)
	High opposing TH volumes
(1450 vph)

	EBTH
	9.4
	12.3

	WBTH
	9.0
	13.4

	SBTH
	19.4
	19.1

	NBTH
	18.0
	20.2

	WBLT
	19.0
	72.6

	EBLT
	15.7
	172.6

	Intersection
	13.3
	18.0








[bookmark: _Toc253309856]Lesson #2: Comparing Permitted And Protected Left Turn Phasing
[bookmark: _Toc223588230][bookmark: _Toc253309857]Questions to Consider
As you begin this experiment, consider the following question.  You will come back to this question once you have completed the experiment.
How does changing from permitted to protected left turn phasing affect the LT operation and the operation of the entire intersection?


1. How does changing from permitted to protected left turn phasing affect the LT operation and the operation of the entire intersection?
In case 1, you have observed long queues with long waiting time (some vehicles waiting more than one cycle) because left turn vehicles need to wait to find accepted gaps to complete their maneuver which is not available with high opposing through traffic volumes. In case 2, protected LT phasing provides right-of-way for left turn vehicles so their waiting time is shorter than case 1.

Protected left turn phasing removes the need for gap acceptance, because LT vehicles are assigned the right-of-way.  Table 2 shows average delay for each movement for each case. For EBLT the average delay decreases from 172.6 seconds to 46.3 seconds (73 percent) while the WBLT average delay decreases from 72.6 seconds to 54.5 seconds (25 percent). On the other hand, average delay for all other through movements increases, as does the delay for the intersection. This happens because an additional phase causes an increase in the lost time experienced within a cycle length and reduces the green splits for the existing phases.  These negative impacts increase delay for the existing phases.  Protected left turn phasing has important benefits that must be weighed against possible costs.



[bookmark: _Ref211674302]Table 2 Average delay for each movement
	Movements
	Average delay (sec)

	
	Permitted LT
	Protected LT

	EBTH
	12.3
	19.7

	WBTH
	13.4
	24.4

	SBTH
	19.1
	27.1

	NBTH
	20.2
	29.0

	WBLT
	72.6
	54.5

	EBLT
	172.6
	46.3

	Intersection
	18.0
	24.7

















[bookmark: _Toc253309858]Lesson #3: Comparing Protected/Permitted And Protected Left Turn Phasing 
[bookmark: _Toc253309859]Questions to Consider
As you begin this experiment, consider the following question.  You will come back to this question once you have completed the experiment.
Why do the EBLT and WBLT movements have lower delay when they are operating as protected/permitted phasing as compared to the protected left turn case?


1. Why do the EBLT and WBLT movements have lower delay when they are operating as protected/permitted phasing as compared to the protected left turn case?
From the animation file, you have observed:
In case 1, vehicles on EBLT and WBLT arrive and wait for the protected LT phase to be served. [Note: the waiting time is too long.] In case 2, some of the vehicles that arrive on EBLT and WBLT are served during the permitted LT phase, so those vehicles do not wait for the protected phase and their waiting time is short.
You also observed that some vehicles in case 2 (sneakers) start crossing the intersection on yellow and finish their maneuver on red.


Table 3 shows the average delay for each movement for each case. These delay results represent averages of ten simulations, each with 900 seconds of simulation time. For the EBLT movement, the average delay decreases from 52.5 seconds to 38.9 seconds (26 percent) and for the WBLT movement, the average delay decreases from 56.0 seconds to 32.4 seconds (42 percent). The average delay decreases for all other movements and the intersection as well. 

Table 4 shows the average green duration for each phase for each case. For the EBLT movement, the average green duration decreases from 10.6 seconds to 8.9 seconds (16 percent), and for the WBLT movement, the average green duration decreases from 10.4 seconds to 7.7 seconds (26 percent). On the other hand, the average green duration increases for all other through movements.

In this example, and for all movements, protected/permitted left turns provide more efficient operation than protected left turns only.


[bookmark: _Ref213818958]
Table 3 Average delay for each movement
	Movements
	Average delay (sec/veh)

	
	Protected LT
	Protected/Permitted LT

	EBTH
	24.9
	25.2

	WBTH
	27.0
	24.5

	SBTH
	31.9
	31.2

	NBTH
	30.4
	28.6

	WBLT
	56.0
	32.4

	EBLT
	52.5
	38.9

	Intersection
	29.3
	26.9

















[bookmark: _Ref213820257]Table 4 Average green duration for each phase
	Phase
	Average Green Duration (sec)

	
	Protected LT
	Protected/Permitted LT

	EBTH
	44.3
	45.7

	WBTH
	44.2
	44.7

	SBTH
	28.7
	30.1

	NBTH
	28.7
	30.1

	WBLT
	10.4
	7.7

	EBLT
	10.6
	8.9




[bookmark: _Toc253309860]6. Lesson #4: Design Exercise- Determining Appropriate Left Turn Treatment
[bookmark: _Toc253309861]Questions to Consider
As you begin this experiment, consider the following questions.  You will come back to these questions once you have completed the experiment.
What did you observe for the queue length for each movement in each simulation?
What did you observe for the cycle length for each simulation? Why is there a variation for each left turn treatment?
Based on your observations, which left turn treatment would be the most efficient? 
What are the indicators of inefficient left turn operations and what are the indicators of efficient operations?



1. What did you observe for the queue length for each movement in each simulation?
Table 5, Table 6 and Table 7 show the queue lengths for each movement for the three different simulations (permitted LT, protected LT and protected/permitted LT). These results consider the first four cycles for each simulation. The first two cycles in each table should be the same as your recorded data. From the tables, when we compare queue lengths for each movement for each left turn treatment, it is clear that queue lengths increase more for protected and for protected/permitted LT than for permitted LT.

This happens because protected LT phase is an additional phase which causes an increase in the lost time experienced within a cycle length and reduces the green splits for the existing phases.  These negative impacts increase the red time for the existing phases which allows queue length to be increased for these phases.  Protected left turn phasing has important benefits that must be weighed against possible costs.


[bookmark: _Ref214854772]Table 5 Queue lengths for permitted LT
	Movement
	Number of vehicles at the beginning of green

	
	Cycle 1
	Cycle 2
	Cycle 3
	Cycle 4

	EBTH
	4
	7
	4
	12 

	WBTH
	5
	4
	7
	6

	SBTH
	4
	5
	4
	6

	NBTH
	5
	5
	6
	4

	EBLT
	0
	1
	0
	2

	WBLT
	1
	0
	0
	0



[bookmark: _Ref214854775]Table 6 Queue lengths for protected LT
	Movement
	Number of vehicles at the beginning of green

	
	Cycle 1
	Cycle 2
	Cycle 3
	Cycle 4

	EBTH
	10
	11
	15
	16

	WBTH
	4
	10
	13
	11

	SBTH
	8
	10 
	11
	8

	NBTH
	8
	8
	10
	11

	EBLT
	0
	2
	2
	0

	WBLT
	3
	4
	1
	2



[bookmark: _Ref214854777]Table 7 Queue lengths for protected/permitted LT
	Movement
	Number of vehicles at the beginning of green

	
	Cycle 1
	Cycle 2
	Cycle 3
	Cycle 4

	EBTH
	10
	10
	16
	14

	WBTH
	4
	8
	11
	9

	SBTH
	7
	6
	7
	4

	NBTH
	7
	9
	8
	8

	EBLT
	0
	1
	2
	0

	WBLT
	2
	4
	1
	1


2.  What did you observe for the cycle length for each simulation? Why is there a variation for each left turn treatment?
Table 8 shows the average delay for six movements for each simulation (permitted LT, protected LT and protected/permitted LT). These delay results represent averages of ten simulations, each with 900 seconds of simulation time.
The following points can be noted from the table:
All through movements experience higher delay for protected only and protected/permitted LT cases than permitted LT.
The average delay for EBLT and WBLT movements is lower for protected LT treatment than permitted LT, and is the lowest for protected/permitted LT treatment. 
The average delay for the intersection is higher for the protected LT case and lower for the permitted/protected LT case and the lowest for the permitted LT case.

For the protected and protected/permitted LT treatment, a phase has been added to the protected LT phase of the cycle. When you add a left turn phase, this will reduce the green split for other phases and will increase cycle length (see Table 9,) which results in a higher delay on other approaches.

3. What are the indicators of inefficient left turn operations and What are the indicators of efficient operations?
The indicators of inefficient left turn operations are:
Long queue lengths on other approaches
Long cycle lengths

The indicator of efficient left turn operations is:
Lower delay for LT phases





[bookmark: _Ref214857164]Table 8 Average delay for each left-turn treatment
	Movement
	Average delay (seconds)

	
	Permitted LT only
	Protected LT only
	Protected/Permitted LT

	EBTH
	9.6
	15.6
	14.7

	WBTH
	9.9
	20.9
	18.8

	SBTH
	17.0
	22.6
	22.9

	NBTH
	17.9
	21.5
	20.6

	EBLT
	22.9
	33.1
	14.7

	WBLT
	50.7
	30.0
	16.4

	Intersection
	13.3
	20.3
	18.3



[bookmark: _Ref214862164]Table 9 Cycle lengths for each LT treatment
	Cycle #
	Permitted LT only
	Protected LT only
	Protected/permitted LT

	Cycle 1
	49.5
	80.5
	70.6

	Cycle 2
	48
	74.1
	73.1

	Cycle 3
	46.4
	70.4
	65.2

	Cycle 4
	51.4
	76.6
	73.1






4. Based on your observations, which left turn treatment would be the most efficient?
The permitted LT case provides the most efficient treatment for the intersection as a whole and for all through movement but it is not the most efficient operation for left turn movements.
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