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3.3.2 MTDC Location 

For each site, the data collection mobile trailer was placed between the AWS and 

300~350 ft upstream of the stop-line, as illustrated in figure 3.6. The two Wavetronix AD 

sensors cover approximately 600 ft of the upstream approach, including the AWS, and 

approximately 600 ft of the downstream approach, including the stop-line. The distance of the 

AWS location and the actual mobile trailer placement for each of the nine sites are shown in 

table 3.1. 

    

 

Figure 3.6 Trailer placement on the roadside of the approach at the study sites  
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Table 3.1 Information on approaches 

Crossroad Location Speed Limit Flasher1 Trailer1 

Capital SB 45 mph 507 ft 310 ft 

 NB 45 mph 495 ft 315 ft 

State St. SB 45 mph 550 ft 307 ft 

 NB 45 mph 519 ft 306 ft 

13th St. SB 45 mph 554 ft 314 ft 

 NB 45 mph 535 ft 327 ft 

Faidley  SB 45 mph 528 ft 330 ft 

 NB 45 mph 528 ft 351 ft 

Old Potash SB 45 mph 526 ft 302 ft 
1 Distance measured upstream from stop-line  

 

3.3.3 Signal Control 

The signal timing plan for this test bed was provided by the city of Grand Island. The five 

signalized intersections in the study have the same 8-phase signal plan. The phase diagram is 

shown in figure 3.7. The left-turn phases (phases 1, 3, 5, and 7) are actuated, the major through 

phases (phases 2 and 6) are coordinated, and the minor through phases (phases 4 and 8) operate 

in minimum recall mode. The exceptions are that phases 3 and 7 at the Faidley intersection are 

not used, and phases 4 and 8 at the Old Potash intersection are actuated.  
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                             (a) Wavetronix AD 

 

 
         (b) Wavetronix HD 

                                                      
     (c) Raspberry PI 

 
Figure 3.9 Raw data sample from the data collection system 
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3.5 Data Reduction 

In total, 277 hours of data from the nine sites were collected. As the daytime driver 

behavior was the focus of this study, the analysis duration was constrained to the time period 

between 06:00:00 and 22:00:00. Because the data were collected continuously over 24 hours, the 

night period (e.g., 22:00:00 – 06:00:00 next day) was included in the raw data. This data was not 

considered in the analysis. The resulting total effective data analysis time is 189 hours. The 

information on the data collection at each site is shown in table 3.3. The files from ADs 

(upstream and downstream), HD, Video, and Raspberry PI signals were named by date and the 

minor street of the site. All the test data files were stored in .txt format.  

3.6 Summary 

This chapter discussed the test site location, the data collection devices, and the data 

collection systems (i.e., MTDC system and TSPI system) that were used in the study. Chapter 4 

will provide a preliminary analysis of the data. 
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Table 3.3 Data collection period 

*Overnight indicates the data recording period included the duration of 22:00 - 6:00 (next day), thus should minus 8 hours per time
 

No. Street 
Name Direction Link 

Length Collection Date Total 
Hours Overnight* 

1 Capital SB  5/15, 5/17, 5/18 25 hrs -8 

2  NB 2677 ft 5/13, 5/14, 5/15 44 hrs -16 

3 State St. SB  5/18, 5/19, 5/20 43 hrs -16 

4  NB 2603 ft 5/27, 5/28 26 hrs -8 

5 13th St. SB  5/4, 5/5 28 hrs -8 

6  NB 2596 ft 4/22, 4/23 24 hrs -8 

7 Faidley SB  4/3, 4/8 12 hrs  

8  NB 2680 ft 4/11, 4/12, 4/13 28.5 hrs -8 

9 Old-Potash SB  6/3, 6/4, 6/22, 6/23 46.5 hrs -16 
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Chapter 4 Preliminary Data Analysis and Vehicle Trajectory 

This chapter analyzes the Grand Island data that were collected, as described in chapter 3. 

The goal was to study the operational effectiveness of the AWS and to identify if the NDOR 

AWS was operating in an effective and safe manner on a coordinated arterial. To achieve the 

goal, a preliminary data analysis was conducted to obtain the basic information of the traffic flow 

and operational conditions at the study sites. The preliminary analysis is the focus of this chapter.  

4.1 Preliminary Analysis of Key Traffic Parameters 

4.1.1 Green Time 

The green time duration for a given approach is calculated as the difference between the 

time of a recorded “off” signal and the time of a recorded “on” signal. The output of the TSPI 

system was used to calculate green time. Note in this research the phase of interest is the NB and 

SB straight through movements, as applicable, for each test site. Figure 4.1 (a) and figure 4.1 (b) 

show the green time as a function of the time of day for the SB Capital approach and SB Old 

Potash approach, respectively. Note that these two graphs are representative of all nine sites. The 

green time distribution for the other seven approaches may be found in Appendix A. It may be 

seen that the period from 10 pm to 6 am the following day has the longest green time on average. 

The green time during the daytime period (7 am to 7 pm) is generally shorter. This phenomenon 

occurs because the signals are in semi-actuated control. At night there is not a lot of cross street 

traffic so the N-S green time is higher. As the cross street traffic increases during the day time, 

the corresponding N-S green time decreases. 
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Figure 4.1 Distribution of the length of green time over a day for (a) SB Capital approach, and 

(b) SB Old Potash approach 
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It should be noted that sometimes the TSPI system misses a green time recording. In that 

case, the estimated green time is unreasonably high, as shown by circles A, B, C, and D in figure 

4.1 (b). In this situation the green time is set to the average green time of the phases before and 

after the one in question. 

Table 4.1 summarizes the statistics of the green time distribution at each site. Appendix A 

contains the distribution plot for all nine sites. It may be seen that the night time (e.g., 8 pm to 6 

am in the next day) has a greater length of average green time than the day time (e.g., 6 am to 8 

pm). This is due to the low traffic flow during the night on the minor cross street where the 

signal is semi-actuated, which leads to a shorter green time of the minor phases (E-W) and a 

longer green time of the major phases (N-S). Similarly, during the day time, traffic flow rate is 

comparatively high. Therefore, the green time on the minor phases is longer and results in a 

comparatively shorter green time on the major arterial. 
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Table 4.1 Statistic summary of green time 

Site Time period Obs. Max. (s) Min. 
(s) Mean (s) Sd. (s) 

Capital SB 
Day (6:00-20:00) 730 66 24 37.6 8.9 

Night (20:00-6:00 next day) 365 66 30 57.4 9.3 

Capital NB 
Day(6:00-20:00) 729 51 21 40.3 10.7 

Night (20:00-6:00 next day) 364 66 24 52.2 10.4 

State SB 
Day(6:00-20:00) 729 60 24 32.6 11.6 

Night (20:00-6:00 next day) 364 69 24 50.3 11.9 

State NB 
Day(6:00-20:00) 730 60 27 35.2 11.3 

Night (20:00-6:00 next day) 365 69 30 48.6 10.2 

13th SB 
Day(6:00-20:00) 729 63 27 38.3 10.3 

Night (20:00-6:00 next day) 364 63 36 52.0 9.6 

13th NB 
Day(6:00-20:00) 729 63 24 38.5 12.8 

Night (20:00-6:00 next day) 363 63 36 56.7 8.8 

Faidley SB 
Day(6:00-20:00) 274 51 12 31.7 12.6 

Night (20:00-6:00 next 
day)* - - - - - 

Faidley NB 
Day(6:00-20:00) 647 57 21 33.4 9.1 

Night (20:00-6:00 next day) 323 63 36 50.6 11.2 

Old-Po. SB 
Day(6:00-20:00) 714 54 24 30.7 8.9 

Night (20:00-6:00 next day) 357 63 30 51.4 10.5 

*lack of data on that day (see Appendix A(g)) 
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A disadvantage of the semi-actuated operation is that continuous demand on the phases 

associated with one or more minor movements can cause excessive delay to the major road 

through movements if the maximum green and passage time parameters are not appropriately set. 

This issue will be examined further in the following sections. 

4.1.2 Traffic Volume 

Figure 4.2 shows traffic flow as a function of the time of day from 0:00 to 23:59 (i.e., 

midnight). Figure 4.2 (a) shows the relationship between traffic volumes as a function of the time 

of day at the Capital NB site on Saturday, May 14, 2016. Figure 4.2 (b) shows the same 

relationship for the Old-Potash SB site on Wednesday, June 22, 2016. As would be expected, 

there is a definite afternoon peak for both sites. The latter shows typical weekday peaking (e.g., 

morning, lunch, and afternoon). The former indicates a typical weekend pattern where there is 

one peak in the afternoon and volumes are lower than a weekday. 

 

 



 

35 

 

 

 

Figure 4.2 Examples of two sites with low and high traffic volume over a day 

(a) 

(b) 
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In general, the traffic volume is bimodal with the peaks around 6-7 am, 12-13 pm, and/or 

16-17 pm. The exact time varies by site. These volumes depict the early morning period, lunch 

breaks, and evening peak. Traffic volumes for the other sites are also obtained in the same 

manner, as shown in table 4.2.  

Table 4.2 provides the highest hourly volumes for the nine approaches studied. Note that 

because the data was collected on different dates, it would not be expected that the volume 

would be highly correlated.  

 

Table 4.2 Traffic volume characteristic at different sites 

No. Approach 
Volume  
Analysis 
Date 

Volume Analysis 
Weekday 

Highest 
Hourly 
Volume 

Hour of 
Highest 
Volume 

1 Capital SB 5/17-5/18 Tue-Wed 511 6-7 

2 Capital NB 5/14 Saturday 436 12-13 

3 State St. SB 5/19-5/20 Thu-Fri 780 10-11 

4 State St. NB 5/27-5/28 Fri-Sat 635 6-7 

5 13th St. SB 5/4-5/5 Wed-Thu 944 6-7 

6 13th St. NB 4/22-4/23 Fri-Sat 814 7-8 

7 Faidley SB 4/3, 4/8 Sun, Fri 819 16-17 

8 Faidley NB 4/12-4/13 Tue-Wed 952 11-12 

9 Old-Potash SB 6/22 Wednesday 1074 16-17 
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4.1.3 Speed 

Figure 4.3 (a) and Figure 4.3 (b) are graphs of the instantaneous speed, obtained by the 

sensors on traffic adjacent to the trailer, as a function of the time of day for NB Capital Street 

and SB Old Potash Street, respectively. It may be seen in Figure 4.3 (a) that there is a wide 

distribution in speed. This would be expected on an arterial roadway that has coordinated signals. 

Figure 4.3 (b) shows a similar scatter, and it should be noted that there are three distinct times 

when speeds are noticeably lower. These times correspond to the peak demonstrated in figure 

4.2, and it is hypothesized that they represent “congestion” during the peak periods.  

 

 

(a) Speed distribution in the low traffic volume scenario 
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(b) Speed distribution in the high traffic volume scenario 

Figure 4.3 Examples of speed scatter distribution over a day 

 

Not surprisingly, the speed distribution is correlated to the traffic volume distribution in 

that as volume increases, the speed decreases. The speed drops indicate congestion during the 

peak hour periods. 

A histogram of instantaneous speed, measured at the mobile trailer location, for SB 13th 

street (e.g., site 5), is shown in figure 4.4. Because the speed limit is 45 mph, any vehicle 

traveling faster than this value is considered speeding. For this site, approximately 12.5% of the 

vehicles are speeding.  
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Figure 4.4 Histogram of vehicle’s instantaneous speed at the trailer location for each site 

 

The instantaneous speed histograms for the other eight sites may be found in Appendix 

B. Table 4.3 shows the average speed, standard deviation, and percentage of speeding for all nine 

sites. It may be seen that the range in percentage of speeding vehicles is from 6.93% to 21.72%, 

with an average of 15.0% and a standard deviation of 5.8%.  
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Table 4.3 Summary of vehicular instantaneous speed 

No. Approach Average speed (mph) Std. dev. (mph) Percent of speeding 

1 Capital SB 38.6 7.4 19.85% 

2 Capital NB 39.0 6.6 20.66% 

3 State St. SB 36.4 8.4 19.58% 

4 State St. NB 39.1 6.8 21.72% 

5 13th St. SB 34.8 8.7 12.53% 

6 13th St. NB 40.2 7.8 8.04% 

7 Faidley SB 35.6 8.1 16% 

8 Faidley NB 36.3 6.4 6.93% 

9 Old-Po. SB 35.4 7.7 9.84% 

 
 

4.1.4 Vehicle Classification 

Vehicle classification in this study is based on the measured length of the vehicle. 

Vehicle classification was conducted by the Wavetronix HD detector, where vehicles are 

classified based on their lengths. In this analysis, any vehicle over 25 feet was considered a large 

vehicle, and anything less was considered a passenger car. The 25 ft cut-off values was derived 

from an earlier report (16). 

Previous researchers compared the results of the Wavetronix SmartSensor HD length 

data to manually-measured vehicle lengths. This comparison was conducted with highway data 
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collected during free-flow traffic periods. It was found that the average error among passenger 

vehicles was 0.6 feet with an absolute average error of 1.6 feet. The average error for trucks was 

1.7 feet with an absolute average error of 2.8 feet. The reported percent errors were -2.3%, -

15.3%, and -3.0% for passenger cars, trucks only, and total vehicles, respectively.  

A histogram of vehicle length, measured at the mobile trailer location, for NB Highway 

281 at Capital Street (e.g., site 2) is shown in figure 4.45. For this site, approximately 7% of the 

vehicles are classified as large.  

 

 

Figure 4.5 Distribution of the vehicle length at each site 

 

The vehicle length histograms for the other eight sites may be found in Appendix C. 

Table 4.4 shows the average vehicle length, standard deviation, and percentage of large vehicles 
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for all nine sites. It may be seen that the percentage of large vehicles ranges from 6.9% to 13.2%, 

with an average of 9.6% and a standard deviation of 1.8%.  

 

Table 4.4 Summary of vehicle length 

No. Approach Average vehicle length 
(ft) Std. dev. (ft) Percent of large 

vehicles 

1 Capital SB 19.4 7.7 8.5% 

2 Capital NB 17.7 5.8 6.9% 

3 State St. SB 18.7 6.9 9.9% 

4 State St. NB 17.9 6.6 8.2% 

5 13th St. SB 18.7 7.6 10.9% 

6 13th St. NB 19.5 7.9 9.5% 

7 Faidley SB 19.6 8.8 13.2% 

8 Faidley NB 20.0 7.5 10.3% 

9 Old-Po. SB 18.5 6.6 8.9% 

 

 
4.2 Vehicle Trajectory 

The two AD sensors track vehicles traveling from the upstream intersection to the 

downstream intersection. The distance covered by each sensor is measured relative to the 

location of the sensor (i.e., sensor location is as baseline as 0 ft). After the trailer distance to the 

stop-line is determined, all the detected vehicle travel distances are transformed into distance 
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from the upstream stop-line. Note that when a vehicle is within 50 ft of the sensor, it ceases to be 

tracked because the sensor has trouble detecting vehicles that are “under” the sensor. 

Because the AD sensors operate independently, each AD sensor assigns a separate ID to 

each vehicle. It is not easy to identify which two ID numbers correspond to the same vehicle. 

This is especially true in busy traffic where multiple vehicles can be under surveillance at the 

same time. In this report, a filtering methodology was developed to estimate a complete 

trajectory. This methodology uses the distance, vehicle type, and time gaps to match the vehicles.  

In addition to the speed trajectories from AD sensor, the HD sensor also provides a spot 

speed of the vehicle passing by at the trailer location. Information from all three sensors can be 

used to identify and match the two parts of the speed profiles of a particular vehicle.  

4.2.1 Example 1: Stopping for a Red Signal during an AWS Activation 

To illustrate the procedure, a vehicle was identified from the video recording and its two 

trajectories were identified manually. Figure 4.6 (a) shows the vehicle speed as a function of 

distance from the upstream stop-line. The orange line represents the location of the AWS 

flashers, the black line represents the location of the trailer, and the red line represents the 

upstream stop-line location. The blue data points represent the speed measured from the AD 

sensor pointed upstream, and the purple data points represent the speed measured from the AD 

sensor pointed downstream. Note that neither AD sensor can measure vehicle speed within 50 ft 

of the trailer. The green dot represents the spot speed, measured by the HD sensor. The goal is to 

develop a methodology for identifying these three measurements which all come from the same 

vehicle. 

Figure 4.6 (b) shows the vehicle’s speed as a function of time. The orange dotted line, 

green-yellow dotted line, and the red-yellow dotted line show when the AWS flasher is turned 
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on, when the upstream signal transitions from green to yellow, and when the upstream signal 

transitions from yellow to red, respectively.  

Observations of the speed profiles in figure 4.6 are described below. 

1) The first capture of the vehicle is at around 690 ft, where it is still upstream of the 

AWS, the signal phase is green, and the AWS has not been activated yet.  

2) The vehicle travels at a constant speed of approximately 40 mph which is lower than 

the 45 mph speed limit. When the vehicle is approximately 450 ft from the AWS 

sign, the AWS begins to flash, and the driver reduces the speed to 30 mph at the end 

of the detected upstream trajectory. 

3) As the vehicle passes by the trailer, its speed is measured at 30 mph by the HD sensor. 

4) After passing the trailer location, the vehicle is identified about 300 ft from the stop-

line by the downstream AD sensor traveling at approximate 30 mph. Note that it is 

still in the lead flash period (i.e., AWS is active while the signal is still green).  

5) The signal phase turns to amber and the vehicle continues to decelerate until it comes 

to a complete stop at the stop-line. 

As can be seen, this vehicle behaves a typical process of compliance to the traffic rules. 

The driver is not speeding and begins to slow down when the AWS flasher is activated. The 

vehicle continues to decelerate until it comes to a complete stop. It is hypothesized that for this 

driver, the AWS worked effectively in helping alert the driver of the impending end of green. 
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Figure 4.6 An example of compliance stopping vehicle during the actuation of AWS 

 

4.2.2 Example 2: Red-light Running during the Actuation of AWS 

Similar to example 1 in section 4.2.1, figure 4.7 (a) shows the speed versus distance 

graph of a driver who ultimately enters the upstream intersection after the signal turns red (e.g., 

“red-light runner”). The same color coding of figure 4.6 (a) applies. Similarly, figure 4.7 (b) 

shows the vehicle speed as a function of time. The same color coding of figure 4.6 (b) applies. 

The speed profiles in figure 4.7 (a) and figure 4.7 (b) indicate the following information.  

1) The first identification of the vehicle is at around 730 ft, where it is upstream of the 

AWS, the signal phase is green, and the AWS has not been activated yet.  
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2) Before arriving at the AWS location, the vehicle travels at approximately 43 mph 

(close to the 45mph speed limit). After the start of the AWS flasher, the vehicle speed 

decreases below 40 mph.  

3) As the vehicle passes by the trailer, its speed is measured at 39 mph by the HD sensor.  

4) After passing the trailer location, the vehicle is identified at approximately 300 ft from 

the stop-line. Its speed is approximately 35 mph. Note that it is still in the lead flash 

period (i.e., AWS is active while the signal is still green) and the vehicle reduces its 

speed to approximately 25 mph. It is about 200 ft away from the stop-line at the onset 

of amber. 

5) During the amber (4.5 seconds), the vehicle accelerates to a speed over 40 mph. The 

vehicle passes the stop-line after the onset of the red signal. 
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Figure 4.7 An example of red-light running vehicle during the actuation of AWS 

 

As can be seen in figure 4.7, this vehicle is a red-light runner, meaning this vehicle 

crossed the stop-line after the onset of the red signal. It should be noted that the driver reduced 

the speed after the activation of the AWS and could have stopped safely. It is assumed that this 

driver changed his or her mind approximately 200 ft from the stop-line, and that the original 

decision was to stop (slow down). Because the vehicle began to slow down initially during the 

green phase, it is hypothesized that the driver’s speed reduction is a result of the AWS activation. 

This example also indicates that the AWS does not always lead to safer behavior. Interestingly, if 
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Table 7.3 Throughput of traffic volume comparison 

Site Input volume of through traffic 
(veh/h) 

Output volume of through traffic 
(veh/h) 

Diff. 
(veh/h) 

Diff. 
(percent) 

1 447 470 -23 -5.2 

2 369 355 14 3.8 

3 588 559 29 4.9 

4 508 523 -15 -2.9 

5 702 717 -15 -2.1 

6 522 529 -7 -1.3 

7 586 557 29 5.0 

8 673 687 -14 -2.1 

9 749 744 5 0.7 

 
 

7.3 Traffic Conflict Analysis 

The number of traffic conflicts is a common non-accident surrogate safety analysis 

measure. This has been used by highway engineers when direct crash analyses are not 

appropriate. In 1977, Hyden (28) defined traffic conflict as “an observable situation in which two 

or more road users approach each other in space and time to such an extent that there is a risk of 

collision if their movements remained unchanged.” The measure most often used for the severity 

of the traffic conflict between vehicles is time-to-collision (TTC). The smaller the TTC, the more 

severe the conflict.  
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TTC is the projected time for two vehicles to collide if they continue at their present 

speed and stay on the same path. The potential benefits of using the AWS in the test bed can be 

shown by comparing the frequency of conflicts (i.e., TTC counts) and the severity of the 

conflicts (i.e., distribution of TTC) under both the base (i.e., without AWS) and AWS situations. 

The TTC was modeled using FHWA’s SSAM software. The vehicle trajectory output from the 

VISSM simulations were input into SSAM and the conflict metric output. In this chapter, a 

maximum threshold TTC value of 3 seconds is used to identify conflicts that might indicate a 

safety hazard (23). Conflict data and surrogate safety measures for vehicle-to-vehicle interactions 

with less than the user-defined threshold were output and analyzed for all of the nine test sites. 

Only through traffic in the N-S direction was analyzed over the 1-hour simulation period. 

The TTC counts are shown in table 7.4. Based on the conflicting angle of the two 

vehicles, three types of conflict in the SSAM results were examined: rear-end conflict, lane-

change conflict, and crossing conflict.  

 

Table 7.4 Conflict frequency by conflict type 

 All Conflict 
Types Rear-End Lane-Change Crossing 

Without AWS 4405 3674 637 94 

With AWS 2251 1643 562 46 

Percentage 
Reduction 49% 55% 12% 51% 
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It can be seen from table 7.4 that there is a reduction in all the three conflict types when 

the NDOR AWS logic was implemented. On average, there are 55%, 12%, and 51% reductions 

in rear-end, lane-change, and crossing conflicts, respectively, for all nine study sites. This is not 

surprising because the AWS reduces the number of vehicles in the NDOR-defined dilemma zone 

and hence reduces the number of conflicts.  

An alternative way to check the severity of the conflicts in the corridor is to examine the 

distribution of TTC. In general, the smaller the TTC, the more hazardous the conflict. The 

extreme case is that the TTC equals zero when the two subject vehicles collide with each other. 

VISSIM will never simulate a crash, so the TTC will always be greater than zero. Figure 7.4 

shows the TTC distribution for both the AWF inactive regime and the AWF active regime. 

 

 

Figure 7.4 Simulation result of TTC frequency distributions with and without AWS on site 
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The means of the TTC are 2.15 seconds and 2.18 seconds, and the standard deviations of 

the TTC are 0.57 seconds and 0.57 seconds for the AWS inactive and active regimes, 

respectively. As seen in figure 7.4, the frequency of conflict occurrence under the AWS scenario 

is much less than that without the AWS. The frequency distribution (indicated in the histogram) 

shows that there are approximately 50% fewer conflicts when the AWS is implemented in the 

corridor. Moreover, conflict reduction from the AWS inactive regime to the AWS active regime, 

as indicated in the green line in figure 7.4, indicates that the AWS helps to reduce the severity 

conflict (e.g., TTC<1 second). This surrogate measure indicates that, in terms of the number of 

conflicts, AWS helps to reduce the conflict occurrence, which makes the corridor safer.  

7.4 Summary 

This chapter developed a simulation model to study the potential conflicts along the 

Grand Island test bed. The AWS was simulated by using a flash yellow signal. The signal timing 

plan and the actuated signal control logic was coded in VisVAP. The AWS inactive regime was 

compared to the AWS active regime. Traffic conflicts were analyzed using the SSAM software, 

and the TTC was used as the surrogate indicator of safety. 

On average, it was estimated that there were 55%, 12%, and 51% fewer rear-end, lane-

change, and crossing conflicts, respectively, for all nine study sites when the AWS system was 

applied. The frequency distribution also shows an average of an approximate 50% reduction in 

total traffic conflicts when the AWS was implemented in the system. It suggests that having the 

AWS system in place with signal coordination improves safety by removing conflicts. 
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Chapter 8 Conclusions and Recommendations 

The objective for this project was to study the cost and benefits of deploying AWS on 

high speed arterials operating in a coordinated mode and to develop guidelines for their 

implementation. The guidelines are used to determine whether to remove the existing AWS at 

corridors or to install AWS at coordinated intersections, and under what conditions they can be 

used.  

Field data was collected by using two Wavetronix ADs and two cameras, for upstream 

and downstream traffic, and one Wavetronix HD. The equipment was mounted on a trailer. The 

advanced sensor detected the speed of the approaching vehicle and tracked it through-out the 

intersection. The camera recorded traffic in case there was a need for verification. The HD 

sensor was used to perform volume and classification of these vehicles. The signal timing was 

recorded by a Raspberry PI sensor system that was located in the traffic cabinet. The intersection 

signal and the AWS flashing time was used to match the time stamp of the data and synchronize 

them. All data was saved on the on-board computer in the trailer cabinet. 

A detailed operational analysis was performed to evaluate the platoon dispersion along 

the coordinated corridor. A detailed safety analysis was conducted using speed profiles. Three 

areas were examined: dilemma zone entrapments, acceleration rates after the AWS system 

becomes active, and red-light running rates. A detailed microsimulation was developed to 

estimate traffic conflicts when: 1) the AWS was active, and 2) the AWS was not active. The data 

included traffic counts and vehicle classification, traffic signals and AWS time stamps, approach 

speed as a function of time and distance, dilemma zone entrapment rates, red light running rates, 

and number of conflicts. 
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The results showed that the safety effect of AWS in a coordinated system is positive. 

These results are specified below.  

1) The dilemma zone entrapment rates show that that the percentage of vehicles in their 

dilemma zones when the signal changed from green to amber was, on average, 81% 

smaller than what would have been expected if the NDOR AWS was not installed. The 

lower than expected number of vehicles in their dilemma zones was an indication that 

the NDOR AWS devices increased the inclination of drivers to stop as they saw the 

AWS flashing before the onset of amber. 

2) The accelerating and decelerating behavior of drivers within 200 feet of the 

intersection during the amber interval showed that 94% of the 

acceleration/deceleration rates were within the comfortable range (i.e., ±7 ft/s2). On 

average, 92.1% of the vehicles (with a standard deviation of 3.9%) decelerated when 

close to the stop-line after the start of amber. This was a good indication of the 

vehicle’s compliance with the onset of amber, given the hypothesis that the 

“uncomfortable” acceleration (i.e., acceleration rate higher than 7 ft/s2) was more 

likely to be involved in red-light running events.  

3) The red-light running study shows that the percentage of red-light running occurrence 

is from 0.9% to 2.0%, with an average of 1.5% and a standard deviation of 0.4%. Most 

of the vehicles chose to stop and did so in a safe and legal manner. The large amount 

of compliant vehicles indicates that drivers follow the traffic rules at each site. It is 

hypothesized that the AWS lead to the low red-light running rates. 

4) The conflict analysis results from the simulation showed that, on average, there are 

55%, 12%, and 51% lower rear-end, lane-change, and crossing conflicts, respectively, 
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for all nine study sites when the AWS system was applied. The frequency distribution 

also showed an average of about a 50% reduction in the total traffic conflict when the 

AWS was included in the system. This surrogate measure indicates that the AWS 

helped to reduce the number of severity conflicts. It is hypothesized that having an 

AWS system in a corridor with signal coordination improves safety. It is unclear how 

these results would translate geographically (e.g., New York or California). 

Based on the analyses of the results, it is determined that AWS has a positive effect on 

safety in the US 281 corridor and should be considered at other high-speed signalized 

intersections or corridors.  

The guidelines regarding installation or removal of the NDOR AWS on the state highway 

system should be in accordance with the NDOR previous report by McCoy and Pesti in 2002 (1). 

However, because the installation of the AWS should be site specific, a simulation study at the 

site would be beneficial.  
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Appendix A: Green Time at Each Site 
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Appendix B: Vehicle Speed at Each Site 

 

 
  



 

111 

 

 

 

 

 
  



 

112 

 

Appendix C: Vehicle Classification at Each Site 
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Appendix D: AWS Signal Programming (VisVAP) 

PROGRAM W_Faidley_St_and_Hwy_281; /* take Faidley intersection as an example */ 

VAP_FREQUENCY 1; 

CONST  

offset = 0, 

 Leadflash = 7; 

ARRAY  

tamber[ 8 ] = [3.0, 4.5, 3.0, 3.5, 3.0, 4.5, 3.0, 3.5], 

RedClear[ 8 ] = [0, 2.0, 0, 1.5, 0, 2.0, 0, 1.5], 

MinGreen[ 8 ] = [5, 18, 0, 15, 5, 18, 0, 15], 

MaxGreen[ 8 ] = [5, 34, 0, 20, 8, 34, 0, 20], 

forceoff[ 8 ] = [73.5, 34, 0, 60.5, 73.5, 34, 0, 60.5], 

Recall[ 8 ] = [0, 1, 0, 0, 0, 1, 0, 0], 

Passage[ 8 ] = [1.0, 0, 0, 2, 1.0, 0, 1, 2], 

SUBROUTINE master_clock; /* .\master_clock.vv */ 

D01S00Z002: t_actual:=t-offset; 

D01S04Z002: IF t_actual<0 THEN 

D01S05Z002: t_actual:=t_actual+tc 

      END; 

D01S00Z004: IF t_actual=tc THEN 

D01S04Z004: t_actual:=0 

      END  
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D01PROG_ENDE: . 

/* PARAMETERS DEPENDENT ON SCJ-PROGRAM */  

/* EXPRESSIONS */  

      call1 := presence(1) or occupancy(1); 

      call2 := recall[2]; 

      call3 := presence(3) or occupancy(3); 

      call4 := presence(4) or occupancy(4) or callped4; 

      call5 := presence(5) or occupancy(5); 

      call6 := recall[6]; 

      call7 := presence(7) or occupancy(7); 

      call8 := presence(8) or occupancy(8) or callped4; 

      call15 := call1 or call5; 

      call26 := call2 or call6; 

      call37 := call3 or call7; 

      call48 := call4 or call8; 

      gapout1 := headway(1)>Passage[1]; 

      gapout3 := headway(3)>passage[3]; 

      gapout4 := headway(4)>Passage[4]; 

      gapout5 := headway(5)>Passage[5]; 

      gapout7 := headway(7)>Passage[7]; 

      gapout8 := headway(8)>passage[8]; 

      minover1 := t_green(1)>=minGreen[1]; 

      minover3 := t_green(3)>=minGreen[3];  
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      minover4 := t_green(4)>=minGreen[4]; 

      minover5 := t_green(5)>=minGreen[5]; 

      minover7 := t_green(7)>=minGreen[7]; 

      minover8 := t_green(8)>=minGreen[8]; 

      maxout1 := t_green(1)>=maxGreen[1]; 

      maxout2 := t_green(2)>=maxGreen[2]; 

      maxout3 := t_green(3)>=maxGreen[3]; 

      maxout4 := t_green(4)>=maxGreen[4]; 

      maxout5 := t_green(5)>=maxGreen[5]; 

      maxout6 := t_green(6)>=maxGreen[6]; 

      maxout7 := t_green(7)>=maxGreen[7]; 

      maxout8 := t_green(8)>=maxGreen[8]; 

      minover15 := Minover1 and Minover5; 

      minover48 := Minover4 and Minover8; 

      minover37 := Minover3 and Minover7; 

      gapout15 := Gapout1 and Gapout5; 

      gapout48 := Gapout4 and Gapout8; 

      gapout37 := Gapout3 and Gapout7; 

      maxout15 := Maxout1 and Maxout5; 

      maxout26 := Maxout2 and Maxout6; 

      maxout48 := Maxout4 and Maxout8; 

      maxout37 := Maxout3 and Maxout7;  
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          callPed4 := presence(104) or occupancy (104) or presence(108)  

                    or occupancy(108); 

      minoverPed2 := (t_green(102)>=Pedwalk[1]) or (t_green(106)>=Pedwalk[3]); 

      minoverPed4 := (t_green(104)>=Pedwalk[2]) or (t_green(108)>=Pedwalk[4]); 

      MaxtoFlash2 := (t_actual>=forceoff[2]-Leadflash-tamber[2]-RedClear[2]) and  

    (t_actual<=forceoff[2]-Leadflash-tamber[2]-RedClear[2]+1); 

      MaxtoFlash6 := (t_actual>=forceoff[6]-Leadflash-tamber[6]-RedClear[6]) and  

    (t_actual<=forceoff[6]-Leadflash-tamber[6]-RedClear[6]+1); 

      MaxtoFlash26 := MaxtoFlash2 and MaxtoFlash6; 

/*----------------------------------------------------------------------------*/ 

/* MAIN PROGRAM */  

S00Z002:  IF initial=0 THEN 

S03Z002:  set_sg_direct(22, off); set_sg_direct(62, off);initial:=1 

   END; 

S00Z004:  GOSUB master_clock; 

S00Z013:  IF t_green(1) and t_green(5) THEN 

S03Z013:  IF call26 and minover15 and (gapout15 or maxout15) THEN 

S04Z013:  sg_red(1); sg_red(5); start(Phase5ClearTimer); NextRing1Phase:=2; 

          NextRing2Phase:=6 

        END 

   END; 

S00Z015:  IF t_green(2) and t_green(6) THEN 

S01Z015:  IF MaxtoFlash26 THEN  
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S02Z015:  set_sg_direct(22,amber_f);set_sg_direct(62,amber_f); start(Flasher26Timer); 

S03Z015:  IF call37 and maxout26 THEN 

S04Z015:  set_sg_direct(22,amber_f);set_sg_direct(62,amber_f); 

    start(Phase26ClearTimer); NextRing1Phase:=3;NextRing2Phase:=7 

          ELSE 

S03Z017:  IF call48 and maxout26 and (Ped2Active=0) THEN 

S04Z017:  set_sg_direct(22,amber_f);set_sg_direct(62,amber_f); 

    start(Phase26ClearTimer); NextRing1Phase:=4;NextRing2Phase:=8 

          ELSE 

S03Z019:  IF call15 and maxout26 and (Ped2Active=0) THEN 

S04Z019:  set_sg_direct(22,amber_f);set_sg_direct(62,amber_f); 

    start(Phase26ClearTimer); NextRing1Phase:=1;NextRing2Phase:=5 

          END 

        END 

       END 

     END 

   END; 

S00Z021:  IF Flasher26Timer = LeadFlash THEN 

S01Z021:  stop(Flasher26Timer);reset(Flasher26Timer); sg_red(2); sg_red(6) 

   END; 

S00Z023:  IF t_green(3) and t_green(7) THEN 

S03Z023:  IF call48 and minover37 and (gapout37 or maxout37) THEN 

S04Z023:  sg_red(3); sg_red(7); start(Phase7ClearTimer);NextRing1Phase:=4;  
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    NextRing2Phase:=8 

          ELSE 

S03Z025:  IF call15 and minover37 and (gapout37 or maxout37) THEN 

S04Z025:  sg_red(3); sg_red(7); start(Phase7ClearTimer);NextRing1Phase:=1; 

    NextRing2Phase:=5 

          ELSE 

S03Z027:  IF call26 and minover37 and (gapout37 or maxout37) THEN 

S04Z027:  sg_red(3); sg_red(7); start(Phase7ClearTimer);NextRing1Phase:=2; 

    NextRing2Phase:=6 

          END 

        END 

      END 

   END; 

S00Z029:  IF t_green(4) and t_green(8) THEN 

S03Z029:  IF call15 and minover48 and (gapout48 or maxout48) THEN 

S04Z029:  sg_red(4);sg_red(8); start(Phase48ClearTimer);NextRing1Phase:=1; 

    NextRing2Phase:=5 

          ELSE 

S03Z031:  IF call26 and minover48 and (gapout48 or maxout48) THEN 

S04Z031:  sg_red(4);sg_red(8); start(Phase48ClearTimer);NextRing1Phase:=2; 

    NextRing2Phase:=6 

          END 

       END  
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   END; 

S00Z034:  IF Phase5ClearTimer>=tAmber[5]+RedClear[5] THEN 

S03Z034:  IF (NextRing2Phase=6) or (NextRing1Phase=2) THEN 

S04Z034:  sg_green(2); sg_green(6);stop(Phase5ClearTimer);reset(Phase5ClearTimer); 

    set_sg_direct(22, off); set_sg_direct(62, off); 

S05Z034:  sg_green(102);sg_green(106);Ped2Active:=1 

          END 

   END; 

S00Z036:  IF Phase26ClearTimer>=tAmber[2]+RedClear[2] THEN 

S03Z036:  IF (NextRing1Phase=3) and (NextRing2Phase=7) THEN 

S04Z036:  sg_green(3);sg_green(7);stop(Phase26ClearTimer); 

          reset(Phase26ClearTimer) 

          ELSE 

S03Z038:  IF (NextRing1Phase=4) and (NextRing2Phase=8) THEN 

S04Z038:  sg_green(4);sg_green(8);stop(Phase26ClearTimer); 

    reset(Phase26ClearTimer); 

S05Z038:  IF CallPed4 THEN 

S06Z038:  sg_green(104);sg_green(108) 

          END 

          ELSE 

S03Z040:  IF (NextRing1Phase=1) and (NextRing2Phase=5) THEN 

S04Z040:  sg_green(1);sg_green(5);stop(Phase26ClearTimer); 

    reset(Phase26ClearTimer)  
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         END 

        END 

      END 

   END; 

S00Z042:  IF Phase7ClearTimer>=tAmber[7]+RedClear[7] THEN 

S03Z042:  IF (NextRing1Phase=4) and (NextRing2Phase=8) THEN 

S04Z042:  sg_green(4);sg_green(8);stop(Phase7ClearTimer);reset(Phase7ClearTimer); 

S05Z042:  IF CallPed4 THEN 

S06Z042:  sg_green(104);sg_green(108) 

          END 

          ELSE 

S03Z044:   IF (NextRing1Phase=1) and (NextRing2Phase=5) THEN 

S04Z044:   sg_green(1);sg_green(5);stop(Phase7ClearTimer);reset(Phase7ClearTimer) 

           ELSE 

S03Z046:   IF (NextRing1Phase=2) and (NextRing2Phase=6) THEN 

S04Z046:   sg_green(2);sg_green(6);stop(Phase7ClearTimer);reset(Phase7ClearTimer); 

     set_sg_direct(22, off); set_sg_direct(62, off); 

S05Z046:   sg_green(102);sg_green(106);Ped2Active:=1 

           END 

         END 

      END 

   END; 

S00Z048:  IF Phase48ClearTimer>=tAmber[8]+RedClear[8] THEN  
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S03Z048:  IF (NextRing1Phase=1) and (NextRing2Phase=5) THEN 

S04Z048:  sg_green(1);sg_green(5);stop(Phase48ClearTimer); 

    reset(Phase48ClearTimer) 

          ELSE 

S03Z050:   IF (NextRing1Phase=2) and (NextRing2Phase=6) THEN 

S04Z050:   sg_green(2);sg_green(6);stop(Phase48ClearTimer); 

     reset(Phase48ClearTimer); set_sg_direct(22, off); set_sg_direct(62, off); 

S05Z050:   sg_green(102);sg_green(106) 

           END 

         END 

        END 

PROG_ENDE:  . 

/*----------------------------------------------------------------------------*/ 


