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Abstract

:

Developing countries are continuously upgrading their transportation systems. The latest improvement in Qatar, a fast-developing country in the Middle East, was the installation of dynamic message signs (DMS) and lane control signs (LCS). These signs were installed in multiple areas in the city of Doha, the capital of Qatar. However, there have been no studies in Qatar or the region regarding the effectiveness of such signs on driver behavior. This study aims to evaluate and compare the impact of DMS and LCS on driving behavior on different types of roads. A real-life driving experiment was conducted along a defined route in Doha that consists of three sections: arterial road, freeway with electronic signs, and freeway without electronic signs. The details of the trips were recorded using multiple methods. The results showed that the introduction of DMS and LCS did not significantly affect speed compliance. The results also indicated that LCS and DMS did not have a major effect on other driver behavior variables such as harsh braking and lane changing. The study provided several recommendations to road authorities concerning the deployment of electronic signs and highlighted a few topics for future research work.
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1. Introduction


Qatar, a developing country in the Middle East, started an Intelligent Transportation Systems (ITS) program in 2011. The objective of the program is to develop a statewide ITS architecture and master plan that incorporates all modes of transportation. The ITS program is currently in the implementation stage [1,2]. However, there have not been any studies in Qatar or the region about the impact of such a system on driver behavior. The purpose of this study is to investigate the impact of two of the ITS systems, dynamic message signs (DMS) and lane change signs (LCS) on driver behavior. The ITS program in Qatar is deploying DMS and LCS with more than twenty signs installed. These numbers are expected to increase significantly in the future as the expressway program in Qatar is being completed.



DMS are electronic screens that are placed above or on the side of the road and can view characters along with pictures in motion. They are also called variable message signs. There are many applications for DMS based on the needs of different public agencies. They can be used to provide information regarding weather and road conditions or send warning signs to the drivers in different cases. DMS provides road users with information that they can use on their journey to make smart decisions that will result in safer or shorter travel times [3,4,5,6,7,8]. LCS are small electronic signs placed specifically for each lane on the road. Their sizes vary and they can be used on open roads or inside tunnels. The information shown on LCS is typically the maximum allowed speed (similar to posted speed limit signs) or the status of the lane (open, closed, or merge). LCS can also be used as variable speed limit signs (VSL) [9,10,11,12,13].




2. Background


2.1. Impact of DMS on Driver Behavior


Different studies focused on the impact of DMS signs. Rama and Kulmala [14] conducted a field study to investigate the effects of two DMS on driver behavior. The study was performed in Finland at three sites. The before-and-after experiment was conducted in two winter seasons. Two types of DMS signs were evaluated; a slippery road condition and minimum headway between vehicles. Results showed that some types of signs reduced the average speed on slippery roads by one km/h. Additionally, other types of signs, i.e., minimum headway sign, have decreased the proportion of headways shorter than 1.5 s.



Wu and Liang [15] produced a model to determine the best locations for DMS based on drivers’ perceptions. The optimum location for a DMS is where the sign can reduce travel time. Similarly, a misplaced DMS may increase travel time. The research methodology used both online and field surveys to record drivers’ satisfaction with the DMS. This research used the satisfaction rate to determine the compliance rate using a method of conversion. This is because DMS messages are not mandatory to follow, so it is hard to determine the compliance rate of drivers to the DMS message. The selection model for DMS was based on drivers’ responses to the survey where their satisfaction degrees with DMS-based information service is proposed to minimize the total travel time. Finally, a case study was conducted to verify the model. The study indicated that as drivers’ compliance rate increases, the total travel time decreases.



Zavareh et al. [16] measured the drivers’ behavioral-based on DMS messages that indicated the risk levels. In this study, three levels of risk were indicated: low, medium, and high. The study measured the implications of each message that including speed, time to collision, and safety margin. Results showed that the same message might have different implications in different situations. The effect of high-risk messages was always related to safe adaptations. Based on the results of this study, it can be concluded that DMS messages can affect driver behavior, especially when informed of high-risk situations.



Harms et al. [17] assessed the effect of using irrelevant traffic messages by studying driver behavior with the response to a critical route instruction displayed on a DMS that previously displayed different traffic-irrelevant messages. The results showed that drivers who were informed of a critical route instruction had compliant driver behavior in the experimental group. Drivers did, however, reduce the speed, which was to increase the time they needed to process the DMS. However, the control group reduced the speed much harder. This study concludes that if the DMS provided traffic-irrelevant messages, it would not affect traffic management. Compliance behavior, driver comments, recall and recognition, and speed were used as variables in this study.




2.2. Impact of LCS on Driver Behavior


Other studies focused on the impact of LCS on driving behavior. Schaefer et al. [18] analyzed the percentage of drivers complying with LCS using a simulation model. The model in this study used one direction of a three-lane freeway. Delay was used as the measure of performance for the freeway system. The model also used different flow rates; low, medium, and high. Later on, the study included further flow rates as the three flow rates were not enough for the conclusion. The results show that LCS has a low influence on traffic congestion in heavy, medium, and low traffic conditions. Heavy traffic conditions did not change even if drivers fully comply with LCS. Similarly, LCS did not affect low, or medium traffic levels. However, at the medium to high range, specifically at a flow rate of 1150 vphpl, and at 70% compliance, lane control was found to be effective.



Wang et al. [19] used a microscopic simulator for the design and evaluation of the LCS signs. The study used sixteen incident scenarios with four varying factors: demanding flow, incident duration, incident location, and driver compliance rate. The effectiveness of the LCS systems was evaluated based on average speeds and an average number of stops per vehicle from one-hour simulation runs. Results show that LCS can help to decrease the number of stops for vehicles with high compliance rates. Low compliance rates, however, will not have any impact. In conclusion, drivers need to comply with LCS to be beneficial, and hence, LCS should be integrated with other systems such as speed control or enforcement.



Zhang and Ioannou [20] investigated the effect of combining ramp metering with LCS and VSL on traffic mobility. The three systems have been coordinated to establish traffic flow stability and improvements in traffic mobility and traffic safety. The study used the microscopic simulator VISSIM to carry out Monte Carlo simulations to evaluate the performance of the combined three systems. Results show significant improvements in the stability of the traffic flow, as well as mobility, safety, and environment.



Despite having many studies focusing on the impact of DMS and LCS on driving behavior, traffic management, and road safety, limited studies investigated the impact of these new technologies in Qatar or the Arabian Gulf region. The objective of this study is to investigate driver behavior after the implementation of dynamic signs (DMS and LCS) in the country.





3. Data Collection


3.1. Case Study


Qatar, a country in the Arabian Gulf region with a population of around three million people, was chosen as a case study for this investigation. The majority of the population lives in Doha, Qatar’s capital. In recent years, Qatar has undergone rapid and substantial infrastructural growth [21,22]. As a result, private vehicle utilization increased significantly, resulting in limited use of public transportation and active transportation alternatives. [23,24]. This condition has resulted in a number of traffic safety [25,26], traffic operations [25,27], emission pollution [28], and noise pollution issues [29,30]. Qatar is spending billions of dollars to improve and modernize its infrastructure, including ITS [31,32]. As part of this study, the driver behavior is compared on three types of roads in Doha, Qatar: arterial roads, and freeways with and without ITS signs.




3.2. Data Sources and Collection Techniques


The data for this study were collected using field observations, field measurements, interview questions, and video camera recordings. For similar field studies, some studies used a fixed vehicle, and other studies used drivers’ vehicles. In this experiment, one test vehicle was used for all drivers. The vehicle is a regular car sedan type. Two cameras equipped with GPS were installed inside the vehicle; one was facing the front of the car, and the other was facing the driver. The cameras recorded the time, position, and speed. The drivers drove the same route, which contains sections with electronic signs and sections with only static signs. To capture the speed of other vehicles, a radar gun was used during the experiment.



To compare the drivers’ behavior, the participants have to drive along a specific route that includes sections with and without DMS and LCS signs. The drivers were not informed of the study objective or what will they be asked about after the driving is finished to encourage participants to drive normally on the route without any instructions. Upon finishing the route, an interview with the driver was made about his observation and opinion on the routes.




3.3. Sample Size


Previous studies used a range of 20 to 48 participants. Guattari et al. [33] used 20 participants in their study about the effectiveness of DMS information. Dutta et al. used 48 participants for a driving simulation study about evaluating and optimizing factors affecting the understandability of DMS [34]. Lyu et al. [35] used 32 participants in their study about the effect of the advanced driver assistance system on driving performance and braking behavior. Similarly, Xu et al. [36] used 32 participants in their study about the relationship between DMS control strategies and driving safety in freeway work zones. Vrieling et al. used a smaller number of participants (25) when comparing two types of roads in the Netherlands. Several similar studies were conducted during off-peak hours [37,38,39], and other studies did not specify [35,36]. Based on the literature review, off-peak hours were used in this study. Leaflets were used to advertise for participants on the campus of Qatar University, Doha, Qatar. They were also sent to a list of contacts that participated in previous transportation studies. Based on the responses received, 32 participants were selected for this study. All participants had a normal or corrected-to-normal vision and a current driver’s license.




3.4. Demographics


The summary of the participants’ demographics is shown in Table 1. It should be noted that the demographics chosen for this experiment represents the population of Qatar, which includes 11.6% Qataris and 88.4% expats. Moreover, the country has a majority of males, with 74.9% of the total population compared to 25.1% of females. Most of the participants had five or more years of driving experience.




3.5. Pilot Study


A pilot study was conducted before proceeding with the experiment. Two participants completed all parts of the experiment, including the post-experiment questionnaire. After that, the participants were asked about their opinion of the experiment and the comments or observations they have. Several issues were identified. Measuring other vehicles’ speed affected the visibility of the right-side mirror. Upon practice, this issue was resolved by aiming the radar gun far from the line of sight with the mirror. The limits of each route were not clearly understood. A map was printed and was shown to every participant before and after the experiment. Directional signs were ignored since they have a static route. The above comments were considered in the final experimental design. Figure 1a shows the vehicle setup, and Figure 1b shows a screenshot from the recording camera.




3.6. Experiment Route


After reviewing several sites, a corridor was selected. The corridor includes an arterial road segment and two freeway segments with and without DMS and LCS installed. The selected corridor is shown in Figure 2.



Route 1, a signalized-intersections corridor, is 3.0 km long and has four lanes in each direction and three traffic signalized intersections. Route 1 has a posted speed of 80 kph. Route 2, a DMS/LCS corridor, starts from the end of Route 1 (Lusail 5/6 interchange) and ends after the pearl interchange. It is 5.3 km long, has four lanes, and has two tunnels with 350 m and 600 m of covered length in each direction. Route 2 also includes three DMS and 17 sets of LCS. The posted speed for Route 2 is 80 kph. Route 3, a freeway corridor, starts right after Route 2 ends. It is a freeway, 3.2 km long with four lanes in each direction, and a posted speed of 80 kph. Route 3 does not include any DMS or LCS. The summary of the characteristics of the three routes is shown in Table 2. The advantage of the chosen route is studying one continuous corridor. In this case, the drivers do not have to switch from one location to the other to start another section. The route also has convenient parking places near the start of the route and right after the end, which were used to meet with participants and have the post-experiment interview.





4. Selection of Variables


Different variables were measured in previous studies. A summary of these variables is shown in Table 3.



Speed was collected in most reviewed previous studies, followed by lateral position, and drivers’ opinions. Other variables included were traffic weather conditions, number of lane changes with and without signaling, number of braking occurrences, recall and recognition, compliance behavior, and self-reported mental effort.



4.1. Speed


Speed is one of the most important factors to consider when comparing roads. Lyu et al. [35] recorded speed in their study of ADAS systems. Vrieling et al. [37] also calculated average speed to compare two types of road works. Xu et al. [36] used speed as a variable in the research on the relationship between DMS. In this study, speed was recorded using three methods. First, the observer used the remote radar equipment to measure sample speeds for 32 surrounding vehicles. The second method was using the GPS Camera. It should be noted that a distance of 100 m before and after the intersection was not recorded in both methods since Route 1 contains some traffic signals which will require braking to stationary speed and acceleration from zero. The third method is from the average speed of the vehicles in which the distance of the route is divided by the entry/exit time for each participant. It should be noted Route 1 includes different stops at intersections, which will affect the average speed.




4.2. Harsh Braking


Harsh braking was another variable to consider. Many studies used deceleration and harsh braking as a variable. Lyu et al. [35] recorded the change in speed which is acceleration/deceleration. Vrieling et al. [37] and Xu et al. [36] used braking as a variable in their studies. In this study, the number of harsh braking incidents made by the participant during the drive was measured and recorded by the observer.




4.3. Traffic Flow Condition


This variable refers to the condition of the traffic flow at the time of each experiment trial. Measured by both observer and participant judgments. Zheng et al. [39] used traffic flow conditions as a variable in their study of pedestrian interactions outside of the crosswalk zone. The traffic flow conditions were recorded as low, medium, or high.




4.4. Number of Lane Changes


The number of lane changes made by the participant on the test segments. Lane change was used as a variable by Lyu et al. [35]. In this study, the number of lane changes was measured by a combination of lane changes with and without turn signaling.




4.5. Number of Lane Changes with Turn Signaling


The number of lane changes made by the participant on the test segments while using turn signal indicators. Measured by observer’s observation.




4.6. Number of Lane Changes without Turn Signaling


The number of lane changes made by the participant on the test segments without using turn signaling was recorded. It was considered a variable in previous studies [38]. In this study, lane changes without turn signaling were recorded by the observer.




4.7. Lateral Position


The position of the vehicle with respect to the lane was recorded. It is defined as the distance from the edge of the car to the lane edge due to different lane widths [37]. In this experiment, the corridor has a fixed lane width of 3.65 m. In this study, the lateral position was defined by three categories: within lane, edge of the lane, and crossing the lane marking. It is expected that the driver will mostly maintain the vehicle within the lane. Hence, it is measured based on the vehicle distance from the edge of the lane or crossing the lane with respect to the corresponding route segment. Video recordings were used to measure the lateral position.




4.8. Position of Hands-On Steering Wheel


The position of the driver’s hand on the steering wheel was categorized into three categories: high, medium, and low control [37]. High control means that both hands were used in a high control position (which is around the 3 o’clock and 9 o’clock position of the steering wheel). Medium control is using both hands, not in 3 and 9 o’clock, or 5 and 7 o’clock positions. Low control is using one hand in any position or both hands at 5 o’clock or 7 o’clock positions. In this study, the position of the hands was measured by the duration of each position based on the observer’s judgment.




4.9. Self-Reported Mental Effort


The participants’ mental effort was investigated in each segment. Vrieling et al. [37] also used self-reported mental effort in their study. In this study, the participants were asked in the post-experiment questionnaire to record what they believe was the mental effort to drive on each segment measured from 1–5, with 1 being the lowest effort (best), and 5 being the most demanding.




4.10. Recall and Recognition


Recall and recognition were used in previous studies about DMS traffic-irrelevant messages [17]. In this study, drivers were asked in the questionnaire to recall the number of signs for speed limit signs, directional signs, DMS, and LCS for each segment, which was later compared with the actual number of signs.




4.11. Driver Compliance


Compliance behavior was used in previous studies about drivers’ compliance with the use of traffic-irrelevant messages in DMS [17]. In this study, compliance was measured using drivers’ compliance with speed, lane changing, and lateral position, which is obtained from previous variables.




4.12. Post-Trip Questionnaire


The study includes a post-experiment interview with questions about the driving routes. Participants will provide their opinions and self-reported evaluation. Huysduynen et al. [41] investigated the relationship between self-reported driving style and driving behavior by collecting data from 88 participants who took a driving simulation and provided their self-reported evaluation. The results revealed a modest correlation between self-reported driving behavior and the driving behavior data obtained from the simulation.



Participants’ opinion of the quality of each segment and comments about any other issues was recorded. This method was used in previous studies [17,37]. At the end of the experiment, participants were asked in the post-experiment questionnaire about their opinion and provided comments if they want. After each participant completed the drive, they were asked questions about their trip.



There were three types of questions that were asked to the participants. First, personal questions about driver characteristics. The second part is about route-specific questions regarding what they saw, how they reacted, and what the exposed mental effort for driving on each route is in their opinion. Lastly, some general questions regarding their opinion on the LCS.




4.13. Traffic Flow Conditions


In this study, traffic flow conditions were estimated based on the observer as well as the driver’s perception. Table 4 shows the average measured traffic flow conditions for both. The traffic flow conditions were mostly considered medium with an average estimation of 48.4% for low, 51.6% for medium, and 0% for high levels of traffic.




4.14. Weather Conditions


Weather conditions during the experiment ranged from clear (93.8%) to slightly hazy (6.2%). No driving was recorded during rainy conditions.





5. Measured Variables


Several variables were measured and compared between the three routes. Table 5 shows a summary of the results.



5.1. Average Speed


Three types of speeds were measured. The first speed is the average speed for each participant based on the duration of driving on each route. The average speed of each driver was calculated based on the length of the route and the drivers’ entry/exit time that was recorded using the GPS camera. The results are shown in Table 5. It was noticed that the average speeds for Route 1 were below the posted speed. On Route 2 and Route 3, the average speeds were above the posted speed. It should be noted that the posted speed for all routes is 80 km/h.




5.2. Spot Speed


The second is the spot speed, which is the running speed in the middle section of each route. Spot speed is a measurement of the driver’s speed that was measured using the GPS camera by taking 32 measurements of speed while the vehicle is in motion. This is to counter the impact of stationary stopping at traffic signal intersections on Route 1 that would highly affect the average speed. Table 5 shows the average spot speeds for each driver on each route. It is noticed that Route 1 has an average spot speed of 72.6 km/h with a standard deviation of 5.4, which is 9.3% below the posted speed (80 km/h). Route 2 has an average spot speed of 91.0 km/h with a standard deviation of 9.8, which is 13.8% above the posted speed (80 km/h). Lastly, Route 3 average spot speed is 93.9 km/h with a standard deviation of 15.3 and is 17.4% above the posted speed (80 km/h).




5.3. Flow Speed


The third is the speed of surrounding vehicles. Flow speed was measured using the remote radar by recording the speed of other vehicles. For each trial, 32 measures of speed for other vehicles were taken. The average flow speeds on each route are shown in Table 5. Route 1 had an average flow speed of 70.2 km/h with a standard deviation of 5.1, which is 12.3% below the posted speed (80 km/h). Route 2 had an average flow speed of 88.9 km/h with a standard deviation of 8.5, which is 11.1% above the posted speed (80 km/h). Lastly, Route 3’s average flow speed was 88.9 km/h with a standard deviation of 8.2 and is 11.1% above the posted speed (80 km/h).



It should be noted that, on Routes 2 and 3, the average speed is close to the spot speed. However, as expected, there was a great difference in Route 1 since it includes traffic signal intersections. For Route 1, the drivers’ average speed, spot speed, and flow speed were below speed limits. Based on the methodology used for calculating each value, it was expected that the average speed would be lower than the spot or flow speed since it counts for vehicles stopping at the traffic signal intersections. It should be noted that on Route 1, all measured speeds were below the posted speed. On Route 2 and Route 3, speeds were surpassing the posted speed of 80 km/h. Therefore, it can be concluded that the existence of DMS and LCS did not affect drivers’ speed compliance. Although it was found in the literature review that these signs reduce over-speeding occurrences [36], the drivers’ compliance in Qatar may not be affected by these signs.




5.4. Harsh Braking


The number of harsh braking incidents was recorded in each trial. Table 5 shows the average number of harsh braking incidents on each route. Since the routes have different length, the average number of harsh braking incidents were divided by the total length of each route in km. The average numbers of harsh braking incidents on each route were insignificant. Although Route 1 has a slightly larger number with 0.156 incidents per 1 km.




5.5. Lane Changing


Lane changing was recorded with and without using the turn-signaling indicator. It was noticed that lane changes occurred mostly on Route 2, with an average of 3.6 lane change occurrences. However, since the three routes do not have the same length, the average number of lane changes was calculated per 1 km. It is concluded that Route 2 has the lowest number of lane changes (LC) per 1 km, followed by Route 3, then Route 1. Furthermore, from the above results, the use of the turn-signaling indicator was recorded, and it should be noted that turn signaling was mostly used on Route 1 and Route 2 with 54.4% and 57.7%, respectively. However, on Route 3, it was used only 36.5% of the time. The summary of the use of turn-signaling indicators is shown in Table 5. In summary, it is concluded that Route 2 had the lowest number of lane changes per 1 km and the highest number of the turn-signaling indicator.




5.6. Lateral Position


The lateral position of the vehicles was recorded. Based on the results shown in Table 5, it should be noted that the drivers had the highest deviation from the center of the lane along Route 3 with 1.6% close to the edge and 0.6% crossing the lane marking. Route 2 has the highest percentage of length crossing the lane with 0.70%.




5.7. Position of Hands on Steering Wheel


The position of the drivers’ hands-on on the steering wheel was recorded and classified. Based on the results shown in Table 5. It is perceived that Route 1 had the highest control for drivers, with 59.4% in a High Control position. On the contrary, Route 2 had the lowest percentage of drivers using a High Control position, with only 21.9%.





6. Self-Reported Variables


Different variables were obtained based on the post-trip questionnaire. Table 6 shows a summary of the results.



6.1. Mental Effort


The self-reported mental effort (SRME) was recorded based on the driver’s opinion. The descriptive statistical results are shown in Table 6. It was found that Route 1 has the highest SRME with a mean of 2.9 and SD of 1.0, while Route 2 and 3 had the same average SRME of 1.6 and SD of 0.7 for Route 2 and 1.0 for Route 3. The SRME values for Route 2 and Route 3 are the same and lower than Route 1. This could be due to the fact that Route 1 is an arterial road with more traffic, signalized intersections, etc. On the other hand, both Route 2 and Route 3 are freeways.




6.2. Traffic Signs Rating


The drivers were asked to rate the signs used on each route based on how useful they were to the driver. The rating used the following scale (poor–average–good–very good). To get the average rating for each route, options were rated from 1–4, 1 being the lowest (poor), and 4 being the highest (very good). Based on this analysis, signs were rated, as shown in Table 6. Route 2 has the highest rating of 3.8, followed by Route 3 with a rating of 2.8, and finally Route 1 with a rating of 2.3.




6.3. Recall and Recognition


Drivers were asked in the post-trip questionnaire to recall how many signs they have witnessed while driving on each route. From the results shown in Table 6, it is noticed that the directional signs were recalled in Route 1, while there were not any actual directional signs on that route. DMS is the most accurate recalled sign, with an average of 77.1% of the actual number. Similarly, speed signs’ average recall was 72.6% of the actual.




6.4. Driver Compliance


From the post-trip questionnaire, drivers were asked if they think they have followed the different signs on each route. The results are summarized in Table 6. It should be noted that DMS and LCS are installed only on Route 2. Hence, there is no data for compliance on Route 1 and Route 3. LCS were the most followed type of sign, with an average of 84.4% being followed. Schaefer et al. [18] found that drivers’ compliance to LCS was higher in low to medium traffic conditions. As mentioned earlier, all experiment drives were conducted in low to medium traffic conditions. With regards to speed limit signs, they are the second most followed signs. It was noticed that speed signs were less followed in Route 3 compared to Route 1 and Route 2, with 71.9% on Route 1, 65.6% on Route 2, and 53.1% on Route 3. It should be noted that Route 2 and Route 3 have the same type of highway and an extension of each other.



The only difference between Route 2 and Route 3 is the presence of ITS, mostly DMS and LCS. The reason drivers did not follow speed limit signs can be due to drivers feeling safe on the route. With regards to DMS and directional signs, they were followed by 59.4% and 40.6%, respectively. With regards to speed compliance, average speeds were below the speed limit on Route 1 and Route 2. There are over-speeding incidents that were reported on all routes. However, results found that the average speeds on Route 3 are above the speed limit of 80 km/h. It’s noted that only Route 1 is enforced with speed cameras.





7. Discussion


The results showed that the introduction of DMS and LCS had no significant impact on speed compliance. With regards to journey comfort, it is concluded based on the analysis that the LCS and DMS did not have a major effect on driver behavior variables such as harsh braking and lane changing but were beneficial in drivers’ opinion and driver behavior in steering wheel control level. Additionally, it was found that drivers’ compliance was highest towards LCS, followed by speed limit signs, then DMS, then static directional signs. The results also concluded that drivers would follow static speed limit signs when there is a contradiction between the static and dynamic signs.



Speed was measured using three methods: average speed, spot speed, and flow speed. Due to the road layouts and classifications, the computed average speed in Route 1 is lower than in Route 2 and Route 3, which is caused by the vehicle stopping at intersections. Hence, the average speed is highly different from spot speed and flow speed. Because flow speed was measured at midpoints between two intersections in Route 1 and to counter this effect, spot speed was introduced. Overall, drivers were below the maximum allowed speed (posted speed) on Route 1. For the freeway section, participants’ average speed and traffic flow speed on Route 2 and Route 3 were above the posted speed. It is important to note that Route 2 and Route 3 are not speed enforced, while Route 1 is enforced using speed cameras. Previous studies have demonstrated that DMS have a positive effect on drivers’ compliance to speed. Xu et al. [36] found that introducing DMS in the same corridor can reduce over-speeding occurrences. However, in this study, it was found that the LCS and DMS had no major effect on speed compliance.



With regard to lane changing, results showed that Route 2 has the lowest number of lane change occurrences per kilometer. However, the result in Route 2 is close to Route 3. Hence, the implementation of LCS may not have an effect on lane changing. However, the use of turn-signaling indicators was recorded, and results show that drivers were using signaling most on Route 2, followed by Route 1, then Route 3, with 55.7%, 54.4%, and 36.5% respectively. Therefore, it can be concluded that the introduction of LCS and DMS had a positive effect on traffic safety.



Journey comfort is an important element that was compared between the three routes. A comparison was made with regards to the number of harsh braking incidents, hand position on the steering wheel, self-reported mental effort, and participant rating of traffic signs. Harsh braking was found to be most on Route 1, followed by Route 2 and Route 3. The results show that there is no significant difference between Route 2 and Route 3. Hence, it is concluded that DMS and LCS did not affect harsh braking.



The position of the hands can indicate the driver’s comfort. According to the results, Route 2 had the lowest percentage of “High Control” position, followed by Route 3, then Route 1. Moreover, the driver’s opinion and self-reporting were considered. Route 2 and Route 3 had the same SRME of 1.6, which was lower than Route 1, which was 2.9. Finally, participants rated the traffic signs. Route 2 was rated highest with an average of 3.8, followed by Route 3 with a rating of 2.8, and finally Route 1 with a rating of 2.3 out of 5.



Lastly, participants’ self-reported compliance with following traffic signs instructions was recorded. Results show that 59.4% of participants stated they followed DMS instructions, while 84.4% followed LCS signs. These results are in line with the findings of previous studies. Schaefer et al. [18] found that LCS will be beneficial in low and medium traffic conditions. In this study, all driving attempts were conducted in low and medium traffic conditions. Furthermore, Wu and Liang [15] found that a well-placed DMS can increase drivers’ compliance and reduce travel time. With regards to speed static signs, an average of 63.5% of participants following in all three routes. It should be noted that speed limit signs compliance was higher on Route 1. Furthermore, 40.6% of participants stated they followed directional signs. These results can be an indication that drivers tend to follow dynamic signs more than static signs.




8. Conclusions


A driving experiment was conducted to study driver behavior along three routes, with a total of 11.5 km. Route 1 is an urban arterial road with three signalized intersections, while Route 2 and Route 3 were classified as urban freeways. However, Route 2 was supported with ITS infrastructure, including DMS and LCS, while Route 3 did not have any ITS elements. The findings revealed that the implementation of DMS and LCS had no significant effect on speed compliance. The findings also revealed that LCS and DMS had no significant impact on driver behavior characteristics such as hard braking and lane changes. It should be noted that the many differences between the complex types of routes may affect and explain some of the unexpected results.



The results can be beneficial for public agencies and policymakers in Qatar and other high-income countries in the region such as Bahrain, Kuwait, United Arab Emirates, Oman, and Saudi Arabia. These countries are rebuilding their infrastructure and expanding it. Therefore, there is a need to know the most suitable ITS to be implemented



The study had some limitations. The limited sample size was a significant limitation of the study. Some similar studies used a larger sample size [42,43]. However, this was not possible in this study. Due to the small sample size available, extensive statistical analysis could not be completed. A future study involving a larger sample size is needed to conduct a more detailed statistical analysis and validate the results.



The chosen routes are fairly new and may not have all the functions of the DMS and LCS currently in operation. In addition, the participants were not using their vehicles, which may affect their driving behavior since they are new to the vehicle. Furthermore, since this is not a simulation experiment, there was no control over the dynamic messages. They were based on the signs at the time of the study.



Moreover, the driver behavior in this study focused on one corridor. Future studies in Qatar should consider different locations and other types of roads. Furthermore, studies in Qatar need to compare the methods of delivery of traffic-related information, i.e., traffic condition ahead, such as DMS, car navigation systems, and mobile phone applications. It is important to know which method is a better or more trustworthy source for the drivers instead of investing in infrastructure projects.



The co-location of many dynamic and static signs on the same gantry has been highlighted as undesirable. However, it is not clear what is the amount of information that can be provided to the drivers and maintain a safe environment. Future studies in Qatar can quantify the number of information and also study the desired text height. Finally, similar studies about driver behavior with respect to DMS and LCS signs in other countries in the region need to be conducted.
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Figure 1. (a) Vehicle setup; (b) Screenshot from recorded video. 
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Figure 2. Driving experiment routes. 
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Table 1. Participants’ characteristics.
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Characteristic

	
Category

	
Percent






	
Gender

	
Male

	
71.9%




	
Female

	
28.1%




	
Age

	
18–25

	
21.9%




	
26–35

	
56.3%




	
36–50

	
15.6%




	
More than 50

	
6.3%




	
Ethnicity

	
Non-Qatari Arab

	
75.0%




	
Qatari

	
15.6%




	
European/North American

	
6.3%




	
Asian

	
3.1%




	
Driving Experience

	
Less than 5 years

	
12.4%




	
5–10 years

	
43.8%




	
More than 10 years

	
43.8%
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Table 2. Characteristics of the study corridors.
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Corridor

	
Route 1

	
Route 2

	
Route 3




	

	
Signalized-Intersections

	
DMS/LCS

	
Freeway






	
Distance

	
3.0 km

	
5.3 km

	
3.2 km




	
Posted speed

	
80 kph

	
80 kph

	
80 kph




	
Number of Lanes

	
4

	
4

	
4




	
Number of DMS

	
0

	
3

	
0




	
Number of LCS

	
0

	
17

	
0




	
Number of Speed Limit Signs

	
3

	
2

	
3




	
Number of Directional Signs

	
0

	
6

	
7




	
Number of Traffic Signals

	
3

	
0

	
0




	
Number of Interchanges

	
0

	
3

	
3
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Table 3. Variables used in previous studies.






Table 3. Variables used in previous studies.





	
Variable

	
Study




	
[17]

	
[35]

	
[37]

	
[36]

	
[38]

	
[39]

	
[40]






	
Speed/Average Speed

	
x

	
x

	
x

	
x

	

	
x

	
x




	
Weather Conditions

	

	

	

	

	

	
x

	




	
Lateral Position

	

	
x

	

	
x

	
x

	

	
x




	
Number of Lane Changes

	

	
x

	

	

	
x

	

	




	
Number of Braking Occurrences

	

	
x

	

	

	

	

	




	
Self-reported Mental Effort

	

	

	
x

	

	

	

	




	
Drivers’ Opinions

	
x

	

	
x

	

	

	

	




	
Questionnaire to Validate Results

	

	

	

	
x

	

	

	




	
Number of Lane Changes without Signaling

	

	

	

	

	
x

	

	




	
Compliance Behavior

	

	

	

	

	

	
x

	




	
Recall and Recognition

	
x

	

	

	

	

	

	








“x” denotes that variable is included in the study.
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Table 4. Driver versus observer perception of traffic conditions.
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	Condition
	Driver
	Observer
	Average





	Low
	56.3%
	40.6%
	48.4%



	Medium
	43.7%
	59.4%
	51.6%



	High
	0.0%
	0.0%
	0.0%
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Table 5. Descriptive results of measured variables.
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Variable

	
Indicator

	
Route 1

	
Route 2

	
Route 3






	
Speed

	
Average Speed

	
55.4

	
98.7

	
94.3




	
Spot Speed

	
72.6

	
91.0

	
93.9




	
Flow Speed

	
70.2

	
88.9

	
88.9




	
Posted Speed

	
80.0

	
80.0

	
80.0




	
Harsh Braking

	
Average

	
0.47

	
0.09

	
0.06




	
SD

	
0.62

	
0.30

	
0.25




	
Number of Incidents/1 km

	
0.16

	
0.02

	
0.02




	
Lane Changing

	
With Signaling

	
56

	
64

	
27




	
Without Signaling

	
47

	
51

	
47




	
Number of Lane Changes

	
103

	
115

	
74




	
Average Number with Signaling

	
1.8

	
2.0

	
0.8




	
Average Number without Signaling

	
1.5

	
1.6

	
1.5




	
Average Number of Lane Changes

	
3.2

	
3.6

	
2.3




	
% With Signaling

	
54.4%

	
55.7%

	
36.5%




	
% Without Signaling

	
45.6%

	
44.3%

	
63.5%




	
With Signaling/1 km

	
0.6

	
0.4

	
0.3




	
Without Signaling/1 km

	
0.5

	
0.3

	
0.5




	
Lateral Position

	
Total Length

	
3.0 km

	
5.3 km

	
3.2 km




	
% Close to Edge

	
1.5%

	
1.4%

	
1.6%




	
% Crossing Lane Marking

	
0.3%

	
0.7%

	
0.6%




	
% Center of the Lane

	
98.2%

	
97.9%

	
97.8%




	
Position of Hands on Steering Wheel

	
Low Control

	
31.3%

	
46.9%

	
40.6%




	
Medium Control

	
9.4%

	
25.0%

	
9.4%




	
High Control

	
59.4%

	
21.9%

	
25.0%
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Table 6. Descriptive results of self-reported variables.
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Variable

	
Indicator

	
Route 1

	
Route 2

	
Route 3






	
Mental Effort *

	
1

	
6.3%

	
53.1%

	
62.5%




	
2

	
28.1%

	
34.4%

	
28.1%




	
3

	
34.4%

	
12.5%

	
3.1%




	
4

	
28.1%

	
0.0%

	
0.0%




	
5

	
3.1%

	
0.0%

	
6.3%




	
Average Mental Effort

	
2.9

	
1.6

	
1.6




	
Traffic Signs Rating

	
Poor

	
28.1%

	
0.0%

	
9.4%




	
Average

	
28.1%

	
0.0%

	
21.9%




	
Good

	
34.4%

	
18.7%

	
53.1%




	
Very good

	
9.4%

	
81.3%

	
15.6%




	
Score

	
2.3

	
3.8

	
2.8




	
Recall and Recognition

	
Speed Signs (Actual/Average)

	
3.0/1.9

	
2.0/2.0

	
3.0/1.6




	
Directional Signs (Actual/Average) **

	
0.0/0.9

	
6.0/4.3

	
7.0/3.0




	
DMS (Actual/Average) **

	
0.0/0.0

	
3.0/2.3

	
0.0/0.0




	
LCS (Actual/Average) **

	
0.0/0.0

	
18.0/8.9

	
0.0/0.0




	
Speed Signs (Accuracy)

	
64.6%

	
100.0%

	
53.1%




	
Directional Signs (Accuracy)

	
N/A

	
71.4%

	
43.3%




	
DMS (Accuracy)

	
N/A

	
77.1%

	
N/A




	
LCS (Accuracy)

	
N/A

	
49.7%

	
N/A




	
Driver Compliance

	
Speed Signs

	
71.9%

	
65.6%

	
53.1%




	
Directional signs

	
N/A

	
46.9%

	
34.4%




	
DMS

	
N/A

	
59.4%

	
N/A




	
LCS

	
N/A

	
84.4%

	
N/A








* Self-Rated Mental Effort where 1 is the lowest effort, 5 is the highest effort in each route. ** Not available on some of the routes.
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