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Abstract

:

Road safety is key to sustainable mobility. Rapid technological advances have allowed several road safety-related analyses, previously performed in situ, to be conducted virtually. These virtual analyses benefit understanding of how roads operate and how users perceive them. Additionally, they facilitate the assessment of several parameters that are fundamental to road design and operation. The available sight distance (ASD) is one of these parameters that, if not provided adequately, could alter the proper functioning of roads. This study presents a framework to assess the impact of certain features on visibility. First, the ASD is estimated using a geographic information system (GIS)-based procedure with LiDAR-derived three-dimensional (3D) models. Afterward, obstructions are detected and categorized. If the obstruction cannot be removed, their redesign or relocation is simulated to re-run the analysis. These simulations are performed using 3D city objects, and their results are statistically evaluated, providing evidence as to their effects on visibility. The results proved that the procedure helped achieve the efficient use of roadside space, while including safety concerns. Additionally, this study reflects the need for more inspections on the impact of on-street parking on drivers’ fields of view.
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1. Introduction


Road safety has constituted one of the significant challenges of recent times. It is a critical component of achieving sustainable mobility [1]. Among the different efforts to improve road safety, geometric design aims to provide efficient and convenient infrastructure to support safe driving, riding, cycling and walking.



Road and highway design guidelines state the crucial role of the visual sensing of information in driving tasks [2]. The visual search activity and operations of drivers vary according to the road geometry and surroundings [3]. These variations are included in the calculations that determine the dimensions and disposition of geometric design elements. Visibility is mainly provided through adequate sight distances. Sight distance is the length of roadway visible to drivers [4]. It is usually provisioned in new designs but could be altered if changes in the cross-section of the road or the roadside take place. Changes in the cross-section could be caused by installing safety elements, modifications of the dimensions and alignments of the roadway, bicycle infrastructure or sidewalks, changes in shoulder use, and many other causes. Roadside changes could be the product of vegetation growth, new developments, new elements of street fixtures and furnishings, etc. Because of these changes, sight distances should be estimated periodically on existing roads.



Urban contexts put more pressure on the constraints that rule the geometric design of roads due to their usually high-density development, minor setbacks, mixed land uses, etc. [4,5]. Moreover, designers are expected to make the most effective use of the shared space between motorized and non-motorized users (and their distinct operating speeds, capabilities, reaction times, etc.), along with a wide variety of city needs. The quality of urban circulation is governed by the appropriate functioning of its intersections [6].



Correct intersection operation requires the adequate provisioning of sight distances. Research has shown that drivers’ operating characteristics and visual search behavior vary depending on their experience, the type of intersection (T-type, X-type, etc.), the maneuver involved, and the complexity of the surroundings [7,8].



In addition to having a clear view of the intersection, drivers should spot pedestrians and other vulnerable road users that intend to cross the roadway. Vulnerable road users also require enough visibility to notice motorists and safely interact or negotiate with them. Because of all that, the proper functioning of road intersections depends significantly on the provisioning of sight distances.



Active transportation modes are being actively encouraged worldwide due to their multiple benefits. Consequently, it is crucial to ensure that current roads can safely accommodate this wide array of users. In addition, emerging micromobility services, commonly used for last- and first-mile trips, nowadays contribute to the increasing number of vulnerable road users sharing the road [9]. These vulnerable road users also require the evaluation of their existing sight distances. Nonetheless, recent studies assessing sight distances on existing facilities focus on the roadway, considering the driver as the central observer [10,11,12].



In addition to the complexities added by their multiple users, urban settings tend to encompass a more diverse range of road obstructions in both their cross-sections and roadsides than rural settings. Moreover, despite having a lower percentage of road accidents (38% of all accidents in the European Union in 2017 [13]), most fatalities involving vulnerable road users occur in urban environments [14].



As sight distances play a crucial role in road safety, this paper proposes a methodology to estimate them. The focus is on urban intersections as these are the road sections with a higher presence of conflicts involving vulnerable road users [13]. This research aims to help the process that follows the identification of a sight obstruction. Once the visual obstacle is detected, solutions are proposed by modifying the existing road setting. These solutions could involve removing, relocating, or replacing obstructing elements, creating different scenarios. After that modification is completed, the visibility evaluation is carried out in each created scenario. The results of the real scenario are then compared to the modified ones. The main goal of this paper is to present a framework that assesses obstructions and assists decision-making. Its focus is on handling obstructions rather than solely focusing on their detection. It is intended to serve as a tool for design and planning based on off-site evaluations.



This paper is organized as follows: the next section presents the main findings of the literature review. The following section details the novel procedure and presents practical experiments based on common road obstructions. A description of the case study follows this. Lastly, the results are discussed, followed by the main conclusions.




2. Literature Review


Adequate sight distances tend to be appropriately provisioned in new designs. Sufficient visibility is ensured, considering sight distances as fundamental parameters in alignment and profile elements. When it comes to existing roads, as design conditions change, guidelines specify procedures to estimate available sight distances and compare them to required ones [4,15,16]. These estimations could be performed in situ, employing field measurements. However, site works alter traffic and endanger the staff [17]. Because of this, present studies propose off-site methodologies that model the road using geospatial data. Thanks to advances in software, data acquisition, and computer power, these evaluations can be performed virtually using three-dimensional (3D) road models [11,18,19]. These virtual models of the road not only assist geometric design applications but also aid in road inventories [20], automated and assisted driving [21], and other transportation applications [22].



The majority of the revised contributions have been developed to evaluate the available sight distance (ASD) required to perform stopping maneuvers to be compared with the stopping sight distance (SSD). SSD is the distance that drivers need to safely stop their vehicle when an unexpected object appears in their way.



In 2005, Khattak and Shamayleh presented a procedure to determine highways’ stopping and passing sight distances. They employed light detection and ranging (LiDAR) data and geographic information system (GIS) software. Among the literature revised herein, these authors were the first to use LiDAR to estimate sight distances. This study employed digital terrain models (DTMs) to model the road and environment and used the functionalities of the software ArcGIS to determine the available sight distance [23]. In 2010, Zarinš proposed a methodology to calculate the sight distances required for stopping using digital terrain models (to model the road and adjacent environments) and GPS data (to model the drivers’ trajectories). The sight distances were obtained using an algorithm that evaluated the unobstructed sightlines connecting the observers and targets [24]. Subsequently, more studies evaluated the available sight distances with global navigation satellite systems (GNSS) data [25].



Other contributions have focused on evaluating the ASD needed to drive safely at road intersections and comparing them with the required intersection sight distance (ISD) [26,27,28]. ISD is the distance required by a road user approaching the intersection (or stopping at its entry) to view it and drive through it adequately [5,12]. As these evaluations require updated data to depict the road settings, most contributions on the subject have employed LiDAR systems to acquire the 3D data used to model the roadway and roadside. Airborne, terrestrial, and car-mounted systems (commonly referred to as mobile LiDAR systems (MLSs)) have been put into use. Khattak et al. [26] evaluated equally spaced sightlines within the required sight triangle; Tsai et al. [27] compared the viewshed area obtained from an observer and compared it to its necessary sight triangle. These two publications used digital surface models (DSMs) to recreate the road and surroundings. Olsen et al. [28] also used viewsheds from observers. They modeled the road environment utilizing voxels created from LiDAR point clouds. These voxels were also used to assess ISD in Jung et al. [17]. These contributions were intended to detect and quantify the effect of visual obstructions on driver visibility.



Recent studies have presented evaluations performed directly on the cloud of LiDAR points. They estimate sight distances directly on a filtered and clean cloud of points or voxels. This current trend is presented as being beneficial to the performance of the estimations; it eases the overall process, while providing accurate results [10,12]. This approach benefits from the richness of the cloud of LiDAR points and its 3D nature. On the other hand, the inclusion of external elements into the road settings depicted with a cloud of points was not found in the revised literature. The above methodologies aimed to obtain the ASD to compare it to the required sight distances (RSDs). Therefore, they are limited to evaluating roads in the conditions encountered when the survey was conducted, and they are not intended to present or assess potential solutions.



The following contributions have been found to remove or modify elements on the road settings using digital models [29,30]. These contributions exposed the benefits of altering the road scene, but they did not provide steps to handle those obstructions.




3. Materials and Methods


3.1. Procedure


This work describes a methodology that helps to evaluate and correct the impact that cross-section and roadside elements could have on visibility. Firstly, the stopping and intersection sight distances are obtained using the equations detailed in official guidelines. Next, the available sight distances are obtained using a 3D methodology. Next, the required and available sight distances are compared, and based on that, further evaluations are presented. These evaluations are carried out by creating scenarios, which are virtual simulations of the road environment that focus on only one visual obstruction at a time. Each scenario requires its visibility assessment. Creating these scenarios is possible using road models and GIS files representing real objects.



The procedure first determines the RSDs of the urban intersection; this is followed by the obtention of the ASDs and their subsequent comparison to the RSDs. After that, sightlines are launched towards the access points of vulnerable road users (VRUs) into the roadway. If these evaluations demonstrate that the road section has enough visibility, those stations that present values close to RSD thresholds are identified and documented. On the other hand, if the road section does not have enough ASDs, the obstruction is identified and located. Then, depending on the nature of the visual obstruction, a series of different actions are proposed. These actions entail the creation of scenarios. Finally, comparing the resulting scenarios allows the quantification of specific elements’ effects on visibility.



This procedure is summarized in Figure 1 and is described in subsequent sections.



This methodology is conducted virtually and requires updated and accurate depictions of the road scene. The 3D procedure uses 3D data inserted into a geographical information system (GIS) environment. A GIS procedure helps obtain and evaluate the ASD and facilitates its subsequent comparison to the RSD, as described by González-Gómez et al. [31,32]. The following sections illustrate the steps presented in Figure 1.



3.1.1. RSD Assessment


RSDs are definite lengths of roadway needed by road users to carry out specific maneuvers [4]. They are defined in several road guidelines of a wide variety of countries [4,15,33]. Intersections are complex road sections that require SSD and ISD [5]. RSDs can be calculated using equations or tables from road design guidelines [4,16,33,34]. RSDs are mainly impacted by the vehicle speed, deceleration rate, perception and reaction times, etc. Table 1 presents the standard equations to obtain SSDs and ISDs. These are taken from the Spanish road design standard and the design guidelines from the United States [4,16]. The different velocities are originally expressed as V, but numeric subscripts have been added to differentiate them. As there are different configurations of road intersections, the ISD equations presented are one specific type required for signalized legged intersections (for a road without priority). The parameter tg of Equation (4) is obtained using travel time behaviors obtained from field studies, information on the size of the geometry, vehicle sizes, and the speeds of intersecting legs.




3.1.2. Comparison of ASD and RSD


The ASD is mainly measured in order to be compared to the RSD. In that regard, the ASD has to be calculated considering the RSD that it will be compared to, as this will affect the height of both the observer and target, their placement on the lane, and the line of reference used to measure the distance. These parameters are also specified in road design guidelines and vary from one country to another [4,16]. After selecting the appropriate trajectories and eye heights for observers and targets, the next step is to model the road using one of the many available techniques. This study employs geospatial data, precisely, the LiDAR points obtained with a mobile mapping system (MMS). This dense point cloud is used to generate two models. One represents the road geometry and terrain, and the other represents the aboveground elements. Once the road is recreated, the procedure repeatedly launches lines-of-sight from the observer to the target using GIS tools [35] and calculates the ASD for each position.



SSDs are required in every section of the roadway and must be verified for every station. The value of the SSD remains constant for road sections that share the same speed, grade, and pavement conditions. The procedure carried out to determine the ASD needed for stopping produces tables with values of ASD for every considered station. Each value is then compared to the calculated SSD. As for the ISD, evaluations might vary depending on the type of intersection analyzed. In general, every intersection requires the definition of a decision point of which the ASD is to be compared to the ISD. This point is usually located on the approaches of those roads without priority [4].



With this methodology, ISD and SSD evaluations deliver the observer’s sightlines, consisting of unobstructed and obstructed ones. Obstructed lines of sight are divided into two—one from the observer to the obstruction and the other from the obstruction to the target. A point indicates the obstruction’s x, y, and z coordinates between them.




3.1.3. VRU Crossing Edges Verification


In addition to verifying if the ASD is of greater value than the RSD, it is crucial to confirm if drivers have a clear vision of the points where VRUs enter the roadway [36]. Verifying this condition is imperative on intersections where VRUs have the priority, but drivers need to detect their presence to yield.



Unlike the determination of sight distances (measured along the traveled way), the assessment of unobstructed visibility between a road user and a specific location, such as a conflict point or vertical signalization, can be performed using direct lines of sight [16]. For example, Figure 2 shows how parked vehicles could block the sightlines required for drivers to spot pedestrians about to cross.




3.1.4. Location and Categorization of Obstructions: Experiments


This step aims to assist in evaluating and handling obstructions detected in the previous sections. Additionally, it could be used to quantify or inspect the impact of specific objects or entities on visibility. The following assessments pay special attention to elements commonly found in urban environments, specifically, but not limited to, those found in Madrid, Spain. Examples of this are the trash containers, signs, and unkempt bushes presented in Figure 3.



Two categories of visual obstructions were created depending on their location. The first group contains those elements on the roadway, that is, on the lanes of the road and shoulders. The second group includes those elements located on the roadside. Profile or alignment elements could also obstruct the visibility, but their reformations are more complex, requiring in-depth evaluations, and therefore these are not considered in this study. This categorization is justified because elements blocking visibility could be within the roadway, next to it, or part of it.



	(a)

	
Assessment of the impact of cross-section features on visibility







The roadway contains elements that ensure its proper functioning. These could be part of its signage, safety barriers, medians, channelization, landscaping, etc. Some of these elements are required at specific locations, but others could be removed, replaced, or relocated. Among the wide variety of components that could be present on a cross-section, some of those with a functionality that allows for their removal, relocation, or resizing are presented in Table 2 next to their proposed evaluation.



	(b)

	
Assessment of the impact of roadside features on visibility







Roadsides are strips of land beside the road. These could contain facilities to accommodate pedestrians, riders, and cyclists. Furthermore, they serve many purposes and host functional elements of built-up areas, transportation, and public utilities. Table 3 contains elements commonly found on roadsides, which could block the sightlines required to provide reciprocal visibility between motorists and VRUs or obstruct SSDs in horizontal curves without proper clearance. This table lists them in addition to their proposed evaluation.



Once the proposed evaluation is selected, its modification could be simulated by adjusting the original component (creating a new scenario) and re-launching the assessment. After that, it is possible to compare the results obtained from the two scenarios (former and new). Equally, these modifications could be proposed to estimate and quantify the impact of specific features that do not necessarily block the RSD.



Examples of the experiments or evaluations that could be performed are:




	
Impact of feature location on RSD/visibility (examining its relocation).



	
Impact of feature size on RSD/visibility (examining its resizing or removal).



	
Impact of feature type on RSD/visibility (examining its replacement or removal).








These evaluations are justified by the need to ensure that basic urban elements do not impact the visibility required by motorists, micromobility users, and pedestrians. Moreover, urban furniture elements have increased in size and number around numerous cities worldwide [37].




3.1.5. Scene Modeling


The GIS procedure previously described allows the obtention of the exact coordinates of the obstruction. The obstruction correction can be simulated within the GIS software ArcScene, and this modified model could be used to re-run the analysis. Object replacements and redesigns are made possible by importing 3D elements into the LiDAR-derived model. These 3D elements could be imported from the following formats: COLLADA (.dae), OpenFlight 15.8 (.flt), SketchUp 6.0 (.skp), 3ds Max (.3ds), or VRML 2.0 models (.wrl).



These 3D objects describing road and city furniture elements are nowadays more popular with the advent of digital twins or digital 3D city models, which are used for a wide variety of purposes [18]. 3D objects can be found online in 3D modeling software warehouses. They can also be modeled using these software suites. In that regard, most of the elements included in Table 2 and Table 3 describe regular geometries and could be modeled with relative ease. Conversely, vegetation is composed of heterogeneous elements, which poses some difficulties to its modeling. Moreover, plants, trees, and shrubs tend to change rapidly, adopting specific configurations due to wind, time of the year, etc. Fortunately, many 3D objects describing landscaping shrubs and plants commonly located in urban environs can be found online. Other elements that pose difficulties in their modeling are motor vehicles. Even though their fixed dimensions can be obtained from their manufacturers, they describe very complex geometries. These elements are commonly found in 3D warehouses as well.



3D urban elements are classified depending on their level of detail (LOD). This classification refers to their level of simplicity or thoroughness, and it ranges from 0 (two-dimensional footprint) to 4 (most detailed model) [18]. When evaluating elements that could cause obstructions, their LODs need not be higher than 3. Their dimensions must be the same as the objects, but they do not need color, texture, or semantic information. One such example is shown in Figure 4. This planter was modeled using the measurements specified by the city of Madrid, using the Solidworks program [19].



Lastly, the results derived from the scenarios are compared and evaluated to gain insights into their impact on visibility, to propose changes in the location or type of elements, etc.




3.1.6. Statistical Analysis


The results from the RSD assessments are presented in tables with detailed data on the sightlines launched from the observers to the targets. These tables display their length, visibility status (seen target or not), azimuth, etc. The size of each table will depend on the number of stations considered. If the lines are not obstructed, their total is determined through Equation (5):


  C l e a r   L O  S  n , m   =   n !   m ! ×   n − m   !    



(5)




where:




	
Clear LOSn,m = the number of sightlines that are not obstructed.



	
n = the total number of stations (observer stations plus target stations).



	
m = the number of stations to be assessed (m = 2, observer and target stations).








As mentioned above, when the sightlines are obstructed, they are divided into two. Consequently, the total number of lines will increase depending on how many are blocked.



After verifying which scenario provides better results in terms of RSD adequacy (direct comparisons of those available and required), a statistical analysis is conducted to examine the lengths of the sightlines between observers and targets. The latter aims to evaluate and quantify the differences between them. In addition, this assessment aims to know if the visibility parameters are significantly different due to the presence of roadside or cross-section elements. The statistical model for these experiments is given in Equations (6)–(8):


   y  i j k   =  μ  i j k   +  ε  i j k    



(6)




with


   μ  i j k   = μ +  α i  +  β j  +  δ k  +  γ  i j   α β   +  γ  i k   α δ   +  γ  j k   β δ    



(7)






   ε  i j k   ~ N   0 ,    σ 2      ∀   i , j , k  



(8)




where:



yijk describes the length of the lines of sight measured between a road user A at its ith position, and a road user B at its jth position (the target), considering the effect of the visual obstruction k, at a specific road intersection. µijk is the true mean of the line of sight from road user A at its ith position to road user B in its jth position. µ is the grand mean length of the lines of sight between a road user A at its ith position, and a road user B at its jth position, considering the effect of the visual obstruction k; αi is the main effect for a road user A at its ith position, βj is the main effect for the jth position of road user B; δk is the main effect of the kth obstruction; γijαβ is the interaction effect of road user A in position i and road user B at position j; γikαδ is the interaction effect of road user A in position i with the visual obstruction k; γjkβδ is the interaction effect of road user B in position j with the visual obstruction k. εijk is the random deviation, considered to have a normal distribution with constant variance for all samples considered. γijkαβδ is considered to be zero. Equation (9) shows the restrictions.


    ∑   i = 0  I   α i  = 0 ,     ∑   j = 0  J   β j  = 0 ,     ∑   k = 0  K   δ k  = 0 ,    



(9)









3.2. Case Study


These evaluations were performed at two intersections in the city of Madrid.



3.2.1. Locations


Intersection 1:



The first one is a circular intersection located in the university district. Figure 5 shows its aerial photography and layout. Three streets meet at this junction: Paseo de Juan XXIII, de la Sierra, and General Asensio Cabanillas. The main road, Paseo de Juan XXIII, is a two-way road with an average lane width of 3.4 m and flares on each approach that reach 7.5 m; its northbound approach is deflected. General Asensio Cabanillas St. is a one-way road; traffic could turn right towards Paseo de Juan XXIII or enter the circulatory roadway. De la Sierra St. is also a one-way road in which the traffic could come from the circulatory roadway or turning right from Paseo de Juan XXIII St. Their posted speed limits are 30 km/h. This yield-controlled intersection has two bus stops and channeling islands with landscaping bushes and vegetation in its surrounding areas.



On-street parking is allowed in the approaches of all three streets, on both sides. Figure 6 illustrates the approaches of Paseo de Juan XXIII St., where angled on-street parking is also allowed within the intersection area. Moreover, two bus stops and four pedestrian crossings are also contained within the intersection’s physical area.



Intersection 2:



The second intersection surveyed is a T-intersection where Obispo Trejo and Antonio Nebrija streets meet. Their posted limits are 30 km/h as well. This intersection is controlled with stop signs on the minor road, Antonio Nebrija St. These are illustrated in Figure 7.



On-street parking is allowed on the minor road on both sides, as shown in Figure 8.



Of the several elements that could obstruct the visibility of the intersections presented above, vegetation, vertical signalization, and on-street parking appeared to be the ones with a substantial impact.




3.2.2. Data Acquisition and Processing


The intersections presented in the previous section were surveyed the same day with an MMS. As mentioned in the literature review, several authors have employed MMS to acquire the data required to model the road and carry out sight distance estimations [19,38,39]. The MLS used was the IP-S3 from Topcon (Figure 9). This system integrates GNSS units (GPS and GLONASS) with an INS (inertial navigation system) and an odometer. Its sensor, a Velodyne HDL-32E, captures approximately 700,000 points per second. This sensor can provide a relative accuracy of ± 2 cm, reaching up to 100 m with a horizontal field of view (FOV) of 360° and a vertical FOV of +10° to −30°. It also includes a Ladybug 3 panoramic camera, with a 8000 × 4000 pixel resolution, and add-on imagery sensors [40].



This survey was planned and compiled to meet approximately ±10 mm horizontal and ±15 mm vertical accuracy at a 95% confidence level. GNSS observations were post-processed utilizing an external receiver located within 1.5 km of the intersections. As a result, the root-mean-square error of the trajectory had overall values lower than 8 cm.



The resulting point clouds were preprocessed in-house with software provided by the vendors. Subsequently, the point clouds of the whole survey were divided into files of 20,000,000 points in the LAS format. Then, denoizing, classification, and filtering were performed using MDTopX [41].






4. Results


The procedure introduced in the previous sections was applied to the road intersections presented in Section 3.2. The main insights obtained from these evaluations and the road simulations are presented herein.



4.1. RSD Assessment


The SSD was obtained with Equation (1). The values of most parameters are included in the guidelines. The SSD of both intersections employed their posted speed limits (30 km/h); the perception and reaction time used was the one stipulated in the guidelines (2.5 s); the deceleration rate was also the one included in the policies with a value of 3.4 m/s2. As both intersections were at-grade, the value of G was 0. The calculated SSD value was 31.79 m. Unlike the SSD, which was the same for both legs of the intersections analyzed, the ISD varied for each turn. Intersection 1 allows nine turns, and intersection 2 allows five. The results presented below show the most relevant ones in relation to visibility.




4.2. ASD vs. RSD and VRU’s Crossing Edges


The RSD-versus-ASD assessment confirmed that vegetation and on-street parking blocked the sightlines of various observers in both intersections. These findings supported the experiments described in the following sections, the results of which are organized based on the element that caused the obstruction, or element to be assessed, and the models created to obtain further insights for each intersection.




4.3. Scenarios Created for Intersections 1 and 2


Intersection 1 had populated shrubs on its cross-section (channeling islands). These shrubs did not block the RSD. Nonetheless, they were evaluated to assess what portion of the island could be filled with vegetation and which could not. With this in mind, three scenarios were created. The first one depicted the intersection as is, without modifications from its original state. The second one (scenario two) had the shrubs removed from the channeling island. Finally, the third one (scenario three) had the channeling islands filled with shrubs. Scenarios 1 to 3 were created for intersection 1.



Both intersections allowed on-street parking, which blocked the RSD of specific movements. Therefore, scenarios 4, 5, 6, 7, and 8 were created to evaluate potential solutions to this problem. Scenarios 4 and 5 were made for intersections 1 and 6; 7, and 8 were designed to model intersection 2. Scenario 4 depicted intersection 1 as is (with parked cars); scenario 5 had the car parked nearest the pedestrian crossing removed. Scenario 6 described intersection 2 as is, whereas scenario 7 also had parked vehicles near the pedestrian crossing removed; scenarios 8 and 9 replaced one of the parked cars with a van (Figure 10). The characteristics of the van were chosen using national car fleet statistics.



Lastly, scenarios from 10 (Figure 11) to 14 evaluated the impact of urban furniture elements on visibility. These were generated for intersection 2. They were created by filling the space of the removed parked cars with common urban furniture elements. Scenario 10 replaced the vehicle nearest to the pedestrian crossing of the intersection with trash containers; scenario 11 replaced it with a large flowerpot. Scenarios 12 to 14 changed the height of a hypothetical plant located inside the flowerpot.



Table 4 lists the scenarios created for both intersections; it summarizes each scenario’s aim and description.




4.4. Assessment of Scenarios


4.4.1. Impact of Vegetation on Visibility


This evaluation was carried out at intersection 1. It examined the effect of landscaping elements and verified whether the bushes present in the channeling island blocked drivers’ visibility on the circulatory roadway. In this evaluation, observers were located 1.5 m from the centerline, with an eye height of 1.1 m, as stipulated in the Spanish guidelines [16]. The evaluations were performed from the decision points of drivers inside the circulatory roadway (red dots in Figure 12) towards the conflicting trajectory, depicted with blue dots. The positions of both road users were also specified in the revised guidelines [16].



The bushes located in the channeling island were trimmed on the sides next to the roadway. The RSD assessment indicated that they did not block the sightlines of observers at the yield line. Still, they blocked those about to stop (drivers located a few meters before the yield line). Results showed that stations situated right at the yield line could see drivers traveling on Paseo Juan XXIII at distances longer than the SSD of 31.79 m. This evaluation was re-run, populating the channeling island with bushes. The results obtained from comparing scenarios 1 and 3 are presented in Figure 13.



The intermittent orange line depicts the visibility from the stations shown above, with the channeling island filled with vegetation (Scenario 3); the thinner red line shows the visibility of the intersection as is (Scenario 1). As shown in Figure 13, the differences in sight distances between scenarios 1 and 3 reached values up to 31 m. These results indicate the need to keep the bushes trimmed; otherwise, the visibility requirements will not be met.



The statistical evaluation described in Section 3.1.6 was carried out with the factors considered in this specific experiment. The model is analogous to Equation (6). In this case, yijk describes the length of the lines of sight measured between a road user merging into Paseo de Juan XXIII from the circulatory roadway (factor A) at its ith position (level), and a southbound driver along Paseo de Juan XXIII (factor B) at its jth position (level), in the presence of the number of bushes (factor C) at its kth level. The number of levels for factor A (I) was 14 (number of stations for the first driver), the number of levels for factor B (J) was 45 (number of stations for the second driver), and the number of levels for factor C (K) was two (real setting vs. increased vegetation). In this case, there were IJK populations, or “treatment combinations,” equal to 1260. Their restrictions are stated in Equation (9) with i from 1 to 14, j from 1 to 45, and k from 1 to 2.



The hypotheses were H0A: αi = 0 ∀i versus HaA: at least one αi ≠ 0; H0B: βj = 0 ∀J versus HaB: at least one βj ≠ 0; H0C: δk = 0 ∀k versus H0C: at least one δk ≠ 0.



Preliminary results showed statistical significance for all the factors considered. As expected, the positions of the road users (factors A and B) had a great impact on their resulting visibility. The effects of factor C (the obstruction) were further evaluated. Results are presented in Table 5. This shows the least-squares means differences using Student’s t distribution, differences in means, and confidence interval values. Table 5 highlights the small number that constitutes the differences between these two scenarios due to augmented vegetation. This table shows the least-square means of the visibility values of two scenarios through the differences in their means and the limits of their confidence intervals.



Despite being significantly different, the diminution in the length of the sightlines caused by the landscaping vegetation was expected to be higher.




4.4.2. Impact of On-Street Parking and Street Deflection on Visibility


This evaluation was carried out at intersection 1. As previously mentioned, the results showed that its northbound approach was deflected, and on-street parking was allowed on both sides. The RSD assessment highlighted that observers did not have enough SSD. These parked cars impacted the SSD because the deflection caused the sightlines to leave the roadway and enter it again, and the vehicles blocked them in the middle. In Figure 14 gray elements depict the vehicles, and the red dots indicate the locations where the sightlines were blocked (Scenario 4).



The evaluation also assumed that observers were located 1.5 m from the centerline with an eye height of 1.1 m and an object height of 0.5 m, as stipulated in the Spanish guidelines [16]. The car that caused the SSD insufficiency was removed (scenario 5). The model that governed this experiment is analogous to that described in Equation (6) and could be described as follows: yijk represents the length of the lines of sight measured between a northbound road user on Paseo de Juan XXIII at its ith position and their successive jth positions, considering the effect of the cars parked k. The number of levels for factor A (I) was 43 (number of stations for the observer), the number of levels for factor B (J) was 22 (number of successive stations along their trajectory), and the number of levels for factor C (K) was two (car vs. no car). In this case, there were IJK populations equal to 1892. Their restrictions are stated in Equation (9), with i ranging from 1 to 43, j from 1 to 22, and k from 1 to 2.



The hypotheses were H0A: αi = 0 ∀i versus HaA: at least one αi ≠ 0; H0B: βj = 0 ∀J versus HaB: at least one βj ≠ 0; H0C: δk = 0 ∀k versus H0C at least one δk ≠ 0.



The results showed statistical significance for the positioning (factors A and B). Factor C (presence of the car) was not significant to the response with a p-value of 0.2984. The least square means difference, evaluated with the Student’s t distribution, highlighted that levels were not significantly different (Table 6).




4.4.3. Impact of On-Street-Parking Element on Visibility: Type of Car Effect


This evaluation was carried out at intersection 2. Its RSD assessment and the estimation of the visibility towards the crossing edges highlighted that cars located at distances equal to the SSD and those at the intersection decision point could not spot pedestrians 1 m before the crossing. This evaluation considered drivers to be moving southbound from the minor road. The car causing the obstruction was removed to create an alternate scenario (scenario 7). Another scenario replaced the car with a van (scenario 8). The analysis was re-run with these three scenarios (6, 7, and 8).



As expected, the scenario with no car showed a higher number of unobstructed sightlines. Moreover, the van blocked the visibility of the edges of the pedestrian crossing to those drivers approaching the intersection.



The statistical comparison between the three scenarios was run as in the previous cases. The model was also analogous to the one introduced in Equation (6). It is detailed as follows: yijk describes the length of the lines of sight measured between a southbound road user in Nebrija St., at its ith position, and a pedestrian in the parallel sidewalk at its jth position, considering the effect of on-street parking k. The number of levels for factor i was 46, the number of levels for factor j was 76, and factor k had three levels. The number of treatment combinations was 10,488. Their restrictions are stated in Equation (9) with i ranging from 1 to 46, j from 1 to 76, and k from 1 to 3.



The hypotheses were analogous to the ones that governed the previous tests.



As in previous analyses, all factors and their interactions significantly affected the length of the sight distances. Equally, factors A and B (positions of observers and targets) showed higher differences among their levels than the differences caused by the obstructions. The effect of the obstacles was further evaluated using Tukey’s least square means differences (Table 7). All three levels were statistically different, again by small values. Their slight mean differences could be possibly caused by there being less than a dozen stations and the act that their sightlines were impacted by the presence of vehicles.




4.4.4. Impact of On-Street-Parking Element on Visibility: Side of the Street Effect


This evaluation was carried out at intersection 2. This evaluation examined which edge of the pedestrian crossing was most affected by on-street parking. As this street has one lane per direction, drivers along Nebrija St. are physically closer to pedestrians on their left. Still, their own vehicle’s bodywork does not impact their viewshed towards those on their right. This evaluation compares scenarios 8 (the van parked to the right of Nebrija St.) and scenario 9 (the van parked on the left of Nebrija St.). The RSD evaluation indicated that a vehicle blocks more sightlines when parked on the left.



The statistical evaluation defines yijk as the length of the lines of sight measured between southbound road users on Nebrija St., at its ith position, and pedestrians on the parallel sidewalk at its jth position, considering the effect of the side of the street where on-street parking is allowed k. The number of treatment combinations was 6992. Their restrictions are specified in Equation (9) with i from 1 to 46, j from 1 to 76, and k from 1 to 2.



The hypotheses were similar to those expressed in previous analyses. Here, all factors and interactions had a significant effect on the response. Factor C had the lowest impact, with a p-value of 0.0364. All other factors and interactions had p-values lower than 0.01. The Student’s t distribution was used to verify whether factor C levels differed significantly.



Table 8 shows that the side of the street where the car is parked has a significant effect on the lengths of the sightlines. However, the mean difference between both scenarios is lower than the other impacts investigated in previous sections.




4.4.5. Impact of Urban Furniture Elements on Visibility: Type of Element


This assessment was carried out at intersection 2. As highlighted in the previous evaluation, parked cars blocked the sightlines towards the pedestrian crossings. Hence, their removal would be beneficial to provide reciprocal visibility between pedestrians and motorists. However, it is common to find spaces where on-street parking is banned, filled with flower pots, trash containers, or other elements. These elements could enforce the ban because empty spaces could be used unlawfully. However, their presence could affect the required visibility. Therefore, the space cleared up by removing the car was filled with additional features commonly seen in cities to study these issues. The evaluations are detailed in the following sections.



Previous evaluations showed that removing the parked car helped to increase the visibility of intersection 2. With this in mind, and knowing that urban space is subject to many uses, the area that would be empty if a non-parking ban was enforced was filled with two trash containers with the exact dimensions as those presented in Figure 3; scenario 10 (Figure 11). Next, scenario 11 was created by filling the space with a large flowerpot that would prevent cars from parking.



The trash containers did block the visibility of the crossing edges when located in the center of the cleared spot. This result was expected because their height was higher than regular cars. On the other hand, the scenario containing an empty flower pot provided results similar to those with no car in it (this was also expected as its height was only 50 cm). As the empty flower pot did not differ from the results obtained with the empty scenario, the impact of trash containers was compared with the effects of a flower pot with a 30 cm-tall plant (scenario 12).



The statistical evaluation between scenarios 11 and 12 defines yijk as the length of the lines of sight measured between southbound road user on Nebrija St., at its ith position, and pedestrians on the parallel sidewalk at its jth position, considering the effect of the type of urban furniture element k. The number of treatment combinations was 6992. Their restrictions are analogous to those presented in Equation (9) with i from 1 to 46, j from 1 to 76, and k from 1 to 2.



The results showed that all factors and interactions were statistically significant, with p-values lower than 0.01. As before, the effects of the obstructions were analyzed using Student’s t distribution. Table 9 shows, as with previous cases, that the levels of factor C were significantly different by a marginal value.




4.4.6. Impact of Urban Furniture Elements on Visibility: Different Element Sizes


This evaluation was also carried out at intersection 2. As the previous assessment highlighted that the empty flowerpot did not affect visibility, new scenarios were created considering plants with different heights on the flowerpot. The considered sizes were 30 cm, 60 cm, and 90 cm. The results of their RSD assessments are presented in Figure 15. The flowers of 30 cm and 60 cm (scenarios 12 and 13, respectively) provided the same ASD values and are represented by the red dotted line. However, scenario 14, which contained the 90 cm-high shrub, showed lower visibility (intermittent green line).



This type of evaluation could be helpful in establishing a limit on the allowed growth of landscaping elements. In this case study, the differences in sight distances due to the height of the plants were around 10 m.



This statistical evaluation for this case defines yijk as the length of the lines of sight measured between a southbound road user on Nebrija St., at its ith position, and pedestrians on the parallel sidewalk at its jth position, considering the effect of the height of the plant inside the flower pot k. The number of levels for factor i was 46, the number of levels for factor j was 76, and factor k had three levels. The number of treatment combinations was 10,488. Their restrictions are analogous to those presented in Equation (9) with i from 1 to 46, j from 1 to 76, and k from 1 to 3. The hypotheses were similar to those expressed in previous analyses.



Factors A, B, and C were significant. Interactions that considered the effect of the positions of observers and targets (A * B) and the position of the observer and the height of the obstacle (A * C) were also significant. The interaction of the target’s position (the pedestrian) and the obstacle’s size was not significant, with a p-value of 0.5478. A further evaluation of the effects of plant height confirmed that levels 2 and 1 were not statistically different (plants with heights of 30 cm and 60 cm). However, level 3 (plant with a height of 90 cm) was significantly different from the other two, similarly to the results obtained in the RSD assessment.






5. Conclusions


This paper presented a modeling-based methodology for assessing the impact of typical visibility-obstructing elements. Visual obstructions found in this study were common elements found in urban settings. The capability of creating scenarios allowed the evaluation of the impact of those elements on visibility. A rigorous statistical assessment and the sight distance evaluation helped to quantify these effects considering all road users and their multiple locations.



The size and type of shrubs present in intersection 1 did not affect the visibility of drivers stopped at the yield line. However, when shrubs of the same size filled the island, the visibility was blocked. The difference in width between the two was less than 2 m. This assessment demonstrates the importance of specific thresholds of areas to be kept clear in channeling islands, medians, etc.



Evaluating the visibility effects of on-street parking highlighted that some areas require the regulation of parking near pedestrian crossings. Drivers need to see pedestrians in order to yield, and vehicles of large dimensions might block the pedestrian crossing entry. For instance, cities with high parking demand could assess which intersections provide enough visibility for pedestrians, which intersections should not allow ample vehicles to park near pedestrian crossings, and which side of the pedestrian crossing is less visible. This procedure allowed us to evaluate these aspects and quantify the impact of each of these measures objectively.



In addition to on-street parking, city elements such as garbage bins, information panels, and others are usually placed within the functional areas of intersections. These elements are usually placed with no regard to their impact on visibility. As the evaluation highlighted, tall trash containers had an even worse impact on visibility than on-street parking. Consequently, their location should also be regulated and kept out of the entrances of pedestrian crossings.



This study includes some assumptions related to the obtention of the required and available sight distances. They were based on standards and official guidelines. The evaluation of how these assumptions could impact the results will be part of future lines of research. Furthermore, future work will include intersections with more complex geometries and more lanes in order to analyze the relationship between the methodology’s performance and the intersection’s complexity.
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Figure 1. Depiction of the proposed procedure. 
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Figure 2. Sightline blocked by on-street parked traffic. 
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Figure 3. Elements commonly found in urban settings (a) urban furniture; (b) unkempt vegetation. 
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Figure 4. Modeling the planter: (a) modeling the base; (b) real element. 
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Figure 5. Intersection Paseo Juan XXIII, De la Sierra St. and General Asensio Cabanillas St.: (a) aerial photograph, (b) geometrical depiction. 
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Figure 6. On-street parking along the intersection. 






Figure 6. On-street parking along the intersection.



[image: Sustainability 14 00354 g006]







[image: Sustainability 14 00354 g007 550] 





Figure 7. Obispo Trejo and Antonio Nebrija St. intersection: (a) aerial photograph, (b) geometrical depiction. 
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Figure 8. Photograph of intersection 2. 
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Figure 9. IP-S3 system from Topcon. 
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Figure 10. Scenario 8. 
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Figure 11. Two trash containers were used in scenario 10. 
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Figure 12. Observers positioned along the circulatory roadway of the intersection. 
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Figure 13. Comparison of real scenario (scenario 1) with one increasing the landscaping vegetation (scenario 3). These distances were measured along the roadway. 
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Figure 14. Parked cars on the intersection approach (scenario 4). 
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Figure 15. Results of the scenarios with flowerpots of different heights. In red, scenarios 12 and 13 (plant heights of 30 and 60 cm, respectively); scenario 14 (plant height of 90 cm) in green. 
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Table 1. Equations to obtain the SSD and ISD according to guidelines from Spain and the United States (USA).
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	Country
	SSD Equations (1) and (3)
	ISD Equations (2) and (4)





	Spain

[1,2]
	   D p  =    V 1  ×  t p    3.6   +    V 1 2    254 ×    f l  + i       (1)

where:

Dp = stopping sight distance (m).

V1 = speed at the starting time of the stopping maneuver (km/h).

tp = perception and reaction time (s).

fl = coefficient of friction between the road surface and the tire.

i = the slope (m/m).
	   D c  =    V 2  ×  t c    3.6     (2)

where:

Dc = the crossing distance (m).

V2 = the speed in the intersecting road (km/h).

tc = the time it takes for the intersecting vehicle to complete the crossing maneuver (s).



	USA

[3,4]
	  S S D = 0.278 ×  V d  × t +    V d 2    254 ×    a  9.81   ± G       (3)

where:

SSD = stopping sight distance (m).

Vd = design speed (km/h).

t = brake reaction time (s).

a = deceleration rate (m/s2).

G = slope (m/m)
	  I S D = 0.278 ×  V  m a j o r   ×  t g    (4)

where:

ISD = Intersection sight distance (m).

Vmajor = the speed in the major road (km/h).

tg = time gap for minor road drivers to enter a major road (s).
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Table 2. Proposed treatment for visibility-obstructing cross-section elements.
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	Type
	Element
	Proposed Evaluation





	City planning
	On-street parking,

Trash containers,
	Simulate removal of a few spots.

Simulate removal or change of size/type



	Road safety
	Bikeway segregating element
	Simulate change of size/type.



	
	Median, strip landscaping
	Simulate modification, replacing.



	
	Signage
	Simulate slight relocation.
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Table 3. Proposed treatment for visibility-obstructing roadside elements.
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Type

	
Elements

	
Proposed Evaluation






	
Public transit furniture

	
Bus stops, ticketing machines, information panels.

	
Simulate relocation, replacement, or redesign.




	
Urban furniture

	
Maildrop, benches, trash containers.




	
Vegetation

	
Trees, bushes, landscaping
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Table 4. Scenarios created with their description and purpose.
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	Scenario
	Intersection
	Description
	Aim





	1
	1
	As is.
	Real scenario for intersection 1. Reference for comparisons.



	2
	1
	Removal of vegetation.
	Impact of vegetation on visibility.



	3
	1
	Modification of vegetation.
	Impact of vegetation on visibility.



	4
	1
	As is (with parked cars).
	Real scenario for intersection 1. Reference for comparisons.



	5
	1
	Without parked cars (removal of automobiles parked near pedestrian crossings).
	Impact of on-street parking on visibility.



	6
	2
	As is (with parked cars).
	Real scenario for intersection 2. Reference for comparisons.



	7
	2
	Without parked cars (removal of automobiles parked near pedestrian crossings).
	Impact of on-street-parking element on visibility.



	8
	2
	With parked van to the left.
	Impact of on-street-parking element on visibility: type of car effect.



	9
	2
	With a parked van to the right.
	Impact of on-street-parking element on visibility: side of the street effect.



	10
	2
	With trash containers.
	Impact of urban furniture elements on visibility.



	11
	2
	With a sizeable empty flowerpot.
	Impact of urban furniture elements on visibility.



	12
	2
	With 30 cm of plants above the large flowerpot.
	Impact of the size of urban furniture elements on visibility.



	13
	2
	With 60 cm of plants above the large flowerpot.
	Impact of the size of urban furniture elements on visibility.



	14
	2
	With 90 cm of plants above the large flowerpot.
	Impact of the size of urban furniture elements on visibility
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Table 5. Least square differences Student’s t for scenarios 1 and 3.






Table 5. Least square differences Student’s t for scenarios 1 and 3.





	
Least Square Mean (visibility of scenario 1 (i))

	
Least Square Mean (Visibility of Scenario 3(j))




	
Mean(i) − Mean(j)

	
1

	
2




	
Lower Confidence Level

Difference




	
Upper Confidence Level

Difference




	
1

	
0

	
1.39946




	
0

	
1.13676




	
0

	
1.66217




	
2

	
−1.3995

	
0




	
−1.6622

	
0




	
−1.1368

	
0
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Table 6. Least square differences (Student’s t) for scenarios 4 and 5.






Table 6. Least square differences (Student’s t) for scenarios 4 and 5.





	
Least Square Mean (visibility of scenario 4 (i))

	
Least Square Mean (Visibility of Scenario 5 (j))




	
Mean(i) – Mean(j)

	
1

	
2




	
Lower Confidence Level Difference




	
Upper Confidence Level Difference




	
1

	
0

	
−0.8709




	
0

	
−2.513




	
0

	
0.77125




	
2

	
0.87089

	
0




	
−0.7713

	
0




	
2.51302

	
0
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Table 7. Least square means differences using Tukey’s honest significant differences for scenarios 6, 7, and 8.






Table 7. Least square means differences using Tukey’s honest significant differences for scenarios 6, 7, and 8.





	
LSMean(i)

	
LSMean[j]




	
Mean(i) – Mean(j)

	
1

	
2

	
3




	
Lower Confidence Level Difference




	
Upper Confidence Level Difference




	
1

	
0

	
−0.3044

	
0.67698




	
0

	
−0.4013

	
0.58008




	
0

	
−0.2075

	
0.77389




	
2

	
0.30442

	
0

	
0.9814




	
0.20751

	
0

	
0.8845




	
0.40133

	
0

	
1.07831




	
3

	
−0.677

	
−0.9814

	
0




	
−0.7739

	
−1.0783

	
0




	
−0.5801

	
−0.8845

	
0
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Table 8. Least square differences (Student’s t) for scenarios 8 and 9.






Table 8. Least square differences (Student’s t) for scenarios 8 and 9.





	
Least Square Mean (visibility of scenario 8 (i))

	
Least Square Mean (Visibility of Scenario 9 (j))




	
Mean(i) − Mean(j)

	
1

	
2




	
Lower Confidence Level Difference




	
Upper Confidence Level Difference




	
1

	
0

	
−0.1405




	
0

	
−0.2722




	
0

	
−0.0089




	
2

	
0.14053

	
0




	
0.00888

	
0




	
0.27217

	
0
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Table 9. Least square differences (Student’s t) for scenarios 11 and 12.






Table 9. Least square differences (Student’s t) for scenarios 11 and 12.





	
Least Square Mean (visibility of scenario 11(i))

	
Least Square Mean (Visibility of Scenario 12(j))




	
Mean(i) – Mean(j)

	
1

	
2




	
Lower Confidence Level Difference




	
Upper Confidence Level Difference




	
1

	
0

	
−0.4985




	
0

	
−0.5654




	
0

	
−0.4316




	
2

	
0.49846

	
0




	
0.43157

	
0




	
0.56536

	
0
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