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Abstract

:

Walking is an important transport mode for sustainable cities, but the usability of pedestrian environments for people with impaired vision is very limited after dark. This study compares the usability of a walkway, operationalized in terms of (i) the pedestrian’s ability to orient themselves and detect infrastructure elements, and (ii) the perceived quality of lighting in the environment (evaluated in terms of the perceived strength quality and perceived comfort quality). The study was performed in a city in southern Sweden, along a pedestrian route where observations and structured interviews had previously been conducted and after an intervention involving installing new lighting systems with LED lights. A mixed method analysis involving participants with impaired vision (N=14) showed that the intervention generally improved the walkway’s usability: observations indicated that the participants’ ability to orientate themselves and detect infrastructure elements increased, and the interviews showed that the intervention increased the perceived strength quality of the lighting along the walkway. However, the effects on the perceived comfort quality were unclear. It is therefore important to carefully evaluate new lighting systems to reduce the risk of creating an inappropriate lighting design that will limit walking after dark by people with impaired vision.
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1. Introduction


Sustainable cities should provide opportunities for all people, including vulnerable groups in society, to access transportation [1]. This includes walking, a transport mode which is known to be beneficial to humans’ health, well-being, social participation, and engagement in the community [2,3,4] while also possibly benefiting the environment by reducing car use [5,6].



Efforts to support walking in urban environments require consideration of pedestrians during planning, design, and maintenance. The accessibility and usability of the built environment has been highlighted in recent decades as an important factor affecting the welfare of people with disabilities and older people in many countries around the world [7,8]. Despite this, the urban built environment continues to impose restrictions on people with diverse impairments, including those with vision impairment, limiting their opportunities for social participation and mobility [9].



1.1. Outdoor Environment and Vision Impaired People


Sweden has a long tradition of regulating the built environment to meet the needs of all citizens, including people with disabilities, as exemplified by the Planning and Building Act of 1987 (Revised 2011) [10]; regulation BFS 2018:4 of the national board of housing, building, and planning (Boverket) [11], and the mandatory provisions and general recommendations of Boverket’s building regulations (BBR). Specific and detailed regulations governing the design of public spaces such as the outdoor environment were introduced at the start of the 21st century (BFS 2003:19 HIN1; BFS 2004:15 ALM1 [12,13]). These regulations have been revised continuously; the latest ones include BFS 2013:9 HIN3 and BFS 2011:5 ALM2 [14,15]. The regulations and general recommendations on the removal of easily eliminated obstacles to and in premises (HIN regulations) govern the rebuilding of the environment to remove existing barriers. These regulations [12,14] state that to support people with vision impairment, “…Lighting where people move around should be even and arranged so that partially sighted people and people with limited mobility can see what the floor surface looks like…”. To achieve this objective, it is necessary to find ways of designing outdoor lighting to be useful to people with vision impairment.



Pedestrians with impaired vision orient themselves using guidelines in the environment, which may be natural (curbs, grass, white lines, walls, etc.) or artificial (guidance surfaces and warning surfaces). They can orient themselves in the environment by using their sight to some degree but often experience problems with balance due to difficulties in surveying their surroundings and perceiving changes along the path [16,17]. To overcome these difficulties, it is important for them to be able to clearly detect features of the environment. Blind people use the long white cane as the primary assistive tool for detection, while the most important environmental features for people with reduced vision are contrast and outdoor lighting. Besides reduced visual acuity, people with vision impairment often have difficulty distinguishing important sounds in noisy environments, and may need to concentrate intensely on the aforementioned details, which may limit their opportunities to take relaxed walks without becoming exhausted and to experience the built and social environments [18,19,20].



In everyday life, walking is the most important mode of transport for people with vision impairment. However, few existing environments comply with current regulations designed to make the built environment accommodate vision-impaired pedestrians. This shortcoming has been highlighted by several studies, which have revealed that the pedestrian environment lacks (among other things) walkways in adequate condition, resting places, crossings, refuges, and street lighting, and both natural and artificial guidelines such as guidance and warning surfaces [9,16,17,18,20,21,22,23]. Key characteristics of walkways that promote equal opportunities for walking in the urban environment for people with vision impairment include accessible, obstacle-free, and smooth surfaces, and readily identifiable, continuous, and unambiguous routes and/or walkways [24,25]. Additionally, features such as curbs/dropped curbs, warning surfaces, tactile guidance paths, and tonal or color contrast between surface materials should be used to meet the needs of pedestrians in this group [17,26]. The surface patterns should be simple because complex patterns can cause disorientation [25,27].



Detailed studies on how such features should be designed to create continuous guiding routes in the pedestrian environment to benefit both blind people and people with reduced vision have been conducted in several countries [16,17,18,20,28,29,30,31]. These findings have been used by working groups within the European Union (CEN/TS278/WG3) [17] and the International Organization for Standardization (ISO/TC 173/WG8) [32] that have been meeting for decades to debate and decide how artificial features of the pedestrian environment such as guidance and warning slabs should be constructed and designed to create effective artificial guiding routes.



The usability of the pedestrian environment for people with vision impairment is further limited by difficulties in detecting environmental barriers or obstructions after dark. During hours of darkness, public outdoor lighting plays an important role in making the urban environment accessible, enhancing visibility, and strengthening the perception of safety among pedestrians [33]. This is important in all countries but is particularly relevant in Northern countries that only have a few hours of daylight during winter. Inadequate outdoor lighting in urban environments has been identified as a risk factor for health and well-being [34] because damaged areas of walkways such as cracks or uneven pavements are major obstacles in darkness [35]. The most common direct risk due to such obstacles is the risk of injuries caused by falling; indirect risks include an increased likelihood that people will avoid going outside and participating in activities that contribute to well-being.




1.2. Outdoor Lighting and Urban Walking


According to the Illuminating Engineering Society of North America (IESNA) lighting handbook [36], outdoor lighting in pedestrian environments should provide good brightness and general comfort while also being perceived as pleasant by pedestrians and facilitating obstacle detection, visual orientation, and facial recognition. Lighting that achieves all these objectives would promote safety, security, and social ease when encountering others. Modern standards such as EN 13201 define minimum average illuminance levels for pedestrian walkways and bicycle tracks, which range from 2 to 15 lux depending on lighting class (The lighting classes are defined based on the characteristics of the expected users of different kinds of roads [37]). Previous studies have also suggested that white light sources improve brightness perception [38,39], visibility of colored targets [40], and perceived safety [39,41] to a greater degree than yellow light sources. However, a recent study on public outdoor lighting found that yellow light is preferred by pedestrians and produces lower levels of light pollution [41].



In Northern European countries in particular, it has been found that whiter or cooler light from light emitting diode (LED) light sources reduces the perceived pleasantness of lighting and its comfort quality [42,43]. Nevertheless, the adoption of modern smart designs and energy-efficient LED light sources could yield annual energy savings of about 41–76% [44]. While these energy savings have attracted considerable interest [43], research on the impact of a transition to LED-based lighting applications has primarily focused on energy reduction and the environment rather than users’ experiences of such lighting. Consequently, there is a clear need to better evaluate the impact of introducing such outdoor lighting on different user groups, and particularly vision-impaired people, who are most affected by the perceived quality of the lit environment [33]. Previous studies on users’ experiences of outdoor lighting have primarily focused on the general population without considering the needs of people with vision impairment [39,40,45]. While previous studies on walking have considered vision-impaired and elderly pedestrians to some extent, most such studies have been conducted primarily under daylight conditions [3,46].



Consequently, there is a research gap relating to how the interaction between outdoor lighting and the urban environment supports a secure and safe walking experience, which is extremely important for vision-impaired pedestrians [47]. A key requirement for a secure and safe walking experience during hours of darkness is that pedestrians must be able to orientate themselves in the pedestrian environment and detect its features. An additional knowledge gap relates to the impact of LED lighting, which has only been tested on the general population [43], mostly in laboratory environments [45,48]. Additionally, only a few studies have taken users’ perceptions and experiences of the new light sources into account [49]. Thus, to the best of the authors’ knowledge, no studies on the impact of different outdoor lighting systems on people with vision impairment have been performed in real urban settings. To support a transition to energy-efficient light sources while still upholding the goals of equity, accessibility, and usability for pedestrians with different needs, there is a need for knowledge that will enable the design of energy-efficient lighting systems that strengthen the quality of the walking environment. This study provides such knowledge by clarifying the influence of public outdoor lighting on walking by vision-impaired pedestrians.




1.3. Conceptual Framework


Walking has been defined as a dynamic and highly transformative activity that is shaped by the individual through the interplay of external and internal factors [50]. This interplay in turn forms the walking experience [51]. The analysis presented here builds on the Human–Environment Interaction (HEI) model [52] and the operationalized version of this model for walking in urban neighborhoods by people with disabilities [53].



The operationalized model treats the experienced usability of the urban environment for walking as an interplay between the activity to be performed (i.e., walking), the setting’s physical and social characteristics (external factors), and the characteristics and needs of individuals with disabilities (internal factors). More specifically, the operationalized model posits that four dimensions are involved in the interaction. The activity dimension in this case is walking along an urban pedestrian path after dark. This activity is considered in relation to the physical environment dimension, which is conceptualized as consisting of molecular aspects (individual micro-level infrastructure elements such as surface materials and their quality, crossing design, light sources, landmarks, signs, etc.) and molar aspects that relate to the way in which individual molecular aspects coexist within the overall environmental setting.



The social environment dimension relates to the social situation, which is associated with the perceived safety of the environment. The individual resources dimension relates to the characteristics of the individual—in this case, pedestrians with vision impairment. These four dimensions, through a basic emotional process, constitute the foundation of individuals’ response to their environment and its outcomes; the outcomes of interest in this work were those relating to the perceived usability of a pedestrian environment. The study presented here focuses on how the environmental characteristics of outdoor lighting applications influence the usability of the pedestrian environment (specifically, a walkway) for people with vision impairment. Usability is here operationalized as the ability to orientate oneself and detect features along the walkway after dark, and the perceived quality of the lit environment. The latter is considered to be defined by i) the perceived strength of the lighting, evaluated in terms of perceived brightness; and ii) the perceived comfort quality of the lighting, which relates to its pleasantness, softness, and hedonic tone, which was previously shown to be important to the walking experience after dark [42].




1.4. Aim


The study’s overarching aim was to determine whether (and to what extent) an intervention that focused on improving outdoor lighting could support urban walking for people with vision impairment. More specifically, the study aimed to investigate the usability of a walkway, operationalized as:




	
The ability for vision-impaired pedestrians to orientate themselves and detect infrastructure elements in the walking environment;



	
The perception of the lighting applications in terms of the perceived strength and comfort quality of the light.










2. Materials and Methods


2.1. Study Context and Setting


This study was conducted as a pilot study in an interdisciplinary cooperation between researchers specializing in environmental psychology and traffic planning. These disciplines both hold that the environmental setting and its features have important effects on individuals’ experiences of an environment when engaging in activities such as urban walking. The study was implemented as a before–after study designed to evaluate the impact of an outdoor lighting intervention on urban walking among people with vision impairment.



The study was conducted in a neighborhood in a suburban residential area of a city with about 340,000 inhabitants in southern Sweden. The neighborhood is dominated by a number of 4–6 story free residential buildings that line the streets and were mostly built during the 1950s. It also has a few street-level commercial premises. The test site included typical features of the physical environment in such neighborhoods, including entrances to residential buildings and shops, intersections, pedestrian crossings, pavements, pedestrian paths, greenery, and landmarks. The type and locations of its outdoor lighting units were also typical of those found in such neighborhoods. According to the criteria of Persson [54], the neighborhood’s street network is semi-integrated. The test site was chosen based on expert evaluations and the fact that the municipal authority was willing to revise the area’s outdoor lighting based on an assessment of the existing lighting.




2.2. The Test Route


The test route was about 500 meters long. It began on a pavement at the intersection of a four-lane street with a controlled pedestrian crossing and continued along a pedestrian path passing through an area with a lawn. It then extended over a pavement running alongside a parking area, a number of apartment buildings, a public primary school, and a grocery shop. It ended after a new intersection with an uncontrolled pedestrian crossing.



The pedestrian path featured both natural and artificial guidance surfaces, as well as warning surfaces indicating a cycle path and street crossings; the surface materials included asphalt, concrete slabs, gravel, cobblestones, and brick tiles. The route was divided into 5 sub-routes (A–E; see Figure 1) with different physical characteristics (i.e., shape, pavement materials, surroundings) and lighting types; each route was between 50 and 150 meters long. Each sub-route was further divided into one or more parts depending on its existing lighting units and/or environmental characteristics.




2.3. Outdoor Lighting Intervention


The lighting intervention was implemented by the city’s Traffic and Property Management Department [56] and based on preliminary findings about the participants’ responses to the existing lighting prior to the intervention (i.e., the positive responses to the warm white lighting with regard to lighting quality). The intervention in all instances adhered to the Swedish Transport Administration’s street and road design guide (vägar och gators utformning, VGU a document developed in accordance with the Swedish laws and regulations to guide city planners in the planning of outdoor environments). The intervention was also based on past experiences with street lighting within the city (e.g., lighting units, lighting types, and users in similar areas), practical feasibility and the available budget.



One of the main purposes of the intervention was to provide evenly distributed illumination, which is considered crucial for the mobility of people with vision impairment [18,20]. The intervention involved replacing the existing lighting along sub-routes C and D by removing old high-pressure sodium lamps (80 watt) and installing new LED lamps (83 watt). The old lamps had a Correlated Color Temperature (CCT) of about 1900 Kelvin (K) and a Color Rendering Index (CRI) of Ra8.4, while the LED replacements have a CCT of 3000 K and a CRI of about Ra84. The LED lamps were placed on the existing poles and the luminaire overhang was increased to 2.50 m. In sub-route A, three additional LED lamps were hung along a gravel section (A.2). The original LED lights (LED lamps, 75 watt with a CCT of 3000 Kelvin and CRI of Ra75) along sub-route B were kept but were raised to a height of around 5 meters to reduce glare. For sub-route E, we decided to keep the existing lighting units (HPS lamps, 80 watt, with a CCT of 1900 K and a CRI of Ra8.4) as a reference.



Figure 2 shows the outdoor lighting for sub-routes A–E before and after the intervention. Measurements of horizontal illuminance along each sub-route were conducted by the researchers (P.M.; T.L.). Before the intervention, the average horizontal illuminance (Eh) value on the ground was highest along sub-route B (26.9 lux); the average Eh values for the other sub-routes ranged from 0 to 22.05 lux. The intervention increased the average Eh values of sub-routes A–D to between 6.41 and 35.42 lux; again, sub-route B had the highest illuminance. The average Eh values for sub-route E before and after the intervention were rather similar. The properties of the lighting units before and after the intervention are summarized in Table 1.




2.4. Participants


Participants were recruited by the traffic planning researchers (M.A.; A.S.) as a snowball sample, in cooperation with organizations for people with impaired vision in the Scania region of Sweden. The intention with the sample was to give a broad picture of vision-impaired pedestrians and their possibilities to move around by themselves in the environment without any technical aids. Detailed information about the study was sent to individuals who expressed interest in participating; they were also informed that participation was voluntary and that they could withdraw at any time without giving any reason and/or suffering any consequence. Participants were given more detailed information by phone before giving their final agreement to participate by signing an informed consent form.



The sample consisted of 17 individuals (12 males and 5 females, with a mean age of 57 years) with different types and causes of vision impairment, who agreed to participate in the study before the lighting intervention in 2016. After the intervention, three participants dropped out of the study due to personal or external factors. The final sample thus comprised 14 individuals (11 male and 3 female) with ages ranging from 17 to 72 years (mean: 52 years). Six of the participants reported having vision impairment since birth, 2 since childhood, and 6 said they had had their impairment for between 6 and 17 years. The causes of the impairment varied, but all participants stated that the degree of their impairment caused difficulties when walking outdoors in darkness. No participants used a long white cane; one participant reported hearing impairment; all participants walked outdoors in daylight but not very much in darkness. In particular, they avoided walking alone or in unfamiliar areas.




2.5. Data Collection


A mixed methods approach [57] was used for data collection: observations were made using a structured study-specific form, and structured interviews were conducted with the participants. The focus was on infrastructure elements and the physical environment dimension of the operationalized HEI model.



2.5.1. Observation


To characterize molecular aspects of the environment, traffic planning researchers have developed techniques for capturing the usability of a walking environment [26,58] based on a detailed and meticulous place-specific protocol for evaluating possible human–environment interactions occurring in place. The observation protocol was developed by experts in the field of accessibility/usability in infrastructure settings and captures all features of the walking environment. It is used to evaluate the presence and quality of certain infrastructure elements and to observe how people with different physical abilities cope with these elements in the environment, i.e., to assess the environment’s usability [58].



For the purposes of this study, the protocol relating to the molecular aspects of the physical environment dimension was adapted to specifically capture the orientation and detection of infrastructure elements with important effects on the test route’s usability for people with vision impairment. The observation protocol was place-specific and was developed by performing the following steps:




	
Experts in accessibility/usability issues conducted an inspection walk along the test route to detect and record all infrastructure elements that might affect the safety and security of walking for the group of pedestrians in focus, i.e., people with vision impairment [11,15,59].



	
Based on these records, a form-based protocol was developed in which each important element in the environment was treated as a specific item that was assessed in terms of orientation or detection: for each item, the observer enters a “Yes” on the form if the participant either orally expresses noticing it or is clearly seen to register it. Otherwise, the observer enters a “No” for the item.



	
The protocol was validated by two external accessibility experts and then evaluated in a pilot test involving two persons with vision impairment, who walked along the test route and gave important comments that prompted some changes to the protocol.








The observation process of the final protocol featured 226 items in total along the five sub-routes, 91 of which were assessed with respect to orientation and 135 of which were assessed with respect to detection (Table 2).




2.5.2. Structured Interview


Interviews were conducted using the Perceived Lighting Quality (POLQ) instrument [42] to assess the participants’ perceptions of the outdoor lighting. This instrument is an observer-based environmental assessment tool designed for the assessment of outdoor lighting, and is based on the work of Küller and Wetterberg [60,61]. It uses semantic differentials with a five-point scale (ranging from 1 to 5) to capture individuals’ perceptions of outdoor lighting in the terms of the Perceived Strength Quality (PSQ) and Perceived Comfort Quality (PCQ). PSQ is evaluated using the bipolar adjective pairs: Subdued–Brilliant, Weak–Strong, Dark–Light, Unfocused–Focused, and Drab–Clear, while PCQ is evaluated using the adjective pairs: Hard–Soft, Warm–Cool, Unnatural–Natural, Glaring–Shaded, and Sharp–Mild. Additionally, the adjective pairs: Unevenly distributed–Evenly distributed and Flicker–No flicker were used separately to capture perceptions of lighting. The participants were also asked “How well could you see under the lighting along this route?”, which was answered on a five point scale ranging from “Bad” to “Good”. To evaluate participants’ experiences of walking along the route, the participants were also asked “Where did you look when you walked along this route”? Three responses were possible for this question: “Down, close to my feet”, “Down and ahead”, and “Far ahead”. The interview questions were developed based on past research experience [18,42].





2.6. Procedure


Data were collected on two occasions, first before the intervention in the autumn/winter of 2016/2017 and then after the intervention in the autumn/winter of 2017/2018. In both cases, data were collected in the evening between 18:30 and 20:00 by an observer (P.M.) and an assistant. On each data collection evening, one participant visited the area. The weather was generally calm but on some occasions it was slightly windy or there was light precipitation. The temperature was between −4 and 14 °C. None of the participants had walked the route before, and only a few of them were familiar with the area.



On arriving, the participant was first informed about the schedule for the test evening. The participant then took an introductory walk with the observer and the assistant. During this walk, the observer pointed out the different environmental features along the route that were included in the observational study, along with the different surroundings of the route. This was done because the environment was unfamiliar to the participant and because people with vision impairment rarely walk alone in unfamiliar areas before having them described. The participant was also able to ask questions before starting the test walk.



During the test walk, the observer registered in the protocol whether or not the items were identified by the participants. This was done in two ways: (i) what the observer actually observed to capture how the participant walked and oriented him or herself, and if or how s/he detected the infrastructure elements classified as observation items in the protocol; and (ii) what the participants orally informed on what element they noticed and commented on while walking. The observer followed the participant, watching and listening to the participant, and filled the protocol. The assistant walked beside the participant for safety reasons. The participant was asked to stop at the end of each sub-route for an interview about his/her perception of the lighting quality.




2.7. Data Treatment and Analysis


Before the analysis, each observation item was categorized as either an orientation item or a detection item (see Table 3) by two of the authors (M.A.; A.S.) who have expertise in accessibility and usability. Additionally, the items were assigned values of 0, +1, or +2 based on their perceived importance for safe and secure walking for people with vision impairment. All orientation items were assigned values of +1. Conversely, detection items were assigned different values reflecting their perceived importance for safe and secure walking. Items whose detection was considered “very important” were assigned a value of +2; such items included “Detect warning surface”, “Detect white line indicating boundary of bicycle path”, “Notice end of walkway”, “Notice driveway to garage to the left”. Items considered “important” were assigned values of +1; such items included “Notice end of white line”, “Detect building entrances”, and “Detect bicycle parking”. Items considered merely “beneficial” for safe and secure walking were assigned values of 0; these items included “Notice car park ticket machine to the right” and “Notice concrete pavement”. (For the complete coding list, see Appendix A).



Of all 226 items, a total of 21 items were discarded because (i) the items were rather inconsequential considering the overall data analysis, or (ii) environmental elements corresponding to the items were changed or removed after the intervention (see Appendix A). The observation data were then summarized stepwise (by M.A.; A.S.) by multiplying the number of participants by the numbers of observation items associated with different groups of sub-routes (Table 3). Summarizations were performed in this way for each sub-route individually and for sub-routes A to D together (i.e., the entire route over which the lighting intervention was implemented), first by summarizing all items together (i.e., both orientation and detection items), then by summarizing the orientation and detection items separately, and finally by summarizing the detection items assigned values of +2, +1, and 0 separately. The statistical significance of differences in the summed scores before and after the intervention was evaluated using McNemar’s Chi-squared test.



The interview data on perceived lighting quality were analyzed using Wilcoxon signed rank tests to test for differences before and after the lighting intervention. The data were first analyzed at an aggregated level, i.e., in terms of (i) Perceived Strength Quality (PSQ) and (ii) Perceived Comfort Quality (PCQ). The data were also analyzed based on the bipolar adjectives corresponding to PSQ and PCQ separately. Pearson’s Chi squared test was used to analyze the data on where the participants looked during the walk and to determine whether it differed before and after the lighting intervention. As for the observation data, analyses of the interview data were performed for each sub-route individually and for sub-routes A–D as a combined route.



All statistical analyses were performed using IBM SPSS Statistics 24 software. In addition, test values for McNemar’s Chi squared test were calculated using a formula [62]. Calculations were also made for effect sizes of Wilcoxon signed rank tests [63]. These calculations were performed separately because they were not included in the SPSS outputs.




2.8. Ethical Considerations


Before the study was conducted, ethical approval was sought from and granted by the Regional Committee for Research Ethics in Lund.





3. Results


3.1. The Impact of the Lighting Intervention for Sub-routes A,B,C,D


3.1.1. Observation Data


The lighting intervention increased the overall usability of the environment along sub-routes A to D: analyses using McNemar’s Chi squared test (Table 4) showed that the intervention significantly increased the participants’ ability to orientate themselves and detect different infrastructure elements along the entire route.



The lighting intervention caused no statistically significant change in the participants’ ability to orientate themselves. However, it did significantly increase their ability to detect infrastructure elements. There was no significant change in the detection of elements categorized as “very important” (i.e., those assigned a value of +2) or “beneficial” (value 0) for safe and secure walking, while there was a significant increase in detection of elements categorized as important (value +1) after the intervention.



Analyses of the individual sub-routes revealed that the intervention increased the participants’ ability to orientate themselves in the middle of the walkway and make a left turn when walking along the gravel path after crossing the street on sub-route A (A.2): X2(1) = 5.14, p < 0.05 (2-sided). The odds ratio in this case was infinite, and ‘Yes’ scores before and after the intervention were 18 (64.3%) and 25 (89.3%), respectively. A similar result was obtained for sub-route D: the intervention significantly increased the participants’ ability to orientate themselves in the middle of the walkway: (X2(1) = 9.19, p < 0.005 (2-sided), odds ratio = 3.74, score = 105 (53.6%) before the intervention and 131 (66.8%) after. This was achieved at the expense of orientation along grassy edges, curbs, hedges, and railings, for which X2(1) = 7.68, p < 0.01 (2-sided), odds ratio = 3.40, and the score was 100 (47.6%) before the intervention and only 75 (35.7%) afterwards. Likewise, the intervention increased the participants’ detection of infrastructure elements along sub-route D: X2(1) = 34.59, p < 0.001 (2-sided), odds ratio = 5.28, and the score increased from 428 (49.3%) to 526 (60.6%). The change was particularly pronounced for the elements regarded as “important” (value +1): X2(1) = 28.94, p < 0.001 (2-sided), odds ratio = 4.33, score 197 (46.9%) before the intervention and 263 (62.6%) afterwards.



Along sub-route A, the intervention strongly increased the participants’ ability to detect the white lines at the island when crossing the street, raising the score for this element from 1 (3.6%) to 10 (35.7%): X2(1) = 5.82, p < 0.05 (2-sided), odds ratio = 0. Additionally, the intervention increased the ability to detect the lighting poles along sub-route B, raising the score for this element from 37 (66.1%) to 47 (83.9%): X2(1) = 4.05, p < 0.05 (2-sided), odds ratio = 1.71. Other items exhibiting significant score increases after the intervention were the ability to notice entrances to apartment buildings and to detect bicycle parking areas along sub-route D. The score for the former item went from 73 (47.4%) to 106 (68.8%): X2(1) = 16.79, p < 0.001 (2-sided), odds ratio = 3.05, while the score for the latter item went from 72 (46.8%) to 99 (64.3%): X2(1) = 14.38, p < 0.001 (2-sided), odds ratio = 7.54.




3.1.2. Interview Data


Table 5 shows the POLQ results and the outcomes of Wilcoxon signed rank tests for sub-routes A–D. The Perceived Strength Quality (PSQ) of the lighting and the scores for each of the five PSQ items (i.e., Brilliant, Light, Strong, Focused, Clear) were found to increase after the intervention. However, the intervention had no significant effect on the Perceived Comfort Quality (PCQ). The intervention also increased the score for the “evenly distributed” item and improved the participants’ experience in terms of how well they could see along the route.



The intervention significantly increased the PSQ along sub-routes A, B, and D. In the case of sub-route A, Mdn rose from 2.00 to 3.80; Z = 2.59, p < 0.01 (2-tailed), r = 0.51. For sub-route B, Mdn rose from 3.60 to 4.00; Z = 2.04, p < 0.05 (2-tailed), r = 0.40. For sub-route D, Mdn increased from 2.40 to 3.50; Z = 2.81, p < 0.01 (2-tailed), r = 0.53. Additionally, the “evenly distributed” item scores increased significantly for sub-routes A, C, and D. For sub-route A, the intervention raised the Mdn for this item from 3.00 to 4.00; Z = 2.12, p < 0.05 (2-tailed), r = 0.40. For sub-route C, Mdn rose from 1.00 to 3.50; Z = 2.12, p < 0.01 (2-tailed), r = 0.52. For sub-route D, Mdn rose from 1.50 to 4.00; Z = 2.54, p < 0.05 (2-tailed), r = 0.48. The scores for the participants’ experience in terms of how well they could see along the route also increased significantly after the intervention for all four sub-routes. For sub-route A, Mdn rose from 2.00 to 4.00; Z = 3.00, p < 0.005 (2-tailed), r = 0.57. For sub-route B, Mdn rose from 4.00 to 4.75; Z = 2.44, p < 0.05 (2-tailed), r = 0.46. For sub-route C, Mdn rose from 2.00 to 4.00; Z = 3.36, p < 0.005 (2-tailed), r = 0.64. For sub-route D, Mdn rose from 2.00 to 3.50; Z = 3.00, p < 0.005 (2-tailed), r = 0.57).



When analyzing where the participants looked during the walk before and after the intervention, the scores for “looked downwards and ahead” and “looked ahead” for sub-routes A–D collectively rose from 23 to 25 and from 9 to 13, respectively, while the score for “looked down, close to my feet” fell from 22 to 15. A similar pattern was found for each of the four sub-routes. These changes were not statistically significant: X2(2, n = 107) = 2.13, p = 0.345 (2-sided), Cramer’s V = 0.141.





3.2. Reference Area (sub-route E)


3.2.1. Observation Data


For the reference area (sub-route E), McNemar’s Chi-squared tests indicated that there was no significant difference in the participants’ ability to orientate themselves and detect different infrastructure elements along this sub-route after the intervention (Table 6).




3.2.2. Interview Data


The Wilcoxon signed rank test revealed that the participants’ perception of the lighting quality in the reference area after the intervention differed significantly from that before the intervention (Table 7): the PSQ scores decreased significantly, but the PCQ scores increased significantly. The values for three PSQ items (Light, Focused, and Clear) decreased significantly after the intervention, while the values of two PCQ items (Warm and Shaded) increased significantly. Additionally, there was a decrease in the scores for how well participants experienced that they could see under the lighting along the sub-route.



There was no significant change in where the participants looked while walking along sub-route E: X2(2, n = 28) = 0.19, p = 0.910 (2-sided), Cramer’s V = 0.082. Of 14 participants, the score for “looked down, close to my feet” was 4 before the intervention and 5 afterwards; the corresponding values for “looked down and ahead” were 7 and 6, while those for “looked ahead” were 3 on both occasions.






4. Discussion


This study investigated the impact of an outdoor lighting intervention on urban walking for people with impaired vision. Uniquely among studies of this kind, it was conducted in a real-world environment rather than a laboratory [3,45,46]. The intervention’s overall effect was positive because it increased the usability of the walkway over which it was implemented by increasing users’ ability to orientate themselves and detect infrastructure elements in the pedestrian environment.



More specifically, the study showed that after the installation of the new lighting, pedestrians with impaired vision were better able to detect details of the environment. The intervention involved multiple measures, including adding new LED lamps (along sub-route A: A.2), replacing HPS lamps with LED ones with a longer luminaire overhang of 2.50 meters (along sub-routes C and D), and increasing the mounting height of existing LED lamps (along sub-route B). Consequently, the results obtained cannot be attributed exclusively to the introduction of LED lighting. The participants experienced the changes to be beneficial because they increased the Perceived Strength Quality (PSQ) of the lighting along the route and resulted in a more positive experience when walking along the route, which is encouraging. Taken together, these results indicate that the lighting intervention improved the usability of the urban pedestrian environment by increasing the ability of individuals with impaired vision to orientate themselves and detect infrastructure elements, and also by increasing the perceived lighting quality of the pedestrian environment to some extent.



A pleasing outcome of the intervention is that the participants’ ability to orientate themselves and detect environmental features increased strongly along the two sub-routes where new lighting units have been applied (A and D), resulting in both higher total scores for the observation items and increases in scores for particularly important individual items. Specifically, the participants’ ability to detect infrastructure elements considered important for safe and secure walking (i.e., items assigned importance values of +1) exhibited the strongest increases. For example, the intervention significantly increased the participants’ ability to detect the white lines at the island in the middle of the road (i.e., the contrast markings) in sub-route A, which is very important for safe crossing. Additionally, there were significant improvements in the detection of building entrances and bicycle parking areas along sub-route D. The intervention also caused the participants to orientate themselves differently in terms of where on the pavement they walked and where they were looking while walking along sub-routes A and D.



The increased ability for vision-impaired pedestrians to orientate themselves and detect infrastructure elements in the pedestrian environment was confirmed by the results of the structured interviews which showed that the participants experienced that the lighting was more evenly distributed along the sub-routes with new LED lighting. This is particularly important because people with vision impairment often refer to uneven lighting as a major barrier [18,29]. The importance of evenly distributed light is also stressed by Swedish legislation and recommendations [11,15,59]. After the intervention, participants had a greater tendency to look ahead while walking rather than focusing on their feet, which may indicate that the improved lighting enabled pedestrians with impaired vision to have more relaxed and less tiring walks. The importance of this was highlighted by previous studies [19,21,25]. However, this change was not statistically significant.



Taken together, the results of the observations and the structured interviews indicate that it is possible to improve the ability of people with vision impairment to move around outdoors during hours of darkness by implementing measures beneficial to all pedestrians. It should be noted that the intervention was not restricted to replacing and adding light sources. For example, along sub-routes B and D, the mounting height of the streetlights and the luminaire overhang were increased, respectively. As a result of these changes, participants became more able to detect details of the environment such as lampposts, entrances to apartment buildings, and bicycle parking areas along these sub-routes. In addition, the participants reported that the intervention improved their ability to see while walking along these sub-routes. This suggests that when planning for outdoor lighting in an environment, it is important to apply a combination of changes based on consideration of the environment’s molecular aspects to create a supportive environment (i.e., one with favorable molar aspects) rather than focusing on a single solution.



The results presented here also raise some questions about the benefits of LED lighting. Along sub-routes with newly installed LED lights, participants experienced a greater perceived strength quality and a more even distribution of light, and also reported that they could see better. However, there was no corresponding increase in lighting quality in terms of perceived comfort along any of the sub-routes. Interestingly, the perceived comfort quality of the lighting from HPS lamps on sub-route E was significantly higher after the intervention even though the lighting units of this sub-route were left unchanged. However, the perceived strength quality of the lighting on this sub-route was significantly lower than it was before the intervention, and the participants reported that their ability to see was reduced. These findings are interesting because they suggest that participants may have responded more favorably to the lighting on sub-route E than to the LED lighting on the preceding sub-routes, and that the yellow light (with a CCT of about 1,900 K) of the HPS lamps may have provided more perceived comfort quality than the white light (with a CCT of 3,000 K) from the LED lamps. Similar results showing a mismatch between perceived strength quality and perceived comfort quality have been reported for pedestrians without vision impairment [45].



These findings also indicate that differences in illuminance level and color temperature can strongly affect the perception of lighting quality in areas with combined outdoor lighting. This is important when planning for a usable pedestrian environment and particularly for people with vision impairment, because it suggests that any analysis of the possible types of lighting in an area where new outdoor lighting designs are to be introduced should be combined with a similar analysis of nearby areas. This is because the eyes usually take time to adapt, especially to darker lighting conditions, and this process is slower among people with impaired vision [64].



The study design based on within-subject analysis and mixed methods proved to be sufficiently sensitive to capture variations in the behavior (i.e., orientation and detection) of people with vision impairment while walking alone in an urban environment [57]. The intention with this study was to give a broad picture of people with vision impairment and how improved outdoor lighting may impact their perception and real possibilities to move around after dark. A small sample may limit the possibility to generalize from the obtained results. Further studies including a larger sample, with a particular focus on different causes or diagnoses, would thus be desirable. Additionally, the mixed methods approach strengthened the study’s findings because the results of the structured interviews clarified and shed further light on the observational results. Several aspects of the study’s design merit some discussion—notably, the fact that it was conducted in real urban environments during hours of darkness, using a specific protocol. A major strength of this work is that it was conducted along a route with diverse environmental characteristics and lighting design considerations. It is challenging to make observations during hours of darkness, but all of the authors have extensive experiences with study designs of this type, and the researcher who conducted the observations (P.M.) was given training by highly experienced accessibility advisors both in daylight and in darkness in the study area before the study began. Furthermore, the study protocol was designed by two accessibility experts (M.A.; A.S.) and tested by two external accessibility experts. It can therefore be considered valid and reliable. Importantly, it encompasses the environmental aspects and features regulated by Swedish Building Law and the regulations for rebuilding public areas [59,65]. The study design and methods used in this work may thus be generally applicable in assessments of pedestrian environments having both uniform lighting systems and mixed lighting systems.




5. Conclusions


This study showed that improved outdoor lighting can increase the usability of the pedestrian environment and thereby support urban walking after dark for people with vision impairment. It is essential that such lighting was perceived as providing sufficient strength quality and being evenly distributed in the pedestrian environment. It was found that LED outdoor lighting applications support urban walking by people with vision impairment by improving the usability of the pedestrian environment. However, the introduction of LED lights did not improve the comfort quality of the studied area’s lighting, suggesting that there is a need to find ways to improve in this respect and to better support the ability of vision-impaired pedestrians to detect details of the walking environment that may be crucial for secure and safe walking. Therefore, during the ongoing transition to LED light sources for outdoor applications on larger scales, it is important to ensure that new lighting systems and implementations are tested to confirm that they adequately support the usability of pedestrian environments so as to reduce the risk of inappropriate lighting design. A combination of changes based on the molecular aspects of the environment should also be taken into consideration to create a supportive environment that provides opportunities for the pedestrians to take relaxed walks without becoming exhausted and thereby increasing their mobility. In urban environments with many different types of pedestrians and road users, it is important for public lighting systems to support all users to the greatest degree possible.
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Appendix A


	
Orientation items assigned value +1:



For sub-route A “Walk in the middle of walkway”, “Turn 45 degrees left with help of guidance surface”, “Turn 90 degrees left”; For sub-route B “Walk in the middle of walkway”, “Turn 180 degree”; For sub-route C “Walk in the middle of walkway”, “Walk along curbs/edges of walkway”, “Turn 90 degrees left”, “Turn 90 degrees right”; For sub-route D “Walk in the middle of walkway”, “Walk along curbs, near the road”, “Walk near grassy edges, hedges, and railing, close to the buildings”, “Turn 90 degrees left”; For sub-route E “Walk on the walkway”, “Walk along, near the road”, “Walk near grassy edges, close to the buildings”, “Turn 90 degrees left”



	
Detection items assigned a value of +2:



For sub-route A “Detect guidance surfaces”, “Detect warning surfaces”, “Detect edges of traffic island”, “Detect white line for the edges”, “Detect bicycle path via warning surfaces”, “Detect benches”; For sub-route B “Detect unevenness on walkway”, “Detect white line indicating boundary of bicycle path”; For sub-route C “Notice end of walkway”, “Detect cobblestone pavement”, “Hit parked cars”; For sub-route D “Detect cobblestone pavement”, “Notice changes in pavement materials”, “Notice speed bump and manhole cover”, “Detect sign posts on walkway”, “Detect sign posts to the right”, “Notice driveways to garage to the left”, “Notice pedestrian crossing”, “Notice parking spot to the left”; For route E “Detect lamp posts on walkway”, “Notice driveway to garage to the left”, Notice no step before and after pedestrian crossing”, “Detect cobblestone pavement and manhole cover”, Detect grass to the right”.



	
Detection items assigned a value of +1:



For sub-route A “Detect guidance surfaces”, “Notice end of white line”, “Notice bench”, Notice change in surface material to gravel”, “Notice outdoor lighting on the walkway nearby”; For sub-route B “Notice change in surface material to asphalt”; For sub-route C “Notice change in surface material to asphalt”, “Notice hedge, bicycle parking and fence”, Detect lamp post on walkway”; For sub-route D “Detect building entrances”, “Detect bicycle parking”, “Detect basement entrances”, “Detect sign posts on walkway”, “Notice grocery shop and shopfront”, “Notice vent pipe, pole, stone, soil surface newspaper box and mail box”; For sub-route E “Notice electrical cabinet on walkway”.



	
Detection items assigned a value of 0:



For sub-route A “Notice concrete pavement and pole”, “Notice lamp posts”, Notice car park ticket machine to the right”; For sub-route B “Notice lamp posts to the right”, “Notice hedge to the right”; For sub-route C “Detect sign post to the left”, Notice white door and tree”; For sub-route D “Notice poles and sign posts to the left”, “Notice electrical cabinet and newspaper box”, “Notice walkway to the left”; For sub-route E “Notice concrete pavement”.



	
Discarded items:



For sub-route A “Walk along edges on the left/right”, “Wiggle”; “Cross the street”, “Use the control panel”, “Listen to the sound signal”, “Detect white line far ahead”, “Detect unevenness on the walkway”, “Cope with the unevenness”, “Notice commercial sign”; For sub-route B “walk along edges to the left/right”, “Wiggle”; For sub-route E “Cross the road”.
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Figure 1. Illustration of test route and sub-routes as well as stops for interviews (modified from the source [55]). 
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Figure 2. Photos illustrating the outdoor lighting for sub-routes A–E before and after the intervention. Photos: M.A.; P.M. (a) Sub-route A before the intervention; (b) sub-route A after the intervention; (c) sub-route B before the intervention; (d) sub-route B after the intervention; (e) sub-route C before the intervention; (f) sub-route C after the intervention; (g) sub-route D before the intervention; (h) sub-route D after the intervention; (i) sub-route E before the intervention; (j) sub-route E after the intervention. 






Figure 2. Photos illustrating the outdoor lighting for sub-routes A–E before and after the intervention. Photos: M.A.; P.M. (a) Sub-route A before the intervention; (b) sub-route A after the intervention; (c) sub-route B before the intervention; (d) sub-route B after the intervention; (e) sub-route C before the intervention; (f) sub-route C after the intervention; (g) sub-route D before the intervention; (h) sub-route D after the intervention; (i) sub-route E before the intervention; (j) sub-route E after the intervention.
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Table 1. Lighting units along the test-route before and after the intervention.






Table 1. Lighting units along the test-route before and after the intervention.





	
Sub-Route

	
Before Intervention

	
After Intervention




	
Ehavg. at Ground Level

	
Ehmin. at Ground Level

	
Main Light Source

	
Placement

	
Mounting Height

	
Luminaire Overhang

	
Ehavg. at Ground Level

	
Ehmin. at Ground Level

	
Main Light Source

	
Placement

	
Mounting Height

	
Luminaire Overhang






	
A

A.1

A.2

	
6.30 lux

4.08 lux

	
1.20 lux

1.60 lux

	
HPS lamps

	
The lamps hung over the main street

	
8.00 m

	
-

	
19.39 lux

23.10 lux

	
0.00 lux

16.00 lux

	
3 LED lamps (A.2)

	
Hang over walkway (A.2)

	
8.00 m

	
-




	
B1

	
26.59 lux

	
4.50 lux

	
4 LED lamps

	
The lamp’s poles were along the right side of the path

	
4.50 m

	
0.00 m

	
35.42 lux

	
10.00 lux

	
4 LED lamps

	
As before

	
5.00 m

	
0.00 m




	
C

C.1

C.2

C.3

C.4

	
22.05 lux

1.73 lux

8.73 lux

0.00 lux

	
0.00 lux

1.60 lux

8.50 lux

0.00 lux

	
1 HPS lamps

	
The lamp’s pole was on the sidewalk (C.3)

	
8.00 m

	
0.00 m

	
27.73 lux

20.67 lux

23.33 lux

9.97 lux

	
14.00 lux

19.00 lux

20.00 lux

9.40 lux

	
1 LED lamp

	
As before

	
8.00 m

	
2.50 m




	
D

D.1

D.2

	
0.74 lux

2.29 lux

	
0.00 lux

0.00 lux

	
2 HPS lamps

7 HPS lamps

	
The lamp’s poles were along the sidewalk on the other side of the road

	
8.00 m

	
0.00 m

	
6.41 lux

16.94 lux

	
0.00 lux

3.00 lux

	
2 LED lamps

7 LED lamps

	
As before

	
8.00 m

	
2.50 m




	
E

E.1

E.2

	
5.07 lux

9.46 lux

	
0.00 lux

3.80 lux

	
3 HPS lamp

1 HPS lamp

	
The lamp’s pole was on the sidewalk

	
8.00 m

	
0.00 m

	
4.63 lux

6.48 lux

	
0.00 lux

5.00 lux

	
The lights present before the intervention were left in place.








1 The light sources were not changed during the intervention but were raised to a height of around 5 m.
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Table 2. Description of sub-routes and number of observation items.






Table 2. Description of sub-routes and number of observation items.












	Route
	Description of the Environment
	No. of Items
	Items Assessed for Orientation
	Items Assess for Detection





	Sub-route A
	Pavement with asphalt surface separated from the bicycle path by a white line; bench to the left; artificial guidance and warning surfaces on both sides of an intersecting bicycle path; controlled crossing with an island (A.1); pedestrian path with gravel surrounded by grass on both sides (A.2)
	52
	12
	40



	Sub-route B
	Pedestrian path with asphalt surrounded by grass on both sides
	13
	5
	8



	Sub-route C
	Pedestrian path with an asphalt surface with grass on the left side, separated from a bicycle path by a white line (C.1); left turn, walkway with concrete slabs, bicycle parking to the left (C.2); right turn, pavement with cobblestones followed by asphalt (C.3); right turn, pavement with concrete slabs followed by brick tiles (C.4)
	29
	17
	12



	Sub-route D
	Pavement with brick tiles; street to the right with parked cars along the whole street; entrances, bicycle parking, and plantings with edge supports along the pavement (D.1); left turn, pavement with brick tiles; street to the right with parked cars; entrances, bicycle parking and plantings with edge supports; driveways to garages under the buildings along the pavement; grocery shop to the left at the end of the pavement (D.2)
	107
	45
	62



	Sub-route E
	Pavement with brick tiles; street to the right; plants and grass beside the pavement; driveway to loading area under the building (E.1); right turn; uncontrolled crossing; pavement with concrete slabs at the other side of the street (E.2)
	25
	12
	13



	Total
	
	226
	91
	135
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Table 3. Summarized scores for all observation items and for orientation and detection items separately, N = 14.






Table 3. Summarized scores for all observation items and for orientation and detection items separately, N = 14.





	Route
	Orientation + Detection Items
	Orientation Items
	All Detection Items
	+2 Detection Items
	+1 Detection Items
	0 Detection Items





	A
	35 × 14 = 490
	4 × 14 = 56
	31 × 14 = 434
	17 × 14 = 238
	5 × 14 = 70
	9 × 14 = 126



	B
	10 × 14 = 140
	2 × 14 = 28
	8 × 14 = 112
	2 × 14 = 28
	1 × 14 = 14
	5 × 14 = 70



	C
	29 × 14 = 406
	17 × 14 = 238
	12 × 14 = 168
	3 × 14 = 42
	6 × 14 = 84
	3 × 14 = 42



	D
	107 × 14 = 1,498
	45 × 14 = 630
	62 × 14 = 868
	15 × 14 = 210
	30 × 14 = 420
	17 × 14 = 238



	E
	24 × 14 = 336
	12 × 14 = 168
	12 × 14 = 168
	10 × 14 = 140
	1 × 14 = 14
	1 × 14 = 14



	A to D
	181 × 14 = 2,534
	68 × 14 = 952
	113 × 14 = 1,582
	37 × 14 = 518
	42 × 14 = 588
	34 × 14 = 476



	Total
	205 × 14 = 2,870
	80 × 14 = 1,120
	125 × 14 = 1,750
	47 × 14 = 658
	43 × 14 = 602
	35 × 14 = 490
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Table 4. Summed ‘Yes’ scores and percentages for observation protocol items for sub-routes A–D and statistical differences between scores recorded before and after the intervention.






Table 4. Summed ‘Yes’ scores and percentages for observation protocol items for sub-routes A–D and statistical differences between scores recorded before and after the intervention.





	
Observed Category

	
Summed Scores (%)

	
Test Value

(X2)

	
Df

	
Estimated Odds Ratio




	
Before

	
After






	
Orientation and detection

	
1,229 (48.5%)

	
1,349 (53.2%)

	
18.63 ***

	
1

	
5.58




	
Orientation

	
407 (42.8%)

	
417 (43.8%)

	
0.34 n.s.1

	
1

	
8.53




	
All detection

	
822 (52%)

	
932 (58.9%)

	
21.60 ***

	
1

	
4.25




	
Detection (+2)

	
251 (48.5%)

	
274 (52.9%)

	
2.70 n.s.

	
1

	
3.65




	
Detection (+1)

	
300 (51%)

	
368 (62.6%)

	
22.67 ***

	
1

	
4.21




	
Detection (0)

	
271 (56.9%)

	
290 (60.9%)

	
2.23 n.s.

	
1

	
4.95








***p < 0.001 (2-tailed); 1 not statistically significant.
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Table 5. Mean and median of Perceived Lighting Quality (POLQ) along sub-routes A–D before and after the intervention, and Wilcoxon signed rank tests comparing pre- and post-intervention results. PSQ: Perceived Strength Quality; PCQ: Perceived Comfort Quality.






Table 5. Mean and median of Perceived Lighting Quality (POLQ) along sub-routes A–D before and after the intervention, and Wilcoxon signed rank tests comparing pre- and post-intervention results. PSQ: Perceived Strength Quality; PCQ: Perceived Comfort Quality.





	

	
Before

	
After

	
z

	
r




	
M

	
SD

	
Mdn

	
M

	
SD

	
Mdn






	
PSQ

	
2.77

	
0.40

	
2.70

	
3.62

	
0.72

	
3.64

	
2.81 **

	
0.56




	
Brilliant

	
2.88

	
0.63

	
2.88

	
3.69

	
0.67

	
4.00

	
2.32 *

	
0.45




	
Light

	
2.84

	
0.47

	
2.88

	
3.80

	
0.80

	
4.00

	
3.02 **

	
0.57




	
Strong

	
2.78

	
0.59

	
2.75

	
3.79

	
0.65

	
3.88

	
3.07 **

	
0.58




	
Focused

	
2.71

	
0.68

	
2.75

	
3.31

	
0.84

	
3.50

	
2.45 *

	
0.47




	
Clear

	
2.57

	
0.54

	
2.50

	
3.69

	
0.70

	
3.75

	
3.20 **

	
0.60




	
PCQ

	
2.90

	
0.64

	
2.95

	
3.06

	
0.66

	
2.90

	
0.27 n.s.1

	
0.06




	
Warm

	
2.88

	
0.74

	
2.88

	
3.04

	
0.71

	
3.25

	
0.28 n.s.

	
0.06




	
Natural

	
2.54

	
0.68

	
2.50

	
3.02

	
0.93

	
3.00

	
1.62 n.s.

	
0.31




	
Soft

	
3.06

	
0.71

	
3.25

	
2.83

	
0.69

	
2.88

	
−1.81 n.s.

	
−0.37




	
Shaded

	
3.25

	
1.10

	
3.25

	
3.63

	
0.99

	
4.00

	
1.42 n.s.

	
0.28




	
Mild

	
2.88

	
1.10

	
2.88

	
2.85

	
0.88

	
2.75

	
−0.54 n.s.

	
−0.10




	
Single item

	

	

	

	

	

	

	

	




	
No flicker

	
3.94

	
0.95

	
4.00

	
4.27

	
0.63

	
4.25

	
0.62 n.s.

	
0.12




	
Evenly distributed

	
2.54

	
0.73

	
2.63

	
3.68

	
0.98

	
4.00

	
3.12 **

	
0.60




	
Good

	
2.54

	
0.63

	
2.63

	
3.85

	
0.88

	
4.13

	
3.30 **

	
0.63








*p < 0.05; ** p < 0.01 (2-tailed); 1 not statistically significant.
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Table 6. Summed ‘Yes’ scores and percentages for observation protocol items for sub-route E and statistical differences between scores recorded before and after the intervention.






Table 6. Summed ‘Yes’ scores and percentages for observation protocol items for sub-route E and statistical differences between scores recorded before and after the intervention.





	
Observed Category

	
Summed Scores (%)

	
Test Value

(X2)

	
df

	
Estimated Odds Ratio




	
Before

	
After






	
Orientation and detection

	
145 (43.2%)

	
158 (52.0%)

	
1.73 n.s.1

	
1

	
9.36




	
Orientation

	
70 (47.1%)

	
70 (47.1%)

	
0.03 n.s.

	
1

	
20.29




	
All detection

	
75 (44.6%)

	
88 (52.4%)

	
2.72 n.s.

	
1

	
5.00




	
Detection (+2)

	
66 (47.1%)

	
79 (56.4%)

	
3.35 n.s.

	
1

	
5.59




	
Detection (+1)

	
8 (57.1%)

	
6 (42.9%)

	
0.16 n.s.

	
1

	
2.00




	
Detection (0)

	
1 (7.1%)

	
3 (21.4%)

	
0.25 n.s.

	
1

	
0








1 not statistically significant.
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Table 7. Mean and median of Perceived Lighting Quality (POLQ) along sub-route E before and after the intervention, and Wilcoxon signed rank tests comparing the results.






Table 7. Mean and median of Perceived Lighting Quality (POLQ) along sub-route E before and after the intervention, and Wilcoxon signed rank tests comparing the results.





	

	
Before

	
After

	
z

	
r




	
M

	
SD

	
Mdn

	
M

	
SD

	
Mdn






	
PSQ

	
2.50

	
0.97

	
2.70

	
1.83

	
0.76

	
1.60

	
−2.56 *

	
−0.48




	
Brilliant

	
2.36

	
1.08

	
2.50

	
1.86

	
1.03

	
1.50

	
−1.39 n.s.1

	
−0.26




	
Light

	
2.71

	
1.14

	
3.00

	
1.86

	
0.86

	
2.00

	
−2.28 *

	
−0.43




	
Strong

	
2.21

	
0.89

	
2.00

	
1.71

	
0.83

	
1.50

	
−1.65 n.s.

	
−0.31




	
Focused

	
2.79

	
1.18

	
3.00

	
2.14

	
1.03

	
2.00

	
−2.71 **

	
−0.51




	
Clear

	
2.43

	
1.28

	
2.00

	
1.57

	
0.76

	
1.00

	
−2.24 *

	
−0.42




	
PCQ

	
3.03

	
0.57

	
3.20

	
3.63

	
0.67

	
3.60

	
1.97 *

	
0.39




	
Warm

	
3.00

	
0.88

	
3.00

	
3.92

	
0.79

	
4.00

	
1.98 *

	
0.40




	
Natural

	
2.29

	
0.83

	
2.00

	
2.57

	
1.22

	
2.50

	
0.61 n.s.

	
0.12




	
Soft

	
3.14

	
0.66

	
3.00

	
3.42

	
0.79

	
4.00

	
0.32 n.s.

	
0.06




	
Shaded

	
3.50

	
1.34

	
3.00

	
4.43

	
0.94

	
5.00

	
1.97 *

	
0.37




	
Mild

	
3.21

	
1.05

	
3.05

	
3.77

	
0.73

	
4.00

	
1.21 n.s.

	
0.23




	
Single item

	

	

	

	

	

	

	

	




	
No flicker

	
3.71

	
1.20

	
4.00

	
4.00

	
1.13

	
4.00

	
1.15 n.s.

	
0.23




	
Evenly distributed

	
2.71

	
1.33

	
3.00

	
2.14

	
1.23

	
2.00

	
−0.11 n.s.

	
−0.02




	
Good

	
2.71

	
1.07

	
3.00

	
1.93

	
0.92

	
2.00

	
−2.21*

	
−0.42








*p < 0.05, ** p < 0.01 (2-tailed); 1 not statistically significant.
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