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2 Abstract 

This study was performed to explore the effects of average illuminance (3, 5, and 7 lux) and uniformity 

(.01, .13, and .4  𝑈𝑜) of road lighting in combination with vehicle speed (30, 50, and 70 km/h.), and type 

(compact car, and S.U.V.) on crossing behavior of pedestrians. 16 participants between the age of 18 and 

35, were asked to perform a road-crossing task by releasing a button at the final moment at which they 

would still cross a road in a scaled (1:24) environment with an approaching vehicle. The moment of 

measurement was set to be the final moment of crossing (subjective) with a vehicle approaching with a 

certain velocity. This measurement was transformed to the remaining time (time to passant) after crossing 

of the vehicle to pedestrian. There was no significant effect of uniformity of road lighting on remaining 

time). The effect of illuminance was found to be highly significant. Post hoc comparison showed that the 

means in remaining time of illuminance levels 3 and 5 and 3 and 7 lux of road lighting were significantly 

different, but 5 and 7 lux were not significantly different. This suggests that at 5 lux the effect of road 

lighting on … saturated in comparison to normal road lighting levels (7 lux; legal minimum). There was a 

significant interaction effect present between vehicle speed and illuminance. Further investigation of the 

effect suggests that people base their decision to cross safely on a combination of speed and distance, 

but with less visual information present, they tend to rely solely on distance. Within a controlled 

environment, with no pressure for taking additional risks, people tend to take to take less risk in favor of 

their safety with declining visual information.    

Keywords:  Road lighting, illuminance, uniformity, pedestrians, crossing, speed, night. 
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1 Introduction 

1.1 Problem statement 

 Traffic casualties  

Annually, approximately 270.000 pedestrians die in road accidents worldwide. Which is a 22% 

share of all claimed traffic casualties (W.H.O., 2015). This share increases to a percentage as high as 75% 

in countries with lower and middle incomes. The share in which the pedestrian is to be blamed varies 

between studies, ranging from 28.3% in Germany (Bundesamt, 2012) to 53% in Florida (Alluri, Haleem, 

Gan, Lavasani, & Saha, 2013). This led researchers to investigate the role of road lighting in pedestrian 

traffic casualties. Road lighting has been proven to be an effective countermeasure for preventing traffic 

accidents at night on both urban and rural roads (Assum, Bjørnskau, Fosser, & Sagberg, 1999; Boyce, 

Fotios, & Richards, 2009; Hargroves & Scott, 1979; Yannis, Kondyli, & Mitzalis, 2013). Elvik, Vaa, Hoye, & 

Sorensen (2009) performed a meta-analytic study based on 48 studies in 13 different countries to evaluate 

the effects of road lighting on traffic accidents. The number of accidents is estimated to decrease by 15–

30% at roadways and by 20–40% at intersections when street lighting is installed (Rune Elvik, Alena Hoye, 

Truls Vaa, 1985). A study by Wanvik (2009b) revealed more detailed information regarding pedestrian 

casualties. An analysis based on Dutch accident statistics on rural roads over the period of 1987-2006 

(Wanvik, 2009) showed a 50%  decrease of accidents with road lighting in comparison to no road lighting. 

With regard to pedestrian-vehicle accidents, there are many factors contributing, with one of the key 

factors being low visibility in dark environments. However, during the night, there are many other 

confounding factors which increase the number of accidents at night. Wanvik (2009) accounted for 

confounding factors such as fatigue and alcohol consumption by applying the method of confining to 

certain hours as proposed by Sullivan (2002) and Johansson (2009). The effects of pedestrian accidents 

was significantly greater (-72%) than the effect for automobile accidents (-50%). These findings however 

are derived from accident statistics, and not directly measured. Also, from the pedestrian perspective, the 
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decision to cross, and where, varies according to the environment. Pedestrians are significantly more 

inclined to take the decision to cross in city center than in the other sites presented (Granié, Brenac, & 

Montel, 2014). As mentioned above, road lighting has shown to decrease accidents with pedestrians by 

great means. Therefore this paper will focus on the further investigation of the direct effects of road 

lighting on pedestrian behavior when crossing a road with an approaching vehicle.  

 The role of road lighting 

Road lighting generally has one of the following functions: improving visual performance in traffic 

situations, for comfort or decoration, and one’s personal or social safety. The general engineering of road 

lighting systems are very much situation dependent and not very easily calculated. In the Netherlands, 

these calculations are generally based on the following factors (NSVV, 2015); 

 Maximum amount of disability or discomfort glare from the luminaires. 

 Minimum amount of uniformity to create clear existing contrasts. 

 A minimum amount of (il)illuminance, depending on the road demands (traffic flow, allowed 

speed, users, etc.) 

In general, countries set their national guidelines in line with the recommendations performed by 

the International Commission on Illumination (CIE). The calculation for roads with different users, follows 

different calculations and measurements.  

Light level 

For motorized road, the light quality parameter used for light level is very different from a road 

which allows pedestrians and cyclists. For motorized road, the lighting quality parameter is the average 

luminance of the road surface between 60 and 160 meter in front of the driver. The lateral position of the 

driver for determining the average road-surface illuminance is typically taken at one quarter of the 

carriageway width from the near-side curb. The symbol used for average road-surface luminance is 𝐿𝑎𝑣.  



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  9 
 

 

 

For the light level of road which allows for pedestrians, and cyclists, the average horizontal 

luminance 𝐸ℎ𝑜𝑟,𝑎𝑣 (over the complete road surface) is used in conjunction with the value of the local 

minimum horizontal luminance 𝐸ℎ𝑜𝑟,𝑚𝑖𝑛. The requirement of 𝐸ℎ𝑜𝑟,𝑎𝑣 is set to guarantee a sufficiently high 

adaptation level, and consequently sufficient sensitivity for contrast seeing. The local minimum horizontal 

luminance should ensure safe movement by providing good visibility of obstacles at all locations in the 

path of the pedestrians (and cyclists)(van Bommel, 2015). For areas where the lighting should also 

discourage crime, the minimum semi-cylindrical illuminance 𝐸𝑠𝑒𝑚𝑖−𝑐𝑦𝑙, min, at face height is added. This 

represents an illuminance value - similar to vertical illuminance - that can be used to determine people 

recognition distance. 

Uniformity  

The uniformity of illuminance on motorized roads is defined by the concept of average uniformity. 

This is defined as the ratio of the minimum to the average road surface illuminance, 𝐿𝑚𝑖𝑛 𝐿𝑎𝑣⁄ . The symbol 

used for overall uniformity is 𝑈𝑜. For the determination of 𝑈𝑜, the lateral position of the driver is mostly 

taken as being one quarter of the carriageway width from the near-side curb. A continuous sequence of 

bright and dark spots on the road in front of a driver can be extremely discomforting (van Bommel, 2015). 

For roads which typically allow for pedestrians and cyclists, a similar calculation is used. The only 

difference is regarding the fact that for these roads, the concept of average uniformity is defined by the 

ratio of the minimum to the average horizontal illuminance. Yet, these calculations typically allow for a 

maximum value of average horizontal illuminance, for countering possible dark spots.  

 Current study 

The research of the effects road lighting on pedestrian behavior is relatively new. The vast 

majority of research on pedestrian behavior is focused on the effect of gender, age, approaching vehicles’ 

speed and time window on pedestrian behavior, which will be further elucidated in the following sections. 
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This study will focus on finding the relationships between vehicle speeds, illuminance and uniformity 

levels of road lighting, and vehicle type for a healthy group of participants for explorative purposes. For 

the interest of this research, the minimal legal requirements for uniformity and illuminance levels 

corresponding to several typical Dutch roads (where pedestrians are able to cross) were used as baseline. 

This research is primarily interested in the lower illuminance and uniformity levels of road lighting, 

because of possible energy saving. Therefore, the following research questions were drafted. 

Research question 1: How do low levels of illuminance and uniformity of road lighting at night, affect 

the crossing decision of a pedestrian with an approaching vehicle? 

Secondly, a fair quantity of research has been performed on the effects of speed and size of the 

approaching vehicle (Dommes, Cavallo, & Oxley, 2013; Keshavarz, Campos, DeLucia, & Oberfeld, 2017; Liu 

& Tung, 2014; Lobjois & Cavallo, 2009; Onelcin & Alver, 2015; Oxley, Ihsen, Fildes, Charlton, & Day, 2005; 

Oxley, Fildes N, & Dewar E, 2004). Which will be presented in the following section. Therefore, within this 

research these factors will be included to find their relationship to the illuminance and uniformity levels 

of road lighting.  

Research question 2: How do speed and type of the vehicle interact with illuminance and uniformity 

of road lighting on a crossing decision of a pedestrian with an approaching vehicle?  

2 Theoretical framework 

2.1 Pedestrian behavior 

 Decision on speed or distance 

The high proportion of pedestrians among the casualties of traffic accidents have led researchers 

to focus on the cognitive and perceptual aspects of crossing behavior. Within earlier research, it was found 

that pedestrians tend to choose a safety gap in the form of time instead of distance, when making the 

decision to cross (Cohen, Dearnaley, & Hansel, 1955; Moore, 1953). The concept of time-gap arose. This 

measurement was the time it took for the car to reach the pedestrian at the moment of crossing. They 
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observed an acceptable time-gap of 4-5 seconds between vehicles for more than half of the pedestrians. 

Yet, these studies have been shown to be inconclusive. Recent research found that more than half of the 

pedestrians base their crossing decision solely on the distance between them and the approaching vehicle 

(Connelly, Conaglen, Parsonson, & Isler, 1998; Liu & Tung, 2014; Oxley et al., 2005). However, according 

to Lobjois and Cavallo (2009) approximately 10% of pedestrians base their crossing decision on the 

velocity of the approaching vehicle,  and especially elderly base their decision solely on distance. Studies 

regarding the dominant factors for crossing decisions mismatch. Most research on gap acceptance by 

pedestrians focusses on the inter-individual differences related to crossing behavior (Naquiyah Mohamad 

Nor et al., 2015). It was found that older pedestrians and children have a tendency of choosing smaller 

safety gaps (Connelly et al., 1998). Age evenly has an obvious impact on the walking pace. Many studies 

have reported that the average walking speed of elderly people above the age of 65 is significantly lower 

than the average walking pace of younger people (Oxley et al., 2005). Within this study it was also found 

that elderly people above the age of 75, had a much longer perceptual response time in comparison to 

the younger group (on average 1.45 seconds). While the age category of 60-69 years of age took an 

average of 0.88 seconds, and the 30-45 year category had an average perceptual response time of 0.66 

seconds. Ideally, the timespan in which a pedestrian should be deciding whether to cross or not, should 

include the time-gap, the distance to the car, it’s approaching velocity, and the pedestrians’ personal 

mobility (Liu & Tung, 2014). Even so, evidence has proven otherwise, and indicated that pedestrians’ 

judgment mainly originates from the distance between the approaching car and themselves (Connelly et 

al., 1998; Oxley et al., 2005). Especially for elderly people, the decision for crossing relies even more on 

distance (Lobjois & Cavallo, 2009).  

 Safety Margin 

The concept of safety margin has been applied by some studies and has been introduced in the 

beginning of this century (Hamed, 2001; Liu & Tung, 2014; Lobjois, Benguigui, & Cavallo, 2013; Oxley et 
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al., 2005; Papadimitriou, Yannis, & Golias, 2009; Arenda F. Te Velde, Van Der Kamp, Barela, & Savelsbergh, 

2005). This concept consists of the remaining time (for the approaching vehicle to pass the pedestrian) 

minus the crossing time (which consists of decision-making time and the walking time of the pedestrian). 

This concept describes the division of a safe versus an unsafe crossing decision. Lobjois and Cavallo (2009) 

provided details about velocity effects on safety margins chosen by children. With speeds exceeding 60 

km/h (61-65 km/h) the safety chosen were significantly lower (p <0.01), compared to the category below 

(56-60 km/h). This effect was present for all age categories (Lobjois & Cavallo, 2009). Conclusions from 

earlier mentioned studies (Dommes & Cavallo, 2011; Onelcin & Alver, 2015; Oxley et al., 2004) state that 

crossing decision are primarily based on the distance between them and the approaching vehicle, and to 

a lesser extent on time of arrival estimates. Yet, under time constraints, all age categories tend to take 

more risk (Liu & Tung, 2014; Lobjois & Cavallo, 2009). Petzoldt (2014) conducted a similar study with the 

use of short video clips, to measure the effect of speed and age on mean safety margin accepted. He 

found that people accepted smaller safety margins with increasing speeds, and a significant interaction 

effect between the participants’ age and the presented speed was found. Petzhold (2014) found that 

people tend to judge a vehicle to be less threatening when far away than one close by, irrespective of the 

vehicles’ travelling speed.  

 Effect of illuminance level 

Little research has been found on the effect of illuminance levels on crossing behavior of 

pedestrians. Illuminance level is related to time of day. One study, performed in Taiwan by Liu & Tung 

(2014) included a risk analysis on road-crossing decisions by pedestrians. They investigated the effects of 

time gap, time of day (dusk vs. midday) and velocity of the approaching vehicle. The time gap is also 

transformed to safety margin with the use of the measured walking paces of the participants. All effects 

were consistent with previous literature, except for the effect of time of day. It was found that people 

tend to keep greater safety margins when making a crossing-decision in dusk conditions by great means. 
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This finding contradicts the published statistical findings that there is a relatively higher proportion of 

pedestrian casualties occurring at dusk (Bundesamt, 2012). Liu & Tung (2014) explain these findings by 

the pedestrians’ cautiousness in dim surroundings, and by putting in less cognitive effort on detecting the 

vehicle.  

 Secondary task 

From a cognitive perspective, a crossing task is generally considered a secondary task. The 

importance of addressing this, lies in the fact that the pedestrians’ time pressure and cognitive effort has 

a great effect on the chosen safety gap for crossing. Thus, the variety in safety gaps chosen, would most 

likely be wider in real-world conditions, compared to highly controlled lab experiments. This corresponds 

to earlier findings on research on dual-task performance in both a laboratory and real-world settings 

(Neider et al., 2011). They found evidence for people making more unsafe crossing decisions in real-world 

settings.  

2.2 Perception 

 Depth perception  

For the task of crossing a road as a pedestrian with approaching traffic, information needs to be 

gathered for adequate decision making. A typical crossing decision is based on several depth and motion 

cues about the approaching vehicle. One of the most important visual depth cues for this specific task is 

depth from optical expansion. The approaching vehicle is increasing in size which allows the pedestrian to 

make an estimation of its relative increasing size and prolonging speed. Other than that, the absolute, 

relative, and familiar size of the approaching vehicle play a role in the distance and speed estimation. 

These are just some of a greater variety of depth cues. The above mentioned depth cues are all monocular. 

Binocular cues such as stereopsis (retinal disparity) and convergence are less important for distances 

beyond approximately 10 meter. Their corresponding ranges are well-documented (see 
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Figure 3-1). For the task of driving, the omission of binocular depth cues is known not to 

significantly influence the outcome nor consistency of the task (Steeves, Gray, Steinbach, & Regan, 

2000).The range of the visual field used for driving tasks is similar to crossing tasks, therefore Steeves et 

al assumed that binocular cues can be neglected in both driving and crossing tasks. 

 Looming threshold 

Research in automotive human factors has been examining the point at which a hazard can be 

detected versus the point at which action must be taken to avoid collision. This window has been named 

the critical window (Krauss & Heckman, 2012). For a visualization of the concept, see Figure 2-1. This 

concept is mostly derived from the concept of tau (τ) (Hoyle, 1957; Lee, 1976), which uses optical 

expansion as a cue for motion in depth. The function of tau (τ) corresponds to the monocular retinal image 

of an approaching rigid sphere of subtended angle θ moving at a constant speed towards the observer, 

and is correlated to the time of collision with the sphere (Gray & Regan, 1998; Hoyle, 1957). Krauss and 

Heckman (2012) propose a model for collision avoidance. This model consists of several quantitative 

estimates of driver and vehicle performance under low-illuminated scenario’s in which the driver is 

attempting to avoid collision by braking. The first component is addressed as the point of looming. This 

can be described as the absolute distance or time, given the vehicles’ own velocity, at which the driver 

can detect the difference between their velocities (rate of change). This value is expressed in radians per 

second, and has been well documented in a variety of scenarios, and has been proven to be very constant 

in low-illuminated conditions (Hoffmann & Mortimer, 1996; Muttart, Messerschmidt, & Gillen, 2005). 

Since, our research is targeted at the perspective of the pedestrian, this formulation will be calculated 

from the pedestrians’ perspective. In equation 1, the vehicles’ velocity is expressed as 𝑉1, and the vehicles’ 

inter-headlight distance is expressed as S (size). The looming threshold (LT) is expressed in radians/second 

typically ranges from 0.002 – 0.006 radians/second. Muttart (2005) claims that for head-on situations, the 

looming threshold (LT) is very consistent with laboratory results of 0.003 radian/s.  
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𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1: 𝑃𝐿𝐷 = √𝑉1 ∗ 𝑆/𝐿𝑇 

The second part of the model consist of the perceptual response time (PRT) (Olson, 1996; Sens, 

Cheng, & Wiechel, 1989). This value is highly variable and is broken down into four separate components: 

detection of the potential threat, identification of it, decision, and planning of initiation of the neural 

response needed to execute the movement (Olson, 1996). The PRT within the current study was 

influenced by several individual (age, attention, acuity, expectancy, fatigue, experience), and 

environmental characteristics (conspicuity of the hazard, time of day, weather conditions, road 

conditions, distance from the hazard). Yet, in this particular study, the perceptual response time are nearly 

inapplicable because of the fact that the hazard (approaching vehicle) is already known and expected. The 

perceptual response time within this particular task therefore consists of the actual motor response of 

the decision, which in turn results in the release of the button. The perceptual response time is therefore 

considered negligible in our experiment.  

 

Figure 2-1: Schema of conceptual model of Krauss & Heckman (2012) 

The following term in Krauss’ (Krauss & Heckman, 2012) model is braking distance. Since this term 

is inapplicable in this study, this will be transformed to the crossing time, which is formulated by the 

walking speed (m/s) and the distance to travel across the road (single lane; 3.7 m). The remaining time 

(RT) and crossing time (CT) will determine the critical stopping time (CST). Once the critical stopping time 
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or critical stopping distance (CSD) has been surpassed and the pedestrian will decide to cross, the vehicle 

and pedestrian will collide, given that both won’t deviate from their path, and the vehicle won’t break, or 

the pedestrian does not start running. This scenario is highly unlikely, yet it can be expressed as a 

hazardous situation. The final component is the critical window (CW). This is formulated by subtracting 

the CST from the PLD. Within this window, the pedestrian is has to estimate the vehicles’ rate of change. 

In a scenario with a negative CW, the pedestrian has no chance of correctly estimating the vehicles’ 

velocity, thus time to contact. The following graphs are constructed with literature based values and 

represents the various components of the model by Krauss (Krauss & Heckman, 2012) expressed in 

distance and time (Figure 2-3). All graphs are based on a road width of 3.5 meter (average road width in 

the Netherlands), an inter-headlight distance of 1.2 meter (VW polo GTI, 2016). From the graphs it’s 

viewable what happens to the critical window as a function of the speed of the approaching vehicle.  

 

Figure 2-2: Graph of conceptual model of Krauss & Heckman (2012), tailored to current study (1/2) 
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Figure 2-3: Graph of conceptual model of Krauss & Heckman (2012), tailored to current study (2/2) 

2.3 Research questions and experiment hypotheses 

Since the effect of road lighting on fatal accident and injuries at night among pedestrians has been 

verified by observational data and statistics on traffic casualties, this research will focus on establishing 

the relation between illuminance and uniformity of road lighting on the timing of the crossing decision. 

Also, speed and type of vehicle will be taken into account to check whether these factors interact with 

illuminance and uniformity. The relationships of the factors will be examined in an explorative design 

within a highly controllable environment.  

Little research has been performed on the direct effects of road lighting (illuminance and 

uniformity) on the behavior of pedestrians during road crossing-decisions. The studies of road crossing 

behavior in combination with road lighting effects are usually taken from very noisy and highly 

uncontrollable data (Bundesamt, 2012; Wanvik, 2009b). The purpose of this research is to determine the 

effects of low-level illuminance (0, 3, 5, and 7 𝑳𝒂𝒗) and uniformity (.01, .13, and .4  𝑈𝑜) of road lighting on 

timing of road crossing decisions of pedestrians. In addition, daylight conditions will be added as baseline. 
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In these conditions, the blinding curtains will be taken down to allow for sunlight to enter the scene. A 

road-crossing experiment will be performed in a highly controllable environment. Participants will be 

asked to make a safe crossing decision under different lighting conditions.  

Research question 1: How do low levels of illuminance and uniformity of road lighting at night, affect 

a crossing decision of a pedestrian with an approaching vehicle? 

For this research question, the following hypotheses were drafted. First, from the study of Liu and 

Tung (2014), it was found that pedestrians in dusk conditions maintain a greater gap between them and 

the approaching vehicle. Similarly, for this research it is expected that the remaining time will be 

negatively correlated with illuminance level. To be more specific, significant differences are expected in 

all nighttime conditions in comparison to the daylight conditions. In addition, it is expected that each level 

of illuminance will result in a significantly lower remaining time in comparison to the nighttime condition 

in which the road lighting is turned off. Significant differences between all road lighting conditions are 

expected. The effects of uniformity are relatively unexplored, yet it is expected that uniformity correlates 

negatively with remaining time. This leads to the following hypotheses: 

The remaining time is significantly different (greater) in all levels of illuminance of road lighting in 

comparison to the daylight conditions. 

The remaining time is significantly different (lower) in all levels of illuminance of road lighting in 

comparison to the dark conditions. 

Illuminance of road lighting correlates negatively with remaining time (seconds).   

Uniformity of road lighting correlates negatively with remaining time (seconds).  

 

Secondly, a fair quantity of research has been performed on the effects of size of the approaching 

vehicle (Bullough & Skinner, 2009; Viola Cavallo et al., 2015; Hoffmann & Mortimer, 1996; Hosking & 

Crassini, 2011). Therefore, within this research these factors will be included to find their relationship to 

the illuminance and uniformity levels of road lighting.  
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Research question 2: How do speed and type of the vehicle interact with illuminance and uniformity 

of road lighting on the crossing decision of a pedestrian with an approaching vehicle?  

Since the experiment will be held in a highly controllable environment, and the same task is 

repeated for a lot of times, the experiment has some uncertainties build in. The participant should not be 

able to repeat the outcome of each repetition. Thus, each task should be different. Therefore, the speed 

of the approaching vehicle is altered. Research has shown that with increasing speed, people tend to 

choose smaller remaining times between them and the approaching vehicle (Connelly et al., 1998; Liu & 

Tung, 2014; Lobjois & Cavallo, 2007; Martín et al., 2017; Oxley et al., 2005; Tournier, Dommes, & Cavallo, 

2016). Therefore, it is expected that that people will keep smaller gaps between them and the 

approaching vehicle with increasing speeds. For the element of learning, two types of vehicles are used. 

Both have the same headlight width yet different body widths and heights. Literature shows, that smaller 

vehicles are relatively judged to be further away than larger vehicles (Caird & Hancock, 1994). Another 

study found the effects of vehicle size on time to contact estimates (Dunkeld & Bower, 1980) Therefore, 

it is expected  that in general the type of bodywork of the approaching vehicle will alter the remaining 

time at the moment of decision. How strong this effect will be is unclear.   

Vehicle speed correlates negatively with remaining time (seconds). 

Remaining time is significantly greater for the SUV vehicle type. 

3 Methods 

3.1 Experimental Design 

The experiment held will contain a within-subject design. This design was constructed in 

combination with 4 independent variables (i.e., illuminance, uniformity, vehicle velocity, vehicle type). 

The experiment consisted of a 4 (illuminance: headlights only, lampposts (low illuminance level), 

lampposts (medium illuminance level), lampposts (high illuminance level), daylight) x 3 (uniformity: low, 
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medium, high) x 3 (vehicle velocity: 28-32, 48-52, 68-72 km/hour) mixed factorial design. In this design, 

each participant will be exposed to the different light conditions with different vehicle speeds in a random 

order. This randomization is not completely possible, since the adaptation to darkness could interfere 

with following low-illuminance conditions when adding the daylight conditions to the randomization. 

Therefore, the choice was made to offer the daylight conditions in a random order as final six conditions. 

This could create learning effects, which will be taken into account during analysis.  

Table 1: Dependent variables 
Variable Code Range / value Unit Description 

Distance gap Rem_dis 0-10 meters Distance in meters 

Time gap Rem_time 1-20 milliseconds Time in seconds 

 

Since this research has a very replicative character, the experiment was held in a highly controllable scaled 

environment. This to minimize the possible disturbing factors and difficulties in exact reproduction. 

Multiple crossing experiment have been performed in scaled environments (A. F. Te Velde, Savelsbergh, 

Barela, & Van Der Kamp, 2003; Arenda F. Te Velde, Van Der Kamp, & Savelsbergh, 2008). Scaling the 

experiment allows for the elimination of confounding external factors and shorten condition time.  

3.2 Experimental set-up 

“In field research there is too much complexity to allow for any more definite conclusions, and in 

laboratory research, there is usually too little complexity to allow for any interesting conclusions” 

(Brehmer & Dîrner, 1993). This dilemma has led the research to focus on the effects between the highly 

controllable conditions, and therefore choose to use a scale model which focusses on a subset of the 

functional relationships found in the complex world (Ehret, Gray, & Kirschenbaum, 2000). The interests of 

this study are on the between conditions effects. Although, the scale model will be built in high detail with 

great care for a high external validity.  
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The major challenge in scaling this experiment, is to take all depth cues into account. The minimal 

time-to-cross for a pedestrian on a road (3.5 m) with an average walking speed of 3.6 km/h is 3.75 seconds. 

This combined with a perceptual response time of 0.66 seconds (Guerrier & Jolibois, 1998; Liu & Tung, 

2014) and a vehicle approaching with a velocity of 70 km/h would compile to a minimal gap of 35 meters. 

Thus, the pedestrian is generally making a crossing-decision within this range. The distance at which the 

pedestrian is able to detect movement of the approaching vehicle is determined by the point of looming 

distance (PLD), which corresponds to approximately 110 meter (function of above mentioned factors). 

This window between the PLD and the time-to-cross (including perceptual response time) is referred to 

as the critical window. This is the time or distance in which the pedestrian is receiving and gathering 

perceptual information for creating a safe decision. Therefore, this range is addressed in 

Figure 3-1 below. 

 

Figure 3-1: Graph constructed by Cutting & Vishton (1995), tailored to current study 

In a real-world situation, pedestrians are receiving perceptual information in the range of 35+ 

meter. This range is highlighted with the blue line in  
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Figure 3-1. Pedestrians are using different cues in their estimation for a safe crossing. As described 

by Cutting & Vishton (1995), these cues have different strengths when it comes to perceptual depth 

contrast. When scaling an experiment (1:24), but not scaling the actual interpupillary distance (IPD), these 

visual depth cues remain unscaled. This would lead to a decreased external validity since the unscaled IPD 

would then relatively increase from 6.5 cm to 150 cm. Scaling interpupillary distance could possibly be 

achieved using double prisms, as done in binoculars (opposing from binoculars, laterally inwards). Which 

also leads to a smaller visual angle. Yet, the calculated angle which needs to be visual for participants is 

calculated to be close to 90° for being able to view the full 8 m scaled road (including the path to cross). 

Since the participant will have the freedom to move his/her head during observation, this required visual 

angle might be lower. The actual effect of scaling the IPD is unstudied and will need further testing before 

actual becoming usable in this experiment. Therefore, the following method was applied to make sure 

the binocular cues won’t influence the effects. The effectiveness of binocular cues is highest under the 

ten meter range (Cutting, 1995). This method consists of patching the non-dominant eye. This would 

eliminate any effect of binocular cues. The effect of monocular driving is widely studies and reveals to 

have no significant influences in comparison to binocular driving (Gray & Regan, 1998; Steeves et al., 

2000).  

 Scale model 

The total length of the scaled road was 10 meter, which would be 240 meters on a normal scale. 

The width of the road represents a typical Dutch road (double-lane; 7 m). The lampposts are only 

positioned to the 8 meter mark, measured from the participant. This to be sure there is enough space for 

the experimenter to change car and still be invisible to the participant. For the drive system, a stepper 

motor attached to a trolley with a nearly invisible steel braided wire (0.28 mm) was added within a closed 

loop. This system will make sure that it is possible to capture the cars’ position at all times. Therefore, 

speed, stopping- and starting point were configured. On the trolley, the possibility of positioning different 
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types of bodywork is integrated in the design. Three different types of bodywork were used which 

represent popular vehicles in the Netherland with different dimensions (Fiat 500XL, a Volkswagen Polo 

GTI, and Land Rover Range Rover Evoque; all from the miniature car brand: Bburago)(“Schaal 1:24 

modelauto’s | Bburago Nederland,” 2013). The Fiat 500XL (Red) was used for letting the participant get 

familiar with the system and task, and the other two vehicles were used for the actual experiment. The 

two vehicles used for the experiment had glossy white bodywork, which was the most popular color in 

2016 (“Revealed: most popular car colours of 2017,” 2017). For the trees, 6 x NOCH 68020 Obstbaum 

were used (“NOCH 68020 Obstbaum,” 2016).  

 

Figure 3-2: 3D Top-view of experimental set-up 

 

Figure 3-3: First person view of the experimental set-up 
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This system was specially build for this research, and the error of all measurement devices was 

yet to be tested. The error was measured on the whole scaled road with an increment of 10 cm. It was 

found that the radius of the spindle which was used to calculate the distance from time, became thicker 

over distance. This led to an increasing error over the track. Therefore, a correction was applied on the 

final calculation for traveled/remaining distance. The final error on the actual distance was 12 mm. 

 Headlights 

The headlights in the model cars will be 3 mm wide LED’s which will be activated if and only if the 

trolley is moving towards the pedestrian. The headlights are calibrated to be in line with the European 

low-beam headlights. This relates to an illuminance value at the eye of the observer of 0.55 lx (690 cd per 

headlamp) at 50 meters distance. This has been verified with a Kinolta Minolta T-10, measured at eye 

level of an average pedestrian standing at one meter distance from the road on the curb (see Appendix 

0). The headlights will be activated in all conditions. This in line with current laws on new vehicles’ 

headlights, also known as, daytime running light (DRL). Which is an automotive lighting automatically 

switched on when the vehicle is moving forward, emitting light to increase the conspicuity of the vehicle 

during daylight conditions.  

 Lampposts 

For the miniature lampposts, single LED’s were used from existing luminaires produced by Philips 

(LXW8-PW40: CRI 85; 106lm@350mA, 4000K; see Appendix J.   ), mounted on 20x150x1 mm sheet metal 

plates. The luminaires are adjustable in height (see Figure 3-4). Each lamppost contains a single LED, which 

corresponds to actual lampposts produced by Philips Lighting (Luminaire BGP382 1xGRN100/830 with 

lens DM 1xGRN100/830/-). This type of lens is specially designed and patented by Philips for a wide and 

uniform light distribution. This type of luminaire contains an array of Philips’ LXW8-PW40 LED’s. See 

Appendix J.   for the luminaires datasheet.  
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Figure 3-4: Schematic view of lampposts 

 

3.3 Dual-task 

We need to view the crossing task as a secondary task which is subordinate to the often more 

demanding primary task, the journey itself, a conversation, e.g. (Tijus & Blanchet, 2001). In both 

experimental and observational studies it has been found that more likely to attempt unsafe crossings in 

real-world and simulated environments while performing a secondary task (Hatfield & Murphy, 2007; 

Nasar, Hecht, & Wener, 2008; Neider et al., 2011; Neider, McCarley, Crowell, Kaczmarski, & Kramer, 2010; 

Walker, Lanthier, Risko, & Kingstone, 2012). Moreover, we can consider that the journey, just like any 

task, is accomplished by seeking to reduce its level of difficulty and complexity, whilst at the same time 

maintaining a satisfactory level of safety (Cambon de Lavalette et al., 2009). For these reasons, a 

secondary task was added to the crossing-task, which would occupy part of their cognitive capacity, as 

well as it would push the participants in procrastinating the crossing decision for as long as possible. This 

secondary task will consist of an auditory task in form of an audiobook. Participants will receive the clear 
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instruction to interpret the audiobook as a secondary task. Crossing is the first priority. The audiobook 

would have another function maintaining the participants’ focus during the full 60 minute experiment. 

The participants’ were instructed to listen to the audiobook, while making the crossing decision. Reaching 

the other side of the road is the primary goal. All participants got tested on their knowledge of the 

audiobook with 20 multiple-choice questions.  

3.4 Independent variables 

The road lightings’ illuminance, uniformity and the approaching vehicles’ speed and vehicle type 

were altered during this experiment. The types of roads simulated are typical Dutch roads which 

pedestrians use for crossing. Using recommendations for public lighting (NSVV, 2015), three road 

simulations (M3, P3, and P5) are used as baseline. All manipulations performed are based on these roads. 

Each road has corresponding illuminance and uniformity requirements. These are further calculated with 

the software package Dialux (“DIALux - DIAL,”). For each simulated road, three levels of illuminance are 

calculated with the highest level being the minimal legal requirement level according to NSVV (2015). For 

uniformity, similar calculations are performed with the highest level being the minimal legal required 

uniformity level for each simulated road. The uniformity levels are manipulated with lamppost spacing. 

All calculations performed, are based on the luminaires of Philips Lighting BGP382 1xGRN80/830 with lens 

DM 1xGRN80/830/. Further technical specifications can be found in Appendix K.    

 Road type M3 (motorized) 

A two-lane motorized road which allow for pedestrians to cross, with has a typically speed limit of 70 

km/hour for vehicles, is categorized as M3 according to the guidelines by NSVV (2015). The lighting quality 

parameters (cd/m2) corresponding to this light class was then transposed to a more generic lighting 

quality parameter (lux).The mounting height of the luminaires is set to 8 meter.   
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Table 2: Manipulations per level with the highest level being the minimal legal requirement,  
according CIE (2010) and NSVV (2011), calculated by DIALux 

 Low Medium High 

Average illuminance level (lux) - 𝑳𝒂𝒗 3 5 7 

Average uniformity (𝑳𝒎𝒊𝒏 𝑳𝒂𝒗⁄ ) - 𝑼𝒐 0.02 0.32 0.45 

 

 Road type P3 and P5 (pedestrian) 

Roads which typically allow for pedestrians are categorized as P-roads, ranging from P1 to P6. For 

this study, two types of typical P-roads were simulated with corresponding speeds of 30 and 50 km/hour 

resulting in two roads categorized as P3 and P5. The luminaires’ mounting height is set to 6 meter.  The 

actual parameter for lighting quality is expressed in average horizontal illuminance (lux).   

Table 3: Manipulations per level with the highest level being the minimal legal requirement, according CIE (2010) 
and NSVV (2011), calculated by DIALux 

 Low Medium High 

Average horizontal illuminance level (lux) - 𝑬𝒉𝒐𝒓,𝒂𝒗 3 5 7 

Average uniformity (𝑳𝒎𝒊𝒏 𝑳𝒂𝒗⁄ ) - 𝑼𝒐 0.01 0.13 0.22 

 

 

 Vehicle speed  

Three types of speeds of the approaching vehicle are used (30 km/h, 50 km/h, and 70 km/h). The 

variation of speed during the task repetition will counteract a possible learning effect. The element of 

unpredictability will be much higher, and people will therefore be forced in using the approaching speed 

in their decision. Since three types of roads with three corresponding speeds will be used as manipulation, 

people might learn that with a given speed, they are safe within a given distance. For preventing 

participants in using distance for each of the three speeds, the speeds are randomly altered with a 

variation of 4 km/hour. For example, for the simulated road of 30 km/hour (P3), the speed could be either 

28, 30 or 32 km/hour.  
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 Vehicle type 

Vehicle type refers to the body type of a vehicle. For this particular research, two types of vehicle 

types were used. A compact car (Volkswagen Polo GTI), and an S.U.V. (Range Rover Evoque). The two 

different approaching vehicle types for the road-crossing task are presented with every possible 

combination of factors. This alteration has been performed for two different purposes. First, looming 

threshold is dependent of the rate of change of the approaching vehicle. Thus, the vehicle speed of a 

larger type of vehicle would theoretically be estimated from a further distance. In a low-illuminance 

condition with no road lighting, the headlights would only be visible to the pedestrian. Thus, vehicle size 

would not influence the looming threshold. Yet, in conditions in which the vehicles’ bodywork is getting 

visible to the pedestrian, the detection threshold might change. The second reason for the use of an 

additional vehicle type is the element of surprise. For each trial, the participant will be presented with one 

of two vehicle types, in a random order. Although the vehicle type is altered, the headlight width and 

height are similar in both vehicles.  

Table 4: Independent variables 
Velocity (V1, 
V2, V3)  

V1.1 28 

Km/hour Velocity of approaching vehicle 

V1.2 30 

V1.3 32 

V2.1 48 

V2.2 50 

V2.3 52 

V3.1 68 

V3.2 70 

V3.3 72 

Illuminance Em-high 7 

Em [lx] 
Illuminance (corresponding to the road-class simulated; all 
road-classes: Em [lx]). 

Em-medium 5 

Em-low 3 

Uniformity Uo-M-high 0.45 

Uo 

Uniformity; (corresponding to the road-class simulated; M-
road: Uo, P-road: Uh) 

Uo-M-medium 0.32 

Uo-M-low 0.02 

Uh-p-high 0.22 

Uh Uh-p-medium 0.13 

Uh-p-low 0.01 
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3.5 Measures 

 Walking pace 

The participants’ average walking time will be measured to verify the ability of the participant of 

estimating its own walking pace within the scale model. The measurement of walking pace is according 

earlier research (Lobjois et al., 2013; Oxley et al., 2005). Additionally, the participants had to make an 

estimation of their walking pace within the scale model. For this task, they had view a miniature passant, 

then press and hold the button for as long as their estimation of the crossing was.  

 Rating per crossing 

The participants were asked to rate their own crossing. This rating was based on a 9-point scale, 

with 1 having to have made a relatively too safe or too unsafe decision, and 9 being having made a well-

balanced decision. This being efficient as well as safe. This rating was added to classify any mistakes if 

made. Moreover, for exploring for the existence of any correlations and or interactions with the 

independent variables.   

 Dependent variables 

Participants were instructed to indicate the last moment at which they felt safe enough to cross 

using a normal walking pace. This moment was coded to remaining time and remaining distance. From 

this measurement, the gap which the participant left after crossing was calculated. Verification of the 

correlation between the estimated walking times in the scale model with average walking pace will 

determine whether the concept of safety margin is usable in this study. If not, then the measurement of 

remaining time and remaining distance will be used as dependent variable for the analysis.  

 Possibly confounding variables 

A survey will capture different possibly confounding variables: Age, gender, eye-color, height, 

weight, visual performance, eye-dominance (left or right), vehicle knowledge, previous accident 
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experiences as pedestrian or driver, frequency of crossing roads, density of regular walking area, and level 

of education. 

 

3.6 Procedure 

The crossing task will be held on a scale model, which is constructed for participants to cross the 

road with vehicles approaching from the left. Since one eye of the participant will be occluded, it will be 

most practical to keep the non-occluded eye closest to the road. To maintain consistency concerning 

distance from the road between participants, there has been decided to recruit participants with a 

dominant right eye. Although research on the effects of eye dominance did not reveal any significant 

result on task performance (Mapp, Ono, & Barbeito, 2003). 

The participant entered the room under normal-illuminated light settings (windows fully blinded 

and a few lights on for visibility; 15 lux). First, the participant was briefed and an inform consent will be 

presented to the participant and then signed by him/her. For learning and verification purposes, the 

participants’ walking speed will then be measured during a 3.5 meter walking test (using a normal pace, 

un-occluded). The participant will then estimate how long it will take to cross the 3.5 meter road for the 

scaled pedestrian (with one eye occluded). Now, the light settings are decreased to low-illuminance light 

settings (see  

Figure 3-5).This, to gradually let the participant get used to low levels of illuminance. Their height 

(from floor to eye-level) is measured for being able to create a similar eye-level height above the scale-

model (by adjusting the height of the floor which they stand on).  
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Figure 3-5: Timeline of the experiment. With duration of the experiment on the horizontal axes. The light colored 

bars represent the ambient lighting illuminance of 15 lux, the dark colored bars means 4 micro lux. 

Then the participant will have a chance to get acquainted with the system. He/she will be told to 

press and hold the button which activates the movement of the car. Once the car is reaching a distance, 

in which the participant is still comfortable enough to cross without increasing their pace, they are told to 

release the button. They will receive 3 different speeds of approaching vehicles (30, 50, and 70 km/h) in 

random order and the corresponding lampposts (minimum legal required uniformity) will be activated in 

each trial. After each practice trial the participant will enter a value on a 9-point scale which represents a 

rating corresponding to the previous crossing. The illumination of the lampposts was slightly higher than 

all the light conditions of the actual experiment. The vehicle used in the practice trials was a Fiat 500 XL; 

dark-red colored. Once the participant is acquainted with the system, the illuminance level is lowered 

again. Then, after a small break, the first of 66 conditions will start. After each condition, the participant 

can ask to redo a condition, if and only if a mistake was made. Half-way through, the participant will be 

asked how he/she is feeling in term of concentration and fatigue. A short break will be held, to regain 

focus. This break will be held in a low-illuminated environment.  At the end of the randomized sequence 
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of conditions, the final day-light conditions will be presented to the participant. These, will evenly be 

randomized. Once all conditions were presented, the participant could remove the eye-patch. Then, the 

participant was asked to fill in the two questionnaires (see Appendix G.   ) and is then debriefed. The 

questionnaire will capture different possibly confounding variables: Age, gender, eye-color, visual 

performance (color vision and visual acuity), level of education, vehicle knowledge, previous accident 

experiences as pedestrian or driver, frequency of crossing roads, and density of regular walking area. The 

total experiment will consume a little less than 70 minutes.  

3.7 Participants 

A sample of 19 healthy participants were recruited, of which 10 were male and 8 female. Their 

ages ranged from 22 to 35 years of age. All participants had normal, or corrected to normal visual acuity, 

and their dominant eye was right. Age has proven to have a significant effect on the mean safety gap. The 

effect of age is not the scope of this study. In addition, degrading visual performance in forms of acuity 

and light adaptation are also influenced by age (Mainster & Timberlake, 2003). To minimize the age 

effects, the sample will only exist of people from 18-35. Only participants with normal or corrected to 

normal were recruited.  

3.8 Data collection and ethical considerations  

The study has been approved to be in line with in-house requirements of Philips Lightings 

regarding ethical, safety and privacy concerns. All earlier mentioned risk concerns, were lowered as much 

as possible during the design phase. The study protocol was also approved by the ethical commission of 

the Human-Technology-Interaction group of the Technical University of Eindhoven.  

3.9 Analysis 

For the analysis of the data gathered, a linear mixed model analysis was used. All plots of the main 

effects are expressed on a primary (time-gap) and secondary (distance-gap) scale. All error bars are based 
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on the standard errors of the mean. All data-analysis is performed with IBM’s statistical analysis package 

SPSS 23.0 (IBM, 2016). All (pair-wise) post-hoc tests were produced using Fisher’s least significant 

difference correction (LSD) with a .05 family-wise error. 

4 Results 

4.1 Dataset 

 The total number of 66 conditions were presented to each of the participants. Within each 

condition, participants had to press (at the beginning of the condition) a button and to release the button 

when they felt like they would not cross anymore. This variable could be transformed to a safety margin 

in terms of time (seconds) or distance (meters). However, this transformation was not usable since the 

participants in this study were not able to verify the estimation of their own walking pace within the scale 

model. Therefore, the dependent variable of remaining time / distance was used. Observing each of the 

22 participants’ plots on the remaining time, three participant were excluded from the analysis for 

misinterpreting the assignment and thus providing unusable data.    

4.2 Statistical Analysis 

The dependent variable remaining gap, could be expressed in either distance (meters) or time 

(seconds). Both measures were calculated and used for analysis. Tests for normality (Shapiro-Wilk tests) 

within each condition showed that the normality assumption could not be completely met. The data is 

probably not normally distributed because of the small sample, individual interpretations of the task, and 

individual estimations within the scale model. The latter was verified by a low and non-significant 

correlation between the measured crossing time and estimated crossing time, r(18) = .361, p = .14. Yet, 

the linear mixed model analysis is quite robust and allows for correction for the unmet normality 

assumption. A full factorial model with all variables was initially build for explorative reasons. Further 

examination and omission of non-significant factors and interactions, left the following model (see Table 
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5). All (pair-wise) post-hoc tests were produced using Fisher’s least significant difference correction (LSD) 

with a .05 family-wise error.  

Table 5. Type III Tests of Fixed Effectsa 

Source Numerator df Denominator df F Sig. 

Intercept 1 18.444 511.622 .000* 

Vehicle speed 2 171.278 666.995 .000* 

Illuminance 4 153.617 23.759 .000* 

Car type 1 707.293 8.441 .004* 

Vehicle speed * Illuminance 8 164.544 2.186 .031* 

*. The mean difference is significant at the .05 level. 

a. Dependent Variable: Remaining Time. 

 

 Uniformity 

This study found no main effect or interaction effect of uniformity F(2, 16) = 2.50, p = .093. 

Therefore, uniformity was excluded from the final model. Uniformity was added for explorative (main 

effect and interaction effect) reasons. An important notion here is, that with a decreasing level of 

uniformity, the difference between minimum and maximum illuminance increased, while maintaining the 

average level of illuminance.  
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 Illuminance  

The factor illuminance showed a significant main effect F(2, 16) = 8.39, p < .001. This finding is in 

line with earlier research of Liu (2014), which found that pedestrians are prone to maintain a greater time-

gap in low-illuminance conditions in comparison to daylight conditions, F(1,30) = 153.493, p < 0.000.  

 

Figure 4-1: Line graph of remaining time per illuminance level 

 

A post-hoc test using Fisher’s least significance difference (LSD) provided a pairwise comparison 

of all illuminance levels. The difference in time and distance gap was significant between all illuminance 

levels except for the pair of 5 and 7 lux. This finding suggests a decreasing benefit of road lighting for light 

levels lower than 3 lux (𝐸ℎ𝑜𝑟,𝑎𝑣).  
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Table 6. Post-hoc test: pairwise comparison of illuminance levels 

(I) Illuminance level (J) illuminance level Mean 

Difference (I-J) 

Std. Error df Sig.c 

Night 3 Lux .854* .155 70.947 .000 

5 Lux 1.171* .152 65.516 .000 

7 Lux 1.120* .151 63.784 .000 

Day 1.508* .170 89.566 .000 

3 Lux Night -.854* .155 70.947 .000 

5 Lux .317* .083 401.076 .000 

7 Lux .266* .081 432.526 .001 

Day .654* .113 121.291 .000 

5 Lux Night -1.171* .152 65.516 .000 

3 Lux -.317* .083 401.076 .000 

7 Lux -.051 .075 457.153 .496 

Day .337* .108 105.758 .002 

7 Lux Night -1.120* .151 63.784 .000 

3 Lux -.266* .081 432.526 .001 

5 Lux .051 .075 457.153 .496 

Day .388* .107 101.332 .000 

Day Night -1.508* .170 89.566 .000 

3 Lux -.654* .113 121.291 .000 

5 Lux -.337* .108 105.758 .002 

7 Lux -.388* .107 101.332 .000 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

a. Dependent Variable: Remaining Time. 

c. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 
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 Speed 

The main effect of speed of the approaching vehicle on the remaining time-gap as well as for 

distance-gap were significant, F(3, 15) = 459.366, p < .0001. The time gaps of all speeds were significantly 

different from one another. Figure 4-2, shows the effect of speed of the approaching vehicle on the time 

and distance participants remained. Although the remaining time decreased with increasing speeds, the 

remaining distance increased with increasing speeds.  

 

Figure 4-2: Line graph of remaining time per speed category 
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 Vehicle type 

There was a significant effect of vehicle type on the remaining time, F(2, 16) = 4.547, p = .035 It 

was found that participants let the Volkswagen Polo GTI come closer than the Range Rover Evoque (See 

Figure 4-3).  

 

Figure 4-3: Line graph of remaining time per vehicle type 
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4.3 Learning effect 

The order of presented conditions could not completely be randomized. This was due to the 

adaptation time one needs when going form a high illuminance situation to a low-illuminance situation. 

Therefore, all low-illuminance conditions were presented first and were followed by the six day-light 

conditions. Hence, because this procedure was not able to completely correct for a possible learning 

effect, it was necessary to examine the significance of the overall learning effect over time. Since the effect 

of uniformity was proven not to be significant, the three uniformity levels were recoded as time to verify 

the existence of the learning effect. This because all conditions of uniformity were in a randomized and 

coded order. Therefore, the variable of uniformity was recoded and treated as time to explore if a learning 

effect has taken place. The plots of remaining time over time per participant showed a strong learning 

effect for four of the participants, which might have amplified the overall learning effect. Other 

participants showed no learning effect over time. The daylight conditions have been set at the end of the 

experiment for light adaptation purposes. Correction of the daylight condition measurements could have 

inconspicuous side-effects, since the main effect of daylight conditions is uncertain and thus could not be 

separated from the possible learning effect. The analysis focusses mainly on the effects between the dark 

conditions. Therefore, no correction was applied, but this could be a limitation on the usability and value 

of the outcomes of the daylight conditions. 
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4.4 Interaction effect of speed and illuminance 

The final mixed-model included the interaction effect of vehicle speed and illuminance. A 

significant interaction effect of vehicle speed and illuminance was found, F(2, 8) = 2.186, p < .05. The 

Figure 4-4 and Figure 4-5 both show the interaction of vehicle speed and illuminance projected 

on the tailored conceptual model of Kraus & Heckman (2012). The interaction effect was expressed in 

both time ( 

Figure 4-4) and distance (Figure 4-5). This to gain more insight and understanding of the interaction 

effect. The critical windows’ top border represents the looming threshold in seconds at that given speed 

with earlier mentioned approaching vehicles. The graph shows that with slower approaching vehicles, 

people tend to maintain greater time gaps distance-gaps in the lowest -illuminated environment (i.e. the 

dark condition). In both graphs below it should be noted that the daylight conditions do not contain a 

correction for a possible learning effect.  
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Figure 4-4: Line graph of interaction effect (Vehicle speed * Illuminance) plotted over the conceptual model of 

Krauss & Heckman (2012), in seconds 
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Figure 4-5: Line graph of interaction effect (Vehicle speed * Illuminance) on remaining time plotted over the 

conceptual model of Krauss & Heckman (2012), in meters 

A post-hoc test using Fisher’s least significance difference (LSD) provided a pairwise comparison 

of all illuminance levels across the different vehicle speed levels. This shows that in low-illuminated 

environments, people tend to use distance as a dominant factor for their crossing behavior. The latter 

could be derived from the fact that there is no significant difference in remaining distance between 30 

km/h and 50 km/h in the dark conditions. But there is a significant difference in remaining distance 

between 70 km/h and both 30 km/h and 50 km/h in the dark conditions. A post-hoc test of these contrasts 

effect verifies these estimates (see Table 7 and Table 8). 
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  Table 7: Post-hoc test: pairwise comparison of vehicle speed levels in dark across dark conditions 

Illuminance level Vehicle speed pairwise contrasts Contrast estimate Std. error t df Sig.c 

Dark 

30 50 0.001 0.155 0.009 104 0.993 

30 70 -0.318 0.156 -2.032 104 0.045* 

50 70 -0.319 0.116 -2.761 104 0.007* 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

c. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 

Table 8: Post-hoc test: pairwise comparison of interaction effect (Vehicle speed * Illuminance) on remaining time 

Speed of approaching vehicle Illuminance level pairwise 
contrasts 

Contrast estimate Sig.c 

30 

Night 3 lux 1.423 0.001* 

Night 5 lux 2.882 0.000* 

Night 7 lux 1.820 0.000* 

Night Day 2.372 0.000* 

3 lux 5 lux 0.659 0.002* 

3 lux 7 lux 0.397 0.060 

3 lux Day 0.948 0.001* 

5 lux 7 lux -0.026 0.159 

5 lux Day 0.290 0.280 

7 lux Day 0.551 0.039* 

50 

Night 3 lux 0.648 0.000* 

Night 5 lux 0.802 0.000* 

Night 7 lux 0.890 0.000* 

Night Day 1.264 0.000* 

3 lux 5 lux 0.154 0.142 

3 lux 7 lux 0.243 0.014* 

3 lux Day 0.616 0.000* 

5 lux 7 lux 0.089 0.366 

5 lux Day 0.462 0.001* 

7 lux Day 0.373 0.005* 

70 

Night 3 lux 0.490 0.000* 

Night 5 lux 0.629 0.000* 

Night 7 lux 0.649 0.000* 

Night Day 0.890 0.000* 

3 lux 5 lux 0.139 0.098 

3 lux 7 lux 0.159 0.041* 

3 lux Day 0.400 0.002* 

5 lux 7 lux 0.020 0.815 

5 lux Day 0.260 0.050 

7 lux Day 0.241 0.062 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

c. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 
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5 Discussion 

The direct effects of illuminance and uniformity of road lighting on the behavior of pedestrians 

are not frequently studied and relatively unknown. Although quite some research has been done on the 

effects of speed and vehicle type on pedestrian behavior, little research has been performed on these 

effects in dark environments. This research aims to explore the effects of road lighting parameters on 

pedestrian behavior, and how these effects interact with vehicle parameters. This research is based on 

legal requirements regarding road lighting set in the Netherlands and does not take any other national 

legal requirements into account. Within this research the focus lies on finding and verifying existing effects 

with the use of an indoor scale model, as well as exploring new (interaction) effects regarding road 

lighting. This exploration would possibly lead to further investigation of the effects.  

5.1 Discussion and future research 

 Hypothesis 1 and 2 - Road lighting illuminance versus daylight and darkness 

Based on the research of (Liu & Tung, 2014), it was expected that participants would maintain a 

greater gap while crossing the road in darker conditions in comparison to lighter conditions. More 

specifically, we hypothesized that the time gap for the illuminance levels (3, 5 and 7 lux) would be smaller 

than for the dark condition but larger than for the daylight condition. Both expectations were confirmed 

to a highly significant extent. Note that the results of the daylight conditions should be interpreted with 

care, since it was not possible to correct properly for a possible learning effect (see section 4.3). Therefore, 

the hypothesis regarding daylight cannot be confirmed with certainty.  

 Hypothesis 3 - Illuminance  

Although it was expected that the effect of road lighting illuminance has a significant effect on 

the remaining time as well as for remaining distance, it was uncertain how this effect was shaped. The 

focus for this study lies on the lower-illuminance levels. Through pairwise comparison, it was found that 
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all illuminance levels differed significantly from each other, except for illuminance level 5 and 7 lux. This 

suggests that the time gap decreases between 3 and 5 lux, and the effect of illuminance does not decrease 

going from 5 to 7 lux. This suggests that the effect possibly saturates from 5 lux on. More research would 

be necessary for the validation of this effect.  

 Hypothesis 4 - Uniformity  

The effect of uniformity (see section 4.2.1) was found not to significantly affect the time gap of a 

crossing decision of a pedestrian. A full factorial mixed-model has shown that the effect of uniformity 

within the values chosen did not significantly contribute to the variance of the time gap (F(2, 16) = 2.50, p 

= .093). Yet, this effect is marginally present. An important note here, is the fact that the lenses used for 

the experiment already possess the characteristics for projecting a highly uniform distribution of light (per 

lamppost) across the road surface. Also, whether the car was in a “dark spot” at the moment of decision, 

might have influenced the effect. Thus, the car might have been right under a lamppost at the point of a 

decision, which might have decreased the effect of uniformity in general. Therefore, it’s important to keep 

considering and exploring this effect in further studies.  

 Hypothesis 5 - Vehicle speed  

One of the manipulations for the experiment was the speed of the approaching vehicle. The 

effects of speed on distance perception and time to contact estimates is well studied and quite well 

understood (Bargi, Daniel, & Prasetijo, 2017; Viola Cavallo et al., 2015; Liu & Tung, 2014; Lobjois & Cavallo, 

2007, 2009; Wann, Poulter, & Purcell, 2011). Although, a vast quantity of research has been performed 

regarding vehicle speed, it is relatively unknown how this effect interacts with road lighting illuminance. 

From Figure 4-2 on page 37, it shows that as vehicle speed increases, the remaining time decreases, yet 

the gap in meters increases (see Figure 4-2). All pairwise comparison estimates differed significantly from 

each other. From this it can be suggested, that for this particular task, people tend to underestimate the 
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speed of the approaching vehicle. Yet, since there is a significant interaction, the earlier mentioned main 

effect of speed should be considered in combination with the found interaction effect between speed and 

illuminance. This interaction effect suggests that people tend to base their decision in the dark conditions 

on distance. This suggestion comes from the fact that in the dark, people make their decision (with a 

vehicle approaching with 30 km/h) after the vehicle reached the looming threshold1 (see Figure 4-5). The 

significance of pairwise comparisons of the interaction effect on the remaining distance validated this 

suggestion (see Table 8). The lacking of information in dark conditions possibly explains the participants’ 

emphasis on distance. People tend to deviate from the average, in their estimation in the safer direction 

of underestimation for their own safety (Cavallo & Laurent, 1988; Dunkeld & Bower, 1980; Schiff, W, 

1990).  

 Hypothesis 6 - Vehicle type  

As found in earlier studies, the effect of car size (type) effects the estimated time to arrival (Caird 

& Hancock, 1994; Viola Cavallo et al., 2015; Wann et al., 2011). Within the current study, the effect of car 

type on both time gap (seconds) and distance gap (meters) were found to be significant (see  

Figure 4-3.) The participants choose a greater gap with a larger approaching vehicle, thus make the 

decision for crossing earlier. Caird and Hancock (1994) found that people tend to be less accurate in their 

time to contact estimates with larger vehicles (delivery van vs. compact car). The latter suggests that the 

participants in the current study seem more conservative in their time to contact estimates with vehicles 

greater in size.  

                                                           
1 Looming threshold; the maximum physical distance at which a sufficient rate of change of the visual angle of the 

approaching vehicle is present for one to perceptually observe. 
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5.2 Limitations and recommendations 

 Scale model 

The current study is performed within the limits of the build scale model. The model was built 

with high precision and care. All belonging parts were scaled with high precision and looked very close to 

realistic (trees, vehicles, passengers, height of eye-level). Although all outcomes were in line with current 

literature, further verification of the ability of people to correctly estimate their own walking pace and 

corresponding distances is necessary. This verification could not be verified, thus external validity of the 

study is minimal and still has to be confirmed. The scale-model also forced the experimental protocol to 

have the participants have a fixed head position, since motion parallax could interfere with perceptual 

information gathered (see  

Figure 3-1). The scaling of all settings has been done with high precision, yet scaling the eyes of the 

participants was not possible for this scenario. It might be able to scale the interpupillary distance using a 

double-prism system. This system was examined for the current study, but would possibly create more 

downfalls than gains. Since literature has shown that monocular driving does not interfere with driving 

performance, it was assumed that this would evenly not interfere with a road-crossing task. Further 

implications of the scale model are in regard to the weather conditions and dynamic environments real 

world crossing environments have to offer. The scale model used was built with no surrounding buildings 

and environmental illuminance. The effect found still has to be further explored regarding dynamic and 

rapid changing environments and more natural settings. Also peoples’ cognitive efforts and risk-taking 

behavior differs from real situational settings. Therefore, observational studies might be a very interesting 

verification of the effect found.   



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  48 
 

 

 

 Learning effect 

As mentioned in section 4.3, a learning effect was found for four of the participants which was 

not easily captured. The variance per participant was too different to implement any correction. Therefore 

the mean of all daylight conditions might be in fact higher than presented in the result section. Since no 

correction has been applied for the learning effect to the mean average levels for daylight conditions, this 

average and all corresponding pairwise comparisons has to be interpreted from a conservative 

perspective. Following studies should be able to correct for the learning effect.  

 Sample size 

The experiment consumed approximately 70 minutes of the participants’ time, therefore it was 

very time consuming. The sample size had originally 19 participants, which was above sufficient with a 

power of 0.9. The power analysis was based on the odds ratio of Liu (Liu & Tung, 2014). Since three of the 

participants did not understand the task very well, their data was excluded from the analysis. This left a 

fairly small sample size of 16 participants, which might be considered small for the interaction effects 

found. Therefore, based on the interaction effects, the follow-up studies must consider taking a larger 

sample size.  

 Vehicle type and speed 

The results are examined with regard of two types of vehicle in the color white. This was the most 

popular vehicle color in the Netherlands in 2017 (“Revealed: most popular car colours of 2017,”). But 

evenly, the most visible color. Two types of vehicles were chosen to represent two different sizes of 

vehicles. The approaching speed is also limited by three types of road (30, 50, and 70 km/h. roads). Since 

the time gap decreases proportionally with increasing speeds and is underestimated by a great extend 

with increasing speeds, the importance of understanding and exploring higher speeds of approaching 

vehicles as well. Within real-world situations, vehicles tend to drive above the speed limit quite frequently.    
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 Glare effects 

The effects of glare are simulated, yet not investigated. Within the current study, the omission of 

investigating glare effects was chosen since real-world scenario was simulated without any great light 

changes. The vehicles headlights were imitated using 3 millimeter white LEDs. The glare of these 

headlights was measured at eye-level and compared to national legal guidelines. Further research should 

consider including full understanding of all glare effects present, since the effects of glare decrease visual 

performance in traffic situations significantly (Balk & Tyrrell, 2011; Wood, Tyrrell, & Carberry, 2005).  

 Recommendations 

Future research should focus on over- and underestimation of remaining time with approaching 

vehicles under different illuminance levels. The current study was unable to verify whether participants 

over- or underestimated the time to passant for the approaching vehicle. From the measurements taken 

during the experiment, it could not be concluded that people were able or unable to correctly estimate 

their own walking pace within the scale model. Therefore, it is important to verify people’s ability of 

estimating within a scaled environment.  

 Projection of real-world behavior 

Studies on crossing behavior of pedestrians show that people tend to take more risks under time 

constraints (Aurélie Dommes et al., 2013; Lobjois & Cavallo, 2009). However, other studies also found 

evidence for decisions with lacking information to choose an alternative inclined towards their own safety 

(Dunkeld & Bower, 1980; Schiff, 1990). In addition, a great number of pedestrian accidents reported in 

road statistics may be the result of negligence or unwillingness to make way for pedestrians by another 

road user, the driver (Varhelyi, 1998). Hence, the external validity of this study remains uncertain, and 

needs further investigation.   
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5.3 Conclusion 

This study was set-up to explore the effects of road lighting (illuminance and uniformity) on 

pedestrian behavior. The effects of vehicle type and speed were also taken into account. This led to a 5 

(Illuminance) x 4 (Uniformity) x 3 (Vehicle speed) x 2 (vehicle type) mixed within-subject factorial design. 

The scaled (1:20) experimental setup was highly controllable and therefore more likely to measure the 

direct effects of road lighting with little unexplained variation due to external parameters. The moment 

of measurement, was the final moment of crossing with an unknown vehicle approaching with an 

unknown velocity. This measurement in combination with the approaching velocity of the vehicle was 

used to calculate the remaining time (time to passant) from the vehicle to pedestrian. A full factorial 

mixed-model was built to explore all possible interactions and main effects present. It was found that 

uniformity of road lighting did not have a significant effect on remaining time. There was a significant main 

effect of illuminance, vehicle speed, and vehicle type (see Table 5). The time gap decreased with 

increasing illuminance level, increasing vehicle speed and decreasing vehicle size. The time gap of all 

illuminance levels were significantly different from each other expect for 5 and 7 lux (see 
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Table 6).There was also a significant interaction effect between illuminance and vehicle speed It 

was found that the participants tend to choose the remaining gap based on distance in the dark 

conditions, and emphasize their decision rather more on velocity and distance in all other conditions. This 

finding was based on the fact that participant choose a remaining gap beyond the looming distance 

(Krauss & Heckman, 2012; Maddox & Kiefer, 2012) in the dark conditions (no road lighting).  
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9 Appendices 

Appendix A.    Lamppost alignment 
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Appendix B.    Pictures of experimental setup 
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Appendix C.    Experimental set-up (3D) 
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Appendix D.    Graph measurement headlights – Kinolta Minolta T10  
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Appendix E.    Informed consent 
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Appendix F.    Privacy notice 
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Appendix G.    Questionnaires  
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Appendix H.    Variables 

Dependent variables 

Variable Code 
Range / 
value 

Unit Description 

Safety margin sg - 
millisecon
ds 

TTA – TTC = Sg (ms) 

Safety margin classification 
(safe/unsafe) 

sg_c 0 or 1 
Dichotom
ous 

Classification of a safe / unsafe crossing 

     

Independent variables 

Velocity (V1, V2, V3)  

V1.1 28 

Km/hour Velocity of approaching vehicle 

V1.2 30 

V1.3 32 

V2.1 48 

V2.2 50 

V2.3 52 

V3.1 68 

V3.2 70 

V3.3 72 

Time-to-cross TTC - 
Millisecon
ds 

Crossing distance (3.5 meter) / measured walking speed (m/s) 
over 10 meter 

Estimated time-to-cross ETTC - Press of the button to release of the button 

Scaled estimated time-to-cross SETTC - Press of the button to release of the button 

Perceived safety PS 1 to 10 Scale Perceived safety after crossing  - verbal feedback  

Illuminance 

Em-high 7 

Em [lx] 
Illuminance (corresponding to the road-class simulated; all 
road-classes: Em [lx]). 

Em-
medium 

5 

Em-low 3 

Uniformity 

Uo-M-high 0.45 

Uo 

Uniformity; (corresponding to the road-class simulated; M-
road: Uo, P-road: Uh) 

Uo-M-
medium 

0.32 

Uo-M-low 0.02 

Uh-p-high 0.22 

Uh 
Uh-p-
medium 

0.13 

Uh-p-low 0.01 

Year of birth BY - Year Birthyear 

Vehicle knowledge VK 0 to 5 
Likert 
scale 

Subjective assessment of vehicle knowledge 

Level of education LoE - Level Highest achieved level of education 

Traumatic experience in traffic 

AED 0 to 5 
Likert 
scale 

Previous accident experiences (perspective of driver) 

AEP 0 to 5 
Likert 
scale 

Previous accident experiences (perspective of pedestrian) 

Frequency of crossing roads FCR 0 to 5 
Likert 
scale 

Frequency of crossing roads 
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Appendix I.      Mixed-model ANOVA – SPSS 23.0  

Data structure 

 Data Structure 

o Subjects 

 Participant number 

o Repeated measures 

 Index number for conditions 

o Repeated covariance type: Diagonal 

 Fields and Effects 

o Target 

 Target: Remaining time 

 Use number of trials as denominator: false 

 Customize reference category: false 

 Distribution: Normal 

 Link function: Identity 

o Fixed Effects 

 Effects 

 Illuminance 

 Vehicle Speed 

 Cartype 

 Vehicle Speed * Illuminance 

 Include Intercept: true 

o Random Effects 

 Block 1 

 Subject: Participant 

 Include Intercept: true 
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Syntax for SPSS 23.0 

DATASET ACTIVATE DataSet1. 

MIXED Rem.Time BY Illuminance Speed_categorical_r1 Cartype 

  /CRITERIA=CIN(95) MXITER(100) MXSTEP(10) SCORING(1) SINGULAR(0.000000000001) HCONVERGE(0,  

    ABSOLUTE) LCONVERGE(0, ABSOLUTE) PCONVERGE(0.000001, ABSOLUTE) 

  /FIXED=Illuminance Speed_categorical_r1 Cartype Illuminance*Speed_categorical_r1 | SSTYPE(3) 

  /METHOD=ML 

  /PRINT=DESCRIPTIVES 

  /RANDOM=INTERCEPT | SUBJECT(Participant) COVTYPE(VC) 

  /REPEATED=Condition.index | SUBJECT(Participant) COVTYPE(DIAG) 

  /EMMEANS=TABLES(Illuminance*Speed_categorical_r1)  

  /EMMEANS=TABLES(Illuminance) COMPARE ADJ(LSD) 

  /EMMEANS=TABLES(Speed_categorical_r1) COMPARE ADJ(LSD) 

  /EMMEANS=TABLES(Cartype) COMPARE ADJ(LSD). 

  



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  78 
 

 

 

Appendix J.    Datasheet LumiLEDS 
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Appendix K.    Calculations DiaLUX 
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Road type M3 (motorized) 

 



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  85 
 

 

 



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  86 
 

 

 

 



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  87 
 

 

 

Road type P3 (pedestrian) 
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Road type P5 (pedestrian) 

 



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  91 
 

 

 



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  92 
 

 

 

  



EFFECTS OF ROAD LIGHTING ON PEDESTRIAN BEHAVIOR  93 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thijs Jans 

© 2018 


