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Abstract 

For the purpose of perceived safety, street lighting in residential areas should enhance 

pedestrians’ ability to judge the intentions of another person encountered on the street at night. 

Among the critical visual tasks that support judgement of intentions, perception of gaze 

direction has been found to be the most difficult. Accordingly, to design street lighting in 

residential areas for enhancement of the pedestrians’ perceived safety at nighttime, a thorough 

understanding is required about how street lighting conditions affect the ability to perceive 

another’s gaze direction. This study describes an experiment which collected perceived gaze 

directions for 30 participants under 5 levels of vertical illuminance and 3 levels of horizontal 

illuminance. A highly significant effect was found of vertical illuminance level on the accuracy of 

gaze perception. However, the effect was not found to be dependent on the level of horizontal 

illuminance. Furthermore, accuracy of gaze perception was not found to be affected by age. For 

an increasing level of vertical illuminance, gaze direction was found to develop from being 

underestimated towards being overestimated. For vertical illuminance levels above 10 lux, 

overestimation of gaze direction saturates at a value of 22%. Based on the findings, a minimum 

vertical illuminance level of 3.6 lux is recommended for street lighting in residential areas. 

 

Keywords: Street lighting, perception of gaze direction, perceived safety, vertical illuminance, 

horizontal illuminance, age 
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1. Introduction 

The sense of being safe is an essential contributor to our quality of life (Najafpour, Rad, 

Lamit & Rosley, 2014). This sense of being safe, often referred to as perceived safety, is defined 

by Haans and de Kort (2012)  as “a person’s immediate sense of security, and absence of anxiety 

of becoming victimized, when traveling through a particular environment” (p.343). At 

nighttime, the perceived safety diminishes for a great amount of people (van Bommel, 2015), 

thereby hindering the freedom of many to go out during hours of darkness (Johansson, Rosén, & 

Küller, 2011). Various studies have shown that  particularly those vulnerable to or afraid of 

personal attacks, such as women and elderly, experience limitation of personal freedom and 

mobility at night (e.g. Keane, 1998; Banister & Bowling, 2004). Not only may this lead to 

negative consequences for one’s physical health (Balfour & Kaplan, 2002), but also it can have 

long-term effects on psychological well-being (Keane, 1998). Moreover, as recognized by 

Commission Internationale de L’Éclairage (CIE) (2010), this provides opportunities for 

criminals, because there are fewer people to observe or restrain them. Foster et al. (2016) found 

a direct relationship between perceived personal safety and the amount of time spent walking 

within the neighborhood. In order to create a healthy living environment that allows people to 

participate in equal terms, it is thus essential to enhance the general perceived safety of 

pedestrians on the streets at night.  

Street lighting is generally seen as the most important physical feature of an urban 

environment to affect one’s perceived safety (Haans et al., 2012). As mentioned by van Rijswijk 

and Haans (2017) “a unique characteristic of street lighting is that it determines the visibility of 

objects and people in the immediate environment” (p.2). As the potential threat for a pedestrian 

in a street environment at night is often another person, street lighting designed for perceived 

safety should facilitate pedestrians’ ability to judge the intentions of this person. 

The majority of research that explored the effect of lighting conditions on one’s ability to 

judge another person use either facial recognition or identification as indicators (e.g Boyce & 

Rea, 1990; Fujiyama, Childs, Boampong, & Tyler, 2005; Raynham & Saksvikronning, 2003). 

Indeed, the current recommendations for street lighting in residential areas are based on the 

necessity for a pedestrian to recognize another’s face (CIE, 2010). However, the ability to 

recognize another person on the street at night cannot be considered adequate for judging 

another’s intentions. In case a pedestrian does not recognize the other person, it is namely still 

important to have additional information about the actual intentions of this unknown person. 

Since recent years, some research focused on another important aspect in judgement of 

intentions: the ability to perceive another’s gaze direction. Not only is gaze direction an 
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important cue for where another person is directing his or her attention (Langton, Watt, & 

Bruce, 2000), also it informs us about his or her walking direction (Nummenmaa, Hyönä, & 

Hietanen, 2009).  

Whereas perception of gaze direction has been found to be the most difficult among the 

critical visual tasks (Donners & Crommentuijn, 2017; Fotios, Yang, & Cheal, 2015a), it could be 

considered the cornerstone when designing street lighting for perceived safety. With lighting 

conditions that allow for a confident perception of gaze direction, identification and facial 

recognition can be assumed sufficient. Accordingly, to design street lighting in residential areas 

for enhancement of the pedestrians’ perceived safety at nighttime, a thorough understanding is 

required about how street lighting conditions affect perception of gaze direction. Therefore, the 

current research aims to gain deeper insight in the effects of different lighting conditions on 

one’s ability to perceive gaze direction.  

1.1 Research aims 

Though scarce, some earlier research examined the effect of lighting conditions on the 

ability of people to perceive another’s gaze direction (Donners et al., 2017; Fotios et al., 2015a). 

The ability to perceive gaze direction in both studies was determined by employment of a 

forced-choice judgement method in which participants either choose whether the gaze direction 

is toward or averted from them (Fotios et al., 2015a) or whether gaze direction is at the left, at 

the right or toward the participant (Donners et al., 2017). Thereby, the findings of the 

mentioned research are restricted to knowledge about the probability of correct estimation of 

gaze direction under specific lighting conditions. 

The current study aims to gain further knowledge on this topic by more accurately 

measuring one’s ability to perceive another’s gaze direction. In order to do this, a method is 

applied to measure the exact of perceived gaze direction. By that, the accuracy of perception of 

gaze direction can be assessed under varying lighting conditions. Hereby this study intends to 

contribute to the improvement of street lighting recommendations in residential areas. The 

main research question is stated as follows: 

What is the effect of street lighting conditions on the accuracy with which a pedestrian perceives 

another’s gaze direction? 
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2. Literature 

The topic of the current research concerns both the effect of lighting on perceived safety and the 

perception of gaze direction. This chapter therefore elaborates on earlier work done in these 

two fields of psychological research.  

2.1 Street lighting and perceived safety 

Street lighting undeniably plays an immense role in our everyday lives. Besides the basic 

purpose of enhancing visual performance, visual comfort and alertness of a road user, street 

lighting has proved to generate benefits across a variety of societal aspects. According to (Rea et 

al., 2009), outdoor lighting is designed, fabricated and installed for expected societal benefit at 

night. To accomplish this, a myriad of studies agree that well-designed road lighting should 

consider the needs of the specific road user (e.g. Waldram, 1950; Fujiyama et al., 2005; Van 

Bommel, 2014; Fotios, Gibbons, 2017). The first street lighting recommendations specifically for 

residential areas were designed by Caminada and van Bommel (1984). The four original criteria 

on which they based their lighting recommendations are (1) detection of obstacles, (2) visual 

orientation, (3) identification of persons and their intentions and (4) comfort and pleasantness. 

Fotios and Gibbons (2018) emphasize that an important criterion not raised by Caminada and 

van Bommel (1984) is “the contribution of lighting to promote reassurance to walk after dark, 

in other words, to increase the level of perceived safety or reduce the fear of crime” (p. 173).  In 

fact, one’s perceived safety is affected by a variety of visual criteria, among which the ones 

proposed by Caminada et al. (1984), and can therefore not be measured in a straightforward 

way. Throughout literature, different criterions have been used as target for investigating the 

influence of street lighting on pedestrians’ perceived safety. This section summarizes the most 

interesting and relevant research findings for the current report. In addition will be looked at 

the interpersonal distance and observation time that are related to fixating on other people in a 

street environment at night time. 

2.1.1 Lighting and subjective experiences of safety 

Numerous studies investigated whether street lighting influences one’s subjective 

experience of safety. Various methods have been used to examine this intuitively strong 

relationship. Lorenc et al., (2013) reviewed sixteen studies that investigated the effects of street 

lighting improvements on fear of crime. Here, street lighting that reduces fear of crime is 

assumed to simultaneously increase perceived safety. They found mixed results concerning the 

effect that street lighting interventions have on fear of crime. While some studies mostly 

showed reduction in fear, other studies proved the opposite.  
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Furthermore, several studies analyzed how specific characteristics of street lighting 

influence the subjective perception of safety. Through application of divergent methods, results 

of the studies of for example Ishii, Okuda and Fukagawa (2007)and Vrij and Winkel (1991) 

suggest that an increase in the level of illuminance can enhance one’s subjective perceived 

safety. Atkins, Husain and Storey (1991) found this relationship only to apply for women. 

However, as criticized in a review by Fotios, Unwin and Farrall (2015), what these studies miss 

is a critical aspect for the design of street lighting, namely an optimal illuminance level above 

which no significant profit is found for perceived safety. Boyce, Eklund, Hamilton and Bruno 

(2000) did find an optimal illuminance level by performing four field studies to investigate how 

much light is needed to facilitate a perception of safety at night equal to daylight and how this is 

dependent on light spectrum. Throughout different locations in New York the illuminance levels 

were established and participants were asked how risky they would think it would be to walk 

alone here. They concluded that an average illuminance on the street surface of around 30 lux 

leads to perceptions of safety at night time close to what they are in daylight.  

Some research focused on the possible role that lamp spectrum can have on subjective 

perceived safety of a location. Fotios et al. (2015b) reviewed three field studies that compared 

pedestrians’ perceived safety under illumination by high-pressure sodium lamps (HPS) with 

pedestrians’ perceived safety when the existing HPS lighting was replaced by lamps with a 

broader spectral distribution, while providing the same level of luminance. Differences were 

expected because higher scotopic/photopic (S/P) ratio generally appears brighter than lighting 

with lower (S/P) ratio level (Fotios & Cheal, 2007; Fotios & Cheal, 2011). In all three studies, the 

new lighting was found to provide higher ratings of safety than the HPS lamps. 

Other research specifically investigated whether different patterns of light distribution 

have effect on a pedestrians’ feeling of perceived safety. Difference in spatial distribution of light 

can emerge from variations in spacing and height of lamp posts, but also from luminaire optics. 

Kostic and Djokic (2014), for example compared subjective evaluations under LED and metal 

halide (MH) ambient lighting. They found that participants feel safer under MH lighting than 

under LED lighting. While the two lamps only differ in spatial distribution, MH lighting namely 

has a higher ratio of minimum to average illuminances. These results suggest that spatial 

distribution indeed affects one’s subjective feelings of safety. Haans et al. (2012) and Viliūnas et 

al. (2014) both varied spatial distribution by changing the light output of different luminaires 

and measured the corresponding subjective evaluations of perceived safety. Haans et al. (2012) 

placed participants at the beginning of a street of five individually controllable lamp posts to 

compare whether conventional (all lamps have same light output), ascending (light level 

increases with lamp post) or descending (light level decreases with lamp post) is experienced to 
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feel safer. Reported levels of perceived safety in the ascending condition were significantly 

lower than in the other two conditions. This might be explained by results of Viliūnas et al. 

(2014) who found that one’s perceived safety primarily depends on the level of illumination of 

the light source where (s)he is standing under. 

2.1.2 Lighting and detection of obstacles  

Another branch of research focussed on an original criterion of Caminada et al. (1984) 

by investigating how changes in lighting can affect the ability to detect obstacles on the street. 

The ability to adeaquately detect obstacles in a street environment can avoid trip hazards and 

collisions and therefore contributes to one’s feeling of being safe. Fotios and Cheal (2009), for 

example found that the level of illuminance influences people’s ability to detect obstacles that 

are located on the ground surface. Using data of the previous mentioned study, the same 

authors aimed to identify an appropriate illuminance level for obstacle detection in residential 

areas (Fotios & Cheal, 2013) and found 5.7 lux to be suitable. Later, Uttley, Fotios and Cheal 

(2017) used a larger apparatus for examination of the same concept and found that the effect of 

illuminance level on increased detection probability reaches a ceiling in the region of 2.0 lux.  

2.1.3 Lighting and identification of other people and their intentions 

Caminada et al. (1984) state that their criterion of identification of other people “has to 

do with the feeling of security” (p.70). By identification of other people and their intentions, 

pedestrians obtain information about whether the other person forms a threat to them and 

therefore whether or not they want to continue walking towards or avoid the other person. The 

importance of identifying other people on street at night was confirmed in a study of Fotios, 

Uttley, Cheal and Hara (2015c). Using an eye-tracking method, they found that pedestrians have 

a probability of 86% to fixate on a person that is encountered, suggesting that this is important 

for pedestrians. 

Facial Recognition 

Early work on the investigation of the effect of illuminance level and spectral power 

distribution of light on identification of other people has focussed on the aspect of recognition. 

Due to employment of different procedures, identification tasks and target types, results 

throughout literature proved to be inconsistent (Lin & Fotios, 2015). However, some studies 

found results that are worth mentioning here. In the study of Rombauts, Vandewyngaerde and 

Maggetto (1989) participants walked towards an experimenter unknown to them from 30 m 

and graded identifiability on a scale from 1 = “not able to see anybody” to 9 = “completely sure 

that somebody is seen” on fixed distances. Considering a score of 9 a prerequisite for personal 
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safety, an exponential relationship was found between semi-cylindrical illuminance and 

identification distance. From this relationship the minimum semi-cylindrical illuminance level 

required for sure identification was determined. While controlling for the effect of glare, for a 

distance of 4 m they found a minimum illuminance of 0.6 lux and for a distance of 10 m this was 

3.5 lux. Fujiyama, Childs, Boampong and Tyler (2005) used a similar approach and made 

participants walk towards an experimenter and let them tell at which distance they had a first 

idea of recognition (defined as “first recognition”) and a sure idea of recognition (defined as 

“sure recognition”). Again, an approximately exponential relationship was found between 

illuminance and distance. However, based on their results the minimal illuminance levels for 

first recognition and sure recognition on a distance of 4 m are respectively about 5 and 20 lux.  

Judgement of Intent 

As suggested by Fotios et al. (2015a), recognition might not be the most appropriate 

task in order to judge the possible threat of another person encountered on the street at night. 

In case a pedestrian does not recognize the other person, it is namely still important to judge 

whether this unknown person might form a threat. Fotios et al. (2015a) therefore propose to 

measure judgement of intent, rather than facial recognition, as cue for judging possible threat. 

Based on evidence in the field of social judgement, they therefore introduce emotion, gaze 

direction and body posture as measures for the evaluation of threat. In this context, they 

investigated how both spectral power distribution and illuminance level influence these three 

measures. They used a self-luminous screen portraying pictures of six different facial 

expressions (emotions), four different gaze directions and four different body postures of which 

participants had to choose which they thought was shown. Herefore, forced-choice judgements 

were used. By varying the size of the pictures, different interpersonal distances were simulated 

(ranging from 2 m to 135 m). Results demonstrated that one’s ability to judge emotion, body 

posture and gaze direction increases with increasing illuminance level and decreasing distance. 

Gaze direction turned out as the most difficult visual cue of the three and required 2.0 lux at an 

interpersonal distance of 2 m. For distances of 4 and 10 m no significant effects were found of 

illuminance level on the ability to judge gaze direction. For recognition of facial expression at 4 

m interpersonal distance only 0.2 lux was required, while on a same distance body gesture can 

be recognized on 10 or even 30 m. An important remark made by the authors, is that the faces of 

people from different cultures and/or ethnicities may lead to different interpretations of 

emotion or gaze direction. 
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Gaze Direction 

Based on the insights gained by the study of Fotios et al. (2015), Donners and 

Crommentuijn (2017) elaborated on examination of the minimum lighting conditions required 

for a confident perception of gaze direction. They simulated a street environment at night in 

which an experimenter performed different combinations of head orientations and gaze 

directions. Interpersonal distance was either 10 or 15 m. Forced-choice judgements were used 

to obtain the probability of correct judgement of gaze direction (either direct or averted) under 

varying lighting conditions. Lighting conditions were varied in terms of vertical illuminance, 

simulated by a spot shining in the face of the experimenter, and horizontal illuminance, 

simulated by illumination of the background behind the experimenter. Used levels of 

illuminances were chosen in the range of current recommended street lighting classes for 

residential areas. They found an effect of vertical illuminance, as well as an interaction effect 

between vertical illuminance and horizontal illuminance on the probability of correct gaze 

perception.  Based on the results of all participants together, they suggest that best performance 

for correct estimation of gaze direction can be achieved at vertical illuminance levels of 2 lux or 

higher in combination with horizontal illuminance higher than 7.5 lux, both for an interpersonal 

distance of 10 and 15 m. These results are strikingly different from the findings of Fotios et al. 

(2015), who found no effect of illuminance level at all for an interpersonal distance of 10 m 

when judging gaze direction. Further research is thus required to examine the actual role that 

illuminance level has on the ability to perceive gaze direction.  

Interpersonal distance and observation time 

Another essential aspect to take into account is the interpersonal distance at which a 

pedestrian requires to be able to judge another’s intentions. As seen earlier in this section, a 

variety of interpersonal distances have been used throughout literature to investigate one’s 

ability to judge another person. Originally, research on perceived safety (e.g. Caminada et al., 

1984) adopted the so called ‘zones of proximity’ developed by Hall (1969), and suggested that a 

pedestrian should be able to identify the face of another person at a distance of 4 m. However, 

as underlined by recent work of Fotios, Yang and Uttley (2015), Hall’s work was based on 

adequately lit environments and may not be applicable to interpersonal judgements at low light 

levels. Using eye-tracking devices, Fotios et al. (2015d) investigated the typical interpersonal 

distances on other pedestrians at nighttime. Their results suggest that research on the effect of 

street lighting on interpersonal judgements should use a distance of 15 m.  
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Additionally, Fotios et al. (2015) examined the typical duration of continuous fixation on 

other pedestrians at nighttime. For this they found an average duration of 480 ms. Based on 

these results, they suggest that research should use a restrict observation duration of 500 ms.  

2.1.3 Street lighting recommendations 

The amount of empirical research performed in the field of street lighting for residential 

areas, recaptured above, can be regarded as sufficient for the design of street lighting 

recommendations for residential areas. Surprisingly, current recommendations provided by the 

International Commission on Illumiation, do not seem to be founded on any of the empirical 

findings.  

In their 2010 report, they emphasize the differences between the visual tasks and needs 

of a pedestrian in contrast to a driver. They describe good lighting for pedestrians to discourage 

crime, make detection of crime possible and impart a great sense of security, besides improving 

the general level of convenience. Based on these criteria, the committee recommends six 

different classes of street lighting levels (P1 – P6), dependent on the geometry of the relevant 

area and the traffic and time dependent circumstances. Each class consists of a minimum and 

average horizontal illuminance Eh,av, to “ensure that the pedestrian can move over the road and 

footpath surfaces in safety”, and a minimum vertical illuminance Ev,min, based on the additional 

requirement that “facial recognition is necessary” (p.16). Horizontal illuminance refers to the 

amount of light falling on a horizontal plane, in this case the street, and ranges from 2.0 to 15 

lux. Vertical illuminance relates to the amount of light falling in a vertical surface, in this case a 

person’s face. In the recommendations, the values for minimum vertical illuminance linearly 

depend on the values for average horizontal illuminance and are about one-third of Ev,min, 

ranging from 0.6 to 5 lux.  

These recommendations are deficient in different ways. In the first place, no specific 

requirement is explained from which the recommended values for horizontal illuminance 

originate. Thereby, the chosen values are assumed rather than based on empirical evidence. 

More essential for the current report however, is the fact that the chosen ratio between 

horizontal and vertical illuminance has no scientific groundings (Donners et al., 2017). As 

mentioned by Fotios et al. (2018), there is a fundamental need for new lighting standards for 

residential areas founded in robust empirical evidence.  

2.2 Perception of gaze direction 

Perception of gaze direction is a topic that has been studied for decades and throughout 

various contexts. Main interest in the topic is in relation to interpersonal communication. Not 
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only does the perceived gaze direction inform an observer about where another person is 

paying attention, but it also functions as a signal for regulating the exchange and maintenance of 

the speaker role in a conversation (Masame, 1990).  

Perception of gaze direction, however, is not as straightforward as one may think. 

Masame (1990) discusses three biases that humans have when it comes to judging another’s 

gaze direction, important to the current research. Firstly, humans tend to have a so-called ego-

centric bias in case the looker’s eye-position is hard to perceive. When it is more difficult to see 

the other’s eyes, for example due to a larger distance or poor lighting, one thus tends to 

overestimate the presence of eye-contact. This ego-centric bias, also referred to as an 

underestimation effect due to underestimation of the gaze angle, is believed to occur on social 

judgement level rather than the perceptual level. Secondly, an overestimation effect is found for 

excentric gaze directions (away from the observer’s face). This bias is believed to have 

perceptual origins. Anstis et al. (1969) explained the origin of this mechanism to stem from the 

matters that the surface of eyeball is spherical and only part of surface of the eyeball is visible. 

Finally, a head turn effect occurs, referring to a shift of the perception of gaze direction in the 

opposite direction of a looker’s head turn. Todorovic (2006) explains that this effect occurs 

because perceived gaze direction is the additive combination of perceived head orientation and 

perceived gaze direction. 

Furthermore, various research has shown that humans’ ability to perceive another’s 

gaze direction is influenced by various contextual factors.  Mareschal, Calder and Clifford (2013) 

for example found that humans have a prior expectation that another person’s gaze is directed 

toward them. Happy faces are even more likely judged to be looking directly at you then do 

angry, fearful or neutral faces (Lobmaier, Tiddeman, & Perrett, 2008). Besides, the perception of 

gaze direction was also found to be influenced by body orientation (Moors, Germeys, 

Pomianowska, & Verfaillie, 2015), head contour and nose angle (Langton, Honeyman, & Tessler, 

2004).  

2.2.1 Measuring accuracy of gaze perception 

As stated in the introduction chapter, this research aims to measure the accuracy with 

which gaze perception is perceived under varying lighting conditions. Therefore, it is interesting 

to explore that have examined the accuracy with which gaze direction is perceived. Three 

studies published in the 60’s have had great influence on this topic: Gibson and Pick (1963), 

Cline (1967) and Anstis et al. (1969). Gibson and Pick (1963) let participants make forced-

choice judgements about whether a human looker, positioned on 200 cm distance, was either 

looking at them or not. The looker performed three different head orientations (-30˚, 0˚ 30˚)  in 
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combination with seven eye-positions. The noticeable deviation of eye displacement was found 

to be about 1 arc minute and independent of head orientation. Cline (1967) elaborated on this 

and used a semi-transparent mirror through which a looker could see a target board with 13 

different dots (both in horizontal and vertical direction). The participant was positioned so that 

(s)he could see the looker through the mirror on a distance of 122 cm. For each of the 13 

performed gaze directions by the looker, participants indicated their perceived gaze direction 

on a transparent response board containing 65 dots. Based on the distribution of the 

participants’ answers, it was found that for this interpersonal distance a linear displacement of 

0.51 arc minutes was just noticeable. For vertical displacements this value was found to be 

double. Again, variability was found to be independent of head turn.  

Later, Anstis et al. (1969) measured perceived horizontal gaze directions on an 

interpersonal distance of 84 cm. A horizontal scale was positioned midway between a human 

looker and the participant, slightly above eye level. The looker randomly fixated on each of nine 

target points on the scale, which could not be seen by the participant. The nine target points 

corresponded to gaze angles of -20˚, -15˚, -10˚, -5˚, 0˚, 5˚, 10˚, 15˚ and 20˚. A participant indicated 

his or her perceived gaze direction by holding a rod on the point of the horizontal scale where 

(s)he thinks the person is looking at. Throughout a single experiment, each target point was 

repeated three times by the looker. This was done for three different head orientations, 

resulting in 81 trials in each experiment. The relationship between perceived gaze direction and 

actual gaze direction was obtained and shown to be approximately linear, illustrating an 

overestimation of gaze angle of 50%. People thus generally tend to overestimate another’s gaze 

direction when the eye. Vine (1971), however, claims that this assumed linear relationship is 

unjustified because the data shows that overestimation only takes place for gaze direction 

targets of 10˚ and larger.  

Nonetheless, the method used by Anstis et al. (1969) has proven to be influential 

through its wide adaptation in gaze perception research (e.g. Hakala, Kätsyri, Takala, & 

Häkkinen, 2016; Masame, 1990; West, 2013). Cuijpers, Van der Pol and Meesters (2010) and 

Broers (2012) used a similar method to investigate mediated eye-contact with a two-

dimensional agent and also found similar results as Anstis et al. (1969), suggesting 

overestimation of gaze direction.  

2.3 Terminology 

As discussed above, the accuracy of gaze perception refers to the relation of a looker’s 

actual gaze direction and the gaze direction perceived by the observer. The closer perceived 

gaze location is to the looker’s actual gaze location, the higher the accuracy of gaze perception. 
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However, findings of Anstis et al. (1969) suggest that under high visibility levels a looker’s gaze 

direction is generally overestimated with 50%, due to a perceptual bias. Adopting the findings 

of Anstis et al. (1969), an overestimation of gaze perception of 50% is assumed to be a valid 

perception of gaze direction. Subsequently, throughout the hypotheses is assumed that when the 

looker’s eyes are seen to a better extent, this will lead to a more valid perception of gaze 

direction, and not a more accurate perception of gaze direction.  

2.4 Hypotheses 

 Only since recent years perception of gaze direction has been used as visual criterion for 

investigating the effect of street lighting conditions on a pedestrian’s perceived safety. The 

current research therefore aims to contribute to this field by adopting a method to measure the 

accuracy of gaze perception in order to examine these effects. Three hypotheses are established 

to provide a framework for  the experiments.  

 First of all, research of Fotios et al. (2015) and Donners et al. (2017) both found that 

one’s ability to perceive gaze direction increases when the level of illumination of the other 

person’s face is higher. Indeed, the amount of illumination is widely known to increase the level 

of visibility of an object or scene (e.g. Boyce, 2014). Therefore, a higher illumination of one’s face 

is expected to lead to a better visibility of his or her eyes and thereby a better visibility of gaze 

direction. While a looker’s face is normally orientated in the vertical plane, this hypothesis 

concerns the vertical illuminance. Hypothesis 1 is therefore formulated as follows: 

H1: A higher level of vertical illuminance results in a better visibility of a looker’s face and thereby 

a more valid perception of gaze direction.  

 Furthermore, Donners et al. (2017) found the effect of vertical illuminance on the 

probability of correct perception of gaze direction to be dependent on the level of horizontal 

illuminance. However, it is not clear from the research of Donners et al. (2017) in which 

direction this dependency functions. Considering that the street is oriented in the horizontal 

plane and the looker’s face is oriented in the vertical plane, the combination of horizontal 

illumination (on the street) and vertical illuminance (on the looker’s face) results in a contrast. 

A higher contrast of foreground to background illuminance has been found to lead to an 

increased visibility of an object or scene (e.g. Boyce,  2014; van Bommel, 2015). Hypothesis 2 

therefore concerns this contrast that originates from a combination of vertical illuminance and 

horizontal illuminance.  
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H2: An increasing contrast of vertical illuminance to horizontal illuminance results in a better 

visibility of a looker’s face. Therefore, a higher contrast of vertical illuminance to horizontal 

illuminance leads to a more valid perception of gaze direction.  

Finally, the vast decrease in probability of correct estimation of gaze perception for 

older participants found in the study of Donners et al. (2017) remains unexplained. The current 

research therefore aims to examine whether a difference is found between older people and 

younger people in the accuracy with which one perceives a looker’s gaze direction. When a 

person ages, a variety of processes occur that affect his or her visual abilities (Boyce, 2014). 

However, an aspect of high relevance for a street environment at nighttime is the contrast 

sensitivity. Contrast sensitivity is found to diminish after the age of 50 (Greene & Madden, 1987; 

Owsley, Sekuler & Siemsen, 1983). Hypothesis 3 is therefore based on this biological process.  

H3: People aged above 50 have a diminished contrast sensitivity compared to people below 50. 

Therefore, people aged above 55 have a less valid perception of gaze direction than do people aged 

under 35. 

Note that a rather large difference in age groups has been chosen in order to ensure an existing 

difference in contrast sensitivity between the age groups. 
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3. Methods 

In order to test the hypotheses specified in the previous chapter, an experiment was 

conducted in a closed lab environment in a Signify building on the High Tech Campus in 

Eindhoven. Experiments took place from 23th of July until 9th of August 2018. This chapter 

describes the methods that were used in the experiment. 

3.1 Participants 

A total of 32 participants took part in the experiment. Two of these participants did not 

finish the experiment because of insufficient eyesight to perform the experimental task. Data of 

these two were excluded from analysis. In order to test whether age has an effect on accuracy of 

gaze perception, participants were selected with an age either between 20 and 35 or larger than 

55 years old. Of the remaining 30 participants, each age group consisted of 15 participants. 

Additional including criteria for participants were sufficient or corrected eyesight and the 

absence of any ocular defects. The majority of the participants (23) were Signify staff, while the 

remaining 7 participants were friends and acquaintances of the experimenter. Before the start 

of the experiment, all participants were ignorant about the research aims and were non-biased 

towards the research. Participation in the study was on voluntary basis and compensation was 

available for participants that were not employed by Signify in the form of a voucher worth of 

€30,-. 

3.2 Experimental Design 

The experiment used a mixed design, including two within-subject factors, vertical 

illuminance and horizontal illuminance, and one between-subject factor, age. A participant 

indicated perceived gaze directions of a looker under 15 combinations of vertical illuminance (5 

levels) and horizontal illuminance (3 levels). In each of the 15 combinations of lighting 

conditions, the looker performed 5 different gaze directions which were all repeated once. This 

resulted in 150 to be judged gaze directions for each participant. The sequence in which the 

levels of vertical illuminance, the levels of horizontal illuminance and gaze directions were 

presented were all completely randomized for each participant. 

3.3 Stimuli 

The stimuli in the experiment were the gaze directions performed by the looker. The 

looker was played by the experimenter: a 24 years old Caucasian man with brown hair and blue 

eyes. Presentation of the stimuli was based on work of Anstis et al. (1969). At 122.5 cm in front 

of the looker, a horizontal scale was suspended 6 cm above eye level. The scale was marked with 

five target points, resulting in five different gaze directions when looked at by the looker. The 

lateral positions of the target points, referred to as actual gaze locations, were located at 



STREET LIGHTING EFFECTS ON PERCEIVED GAZE DIRECTION 
 

18 

 

respectively -43.5 cm, -21.75 cm, 0 cm, 21.75 cm and 43.5 cm, relative to the center of the scale. 

Figure 3.1 shows a schematic representation of the five target points and the corresponding 

gaze directions. Negative gaze locations thus represented gaze directions to the left, whereas 

positive gaze locations represent gaze directions to the right. The target point located at 0 cm 

represented a straightforward gaze. The five gaze directions corresponded to gaze angles of -

19.6˚, -10˚, 0˚, 10˚ and 19.6˚ relative to the normal of the looker’s line of sight.  

 

Figure 3.1: Schematic representation of the five target points illustrated by red crosses, with corresponding 

gaze directions illustrated by dashed arrows. The letter 'L' represents the looker as seen from a top view. 

3.4 Experimental Setup 

The experiment took place in a hallway with dimensions of 21 by 1.9 m . The hallway did 

not contain windows and all apertures emitting light from neighboring rooms were blocked 

thoroughly. During the experiment, both the looker and the participant were seated on office 

chairs adjustable in height and faced each other directly on a distance of 12.5 m. Originally, an 

interpersonal distance was chosen based on the work of Fotios et al. (2015d), as discussed in 

the literature chapter. This distance (15 m) was slightly reduced due to practical issues. Two 

chinrests, one for the participant and one for the looker, were used to minimize head 

displacements. A laptop in front of the looker was used to inform the looker about to be 

performed stimuli, to control the lights and to facilitate entering the participant’s responses. A 

table in front of the participant supported a laser pointer, that was used by the participant to 

indicate perceived gaze directions. In between looker and participant, the horizontal scale was 

positioned on 122.5 cm from the looker and 1127.5 cm from the participant. It was placed 

slightly above eye level so that participant and looker could see each other’s faces. Figure 3.2.a 

and 3.2.b show schematic representations of respectively the top view and the side view of the 
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experimental setup. In these figures, the letter L represents the looker, whereas the letter P 

represents the participant. 

 

a) 

 

b) 

Figure 3.2: Schematic representations of side view (a) and top view (b) of the experimental setup, including 

relevant dimensions. ‘L’ refers to the looker and ‘P’ refers to the participant. 

Essential materials used and parameters chosen for the experiment are shortly elaborated 

below. 

Lights 

The different levels of vertical and horizontal illumination were realized by the use of 

two different light sources. This was done so that both light sources could be varied 

independently. Vertical illumination in the experimental setup was simulated through 

illumination of the looker’s face. Horizontal illumination, was simulated through illumination of 

the background behind the looker as seen from the participant’s perspective. The two different 

sources of illumination will therefore referred to ‘face illumination’ and ‘background 

illumination’ from now. 

Face illumination 

The different levels of face illumination were realized by a dimmable Philips StyliD 

Compact Power LED spot (4000 K, Ra>80, 2000 lm). The spot was suspended from the ceiling 
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on a longitudinal distance of 2.9 m from the looker, so that light shined in the looker’s face with 

an average inclination angle of 44˚, relative to the ceiling. The spot was calibrated so that an 

illuminance level of exactly 0.5, 1.25, 2.5, 5 or 10 lux was measured on the position of the 

looker’s face. These levels of illuminance were chosen in the range of minimum values for 

vertical illuminance (Ev,min) classes for pedestrian and low speed traffic areas, recommended by 

CIE (2010).  

Background illumination 

The background was illuminated with a Philips Savio LED luminaire (4000 K, Ra>80, 

3400 lm), installed in the ceiling 5.25 m behind the experimenter. The background were two 

white doors with two small windows that were both blocked from emitting outside light. 

Important to note is that horizontal illumination thus was simulated through illuminating a 

vertical surface. The three levels of background lighting were chosen according to lighting 

classes P1, P3 and P5 for average horizontal illuminance (Eh,av) of pedestrian and low-speed 

traffic areas, recommended by CIE (2010). Lighting classes correspond to illuminance levels of 

respectively 3.0, 7.5 and 15 lux on the street surface.  In order to reproduce the amount of light 

reflected from the street surface at night, typical values of background luminance corresponding 

to these three lighting classes were calculated: 0.3, 0.8 and 1.5 cd/m2. Accordingly, the required 

values for the background luminaire were calibrated using a LMK5 Color luminance camera in 

combination with Technoteam LMK LabSoft Standard Color v12.7.23 software package. During 

calibration, the average luminance of the background surface was used as target value.  

Scale and laser pointer 

Besides facilitation of the different gaze directions for the looker, the horizontal scale 

was also used for participants to indicate their responses. By rotating the laser pointer 

horizontally in its holder, the participant indicated where on the scale (s)he thought that the 

looker gazed at. Perceived gaze directions were thus captured by recording the corresponding 

perceived gaze locations on the horizontal scale. A 1 mW laser pointer was used in the 

experiment.  

Opal glass was used as the scale’s material so that the projected laser beam also could be 

seen from the looker’s side of the scale. In order for the looker to read a participant’s perceived 

gaze location, the looker’s side of the scale was additionally marked with a continuous scale. 

Both the target points and the continuous scale were realized using glow-in-the-dark tape, so 

that they could be sufficiently seen in the dim lighting conditions that were used. Due to 
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dimensions of the experimental room, the width of the scale was 1.4 m. The continuous scale 

thus ranged from -70 cm to 70 cm, with 0 cm in the exact line of sight of the looker.  

The positions of the extreme target points (-43.5 and 43.5 cm) were based on an 

expected maximal overestimation of gaze direction of about 70%. This maximal percentage of 

overestimation was based on results of research by Anstis et al. (1969). A 70% overestimation 

of gaze angle when the looker gazes at the extreme left target point (-43.5 cm) or the extreme 

right target point (43.5 cm) would thus lead to a perceived gaze location at the limit of either 

side of the scale. Figure 3.3 shows a schematic representation of the scale as seen from the 

looker’s perspective with the continuous scale, the five target points and an exemplar location of 

the projected laser dot representing a participant’s exemplar response. 

 

Figure 3.3: Schematic representation of the scale as seen from the looker’s side. Red markings on the bottom 

of the scale indicate the five target points, with lateral positions -43.5, -21.75, 0, 21.75 & 43.5 cm. The red dot 

on top of the scale represents an indication of a perceived gaze location, in this example equal to -31 cm. 

3.5 Experimental Procedure 

Once the participant arrived in the experimental room, (s)he was instructed to carefully 

read the informed consent form and sign it when given approval. Then, the participant was 

tested on his/her visual acuity. The participant was asked to take place in the chin rest and read 

from a Landolt C chart, suspended on a distance of 5 m. Visual acuity was tested under office 

lighting conditions (127 lux on floor). After the visual acuity test, the participant was introduced 

to the research topic, the goal of the experiment and the experimental procedure. Participants 

were informed about the number of lighting conditions that were incorporated in the 

experiment, but were intentionally not informed about how many target points were used in the 

experiment. This was done so that participants’ responses would not be biased. 

In the explanation of the experimental procedure, it was stressed to the participant that 

trials in which the looker’s gaze direction could not be seen (well), still required a ‘best guess’ 

answer. The reason for this was twofold. Firstly, is assumed that subjects commonly can 

perform a visual task better than they think themselves. Secondly, a missing answer would be at 

the expense of the data collection. After explanation of the experimental procedure, the looker 

took place in his chair and performed a set of random gaze directions to check whether the 

participant could sufficiently see the looker’s pupils under the office lighting conditions, 

considering the large interpersonal distance used. When this was the case, all lights were turned 
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off and an experimental demo was started. Besides making the participant acquainted with the 

experimental procedure and task, the demo served the goal to make participants adapt to the 

dim lighting conditions. The demo contained 15 random combinations of levels of face 

illuminance, levels of background luminance and gaze directions and took approximately 3 

minutes. After the demo was finished and all remaining questions of participant were answered, 

the real experiment was started. 

As mentioned earlier, the experiment contained a total of 150 trials for which a 

participant indicated their perceived gaze location. A flowchart of one experimental trial and 

part of its follow up trial is schematically represented in Figure 3.4. In Figure 3.4, the red blocks 

represent events important for the participant, while blue blocks represent events important 

for the looker. From the red blocks it can be seen that each trial started with the background 

luminaire turning on to the corresponding level for that trial. After the background luminaire 

had been on for 3 seconds, the looker’s face was illuminated. Based on research of  Fotios et al. 

(2015), initially an illumination time of 500 ms was used. During pilot experiments, however, 

was found that this was too little time for the participant to be able to focus on the looker’s face. 

Therefore, the looker’s face was illuminated by the spot for a duration of 1 second.  

 As indication for the participant that the looker’s face is about to be illuminated, a short 

beep sounded through a set of speakers 1 second before the face illumination switched on. In 

Figure 3.4 this is indicated by a speaker logo. During the 3 seconds before the looker’s face was 

illuminated, the target point for that specific trial was displayed on the laptop. During 

illumination of his face, the looker gazed at the specific target point, resulting in an actual gaze 

location X. 

After the face illumination switched off, the participant indicated the perceived gaze 

location (Y) by aiming the laser pointer at the location on the scale where (s)he believed the 

looker was gazing at. The participant could use as much time as one needed for indicating the 

perceived gaze location for each trial. The looker then read the value for the perceived gaze 

location Y from the scale and inserted the corresponding value into the laptop. After Y was 

recorded for this trial, the next trial automatically started. 
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Figure 3.4: Schematic overview of the flowchart of experimental trial N and experimental trial N + 1. Red 

block represent events important for the participant, while blue blocks represent event important for the 

looker. The speaker logo represents a short ‘beep’ on that specific time. 

To minimize the influence of visual fatigue and discomfort on the experimental results, 

the 150 trials were divided into three parts of 50 trials. Between the three parts, short breaks of 

approximately 3 minutes were introduced. During the breaks, the lighting conditions remained 

dim and participants were asked to stay inside the experimental room to ensure adaptation to 

the light level. 

After finishing all 150 trials, the office lighting was switched on again and the participant 

was asked to fill in a final questionnaire (see Appendix A). The final questionnaire contained 

two semi-structured and one open question about the participant’s subjective experiences. 

Finally, the participant was debriefed. The total experiment took approximately 60 minutes. 

3.6 Analysis 

For each participant 10 perceived gaze locations Y were recorded under 15 different 

combinations of face illuminance level and background luminance level. This resulted in 150 

recorded responses for each participant. A total of 4500 data points for 30 participants. 

Every perceived gaze location Y corresponded to an actual gaze location X. 

Subsequently, the corresponding gaze error ԑ was calculated through: gaze error ԑ = perceived 

gaze location Y – actual gaze location X. Gaze error ε contains information of both the magnitude 

and the direction of the error. A negative value of ԑ represents an underestimation of gaze 

direction, whereas a positive value of ԑ represents an overestimation of gaze direction. Accuracy 

of gaze perception was assessed by obtaining the relationship between the looker’s actual gaze 

location X and corresponding gaze error ԑ. 
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Figure 3.5: Schematic representation of the experimental model. H1, H2 and H3 represent the to be tested 

hypotheses. Blue blocks represent within-subject variables, the yellow block represent a between-subject 

variable and the green block represents the dependent variable. 

Data was analyzed throughout multiple steps. Firstly, the relationship between actual gaze 

location X and gaze error ԑ was retrieved for every combination of lighting conditions for each 

of the 30 participants. Subsequently, the slope and intercept that describe this relationship 

between X and ԑ were obtained. The obtained values for slope and intercept were finally used as 

dependent variables in ANOVA tests in order to assess the effect of face illuminance, 

background luminance and age. Figure 3.5 shows a visual representation of the model, 

indicating the paths that are required to be tested for answering hypotheses H1, H2 and H3. Note 

that H2 illustrates the predicted interaction effect of background luminance on the main effect of 

face illuminance on the accuracy of gaze perception. All statistical analyses are performed using 

StataIC 14 (StataCorp, 2015). 
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4. Results 

This chapter describes analysis of the data that was gathered in the lab experiment. 

Firstly, the statistical approach is validated by examination of the results for an individual 

participant. Thereafter, statistical analyses are performed in order to test the stated hypotheses. 

4.1 Statistical approach 

For each of the 30 participants, 150 responses were recorded. This resulted in a total of 

4500 observations. Due to a software issue, 14 responses were lost for a single participant. 

Furthermore, 3 observations were deleted because of errors during input. Therefore, a total of 

4483 observations were usable for statistical analysis.  

4.1.1 Data single participant 

Before addressing the main hypotheses, the accuracy of gaze perception is visually 

examined for a single participant in order to validate the statistical approach. As mentioned in 

the methods chapter, accuracy of gaze perception is in this report assessed through examination 

of the relationship between actual gaze location X and gaze error ԑ. For an individual participant 

20 with a normal visual acuity (Landolt score = 1.0; Age > 55), Figure 4.1 shows how this 

relationship is affected by the lighting conditions through plotting the values for gaze error ԑ 

against actual gaze location X. The different graphs represent the five different levels of face 

illuminance, whereas different colors represent each of the three levels of background 

luminance. Note that each dot in a graph represents a single observation. 

 A great deal of information can be derived from these graphs. First of all, gaze errors 

made by participant 20 appear to be generally positive for negative gaze locations and generally 

negative for positive gaze locations for the lower levels of face illuminance. For higher levels of 

face illuminance on the other hand, gaze errors are generally negative for negative gaze 

locations, while positive for positive gaze location. Additionally, gaze errors are found to be 

generally larger for larger values of gaze location X. 

 Moreover, Figure 4.1 provides information about how the accuracy of gaze perception of 

participant 20 is affected by the lighting conditions. Comparison of the different graphs of 

Figure 4.1 suggests an influence of level of face illuminance on the relationship between X and ԑ. 

Level of background luminance, on the other hand, does not seem to affect this relationship too 

much.  
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

Figure 4.1: Observations for gaze error ԑ plotted against actual gaze location X with first order linear fit for 

face illuminance levels of a) 0.5, b) 1.25, c) 2.5, d) 5 and e) 10 lux for participant 20. Blue dots represent a 

background luminance of 0.3 cd/m2, red triangles represent background luminance of 0.8 cd/m2 and green 

squares represent background luminance 1.5 cd/m2. N=30 for each graph. 

Worth to mention, however, is that for higher levels of face illuminance, accuracy of gaze 

perception varies slightly for different levels of background luminance. It remains ambiguous, 
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however, how level of background luminance affects accuracy of gaze perception along these 

face illuminance levels for this participant.  

As shown in each of the graphs of Figure 4.1, the relationship between X and ԑ for each 

combination of face illuminance level and background luminance level is approximated with a 

first order linear regression. Each of these linear regressions is characterized by a specific slope 

and intercept. The slope holds information about the proportional deviation of perceived gaze 

location Y in relation to actual gaze location X. A negative slope suggests underestimation of 

gaze location, while a positive slope indicates overestimation of gaze location. On the other 

hand, the intercept describes the constant deviation of perceived gaze location Y in relation to 

actual gaze location X. A negative value for intercept indicates that gaze location is perceived too 

far to the left (relative to the looker’s normal), while a positive value for intercept indicates that 

gaze location is perceived too far to the right (relative to the looker’s normal).  

 The next section explains how effects of experimental conditions on the accuracy of gaze 

perception are statistically tested. 

4.1.2 Dependent variables 

For each participant, the relationship between actual gaze location X and gaze error ԑ is 

approximated with a first order linear regression for each combination of lighting conditions. 

For 5 levels of face illuminance and 3 levels of background luminance, this results in 15 linear 

regressions for each participant, all characterized by a combination of slope and intercept. For 

30 participants, that results in a total of 450 linear fits. Each of these linear fits can be written as 

ԑ = A*X + B, with A representing the slope of the linear fit and B representing the intercept of the 

linear fit. Subsequently, is tested whether both slope A and intercept B are significantly affected 

by the experimental conditions. In this way the main hypotheses are tested. 

The average R2 value for all 450 linear regression curves is 0.34 and thus considered 

weak to low (Moore, Notz, & Fligner, 2013). However, the relationship between X and ԑ for data 

of all participants combined justifies this relationship. Figure B.1 in Appendix B shows how the 

relationship between X and ԑ is affected by lighting conditions for the entire sample size. 

4.2 Hypothesis Testing 

Since the independent variables used in the experiment are all categorical, the predicted 

effects of level of vertical illuminance (H1), contrast of vertical to horizontal illuminance (H2) 

and age (H3) on accuracy of gaze perception are modelled using ANOVA (Analysis of Variance). 

Slope A and intercept B are used as dependent variables in two different models. The effects of 

vertical and horizontal illuminance are assessed by testing the effects of face illuminance and 
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background luminance, respectively. Hypothesis 2, that concerns the effect of contrast of 

vertical illuminance to horizontal illuminance, is assessed by testing for an interaction effect of 

face illuminance and background luminance. In this way is tested for a possible effect of contrast 

inside each level of face illuminance. Furthermore, while not hypothesized, the main effect of 

background luminance is also included in both models.  

Analysis of data distributions within conditions showed that both the assumption of 

normality and the assumption of sphericity are not met. This is both the case for slope A as 

target variable and as for intercept B as target variable. Additional analyses of data of individual 

participants showed to non-significantly differ from normal distributions. Deviations of normal 

distributions thus appear to be due rather to interpersonal than intrapersonal differences. 

Furthermore, while ANOVA is not robust to outliers in the dataset, it is in fact quite robust to 

violations of the normality assumption. Because of the violation of sphericity, Greenhouse-

Geisser (1959) and Huynh-Feldt (1976) corrections are taken into account. In both of these 

correction methods, the degrees of freedom are altered, resulting in a decreased Type I error 

rate.  

The first ANOVA assesses the effect of face illuminance level, background luminance 

level and age on slope A. All independent variables are fixed factors. Table 4.1 summarizes the 

results of this analysis.  

Table 4.1: Results of ANOVA with slope A as dependent variable, face illuminance level, background 

luminance level and age as independent variables (N=450). H-F refers to Huynh-Feldt corrected p-values, G-G 

refers to Greenhouse-Geisser corrected p-values. * indicate p-values < 0.05, ** indicates p-values < 0.001. 

p 

Slope A df F Regular H-F G-G 

Face Illuminance 4 170.54 0.000** 0.000** 0.000** 
Background Luminance 2 0.55 0.5823 0.5823 0.5765 
Age 1 0.12 0.7285 - - 
Face Ill. * Background Lum. 8 0.60 0.7735 0.7520 0.7078 

 

Face illuminance has a highly significant effect on slope A (p < 0.001). However, 

background luminance, age and the interaction between face illuminance and background 

luminance do not significantly influence the dependent variable. Note that for this analysis 

regular and corrected p-values are very similar and are thus interpreted in the same way.  

Before going into details on the effect of face illuminance on slope A, a second ANOVA is 

conducted to obtain the effect of the same set of independent variables on intercept B. Again, 

independent variables are fixed factors. Results of this analysis are presented in Table 4.2. 
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Table 4.2: Results of ANOVA with intercept B as dependent variable, face illuminance level, background 

luminance level and age as independent variables (N=450). H-F refers to Huynh-Feldt corrected p-values, G-G 

refers to Greenhouse-Geisser corrected p-values. * indicates p-values < 0.05, ** indicates p-values < 0.001. 

p 

Intercept B df F Regular H-F G-G 

Face Illuminance 4 2.49 0.0472* 0.0576 0.0678 
Background Luminance 2 3.73 0.0300* 0.0300* 0.0345* 
Age 1 0.55 0.4627 - - 
Face Ill. * Background Lum. 8 1.05 0.4015 0.3989 0.3935 

 

From Table 4.2 can be seen that background luminance influences intercept B 

significantly (p < 0.05). According to the regular p-value, also a significant influence of face 

illuminance exists. However, due to violation of the sphericity assumption, a corrected p-value 

should be taken into account. Both Huynh-Feldt and Greenhouse-Geisser corrected p-values 

suggest that face illuminance does not significantly influence intercept B (p > 0.05). 

Nevertheless,  because the effect of face illuminance is close to significant, it does show a trend 

and is therefore relevant to take into account. Furthermore, age and the interaction between 

face illuminance and background luminance do not have significant influence on intercept B. 

To sum up, the level of face illuminance is found to significantly affect slope (A) of the 

linear relationship between gaze error ԑ and actual gaze location X, while its intercept (B) is 

significantly influenced by level of background luminance. Also, a trend showed in intercept B 

due to the level of face illuminance. The remaining part of this chapter is devoted to further 

investigation of these effects. 

4.2.1 Effect face illuminance level 

Results from the statistical analyses suggest that face illuminance level influences 

accuracy of gaze perception in twofold, i.e. both slope A and intercept B of the relationship 

between X and ԑ. Firstly, face illuminance showed a highly significant effect on slope A F(4, 

112)= 170.54, p < 0 .001. Figure 4.2 shows the relationship between X and ԑ for the different 

levels of face illuminance in one graph. Here, mean values of slope A and their corresponding 

standard errors are plotted against actual gaze location X for the data of all 30 participants. The 

colors represent the different levels of face illuminance.  

From Figure 4.2 can be seen that slope A gradually develops from negative to 

moderately positive for an increasing level of face illuminance. Interesting to note is that for 

higher levels of face illuminance, mean values of gaze error ԑ deviate increasingly from the 

corresponding first order linear regressions. Possible explanations for this incident are 

considered in the discussion chapter.  
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Figure 4.2: Mean values of gaze error ԑ ± SE plotted against actual gaze location X and first order linear fit for 

face illuminance levels of 0.5 (blue), 1.25 (red), 2.5 (green), 5 (orange) and 10 lux (black) for all participants. 

N=4500. 

In Figure 4.3, the mean of slope A with corresponding standard errors is plotted against 

the level of face illuminance. The value for slope A starts around -0.8 for a face illuminance level 

of 0.5 lux and vastly increases for an increasing level of face illuminance level. For a face 

illuminance level of 2.5 lux the slope is approximately 0, after which it moderately increases 

further up to about 0.2 for a face illuminance level of 10 lux. Important to note is that for a value 

for slope A of 0, indicated in the graph with a dashed line, perceived gaze location Y is exactly 

equal to actual gaze location X for all target positions. The dashed line therefore represents 

geometrically correct judgements of gaze location. 

To quantify this asymptote, the relationship between slope A and face illuminance level 

is approximated with a negative exponential function, expressed by � = � ∙ �1 − �	
∙�� + �.  

Here A represents slope A, F represents the level of face illuminance in lux and a, b and c 

represent to be determined constants. Using the nonlinear least squares method in MATLAB 

R2018a, values of the constants that correspond to the best fitting curve are as follows: a = 

1.332 (1.196, 1.468); b = 0.690 (0.547, 0.832).; c = -1.111 (-1.256, -0.967) (R2 = 0.575). The 

relationship between slope A and face illuminance level F can subsequently be described by the 

equation � = 1.332 ∙ �1 − �	�.���∙�� − 1.111. The green line in Figure 4.3 represents this 
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negative exponential function. For the negative exponential approximation, slope A saturates at 

a value of 0.22. This implies that under face illuminance level higher than 10 lux, actual gaze 

location X is overestimated with an average of 22%. 

 

Figure 4.3: Mean values of slope A ± SE vs. face illuminance level with the green line representing negative 

exponential approximation with function � = �. ��� ∙ ��. ���� − �	�.�� �∙!�. 

Additionally, the ANOVA results from Table 4.2 indicated a trend in intercept B due to 

variation in face illuminance level. In Figure 4.4 the mean values with standard errors are 

plotted as function of face illuminance level. It can be seen that the value of intercept B starts 

around -2.5 cm for 0.5 lux and gradually decreases with increasing level of face illuminance. 

Moreover, the relationship between face illuminance level and intercept B seems to be 

exponential. However, the differences between the means are small relative to the range of 

standard errors. Therefore, the relationship between intercept B and face illuminance level will 

not be further examined here. 
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Figure 4.4: Mean values of intercept B ± SE as function of face illuminance level 

4.2.2 Effect background luminance  

The ANOVA results from Table 4.2 showed that the level of background luminance 

significantly influences accuracy of gaze perception through its intercept B F(2, 56) = 3.73, p < 

0.05. Figure 4.5 shows the mean values of intercept B with their standard errors as function of 

the level of background luminance.  

 

Figure 4.5: Mean values of intercept B ± SE as function of background luminance level 

For all three levels of background luminance, intercept B has a small and negative value. Unlike 

the effect of face illuminance level on slope A, no self-evident relationship can be deduced 
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between background luminance level and intercept B. It can be seen, however, that the mean 

value for intercept B is around -3 cm for a level of background luminance of 0.8 cd/m2, while m2 

it is around -5 cm for 0.3 and 1.5 cd/m2. Although ANOVA results indicate a significant effect, the 

differences between the means are small relative to the range of standard errors.  
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5. Discussion 

 This study investigated the effect of street lighting conditions on the accuracy with 

which a pedestrian perceives another’s gaze direction. By precise measurement of participants’ 

perceived gaze directions under varying lighting conditions, effects of vertical illumination, 

horizontal illumination and age were obtained in a lab experiment. In order to vary the lighting 

conditions independently, vertical illumination was simulated by illuminating the looker’s face, 

whereas horizontal illumination was simulated by illumination of the background behind the 

looker. The influence of experimental conditions on the accuracy of perceived gaze direction 

was obtained by investigation of both slope and intercept of the approximately linear 

relationship between actual gaze location X and gaze error ԑ.  

 In order to relate the findings to the hypotheses, the effects of face illuminance and 

background luminance will be referred to again as vertical illuminance and horizontal 

illuminance respectively. 

5.1 H1: Effect of vertical illuminance 

Hypothesis 1 argued that an increased level of vertical illuminance leads to a more valid 

perception of gaze direction. The level of vertical illuminance was found to influence perceived 

gaze direction in twofold. Firstly, vertical illuminance show to affect the slope A to a highly 

significant extent, indicating that the proportional deviation of perceived gaze direction varies 

for different lighting conditions. Secondly, a trend in intercept B was shown as a result of 

vertical illuminance. However, this change in constant deviation of perceived gaze direction was 

found to be negligibly small. From the relationship between vertical illuminance and slope A 

was found that gaze direction evolves from being underestimated towards being overestimated 

by the observer. Overestimation of gaze perception saturates on a value of 22% for extreme 

levels of vertical illuminance. This suggests that the earlier defined valid gaze perception 

(overestimation of 50%) was not reached under the used experimental conditions. However, for 

higher levels of vertical illuminance, perception of gaze direction was found to be increasingly 

valid. Thereby, Hypothesis 1 is confirmed. 

5.2 H2: Effect of contrast of vertical illuminance  

 Hypothesis 2 argued that an increased level of contrast of vertical illuminance to 

horizontal illuminance leads to a more valid perception of gaze direction. Both slope A and 

intercept B were not found be significantly influenced by the contrast of vertical to horizontal 

illuminance. Both constant deviation and proportional deviation of perceived gaze direction are 

thus not affected by the contrast of vertical to horizontal illuminance. Therefore, H2 is rejected. 

The fact that contrast of vertical to horizontal illuminance did not appear to influence the 
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perceived gaze direction, might be explained by the observation of  Todorovic (2006) that 

perception of gaze direction depends both on the position of the iris and the orientation of the 

looker’s head. While the experiment in the current study did not include different head 

orientations, the visual task of perceiving the looker’s gaze direction was restricted to the area 

around the iris. Thus, contrast between iris and sclera rather than contrast of face illuminance 

to background luminance would affect the perception of a looker’s gaze direction.    

5.3 H3: Effect of age 

Hypothesis 3 argued that people aged above 55 perceive gaze direction with a lower 

validity than people aged under 35. No significant effects of age were found on both slope A and 

intercept B. This again might be explained by the fact that the visual task in the current 

experiment was limited to the area around the iris, in which contrast changes did not take place. 

Following this reasoning, contrast sensitivity would not be the appropriate mechanism to 

distinguishes participants’ ability to perceive the looker’s gaze direction.  

5.4 Effect of horizontal illuminance 

 While not hypothesized, a significant effect was found of horizontal illuminance on 

intercept B. This indicates a shift in constant deviation of perceived gaze location in relation to 

the actual gaze location, due to a variation in horizontal illuminance. However, the shift that was 

found between the levels of horizontal illuminance were negligibly small in relation to the range 

of standard errors.  

5.5 Implications findings 

 To the author’s best knowledge, this is the first time in scientific research that the effects 

of street lighting conditions are investigated on pedestrians’ accuracy of perceived gaze 

direction. Where former research (Fotios et al., 2015; Donners et al., 2017) found differences in 

a pedestrian’s probability of correct identification of gaze direction due to level of illumination, 

findings of the current study hold a relationship between vertical illuminance level and the 

extent to which a pedestrian either under- or overestimates a looker’s gaze direction.  

 Donners et al. (2017) also found on a similar interpersonal distance that level of vertical 

illuminance affects one’s ability to perceive gaze direction. The interaction effect of face 

illuminance and background luminance found by Donners et al. (2017), however, was not found 

in the current study. Moreover, the effect of age found by Donners et al. (2017) was also not 

found in the current study. These differences might be best explained from the perspective of 

size of the visual task. While Donners et al. (2017) included different head orientations of the 

looker in their experiment, participants’ visual task concerned the entire area of the looker’s 
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face. Following this reasoning, the contrast due to variation in vertical illuminance and 

horizontal illuminance played a more prominent role in the work of Donners et al. (2017). 

Furthermore, it also explains the found effect of age in Donners et al. (2017) because for their 

study, contrast sensitivity was in fact an appropriate mechanism to distinguish the performance 

of the visual task. Answers of participants on the final questionnaire of the current study relate 

to this explanation. A considerate amount of participants namely indicated that they did not 

notice that the level of background lighting varied during the experiment. When noticed, 

however, some mentioned that the change in background lighting was distracting them from the 

actual task. 

 The relationship between vertical illuminance and accuracy of gaze perception, as 

shown in Figure 4.3, can also be related back to earlier findings in the field of perception. On the 

one hand, the looker’s eye-position is difficult to perceive under low levels of vertical 

illuminance, which may therefore lead to the earlier discussed ego-centric bias (Masame, 1990): 

one tends to overestimate the presence of eye-contact, ultimately leading to an underestimation 

of the looker’s gaze direction. On the other hand, an overestimation effect occurs for vertical 

illuminance levels higher than 2.6 lux. This suggests that pedestrians perceive the looker’s eye-

position increasingly better for vertical illuminance levels above 2.6 lux, and thereby 

increasingly overestimate the corresponding gaze direction due to a perceptual bias (Anstis et 

al. (1969)).  

 The current study suggest that pedestrians’ overestimation of another’s gaze direction 

saturates to an average of 22% for extreme levels of vertical illuminance (> 10 lux). This is a 

smaller overestimation than found by Anstis et al. (1969), who found an overestimation of 50%. 

This difference in findings may originate from different sources. The much larger interpersonal 

distance and the restricted observation time of the current study in relation to the study of 

Anstis et al. (1969), both lead to a decreased visibility of the looker’s eyes. Thereby, the 

perceptual bias of the observer, leading to overestimation of gaze direction, may occur to a 

lower extent in the current study than in the study of Anstis et al. (1969).  

5.6 Recommendations for street lighting 

 Findings of the current study can be used as benchmark for design of street lighting 

standards for residential areas. While findings of the current study exclusively suggest an 

eligible effect of vertical illuminance level, recommendations based on these findings restrain to 

ranges of vertical illuminance. Recommendations can be provided based on two distinct 

concepts that need explanation: perceptually correct gaze perception and geometrically correct 

gaze perception. Perceptually correct gaze perception refers to the situation in which gaze 
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perception is perceived under maximal visibility conditions, whereas geometrically correct gaze 

perception refers to the situation in which perceived gaze direction is equal to the actual gaze 

direction along the measured field of gaze. 

From Figure 4.3 was found overestimation of gaze perception saturates for extreme 

values of vertical illuminance, perceptually correct gaze perception is assumed to be an 

overestimation of 22% under the tested conditions. In order to facilitate this perceptually 

correct gaze perception, lighting levels would be desired that realize perception of gaze 

direction that does not significantly differ from this value. The minimum level of vertical 

illuminance that allows for this is calculated by subtracting the value for perceptually correct 

gaze perception with the average CI of slope A across the different levels of vertical illuminance 

�"# = 1.96 ∙ &'((((�. Following this approach, a minimum allowable overestimation equal to 11.2% 

is found. The level of vertical illuminance that corresponds to this level of overestimation is 

equal to 3.6 lux. These findings thus suggest that a person’s face should be illuminated with a 

minimum level of 3.6 lux in order to facilitate perceptually correct gaze perception.  

Worthwhile to stress is that gaze direction is more accurately perceived for lower levels 

of vertical illuminance. Geometrically correct perception of gaze direction was namely found for 

a vertical illuminance level of 2.6 lux. Aiming to design street lighting that facilitates this correct 

perception of gaze direction, a vertical illuminance level between 2.0 and 3.6 lux should be 

effectuated. This minimum and maximum value are again based on the average CI of slope A. 

Inside this range of vertical illuminance, perception of gaze direction thus does not significantly 

differ from geometrically correct perception of gaze direction. However, should be noted that 

designing street lighting for correct perception of gaze direction is at the expense of the level of 

visibility level of a pedestrian. 

With respect to the current recommendations for minimum vertical illuminance in 

residential areas by CIE (2010,) perceptually correct gaze perception is achieved only in lighting 

class P1, whereas geometrically correct gaze perception is achieved in lighting class P2 and 

nearly in lighting class P3. Recommendations for minimum vertical illuminance for lighting 

classes P4, P5 and P6 are thus too low to allow for either perceptually or geometrically correct 

gaze perception. More importantly, however, is that the minimum level of vertical illuminance 

has not been found to depend on the level of background illuminance. This means that the 

current findings suggest that the linear relationship between horizontal and vertical illuminance 

as suggested by CIE (2010) does not apply.  
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5.7 Limitations and future research 

Experimental design 

During the design of the experiment, some decisions were made due to practicalities, 

with some of these at the expense of scientific validity. First of all, Fotios et al. (2015) reported 

that a typical observation time for continuous fixation on other pedestrians after dark is 500 ms. 

This study, however, used twice the duration of this observation time. Assuming that a decrease 

of observation results in a lower visibility for the observer, it is expected that the found 

relationship between vertical illuminance level and slope A is shifted somewhat to the right. 

Therefore, it should be taken into account that the resulting recommendation of 3.6 lux for a 

minimum vertical illuminance is a slight underestimation. Furthermore, the time included in the 

experiment for participants to adapt to the dim lighting conditions was rather assumed than 

based on a theoretical value. Participants in reality needed longer than 3 minutes to adapt to the 

dim lighting conditions. By non-full adaptation to the dim lighting conditions for the first 

number of experimental trials, participants are thus expected to have a decreased visibility. 

Based on this observation, again a slightly higher recommended minimum level of vertical 

illuminance should be regarded.  

Contrast 

As explained before, finding no significant effect of contrast in the current study may be 

due to fact that the visual task was restricted to the area around the looker’s sclera. Whether an 

effect of contrast is in fact found when the visual task concerns the entire face of the looker, can 

be investigated by including different head orientations, as done by Donners et al. (2017). 

Considering that a real person encountered in a street environment at night can also have 

different head orientations, this additionally is expected to benefit the ecological validity of the 

experiment. 

Intrapersonal variation 

Figure 4.1 showed that for a single participant the variation of observations for 

perceived gaze location inside a defined combination of lighting conditions is rather large, 

especially for higher levels of face illuminance. This may have two possible origins. Firstly, it 

may be due to a lack of precision in indicating perceived gaze location in the experimental setup. 

Because of the large distance between a participant and the scale, a rotation of 1˚ of the laser 

pointer results in a difference in indication of perceived gaze location of approximately 20 cm. 

Using this method to measure accuracy of gaze perception is thus much more sensitive to errors 

on large distance than it is for short distance (as done by Anstis et al. (1969), Broers (2012) and 
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Masame (1990)). A second possible explanation for this observation is that the intrapersonal 

variation derives from participants’ visual fatigue. This could have occurred if the included 

breaks were not long enough to minimize the influence of visual fatigue. Establishment of the 

origin of this intrapersonal variation can be therefore explored by designing an experiment in 

which indication of perceived gaze location is less prone to errors, the experimental breaks are 

longer and preferably the amount of repetitions under every lighting condition is increased.  

Indication of perceived gaze location that is less prone to errors can be realized by conducting 

the experiment in a room with larger width. In that way, a wider horizontal scale can be used 

that subsequently can be positioned closer to the participant.   

 Close-to-face gaze directions 

In the current study the relationship between street lighting conditions and accuracy of 

gaze perception was obtained by measuring perceived gaze directions corresponding to only 

five actual gaze directions. Masame (1990) discusses a trade-off between the so called close-to-

face gaze directions and far-to-face (or excentric) gaze directions. Whereas this study, apart 

from a direct gaze direction, incorporated only far-to-face gaze directions, it is desired to 

investigate the effect of street lighting conditions on close-to-face gaze directions. In this way a 

complete overview can be obtained of the effect of street lighting conditions on the perception 

for the entire range of gaze. 

Higher order effect 

 For the entire sample size, Figure B.1 shows that for higher levels of face illuminance, 

the relationship between actual gaze location X and gaze error ԑ slightly deviates from being 

linear. For the two inner actual gaze locations (-21.75 cm; 21.75 cm), overestimation of gaze 

location is namely larger, while the outer actual gaze locations (-43.5 cm; 43.5 cm) 

overestimation is smaller. Following the positions of the mean values of ԑ, a sine-shape wave 

seems to originate. This may suggest existence of a higher order effect in the relationship 

between X and ԑ. Another explanation for this observation could be that the physical boundaries 

of the horizontal scale limit overestimation of gaze location for the extreme left and the extreme 

right target points to some extent. Following this line of reasoning, looker’s gaze direction 

would in reality be overestimated to a higher degree than current findings suggest. Conducting 

the experiment using a wider scale and multiple gaze direction is the same gaze range could 

provide insight to this matter. This kind of research should be performed specifically for levels 

face illuminance higher than 2.5 lux.  
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Characteristics looker 

 Lastly, the looker in the experiment was a 24 years old Caucasian man with brown hair 

and blue eyes. The ability to perceive another’s gaze direction may also depend on the looker’s 

facial features, such as the size and color of the eyes. To get an idea about how these details 

influence the required lighting conditions, similar experiments should be conducted with 

lookers that have different facial features. In that way, a standard can be developed for 

recommendations of lighting conditions that enhance perception of gaze direction. 

5.8 Conclusion 

 This study investigated the effect of street lighting conditions on the accuracy of 

perceived gaze direction. This was done by a data collection involving 30 participants in a lab 

experiment at Signify Eindhoven. The lab experiment used a 5 (vertical illuminance) x 3 

(horizontal illuminance) x 2 (age group) mixed factorial design. In the experiment, a looker 

performed gaze directions of respectively -19.6˚, -10˚, 0˚, 10˚ and 19.6˚  by looking at each of 5 

different gaze locations under varying lighting conditions. The participant directly faced the 

looker on a distance of 12.5 meters and indicated his or her perceived gaze location for a total of 

150 gaze directions. Accuracy of gaze perception was obtained by plotting gaze error (perceived 

gaze location – actual gaze location) against the looker’s actual gaze location. Subsequently was 

tested whether both slope and intercept of this approximately linear relationship are affected 

by the experimental conditions. The slope of this relationship was found to be highly 

significantly affected by vertical illuminance. It was found that for vertical illuminance levels up 

to 2.6 lux, gaze direction is decreasingly underestimated. For levels above 2.6 lux gaze direction 

gaze direction is increasingly overestimated. In order to facilitate perception of gaze direction 

for pedestrians that does not differ from ‘normal perception of gaze direction’, this study 

suggests a minimum level of vertical illuminance of 3.6 lux for street lighting in residential 

areas. Moreover, the minimum level of vertical illuminance has not been found to depend on the 

level of horizontal illuminance. Thereby, the linear relationship between vertical and horizontal 

illuminance as recommended by the CIE (2010) is proved to be invalid. Besides, accuracy of 

gaze perception has not been found to be affected by age. Three important aspects came 

forward from the experimental results that require further examination. Firstly, findings 

suggest a possible higher order effect in the relationship between the looker’s actual gaze 

location and corresponding gaze error ԑ for vertical illuminance levels above 2.5 lux. Secondly, 

the origin of the found intrapersonal variation should be established. Finally, similar 

experiments should be performed using lookers with different facial features. In that way, a 

standard can be developed for recommendations of lighting conditions that enhance perception 

of gaze direction. 
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Appendix A – Experimental Questionnaire 

Information 

Date: 
Participant number: 
Date of Birth: 
 

Questions 

1. What was your general experience of the experiment? 

 

 
 
 
 
 
 
 
 

2. To what extent did you feel able to correctly estimate the performed gaze perceptions? 
Why? 

 
 

 

 

 

 

3. Are there any other remarks that you want to make about the experiment? 
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Appendix B – All participants 
 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 

Figure B.1: Mean values of gaze error ԑ ± SE plotted against actual gaze location X and first order linear fit for 

face illuminance levels of 0.5, 1.25, 2.5, 5 and 10 lux for all participants. Blue represents a background 

luminance of 0.3 cd/m2, red represents background luminance of 0.8 cd/m2 and green represents 

background luminance 1.5 cd/m2. N=900 for each graph. 
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